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Preface

On April 25, 1953, 58 years ago, JD Watson and FHC Crick published their article

entitled “A Structure for Deoxyribose Nucleic Acid” in the journal Nature. This
article has been cited for its brevity, only 1 page and 1 diagram. The impact of this

article cannot be fully measured, but it is safe to suggest that recombinant

DNA biopharmaceuticals, such as recombinant human granulocyte colony-stimulating

factor (rmet-HuG-CSF), would not be available today without the basic knowledge

of DNA structure.

A quick search of PubMed suggests that no articles had been published on the

topic of rmet-HuG-CSF or even G-CSF as of 1953. Forward to April 2011 and

a quick search of PubMed cites 31,965 articles tagged to “G-CSF,” 1,753 tagged

to “filgrastim,” 350 tagged to “pegfilgrastim,” 295 tagged to “lenograstim,” and 13

tagged to “biosimilar filgrastim.”

We have come a long way in 58 years since the publication of the proposed

structure of DNA and further since the first approval of filgrastim by the US Food

and Drug Administration in 1991 for the treatment of patients with chemotherapy-

induced neutropenia. In the intervening 20 years since this first marketing approval,

countless patients worldwide have been treated with a recombinant form of G-CSF

for the treatment of chemotherapy-induced neutropenia; severe chronic neutropenia;

neutropenia due to disease; to mobilize peripheral blood stem cells for transplanta-

tion, either autologous or allogenic; and for bone marrow recovery after bone

marrow or stem cell transplantation, to name a few. rmet-HuG-CSF has been

tried in the treatment of infections, diabetic foot ulcers, neonatal sepsis, and

community-acquired pneumonia.

In almost all settings, it can be said that rmet-HuG-CSF ameliorated neutropenia,

increased neutrophil counts, reduced the need for intravenous antibiotics, and/or

reduced the need or duration for hospitalization. Thus, it is appropriate to celebrate

20 years of research and therapy with rmet-HuG-CSF.

The authors of several chapters are some of the early clinical investigators

of rmet-HuG-CSF and staff of Amgen, which manufactures filgrastim and pegfil-

grastim. The editors have allowed information in chapters to provide various
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perspectives on topics. We are hopeful that readers will find the presentations

varied but balanced.

The editors have tried to obtain the necessary permissions and authorizations

before publication, and great care has been exercised in the preparation of

this volume. Nevertheless, errors cannot always be avoided. The editors, their

employers or companies, and the publisher cannot accept responsibility for any

errors or omissions that inadvertently occurred. The views and opinions expressed

in the book are those of the participating individuals and do not reflect the views of

the editors, the publisher, Amgen Inc., or any other manufacturer of pharmaceutical

products named herein. The current package insert should be consulted before any

pharmaceutical product is administered.

California, USA Graham Molineux

Tara Avredson

MaryAnn Foote
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Part I

Basic Science



Hematopoiesis in 2010

George Morstyn

1 Brief History of Hematopoietic Growth Factors

In 1987, the first clinical results of the use of hematopoietic growth factors were

presented at a small meeting in Garmish-Partenkirchen [1]. It is timely, 23 years

later, to review what we have learned since that first report.

Donald Metcalf reviewed for the 50th Anniversary of the American Society of

Hematology (ASH) our knowledge of the regulation of hematopoiesis by specific

growth factors [2], and we have previously reviewed the important features of

hematopoiesis: the cell hierarchy, the movement of cells from multipotential

progenitors to mature, committed cells with specific functions, and the many

cytokines that regulate the process [3]. It was possible to purify the regulators

and obtain protein-sequence data for cloning of the hematopoietic growth factors

because of the development of various biologic assays in the preceding 50 years and

the development of recombinant DNA technology in the 1980s [2].

The regulator we knew most about was erythropoietin (EPO), initially as an

activity detectable in the urine of patients with aplastic anemia. Until the cloning

and expression of EPO and the development of an immunoassay, monitoring of red

cell-stimulating activity was cumbersome, and radioactive iron incorporation into

red blood cells was used. The assays that were used to measure granulocyte–

macrophage progenitor cells were carried out on semisolid cultures that allowed

the counting of colonies of mature cells produced from myeloid precursors [4]. The

assays were later adapted to identify red cells, megakaryocytes, and even earlier

precursors.

Early work with fluorescent-activated cell sorting (FACS) allowed the identifi-

cation, morphologically and functionally, of these precursors, and it became
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apparent that the production of mature cells in the blood, the red cells and

granulocytes, was dependent on the presence of specific regulators such as EPO,

granulocyte colony-stimulating factor (G-CSF), and granulocyte–macrophage col-

ony-stimulating factor (GM-CSF). It was not until the 1990s that the megakaryo-

cyte regulator was identified. The role of these factors was slightly different in

murine models compared with their role in humans, but many of the biologic

findings were directly comparable between the species.

GM-CSF (also known as CSF2), macrophage colony-stimulating factor

(M-CSF) (also known as CSF1), and G-CSF (also known as CSF3) were identified

as growth factors for myeloid progenitor cells (reviewed in [5]). The cytokines

stimulate the proliferation, differentiation, maturation, and survival of granulocytes

and macrophages. The CSF acts through specific receptors. The G-CSF receptor

(G-CSFR) is a member of the type-1 cytokine receptor family; the GM-CSF

receptor consists of a unique a chain and a common b chain through which

signaling occurs.

The control of platelet production is different to that of granulocytes and

macrophages. Platelets form by the fragmentation of mature megakaryocytes.

The production of megakaryocytes is under the control of the c-Mpl receptor, and

its ligand was identified as thrombopoietin (TPO). TPO is the primary regulator of

platelet production and elimination of either TPO or the c-Mpl receptor results in

severe thrombocytopenia. Importantly, TPO does not seem to accelerate platelet

shedding and so its actions are slower than that of G-CSF that acts on increasing not

only the production of myeloid precursors but also their maturation. Both G-CSF

and TPO blood concentrations appear to be reduced by the mass of mature cells;

granulocytes, megakaryocytes, and platelets increase, respectively, and this

provides a feedback loop for control. G-CSF, TPO, and EPO are critical to the

maintenance of hematopoiesis, and knock-outs of the genes for the ligand or

receptor lead to profound neutropenia, thrombocytopenia, or anemia [6].

EPO is a 34.4-KD glycoprotein hormone and was cloned in 1985. EPO is

regulated by hypoxia. It acts on erythroid precursors to enhance red blood cell

production and thus the oxygen-carrying capacity of the blood. EPO, which is

produced predominantly in the kidney, is required for the production and terminal

differentiation of red blood cells. Like G-CSF and GM-CSF, EPO controls prolif-

eration, maturation, and survival of red blood cells. The receptor exists as a dimer

and when the ligand binds, a conformational change and a cascade of activation

occur through transphosphorylation of JAK2.

Controversy exists about where the EPO receptor (EpoR) is expressed and on

what cell types it is functional. This controversy has become important in evaluating

reported nonclinical and clinical effects on the central nervous system and the

cardiovascular system, and explaining adverse outcomes in the cancer setting.

The actual regulation of hematopoiesis, the feedback loops, the role of a plethora

of cytokines in maintaining homeostasis in the hematopoietic system, and then

creating an appropriate response to perturbations, such as sepsis, requires a broad

approach. The complexity that could be investigated was reviewed [7] in the

context of a systems biology approach.
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In the clinic, beginning in the late 1980s, we generally did not exploit the

complexity of multiple overlapping activities of some of the factors, other

regulators such as stem cell factor (c-kit ligand), M-CSF, interleukin (IL)-11,

multicolony-stimulating factor (IL-3), and IL-6. These cytokines also entered

clinical development but have not found broad utility.

In this chapter, I focus on the trials and tribulations of the development

of 3 families of regulation: the erythropoiesis-stimulating agents (ESA), the

G-CSF, and the thrombopoietic agents.

Don Metcalf pointed out the value of 50 years of laboratory research before the

initiation of the clinical development of each of these factors. It is apparent,

however, that despite an extensive knowledge of murine biology and in vitro

human studies, there were many surprises in the clinic and, in some cases, issues

not strictly scientific, such as economic and legal issues, also impacted on the

development and use of these agents.

The theoretical challenges encountered during the development of the ESA,

G-CSF (filgrastim and lenograstim), and thrombopoietic agents had both common

and unique features. Each was a critical regulator of an important cell lineage.

Therefore, questions were raised whether accelerated depletion of the bone marrow

would occur with prolonged use. This situation did not occur. There was concern

that the receptors for each factor would be present on malignant cells either of the

hematopoietic systems, such as the myeloid leukemias or on other cancers, and that

this situation could have had an adverse outcome due to undesirable tumor cell

stimulation. There was also concern that neutralizing antibodies to the

recombinantly produced proteins would cross-react with the normal endogenous

regulators and result in single lineage or multi-lineage aplasia. There were also

concerns that the rate of rise in mature cells such as neutrophils, red blood cells, or

platelets would cause harm or that the absolute high numbers of these cells could be

harmful. During the development of these agents, some of these potential adverse

events did become apparent, however, sometimes only after the agents entered

clinical practice, and their doses and target populations were greatly expanded.

In general, millions of patients have received the hematopoietic agents with

significant reductions in morbidity and mortality, and improvements in quality of

life. The first study that identified the theoretical concerns that could occur was a

randomized study of recombinant human EPO (rHuEPO) in patients who were

receiving dialysis and who had heart disease in whom the concept of achieving high

hemoglobin concentration to improve cardiac function resulted in significant

adverse events [8]. It was reported that targeting a normal hematocrit significantly

increased the incidence of thromboses and that there were more deaths in patients

treated to obtain a normal hematocrit target than in patients treated to obtain a lower

hematocrit target.

A second concern was realized during the development of a TPO (megakaryo-

cyte growth and development factor, MGDF) when normal volunteers developed

neutralizing antibodies after two or more doses that cross-reacted with endogenous

TPO to produce prolonged thrombocytopenia. Another example of the potential

harm of neutralizing antibodies was the development in a small number of patients
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receiving rHuEPO of pure red cell aplasia due to the development of cross-reactive

neutralizing antibodies to endogenous EPO [9].

The concern about off-target stimulation of malignancies took longer to emerge.

Large randomized studies in patients with cancer did appear to show in some

studies poorer cancer outcomes – but the studies were not always well designed

and were not stratified.

At the same time as the therapeutic window was narrowed, positive developments

occurred including more convenient forms of rHuG-CSF (pegfilgrastim) and an ESA

(darbepoetin alfa), and a new agent was developed that stimulated the TPO receptor

but did not induce cross-reacting antibodies.

A new treatment paradigm, the use of peripheral blood progenitor cells (PBPC),

was established and the risk of leukemia development did not appear to be signifi-

cantly increased, although studies in severe chronic neutropenia and the

myelodysplastic syndromes are still investigating the issue [10, 11]. In parallel to

these developments, some of the clinical indications were expanded.

Not only did we learn the limits of the therapeutic agents, but the clinical settings

also evolved. In oncology, the paradigm of using chemotherapeutic drugs to

maximum tolerability thus causing the neutropenic complications reduced by

rHuG-CSF was challenged. Guidelines appeared, although initially on the appro-

priate use of growth factors rather than the chemotherapy regimes (reviewed in

chapter “Practice Guidelines for the Use of rHuG-CSF in an Oncology Setting” by

Saraf and Ozer). The issue of cost benefits, cost offsets, and reimbursement

dominated the development of the granulocyte-stimulating factors. Reimbursement

also became important in determining the use of ESA and iron-replacement ther-

apy, and this issue again led to guidelines that were modified as data emerged.

More recently, the cytokine area has attracted the development of biosimilars

and discussion about whether given the challenges that have been identified during

the development of cytokines, can other agents be approved without substantive

clinical experience. I briefly discuss what we have learned about each of these

agents.

2 Erythropoiesis-Stimulating Agents

Administration of rHuEPO is effective in increasing red blood cell counts. Anemic

patients develop high concentrations of measurable endogenous EPO if they do not

have renal disease, but in patients with renal failure or with malignancies, there can

be inappropriately low amounts of endogenous EPO.

The first clinical use of rHuEPO was in patients with anemia who were relatively

deficient in endogenous EPO due to renal disease. In early clinical trials of rHuEPO

in patients with renal disease, there was a rapid reversal of the anemia, and although

formal quality-of-life measurements were often not incorporated into the earliest

studies, it seemed clear that patients developed improved states of well-being when

their red blood cell counts recovered.
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The increase in hemoglobin was observed in the first patients treated, and the

agent was rapidly incorporated into therapy. Issues that arose included adverse

effects such as thrombosis and hypertension in early studies, but were not perceived

to be at a higher frequency than in control patients. It was also noted that patients

needed to be replete with iron before the full effects of ESA were manifest.

After incorporation into therapy for renal disease, the anemia of cancer became

a target for therapy. Initially, there was focus on patients who were receiving

nephrotoxic chemotherapy such as cisplatin, but subsequently it was thought that

patients with cancer who were receiving chemotherapy might have inappropriately

low amounts of endogenous EPO for the degree of their anemia, and therapy with

ESA was initiated to obviate the need for blood transfusions and also to improve

quality of life.

The use of ESA became more complicated. There was much effort in trying to

define optimal hemoglobin targets in both anemia of renal failure and anemia

associated with cancer and cancer chemotherapy. It was suggested that higher

hemoglobin concentrations could lead to a reduction in complications in the

cardiovascular system of patients with chronic renal failure and in pre-dialysis

patients. In addition, in oncology, the aim moved from preventing the need for

red cell transfusions to improving the well-being of patients.

These studies led to an increase in the expenditure on ESA, particularly in the

USA. An unexpected finding of the larger randomized studies, however, was that

targeting a higher hemoglobin concentration seemed to lead to excess deaths. The

phenomenon did not seem to depend on the level of hemoglobin reached but the

increased dosing of ESA to reach the target. The basis for this remains unclear.

There may also be a relationship between toxicity and the rate of rise in hemoglo-

bin. Treatment guidelines and label warnings were adjusted for these findings [12].

In parallel, a new form of ESA which had additional glycosylation (darbepoetin

alfa) was developed to reduce the frequency of dosing needed with rHuEPO and to

improve convenience.

What began as a relatively clear benefit to anemic patients became much more

complicated, and our assumptions about risk benefit had to be reviewed [12, 13]. It

now seems that we have found the edges of the therapeutic window with attempts to

normalize hemoglobin concentrations in pre-dialysis and dialysis patients, leading

to increased adverse events and even mortality [8]. In the oncology setting, some-

times non-stratified randomized clinical trials have led to data suggesting reduced

survival and loss of local cancer control. These findings were unexpected and have

led to controversy about whether EPO receptors are present and functional on

cancer cells and endothelium, and whether EPO acts directly on these cells to

stimulate cancer growth [14, 15]. Others have suggested that while mRNA for the

EpoR can be identified, the receptors are not functional [16].

Another unexpected aspect of the EPO story was its use in blood doping by

cyclists to increase their red cell concentrations and endurance. In an episode in

Europe, certain vials appeared to lead to immunogenicity due to the development of

neutralizing antibodies and pure red cell aplasia in patients who received rHuEPO

from this batch [9, 17]. This episode is often thought of in the context of quality

Hematopoiesis in 2010 7



control for biosimilar drug [18] development, particularly for agents that are

glycosylated. A new agent has been developed that can stimulate the receptor but

does not cross-react with neutralizing antibodies [19, 20].

The development of rHuEPO and ESA has taught us a great deal about how an

agent that has been studied extensively non-clinically and for which there is a direct

pharmacodynamic marker can lead to surprises when adopted broadly in clinical

practice, and the need for appropriately designed phase 4 trials [21–23].

3 Granulocyte Colony-Stimulating Factors

The story of G-CSF has some similarities. The human molecule was first purified

and cloned by a group in the USA (reviewed in chapter “Discovery of G-CSF and

Early Clinical Studies” by Welte). It was not clear whether rHuG-CSF or rHuGM-

CSF would prove more useful. In the mouse, rHuGM-CSF appeared to produce

higher peripheral blood counts than rHuG-CSF; however, from the earliest clinical

studies of rHuG-CSF [24–27], it was clear that rHuG-CSF produced significant

increase in neutrophil counts and was well tolerated. Nonclinical studies suggested

that rHuG-CSF could be used in patients including those with severe congenital

neutropenia and those who had chemotherapy-induced neutropenia. Another appli-

cation that was considered was in patients with normal neutrophil values who had

sepsis and who might benefit from improved neutrophil function or higher neutro-

phil counts. A special setting that was also investigated was HIV-related infection

and therapy that often led to neutropenia. In parallel to rHuG-CSF development,

rHuGM-CSF was cloned and tested in the clinic, but will not be further discussed.

Both agents were approved and incorporated into practice.

The early studies with rHuG-CSF produced some surprises [28]. The findings

included that rHuG-CSF produced a transient decrease in circulating neutrophils in

the first few minutes after injection, presumably due to tissue entry, and that the

neutrophils were available to the tissue [26, 29]. The neutrophils were “left shifted”

and rHuG-CSF not only stimulated production but also accelerated maturation.

Studies also showed no change in frequency of progenitor cells in the bone marrow,

but very rapid mobilization into the periphery [30]. The latter observation led to the

practical widespread application of PBPC transplantation [31, 32; reviewed in

chapter “Use of rHuG-CSF in Peripheral Blood Progenitor Cell Transplantation”

by Beligaswatte et al.]. The basis for the mobilization is now better understood as

disruption of the interactions between adhesion molecules and their ligands [33, 34].

The next set of agents to enter the clinic in 1986 was rHuG-CSF, rHuGM-CSF,

and more recently, a pegylated form of rHuG-CSF (pegfilgrastim). The first

indications that were approved were in the reduction of the infection complication

of chemotherapy and as a consequence, the use of rHuG-CSF to intensify the doses

of chemotherapy. These studies are reviewed extensively elsewhere. It was clear

that in every setting, rHuG-CSF reduced the duration of neutropenia and the risk of

febrile neutropenia by 40–50% [28].
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The development of rHuG-CSF initially focused on the reduction of the

consequences of infection, febrile neutropenia, antibiotic use, and hospitalization

[35]. It however soon became apparent that cost–benefit studies were required. The

optimal use of rHuG-CSF was as primary prophylaxis starting the day after

chemotherapy, and its effect is diminished if its administration is delayed. Despite

clear evidence, even today it is not used optimally in most patients [36, 37;

reviewed in chapter “The Economics of the Recombinant Granulocyte Colony-

Stimulating Factors” by Hirsch and Lyman].

Filgrastim and pegfilgrastim are used in patients who have a significant risk of

febrile neutropenia. Well-developed guidelines in the USA and Europe distilled

evidence and recommend usage, although some criticisms have been raised of the

guideline processes [38].

One obvious indication for early development was in children with congenital

neutrophil disorders who suffered from recurrent infections, developmental delays,

and premature death [39]. The area of severe congenital neutropenia proved

fascinating and remains challenging [40]. When the first studies of rHuG-CSF

were initiated, the basis for the neutropenia was not clear. When the studies were

initiated by David Dale and his colleagues, a registry was established to study the

long-term consequences of daily administration of rHuG-CSF for potentially many

years [41; reviewed in chapter “rHuG-CSF for the Treatment of Severe Chronic

Neutropenia” by Dale and Bouylard].

It is clear that the clinical outlook of the patients was improved by rHuG-CSF

but as patients lived longer, it also became apparent that the patients particularly

requiring the higher pharmacologic doses of rHuG-CSF were at risk of developing

myelodysplastic syndromes or acute myeloid leukemia. Whether this risk is in part

due to rHuG-CSF administration or the manifestation of the underlying disorder

remains unclear, and observation and a cautious approach continue.

Several randomized studies of rHuG-CSF were undertaken in infectious settings

in which neutropenia was not an issue, including nosocomial and community-

acquired pneumonia and liver transplantation. These studies [42–44] showed not

only no increased risk from increased neutrophil counts up to 70 � 109/L in some

patients, but also no benefit to the antibiotics.

4 Thrombopoietins

Platelet stimulation has two approved agents. Romiplostim is a peptibody that

contains the human immunoglobulin IgG Fc domain covalently linked to two 14

amino acid peptides that bind to and stimulate the TPO receptor. It was developed

when a pegylated recombinant human megakaryocyte factor (PEG-rHuMGDF) was

withdrawn from development because of the appearance of neutralizing antibodies.

The antibodies were still detected 2–3 years after administration and were more

common in healthy volunteers than in patients with malignancy. The other chal-

lenge of development was that in general, the effect on platelets was a large
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overshoot and high concentration but not an abrogation of the duration that platelets

values are <10 � 109/L and the patient was at high risk of bleeding. The success of

romiplostim is the chronic setting of immune thrombocytopenia in patients who failed

to be helped by steroids [45–48].

5 Lessons Learned

What have we learned after 20 years of developing these agents? The erythropoietic-,

granulocyte-, and thrombopoietic-stimulating agents have helped many patients.

When they were purified and cloned, it was important to be able to modify each

either to improve convenience with glycosylation or pegylation, or to alter

completely the protein sequence to avoid neutralizing antibodies. Neutralizing

antibodies can be serious and lead to consequences such as pure red cell aplasia

or persistent thrombocytopenia and so must be avoided.

In the clinic, we can develop new biologic insights that can lead to new fields,

such as peripheral progenitor cell transplantation. We also learned that as we treat

more patients after marketing approval and commercialization, thousands and

millions of patients instead of hundreds treated during clinical trials, and as we

push the envelope to achieve greater benefit (or cynics might say to increase

adoption), we can identify doses, schedules, and settings where the risk:benefit

ratio can be diminished.

We found the immunogenicity of thrombopoietic agents early and re-engineered

the molecule. In the severe chronic neutropenia setting with rHuG-CSF and in the

cancer setting and pre-dialysis setting for ESA, we will need to continue research to

understand the clinical observations. A challenge that was also faced was the

duration of development, and the number of patients needed for safety studies

continued to increase from several hundred in the regulatory submissions for

rHuEPO and rHuG-CSF to over a thousand for darbepoetin alfa and pegfilgrastim.

During the 5 years taken for development and the time taken for label extensions of

the hematopoietic growth factors, the clinical settings and the hurdles for successful

development changed.

In the period 1987–2000, AIDS became a treatable disease and neutropenia

became a rare event, and the development of filgrastim in this setting became less

feasible. In the setting of thrombocytopenia, the realization that lower platelet

concentrations (<10 � 109/L) were safe changed the endpoints for trials.

The inability to store platelets long term and the large demand for platelets led to

a study of increasing platelets in normal volunteers to enhance collection. The

immunogenicity of rHuMGDF led to cessation in this setting and it is unclear

whether romiplostim could be used. In oncology, changes in the use of chemother-

apy, the introduction of targeted agents, and the incidence of febrile neutropenia

and data about dose intensive therapy led to new approaches and the need for more

studies.
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In the setting of anemia associated with renal failure, once improvements in

quality of life were achieved, the importance of cardiac disease became apparent

and led to dose intensification approaches in ESA use. In parallel, the safety of the

red cell transfusion services improved and the impetus to avoid blood transfusions

diminished.

The past 20 years of clinical development have been rich in achievements and

challenges, and many opportunities remain.
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Discovery of G-CSF and Early Clinical Studies

Karl Welte

1 Introduction

In the 1960s, two groups simultaneously developed methods for growing colonies

of granulocytes and monocytes from mouse bone marrow or spleen cells in semi-

solid agar (for review, see [1]). The colony growth was dependent on the presence

of unknown factors, which were given the operational name colony-stimulating

factors (CSF). Efforts to biologically identify and biochemically purify these CSF

kept many laboratories busy until the middle of the 1980s and revealed that there is

no single CSF, but rather four quite biochemically different CSF with different

colony-stimulating activities. The four CSF were given names dependent on

the type of colonies: GM-CSF stimulated granulocyte and macrophage colonies;

M-CSF, macrophage colonies; G-CSF, granulocyte colonies; and multi-CSF (inter-

leukin [IL-3]), a broad range of hematopoietic cell colonies [1].

2 Purification and Biochemical Characteristics of G-CSF

Murine G-CSF was purified by Nick Nicola and colleagues in Melbourne,

Australia, in 1983 [2], and human G-CSF was purified independently by a group,

which included Erich Platzer and myself, in New York in 1983/1984 [3] (Fig. 1).

The murine G-CSF was purified from mouse lung-conditioned medium, and the

human G-CSF from the human bladder carcinoma cell line 5637. Intriguingly, not

knowing the results of the work of Nicola et al. when we started to purify our CSF in

1983, our goal was initially to purify human IL-3, as we had been successful in
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purifying IL-2 [4] and Ihle and colleagues had recently successfully purified murine

IL-3 [5]. These findings were one of the reasons why we called our CSF the first

pluripotent hematopoietic CSF [3]. Starting with 40 L 5637-conditioned medium,

we succeeded in purifying G-CSF to homogeneity by ion-exchange chromatogra-

phy, gel filtration, and reversed-phase high-pressure liquid chromatography

(HPLC), and produced 5 mg of pure G-CSF as judged by silver staining in poly-

acrylamide-gel electrophoresis. G-CSF is O-glycosylated and has a molecular

weight of 19,600 Da. Because the amino acid sequence of G-CSF was not

known, we asked Por Li and Lawrence Souza at Amgen, Thousand Oaks, CA, to

help us to get the initial N-terminal amino acid sequence. Deduced from the amino

acid sequence, molecular cloning of the cDNA for G-CSF and the first expression in

Escherichia coli were achieved in 1986 by Souza and Boone at Amgen in coopera-

tion with our laboratory [6]. The recombinant G-CSF (rG-CSF) was capable of

supporting myeloid proliferation and differentiation in granulocyte-macrophage

progenitor cell (CFU-GM) assays. We were also able to identify G-CSF receptors

(G-CSFR) on myeloid leukemia cells by binding studies with 125I-labeled G-CSF

[6]. Later, in 1986, a Japanese group purified G-CSF from the cell line CHU-2 [7],

and Nagata et al. [8] cloned the cDNA encoding G-CSF from the same cell line by

using probes derived the partial amino acid sequence of the purified G-CSF from

CHU-2 cells. However, they described a protein with 177 amino acids, which might

be a splice variant of the 174-amino acid G-CSF we obtained from the 5637 cell

line. In 1990, the specific G-CSFR was characterized and cloned [9] and was shown

Fig. 1 Karl Welte (right) and Malcolm A.S. Moore at the HPLC equipment in the Memorial

Sloan-Kettering Cancer Center, New York, NY, USA
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to be a homodimer. It is interesting to note that a few hundred receptors per cell can

induce optimal responses to G-CSF. The binding of G-CSF to its receptor activates

many signaling pathways such as phosphorylation of JAK2, STAT3, and STAT5,

and the transcription factors LEF-1 and C/EBPa [10]. An interesting study

demonstrated that G-CSF leads to upregulation of the expression of nicotinamide

phosphoribosyltransferase (Nampt), which induces an increase in NAD+ and

sirtuins [11].

3 Biology of G-CSF

A range of actions have been documented for G-CSF. In a CFU-GM assay, G-CSF

is capable of inducing growth of mainly neutrophiilic granulocyte colonies. It also

acts on the function of mature neutrophils, such as enhancement of chemotactic

peptide N-formyl-methionyl-leucyl-phenylalanine (fMLP) binding on mature

neutrophils [12]. Granulocyte colony formation can be stimulated with GM-CSF,

M-CSF, IL-3, and stem cell factor (SCF). An interesting study compared native

G-CSF and rG-CSF and showed that they had identical biologic activities [13]. The

study showed that the removal of monocytes and T-lymphocytes from the bone

marrow abrogated the growth of erythroid progenitor cells (BFU-E) and granulocy-

te–erythrocyte–monocyte–megakaryocyte progenitor cells (CFU-GEMM) when

native G-CSF was used as a stimulator. The initial term “pluripotent CSF” (PPO)

was created because native purified G-CSF stimulated also BFU-E and CFU-

GEMM in unseparated bone marrow due to stimulation of monocytes and

T-lymphocytes to release GM-CSF [13]. The solution of the specificity of the single

CSF came from gene deletion studies in mice. G-CSF knock-out studies revealed

that it is clearly responsible for proliferation and differentiation of granulocyte

progenitor and precursor cells [14]. Mice lacking endogenous G-CSF have chronic

neutropenia and impaired neutrophil mobilization, indicating that G-CSF is indis-

pensable for maintaining the normal balance of neutrophil production during

steady-state myelopoiesis.

4 Nonclinical In Vivo Studies with G-CSF

Soon after the availability of rG-CSF, its potential clinical use was investigated. We

investigated the effects of rG-CSF in nonhuman primates (cynomolgus monkeys)

[15]. After subcutaneous administration, the white blood cell counts increased in

a rG-CSF dose-dependent manner 24 h after initiation of treatment, and with daily

treatment reached a plateau by day 6. The increase in the white blood cell count was

mainly due to the increase in neutrophil counts. For example, at 10 mg/kg/day, the
absolute neutrophil count (ANC) increased to approximately 50 � 109/L and at

a dose of 100 mg/kg/day, the count increased to approximately 100 � 109/L.
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The neutrophil counts could be maintained for the duration of a 4-week treatment

period and returned to normal values 3 days after treatment ended. The absolute

numbers of lymphocytes increased approximately twofold, but the number of

monocytes, eosinophils, reticulocytes, and platelets did not change significantly.

In the spleen, foci of extramedullary hematopoiesis were observed. No other organs

demonstrated evidence of hematopoietic activities. The neutrophils functioned

normally in standard tests for chemotaxis and there was evidence of enhanced

ability to kill phagocytized bacteria [15].

We further investigated whether or not rG-CSF might be of benefit in chemo-

therapy-induced neutropenia and after bone marrow transplantation. rG-CSF was

able to shorten the period of chemotherapy-induced neutropenia after high-dose

cyclophosphamide and busulfan, or total body irradiation followed by autologous

bone marrow transplantation [15, 16].

These results demonstrated that G-CSF is a potent granulopoietic growth and

differentiation factor in vivo and opened the avenue of the use of rHuG-CSF in the

treatment of patients not only with chemotherapy-induced neutropenias but also

with other clinical situations associated with chronic neutropenias.

5 Clinical Uses of rHuG-CSF

5.1 Phase 1 and Phase 2 Studies

The first clinical use of recombinant human G-CSF (rHuG-CSF) was performed at

the Memorial Sloan-Kettering Cancer Center, New York, in patients with transi-

tional cell carcinoma of the urothelium in 1987 [17]. The study was designed as an

open-label phase 1/2 study of both the safety and efficacy of five dosages of rHuG-

CSF, with each dosage evaluated in three to five patients receiving the M-VAC

chemotherapy (methotrexate, vinblastine, doxorubicin, and cisplatin). The dosages

were 1, 3, 10, 30, and 60 mg/kg/day subcutaneously, given before (day 12 to day 7)

or during the first cycle on day 4 through day 11 of treatment with M-VAC, or both.

Treatment with rHuG-CSF before chemotherapy produced a dose-dependent

increase in neutrophil counts, and the use of rHuG-CSF after M-VAC chemother-

apy significantly reduced the number of days per patient on which the ANC was

�1.0 � 109/L, reduced the number of days on which antibiotics were used to treat

febrile neutropenia, and significantly increased the percentage of patients qualified

to receive planned chemotherapy. These findings demonstrated that rHuG-CSF can

reduce both the hematopoietic and oral toxicity of chemotherapy [17].

A second phase 1/2 study used rHuG-CSF in 12 patients who were receiving

intensive chemotherapy for small-cell lung cancer [18]. Patients were treated by

continuous infusion of rHuG-CSF at 1, 5, 10, 20, or 40 mg/kg/day for 5 days before

chemotherapy and 14 days after adriamycin, ifosfamide, and etoposide
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chemotherapy on alternative cycles. As in the first study [17], use of rHuG-CSF

reduced the period of neutropenia considerably and no infectious episodes were

observed in the cycles when patients received rHuG-CSF [18].

5.2 Phase 3 Studies

Two randomized multicenter studies with rHuG-CSF were performed in patients

with small-cell lung cancer in the USA [19] and in Europe [20]. These studies were

designed to test whether or not rHuG-CSF could decrease the incidence of

infections as manifested by febrile neutropenia, and whether or not the use of

rHuG-CSF would lead to a reduction in the incidence of intravenous antibiotic

use, hospitalization, and culture-confirmed infections. Both studies used chemo-

therapy with cyclophosphamide, doxorubicin, and etoposide. The reduction in

febrile neutropenia episodes was similar in both studies, and no statistically signifi-

cant differences were detected in tumor response rates or overall survival.

5.3 Use of rHuG-CSF in Hematologic Malignancies

The use of rHuG-CSF in patients with acute myeloid leukemia (AML) remained

controversial because of the in vitro observation that leukemic cells express

G-CSFR [6] and that G-CSF could stimulate leukemic cell growth [21]. A pro-

spective, randomized study was done to determine the efficacy and safety of

rHuG-CSF after standard intensive chemotherapy in 108 patients with relapsed or

refractory acute leukemia [22]. Treatment with rHuG-CSF was shown to accelerate

the recovery of neutrophils and reduce the incidence of infections. No difference

was observed in remission rates between the two treatment groups. The researchers

further explored whether or not the administration of rHuG-CSF before and during

chemotherapy would result in enhanced killing of leukemic cells. No difference

was seen between the groups in event-free survival or in disease-free survival in

patients who did achieve a complete remission. Another group investigated the use

of rHuG-CSF before and during chemotherapy in AML patients and did not see any

effect on complete remission [23]. The ability of rHuG-CSF to induce remission by

stimulating residual normal donor cells in patients after allogeneic stem cell

transplantation was studied [24]. The investigators reported that rHuG-CSF might

be effective in selected patients with early relapse after allogeneic bone marrow

transplantation.

We conducted a randomized study with rHuG-CSF in children with high-risk

acute lymphoblastic leukemia (ALL) treated according to the ALL-BFM chemother-

apy protocol [25]. Children were randomly assigned to receive nine alternating cycles

of chemotherapy alone or followed by rHuG-CSF at 5 mg/kg/day. In both groups, the
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planned interval between chemotherapy courses was 21 days. Of the 34 patients

analyzed, the incidence of febrile neutropenia, the number of culture-confirmed

infections, and the total duration of intravenous antibiotic treatment were reduced

significantly; however, with a median follow-up of 15 years, no difference was

observed with regard to the estimated event-free survival [25].

5.4 Use of rHuG-CSF in Stem Cell Transplantation

Myeloablative chemotherapy requires cellular reconstitution, and rHuG-CSF alone

is not sufficient to produce recovery. Because prolonged neutropenia occurs after

stem cell transplantation, this setting was one of the first in which rHuG-CSF was

studied. An early study administered rHuG-CSF by 30-min bolus infusion at a dose

of 60 mg/kg/day beginning 24 h after autologous marrow infusion in 18 patients

with Hodgkin‘s disease [26]. Recovery to neutrophil counts of 1 � 109/L occurred

14 days earlier in rHuG-CSF-treated patients compared with that in control patients

[26]. Other researchers administered rHuG-CSF as a continuous subcutaneous

infusion (20 mg/kg/day) after autologous bone marrow transplantation in patients

with relapsed Hodgkin‘s disease, non-Hodgkin’s lymphoma, ALL, and germ cell

tumors [27]. The median time to an ANC >0.5 � 109/L was 11 days compared to

20 days in the historical control patients.

5.5 Mobilization of Peripheral Blood Progenitor Cells

During the first clinical trials of rHuG-CSF in patients with cancer, an unexpected

observation was made: The patients developed a 100-fold increase in the frequency

of colony-forming progenitor cells in the peripheral blood. D€uhrsen et al. [28] were
among the first to report the increases in various clonogenic hematopoietic progen-

itor cells on day 5 of rHuG-CSF treatment in patients with cancer. These results

have been confirmed in subsequent studies [29, 30].

Sheridan et al. examined the ability of rHuG-CSF-mobilized peripheral blood

progenitor cells (PBPC) to reconstitute hematopoiesis in 17 patients with poor-

prognosis nonmyeloid malignancies. Of the 17 patients, 14 received high-dose

chemotherapy, and the cryopreserved apheresis product was infused on day 0,

followed by rHuG-CSF at 24 mg/kg/day starting on day 1. Platelet recovery was

significantly faster in the rHuG-CSF-mobilized PBPC-treated patients than in

historical controls [29]. Bensinger et al. studied the feasibility of using rHuG-

CSF to mobilize granulocytes in normal donors and showed that rHuG-CSF was

safe to administer in healthy adults [31]. In many subsequent studies, rHu G-CSF-

mobilized PBPC were used instead of bone marrow stem cells in allogeneic stem

cell transplantation and led to a paradigm change in stem cell transplantation.

rHuG-CSF-mobilized PBPC from healthy donors have become the dominant cell

20 K. Welte



populations used in transplantations to patients with leukemia and cancer. More

information about the use of rHuG-CSF in the setting of PBPC transplantation is

provided in the chapter “Use of rHuG-CSF in Peripheral Blood Progenitor Cell

Transplantation” by Beligaswatte et al.

5.6 Use of rHuG-CSF in Patients with Severe Chronic
Neutropenia

One of the first clinical studies with rHuG-CSF was performed in the late 1980 in

patients with congenital neutropenia at the Memorial Sloan-Kettering Cancer Center,

New York, by Bonilla et al. [32]. Children born with severe congenital neutropenia

are diagnosed with neutropenia at birth or shortly thereafter, which is generally

accompanied by frequent and often life-threatening infections. Initially, five patients

were treated with rHuG-CSF in an attempt to reduce the morbidity and mortality

associated with this disorder. Patients were treated with rHuG-CSF dosages between

3 and 60 mg/kg/day administered as a continuous subcutaneous infusion. In all five

patients, an increase in the number of neutrophils was reached 1 week to 9 days after

the initiation of the effective dose of rHuG-CSF. All patients had sustained neutrophil

counts [32]. In subsequent phase 1/2 studies with rHuG-CSF in the setting of

congenital neutropenia, hundreds of patients were enrolled worldwide and a Severe

Chronic Neutropenia International Registry (SCNIR) was established [33–36]. More

than 90% of the patients with severe chronic neutropenia (SCN) responded to the

treatment with rHuG-CSF with an increase in ANC >1.0 � 109/L, and in most

patients, the bacterial infections and the requirement for intravenous antibiotic use

were significantly reduced. The subcutaneous dose of rHuG-CSF necessary to reach

and maintain this ANC varied from patient to patient, and ranged between 1 and

80 mg/kg/day. The initial patients have been treated for >20 years daily without

exhaustion of myelopoiesis and without generation of anti-G-CSF antibodies. Both

the prognosis and the quality of life of patients with congenital neutropenia improved

dramatically after the introduction of rHuG-CSF therapy in 1987. Since the estab-

lishment of the SCNIR in 1994, data on >1,000 patients have been collected

worldwide to monitor the clinical course, treatment, and disease outcomes. Current

knowledge of the underlying pathomechanisms suggests that congenital neutropenia

is a heterogeneous multigene disorder of myelopoiesis. Genetic analyses revealed

mutations in the genes for ELANE, HAX1, G6PC3, and many others. It is now well

accepted that congenital neutropenia is a preleukemic syndrome and an approxi-

mately 20% of these patient develop leukemia. Independent of the genetic subtype,

conversion to leukemia in congenital neutropenia is associated with acquired genetic

somatic aberrations, such as G-CSF receptor mutations, monosomy 7, and ras-
mutations [37]. More information concerning the development and use of rHuG-

SCF in the setting of SCN is provided in the chapter “rHuG-CSF for the Treatment of

Severe Chronic Neutropenia” by Dale and Boulyard.
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6 Summary and Conclusion

The identification, purification, and molecular cloning of rHuG-CSF in the 1980s;

the nonclinical studies in the mid-1980s; and the subsequent development of rHuG-

CSF as a therapeutic agent in the late 1980s and 1990s have had a major influence

on the treatment of many diseases. rHuG-CSF has been the topic of many clinical

researches and publications in the last 20 years. rHuG-CSF has specific and

selective actions due to the restricted expression of G-CSFR on myelopoiesis. It

stimulates proliferation, differentiation, and activation of cells of the neutrophil

lineage. In the clinical setting, rHuG-CSF is of benefit to patients receiving chemo-

therapy or myeloablative treatment. It has been shown to reduce morbidity in many

patient populations. Stem cell transplantation using rHuG-CSF-mobilized PBPC

revolutionized stem cell transplantation, making it simpler, more efficient, and

more widely applicable in the clinic. However, clinical research is still necessary

to improve the use of rHuG-CSF in patients with cancer and other diseases.
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Mouse Models of G-CSF Signaling
in Hematopoiesis

Daniel C Link

1 G-CSF is the Principal Cytokine Regulating Granulopoiesis

To begin to define the role of granulocyte colony-stimulating factor (G-CSF) in

the regulation of hematopoiesis, Lieschke and colleagues generated G-CSF�/�

(knockout) mice [1]. Knockout mice are genetically engineered to contain a

complete loss-of-function (null) mutation of the gene of interest. They are generated

by homologous recombination in murine embryonic stem cells in which the normal

gene (in this case Csf3 encoding G-CSF) is replaced with a mutated gene. The

targeted embryonic stem cells are implanted into pseudopregnant mice to generate

a transgenic mouse line carrying the mutated gene. Importantly, the rest of the murine

genome is intact, allowing investigators to examine the effect of the loss of that gene,

in isolation, on a biologic process.

The G-CSF�/� and G-CSF receptor (G-CSFR)�/� mice have a similar pheno-

type and are discussed together [1, 2]. The major phenotype of these mice is chronic

severe neutropenia. In both types of mice, the number of circulating neutrophils is

reduced to approximately 20% that of wild-type mice. In the bone marrow, the

major site of granulopoiesis, a uniform decrease in granulocytic precursors is

present. The number of myeloid progenitors (e.g., colony-forming unit–granulocyte

macrophage, CFU-GM) is either normal (G-CSFR�/� mice) or only modestly

reduced (G-CSF�/� mice). Moreover, the number of mature neutrophils in the

myeloid colonies is reduced, suggesting reduced proliferation of granulocytic

precursors. Finally, neutrophils from G-CSFR�/� mice display increased suscepti-

bility to apoptosis. Indeed, in vivo labeling studies of G-CSF�/� mice with the

thymidine analog bromodeoxyuridine suggested that increased apoptosis of cells in
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the granulocytic lineage is the primary mechanisms of neutropenia in these mice

[3]. Collectively, these data suggest that:

• G-CSF is the principal cytokine regulating basal granulopoiesis.

• G-CSF signals are required for the normal proliferation and survival of granulo-

cytic cells.

• G-CSF signals are not required for the production and/or maintenance of myeloid

progenitor cells.

2 G-CSF-Independent Granulopoiesis is Mediated, in Part,
by GM-CSF, IL-6, and Thrombopoietin

The presence of residual morphologically mature neutrophils in G-CSF�/� and

G-CSFR�/� mice establishes that there must be G-CSF-independent pathways

supporting granulopoiesis. Other hematopoietic cytokines that are known to stimulate

neutrophil production are attractive candidates, most notably granulocyte-macrophage

colony-stimulating factor (GM-CSF) and interleukin-6 (IL-6). Knockout mice for

each of these cytokines have been generated. GM-CSF�/� mice have normal basal

granulopoiesis but altered macrophage function resulting in impaired clearance of

surfactant from the lung and a phenotype resembling human alveolar proteinosis [4].

IL-6�/� mice have normal steady-state granulopoiesis but impaired neutrophil

responses to Listeria monocytogenes or Candida albicans infection [5, 6]. These

studies show that GM-CSF and IL-6 are dispensable for steady-state granulopoiesis,

but do not exclude a redundant role for these cytokines. To address this possibility,

mice lacking G-CSF (or its receptor, G-CSFR) and either GM-CSF or IL-6 were

generated. In adult G-CSF�/� � GM-CSF�/� (doubly deficient) mice, the degree of

neutropenia was similar to that observed in G-CSF�/� mice [4]; however, in newborn

G-CSF�/� � GM-CSF�/� mice, neutropenia was more severe than mice lacking only

G-CSF. Walker and colleagues showed that conditioned media from G-CSF�/� �
GM-CSF

�/�
bone marrow cells supported granulocytic cell proliferation and differen-

tiation, and they provided evidence that this activity was dependent on IL-6 [3].

Consistent with the observation, the loss of IL-6 significantly worsened the neutrope-

nia present in mice lacking the G-CSFR alone [7].

Somewhat surprisingly, thrombopoietin also appears to play an important role in

granulopoiesis. Whereas thrombopoietin�/� mice have normal neutrophil numbers

in the blood, thrombopoietin�/� � G-CSFR�/� (doubly deficient) mice display

chronic severe neutropenia that is significantly worse than that seen in G-CSFR�/�

mice [8].These data establish that GM-CSF, IL-6, and thrombopoietin provide, in

part, the signals supporting basal granulopoiesis in the absence of G-CSF. It seems

likely that other cytokines, such as stem cell factor (SCF), also support

granulopoiesis in the absence of G-CSF signaling.
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3 G-CSF is a Key Mediator of the Stress Granulopoiesis
Response to Certain Infections

In response to infection and other environmental stresses, the number of neutrophils

in the blood is markedly increased. The importance of G-CSF in regulating the

stress granulopoiesis response, however, is controversial. G-CSF expression is

often induced during infections, resulting in high levels both systemically (i.e., in

the plasma) and locally in inflammatory fluids in both mice [9] and in humans [10].

G-CSF�/� mice infected intravenously with C albicans or intraperitoneally with L
monocytogenes demonstrate a neutrophilia that matches that of wild-type

littermates, suggesting a nonessential role for G-CSF in mediating stress

granulopoiesis [11, 12]. In contrast, G-CSF�/� mice infected intravenously with

L. monocytogenes have reduced neutrophil recruitment into the blood compared

with wild-type littermates [1]. It is noteworthy that each of these models used large

doses of infectious agents administered parenterally. Thus, their relevance to the

more common local-regional infections seen in the clinical setting is unclear. To

address this issue, Gregory et al. used a model of bronchopulmonary Pseudomonas
aeruginosa infection induced by intratracheal injection with P aeruginosa-laden
agarose beads [13]. In this model, they showed that the increase in circulating

neutrophils is mainly due to enhanced neutrophil release from the bone marrow

rather than increased production. Importantly, the increase in circulating

neutrophils was severely blunted in G-CSFR�/� mice. Collectively, these data

suggest that the contribution of G-CSF to the stress granulopoiesis response is

variable and depends on both the type and magnitude of infection/inflammation.

4 G-CSF Signals Are Not Required for Terminal
Granulocytic Differentiation

The fact that G-CSF provides key proliferative and survival signals to granulocytic

cells is well established. Less clear is the role that G-CSF signals play in directing

terminal differentiation of myeloid progenitor cells. Older studies using myeloid

cell lines showed that the addition of recombinant G-CSF (rG-CSF) to the culture

media is associated with granulocytic differentiation, suggesting that G-CSF

signals actively direct granulocytic differentiation [14, 15]. On the contrary, in

mice lacking G-CSF or G-CSFR, the number of myeloid progenitors is near normal

and residual morphologically mature neutrophils are present [1, 2], indicating that

G-CSF signals are not absolutely required for granulocytic differentiation.

To address this question, targeted (“knock-in”) transgenic mice were generated

in which the cytoplasmic (signaling) domain of the G-CSFR was replaced with

cytoplasmic domain of the erythropoietin receptor (EpoR) [16], which was

achieved by homologous recombination in embryonic stem cells in which exons
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encoding the cytoplasmic domain of G-CSFR were replaced with an exon encoding

EpoR (Fig. 1). Importantly, this replacement preserves the genomic organization of

the G-CSFR locus and ensures that the resulting chimeric receptor (termed GEpoR)

is expressed in the same cell types and at the proper stage of maturation as the wild-

type G-CSFR. As expected, the GEpoR bound to G-CSF normally but transmitted

EpoR-specific signals [16]. Although neutropenic at baseline, the number of mor-

phologically mature neutrophils in the bone marrow is normal. Moreover, treatment

with rG-CSF resulted in the robust production of mature neutrophils. These data

show that signals generated by GEpoR are able to direct normal terminal granulo-

cytic differentiation and support a model in which G-CSF provides “generic”

signals that support the proliferation and survival of granulocytic precursors but

does not provide specific signals that direct terminal granulocytic differentiation.

This model may extend to other hematopoietic lineages. Stoffel and colleagues

generated knock-in mice in which the cytoplasmic domain of the thrombopoietin

receptor (c-mpl) was replaced with that of G-CSFR [17]. This chimeric receptor

bound thrombopoietin normally but transmitted signals through the cytoplasmic

null
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++

++

++ +++

+/- +/-

+

- +++

WT d715 d715F GEpoR

PMN Function Abnl AbnlND ND

HSPC mobilization

YY
Y
Y
Y

F

G-CSFR

EpoR

G-CSFR-/-

Fig. 1 Knock-in mutations of the G-CSF receptor (G-CSFR).The wild-type G-CSFR has four

cytoplasmic tyrosines. The d715 G-CSFR mutation deletes the distal 96 amino acids of the

cytoplasmic domain of the G-CSFR and is typical of the mutations found in patients with severe

chronic neutropenia (SCN) who have progressed to acute myeloid leukemia or myelodysplastic

syndromes (AML/MDS). In the d715F G-CSFR mutation, the sole cytoplasmic tyrosine remaining

in the d715 G-CSFR is mutated to phenylalanine. Note this receptor is unable to activate STAT3 or

STAT5. Finally, the GEpoR is a chimeric receptor containing the extracellular (ligand-binding)

and transmembrane domains of the G-CSFR and the cytoplasmic (signaling) domain on the

erythropoietin receptor (EpoR). The GEpoR is predicted to bind G-CSF normally but transmit

EpoR-specific signals. A summary of key phenotypic features for each transgenic mouse line is

provided. Abnl abnormal; ND not done; WT wild-type
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domain of the G-CSFR. These mice had normal platelet counts and

megakaryopoeisis. Thus, G-CSFR signals were able to support terminal megakar-

yocyte differentiation. Two independent groups analyzed the effect of ectopic

G-CSFR expression on hematopoietic differentiation. Ectopic expression

of G-CSFR was achieved either by transduction of hematopoietic progenitors

with a G-CSFR retrovirus [18] or in transgenic mice that ubiquitously express

G-CSFR [19]. In each case, treatment with rG-CSF stimulated multilineage differ-

entiation, including granulocytic, erythroid, and megakaryocytic differentiation.

5 G-CSF Signals Contribute to Commitment to the Myeloid
Lineage

The signals that determine commitment of multipotential hematopoietic stem/

progenitor cells (HSPC) to the myeloid or other hematopoietic lineages are

incompletely understood. In particular, the role of hematopoietic growth factors

in directing lineage commitment is controversial. Two general models exist for how

hematopoietic growth factors lead to an expansion of a specific lineage (e.g.,

myeloid cell expansion after rG-CSF treatment). In the instructive model, cytokines

transmit specific signals to multipotential HSPC directing their lineage commit-

ment. In the stochastic model, lineage commitment is intrinsically determined with

cytokines providing only growth and survival signals.

With respect to G-CSF, the number of myeloid progenitors is only modestly

reduced in G-CSF�/� or G-CSFR�/�mice, suggesting that G-CSF signals are not

absolutely required for commitment [1, 2]; however, a potential confounding prob-

lem of loss-of-function mouse models is the induction of compensatory mechanisms

that may mask an important phenotype. Specifically, compensatory mechanisms

induced by the severe neutropenia present in G-CSF�/� or G-CSFR�/� mice may

stimulate myeloid progenitor production. This possibility was addressed by analyzing

bone marrow chimeras generated by mixing wild-type and G-CSFR�/�bone marrow

cells and transplanting them into irradiated recipient mice [20]. Since wild-type and

G-CSFR�/�cells share the same microenvironment in these chimeras, cell-intrinsic

alterations in lineage commitment can be assessed. This study showed that the

contribution of G-CSFR�/�cells progressively decreased as cells became more

committed to the myeloid lineage (Fig. 2). For example, whereas approximately

80% of B and T cells were derived from G-CSFR�/�cells, only 24% of granulocy-

te–monocyte committed progenitors (GMP) were derived from G-CSFR�/�cells.
These data show that G-CSF signals, though not absolutely required, are directing

commitment to the myeloid lineage. The signals transmitted by the G-CSFR that

direct lineage commitment are currently not known.
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6 G-CSF Signals Are Required for Normal Neutrophil
Function

G-CSF concentrations are often elevated in the serum and at inflammatory sites in

patients with infections [10, 21]. Thus, in addition to regulating neutrophil produc-

tion, G-CSF signals may also regulate mature neutrophil function. Indeed, there is

in vitro data showing that G-CSF can modulate neutrophil degranulation [22],

phagocytosis [23], adhesion [24], chemokinesis [25], and superoxide burst [24].

In vivo studies with G-CSF�/� or G-CSFR�/�mice suggest a more modest, but still

significant, role for G-CSF signals in regulating neutrophil function. Metcalf et al.

showed that in G-CSF�/� mice, neutrophil recruitment into the peritoneal cavity in

response to casein-induced inflammation was normal [26]. However, G-CSFR�/�

neutrophils have selected defects in mature neutrophil function. Whereas neutrophil

superoxide generation and degranulation are normal, chemotaxis and adhesion of

G-CSFR�/� neutrophils are impaired, likely due to defective [2] integrin activation

[27]. Likewise, neutrophil recruitment to an inflamed knee joint and the number of

adherent neutrophils in synovial blood vessels in a collagen-induced arthritis model

are reduced in G-CSF�/� and G-CSFR�/� mice [28]. These data show that G-CSF

Fig. 2 Lineage commitment in G-CSFR�/�bone marrow chimeras. Bone marrow chimeras were

generated by transplanting G-CSFR�/� and wild-type bone marrow cells (in a 9:1 ratio) into

irradiated mice. Shown is the percentage of G-CSFR�/� cells that contributed to each cell

population. There is a progressive loss of myeloid-committed cells that derived from G-CSFR

(G-CSF receptor) knock-out cells, indicating that G-CSF signals are directing commitment to the

common myeloid lineage in a cell intrinsic fashion. CLP common lymphoid progenitor; CMP
common myeloid progenitor; GMP granulocyte-macrophage progenitor; KSL Kit+ Sca+ lineage-

cells; MEP megakaryocyte-erythroid progenitor
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is providing nonredundant signals that modulate selected neutrophil functions. Of

note, neutrophil chemotaxis also is impaired in GEpoR mice [16], suggesting that

unlike generic proliferative/survival signals, the signals that regulate neutrophil

function may be specific to the G-CSFR.

7 G-CSF Signals Contribute to the Regulation
of Hematopoietic Stem Cell Function

The role of G-CSF signals in the regulation of hematopoietic stem cells is contro-

versial. McKinstry et al. showed that the G-CSFR is expressed on the surface of

Rhodamine-123lo lineage-Sca+ c-Kit+ cells, a cell population highly enriched for

hematopoietic stem cells (HSC) [29]. Moreover, G-CSF has been shown to

stimulate the proliferation of long-term initiating cells in vitro [30]. In contrast,

a recent report suggested that human stem cell activity was enriched in progenitors

with low G-CSFR expression [31]. To assess the contribution of G-CSF signals

to HSC maintenance in vivo, a competitive repopulation assay was performed with

G-CSFR�/� hematopoietic cells [20]. The long-term repopulating activity of

G-CSFR�/� HSC was markedly reduced, demonstrating that, at least in mice,

constitutive G-CSF signals contribute to the regulation of HSC function.

8 Truncation Mutations of the G-CSFR in Severe Chronic
Neutropenia

Severe chronic neutropenia (SCN) is a rare congenital bone marrow failure

manifested by severe neutropenia from birth and a marked propensity to develop

acute myeloid leukemia (AML) or myelodysplasic syndromes (MDS). The most

recent update of the Severe Chronic Neutropenia International Registry (SCNIR)

reported that cumulative incidence of AML/MDS in SCN is 21% after 10 years

[32]. Mutations of G-CSFR are the most common type of mutation found in AML/

MDS arising in the setting of SCN [33]. Interestingly, G-CSFR mutations are rarely

seen in de novo AML [34, 35]. G-CSFR mutations are acquired, typically hetero-

zygous, and nearly always introduce a premature stop codon resulting in the

truncation of the distal cytoplasmic portion of the G-CSFR [36]. Importantly,

these truncation mutations are strongly associated with the development of AML/

MDS. The incidence of CSF3R mutations was reported to be 78% (18/23) in

individuals with SCN and monosomy 7, MDS, or AML, compared with 34%

(43/125) in patients without MDS or AML [37].

Two independent groups generated transgenic mice carrying knock-in mutations

of their G-CSFR that reproduced the truncation mutations found in patients with

SCN (Fig. 1, d715 G-CSFR) [38, 39]. These mice have mild neutropenia but
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otherwise normal granulopoiesis; however, they exhibit an exaggerated neutrophil

response to rHuG-CSF treatment that is due to increased myeloid progenitor/

precursor cell proliferation. The enhanced proliferation is secondary, in part, to

sustained Stat5 activation that, in turn, is related to impaired receptor internaliza-

tion and the failure of the truncated G-CSFR to recruit and activate SOCS3 and

SHP2 [40, 41]. Of note, AML or MDS was not observed in d715 G-CSFR mice,

despite chronic treatment with G-CSF, indicating that truncation mutations of the

G-CSFR are not sufficient to induce AML/MDS [39].

With some exceptions, the frequency of circulating cells containing mutant

G-CSFR increases over time in patients with SCN [37, 42], suggesting that expres-

sion of the mutant G-CSFR confers clonal dominance over time. Moreover, a study

reported that the G-CSFR mutations were present in all blood lineages (including

lymphocytes), suggesting that the G-CSFR mutations arose and were selected for in

a HSC population [43]. To determine how cells expressing mutant G-CSFR gain

clonal dominance, bone marrow chimeras were generated containing wild-type and

d715 G-CSFR cells [44]. In the absence of exogenous G-CSF, the contribution of

d715 G-CSFR cells to hematopoiesis was stable over time, indicating no clonal

dominance; however, after short-term (3 weeks) treatment with rG-CSF, a marked

and durable expansion of d715 G-CSFR-derived hematopoietic cells was observed.

Further studies demonstrated that this clonal expansion occurred at the HSC level.

Mechanistic studies suggested that accentuated activation of Stat5 by the d715

G-CSFR plays a key role in establishing HSC clonal dominance. Consistent with

this observation, mice expressing a mutant G-CSFR (d715F, Fig. 1) engineered to

have impaired Stat5 activation have impaired HSC function [45].

Collectively, these data suggest that truncation mutations of the G-CSFR do not

contribute to the block in granulocytic differentiation present in patients with SCN.

Although not sufficient to induce AML/MDS, these mutations appear to contribute

to leukemic transformation by conferring a clonal advantage on HSC.

9 G-CSF Signals in Monocytic Cells Are Required
for Hematopoietic Stem/Progenitor Mobilization

Under normal conditions, most HSPC reside in the bone marrow. The number of

HSPC in the circulation can be markedly increased in response to a number of

stimuli, including hematopoietic growth factors, myeloablative agents, and envi-

ronmental stresses such as infection. The ability to “mobilize” HSPC from the

bone marrow to the blood has been exploited clinically to obtain HSPC for stem

cell transplantation. rHuG-CSF is the most commonly used mobilizing agent for

stem cell transplantation. rHuG-CSF-mobilized HSC are associated with more

rapid engraftment compared with unmanipulated bone marrow [46].

Studies of rHuG-CSF-induced HSPC mobilization in mice have greatly

advanced our understanding of mechanisms of mobilization. One avenue of
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investigation is directed at defining target cell population(s) in the bone marrow that

mediates HSPC mobilization by rHuG-CSF. In addition to mature neutrophils and

monocytes, the G-CSFR is expressed on a broad range of hematopoietic progenitors,

including HSC [47]. There are also reports of G-CSFR expression on endothelial

cells [48]. To determine the cellular target(s) of G-CSF required for HSPC mobili-

zation, a series of bone marrow chimeras was generated (Fig. 3) [49]. Wild-type

mice reconstituted with G-CSFR�/� bone marrow cells failed to mobilize HSPC in

response to rHuG-CSF. In contrast, G-CSFR�/� mice reconstituted with wild-type

bone marrow displayed normal HSPC mobilization by rHuG-CSF. This experiment

showed that G-CSFR signaling in hematopoietic cells but not stromal cells is

required for HSPC mobilization by G-CSF. Since the G-CSFR is expressed on

HSC, the simplest model suggests that G-CSF directly acts upon HSPC to induce

their mobilization. However, strongly arguing against this model, in mixed bone

marrow chimeras containing both wild-type and G-CSFR�/� HSPC, both types of

cells were mobilized equally after rHuG-CSF treatment (Fig. 3). Collectively, these

studies support a model in which G-CSF acts on a hematopoietic intermediary that,

in turn, generates trans-acting signal(s) that lead to HSPC mobilization.

Fig. 3 Hematopoietic stem/progenitor cell (HSPC) mobilization by G-CSF in G-CSFR�/� bone

marrow chimeras. Bone marrow chimeras were generated in which G-CSFR�/� bone marrow cells

were transplanted into irradiated wild-type (WT) recipients (first cohort); conversely, WT bone

marrow cells were transplanted into irradiated G-CSFR�/� mice (second cohort). G-CSF-induced

hematopoietic stem/progenitor cell (HSPC) mobilization was only observed in mice reconstituted

with WT bone marrow, demonstrating that G-CSF signaling in hematopoietic cells is required.

Mixed bone marrow chimeras (last cohort) were generated by transplanting WT and G-CSFR�/�

bone marrow cells into irradiated recipient mice. Importantly, both WT and G-CSFR�/� HSPC

were mobilized equally in these mice, demonstrating that G-CSF acts in a noncell intrinsic fashion

to induced HSPC mobilization. Both WT and G-CSFR�/� HSPC were mobilized equally in these

mice, demonstrating that G-CSF acts in a noncell intrinsic fashion to induced HSPC mobilization
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A series of studies strongly suggests that G-CSFR signals in cells in the

monocyte lineage play a key role in initiating the mobilization cascade. Transgenic

mice were generated that express the G-CSFR under control of the CD68 promoter,

which directs expression only in cells in the monocyte lineage [50]. These CD68:G-

CSFR mice were crossed with G-CSFR�/� mice to generate transgenic mice that

express the G-CSFR only in monocytic cells. G-CSF treatment induced robust

HSPC mobilization in these mice, suggesting that G-CSFR signals in monocytic

cells were sufficient to initiate the HSPC mobilization cascade. Of note, G-CSF also

resulted in a decrease in monocytes in the bone marrow in both CD68:G-CSFR and

wild-type mice. This observation agrees with observations by two independent

groups showing that monocyte ablation results in marked hematopoietic progenitor

mobilization [51, 52]. Together, these data suggest a model in which monocytic

cells provide key signals that are required for the retention of HSPC in the bone

marrow. G-CSF acts on monocytes to suppress these signals, ultimately leading to

HSPC mobilization.

The exact monocytic cell population that mediates HSPC mobilization is

unknown. In the bone marrow, there are at least four distinct monocytic cell

populations: inflammatory monocytes/macrophages, resident monocytes/

macrophages, myeloid dendritic cells, and osteoclasts. There is considerable

(though conflicting) data on the role of osteoclasts in HSPC mobilization. Activa-

tion of osteoclasts by injection of RANK ligand (RANKL) was associated with

moderate HSPC mobilization, and inhibition of osteoclasts, either genetically by

knocking out PTPe or by injecting mice with calcitonin, blunts the mobilization

response to G-CSF [53]. Of note, osteoclasts produce the protease cathepsin K,

which can cleave CXCL12 in vitro [53]. On the contrary, other studies indicate that

osteoclasts may actually inhibit mobilization, as mice that were given pamidronate,

an osteoclast-inhibiting bisphosphonate, exhibit increased mobilization in response

to G-CSF [52, 54]. Ablation of CD169+ macrophages resulted in constitutive HSPC

mobilization, suggesting that CD169+ macrophages may be the target cell popula-

tion for G-CSF in the mobilization pathway [51].

10 rHuG-CSF Treatment is Associated with Disruption
of the Stem Cell Niche

The bone marrow microenvironment plays a critical role in the maintenance of

HSC, which preferentially localize in the bone marrow either to a perivascular

region [55, 56] or near the endosteum [57–60]. There is a strong evidence that

osteoblast lineage cells are required to maintain the “endosteal stem cell niche.”

Expansion of osteoblast lineage cells by genetic or pharmacologic means results

in a concurrent expansion of HSC [61, 62]. Conversely, ablation of mature

osteoblasts using a suicide gene results in a loss of HSC [63]. CXCL12
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(also known as stromal-derived factor-1, SDF1) is key gene that is expressed by

osteoblast lineage cells that regulates HSC function and trafficking. CXCL12 is

constitutively expressed at high levels in the bone marrow and is a potent

chemoattractant for HSPC [64, 65]. In mice lacking CXCL12 [66] or CXCR4

(the major receptor for CXCL12) [67], there is a failure of the migration of

HSPC from the fetal liver to the bone marrow, and CXCR4�/� bone marrow

chimeras exhibit constitutive mobilization [68, 69]. The importance of the

CXCL12/CXCR4 axis is shown by the success of the CXCR4 inhibitor

plerixafor (also known as AMD3100) to rapidly mobilize HSC in humans and

mice [70, 71].

rHuG-CSF treatment is associated with a marked decrease in CXCL12 expres-

sion in the bone marrow. Bone marrow and results in a profound suppression of

mature osteoblast number and function [16, 52, 72–74]. HSPC mobilization and

osteoblast suppression were assessed in transgenic mice carrying the knock-in

mutations depicted in Fig. 1. Although able to support normal neutrophil produc-

tion, rHuG-CSF-induced HSPC mobilization and CXCL12 suppression were

impaired in mice expressing the GEpoR, suggesting that the distinct signals are

regulating these processes. Osteoblast suppression is a common feature of HSPC

mobilization by other cytokines, including Flt3 ligand and stem cell factor [69].

Although alterations in osteoblast lineage cells are likely to be a key step in rHuG-

CSF-induced mobilization, the mechanisms by which this leads to HSPC egress

from the bone marrow remain to be elucidated.

11 Summary and Future Directions

Animal models are crucial to the study of complex biologic processes such as

hematopoiesis. In particular, the study of transgenic mice carrying mutations of

G-CSF or the G-CSFR have greatly improved our understanding of granulopoiesis

and HSC trafficking. These studies show that G-CSF plays a central role in the

regulation of both basal and stress granulopoiesis. G-CSF signals regulate

granulopoiesis by: (1) stimulating the growth and survival of granulocytic

precursors; (2) regulating the release of neutrophils from the bone marrow; and

(3) directing commitment to the myeloid lineage. G-CSF signals also contribute to

HSC maintenance, in part, through regulation of the bone marrow microenviron-

ment. rHuG-CSF treatment leads to changes in the bone marrow microenvironment

(osteoblast suppression and decreased CXCL12 expression) that profoundly affect

the trafficking and function of HSC. This later property of G-CSF has stimulated

studies to determine whether disruption of the stem cell niche might render leuke-

mic cells more sensitive to chemotherapy [75]. Many important questions remain to

be addressed. In particular, what are the molecular mechanisms by which G-CSF

regulates the release of neutrophils and HSPC from the bone marrow, and how
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does G-CSF regulate osteoblast lineage cells? Collectively, these studies may lead

to better strategies to treat patients with neutropenia or with hematologic

malignancies.
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The Clinical Pharmacology of Filgrastim
and Pegfilgrastim

Lorin K. Roskos

1 Introduction

Granulocyte colony-stimulating factor (G-CSF), an endogenous hematopoietic

growth factor, selectively stimulates granulopoietic cells of the neutrophil lineage

[1]. G-CSF increases proliferation and differentiation of neutrophil progenitor cells,

induces maturation of the progenitor cells, and enhances survival and function of

mature neutrophils [2, 3]. Filgrastim is a recombinant methionyl form of human

G-CSF (r-metHuG-CSF) produced in Escherichia coli and has been approved for

the treatment of neutropenia in cancer patients receiving myelosuppressive chemo-

therapy, patients with acute myeloid leukemia (AML) receiving induction or

consolidation chemotherapy, cancer patients receiving myeloablative chemother-

apy followed by bone marrow transplantation, and patients with severe chronic

neutropenia; filgrastim is also approved for mobilization of hematopoietic progeni-

tor cells in patients undergoing peripheral blood progenitor cell (PBPC) collection

and therapy [2, 3]. Filgrastim requires daily administration to maintain its thera-

peutic effects because of its short circulating half-life (approximately 3.5 h) [4, 5].

Pegfilgrastim is a sustained-duration form of filgrastim, produced by covalently

binding a 20-kilodalton (kDa) polyethylene glycol molecule to the N-terminal methi-

onine residue of filgrastim [6]. Results from in-vitro proliferation, receptor binding,

and neutrophil function studies demonstrate that filgrastim and pegfilgrastim have the

samemechanism of action [7]; however, pegfilgrastim in vivo has sustained effects on

granulopoiesis compared with filgrastim [8]. Filgrastim is eliminated predominantly

by neutrophil G-CSF receptor (G-CSFR)-mediated clearance [9] and by renal clear-

ance [10]. During chemotherapy-induced neutropenia, nonreceptor-mediated clear-

ance is the primary route for filgrastim and pegfilgrastim elimination. The sustained

effects of pegfilgrastim have been attributed to decreased renal clearance of the
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pegylated molecule with a higher hydrodynamic radius [10, 11]. The negligible

contribution of renal clearance creates a greater dependency of the clearance of

pegfilgrastim on G-CSFR-mediated clearance, which causes a “self-regulated” phar-

macokinetic profile: after a single dose, pegfilgrastim concentrations are sustained

during periods of neutropenia, and are washed out quickly during neutrophil recovery.

This review summarizes the pharmacologic properties of G-CSF and the clinical

pharmacology of filgrastim and pegfilgrastim in healthy volunteers and patients

with chemotherapy-induced neutropenia. Pharmacokinetics of filgrastim and

pegfilgrastim are reviewed, and pharmacokinetic–pharmacodynamic modeling

results are emphasized to characterize the exposure-response relationships.

2 Pharmacology of G-CSF

G-CSF stimulates selective effects on the neutrophil lineage. G-CSF regulates the

number of circulating neutrophils by binding to G-CSFR, which results in the

proliferation, differentiation, and accelerated maturation of neutrophil precursor

cells, and enhances the function of mature neutrophils. Binding of G-CSF to

G-CSFR promotes homodimerization of the receptor, resulting in the formation of

a tetrameric complex containing two G-CSF and two receptor molecules [12, 13].

The high-affinity dissociation constant (KD) of G-CSF to the complex is approxi-

mately 120–360 pM (2–7 ng/mL). The G-CSFR has been found on all cells of the

neutrophil lineage as well as on monocytes and monocyte precursors. Receptors for

G-CSF have not been found on eosinophils, basophils, or their progeny [14]. The

presence of functional G-CSFR on platelets has been reported [15]. G-CSF inducible

expression on T cells in vivo and in vitro in healthy donors has been described [16].

Healthy individuals express low amounts of G-CSF in serum (<30–163 pg/mL).

Infection causes an increase in the amount of G-CSF in humans (30–3,199 pg/mL)

[17–19]. The increase in of G-CSF causes the bone marrow to respond to the physio-

logic demand of infection through “emergency granulopoiesis.” [20] Even during

infection, however, the amounts of G-CSF are generally below the G-CSFR affinity

constant and the EC50 for granulopoietic effects. By comparison, the pharmacologic

doses of filgrastim and pegfilgrastim approach the EC90 (described in subsequent

sections), which allows the therapeutic effects of filgrastim and pegfilgrastim to be

maximized in conditions such as chemotherapy-induced neutropenia.

2.1 Pharmacologic Effects on Neutrophilic Granulopoiesis
and Neutrophil Function

G-CSF exerts multiple effects on the neutrophil lineage that promote granulopoiesis

and a rapid increase in the numbers of circulating neutrophils. A schematic of the

production and kinetics of neutrophils in humans is shown in Fig. 1 [21]. G-CSF
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causes rapid mobilization of band cells and mature segmented neutrophils from a

postmitotic storage pool within marrow; this storage pool is several-fold greater

than the circulating neutrophil pool, and represents a rapidly available source of

neutrophils during emergency granulopoiesis. Because of the release of both band

cells and mature segmented neutrophils from the marrow after an increase in

endogenous G-CSF, a neutrophil “left shift,” or increase in the percentage of

band cells in blood, is observed.

A sustained increase in the amount of G-CSF, as occurs during infection or

during therapeutic dosing, promotes the proliferation and differentiation of the

mitotic precursor cells: myeloblasts, promyelocytes, and myelocytes. These

committed precursor cells show increased rates of proliferation during exposure

to rG-CSF in vivo [22, 23]. The mitotic expansion occurs primarily at the

promyelocyte and myelocyte stages [24]. The mitotic expansion drives and increase

in the total number of G-CSF-bearing cells; this expansion acts as a negative

feedback mechanism for granulopoiesis by increasing the receptor-mediated clear-

ance of G-CSF [5].

G-CSF also shortens the maturation time of the postmitotic neutrophil precursor

cells in marrow. As shown in Fig. 1, the normal transit time from the last mitotic

step of neutrophil production (metamyelocyte) until the emergence of the mature-

banded neutrophils in blood is approximately 5.6–7.1 days. A pulse-labeling study

in healthy volunteers showed neutrophil precursor maturation time of 6.4 days in

controls. By contrast, filgrastim produced a dose-dependent decrease in maturation

time: 4.3 days after a 30-mg/kg dose and 2.9 days after a 300-mg/kg dose of

filgrastim [25]. The accelerated maturation of neutrophil precursors stimulated by
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G-CSF likely contributes to neutrophil recovery after therapeutic administration for

chemotherapy-induced neutropenia.

G-CSF also affects neutrophil phenotype and function [26]. Treatment with

rG-CSF causes enhancement of functions such as phagocytosis, superoxide anion

generation, chemiluminescence, bacterial killing, and antibody-dependent cell-

mediated cytotoxicity (ADCC). G-CSF causes rapid and direct activation of

circulating neutrophils and delayed effects that include increased surface expres-

sion of effector molecules such as CD14, CD32, and CD64. Enhancement of

phagocytic function includes respiratory burst metabolism, surface CD11b/CD18

expression, and cellular elastase activity. These functional changes might have

beneficial clinical consequences in patients who are at risk of infection.

2.2 Other Hematologic Effects

Therapeutic doses of rHuG-CSF mobilize hematopoietic progenitor cells into the

blood, which increases the yield of CD34+ cells collected by leukopheresis for use

in PBPC transplantation [27, 28]. Mobilization of PBPC is mediated, in part, by

metalloproteases released from myeloid cells after rHuG-CSF administration [29].

G-CSF exerts selective effects on the neutrophil lineage, but some effects on

other blood cell lineages have been described and reviewed [5, 30, 31]. In PBPC

donors, a 5-day course of rHuG-CSF causes an average threefold increase in blood

monocytes with associated monocyte activation and modulation of effector

molecules on the monocytes [32, 33]. No consistent effect on hemoglobin or

hematocrit has been noted, and measurements have remained in the normal range

[34]. Filgrastim administration led to a twofold, dose-dependent increase in the

number of circulating lymphocytes and a slight increase in the number of

monocytes and the myeloid-to-erythroid ratio in the bone marrow. The latter effect

could be due to a change in the proportion of early myeloid cells in marrow [34].

2.3 Clearance Mechanisms and Homeostatic Regulation
of G-CSF Levels

Proteins can be cleared by multiple, parallel elimination pathways [35]. The

elimination pathways include renal clearance, elimination by the reticuloendothe-

lial system (RES), receptor-mediated endocytosis, and nonspecific proteolysis and

degradation. Renal clearance is an important elimination pathway for proteins that

are small enough to undergo glomerular filtration. The ability of the protein to be

filtered depends on physical factors such as molecular weight, structure, charge, and

water of hydration that contribute to the overall hydrodynamic radius of the

molecule. Proteins >70 kDa are not filtered; but depending on the biophysical
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characteristics of the protein, smaller molecules can have negligible renal clearance.

Generally some impediments to renal filtration exist for molecules larger than 7 kDa

[36].

For G-CSF, the receptor-mediated clearance pathway is an important homeo-

static mechanism regulating granulopoiesis. During neutropenia, G-CSF

concentrations are increased because of decreased G-CSFR, which stimulates

neutrophil mobilization and production. During neutrophilia, the increased number

of G-CSFR-bearing cells increases the clearance of G-CSF, which decreases the

amount of G-CSF and neutrophil production. The importance of G-CSFR to

clearance has been demonstrated: G-CSFR�/�mice show greatly reduced clearance

of filgrastim and pegfilgrastim relative to wild-type controls [37]. As discussed in

subsequent sections, the relationship between filgrastim and pegfilgrastim clearance

and absolute neutrophil count (ANC) has been well established.

A difference in renal clearance is the predominant characteristic that

differentiates filgrastim and pegfilgrastim. The contribution of different clearance

pathways to the elimination of filgrastim and pegfilgrastim was assessed by

modeling the pharmacokinetics (PK) in rats receiving a bilateral nephrectomy

compared to sham-operated controls [10]. Filgratim and pegfilgrastim were dosed

at 5 mg/kg and 100 mg/kg. The contribution of renal clearance was evaluated by

simultaneously modeling the PK collected from the nephrectomized rats and the

sham controls. The contribution of renal clearance to filgrastim (MW: 18.8 kDa)

elimination when receptor-mediated elimination is saturated by the high dose of

filgrastim is clearly observed by the lower area-under-the-curve (AUC) in sham

controls relative to nephrectomized rats. The higher hydrodynamic size of

pegfilgrastim (MW: 38.8 kDa) prevented renal clearance, indicated by overlapping

PK curves for the nephrectomized rats and sham controls after the high dose.

Modeling of the data indicated that in absence of receptor-mediated clearance (as

would occur in patients with chemotherapy-induced neutropenia), renal clearance

accounts for >75% of filgrastim clearance. The role of the liver in the elimination

of filgrastim appears to be insignificant, as pharmacokinetics of filgrastim after

subcutaneous administration was similar between healthy volunteers and patients

with hepatic impairment [38].

Filgrastim, which is used to treat chemotherapy-induced neutropenia, must be

dosed subcutaneously daily to maintain effective concentrations because of high

renal clearance; by contrast, pegfilgrastim can be dosed once per cycle of chemo-

therapy as a single subcutaneous injection because of the negligible renal clearance

pathway and reduced G-CSFR-mediated clearance during neutropenia. This differ-

ence is an example of rational engineering of a protein drug: prospective, nonclini-

cal modeling and simulation predicted that pegfilgrastim levels, after a single dose,

would be sustained during neutropenia and would wash out rapidly after neutrophil

recovery [39]. The PK–PD (pharmacodynamic) properties of pegfilgrastim that

were predicted by modeling and simulation were confirmed in a well-designed

phase 1 study by a head-to-head comparison of filgrastim and pegfilgrastim in

cancer patients before and after chemotherapy [8].
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3 Pharmacokinetics of Filgrastim

3.1 Pharmacokinetics of Filgrastim in Healthy Volunteers

The PK of filgrastim has been studied in healthy volunteers after single intravenous

and subcutaneous doses and multiple subcutaneous doses [5]. A summary of the PK

in healthy volunteers is listed in Table 1. After a single intravenous infusion in

Table 1 Summary of clinical pharmacokinetic studies in healthy volunteers

No. of volunteers Dose and route Results

N ¼ 5 3.45 mg/kg IV, single 30-min

infusion

Elimination by first-order kinetics,

t1/2b ¼ 2.7 h; Vd ¼ 162 mL/kg;

clearance ¼ 0.6 mL/min/kg

N ¼ 16 4-period crossover absolute

bioavailability study: each

volunteer received 375 and

750 mg IV and SC

Dose-dependent PK

Filgrastim clearance was mediated by

parallel Michaelis–Menten and linear

clearance processes

Michaelis–Menten clearance (attributed to

G-CSFR-mediated clearance) accounted

for approximately 80% of total clearance

Absorption kinetics described by parallel

absorption processes

The absolute bioavailability of filgrastim was

60% after 375 mg SC and 69% after

750 mg SC

N ¼ 30 75, 150, 300, or 600 mg per

individual, SC, multiple

dosing for 10 days

Decrease in serum levels upon multiple

dosing

Cmax (ng/mL)

Day 1 Day 10

75 mg 1.65 � 0.80 0.99 � 0.28

150 mg 4.60 � 3.78 1.84 � 1.29

300 mg 14.79 � 6.55 3.64 � 1.63

600 mg 16.28 � 7.14 3.46 � 0.52

tmax (h)

Day 1 Day 10

75 mg 5.5 � 1.8 3.5 � 0.9

150 mg 5.0 � 2.0 4.5 � 1.0

300 mg 4.0 � 0.0 3.5 � 1.0

600 mg 5.8 � 1.3 3.7 � 0.8

AUC0–24 (ng h/mL)

Day 1 Day 10

75 mg 14.3 � 4.3 5.7 � 1.6

150 mg 33.2 � 16.9 10.2 � 4.5

300 mg 119.0 � 41.7 20.3 � 8.8

600 mg 209.4 � 107.3 29.1 � 5.3

AUC area under the curve; G-CSFR G-CSF receptor; IV intravenous; PK pharmacokinetics; SC
subcutaneous; tmax time to peak concentration; Vd volume of distribution
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normal volunteers, serum filgrastim concentrations declined with a half-life of

2.7 h. Clearance averaged 0.6 mL/min/kg, and volume of distribution averaged

162 mL/kg. After single subcutaneous injections, peak serum concentrations

occurred at approximately 4–6 h. A single 5-mg/kg dose resulted in mean peak

concentrations of 20–30 ng/mL.

In an absolute bioavailability study conducted in normal volunteers at doses of

375 and 750 mg intravenous and subcutaneous, the clearance of filgrastim was dose

dependent [40]. Filgrastim clearance was mediated by parallel Michaelis–Menten

and linear clearance processes. The nonlinear clearance process, which was

attributed to G-CSFR-mediated clearance, accounted for about 80% of total

clearance. The linear clearance was 0.296 L/h (4.23 mL/h/kg for a 70-kg volun-

teer). The subcutaneous absorption kinetics were modeled by two parallel, first-

order absorption processes with different absorption rates. The parallel absorption

process probably reflects lymphatic and direct vascular absorption processes, as

previously described for other subcutaneously administered proteins [35]. The

vascular absorption was modeled as a first-order absorption process. The lym-

phatic absorption was modeled as first-order absorption with a lag time before

absorption. The fraction of dose absorbed through the delayed absorption route

was 57–67% for filgrastim. The absolute bioavailability of filgrastim (extent of

absorption from the subcutaneous injection site) was dose dependent, ranging from

60 to 70%.

The effect of multiple dosing on the PK of filgrastim also was investigated

[41]. Serum concentrations of filgrastim on day 1 were found to be substantially

higher than on day 10, as shown by the higher peak concentrations (Cmax) and

AUC values (Table 1). The difference in the serum concentration profiles of

filgrastim with multiple dosing is mostly related to increasing neutrophil counts,

which in turn leads to an increase in cellular clearance of filgrastim. The Cmax

occurred 4–6 h after the first dose and 3.5–4.5 h after the tenth dose. Terminal

half-life was 3–5 h.

3.2 Pharmacokinetics of Filgrastim in Neutropenic Adults

The PK of filgrastim has been studied in adult cancer patients with chemotherapy-

induced neutropenia. Dose-linear clearance has been observed after high doses of

filgrastim and during severe neutropenia. Nonlinear PK has been observed after low

intravenous doses administered before chemotherapy, however. Clearance of intra-

venous filgrastim was more rapid after an infusion of 1.73 mg/kg than after

5.75–34.5 mg/kg. Filgrastim clearance appeared linear at higher doses, presumably

due to saturation of receptor-mediated clearance [5]. When cellular clearance is

saturated by high filgrastim concentrations or is diminished by neutropenia, the

linear clearance pathway predominates.

Homeostatic regulation of filgrastim clearance was first described in patients

receiving filgrastim after chemotherapy [9]. In patients receiving daily doses of
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filgrastim, steady-state concentrations were rapidly attained and were maintained

until onset of hematopoietic recovery (as measured by increasing ANC). As

neutrophil counts recovered toward normal levels, serum concentrations of

filgrastim declined rapidly, consistent with increased clearance by neutrophils.

In a comparison of the PK and PD of filgrastim and pegfilgrastim before and

after chemotherapy in patients with nonsmall-cell lung cancer (NSCLC), the PK of

filgrastim was evaluated after five daily subcutaneous doses before chemotherapy,

and then after standard daily therapeutic dosing after chemotherapy until neutrophil

recovery [8]. Before chemotherapy, each consecutive dose of filgrastim produced

progressively lower serum concentrations; these serum concentrations were

inversely related to the ANC at the time of dosing. After daily doses of filgrastim

after chemotherapy, drug levels accumulated during the period of neutropenia; after

the ANC nadir, filgrastim concentrations decreased rapidly upon discontinuation

of dosing.

3.3 Pharmacokinetics of Filgrastim in Neutropenic Pediatric
Patients

The PK of filgrastim in pediatric cancer patients is similar, when comparing weight-

normalized doses, to the PK observed in adult cancer patients. In both adults and

children, ANC is the major factor affecting between-patient and within-patient PK

variability.

The PK of filgrastim in 15 children (aged 1.2–9.4 years) administered daily

(5, 10, and 15 mg/kg/day subcutaneously) for 10 days after chemotherapy has been

reported [42]. Similar to adults, apparent clearance (CL/F) decreased with increas-

ing dose. CL/F was lower and Cmax was higher on day 1 (immediately after

chemotherapy) relative to day 10 (after hematopoietic recovery). The PK on day

10 (normal ANC) was comparable to the PK in healthy adults after the first

subcutaneous dose of filgrastim.

The PK of filgrastim was reported in 11 pediatric patients (aged 6–18 years)

receiving ten daily intravenous doses (5 or 10 mg/kg/day; 30-min infusion) after

chemotherapy [43]. A significant correlation between filgrastim clearance and ANC

was noted, supporting that homeostatic regulation of filgrastim clearance occurs in

pediatric populations.

Filgrastim PK also has been studied in children with severe chronic neutropenia

(SCN) [44]. Eleven children were given 6–48 mg/kg filgrastim twice daily by

subcutaneous injection. Peak serum concentrations occurred 2–8 h after dosing.

A strong relationship between ANC and filgrastim clearance was described using

a sigmoid model. At low neutrophil counts (<0.1 � 109/L), clearance approached

a minimum value of 0.29 mL/min/kg, which reflects the linear clearance rate in the

absence of receptor-mediated clearance. Maximum clearance approached 2 mL/
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min/kg at high values of ANC (>17.0 � 109/L). Mean half-life was 4.7 h at low

ANC and <2 h at ANC >17.0 � 109/L.

4 Pharmacokinetics of Pegfilgrastim

4.1 Pharmacokinetics of Pegfilgrastim in Healthy Volunteers

Pegfilgrastim has been studied after single intravenous and subcutaneous doses in

healthy volunteers. After subcutaneous administration of pegfilgrastim, a nonlinear

increase in AUC is observed and the time to maximum concentration increases

(from 8 to 24 h) with increasing dose (30–300 mg/kg), consistent with progressive

saturation of G-CSFR-mediated clearance by higher concentrations of pegfilgrastim

[45]. A 10-fold increase in the dose resulted in an approximately 25-fold increase in

the Cmax and a 75-fold increase in the AUC.

In a study comparing intravenous and subcutaneous dosing in healthy volunteers,

the absolute bioavailability of pegfilgrastim after subcutaneous administration

(defined as the fraction of dose absorbed from the site of subcutaneous administra-

tion) was estimated to be in the range of 20–30% using PK/PD modeling (Amgen

data on file). The Cmax and AUC values of pegfilgrastim after subcutaneous admin-

istration were approximately 3–4%, of the exposure obtained after intravenous

administration. However, the duration of ANC elevation was approximately

3–4 days longer after subcutaneous administration than after intravenous adminis-

tration. This observation suggests that efficacious concentrations after subcutaneous

administration were sustained longer than those after intravenous administration.

The effect of renal function of the PK and PD of pegfilgrastim was evaluated

across various renal function groups in a phase 1 clinical study. The PK and ANC

profiles were similar in all groups, supporting that the kidney contributes negligibly

to the elimination of pegfilgrastim [46]. This observation is consistent with renal

clearance studies conducted in nonclinical nephrectomy models [10]. Although the

hepatic clearance of pegfilgrastim has not been investigated, PK–PD modeling

(described below) suggests that neutrophil-mediated clearance is the predominant

pathway in eliminating pegfilgrastim, which allows pegfilgrastim to have a very

efficient self-regulating clearance mechanism.

4.2 Pharmacokinetics of Pegfilgrastim in Neutropenic Patients

In patients receiving myelosuppressive chemotherapy, the PK of pegfilgrastim is

highly dependent on dose and the ANC. The PK of pegfilgrastim was nonlinear in

patients with NSCLC after a single dose before and after chemotherapy (Table 2) [8].

After chemotherapy, pegfilgrastim reached aCmax similar to that before chemotherapy;

however, drug levels were sustained for a longer period of time and began to decline
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rapidly at a time corresponding closely to theANCnadir. The exposure to pegfilgrastim

(AUC) after chemotherapy was higher than that before chemotherapy, supporting the

hypothesis that neutrophil and neutrophil precursors are important contributors to the

elimination of pegfilgrastim. The temporal correspondence between the rapid decline

in pegfilgrastim beginning at the ANC nadir is consistent with a recovery of G-CSFR-

expressing neutrophils and precursor cells in blood and marrow.

The relationship between PK and ANC was further supported by the PK–PD

profiles of pegfilgrastim during multiple cycles of myelosuppressive chemotherapy.

In a dose-finding study, women with high-risk stage II, III, or IV breast cancer

received a single subcutaneous dose of pegfilgrastim at 30, 60, or 100 mg/kg 24 h

after completion of doxorubicin/docetaxel chemotherapy. Treatment with

pegfilgrastim was repeated every 21 days for up to four cycles of chemotherapy

[47, 48]. The exposure to pegfilgrastim was lower in chemotherapy cycle 3 than in

cycle 1, while an improvement in ANC nadir and a decrease in duration of

neutropenia occurred in cycle 2 and subsequent cycles of treatment, suggesting

that an expansion of neutrophil and neutrophil precursor mass in the later cycles

resulted in an increase in drug clearance.

4.3 Pharmacokinetics of Pegfilgrastim in Neutropenic
Pediatric Patients

The efficacy, safety, and PK of a single 100-mg/kg subcutaneous dose of

pegfilgrastim have been evaluated and compared to 5 mg/kg subcutaneous daily

filgrastim in pediatric patients receiving myelosuppressive chemotherapy for sar-

coma [49]. The maximum median pegfilgrastim concentration was achieved

approximately 1–2 days after pegfilgrastim administration and was sustained until

the ANC nadir was reached. Median drug exposures in cycle 3 were lower than in

cycle 1 for each age cohort. The youngest cohort (0–5 years) had a higher exposure

Table 2 Pegfilgrastim pharmacokinetic parameter values before and after chemotherapy in

patients with nonsmall-cell lung cancer [8]

Dose

(mg/kg)
No. of patients Cmax

(ng/mL)

Tmax (h) AUC(0–1)

(ng* h/mL)

CL/F

(mL/h/kg)

Before chemotherapy

30 3 13.2 (2.64) 8 (8–24) 522 (208) 63.6 (23.3)

100 3 118 (61.8) 24 (24–36) 5,280 (2620) 23.6 (14.5)

300 4 937 (564) 48 (36–48) 64,400 (44,500) 7.06 (5.40)

After chemotherapy

30 3 9.43 (5.15) 120 (120–120) 777 (242) 41.2 (12.4)

100 3 125 (73.1) 72 (24–96) 12,500 (10,000) 11.3 (6.27)

300 3 1,030 (278) 72 (48–120) 130,000 (39,000) 2.47 (0.83)

AUC(0–1) area under the concentration time curve from time 0 to infinity; CL/F time-averaged

clearance after subcutaneous administration; Cmax peak serum concentration; Tmax time to Cmax.

Data represent mean (SD) values except for Tmax data, which represent median (range) values.
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to pegfilgrastim than the other two cohorts (6–11 years and 12–21 years), likely

because the younger patients experienced a longer duration of neutropenia.

Filgrastim PK was not evaluated. Single-dose pegfilgrastim exhibited comparable

safety and efficacy as daily filgrastim. Pharmacokinetic profiles were consistent

with those reported previously for adults.

5 PK–PD Modeling of Filgrastim and Pegfilgrastim

G-CSF has multiple effects on circulating neutrophils and neutrophil precursors.

Stimulation of precursor cell proliferation leads to an increase in the total mass of

G-CSFR-expressing cells, which serves as a negative regulator of G-CSF levels

through accelerated clearance. Administration of cytotoxic chemotherapy

decreases the number of mitotic precursor cells and subsequently the number of

postmitotic precursors and circulating neutrophils, which decreases the clearance of

G-CSF. A systems pharmacology approach can be used to describe the complex

PK–PD relationships of filgrastim and pegfilgrastim.

A PK–PD model built on the biology of granulopoiesis (Fig. 1) has been

developed to describe the PK, PD, and homeostatic regulation pegfilgrastim clear-

ance after administration to healthy volunteers [45] (Fig. 2). In the PK model, the

Peripheral 
Blood SpBp

ANC
Pegfilgrastim

PK Model

Homeostasis

Margination

Maturation and 
Mobilization

Homeostasis

Mitosis

Metamyelocytes Band cells Segmented 
Neutrophils

Bone Marrow

meta=40 hr band=66 hr seg=95 hrt t t

Fig. 2 Pharmacodynamic model describing the granulopoietic effects of pegfilgrastim. Serum

concentrations of pegfilgrastim stimulate mitosis and mobilization of band cells and segmented

neutrophils in bone marrow, decrease maturation times for postmitotic cells in marrow, and affect

margination of the peripheral blood band cell (Bp) and segmented neutrophil (Sp) populations, the

sum of which is the total absolute neutrophil count (ANC). Changes in neutrophil counts in

peripheral blood provide feedback regulation of pegfilgrastim clearance [45]
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Vmax of the receptor-mediated clearance pathway is assumed to be proportional to

ANC. In the Michaelis–Menten approximation of target-mediated drug disposition,

the Vmax is equal to the product of the total receptor concentration and the internali-

zation rate constant of the drug–receptor complex [50]. The starting point of the PD

model was the production of metamyelocytes from the last maturational step of

mitotic precursors. The most distal effect of the drug, expansion of the mitotic

promyelocyte and myelocyte pools, was empirically described by a Hill equation.

Serum concentrations of pegfilgrastim were assumed to stimulate mitosis and

mobilization of band cells and segmented neutrophils in bone marrow and increase

adhesion of peripheral blood band cells (Bp) and segmented neutrophils (Sp) to

blood vessels (margination), causing a change in the volume of distribution of the

circulating neutrophils. Pegfilgrastim was also assumed to decrease the maturation

time of metamyelocytes, band cells, and segmented neutrophils in marrow. All

effects were assumed to have the same EC50, since the effects are mediated by

G-CSFR.

As described subsequently, the modeling approach can be used to describe

single- or multiple-dose effects of filgrastim and pegfilgrastim, and the effects of

chemotherapy on the production of neutrophils can also be incorporated.

5.1 Pharmacokinetic–Pharmacodynamic Modeling of Filgrastim
in Healthy Volunteers

The PK–PD of filgrastim after single intravenous and subcutaneous doses of 375

and 750 mg were simultaneously modeled [40]. Because the half-life of filgrastim is

very short, the upstream effects of filgrastim on the mitotic precursor pool do not

need to be incorporated into the model following a single dose. Consequently, the

clearance of filgrastim does not need to be adjusted by changes in ANC over this

short time frame; the change in ANC reflects a change in neutrophil distribution

rather than a change in total neutrophil and precursor mass. Effects on ANC after a

single dose can be modeled as a simple indirect response model, where filgrastim

promotes the rapid influx of neutrophils from the marrow storage pool. Early

margination effects are accounted for by a filgrastim-induced increase in the

volume of distribution of neutrophils in blood.

The fitting of the subcutaneous PK and ANC data are illustrated in Fig. 3. An

excellent fit was obtained that described the dose-dependent PK and the effects of

filgrastim on margination (early decrease in ANC) and mobilization of neutrophils

from marrow (subsequent increase in ANC) and the return of ANC to baseline

values. In the model, the EC50 was 4.72 ng/mL, which is similar to the high-affinity

dissociation constant of filgrastim for G-CSFR.
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5.2 Pharmacokinetic–Pharmacodynamic Modeling
of Pegfilgrastim in Healthy Volunteers

Because pegfilgrastim has a long half-life relative to filgrastim, single doses are

able to sustain G-CSF levels sufficiently long to promote proliferation of mitotic

precursor cells and increase in the total neutrophil and neutrophil precursor mass.

Therefore, the mechanistic PK–PD model illustrated in Fig. 2 was applied to the

PK–PD profiles after a single subcutaneous dose of pegfilgrastim administered to

healthy volunteers at doses of 30, 60, 100, and 300 mg/kg [45].

Modeling of the PK and ANC profiles are illustrated in Fig. 4. In healthy

volunteers, the PK of pegfilgrastim were nonlinear in a dose range of 30–300 mg/
kg; the clearance of pegfilgrastim decreased with increasing dose, which is

attributed to the neutrophil G-CSFR-mediated pathway. The terminal half-life

was independent of dose, suggesting that pegfilgrastim serum concentrations at

the terminal phase decreased below levels saturating G-CSFR. PK modeling

required that the Vmax change in proportion to peripheral neutrophil counts, consis-

tent with a G-CSFR-mediated clearance mechanism. The model accurately
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Fig. 3 PK–PD modeling of filgrastim after single 375 and 750 mg SC doses to healthy volunteers.

(a) Pharmacokinetic profiles and model fit. (b) ANC profiles and model fit. Symbols represent the
pooled data (PK and ANC) from all volunteers from each cohort. Solid lines represent the fit of

population PK–PD model to the data [40]
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described the dose-dependent and neutrophil-dependent PK. The low rate of

pegfilgrastim clearance by a neutrophil-independent, linear pathway (CL/F approx-

imately 1.2 mL/h/kg) might explain the prolonged exposure to drug and sustained

effects during chemotherapy-induced neutropenia [8]. During neutropenia, the

linear clearance pathway is expected to be the predominant elimination pathway

for pegfilgrastim because of the decreased numbers of neutrophils and neutrophil

precursors in blood and marrow.

After administration of pegfilgrastim, a transient margination followed by

a rapid, dose-dependent increase in ANC was observed. A dose-dependent increase

in the percentage of band cells in peripheral blood was observed. The appearance of

the younger, band cell population in peripheral blood – also observed after dosing

with filgrastim – suggests that pegfilgrastim stimulates early release of neutrophils

from marrow.

The model of granulopoiesis successfully described the relationship between

pegfilgrastim serum concentrations and neutrophil counts in peripheral blood.

Modeling predicted that pegfilgrastim could elicit a maximum fourfold increase

in the rate of metamyelocyte production. Consistent with the modeling results,

neutrophil kinetic studies of filgrastim in healthy volunteers have shown that

filgrastim exerts mitotic effects primarily on promyelocytes and myelocytes, with

a twofold to threefold amplification of mitosis and a minimal delay before influx of

metamyelocytes [24, 25].

Differential effects of pegfilgrastim on blood neutrophil populations were

modeled as a pegfilgrastim-dependent flux of younger neutrophils, including band
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Fig. 4 PK–PD modeling of the dose-ranging effects of pegfilgrastim on neutrophil counts in the

blood of healthy volunteers, with homeostatic regulation of pegfilgrastim clearance by changing

neutrophil and precursor cell mass in blood and marrow. (a) Modeled (lines) and observed

(symbols) pegfilgrastim serum concentrations after single SC doses; (b) Modeled (lines) and

observed mean band cell (open symbols) and segmented neutrophil (closed symbols) counts in

peripheral blood [45]
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cells and segmented neutrophils through early release from marrow and a decrease

in maturation time. As suggested by the model, this decreased transit time may be

due, in part, to the early release of band cells and segmented neutrophils from bone

marrow. The early release of neutrophils and accelerated precursor maturation may

be important contributors to accelerated ANC recovery after myelosuppressive

chemotherapy. The EC50 for the granulopoietic effects was 9.86 ng/mL, which is

reasonably similar to the EC50 reported for filgrastim in healthy volunteers. The

results suggest that the PD differences between filgrastim and pegfilgrastim are

predominantly driven by the PK differences and decreased linear clearance rate of

pegfilgrastim.

5.3 Pharmacokinetic–Pharmacodynamic Modeling
of Filgrastim and Pegfilgrastim in Cancer Patients
Before and After Chemotherapy

As discussed, data from repeated dosing of filgrastim or single dosing of

pegfilgrastim must be modeled using a complete PK–PD model of granulopoiesis

that incorporates effects on progenitor cell proliferation and homeostatic regulation

of drug clearance by changing neutrophil mass. In the setting of chemotherapy, the

cytotoxic effects on neutrophil progenitors and the PK–PD relationship must be

incorporated. To illustrate the effect of chemotherapy on the PK–PD profile, data

from filgrastim and pegfilgrastim collected before and after chemotherapy [8] were

modeled using a similar model to that of pegfilgrastim after administration to

healthy volunteers [45]. The major difference was that an effect of chemotherapy

on metamyelocyte production rate was introduced. This effect was incorporated as

a step function, where chemotherapy halted proliferation of mitotic precursor cells

and the effects of G-CSF on metamyelocyte production for period of time:

dM1

dt
¼ S0 þ EmitC

EC50 þ C

� �
XðtÞ � nm

tmeta

M1; (1)

where

XðtÞ ¼ 1 t < Day 15; (2)

XðtÞ ¼ t120

t120rec þ t120
t � Day 15: (3)

Equation (1) represents the rate of change of metamyelocytes emerging from the

myelocyte compartment and the effect of G-CSF concentration (C) on the produc-

tion rate of metamyelocytes. After chemotherapy is given on day 15, the production
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of metamyelocytes is halted for a time, trec, which is the recovery time of the

myelocyte pool from the cytotoxic effects of chemotherapy.

The model fit to the PK–PD model for filgrastim and pegfilgrastim are shown in

Fig. 5. Notable differences in the PK profiles before and after chemotherapy were

successfully described for both molecules. Before chemotherapy, filgrastim levels

decreased after each dose, consistent with the increase in ANC. After chemother-

apy, filgrastim levels accumulated on daily dosing during the period of neutropenia.

Before chemotherapy, pegfilgrastim levels decreased quickly; after chemotherapy,

levels after a single dose were sustained until onset of ANC recovery. For both

molecules, the effect on ANC before and after chemotherapy was well predicted.

The modeling estimates of EC50 were similar for filgrastim and pegfilgrastim,

supporting that the PK–PD differences are primarily determined by PK.
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Fig. 5 PK–PD modeling of the effects of pegfilgrastim and filgrastim on neutrophil counts in the

blood of patients with nonsmall-cell lung cancer (NSCLC) receiving myelosuppressive chemo-

therapy, with homeostatic regulation of pegfilgrastim clearance by changing neutrophil and

precursor cell mass in blood and marrow. (a) PK–PD modeling of 5 mg/kg SC filgrastim given

daily for five doses before chemotherapy and daily until ANC recovery after chemotherapy. (b)
PK–PD modeling of single-dose pegfilgrastim given before and after chemotherapy at doses of 30,

100, and 300 mg/kg SC. Symbols represent median values for each cohort and solid lines are the
model fit to the data [8]

56 L.K. Roskos



6 Conclusions

Filgrastim and pegfilgrastim exhibit nonlinear PK related to clearance by G-CSFR

expressed on neutrophils and neutrophil precursors. PK is subject to homeostatic

regulation during conditions of neutropenia or neutrophilia. PD effects of filgrastim

and pegfilgrastim are exerted in a similar manner, through stimulation of progenitor

cell proliferation, decreased maturation time of postmitotic precursor cells, and

mobilization of neutrophil storage pools from marrow. The complex relationships

between PK and changes in neutrophil counts related to rHuG-CSF treatment and

chemotherapy-induced neutropenia can be successfully described by mechanistic

PK–PD models based on the biology of granulopoiesis. Modeling supports that the

major differences between filgrastim and pegfilgrastim are related to the PK

properties. Pegfilgrastim, due to a high molecular weight and hydrodynamic radius,

has a negligible renal clearance; therefore, the clearance of pegfilgrastim is more

dependent on neutrophil counts than filgrastim, which has a substantial renal

clearance pathway. These properties allow pegfilgrastim to have a “self-regulating”

PK profile that supports dosing once per cycle of chemotherapy.
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Structural Biology of G-CSF and Its Receptor

Tara L. Arvedson and Mike J. Giffin

1 Introduction

Two structures of the helical cytokine granulocyte colony-stimulating factor

(G-CSF) and portions of the G-CSF receptor (G-CSFR) have been reported, and

each suggests a different mechanism of interaction. Interpretation of the biologic

relevance of the two structures has been facilitated by comparison of the structures

with the structures of other helical cytokine family members, their receptors, and

modes of binding. Although little sequence identity is shared within the helical

cytokine family or within the helical cytokine receptor family, helical cytokines are

structurally similar, as are helical cytokine receptors. Correspondingly, although

the different signaling complexes contain a varying number of cytokine and

receptor chains, they are each reported to use similar modes of binding to initiate

a signaling response. By considering the two G-CSF/G-CSFR structures within

the context of the greater helical cytokine/cytokine receptor family, a model of the

G-CSF/G-CSFR signaling complex can be proposed.

2 G-CSF Cloning and Sequence Similarity with Other
G-CSF Orthologs

The amino acid sequence of human G-CSF was determined by Souza et al. using

protein purified from a human bladder carcinoma cell line [1]. The gene for human

G-CSF encodes a 204-amino acid protein, which includes both a signal sequence and

a 174-amino acid mature protein. To date, several G-CSF orthologs have been
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identified in mammals, birds, and fish [2] (Fig. 1). A high degree of sequence identity

is shared between human G-CSF and the mammalian sequences (range: 99% identity

with chimpanzee G-CSF to 59% identity with possum G-CSF), and a lower degree of

sequence identity with chicken (36% identity) and fish (approximately 15% identity)

G-CSF. In comparison to the degree of sequence identity shared between human G-

CSF and other mammalian orthologs, very little sequence identity is shared between

human G-CSF and other human helical cytokines. The closest relative is the p19

subunit of interleukin (IL)-23 (approximately 26% identity) (Fig. 2).

3 Three-Dimensional Structure of Helical Cytokines

The central structural feature shared by all helical cytokines is four alpha-helices

(labeled A–D; Fig. 3) arranged in an up-up-down-down configuration (i.e., helices A

and B both extend up, while helices C and D both extend down). Because helices A

and B both extend in the same direction, the peptide linking them must span the

length of the protein. This peptide region is called the “crossover region” as it either

crosses over or behind helix D. The localization of the peptide is important as it is

one of the features that enables classification of the helical cytokine family into

either the short-chain or long-chain subfamilies. Additional characteristics defining

armadillo (75%)

hedgehog (73%)

bat (79%)

cow (80%)

dog (79%)

cat (82%)

flounder (19%)

rockfish (14%)
xenopus (28%)

chicken (36%)

possum (59%)

mouse (74%)

rat (65%)

human

chimpanzee (99%)

rabbit (79%)

Fig. 1 Dendrogram illustrating the inferred evolutionary relationship between G-CSF orthologs.

The number in parentheses is the percent identity shared with human G-CSF. Evaluation done

using Vector NTI (Vector NTI Advance, Version 11 [software]; December 15, 2008. Invitrogen

Corporation)
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G-CSF 25 19 17 16 20 19 17 20 15

IL-23 41 22 18 18 18 16 19 19 21

IL-6 38 34 15 17 16 14 17 16 17

GH 33 32 32 24 16 16 17 19 19

Prolactin 33 30 36 49 17 13 17 18 17

OSM 29 30 30 32 33 18 16 15 18

CNTF 34 35 33 31 30 33 15 14 18

Leptin 32 32 32 29 32 29 29 15 16

IL-12 38 33 35 34 37 30 33 28 17

LIF 32 40 33 34 31 29 33 34 31

Fig. 2 Percent identity (above gray boxes) and similarity (below gray boxes) shared between

human G-CSF and a panel of long-chain cytokines. Values generated using MatGAT [47]. CNTF
ciliary neurotrophic factor; GH growth hormone; IL interleukin; LIF leukemia inhibitory factor;

OSM oncostatin M

A

N-terminus

B

CD

C-
terminus

310 helix
and alpha
helix 

Crossover 
region

Fig. 3 Cartoon representation illustrating the helical bundle topology of G-CSF. G-CSF contains

four alpha-helices shown as cylinders (labeled A–D). These helices are arranged in an up-up-

down-down orientation. Both helices A and B extend from bottom to top, while helices C and D

extend from top to bottom. The directionality of the helices is shown with an arrow. The peptide
sequence between helices A and B is the crossover region (shown in dark gray and highlighted

with an arrow). In G-CSF, this region passes in front of helix D and contains a 4-residue 310-helix

and a 6-residue alpha-helix, shown here as an additional cylinder in the loop between helices A and

B. Figure generated using Pymol (Pymol Molecular Graphics System, Version 1.3 [software].

Schrodinger, LLC) and G-CSF structure (PDB ID 1RHG [5])
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membership in one subfamily or the other are based on the total length of the

protein, the average length of the alpha-helices A–D, and the packing of these

alpha-helices (Fig. 4).

Examples of the short-chain subfamily include granulocyte–macrophage col-

ony-stimulating factor (GM-CSF), stem cell factor (SCF), and several IL family

members (e.g., IL-2, -4, -5, -13, -15, and -21). The average protein length is about

150 amino acids, although there are at least two members, thrombopoietin (TPO)

and macrophage colony-stimulating factor (M-CSF) that contain >350 amino

acids. The helices are generally 10–20 residues long and they are typically loosely

packed against one another. The crossover region passes behind helix D and many

of the crossover regions contain one strand of a b-sheet. Table 1 provides a list

describing each of these characteristics for the short-chain cytokines for which

structures have been determined.

Examples of the long-chain subfamily include G-CSF, growth hormone (GH),

leptin, prolactin (PRL), IL-6, IL-12, ciliary neurotrophic factor (CNTF), leukemia

inhibitory factor (LIF), and oncostatin M (OSM). The average protein length is

approximately 260 amino acids and the helices are generally 20–30 residues long.

The helices are typically well aligned with one another, and the crossover region

Long chain cytokine subfamily
(Representative: G-CSF)

Short chain cytokine subfamily
(Representative: GM-CSF)

Crossover region In front of helix D Behind helix D

Helix packing Tight Loose

Range of amino acids/helix 20-31 10-16

Length of protein (amino acid) 204 144

Fig. 4 Schematic illustrating two representative helical cytokine structures, GM-CSF from the

short-chain subfamily (PDB ID 1CSG [29]) and G-CSF from the long-chain subfamily (PDB ID

1RHG [5]). The differences between the subfamilies include the orientation of the crossover

region, the packing and length of alpha-helices A–D, and the total length of the protein. G-CSF
granulocyte colony-stimulating factor; GM-CSF granulocyte–macrophage colony-stimulating

factor; PDB protein database
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Table 1 Members and attributes of the short-chain subfamily for which structures have been

determined

Protein Protein length

(no. of amino

acids)

Length of

helices

(A–D)

Crossover region

location relative to

helix D

Secondary structure

within crossover

region

PDB

(references)

GM-CSF 144 A: 16 Behind Alpha-helix, b-
strand

1CSG [29]

B: 10

C: 16

D: 12

IL-2 153 A: 23 Behind Alpha-helix 1M47 [30]

B: 11

C: 16

D: 16

IL-4 153 A: 13 Behind b-strand, alpha-
helix

2INT [31]

B: 18

C: 25

D: 19

IL-5 134 A: 14 Behind b-strands, alpha-
helices

1HUL [32]

B: 12

C: 20

D: 17

IL-13 146 A: 14 Behind Alpha-helix 3L5X [33]

B: 5

C: 7

D: 18

IL-15 162 A: 16 Behind b-strand 2Z3Q [34]

B: 18

C: 15

D: 15

IL-21 155 A: 18 Behind Alpha-helix 2OQP (NMR) [35]

B: 4

C: 11

D: 20

M-CSF 554 A: 10 Behind b-strand, alpha-
helix

1HMC [36]

B: 9

C: 10

D: 13

Flt3 ligand 235 A: 9 Behind b-strand 1ETE [37]

B: 17

C: 14

D: 15

SCF 273 A: 9 Behind b-strand, alpha-
helix

1SCF [38]

B: 16

C: 21

D: 16

EPO 193 A: 17 Behind b-strand, alpha-
helix

1EER [39]

B: 27

C: 21

D: 13

TPO 353 A:13 Behind b-strand, alpha-
helix

1V7N [40]

B: 22

C: 17

D: 10

EPO erythropoietin; GM-CSF granulocyte–macrophage colony-stimulating factor; IL interleukin;

M-CSF macrophage colony-stimulating factor; NMR nuclear magnetic resonance; PDB protein

database; SCF stem cell factor; TPO thrombopoietin
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passes in front of helix D. It is common for the crossover region to contain one or

two short helices. Table 2 provides a list describing each of these characteristics for

the long-chain cytokines for which structures have been determined, and Fig. 5

shows several structures from the long-chain cytokine family, illustrating the

common fold and shared structure among members.

Erythropoietin (EPO) and TPO have features that make them difficult to classify

as either short- or long-chain cytokines, as both are longer than the average

Table 2 Members and attributes of the long-chain subfamily for which structures have been

determined

Protein Protein length

(no. of amino

acids)

Length of

helices

(A–D)

Crossover region

location relative to

helix D

Secondary structure

within crossover

region

PDB

(references)

G-CSF 204 A: 31 In front 310 and alpha-helix 1RHG [5]

B: 20

C: 24

D: 29

GH 217 A: 28 In front Alpha-helix 1HGU [13]

B: 15

C: 21

D: 29

Leptin 167 A: 20 In front None 1AX8 [41]

B: 16

C: 23

D: 19

PRL 227 A: 31 In front b-strands, alpha-
helices

1RW5 [42]

B: 14

C: 28

D: 33

CNTF 200 A: 29 In front None 1CNT [43]

B: 27

C: 26

D: 29

LIF 202 A: 27 In front Alpha-helix 1LKI [44]

B: 29

C: 27

D: 23

IL-6 212 A: 27 In front Alpha-helix 1ALU [45]

B: 24

C: 21

D: 26

OSM 252 A: 15 In front Alpha-helices 1EVS [46]

B: 24

C: 27

D: 27

CNTF ciliary neurotrophic factor; G-CSF granulocyte colony-stimulating factor; GH growth

hormone; IL interleukin; LIF leukemia inhibitory factor; OSM oncostatin M; PDB protein data-

base; PRL prolactin
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short-chain cytokine (EPO: 193 amino acids; TPO: 353 amino acids) and have

longer helices (up to 27 or 22 amino acids, respectively), yet their topology matches

that of the short-chain cytokines as their crossover regions pass behind helix D and

each contain b strands. While b strands in the crossover region are not unique to the

short-chain cytokines, they are more common than in the long-chain cytokines (see

Tables 1 and 2). In light of the crossover region topology, both EPO and TPO are

grouped with the short-chain cytokines in Table 1.

4 Structure of G-CSF

The structure of recombinant G-CSF has been determined by both nuclear magnetic

resonance (NMR) and crystallography [3–5]. The structure contains four alpha

helices: helix A consists of 29 amino acids (residues 11–39), helix B consists of

21 amino acids (residues 71–91), helix C consists of 24 amino acids (residues

100–123), and helix D consists of 30 amino acids (residues 143–172).

G-CSF GH PRLLeptin

CNTF LIF IL-6 OSM

Fig. 5 Schematic illustrating the structures of several long-chain cytokines for which the

structures have been determined. Figure generated using Pymol (Pymol Molecular Graphics

System, Version 1.3 [software]. Schrodinger, LLC) and G-CSF structure (PDB ID 1RHG [5]),

GH (PDB ID 1HGU [48]), leptin (PDB ID 1AX8 [41]), PRL (PDB ID [42]), CNTF (PDB ID 1CNT

[43]), LIF (PDB ID 1LKI [44]), IL-6 (PDB ID 1ALU [14]), and OSM (PDB ID 1EVS [46]).

Missing regions of the models are represented by dashed lines. CNTF ciliary neurotrophic factor;

G-CSF granulocyte colony-stimulating factor; GH growth hormone; IL interleukin; LIF leukemia

inhibitory factor; OSM oncostatin M; PDB protein database; PRL prolactin
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The crossover region passes in front of helix D and contains a 4-residue 310-helix

(residues 44–47) followed by a 6-residue alpha-helix (residues 48–53). Both 310-

and alpha-helices are right-handed helices; the difference between the two is that

the 310-helix has three residues per turn, whereas the alpha-helix has 4 (3.6)

residues per turn. Both the length of the protein and the structural features of

G-CSF place it within the long-chain cytokine subfamily.

G-CSF has five cysteine residues. Four of these cysteines form disulfide bonds

(Cys36–Cys42 and Cys64–Cys74). The remaining cysteine at position 17 is free,

but is only partially accessible to solvent, so it is unlikely to be able to react with

other proteins [6]. No N-linked glycosylation sites are in G-CSF; however, there is

an O-linked glycan on residue threonine 133 in material expressed in mammalian

cells [7, 8]. Glycosylation is not required for biologic activity as demonstrated by

filgrastim, which is expressed in bacterial cells and is not glycosylated but retains

potent biologic activity [9].

5 Structural Similarity Between Long-Chain Cytokine
Receptors

Helical cytokine receptors, like helical cytokines, lack significant sequence iden-

tity. In addition, they vary in terms of length, domain number, and domain organi-

zation. Despite these differences, the receptor structures and the means of ligand

binding have been reported to be conserved. In terms of domain usage, all helical

cytokine receptors comprise mixtures of fibronectin type III (FN III) and immuno-

globulin (Ig) domains. These domains are similar as each contains seven b-strands
(A–G) oriented in two sheets forming a b-sandwich. For the FN III domains, one

sheet comprises strands A, B, and E, while the other sheet comprises strands C, D,

F, and G (Fig. 6a). For the Ig domain, strand D is switched from one sheet to the

other, such that 1 b-sheet comprises strands A, B, D, and E, while the other b-sheet
comprises strands C, F, and G (Fig. 6b). A common feature shared by all cytokine

EBA D GFCA B E GFCD

Immunoglobulin (Ig) domainFibronectin type III (FN III) domain

EBA D GFCA B E GFCD

a b

Fig. 6 b-strand topology map illustrating the folding for (a) fibronectin type III (FN III) and (b)
immunoglobulin (Ig) domains. Both domains contain 7 b-strands that form a b-sandwich. Each
arrow depicts an individual strand and the gray shading indicates strands that cluster together on

each face of the b-sandwich
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receptors is the cytokine-binding homology region (CHR). This module contains

approximately 200 amino acids and is reported to contain several conserved

elements, including the domain structure, the location of 6 conserved cysteine

residues, and the presence of a WSXWS (Trp-Ser-X-Trp-Ser) sequence motif

(Fig. 7a, b) [10]. In terms of the domain structure, the CHR consists of two

Fibronectin type III (FN III) domain connected by a proline-rich linker. Because

of the cyclic nature of the proline side chain, proline linkers are relatively rigid and

contribute to the two domains being held at a fixed angle to one another. Analysis of

the known structures suggests that this angle varies from 70 to 110� (defined as the

angle between the first residue of the N-terminal FN III domain and the last residue

of the C-terminal FN III domain). Another conserved element within the CHR is

positionally conserved cysteines. Within the CHR N-terminal FN III domain are

four positionally conserved cysteine residues that stabilize the b-sandwich structure
by forming two disulfide bonds between the faces of the sandwich. Within the CHR

C-terminal domain, two positionally conserved cysteine residues form one disulfide

bond. An additional feature of cytokine receptors is the conserved WSXWS motif,

where X can be any amino acid (Fig. 7a, b). Although there are few exceptions to

FN III domain 1

FN III domain 2

Site of 
ligand 
binding

a

b

NH2

COOH

Fig. 7 Conserved features reported for the cytokine-binding homology region (CHR). CHR

comprises two fibronectin type III (FN III) domains. Conserved features are reported to include

three positionally conserved cysteines forming disulfide bonds, a WSXWS motif, and a proline-

rich linker. (a) The structure of the G-CSF receptor (G-CSFR) (PDB ID 2D9Q [23]) CHR is used

to illustrate the disulfide bonds formed by positionally conserved cysteines (black arrows), the
WSXWS motif (space-filling spheres), and the site of ligand binding in the elbow region of the

CHR (dotted circled area). Structure generated using Pymol (Pymol Molecular Graphics System,

Version 1.3 [software]. Schrodinger, LLC). (b) The conserved features are illustrated on a b-strand
topology map of the G-CSFR CHR
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this sequence (e.g., YGEFS in growth hormone receptor and WQPWS in the IL-23

receptor), most receptors contain the WSXWS amino acid sequence. While there

are six different DNA codons that encode serine, most receptor genes use only two

different ones (AGC and ACT) to encode this motif [11]. The function of the

WSXWS motif is not known, although it is thought to contribute to efficient

receptor folding. This conclusion is supported by work done by Hilton et al. in

which each residue in the EPO receptor (EPOR) WSXWS sequence was individu-

ally mutated to every other amino acid [11]. In all, a series of 100 different EPOR

point mutants were generated. The mutated protein was then expressed in mamma-

lian cells and tested for cell surface expression and the ability to bind EPO. While

the mutant proteins appeared to be comparably expressed, most were retained in the

endoplasmic reticulum, particularly if they contained mutations in the tryptophan or

serine residues. Of the mutants that were able to reach the cell surface, all retained

the ability to bind EPO. From this work, the authors concluded that the WSXWS

sequence was not required for ligand binding but did appear to be required for

protein folding.

Within the Cytokine-binding homology region (CHR), the residues involved in

ligand binding are reported to be located in the “elbow” region between the two

Fibronectin type III (FN III) domain (Fig. 7a). This region comprises the loops

linking the b-strands to one another. Because the loops are structurally flexible,

significant sequence diversity can be tolerated within them without affecting the

overall structure of the domain. As a result, the same structural scaffold is maintained

by all cytokine receptors, but sequence variationwithin the loops enables receptors to

have different ligand specificities. The structures of several long-chain cytokine

receptors have been determined and are shown schematically in Fig. 8.

6 Receptor Signaling and Stoichiometry of Cytokine/
Receptor Complexes

Receptor signaling is reported to be induced by cytokine-mediated receptor oligo-

merization and juxtaposition of associated intracellular kinases [12]. Unlike growth

factor receptors that contain integrated kinase domains, cytokine receptors do not

have intrinsic kinase activity and must associate with intracellular kinases (e.g.,

members of the JAK or TYK family). Receptor oligomerization is reported to bring

these intracellular kinases into an appropriate proximity to induce phosphorylation

of themselves and the associated cytokine receptor chain. This initial phosphoryla-

tion event is suggested to trigger recruitment and phosphorylation of a secondary

group of proteins (e.g., STAT proteins) that are then able to translocate to the

nucleus to modify gene expression.

The first crystal structure to be determined between a cytokine and its receptor

was GH with GH receptor (GHR) [13]. This complex is reported to comprise one

ligand and two receptors (Fig. 9a). The published structure suggests that GH is able
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GHR

= Ig domain

= Fn III domain

IL-6Rα CNTFRα

LIFROSMR Leptin R

= CHR

IL-12RαPRLR G-CSF-R

= Signaling domain
(association point for 
intracellular kinases) 

Fig. 8 Schematic illustrating the domain organization of receptors for several long-chain

cytokines. While the receptors for growth hormone (GH) and prolactin (PRL) contain only

cytokine homology regions (CHR), the remaining receptors contain additional Fibronectin type

III (FN III) domain or immunoglobulin (Ig) domains. Receptors for both leptin and leukemia

inhibitory factor (LIF) contain two CHR. Many of the receptors contain intracellular domains that

are capable of associating with intracellular kinases; exceptions are the alpha receptors for both

interleukin (IL)-6 (IL-6Ra) and ciliary neutrophic factor (CNTF) (CNTFRa). IL-6Ra contains a

short cytoplasmic domain that cannot associate with intracellular kinases, and CNTFRa is linked

to the membrane through a glycophosphatidylinositol (gpi) anchor

a b

GHR 2GHR 1

Growth hormone

PPPP

cellular activation

GHR 2GHR 1

Growth hormone

Fig. 9 (a) Structure reported for the growth hormone (GH) with its receptor (GHR). A single

growth hormone molecule associates with two GHR. Figure generated using Pymol (Pymol

Molecular Graphics System, Version 1.3 [software]. Schrodinger, LLC) and PDB ID 3HHR

[13]. (b) Schematic illustrating the signaling complex formed by GH with GHR
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to use two disparate surfaces to interact with similar regions on each of the two

associated receptors. A similar 1:2 (ligand:receptor) stoichiometry has been

observed between PRL and the PRL receptor (PRLR) [14] and has been predicted

to occur with leptin and the leptin receptor [15]. In terms of initiating a signaling

response, the intracellular domain of GH, PRL, and leptin receptors are reported to

be able to associate with intracellular kinases and to propagate a signaling cascade

upon dimerization [12] (Fig. 9b). It is not the case that all receptors within the long-

chain cytokine family associate with intracellular kinases and can initiate a signal-

ing response upon dimerization. For example, the IL-6 receptor alpha (IL-6Ra)
chain and the CNTF receptor alpha (CNTFRa) chain lack the ability to bind

intracellular kinases and cannot propagate a signal independently. To make up for

the lack of signaling capability, additional receptors that are signal competent are

reported to be recruited to the ligand/ligand receptor complex. One receptor that is

frequently reported to be recruited is gp130.

The extracellular domain of gp130 contains six domains: D1 is an Cytokine-

binding homology region (CHR) and D2–D6 are Fibronectin type III (FN III)

domain. Domains 2 and 3 form the Cytokine-binding homology region (CHR).

The intracellular domain of gp130 can associate with intracellular kinases and can,

therefore, initiate a signaling response when associated with another signal-compe-

tent receptor (Fig. 10). While gp130 has little affinity for cytokines alone, it can

form high-affinity interactions with complexes containing both a ligand and an

accompanying ligand-specific receptor [16]. Long-chain cytokines that form

complexes with gp130 include LIF, OSM, CNTF, and IL-6. The heteromeric

complexes vary in the number and type of individual components required to

form a cytokine-specific, signal-competent complex (i.e., a complex must contain

at least two receptors capable of associating with intracellular kinases). The LIF

signaling complex is reported to be a trimer containing one LIF molecule, one

cytokine-specific receptor (LIFR), and one gp130 molecule (Fig. 11a) [17, 18].

D1

D2

D3

D4

D5

= Ig domain

= Fn III domain

Extracellular 
region

Transmembrane 
domain

Intracellular 
region

= CHR

= Signaling domain
(association point for 
intracellular kinases) 

D6

Fig. 10 The domains of

gp130. The extracellular

region contains six domains:

D1 is an Ig domain and

D2–D6 are fibronectin (FN)

III domains. Domains 2 and 3

form the cytokine-binding

homology region (CHR). The

intracellular domain of gp130

can associate with

intracellular kinases and can,

therefore, initiate a signaling

response when associated

with another signal-

competent receptor
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Within this complex, both the LIFR and gp130 can associate with intracellular

kinases and are capable of generating a signaling response upon dimerization. The

CNTF signaling complex is reported to be a tetramer containing one molecule, one

cytokine-specific receptor (CNTFRa), one auxiliary receptor (LIFR), and one gp130
molecule (Fig. 11b) [19]. Because the CNTFRa cannot associate with intracellular

kinases, additional signal-competent receptors are required. This requirement is met

by the LIFR and gp130. The IL-6 signaling complex is reported to be a hexamer

containing two IL-6 molecules, two cytokine-specific receptors (IL-6Ra), and two

gp130 molecules (Fig. 11c) [20]. In this complex, only the gp130 molecules associ-

ate with intracellular kinases. To initiate a signaling cascade, two gp130 molecules

are brought together by the association of two IL-6:IL-6Ra:gp130 complexes.

7 Conserved Mechanisms of Cytokine/Receptor Binding

Analysis of cytokine/receptor structures suggests that although the various

cytokines interact with different types and numbers of receptors, they do so using

similar surfaces. On the cytokine, only three different regions (sites 1, 2, and 3)

appear to be used for receptor binding (Fig. 12). Published reports suggest that site 1

LIF/LIFR/gp130 CNTF/CNTFRα/LIFR/gp130

IL-6/IL-6Rα/gp130

a b

c

Fig. 11 Signaling complexes reported to be formed by leukemia inhibitory factor (LIF) [17, 19],

ciliary neutrophic factor (CNTF) [19], and interleukin (IL)-6 [20]. Initiation of a signaling

response requires dimerization of two receptors that can associate with intracellular kinases
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incorporates residues from helices A and D, site 2 incorporates residues from

helices A and C, and site 3 is located in the N-terminal region of helix D with

contributions from residues in the crossover region (A–B loop). In all structures

reported to date, sites 1 and 2 bind receptor Cytokine-binding homology region

(CHR) and site 3 binds receptor Immunoglobulin (Ig) domain. While these are the

possible interaction sites that may be used, they are not all used in every structure.

In the GH/GHR and PRL/PRLR complexes, only sites 1 and 2 appear to be used

(Fig. 13a). In the LIF/LIFR/gp130 structure, only sites 2 and 3 appear to be used:

LIF binds gp130 using site 2 and the LIFR using site 3 (Fig. 13b). In the IL-6/IL-

6Ra/gp130 complex, all three sites appear to be used: IL-6 site 1 contacts the IL-

6Ra, site 2 contacts gp130, and site 3 contacts another gp130 molecule (Fig. 13c).

All three sites also appear to be used in the CNTF/CNTFRa/LIFR/gp130 structure,
with the CNTF site 1 contacting CNTFRa, site 2 contacting gp130, and site 3

contacting the LIFR [19]. Given the conservation of contact points between a

cytokine and a receptor within the helical cytokine family, it would be expected

that G-CSF would use a similar surface to contact G-CSFR.

8 Cloning and Domain Structure of G-CSF Receptor

The G-CSFR was cloned in 1990 by Fukunaga et al. [21]. It was found to be an 836-

amino acid type I receptor (type I ¼ the amino terminus is extracellular) with a

604-amino acid extracellular domain, a 23-amino acid transmembrane domain, and

Site 1 Site 2 Site 3

Fig. 12 Receptor-binding sites are reported to be conserved on the surface of cytokines.

Cytokines interact with receptors using only three possible surfaces: site 1, site 2, and site 3.

The localization of these sites is conserved. Site 1 localizes to helices A and D, site 2 localizes to

helices A and C, and site 3 is located in the N-terminal region of helix D with contributions from

residues in the crossover region (A–B loop). Sites 1 and 2 bind receptor cytokine-binding

homology region (CHR) and site 3 binds receptor immunoglobulin (Ig) domain

74 T.L. Arvedson and M.J. Giffin



a 183-amino acid intracellular domain. The extracellular domain structure of

G-CSFR is identical to that of gp130 in that it contains six domains, D1 is an Ig

domain and domains D2–D6 are FN III like.

9 Structural Characterization of G-CSF/G-CSFR Interaction

Two crystallography structures between G-CSF and portions of G-CSFR have been

reported. While both structures contain a 2:2 G-CSF:G-CSFR complex and have

two sites of interaction, they differ in the location of those sites of interaction.

The first structure, by Aritomi et al., included human G-CSF and the CHR

(domains D2 and D3) from mouse G-CSFR [22]. In this structure, the primary

contact region is reported to correspond to the canonical site 2, with G-CSF

interacting with the G-CSFR CHR (Fig. 14). At this contact site, there appears to

be good shape complementarity resulting in a large buried surface area (1,672 Å2)

and extensive contacts between G-CSF and the elbow region of the receptor CHR

(10 polar interactions between 6 residues on G-CSF and 7 residues on G-CSFR, and

28 van der Waals contacts between 15 residues on G-CSF and G-CSFR, respec-

tively). The second contact site appears to comprise residues in the amino terminus

of G-CSF and D3 of the CHR. This binding site does not appear to correspond to

any of the canonical sites (1, 2, or 3) seen in other cytokine/receptor systems. This

interaction contains fewer polar and van der Waals interactions, making it the

weaker of the two observed binding sites. The biologic relevance of the second

interaction site is also called into question by mutagenesis studies that reported that

Growth hormone LIF/LIFR/gp130

Site 2

Site 3

CHR CHR

Ig

C
H

R
C

H
R

Site 1

Site 2 Site 3Ig

CHR

C
H

R

CHR C
H

R

Site 2Site 1

IL-6/IL-6Rα/gp130

a b c

C
H

R

CHR

Fig. 13 The cytokine/cytokine receptor-binding sites are reported to be conserved. Despite many

different cytokine/cytokine receptor combinations, there are only three observed sites of interac-

tion. Sites 1 and 2 occur between the cytokine and receptor cytokine-binding homology region

(CHR), and site 3 occurs between the cytokine and the receptor immunoglobulin (Ig) domain.

While three sites of interaction are possible, not all are always used. For example, sites 1 and 2 are

used by growth factor and its receptor (GH/GHR) [13]; sites 2 and 3 are used by leukemia

inhibitory factor and its receptor (LIF/LIFR)/gp130 [17, 19], and all three sites are used by

interleukin (IL)-6/IL-6Ra/gp130 [20]
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the amino terminus of G-CSF could be deleted without affecting receptor binding.

It is, therefore, hypothesized that this second site of interaction is an artifact of

crystallizing a fragment of the protein.

The second structure, by Tamada et al., included human G-CSF and the Immu-

noglobulin (Ig) domain (D1) and CHR (D2 and D3) from human G-CSFR (Fig. 15)

[23]. In this tetrameric structure, each G-CSF ligand appears to bind two different

receptor molecules and each receptor molecule appears to bind two different G-

CSF ligands. On the G-CSF molecule, sites 2 and 3 appear to be used. The receptor

regions recognized by sites 2 and 3 are reported to be in agreement with what is seen

with other cytokines (i.e., site 2 binding the CHR of 1 G-CSFR and site 3 binding

the Ig domain of another G-CSFR). Both the site 2 and 3 interactions appear to

contribute similarly to the strength of the binding event, with site 2 contributing

1,375 Å2 of buried surface area and site 3 contributing 1,144 Å2. The site 2 interac-

tion appears to be similar in both the Tamada et al. and Aritomi et al. structures.

When viewed from the side, the Tamada et al. structure resembles a table with two

legs. The top of the table is formed by the two G-CSF molecules, the Ig domain

(D1) and the first Fibronectin type III (FN III) domain (D2). The legs of the table are

formed by the G-CSFR D3 domains.

Site not 
previously 
observed

Site 2

Side view

Top view

Site 2

Site not 
previously 
observed

Fig. 14 Structure reported of mouse G-CSF and human G-CSFR cytokine-binding homology

region (CHR) as determined by Aritomi et al. [22]. The 2 G-CSF molecules are shown using a wire

backbone, the 2 G-CSFR molecules are shown using spheres. Schematics of the structures are

shown to the right. The binding sites observed in the structure are indicated with arrows. While one

binding site corresponds to the canonical site 2, the other binding site has not been previously

observed in any other cytokine/cytokine receptor interaction. Figure generated using Pymol

(PymolMolecular Graphics System, Version 1.3 [software]. Schrodinger, LLC) and PDB ID 1CD9
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The Tamada et al. structure is supported by its similarity to the viral IL-6/gp130

structure (Fig. 16). Viral IL-6 (vIL-6) is an IL-6 homolog from Kaposi’s sarcoma-

associated herpesvirus (HHV8). Unlike IL-6 that requires an IL-6-specific receptor

(IL-6Ra) to enable IL-6 binding to gp130, vIL-6 can directly bind and activate gp130
without an a-receptor [24]. Biochemical studies reported that vIL-6 formed a 2:2

complex with gp130, and this stoichiometry was supported by the crystal structure of

vIL-6 with gp130 [25, 26]. Comparison of the vIL-6/gp130 and G-CSF/G-CSFR

structures suggests that both vIL-6 and G-CSF contact their respective receptors

through sites 2 and 3. The two receptors assume comparable conformations, and the

overall size and symmetry of the two complexes are reported to be similar.

10 Modeling the G-CSF/G-CSFR Signaling Complex

Given the similarities between gp130 and G-CSFR, it has been suggested that it

may be possible to use the full-length gp130 structure to model a G-CSF/G-CSFR

signaling complex. The structures of several gp130-containing complexes have

Site 3

Site 2

Site 2

Site 3

C
H

R
CHR

Ig

C
H

R

Side view

Top view

Fig. 15 Structure reported of human Granulocyte colony stimulating factor (G-CSF), human

G-CSFR Immunoglobulin (Ig) domain, and cytokine-binding homology region (CHR) as

determined by Tamada et al. [23]. The 2 G-CSF molecules are shown using a wire backbone,

the 2 G-CSFR molecules are shown using spheres. Schematics of the structures are shown to the

right. The binding sites observed in the structure are indicated with arrows. Figure generated using
Pymol (Pymol Molecular Graphics System, Version 1.3 [software]. Schrodinger, LLC) and PDB

ID 2D9Q
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been characterized by low-resolution electron microscopy (EM) [19, 27], and each

of these structures suggests that gp130 assumes a C-shaped structure that is

proposed to bring the C-terminal, Jak-associated regions within sufficient proximity

to initiate a signaling response. Jak molecules are large, containing approximately

1,100 residues across four globular domains, and estimates from EM structures

suggest that a separation of 30–65 Å between the C-terminal domains would be

sufficiently close to enable transactivation of two Jak molecules [28]. The crystal

structure of full-length, unliganded gp130 was reported and it suggested that the

C-shaped structure (Fig. 17) [28] was due in part to a sharp bend introduced by

domains D4 and D5. These domains are held at an angle of about 80� relative to one
another through the interaction between Trp-311, Lys-330, and Trp-448 with

residues on the interfacing domain. All the key residues responsible for this

interaction are conserved in G-CSFR D4 and D5, suggesting that G-CSFR will be

oriented similarly. In terms of aligning gp130 with G-CSFR, the orientation of

G-CSFR domains D1, D2, and D3 from the Tamada et al. structure resembles the

orientation of gp130 domains D1, D2, and D3 observed in other structures. The

conformational similarity enables the construction of a model of G-CSF with

Side view

Top view

G-CSF/G-CSF-R vIL-6/gp130

Fig. 16 Structural comparison of G-CSF/G-CSFR [23] and viral interleukin (vIL)-6/gp130 [26].

Both the G-CSF and vIL-6 ligands are shown using a wire backbone, and the 2 G-CSFR molecules

and gp130 molecules are shown using space-filling spheres. Figure generated using Pymol (Pymol

Molecular Graphics System, Version 1.3 [software]. Schrodinger, LLC) and PDB ID 2D9Q

(G-CSF/G-CSF-R) and PDB ID 1L1R (vIL-6/gp130)
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G-CSFR where there is a crossover between domains D5 and D6, resulting in

a conformation where the end of the extracellular domains would be positioned

such that the intracellular signaling region is sufficiently close to initiate a signaling

response (Fig. 18).

D1

D2

D3

D4
D5

D6

Ig

Fig. 17 Reported structure of gp130. Structure of gp130 determined by X-ray crystallography

[28] and an illustration of the domain orientation. Figure generated using Pymol (Pymol Molecular

Graphics System, Version 1.3 [software]. Schrodinger, LLC) and PDB ID 3L5H

cellular activation

PP

Fig. 18 Suggested model of

the G-CSF/G-CSFR signaling

complex. The orientation of

G-CSF and domains D1–D3

of G-CSFR is based on the

structure determined by

Tamada et al. [23]. The

orientation of G-CSFR

domains D4–D6 based on the

gp130 structure [28]
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11 Summary

G-CSF and its receptor appear to be structurally similar to reports of other ligand/

receptor pairs within the helical cytokine/receptor family. Although there have been

two co-crystal structures determined of G-CSF and G-CSF-R, only one appears to

be structurally consistent with the other cytokine/receptor structures. Analysis of

both structures within the context of the rest of the family suggests that only one

structure is biologically relevant. By further using the similarities between G-CSFR

and the common receptor gp130, a model has been proposed of the full-length

signaling complex.
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G-CSF Receptor Structure, Function,
and Intracellular Signal Transduction

Hoainam T. Nguyen-Jackson, Huiyuan Zhang, and Stephanie S. Watowich

1 Characterization of the G-CSF Receptor

1.1 G-CSF Receptor Molecular Structure

The G-CSF receptor (G-CSFR), like other members of the type-I cytokine receptor

family, is a single transmembrane-spanning protein lacking intrinsic kinase activ-

ity, and is composed of an extracellular cytokine receptor homologous (CRH)

domain containing four conserved cysteine residues and a Trp-Ser-X-Trp-Ser

(WSXWS, where X is a nonconserved amino acid) motif, and shared elements in

the intracellular region denoted as Box 1 and Box 2 (Fig. 1). This receptor also

comprises an immunoglobulin (Ig)-like domain and 3 fibronectin type III (FNIII)-

like domains in the extracellular portion, as well as a cytoplasmic region containing

a conserved sequence termed Box 3 [1, 2]. By forming intramolecular disulfide

bonds, the extracellular cysteine residues are important for maintaining the 3-

dimensional structural integrity of the CRH domain, along with the WSXWS

region; moreover, these motifs together with the Ig-like domain mediate intermo-

lecular interactions with the ligand G-CSF, as revealed by X-ray crystallography

studies of the ligand:receptor complex [3].

G-CSFR is similar to the receptors for erythropoietin (EPO) and growth hor-

mone, as it forms homodimers upon binding of a ligand; however, the G-CSFR
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structure more closely resembles gp130, a single transmembrane protein that

heterodimerizes with ligand-specific alpha subunits, and acts as the signaling

chain for the receptors for interleukin-6 (IL-6), leukemia inhibitory factor (LIF),

and oncostatin M (OSM) [1]. G-CSFR and gp130 share 46.3% amino acid homol-

ogy, and, like G-CSFR, gp130 contains an Ig-like domain, FNIII-like domains, and

Box 3 [4]. The G-CSFR molecular weight can range from 100,000 to 150,000 kDa

due to posttranslational modification by glycosylation [2, 5]. Ligand binding occurs

with high affinity (Kd � 700 pM), initiating and/or stabilizing homodimerization of

the G-CSFR through interactions between the Ig-like domain of the first receptor

subunit and the CRH domain of the second receptor subunit, resulting in a 2:2

G-CSF:G-CSFR crossover complex [1, 6] (Fig. 2). The 3-dimensional structure of

the G-CSFR cytoplasmic region, like other type-I cytokine receptors, remains

unresolved, although mutational analyses have indicated important roles in

mediating interactions with signal transduction molecules.

Fig. 1 G-CSFR structure and intracellular signaling pathways. The extracellular region of

G-CSFR contains an immunoglobulin-like (Ig-like) domain, a cytokine receptor homologous

(CRH) domain with four conserved cysteine residues and a conserved WSXWS motif, and three

fibronectin type III (FNIII)-like domains. The intracellular region, which mediates downstream

signal transduction, contains conserved Box 1, Box 2, and Box 3 motifs, and four tyrosine (Y)

residues. The membrane-proximal region of the G-CSFR cytoplasmic domain has been linked to

activation of Jaks, STAT1, STAT5, and ERK1/2. Y704 and Y744 recruit STAT3, Y729 is a

docking site for SOCS3, and Y764 associates with Grb2, and is reported to activate p21Ras, as

indicated
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1.2 Expression and Function of the G-CSFR

Expression of G-CSFR mRNA and/or protein has been detected in hematopoietic

and nonhematopoietic cells. We delineate cell types in which protein versus mRNA

expression has been established, an important issue considering that sensitive

methods to detect mRNA expression do not always correlate with protein produc-

tion or functional responses. Hematopoietic stem cells (HSC), common myeloid

progenitors, granulocyte/macrophage progenitors, and cells of the granulocytic

lineage are the key cell types to express this receptor, with G-CSFR protein and

mRNA expression increasing during granulocytic maturation [7–9]. G-CSFR

signaling chiefly mediates the proliferation, differentiation, survival, and mobiliza-

tion of neutrophils and granulocytic progenitor cells, as demonstrated by

impairments in these functions in G-CSFR-deficient mice (i.e., Csf3r�/�) [10].

Surprisingly, while both G-CSFR- and G-CSF-deficient mice exhibit severe neu-

tropenia, residual neutrophil production is detected in these animals, indicating that

G-CSF-independent mechanisms play a role in the generation of neutrophils under

homeostatic conditions and/or serve a compensatory function in directing

granulopoiesis in the absence of G-CSF signaling [10, 11].

Additionally, G-CSFR protein expression has been detected in other

hematopoietic cells, such as monocytes, which appear to respond to G-CSF by

attenuating their secretion of proinflammatory cytokines [8, 12]; lymphocytes, with

constitutive G-CSFR expression in B cells and inducible expression in T cells [13];

and platelets, in which pre-incubation with recombinant G-CSF boosts aggregation

Fig. 2 Activation of Jak-STAT signal transduction. From left to right: Jaks are constitutively

associated with G-CSFR in the absence of ligand. Ligand binding occurs at a 2:2 ligand:receptor

subunit stoichiometry, resulting in a crossover configuration of the receptor subunits, as indicated.

The resulting proximity of the Jak kinases enables their trans-phosphorylation and activation.

The Jaks phosphorylate intracellular tyrosine residues of G-CSFR. STAT proteins interact with the

phosphotyrosines on the G-CSFR through their SH2 domains, and become phosphorylated by the

Jak proteins. STAT dimers are formed, accumulate in the nucleus, and regulate transcription of

cytokine-responsive genes
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responses stimulated by adenosine diphosphate [14]). Administration of G-CSF

affects the expression of stromal cell-derived factor (SDF)-1 by osteoblasts within

the bone marrow stromal microenvironment, a process involved in hematopoietic

cell retention and release from the marrow [15]; however, it is not known which

stromal cell type responds to G-CSF in this pathway, and accordingly, G-CSFR

expression on hematopoietic progenitor cells is dispensable for G-CSF-responsive

mobilization [15, 16]. Multiple reports have demonstrated that leukemic cells

express G-CSFR protein, including those of acute myeloid leukemia (AML) [17]

and B-cell chronic lymphocytic leukemia (B-CLL) [18]. Initially, G-CSF treatment

was considered as a method to induce leukemic cell differentiation; however,

oncogenic mutations causing differentiation arrest preclude this approach. Cur-

rently, G-CSF is proposed as an agent to stimulate cell cycle entry of leukemic

stem cells, enhancing their susceptibility to cytotoxic therapy (e.g., chemother-

apeutics) [19].

Even nonhematopoietic cells have been demonstrated to express G-CSFR

mRNA, with abundant amounts found in placental and fetal tissues [1, 20, 21].

Examples of nonhematopoietic cells expressing G-CSFR protein are cells of the

central nervous system, where G-CSFR signaling was reported to promote

neurogenesis [22]; cardiomyocytes, which respond to G-CSF by enhanced survival

[23]; and endothelial cells, in which G-CSF can induce proliferation and migration

[24]. Although there have been reports of G-CSFR signaling affecting multiple cell

types, the profound defects in the granulocytic lineage in G-CSFR-deficient mice

indicate that G-CSFR functions predominantly in myeloid cells.

1.3 Transcriptional Regulation of the G-CSFR Gene

The genes encoding human and murine G-CSFR, denoted as CSF3R and Csf3r,
respectively, exhibit sequence homology and are regulated by comparable tran-

scriptional mechanisms. Both consist of 17 exons and share 72% nucleotide

sequence homology. Their gene products are of similar length, as CSF3R encodes

813 amino acids and Csf3r encodes 812 amino acids. Comparison of their amino

acid sequences reveals 62.5% homology, indicating a high degree of conservation

in structural and likely functional attributes of the receptor [21]. While CSF3R is

located on chromosome 1, its murine counterpart is found on chromosome 4; the

similarity between these two chromosomal regions further indicates evolutionary

conservation of the murine and human genes [2, 25]. Expression of CSF3R is

controlled by the myeloid transcription factors C/EBPa and PU.1 [26]; PU.1 also

has a critical role in regulating murine Csf3r expression [27]. Furthermore, the

upstream promoter regions of the human and murine genes share high sequence

homology. For example, located approximately 100 base pairs upstream of the

transcriptional start site of the human and murine genes is an 18-nucleotide

sequence that is homologous to a region found in the promoters of the human

myeloperoxidase and elastase genes, encoding granule components that are critical
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for neutrophil effector function. These data suggest the involvement of additional

myeloid transcription factors in the regulation of CSF3R and Csf3r expression

[25, 26]. Moreover, the similarities between CSF3R and Csf3r may contribute to

the ability of recombinant human G-CSF to be used in mice, and for recombinant

mouse G-CSF to stimulate the activation of the human G-CSFR; however, it is

important to note that X-ray crystallography studies revealed that the 3-dimensional

structure of the human G-CSF/human G-CSFR complex differs significantly

from the human G-CSF/mouse G-CSFR complex, although both receptor:ligand

complexes are capable of signaling [6, 28].

Five distinct transcripts of human CSF3R were uncovered through cDNA library

screens; these transcripts exhibit differences in regions encoding the receptor

transmembrane and intracellular domains. In one such transcript, the

transmembrane-coding sequence is deleted and, therefore, is predicted to encode

a soluble receptor [21]. These distinct transcripts have been proposed as alternative

splice variants, since CSF3R is present in single copy, although the function of their

protein products has not been revealed to date. Moreover, spontaneous mutations in

the G-CSFR have been identified in human disease, indicating further variation of

CSF3R-coding regions.

2 Intracellular Signaling Pathways Activated by G-CSFR

2.1 Activation of Jak-STAT Signal Transduction by G-CSFR

As with other cytokine receptors, G-CSFR activation requires phosphorylation of

Janus protein tyrosine kinases (Jak) that are constitutively associated with the

membrane-proximal intracellular region of the receptor (Fig. 2). Ligand binding

brings receptor subunits into proximity, resulting in transphosphorylation of

associated Jak proteins. G-CSF ligation strongly activates Jak1 and can also

activate Jak family members Jak2 and Tyk2 [29–31]. Using Jak-deficient cell

lines, it was determined that loss of any single Jak protein did not preclude

activation of other Jaks by G-CSF. Interestingly, only the loss of Jak1 led to reduced

activation of downstream signaling molecules in Jak-deficient cell lines, suggesting

its non-redundancy [31]. Data from Jak1- or Jak2-deficient mice demonstrated that

G-CSFR function was not strongly affected in either case, indicating that Jak

kinases may have redundant roles in G-CSFR signaling in vivo [32, 33].

To elucidate the function of the intracellular domain of the G-CSFR, deletion

mutants of the receptor were generated and overexpressed in cell lines. The

membrane-proximal 55–57 amino acids of the cytoplasmic region of G-CSFR

were found to be critical for stimulating cellular proliferation, whereas amino

acids located between 57 and 96 of the intracellular domain were required for

maximal proliferation and expression of candidate growth regulatory genes in cell

culture [34–36]. The membrane-proximal intracellular region contains the
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conserved Box 1 and Box 2 domains, which are necessary for mediating

G-CSF-responsive proliferation in cell lines, independent of G-CSFR tyrosine

residues [36, 37]. It was later discovered that Box 1 includes a proline-rich

sequence that is thought to serve as a docking site for Jak proteins [38] (Fig. 1).

These results, as well as the proliferative activity of the receptor in the absence of

tyrosine residues, suggest that signals elicited through G-CSFR and associated Jak

molecules are sufficient for G-CSF-responsive myeloid cell growth.

By contrast, the membrane distal portion of the G-CSFR intracellular region,

containing approximately 100 amino acid residues, mediates growth inhibitory

activities in myeloid tissue culture lines and controls genes encoding surface

markers and molecules that regulate neutrophil effector functions such as

myeloperoxidase and elastase [34–36]. This region is essential for eliciting differ-

entiation signals, which may be linked with growth inhibition [34–36]. Four tyrosine

residues are located in the intracellular portion of G-CSFR, corresponding to Y704,

Y729, Y744, and Y764 in the human G-CSFR, and Y703, Y728, Y743, and Y763 in

the mouse receptor, which are phosphorylated by Jak proteins [39, 40] (Fig. 1).

Phosphorylation of G-CSFR tyrosines leads to the recruitment of intracellular

effector molecules, through interactions between phosphotyrosine-binding domains

of the signaling proteins and phosphorylated tyrosines of the receptor. Canonically,

Jak activation stimulates the recruitment of signal transducers and activators of

transcription (STAT) proteins (reviewed in [41]). STAT proteins are predominantly

localized in the cytoplasm in the absence of cytokine signals; after cytokine binding

and receptor/Jak activation, the STAT proteins interact with phosphotyrosines on

G-CSFR through the STAT SH2 domain, rendering their physical proximity to

the G-CSFR–Jak complex. This close association between STAT proteins and

the G-CSFR–Jak complex enables Jak-dependent phosphorylation of a critical

C-terminal tyrosine residue in STAT proteins, a step that is necessary for STAT

release from the receptor and subsequent STAT dimerization (Fig. 2). The STAT

SH2 domains are reported to have higher affinity for STAT phosphotyrosine

residues versus cytokine receptor phosphotyrosines, providing an elegant mecha-

nism by which STAT proteins dissociate from the receptor and preferentially bind

with other tyrosine-phosphorylated STAT family members in proximity. Homo- or

heterodimerized STAT proteins accumulate in the nucleus, where they regulate

cytokine-responsive transcription.

G-CSFR signaling has been shown to stimulate phosphorylation of STAT1,

STAT3, and STAT5 in cell-line systems. Activation of STAT1 and STAT5 can

occur through the membrane-proximal region of the cytoplasmic domain,

indicating that these pathways may be independent of receptor tyrosines [42]. By

contrast, STAT3 is recruited to Y704 and Y744 of G-CSFR, resulting in its robust,

rapid, and sustained activation [30, 43] (Fig. 1). G-CSFR tyrosine-dependent

STAT3 activation occurs at low doses of G-CSF, while at saturating doses,

STAT3 activation can also proceed through tyrosine-independent mechanisms

[44], possibly by direct recruitment and activation through G-CSFR-associated

Jak proteins. Maximal activation of STAT3 requires residues 96–183 of the G-

CSFR intracellular domain; however, STAT3 is still able to bind when G-CSFR is
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truncated 96 amino acids from the transmembrane domain, which leaves only Y704

intact among the receptor tyrosines [37]. Activation of STAT3 appears to drive

neutrophil differentiation in myeloid cell culture systems, as judged by induction of

neutrophil marker genes and morphologic changes associated with maturation;

however, STAT3 has no effect on expression of myeloperoxidase [45, 46].

Experiments with receptor mutants expressed from the endogenous Csf3r locus

in vivo (i.e., knock-in mouse models) confirmed that tyrosine-independent activa-

tion of STAT1 may occur, and demonstrated that while Y704 can facilitate STAT5

activation, this residue is chiefly involved in stimulating STAT3 and is important

for regulating neutrophil progenitor proliferation, differentiation, and mobilization

[47]. Collectively, the tissue culture and mouse studies have placed a particular

focus on STAT3 as an important mediator of G-CSFR signaling.

2.2 Additional Signal Transduction Pathways Elicited
by G-CSFR Activation

Several members of the mitogen-activated protein kinase (MAPK) pathway, which

has well-established roles in controlling gene expression, differentiation, and pro-

liferation, are stimulated by G-CSFR signaling; however, their precise mechanism

of activation remains unclear. Phosphorylation of ERK1/2 in cell lines requires the

membrane-proximal 57 amino acids of the cytoplasmic domain of G-CSFR,

correlating with the Jak-binding domain and its role in inducing growth signals,

therefore suggesting that the G-CSFR–Jak pathway activates MAPK to regulate

cellular proliferation [37] (Fig. 1). G-CSFR has also been shown to stimulate

p21Ras, a GTPase that can transduce signals upstream of ERK1/2. Activation of

p21Ras has been attributed to Y764 of the G-CSFR (Fig. 1), and p21Ras is thought

to affect proliferation by inducing cell cycle progression [48]. The adaptor proteins

SHP-2, Grb2, and Shc, which can mediate activation of p21Ras and ERK1/2, are

phosphorylated upon ligation of G-CSFR. While Grb2 has been reported to interact

directly with G-CSFR Y764 (Fig. 1), SHP-2 can associate with Y704 in vitro

[48–50]. Activation of SHP-2 and Shc requires G-CSFR Y764 (Fig. 1), which

induces their association with Grb2, and through Grb2 association with the guanine

exchange factor Son of Sevenless (SOS) results in stimulation of p21Ras signaling

[51]. Because SHP-2, Grb2, and Shc have been previously associated with cellular

proliferation and differentiation, they, too, are thought to transduce important

signals through G-CSFR to regulate granulopoiesis. Thus, MAPK, particularly

ERK1/2, may be activated by multiple mechanisms in the G-CSFR pathway and

may participate in regulation of G-CSF-responsive cell growth and differentiation;

however, the role for these molecules must be examined using appropriate condi-

tional deletion experiments in primary cells in vivo.

The ligand-activated G-CSFR also appears to interact with Src and Syk tyrosine

kinases [52, 53]. The Src-family kinases expressed in myeloid cells, Lyn and Hck,
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have been shown to be associated with and stimulated by G-CSFR in vitro [52, 53].

The activity of Src-family kinases is mediated by the membrane-proximal 55 amino

acids of the G-CSFR cytoplasmic domain in cell lines and is negatively regulated

by the C-terminal 98 amino acids [54]. While Lyn was reported to stimulate

G-CSF-dependent proliferation in tissue culture systems [52], Hck is thought to

be involved in eliciting differentiation signals and regulating the function of mature

granulocytic cells [53]. Moreover, Src kinases can activate the serine/threonine

kinase Akt, which is thought to control cell survival signals independently of Jak

[54]. In vivo studies suggest that Src family members may function as negative

regulators of granulopoiesis, with Lyn inhibiting the production of myeloid

progenitors and Hck suppressing the proliferation of granulocytic precursors [55].

By contrast, activation of Syk may occur by association with Lyn or by direct

binding to G-CSFR [52]; however, less is known about the role Syk plays in

granulopoiesis in vivo.

2.3 Suppression of G-CSFR Signaling

Cytokine-receptor signaling is negatively regulated by several mechanisms, with a

key response mediated through suppressor of cytokine signaling (SOCS) family

members [56]. SOCS proteins directly interact with phosphotyrosines of cytokine

receptors or Jak through their SH2 domains and thereby serve as competitive

inhibitors of receptor-associated signal transduction molecules. Moreover, SOCS

proteins are able to bind and inhibit Jak, and suppress kinase activity through the

SOCS kinase inhibitory domain. SOCS proteins also target signaling molecules for

ubiquitination and subsequent degradation by complexing with E3-ubiquitin ligases

through their C-terminal SOCS box motif [56]. G-CSFR signaling is suppressed by

SOCS3, which interacts directly with phosphorylated Y729 of human G-CSFR or

Y728 of murine G-CSFR [57]. SOCS3 can also bind lysine residue 632 (K632) of

G-CSFR, influencing receptor ubiquitination and routing to the lysosome, as muta-

tion of this residue to arginine (K632R) blocks trafficking of G-CSFR, causing its

accumulation in the early endosome [58]. While deletion of Socs3 in mice results in

embryonic lethality [59], hematopoietic-specific Socs3 ablation causes G-CSF

hyperresponsiveness in myeloid progenitor cells and granulocytes, and even

G-CSF toxicity in vivo [60]. Interestingly, myeloid cells isolated from SOCS3-

deficient mice demonstrate a modest shift in differentiation potential, favoring the

production of macrophages versus neutrophils [60]. This phenotype is similar to the

effects of mutation of G-CSFR Y729 to phenylalanine when human G-CSFR was

overexpressed in murine bone marrow cells [40], suggesting that G-CSFR-depen-

dent recruitment of SOCS3 may be involved in fine-tuning receptor signals that

influence lineage specification events in myelopoiesis. The Socs genes are regulated
transcriptionally through STATs, with Socs3 directly activated by STAT3 [61]. The
neutrophilia of aged hematopoietic-specific SOCS3-deficient mice is reminiscent of

the phenotype of mice with conditional Stat3 deletion in bone marrow, suggesting
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that STAT3 and SOCS3 act as components of a common pathway that suppress

neutrophil production and/or accumulation in peripheral blood [60, 62].

Mice with spontaneous mutation in Ptpn6, the gene encoding Src homology

region 2 domain-containing phosphatase-1, or SHP-1 (previously known as

hematopoietic cell phosphatase [HCP]), are termed motheaten, based on their

patchy skin appearance due to focal abscesses [63–65]. Motheaten mice exhibit

severe autoimmunity and immunodeficiency, accompanied by an increased number

of immature granulocytes, which demonstrate a hyperproliferative response to

G-CSF [63–65]. These data implicate SHP-1 as a negative regulator of G-CSFR

signaling, similar to its role in the erythropoietin receptor (EpoR) signal transduc-

tion cascade [63]. Although SHP-1 is not thought to interact physically with

G-CSFR [64], it represses G-CSF-responsive STAT3 activation, an activity that

requires the C-terminus of G-CSFR [65]. Hence, these results suggest an indirect

association between SHP-1 and G-CSFR, although the molecular mechanisms

involved remain unclear.

G-CSFR downregulation through ligand-induced internalization also terminates

receptor signaling. The G-CSFR internalization mechanism is thought to be

mediated by a dileucine motif in Box 3 [66]. Consequently, a mutant of G-CSFR

(D716) lacking the dileucine motif demonstrates impaired internalization, and

results in enhanced G-CSF-responsive proliferative signaling [66]. Collectively,

numerous mechanisms operate to dampen G-CSFR signal transduction, indicating

that a precise balance of activating and inhibitory signaling pathways is important

in mediating the response to G-CSF in vivo.

3 Engineered Mutations of G-CSFR and Relationship
to Human Disease

In the past 20 years, valuable mouse models have been generated through gene-

targeting strategies that have introduced mutations in the endogenous Csf3r locus
(Fig. 3). These Csf3r “knock-out” and “knock-in” mice have provided important

and informative tools for understanding the precise role of G-CSFR in physiologic

conditions. We highlight some of the mouse models generated and their relation-

ship to human diseases.

3.1 G-CSFR-Deficient Mice

Insights into the role of G-CSFR in regulating granulopoiesis and multipotential

hematopoietic progenitors have been provided by analysis of mice carrying a

homozygous null mutation in Csf3r (referred to herein as Csf3r�/�). A genomic

fragment encompassing exons 3–8 of Csf3r was deleted, removing critical regions
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including the G-CSF-binding domains and signal peptide (Fig. 3a); importantly,

no functional G-CSFR protein is detectable in hematopoietic cells from Csf3r�/�

mice, e.g., Csf3r�/� bone marrow cells fail to respond to G-CSF in colony-forming

assays ex vivo [10]. Csf3r�/� mice are severely neutropenic, with approximately

12% circulating neutrophil amounts compared with that in wild-type animals [10].

Late-stage granulocytes, such as metamyelocytes and bands, are reduced in the

bone marrow of Csf3r�/� mice to approximately 50% of the amount in wild-type

mice; however, no significant changes were detected in the amount of precursor

cells such as myeloblasts or promyelocytes, or early myeloid progenitors including

granulocyte colony-forming units (CFU-G) [10]. These results indicate that

G-CSFR signaling is essential for driving the late stages of granulopoiesis in the

bone marrow, as well as neutrophil efflux to the blood and/or survival in the

peripheral circulation; however, G-CSFR may be dispensable or compensated by

alternative pathways in early myeloid progenitors.

The role of G-CSFR in granulopoiesis was further investigated by competitive

bone marrow repopulation assays, in which Csf3r�/� bone marrow cells were

introduced into lethally irradiated wild-type mice in the presence of different

amounts of wild-type competitor bone marrow. One purpose of this approach was

to eliminate the effects of compensatory mechanisms driving granulopoiesis in the

absence of functional G-CSFR [67]. These experiments revealed defective

Fig. 3 Engineered G-CSFR mutations used in mouse models. Panel (a) Csf3r�/� mice were

generated by deletion of exons 3–8, resulting in removal of the signal peptide, Ig-like, and CRH

domains. Panel (b) The d715 mutation was generated by introduction of a stop codon in exon 17,

truncating the C-terminal 96 amino acids. One tyrosine residue remains (Y704). Panel (c) d715F
was generated by mutating Y704 of d715 to phenylalanine (F). Panel (d) The T617N mutation in

the transmembrane domain of G-CSFR results in constitutive signaling
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contribution of Csf3r�/� cells to the granulocytic and monocytic lineages,

accompanied by increased contribution to lymphocyte subsets. Analysis of progen-

itor responses revealed that G-CSFR signals are required for promoting effective

granulopoiesis from myeloid progenitors as early as the common myeloid progeni-

tor stage [67]. Therefore, compensatory mechanisms support granulopoiesis, albeit

at reduced amounts, in the absence of functional signals from G-CSFR, and may

involve signals from other cytokines, such as IL-6 and granulocyte–macrophage

colony-stimulating factor (GM-CSF) [67]. Indeed, loss of IL-6 function further

suppresses the neutropenic phenotype observed in Csf3r�/� animals [68]. More-

over, the residual neutrophils found in Csf3r�/� mice exhibit severely impaired

chemotaxis to IL-8, N-formyl-methionyl-leucyl-phenylalanine (fMLP), zymosan-

activated serum, or macrophage inflammatory protein-2 (MIP-2) [69], indicating

that signals from G-CSFR regulate critical neutrophil functions such as chemotactic

migration. Consistent with this finding, it has been shown that STAT3 controls

multiple pathways involved in neutrophil migration [70, 71], therefore suggesting

that G-CSFR–STAT3 signaling has an important role in directing the generation of

fully functional neutrophils.

3.2 Truncation of G-CSFR, Severe Congenital Neutropenia,
and Aberrant G-CSFR Signaling

Severe congenital neutropenia (SCN), also known as Kostmann’s disease, is a

hematologic disorder characterized by significantly decreased amounts of

circulating neutrophils (absolute neutrophil counts [ANC] <0.5 � 109/L, as

opposed to 3.5–4.5 � 109/L in healthy individuals) and early onset of acute, life-

threatening bacterial infections ([72, 73]; see chapter “rHuG-CSF for the Treatment

of Severe Chronic Neutropenia” by Dale and Boulyard). SCN is considered a

premalignant condition, as it has been reported that approximately 21% of SCN

patients eventually develop myelodysplastic syndrome (MDS) or acute myeloge-

nous leukemia (AML) [74]. Before the advent of recombinant human G-CSF, SCN

was nearly often fatal; however, clinical G-CSF treatments enhance circulating

neutrophil amounts and suppress bacterial infections in patients with SCN. The

underlying cause of SCN was attributed initially to point mutations introducing

premature stop codons in G-CSFR, but recent studies suggest that these mutations

are secondary to those that induce maturation arrest of myeloid progenitors, includ-

ing mutations in the myeloid transcriptional regulator LEF [75]; mutations in HAX-
1, which encodes a mitochondrial protein [76]; or mutations in ELA2, encoding
neutrophil elastase [77]. Approximately 25% of patients have mutation in CSF3R,
resulting in deletion of roughly 100 amino acids from the cytoplasmic domain of

the G-CSFR protein, which is the region responsible for eliciting differentiation

signals in vitro [78–80] (Fig. 1). It is thought that G-CSFR truncation mutations are

acquired in these patients, perhaps as a mechanism to offset the lack of mature
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neutrophils by offering a proliferative advantage to myeloid progenitor cells har-

boring the mutant G-CSFR. CSF3Rmutations and the use of G-CSF in patients with

SCN have been investigated for possible associations with leukemic transforma-

tion. The available evidence to date suggests that the severity of SCN may differ

among individuals, and those with more aggressive disease (e.g., more severe

neutropenia) are more likely to be treated with higher doses of G-CSF and progress

to leukemia; however, the use of G-CSF and leukemic transformation are not

necessarily causally linked [74]. In other words, the severity of SCN would require

high dose G-CSF, which may be independent of the events related to malignant

progression.

A mouse model was generated to reproduce the mutation associated with SCN,

in which introduction of a stop codon into exon 17 of Csf3r caused truncation of the
C-terminal 96 amino acids (termed d715; Fig. 3b) [81]. While the tyrosine residues

Y729, Y744, and Y764 were deleted, the STAT3 docking site Y704 remained intact

[47, 81]. (Although the deletion occurred in murine Csf3r, the nomenclature for

tyrosine residues on the human G-CSFR will be used, to maintain consistency with

the respective publications.) Mice harboring the d715 mutation showed normal

granulopoiesis, as judged by neutrophil numbers in blood and bone marrow at

steady state, however progenitor proliferative responses to G-CSF were enhanced

[47, 81]. Furthermore, G-CSF treatment in vivo induced sustained neutrophilia and

increased granulocyte progenitor amounts in d715 mutant mice [81, 82]. This

change was attributed to prolonged activation of STAT complexes in d715 bone

marrow cells, e.g., 60 min after G-CSF treatment, increased amounts of STAT5:

STAT1 and STAT3:STAT1 DNA-binding complexes were detected, although the

latter to a lesser extent [82]. Activation of STAT3 homodimers appeared reduced

relative to that in wild type, most likely due to loss of one STAT3 recruitment site

(Y744) [82]. The contribution of G-CSF-responsive hyperactivation of STAT5 to

enhanced clonal expansion of d715 hematopoietic progenitor cells was examined in

STAT5A/B-deficient cells expressing d715 [83]. Deletion of STAT5A/B abrogated

the proliferative advantage of d715 hematopoietic progenitor cells, establishing a

critical role for STAT5 in G-CSF-driven proliferation through d715. G-CSF-driven

granulopoiesis, however, is normal in STAT5A/B-deficient mice, as measured by

neutrophil survival, neutrophil production, and mobilization from bone marrow to

blood, as well as myeloid colony-forming activity [84]. Altogether, the data suggest

that STAT5 is dispensable for G-CSF signaling through the wild-type receptor;

however, STAT5 is able to confer a growth advantage to hematopoietic progenitors

within the context of G-CSFR truncation that is reminiscent of clonal expansion of

leukemic cells. These results are consistent with data demonstrating that sustained

activation of STAT5 is associated with hyperproliferation of hematopoietic pro-

genitor cells and hematological malignancies, implicating STAT5 as an important

mediator of leukemogenesis [58, 83, 85]; however, additional studies are required

to determine the mechanisms of STAT5 action during normal and pathological

hematopoiesis.
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3.3 d715F, a G-CSFR Mutation Abrogating STAT3 Recruitment

To assess the role of STAT3 in the G-CSFR signaling pathway in vivo, the

remaining STAT3 recruitment site, Y704, was mutated to phenylalanine (F) within

the context of d715 to generate the d715F mutation (Fig. 3c) [47]. This mutation

abolishes detectable STAT3 and STAT1 activation, and demonstrates attenuated

STAT5 activation, in response to G-CSF. Furthermore, d715F mice exhibit severe

defects in granulopoieisis [47]. While white blood cell counts are normal in d715F

mice, circulating neutrophil counts are approximately 15% compared with that in

wild-type animals [47]. In addition, d715F mice have an attenuated response to

G-CSF treatment, as they are unable to upregulate circulating neutrophil numbers

to the same extent as wild-type animals, and d715F hematopoietic progenitors fail

to respond to G-CSF in colony-forming assays ex vivo [47]. These proliferative

defects were partially restored upon introduction of a constitutively active STAT3

isoform (STAT3C) into d715F progenitor cells, which resulted in an increase in

total number of CFU-G and mature neutrophils in in vitro assays [47]. By contrast,

introduction of a dominant-negative STAT3 isoform into wild-type bone marrow

progenitor cells inhibited colony-forming responses to G-CSF [47]. These studies

agree with results from earlier in vitro work, which indicated the importance of

STAT3 in mediating G-CSF-responsive proliferation and differentiation signals

[30, 37, 42, 43, 45, 47].

3.4 T617N, a Mutation Affecting G-CSFR Dimerization

Certain myeloproliferative disorders have been attributed to autosomal-dominant

mutations in growth factor receptors, such as the erythropoietin and thrombopoietin

receptors (reviewed in [86]). Similarly, an autosomal-dominant point mutation in

G-CSFR has been identified in a family in which 12 of 16 individuals across three

generations were diagnosed with chronic neutrophilia [87]. This threonine-to-

asparagine mutation (T617N) is located within the transmembrane domain of

G-CSFR, and increases the stability of G-CSFR dimers, resulting in constitutive

receptor activation [87] (Fig. 3d). Hematopoietic progenitor (CD34+) cells from

these patients demonstrated constitutive activation of Jak2, STAT3, STAT5,

ERK1/2, and Akt. Moreover, in response to G-CSF, phosphorylation of these

signaling proteins was further enhanced and sustained [87], indicating continued

responsiveness to ligand stimulation in addition to constitutive activation.

Hematopoietic progenitor cells expressing the T617N mutation (i.e., retrovirally

transduced cells) or CD34+ cells from patients with chronic neutrophilia were

transplanted into the immunodeficient NOD/SCID/gc
�/� mice to evaluate func-

tional responses; these studies revealed that G-CSFR T617N contributes to the

development of myeloproliferative-like disorders in vivo [87]. A very low occur-

rence of the T617N mutation has been detected in patients with AML, but this
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G-CSFR mutation is thought to be acquired secondary to the leukemic transforma-

tion events [88]. Collectively, these observations suggest that overactivation of

signals from G-CSFR can contribute to myeloproliferation associated with hema-

tologic disease.

4 Roles of STAT3 in Murine Granulopoiesis and Human
Hyperimmunoglobulin E Syndrome

4.1 The Role of STAT3 in Granulopoiesis

Previous in vitro and in vivo models indicated that G-CSFR-activated STAT3 is a

major regulator of granulopoiesis [30, 37, 42, 43, 45, 47]; however, deletion of

Stat3 results in embryonic lethality [89], necessitating the use of conditional

knockout mouse models to study STAT3 function in hematopoiesis. Moreover,

while deletion of Stat1 or Stat5 has a minimal effect on granulopoiesis in vivo [90,

91], supporting the idea that alternative pathways (i.e., STAT3) are important,

conditional deletion of Stat3 in the hematopoietic system yielded initially

surprising results [62, 71, 92, 93]. As opposed to the neutropenia observed in

d715F mice, a model in which G-CSF-responsive STAT3 activation is suppressed,

hematopoietic STAT3-deficient mice (termed herein STAT3 deficient) exhibit

neutrophilia and generalized inflammation [47, 62, 71]. STAT3-deficient mice

have increased amounts of mature neutrophils in the bone marrow, yet similar

amounts of myeloid progenitor cells and immature granulocytes, compared with

that in wild-type animals, suggesting that STAT3 is a negative regulator of terminal

neutrophil differentiation [71]. Taken together with the observation of increased

neutrophil counts in the peripheral circulation of STAT3-deficient mice, the results

suggest that STAT3 is required to suppress neutrophil production in homeostatic

conditions. This phenotype is similar to that of aged mice with hematopoietic

deletion of Socs3, a STAT3 target gene that suppresses G-CSFR-responsive signal

transduction [60, 61]. Collectively, therefore, these data indicate that STAT3 and

SOCS3 are important negative regulators of steady-state granulopoiesis. Studies

indicate, however, that the role of STAT3 in granulopoiesis may be more complex

than initially considered.

Emergency granulopoiesis is a response that occurs upon infection or clinical

administration of pharmacological doses of G-CSF. For example, bacterial

infections induce an increase in circulating amounts of endogenous G-CSF,

which provides a feedback signal to the bone marrow to enhance granulocytic

progenitor cell cycle progression, increase neutrophil production, and stimulate the

release of mature neutrophils into circulating blood [94, 95]. This response is

critical for inducing the amount of peripheral neutrophils that target and suppress

infectious microorganisms. After repeated exposure to G-CSF, STAT3-deficient

mice (Tg[Tek-cre]12Flv, Stat3f/D) fail to increase immature granulocyte amounts in
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bone marrow, resulting in a skewed ratio of immature:mature cells in bone marrow,

blood, and spleen [71]. This effect was not observed in myeloid-specific SOCS3-

deficient mice, therefore indicating that the role of STAT3 in G-CSF-driven

emergency granulopoiesis is independent of SOCS3, and implicating additional

STAT3 target genes in regulating the neutrophil response [71]. STAT3 was found

to promote G-CSF-dependent cell cycle progression and differentiation of imma-

ture granulocytes [96]. Moreover, the proliferation of multipotent and committed

myeloid progenitors in response to G-CSF or after infection by Listeria
monocytogenes, a pathogen that is regulated by G-CSF signals in vivo, is dependent

upon STAT3. These data indicate that STAT3 is an important regulator of

hematopoietic progenitor proliferation during emergency granulopoiesis driven

by G-CSF or bacterial infection [96] (Fig. 4).

The phenotype of impaired emergency granulopoiesis in STAT3-deficient mice

is reminiscent to that observed in Cebpb�/� mice [97], suggesting the possibility

that STAT3 and C/EBPb operate as components of a pathway regulating myeloid

progenitor proliferation. C/EBPb is a member of the CCAAT/enhancer-binding

(C/EBP) family, which consists of transcription factors that have crucial functions

Fig. 4 Summary of the roles of STAT3 in neutrophil progenitor proliferation, differentiation, and

mobilization. In the bone marrow, G-CSFR–STAT3 signaling induces proliferation and differen-

tiation of myeloid progenitors, in part by inducing the STAT3 target genes c-myc and Cebpb.
STAT3 also induces expression of Socs3 to terminate signals from G-CSFR. G-CSFR–STAT3

signals contribute to neutrophil mobilization and migration by controlling the expression of genes

encoding the chemokine MIP-2 (Cxcl2; H.N.-J. and S.S.W) and its receptor CXCR2 (Il8rb), in
addition to MIP-2-responsive Raf/MEK/ERK signal transduction. G-CSFR–STAT3 induction of

Cebpb results in the association of C/EBPb with the c-myc proximal promoter, relieving suppres-

sion of c-myc by C/EBPa and resulting in sustained c-myc expression
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in development including myelopoiesis. Specifically, C/EBPb is an essential regu-

lator of emergency granulopoiesis driven by G-CSF or infection [97], in contrast

with C/EBPa, which is required for granulocyte–monocyte committed progenitor

(GMP) development and granulocyte maturation in steady-state conditions.

Cebpb�/� bone marrow progenitors exhibit reduced CFU-G formation, and knock

down of Cebpb expression in Cebpa�/� cells impaired their G-CSF responsiveness,

indicating that C/EBPb is important for transmitting G-CSF-dependent

proliferative signals [97]. Furthermore, G-CSF treatment induces expression of

Cebpb in granulocyte/macrophage progenitors, suggesting that G-CSF-dependent

signaling regulates Cebpb transcription. G-CSF-mediated induction of Cebpb was

recently determined to require STAT3, which binds directly to the Cebpb proximal

promoter to regulate Cebpb transcription [96]. C/EBPb appears to act during

emergency granulopoiesis in part by sustaining the expression of c-myc [97], thus

providing a pathway by which G-CSF-responsive signals communicate with the

cell cycle machinery. The upstream promoter region of c-myc contains consensus-
binding sites for C/EBPa and C/EBPb, which play antagonistic roles in the regula-

tion of c-myc [96], with C/EBPa acting to suppress c-myc and C/EBPb promoting

expression. Induction of C/EBPb expression by the G-CSFR–STAT3 pathway

relieves c-myc promoter suppression by C/EBPa [96], thereby facilitating G-CSF-

and STAT3-responsive c-myc transcription (Fig. 4). This pathway provides a

molecular mechanism by which G-CSF signaling through STAT3 and C/EBPb
stimulates neutrophil progenitor proliferation during emergency granulopoiesis

(Fig. 4).

4.2 STAT3 Controls Multiple Pathways Affecting
Neutrophil Mobilization

Neutrophil mobilization, the release of neutrophils from bone marrow to blood, is

necessary to increase circulating neutrophil amounts during infection. Little is

known of this pathway, which is exploited clinically in the use of G-CSF to

treat neutropenia. STAT3-deficient mice were found to have impaired acute neu-

trophil mobilization in response to G-CSF or the chemokine MIP-2 (CXCL2)

[70, 71], indicating that STAT3 regulates important factors mediating neutrophil

retention and/or release in the bone marrow. Studies show that STAT3 operates by

controlling G-CSF-induced changes in the expression of chemokines within the

bone marrow microenvironment. For example, SDF-1 (CXCL12), a chemokine that

controls the retention of neutrophils and hematopoietic progenitors in the bone

marrow, is downregulated upon administration of G-CSF in wild-type mice [15].

STAT3-deficient mice, however, fail to suppress Cxcl12 and in fact show a slight

induction in Cxcl12 mRNA expression upon treatment with G-CSF [70]. Further-

more, expression of mRNA encoding the chemokines KC (CXCL1) and MIP-2,

which are potent neutrophil chemoattractants, is upregulated in the bone marrow
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upon G-CSF treatment, in a STAT3-dependent manner [70]. Thus, STAT3

mediates the induction of chemoattractants that mobilize neutrophils and the

suppression of retention signals (i.e., SDF-1). Moreover, STAT3 controls the

expression of the shared KC and MIP-2 receptor, CXCR2, in neutrophil precursors,

as well as MIP-2-stimulated neutrophil chemotaxis, actin polymerization, and Raf/

MEK/ERK activation [70, 71]. Accordingly, STAT3-deficient mice exhibit

impaired neutrophil mobilization in response to infection by Listeria monocytogenes,
which correlates with increased bacterial burden in the liver and inability to resolve

infection [70]. Taken together, these results demonstrate that STAT3 regulates

responses in the bone marrow microenvironment, as well as neutrophil chemokine

receptor expression and signal transduction, thereby influencing neutrophil release

into the blood, which is an important aspect of antibacterial immunity. The target

genes activated by G-CSFR–STAT3 signaling are summarized in Fig. 4.

While the neutrophilia of STAT3-deficient mice in homeostatic conditions has

been attributed to STAT3-dependent control of SOCS3, circulating neutrophil

amounts reflect net production from myeloid progenitors, survival of developing

and mature neutrophils, and neutrophil lifetime in the circulation. Basal

neutrophilia in STAT3-deficient mice is not likely to result from an increase in

myeloid progenitors, as amounts of lin� Sca-1+ c-kit+ cells, granulocyte/macro-

phage progenitors, and granulocyte precursors are similar in wild-type and STAT3-

deficient mice in steady state [62, 96]. Furthermore, studies show that STAT3 has a

fundamental role in controlling neutrophil mobilization and chemotaxis [70, 71];

this may affect the ability of neutrophils to marginate or enter peripheral tissues,

and thus contribute to neutrophil accumulation in the blood of STAT3-deficient

animals. Therefore, STAT3 appears to have distinct functions in granulopoiesis,

including a cell-autonomous role in G-CSF-responsive progenitor proliferation

[96], control of neutrophil migration [70, 71], and regulation of the negative

feedback inhibitor SOCS3 [60, 62].

4.3 STAT3 Mutations in Hyperimmunoglobulin E Syndrome

STAT3 mutations have been implicated in hyperimmunoglobulin E syndrome

(HIES), a primary immunodeficiency characterized by recurrent bacterial and

fungal infections, skin lesions, and markedly increased amounts of immunoglobulin

E (IgE) [98]. HIES has been attributed to mutations in the DNA binding or SH2

domains of STAT3, causing it to act as a dominant negative protein [99]. Consistent

with the findings in STAT3-deficient neutrophils, patients with HIES demonstrate

defects in neutrophil chemotaxis [98]. In support of the discovery that Il8rb, the
gene encoding CXCR2, is a STAT3 target, neutrophils isolated from HIES patients

express significantly reduced amounts of CXCR2, in addition to suppressed

amounts of the fMLP receptor and CXCR1 [70, 100]. Because STAT3-deficient

mice exhibit impaired neutrophil function and increased susceptibility to infection

by L. monocytogenes [70], the neutrophil defects in HIES are likely to contribute to
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immunodeficiency, which is due at least in part to mutations in Stat3. Further
studies are required to determine the contribution of impaired neutrophil responses

to HIES and other human diseases.

5 Conclusions

G-CSFR has a fundamental role in regulating steady-state and emergency

granulopoiesis. In addition, the discovery of G-CSFR expression on other cell

types revealed potential ways to expand the clinical use of G-CSF. For example,

expression of G-CSFR on hematopoietic progenitors may be exploited to treat

leukemic conditions by activating dormant leukemic stem cells [19]. Furthermore,

the expression of G-CSFR in the central nervous system and in cardiomyocytes

mediates antiapoptotic signaling in both cell types after injury, suggesting that

G-CSF may induce prosurvival signals outside the hematopoietic system [22, 23]

(see chapter “Investigational Studies of rHuG-CSF to Promote the Regeneration

of Nonhematopoietic Tissues” by Szilvassy; and chapter “rHuG-CSF-Induced

Mobilization of Bone Marrow Stem Cells and Cardiac Repair” by Dawn et al.).

Acquired mutations in G-CSFR and aberrant activation of downstream signaling

pathways have been linked to leukemogenesis, demonstrating that precise control

of the G-CSFR pathway is required to maintain normal hematopoiesis versus

pathologic function [66, 72, 74, 78–82, 85, 88, 98, 99]. As roles of G-CSFR and

its signaling molecules are better understood, the advent of new therapeutic

approaches for related hematologic disease or immunodeficiencies will be more

feasible. Therefore, understanding the molecular aspects of G-CSFR signal trans-

duction and function is important for generating new therapies for human diseases.
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Part II

Use of rHuG-CSF in the Oncology Setting



Practice Guidelines for the Use of rHuG-CSF
in an Oncology Setting

Santosh Saraf and Howard Ozer

1 Introduction

The United States Food and Drug Administration (US FDA) first approved recom-

binant human granulocyte colony-stimulating factor (rHuG-CSF) in 1991 for very

broad indication to treat patients with cancer undergoing myelotoxic chemotherapy.

Recombinant human granulocyte-macrophage colony-stimulating factor (rHuGM-

CSF) was also approved for use in bone marrow and stem cell transplantation;

however, the two drugs were often used interchangeably in the clinic and in

subsequent guidelines developed by the American Society of Clinical Oncology

(ASCO) and the National Comprehensive Cancer Network (NCCN).

Because the specific clinical indications for use of CSF were poorly defined by

the FDA, concern grew regarding the significant costs of CSF solely as supportive

care agents. For this reason, ASCO assembled an expert panel to review the clinical

evidence and formulate guidelines for their use. The first ASCO guidelines were

published in 1994 [1]. The goals were to provide evidence-based guidelines for

clinical use of CSF to help direct practicing physicians on when and how to use

them.

Febrile neutropenia is a significant cause of morbidity from infection, increases

costs from hospitalization and treatment, and can potentially compromise effective

treatment of the malignancy due to delays in administering chemotherapy or dose

reductions. Prolonged and profound neutropenia may increase the risk of

complications associated with infections [2]. As data emerged about the ability to

reduce the incidence of febrile neutropenia using CSF therapy, concern grew

regarding the high costs of the therapy.
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As new data emerged, the guidelines were revisited with updated recommen-

dations. Abbreviated updates were published in 1996 and 1997, and a more

comprehensive guideline update was reported in 2000 [3–5]. With the advent of

better tolerated chemotherapeutic agents and regimens, the guidelines in 2000

questioned the utility of CSF in primary prophylaxis. After publication of these

guidelines, landmark trials emerged that helped change the paradigm for primary

prophylaxis and dose intensification [6, 7]. New data demonstrated that chemother-

apy regimens with a 20% risk of febrile neutropenia had significant reductions in

the incidence of febrile neutropenia, hospitalizations, and antibiotic use with CSF

primary prophylaxis, which permitted the advocacy for using CSF in more practical

and commonly used chemotherapy regimens. Data also emerged suggesting that

maintaining dose-dense therapy with CSF support improved outcomes in patients

with breast cancer and aggressive lymphomas [8–10]. Until 2005, both NCCN and

ASCO guidelines cited data that failed to show clinical outcome benefits by

maintaining dose intensity with CSF support and also failed to show improvements

in cost–benefit of CSF use in the more common chemotherapy regimens. In 2005,

data began to emerge suggesting that CSF-supported, dose-dense treatment might

increase response rates and survival, and subsequent studies examining primary

prophylaxis confirmed a number of supportive-care benefits in regimens producing

<20% febrile neutropenia. Based on new data, the NCCN initiated new guidelines

in 2005, and the ASCO guidelines were revised soon thereafter [11, 12].

2 Primary Prophylaxis

Administration of chemotherapy is often limited by neutropenia that places patients

already at an increased risk for infection at greater risk for more severe

complications. The degree and length of neutropenia, important predictors for

infection, vary based on the chemotherapy regimen, the patient’s clinical condition,

and the underlying disease [2, 13–15]. Although the infectious mortality from

febrile neutropenia remains low, it is not zero and quality of life, cost of care, and

timely delivery of chemotherapy can be affected.

Alternative approaches to primary prophylaxis with CSF include, when feasible,

using an equally effective but less myelotoxic regimen, initial chemotherapy dose

reduction, or prophylactic antibiotics; however, prophylactic antibiotic use in this

setting is controversial. The Infectious Disease Society of America discourages this

practice due to potential emergence of antibiotic-resistant microorganisms [16].

Primary prophylaxis with CSF had initially been recommended when the inci-

dence of febrile neutropenia was >40% [1]. This recommendation was based on

three prospective, randomized, placebo-controlled trials that showed that using

rHuG-CSF in the initial cycle of treatment reduced the incidence of febrile neutro-

penia by approximately 50% with a quicker time to recovery of neutrophil counts

when the incidence of febrile neutropenia from a chemotherapy regimen was>40%

[17–19]. Two of the three trials evaluated cyclophosphamide, doxorubicin, and
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etoposide (CAE) in small-cell lung cancer (SCLC) and the third used vincristine,

doxorubicin, prednisolone, etoposide, cyclophosphamide, and bleomycin (VAPEC-B)

in non-Hodgkin’s lymphoma (NHL). When used in the first cycle of chemotherapy,

rates of neutropenic fever were reduced from 41–57% to 20–28% in the SCLC

trials. In the trial including patients with NHL, rates were reduced in all cycles from

44% to 23%. These reductions translated into significant reductions in rates of

hospitalization and antibiotic use in both of the SCLC trials but not in the case of the

NHL trial. The rates of infectious mortality were low in both groups of these trials

and none of the trials were able to demonstrate a reduction with rHuG-CSF. Data

from a fourth trial, which included patients with various primary diseases and

chemotherapy regimens, showed a reduction of febrile neutropenia from 32% to

12% with the use of rHuG-CSF versus placebo [20]. Although three of the four

trials were able to show higher rates of chemotherapy intensity with rHuG-CSF

support, improvements in disease-free or overall survival were not observed.

Initial data for rHuGM-CSF were less consistent. Only one randomized, placebo-

controlled trial using molgramostim in patients with NHL found clinical benefit

with reductions in episodes of febrile neutropenia, hospitalization, and faster

neutrophil recovery [21]; however, these clinical benefits were only noted in the

72% of patients who were able to tolerate molgramostim. In contrast, no reduction

in the incidence of febrile neutropenia was seen with the use of molgramostim in

randomized, controlled trials in testicular or SCLC [22, 23].

With the advent of better tolerated chemotherapy regimens with lower rates of

febrile neutropenia, the practicality of CSF in primary prophylaxis was questioned.

The CAE chemotherapy regimen in SCLC had been superseded by less toxic

regimens with expected rates of febrile neutropenia �10% [24, 25]. Debate ensued

whether or not dose intensification or maintaining the chemotherapy schedule with

CSF support improved overall or disease-free survival. Data until the 2000 ASCO

guidelines with dose intensity in patients with NHL or breast cancer did not show

any advantage in disease-free or overall survival [26–29]. Similarly, using CSF to

complete the timely administration of chemotherapy was not shown to have

survival benefit in patients with AIDS-related tumors or in elderly patients with

NHL, Hodgkin’s disease, or testicular tumors [24, 25, 30].

It was not until 2003 that data were reported emerged showing survival benefits

with dose-dense and dose-intense regimens. The first large randomized study

showing a disease-free and overall survival benefit was in patients with node-

positive breast cancer using rHuG-CSF support to maintain dose-dense chemother-

apy [8]. In this phase 3 trial, a 2 � 2 factorial design was used to randomly assign

2,005 patients to one of four chemotherapy regimens:

1. Sequential doxorubicin � four doses followed by paclitaxel � four doses

followed by cyclophosphamide � four doses every 3 weeks

2. Sequential doxorubicin � four doses followed by paclitaxel � four doses

followed by cyclophosphamide � four doses every 2 weeks supported with

filgrastim
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3. Concurrent doxorubicin and cyclophosphamide � four doses followed by pac-

litaxel � four doses every 3 weeks or

4. Concurrent doxorubicin and cyclophosphamide � four doses followed by pac-

litaxel � four doses every 2 weeks supported with filgrastim

The dose-dense regimens using filgrastim for support (number 2 and number 4)

had significantly improved disease-free survival (RR 0.74, p ¼ 0.010) and overall

survival (RR 0.69, p ¼ 0.013). Furthermore, the dose-dense regimens were well

tolerated and fewer patients had grade 4 neutropenia (6 vs. 33%, p < 0.0001). The

following year, two studies in patients with NHL showed the benefit of dose-dense

chemotherapy with rHuG-CSF support in both young and elderly patients using

CSF support [9, 10]. The first study included 866 patients aged<60 years who were

randomly assigned to one of four treatment groups: (1) CHOP-14 (chemotherapy

with cyclophosphamide, doxorubicin, vincristine, and prednisone) plus rHuG-CSF

every 2 weeks; (2) CHOP-21 every 3 weeks; (3) CHOEP-14 (CHOP with

etoposide) plus rHuG-CSF every 2 weeks; or (4) CHOEP-21 every 3 weeks. In a

multivariate analysis, reduction of the chemotherapy regimens from 3 to 2 weeks

improved the rate of progressive disease and overall survival (p ¼ 0.032 and

p ¼ 0.044, respectively). The second NHL study evaluated the benefit of dose

density in 689 patients aged 60–75 years who were randomly assigned to the

same four treatment groups. Although the regimens that contained etoposide were

considered too toxic for this cohort, dose-dense CHOP-14 using rHuG-CSF support

improved event-free (RR 0.66, p ¼ 0.003) and overall survival (RR 0.58,

p < 0.001).

In patients being treated with curative intent, the concern for dose-limiting

neutropenia led to the investigation of CSF support in patients with early breast

cancer, testicular cancer, and lymphoma [19, 31, 32]. Using CSF for primary

prophylaxis in patients with NHL was shown to decrease the incidence of febrile

neutropenia and likelihood of dose reduction. In patients with germ cell cancer who

were randomly assigned to dose-intense chemotherapy plus rHuG-CSF support, a

higher percentage of patients were able to tolerate at least six cycles of chemother-

apy with higher dose intensities and reduced frequencies of febrile neutropenia and

toxic deaths. Using a predictive model in patients with early stage breast cancer,

CSF support in higher risk patients for neutropenia helped to maintain the chemo-

therapy regimen in a manner similar to lower risk patients not supported with CSF.

The threshold to recommend CSF in primary prophylaxis was reduced from 40%

to 20% based on large randomized clinical trials showing a significant reduction of

febrile neutropenia episodes with CSF when the risk for febrile neutropenia was

�20%. In the first study of patients with breast cancer, pegfilgrastim reduced the

incidence of febrile neutropenia and hospitalization for febrile neutropenia by

>90% [7]. In this phase 3 study, 928 patients were randomly assigned to treatment

with pegfilgrastim 6 mg or placebo to be administered the day after receiving

docetaxel for a total of at least four cycles spaced 3 weeks apart. If the patients in

the control group developed febrile neutropenia, they were treated with open-label

pegfilgrastim. The incidence of febrile neutropenia was reduced for all cycles of
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treatment from 17% in the placebo group to 1% in the treatment group (p < 0.001).

Clinical benefits were seen in the treatment group with reductions in the rates of

hospitalization (14% vs. 1%, p < 0.001) and intravenous antibiotic use (10% vs.

2%, p < 0.001). Another phase 3 study that helped support the reduced threshold

for primary prophylaxis was conducted in 175 patients with SCLC being treated

with cyclophosphamide, doxorubicin, and etoposide and randomly assigned to

prophylactic antibiotics alone or rHuG-CSF plus antibiotics [6]. The rates of febrile

neutropenia in the antibiotic-alone group and rHuG-CSF plus antibiotic group were

24% and 10%, respectively (p ¼ 0.01). Similarly, the overall rates of febrile

neutropenia were 32% and 18%, respectively (p ¼ 0.01). Although the rates of

febrile neutropenia did decrease, there was no clinical benefit with regard to

duration of hospitalization or intravenous antibiotic use.

Some chemotherapy regimens not typically associated with a �20% risk of

febrile neutropenia may still warrant use of primary prophylaxis in select patient

circumstances. This decision is often based on clinical judgment assessing the risk

based on the patient’s clinical status for febrile neutropenia and serious morbidity

from infection. Although there are some data to suggest benefit, there is a dearth of

prospective data to support this practice. Inferences have been made based on phase

1 data showing a reduction of prolonged neutropenia with rHuG-CSF support in

patients who had received prior chemotherapy or irradiation, as well as the potential

for a higher risk for chemotherapy-related infections in those patients who have

a compromised bone marrow from prior therapy, poor performance status, or

advanced cancer [2, 33–35]. Other suggestions for higher risk patients can be

inferred from observations of quicker responses to CSF plus antibiotics versus

antibiotics alone in patients with documented tissue infections or serious

complications of febrile neutropenia being seen in patients with poor performance

status, uncontrolled cancer, and an early onset of febrile neutropenia [14, 15, 36].

Using the current literature combined with clinical judgment, the guidelines have

suggested considering CSF support in patients with preexisting neutropenia, heavy

prior chemotherapy, previous irradiation to areas of active hematopoiesis such as

the pelvis, a history of recurrent febrile neutropenia from prior chemotherapy

regimens of equal or less myelotoxicity, poor performance status, advanced cancer,

decreased immune function, open wounds, or currently active tissue infections [1].

The strongest evidence to date for a potential reduction in infection-related

mortality and early death comes from a meta-analysis of 17 randomized controlled

trials including 3,493 patients treated with rHuG-CSF in the primary prophylaxis

setting [37]. This analysis included a wide range of malignancies and chemotherapy

regimens. The relative risk reduction of infection-related mortality was 45% (RR

0.55, 95% CI, 0.33–0.90) and all-cause mortality during chemotherapy 40% (RR

0.60, 95% CI, 0.43–0.83). A similar sized meta-analysis of 14 studies with 1,569

patients found a marginally significant result for reduction of infection-related

mortality (OR 0.51, 95% CI, 0.26–1.00) [38]; however, in a meta-analysis of 148

studies including 16,839 patients, a reduction in infection-related mortality was not

observed (RR 0.82, 95% CI, 0.66–1.02) [39].
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The NCCN presented a set of guidelines in 2005 based on the new data showing

clinical benefit with primary prophylaxis when the risk of febrile neutropenia is 20%

or higher and a survival advantage with dose-dense therapy with CSF support, both

in breast cancer. The most current NCCN guidelines divide patients into high risk

(defined as risk of febrile neutropenia >20%), intermediate risk (risk of febrile

neutropenia 10–20%), and low risk (risk of febrile neutropenia <10%) [11].

Regardless of the treatment intent, all high-risk patients should be considered for

routine CSF prophylaxis. In the intermediate-risk category, the NCCN panel

recommended an individualized approach for CSF prophylaxis. The guidelines

specified that if patient risk factors were the determinant for the risk for febrile

neutropenia, then CSF prophylaxis is reasonable. Conversely, if the risk of febrile

neutropenia is due exclusively to the chemotherapy regimen, an alternative regimen

of similar efficacy should be considered. For patients at low risk for febrile neutro-

penia, the routine use of CSF was not considered cost effective and an alternative

treatment regimen should be considered. The exceptions to the guidelines are that if

the treatment is curative or for adjuvant treatment with a significant risk for

morbidity or mortality from febrile neutropenia, then CSF can be considered. The

following year, ASCO published its 2006 updated guidelines that modified their

existing higher threshold to recommend primary prophylaxis to 20% as well [12].

3 Secondary Prophylaxis

Treating a patient with a CSF during subsequent cycles of chemotherapy can

theoretically target the use of CSF support to a subset of patients who are at higher

risk for neutropenia and complications thereof. Using a secondary prophylaxis

approach allows for the use of CSF in patients who have presented with febrile

neutropenia and are thus at high risk during subsequent cycles. It also may avoid the

unnecessary use of CSF in patients who tolerated the first cycle well without febrile

neutropenia and who are most likely low risk during subsequent cycles. The

alternative approaches to secondary prophylaxis with CSF would be either using

an alternative regimen with similar efficacy, dose reduction, or dose delay as long

as clinical outcome is not negatively affected.

The initial recommendations for secondary prophylaxis with CSF arose from

a randomized trial of rHuG-CSF in patients with SCLC treated with cyclophospha-

mide, doxorubicin, and etoposide [17]. Patients were initially randomly assigned to

chemotherapy with or without primary CSF support. Patients in the control group

who developed neutropenic fevers were permitted to be treated with the same dose

of chemotherapy plus open-label CSF in subsequent cycles. The study found that

using CSF in this setting reduced the days of neutropenia (6 days in cycle 1 vs.

2.5 days in cycle 2 with CSF) and reduced the rate of neutropenic fever (100% in

cycle 1–23% in cycle 2). A phase 1/2 study using sargramostim in patients with

documented neutropenia in a prior cycle of chemotherapy similarly found a reduc-

tion in the duration of grade 4 neutropenia from 6 days to 3 days [40].
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Although no further prospective randomized trials have been reported, predic-

tion models for CSF benefit in subsequent chemotherapy cycles have. One example

is a study using a nadir neutrophil count of <0.5 � 109/L to assign women with

breast cancer receiving adjuvant chemotherapy to rHuG-CSF on subsequent cycles

[31]. Fewer episodes of hospitalization for febrile neutropenia and greater dose

intensity compared with historical controls not supported with CSF were seen,

although cost analysis, survival, and quality of life were not reported.

4 Therapeutic Use of CSF

A lack of clinical benefit has been consistently seen in studies of CSF used to treat

chemotherapy-induced neutropenia in afebrile patients. One of the earlier studies

randomized CSF treatment in patients with non-small-cell lung cancer (NSCLC)

being treated with cisplatin, vindesine, and mitomycin to either primary treatment

or use when the absolute neutrophil count (ANC) was <1.0 � 109/L. The

investigators found neither a reduction in the duration of neutropenia nor any

clinical benefit with the therapeutic use of CSF [41]. Similarly, no clinical benefit

was seen when rHuGM-CSF was administered to afebrile patients with white blood

cell counts<2 � 109/L [42]. Both studies were underpowered making it difficult to

draw definite conclusions regarding the lack of benefit for the therapeutic use of

CSF for afebrile neutropenia.

Stronger evidence for the lack of clinical benefit from therapeutic CSF therapy in

afebrile patients with chemotherapy-induced neutropenia later came from a larger

randomized study [43]. In this trial, afebrile patients with solid tumors or lymphoma

and severe neutropenia were randomly assigned to either rHuG-CSF or placebo.

Neutrophil recovery was enhanced by 2 days in patients receiving rHuG-CSF (2 vs.

4 days) without any improvement in the rate of hospitalization, duration of hospi-

talization, duration of parenteral antibiotic therapy, or frequency of confirmed

infections.

In contrast to therapeutic use in the afebrile setting, several randomized trials have

examined therapeutic use in the febrile setting. The earlier guidelines included five

randomized studies that had conflicting results. One study was a large, multicenter

trial randomly assigning patients with febrile neutropenia being treated with intrave-

nous antibiotics to either rHuG-CSF or placebo [44]. Although there was no benefit

in major clinical outcomes such as fever duration or time on antibiotics, some

patients with protracted neutrophil recovery may have benefited based on reduction

in hospitalization beyond 11 days and a reduced need for empiric antifungal therapy.

Another study comparing 50 episodes of febrile neutropenia treated with rHuGM-

CSF plus antibiotics compared with antibiotics alone did not find improvements in

duration of fever, neutropenia, or antibiotic therapy [36]; however, patients with

pneumonia, cellulitis, an abscess, or sinusitis did have a higher response rate to

rHuGM-CSF with antibiotics versus antibiotics alone (100% vs. 59%, respectively)

providing evidence for the potential benefit of CSF in select situations of febrile
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neutropenia. A reduction in hospitalization was not seen in another smaller

randomized trial of rHuGM-CSF used in addition to antibiotics in 15 patients with

fever and grade 4 leucopenia [45]. In contrast, two studies did show reductions in

hospitalization with CSF therapy in patients with febrile neutropenia, although biases

may have been introduced by requiring specific endpoints for discontinuing treat-

ment and discharge that may have confounded the results [46, 47].

The next series of randomized trials using CSF in febrile neutropenia also had

varying clinical outcomes that were considered in developing the 2000 ASCO

guidelines. The largest study of this period included 134 patients who were ran-

domly assigned to rHuGM-CSF or placebo; no decrease in length of hospitalization

with the potential risk of reducing quality-of-life indicators was seen [48]. Clinical

benefit was seen in three other randomized trials. One of these included 121 patients

who were randomly assigned to placebo, rHuG-CSF, or rHuGM-CSF [46]. In this

study, a clinical benefit was seen in each CSF treatment group with a reduction in

duration of neutropenia and length of hospitalization. When comparing the out-

come between rHuG-CSF and rHuGM-CSF, a nonsignificant trend towards

increased infection-related mortality was noted with rHuG-CSF treatment.

A randomized study of 68 patients with neutropenic fever using rHuGM-CSF

reduced median duration of neutropenia, days of antibiotic therapy, and duration

of hospitalization [49]. A subset analysis found the greatest benefit in patients who

were considered low risk for neutropenic fever. Similar positive findings were seen

in a pediatric study of 186 children being treated for leukemia, lymphoma, or a solid

tumor complicated by febrile neutropenia who were randomly assigned to either

rHuG-CSF or placebo [50]. Median hospital stay and duration of antibiotics were

reduced in patients receiving rHuG-CSF, with subset analysis finding benefit in

patients with acute lymphocytic leukemia (ALL), non-dose-intensive alkylating

agent-based regimens, and fever within 10 days after completing chemotherapy,

lack of a focal source of infection, or without documented septicemia.

A multicenter trial conducted compared rHuG-CSF plus antibiotics to antibiotics

alone in adult patients with solid tumors or lymphoma presenting with febrile

neutropenia and at least one high-risk factor (defined as ANC <0.1 � 109/L,

short latency of <10 days from prior chemotherapy cycle, sepsis or clinically

documented infection, severe comorbidity, or prior inpatient status, or ECOG

3–4) [51]. Patients who received rHuG-CSF had a reduced period of grade 4

neutropenia, antibiotic therapy, and duration of hospitalization although survival

was similar between the two groups.

Two meta-analyses were included in the 2006 ASCO guidelines. The first

included 962 patients and found no mortality advantage when using CSF for febrile

neutropenia [52]. A Cochrane systematic review and meta-analysis included 1,518

patients from 13 randomized trials and observed less prolonged neutropenia,

decreased length of hospitalization, and marginally less infection-related mortality

with no difference in overall mortality between patients treated with CSF plus

antibiotics versus antibiotics alone [38].

Cost analysis has been performed in three randomized trials for use of CSF in

febrile neutropenia [46, 48, 50]. The results have been difficult to interpret because
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cost differences were not statistically different and were inconsistent among the

three studies. One of the studies showed a trend toward cost savings with the use of

CSF, while the other two found trends toward decreased costs for placebo

recipients. A “Markov-type” economic model has been applied to assess cost

comparisons with the use of CSF in patients with febrile neutropenia [53]. Savings

were observed only when CSF was used in patients with a high risk of complicated

infections.

Prediction models identified patients at high risk for developing complications

from febrile neutropenia [15, 54]. Patients who were considered high risk included

those who developed febrile neutropenia as an inpatient; or had hypotension, sepsis,

cardiovascular or pulmonary disease, or a diagnosis of leukemia or lymphoma;

were aged >65 years; or had prior fungal infection, uncontrolled malignancy,

visceral organ involvement, organ dysfunction, and profound or prolonged neutro-

penia. A high mortality rate in septic patients with febrile neutropenia was seen in

more recent studies as well. Mortality rates as high as 82% were reported in patients

presenting with febrile neutropenia and shock [55]. A 30-day mortality of 54% was

seen in patients with febrile neutropenia admitted to intensive care [56]. Since the

2006 ASCO guidelines, two randomized, double-blinded studies have been

published with conflicting results. The larger of the two studies included 166

patients who were admitted to intensive care with septic shock and randomly

assigned to either rHuG-CSF or placebo [57]. The in-hospital mortality was similar

between the two groups at 27% in the rHuG-CSF group and 25% in the placebo

group; however, the rHuG-CSF group did have a higher rate of liver toxicity (11%

vs. 1%, p ¼ 0.007). In the second randomized study, 38 patients with severe sepsis

or septic shock and immunosuppression (defined as monocytic HLA-DR <8,000

monoclonal antibodies per cell) were randomly assigned to receive either rHuGM-

CSF or placebo for 8 days [58]. Patients receiving rHuGM-CSF had shorter times

on a mechanical ventilator (148 vs. 207 h, p ¼ 0.04), an improved Acute Physiol-

ogy and Chronic Health Evaluation-II Score (p ¼ 0.02), and a nonsignificantly

shorter length of in-hospital and intensive care stay compared with placebo. Given

the conflicting nature of the results, further randomized studies will need to be

performed to address the indication of CSF for treatment of sepsis in this setting.

5 CSF to Increase Chemotherapy Dose-Intensity
and Dose-Density

From evidence that there is a dose–response curve for chemotherapeutic agents and

from retrospective data suggesting higher doses may result in better efficacy,

investigators have evaluated a number of dose-intense and dose-dense regimens

to improve clinical outcomes [59–65]. Prospective studies that had not incorporated

CSF support to achieve dose intensity beyond conventional doses showed promise

for clinical benefit that led to trials incorporating CSF to try to maintain the dose
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intensity while potentially reducing toxicity [66–68]. Until the 2006 ASCO

guidelines, however, advantages in treatment outcome or survival had not been

shown in dose-intense or dose-dense regimens supported with CSF. Three large

randomized studies in patients with node-positive breast cancer or NHL were

available for review in the current guidelines showing improvement in disease-

free and overall survival with dose-dense regimens using CSF to maintain the

schedule [8–10].

Phase 1 data have shown that use of CSF can increase doses of chemotherapy by

up to 30% when the primary toxicity is neutropenia [69]. Use of rHuG-CSF to

maintain chemotherapy regimens in settings of SCLC and NHL improved delivery

of chemotherapy with increases in dose intensity of 8% and 13% with CSF support,

respectively [18, 19]. Previous to the most current guidelines, however, this finding

did not translate into improvements in response rates or disease-free survival.

Randomized studies using rHuGM-CSF had shown less consistent improvements

in dose intensity [21–23]. When studies were able to show the ability of rHuGM-

CSF to reduce hematologic toxicity thus allowing for dose intensification, enhanced

clinical outcomes were again not demonstrated [70].

Randomized trials of dose intensification did begin to emerge before publication

of the ASCO 2000 guidelines. At that time, the benefit of using CSF to achieve dose

intensification was not clearly defined. In SCLC, patients were randomly assigned

to ifosfamide, carboplatin, etoposide, and vincristine to be given every 3 versus

4 weeks with or without rHuGM-CSF support [71]. Although survival was

improved in the dose-intensified group, no benefit was seen from the reduction of

myelosuppression using rHuGM-CSF. A large randomized, multicenter clinical

trial in SCLC did find benefit of rHuG-CSF to achieve dose-intense chemotherapy

[72]. Using rHuG-CSF to support doxorubicin, cyclophosphamide, and etoposide

every 2 weeks versus 3 weeks without support increased dose intensity with longer

survival (HR 0.80, 95% CI, 0.65–0.99) with similar quality of life. In contrast,

a number of trials showing dose intensification with CSF support failed to show

improvements in response rates or survival [73–77].

The 2006 guidelines have had the addition of positive data from randomized

clinical trials supporting the use of CSF to maintain dose density in patients with

node-positive breast cancer or NHL. In patients with node-positive breast cancer,

2005 women were randomly assigned to receive either sequential or combined

chemotherapy regimens of adriamycin and cyclophosphamide followed by pacli-

taxel in 3-week intervals or 2-week intervals supplemented with rHuG-CSF [8].

Both dose-dense regimens had a survival advantage over the standard 3-week

regimen for disease-free (RR 0.74, p ¼ 0.01) and overall survival (RR 0.69,

p ¼ 0.013). Despite these data, controversy remains as to the long-term benefits

of dose-dense therapy in node-positive breast cancer. In diffuse aggressive NHL,

benefit with CHOP chemotherapy every 14 days with CSF support showed clinical

benefit with a reduction in the primary endpoint, event-free survival, in comparison

to an every 21-day regimen in both in young (RR 0.61, p ¼ 0.048) and elderly

patients (RR 0.66, p ¼ 0.003) [9, 10]. Furthermore, in the elderly cohort, an overall

survival advantage was observed (RR 0.58, p < 0.001).
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The benefit of dose-dense regimens with CSF support is not generalizable to all

diseases, however. Data from a randomized study in patients with SCLC

investigated dose-dense ifosfamide, carboplatin, and etoposide every 2 weeks

with CSF support followed by autologous stem-cell rescue versus the standard

arm of the same chemotherapy regimen administered every 4 weeks [78]. Although

duration of treatment and incidence of febrile neutropenia were reduced in the dose-

dense group receiving CSF, the study failed to show improvements in overall

response rates, 1- or 2-year survival, or overall survival. Similarly, benefits have

not been seen with dose-dense regimens using CSF support in advanced ovarian

cancer or soft tissue sarcoma [79, 80]. Based on the current data, the 2006 ASCO

guidelines advocate use of CSF to maintain dose intensity only in the settings of

node-positive breast cancer and NHL, and recommend the use of dose-dense

regimens only in clinical trials.

6 CSF as Adjuncts to Hematopoietic Stem-Cell Transplantation

Hematopoietic stem cell (HSC) transplantation is an important treatment modality

for many hematologic and nonhematologic diseases. Peripherally mobilized HSC

is the most frequent modality for hematopoietic transplantation due to the ease of

obtaining the HSC and evidence of more rapid recovery in cell counts [81]. The

success of engraftment strongly correlates to the number of CD34+ cells

transplanted, with a minimum of 2 � 106 CD34+ cells being required [82]. Despite

transplanting more than this threshold, complications with delayed engraftment do

occur, increasing the potential for severe morbidity and mortality from infectious or

bleeding events. For these reasons, CSF have been investigated to mobilize

a sufficient number of CD34+ cells and to accelerate engraftment.

In the 1994 guidelines, 13 randomized studies of CSF administered after bone

marrow transplantation were evaluated to help formulate the guidelines. Eight were

studies in autologous HSC transplantation, three in allogeneic HSC transplantation,

and two in either autologous or allogeneic HSC transplantations [83–96]. Of the 13

studies, 8 incorporated rHuGM-CSF and 5 rHuG-CSF. The studies showed consis-

tent benefits in reducing the duration of neutropenia using CSF after autologous

bone marrow transplantation. Although one study also found a reduction in duration

of thrombocytopenia, this result was not reproducible in the other studies. Improv-

ing the duration of neutropenia did translate into shorter lengths of hospitalization,

antibiotic requirements, and frequency of infections, but not in decreasing infec-

tious mortality. The duration of prolonged fevers was reduced in studies using

rHuG-CSF. Cost-savings analysis did show benefit in using CSF after bone marrow

transplantation. In the 1994 ASCO guidelines, only a single randomized study of

peripherally mobilized autologous HSC was available for review. This study

showed a statistically significant improvement in neutrophil recovery in patients

supported with CSF although the clinical benefit was difficult to determine [97].
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The data were less consistent with the use of CSF in the setting of allogeneic

transplantation. No increase in complications of graft-versus-host disease (GVHD),

rejection, or relapse of the underlying disease was noted, and most studies observed

reduced durations for neutrophil engraftment. In contrast, the data were mixed on

the effects of duration of fever and antibiotic use and did not show any significant

improvement in length of hospitalization.

Level II and III evidence was available during the first ASCO guidelines

showing that CSF could enhance the yield of peripherally mobilized HSC

[98–109]. Having an adequate number of CD34+ cells in circulation can reduce

the number of apheresis procedures required, with one study showing a reduction in

the cost of collecting HSC [104].

With the evolution of transplantation from bone marrow to peripherally

mobilized HSC, more data became available in developing further guidelines. In

the 1996 ASCO update, data from many trials were available supporting the use of

CSF after peripherally mobilized HSC in autologous transplantation for a more

rapid recovery of cell counts [91, 110, 111]. Use of CSF after allogeneic HSC

transplantation was further supported by new data as well as the efficacy and safety

of CSF to mobilize donor HSC for allogeneic transplantation [112–116]. In this

update, a new potential application of CSF for patients with delayed or inadequate

neutrophil engraftment was presented based on data from a randomized trial [117].

Further data were available in the development of the 2000 ASCO guidelines

with respect to the use of CSF-induced peripherally mobilized HSC for both

allogeneic and autologous transplantation. The administration of CSF after

transplanting either autologous or allogeneic peripherally mobilized HSC

continued to show faster neutrophil recovery with cost savings [118, 119].

Although comparisons between peripherally mobilized HSC versus bone marrow

HSC showed more rapid hematopoietic recovery favoring peripherally mobilized

HSC, there was concern regarding the potential for worsened chronic GVHD [120].

A large, multicenter, randomized study showed no statistically significant increased

risks for GVHD with peripherally mobilized HSC [81]. With the available data, the

2000 ASCO guidelines continued to recommend use of CSF to mobilize HSC and

for use after HSC infusion. The recommendations mentioned that the optimal dose

may be higher than previously expected with up to 10 mg/kg/day rHuG-CSF

possibly yielding a larger number of CD34+ cells [110, 121].

A significant change in the 2006 ASCO guidelines was withdrawing the recom-

mendation for the use of CSF after allogeneic transplantation. This decision was

based on a study of 1,789 patients with acute leukemia that reported that rHuG-CSF

use after allogeneic HSC infusion increased the incidence of GVHD and reduced

survival without improving length of hospitalizations, antibiotic use, or cost savings

[122]. Although neutrophil engraftment to a threshold of 0.5 � 109/L was

accelerated (p < 0.01), platelet recovery to >50 � 109/L was reduced in patients

who had received rHuG-CSF after HSC infusion. Patients who received rHuG-CSF

after bone marrow transplantation had a 50% rate of grade 2–4 GVHD versus 39%

in patients who had not received rHuG-CSF (RR 1.33, p ¼ 0.007). The effects on

survival were concerning because reduced lower overall survival (RR 0.59,
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p < 0.0001), leukemia-free survival (RR 0.645, p ¼ 0.0003), and higher transplan-

tation-related mortality (RR 1.73, p ¼ 0.00016) were seen with rHuG-CSF. In

contrast to the changes in the recommendation for CSF use after allogeneic HSC

transplantation, data continued to show a benefit in neutrophil recovery and cost

savings with the use of CSF after autologous HSC transplantation and for the use of

rHuG-CSF to mobilized HSC into the peripheral blood [123, 124].

7 CSF in Acute Leukemias and Myelodysplastic Syndromes

Infections represent a significant cause of morbidity and mortality in patients with

acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) [125, 126].

In AML, both the underlying disease and aggressive chemotherapy place patients at

risk for infections that are often difficult to control. In certain situations, the

antibiotic therapy itself often carries a significant cost and morbidity. Elderly

patients are especially susceptible to infectious complications leading to a high

rate of treatment failure [127]. Fungal infections are not uncommon complications

during the course of treatment and often require administration of amphotericin-B

that has many potential toxicities and may lead to treatment delays or prohibit more

aggressive therapies. Using CSF can potentially reduce the duration of neutropenia,

thus preventing complicated infections. Another hypothesized advantage to using

CSF in patients with myeloid malignancies was based on in vitro data showing CSF

can alter the cell cycle promoting sensitivity to S-phase specific agents, namely

cytarabine [128–136]. Priming leukemic cells, however, may activate normal

hematopoietic cells resulting in an exacerbation of the cytotoxicity. Another con-

cern regarding CSF therapy is that most myeloid leukemic cells express CSF

receptors [137] that may potentially lead to CSF-stimulating proliferation of leuke-

mic cells, preventing chemotherapy-induced apoptosis of leukemic cells, or

transforming MDS cells into leukemic cells.

Approaches to managing neutropenia after chemotherapy for treating leukemia

include frequent monitoring of neutropenic patients and prompt empiric antibiotics

for febrile neutropenia. The prophylactic use of antibiotics and antifungals in this

setting is still controversial [138].

During development of the 1994 ASCO guidelines, three large randomized

clinical trials evaluating the efficacy of CSF to reduce the duration of neutropenia

after induction chemotherapy in AML were reviewed and incorporated. The first

study randomly assigned patients aged 55–70 years with AML having completed

induction chemotherapy to sargramostim or placebo after showing an aplastic bone

marrow [139]. Preliminary reports showed a reduction in the duration of grade 4

neutropenia and grade 3 or 4 infections in the patients, with a trend towards higher

complete remission rates and median survival that matured into a statistically

significant difference during final analysis. This finding was in contrast to the

results from a CALGB trial in newly diagnosed AML patients aged >60 years

randomly assigned to treatment with molgramostim versus placebo [140]. Again,
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preliminary data were available during the 1994 ASCO guidelines showing that,

although there was a statistically significant reduction in the duration of neutrope-

nia, it was clinically insignificant because of a lack of benefits in rates of serious

infections, duration of hospitalization, acute mortality, or response rates. The third

trial evaluated rHuG-CSF in adults with acute leukemia (AML, ALL, or chronic

myeloid leukemia [CML] in blast crisis, or acute leukemia in relapse) undergoing

induction chemotherapy [141]. Patients were randomly assigned to rHuG-CSF or

no cytokine support after demonstrating bone marrow hypoplasia, and the

investigators found that the duration of severe neutropenia was reduced by 7 days

with a decrease in documented infections with rHuG-CSF. Although antibiotic

usage and duration of hospitalization were similar in the two groups, there were

trends towards better leukemia responses with higher complete remission rates and

disease-free survival with rHuG-CSF.

Data that were available during the first ASCO guidelines did not suggest benefit

from CSF priming therapy and were in fact more concerning for harm. The only

completed study involved a cohort of patients with AML given concurrent rHuGM-

CSF and high-dose cytarabine therapy and compared with matched, historical

controls [142]. The investigators were unable to show any clinically relevant

benefits from CSF priming and, contrary to what they expected, found a lower

complete remission rate with rHuGM-CSF. Other preliminary data that were

available at that time were consistent with a detrimental effect from CSF priming

with increased hematologic and nonhematologic toxicity.

Patients with MDS often are neutropenic due to ineffective hematopoiesis

resulting in greater susceptibility to infection and death. The numbers of neutrophils

increase after treatment with CSF in patients with MDS with improvement in

infections [143, 144]. Because the neutrophil count declines once CSF therapy is

discontinued, investigators evaluated whether continuous CSF treatment would

have additional clinical benefit. Two randomized studies were available in abstract

form addressing the utility of CSF therapy in MDS patients at the time of the 1994

ASCO guidelines. The first included 133 patients with refractory anemia (RA),

refractory anemia with ringed sideroblasts (RARS), refractory anemia with excess

blasts (RAEB), or chronic myelomonocytic leukemia (CMML) who were randomly

assigned to either 90 days of molgramostim versus placebo [145]. Reductions in

major infections were observed with molgramostim with concomitant increases in

the neutrophil count without impact on survival or increased risk of transforming

the MDS to overt leukemia. The second was a study of 102 patients in RAEB or

refractory anemia with excess blasts in transformation (RAEB-T) randomized to

rHuG-CSF versus placebo [146]. Neutrophil count in the rHuG-CSF–treated group

significantly increased without differences in progression to leukemia or overall

survival. Patients with RAEB, however, were found to have reduced median

survival (10.4 months vs. 21.4 months) from nonleukemic deaths and these results

may have been confounded by higher poor-risk factors in the rHuG-CSF group.

Based on the limited data with no survival benefit, the 1994 ASCO guidelines could

not recommend the routine use of rHuG-CSF in MDS but did find that it may be

appropriate to consider in neutropenic MDS patients with infection.
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In the 1996 update, newer data continued to show decreases in duration of

neutropenia with administration of CSF in older patients with AML completing

induction chemotherapy [147–149]. Less consistent were the effects of CSF admin-

istration after induction chemotherapy for AML on improving infectious

complications, complete remission rates, and long-term outcomes. No adverse

features were identified with CSF in this setting, and the 1996 guidelines continued

to recommend the option of using CSF support for patients aged �55 years

completing induction chemotherapy for AML.

For the 2000 ASCO guidelines, several new placebo-controlled, randomized

trials were available to provide strong evidence for the recommendations of rHuG-

CSF after induction chemotherapy in AML [150–153]. A summary of the current

literature was that CSF support after induction chemotherapy for AML decreased

neutrophil recovery time between 2 and 6 days with most data showing a reduction

in duration of hospitalization and antibiotic use. It did not appear that CSF had

consistent effects on response rates, patient survival, or platelet and red blood cell

transfusion requirements. When comparing rHuG-CSF to rHuGM-CSF, both

cytokines appeared to have similar outcomes when used in this indication. No

differences were noted in outcome when the CSF was begun the day after comple-

tion of the chemotherapy or after a 2- to 3-day delay. In fact, using a delayed

strategy may be more cost effective, reducing the number of required doses.

Three of the studies reported cost analysis, with two studies showing savings

of US$2230 and US$2310 and the third study showing an increase in costs of

US$120.

Four larger randomized trials using rHuGM-CSF and one smaller trial using

rHuG-CSF were available for the 2000 ASCO guidelines to assess for any benefit in

trying to prime leukemic cells during induction chemotherapy. Three of the

rHuGM-CSF studies were used in the initial induction and the fourth during

induction for relapsed AML [149, 151, 152, 154]. The trial using rHuG-CSF started

the therapy 2 days before induction chemotherapy for relapsed or refractory AML

[155]. Priming effects were consistently seen to not have any impact on response

rates, disease-free survival, or overall survival when CSF were used either before or

during induction chemotherapy and the 2000 ASCO guidelines did not recommend

the use in this setting.

Due to the reduction in neutropenia resulting in shorter durations of hospitaliza-

tion and lowered requirement for antibiotic use seen when using CSF after induc-

tion chemotherapy, investigators began considering the utility of CSF after

consolidation chemotherapy. Two new studies using rHuG-CSF after completing

consolidation chemotherapy were included in the 2000 ASCO guidelines [148,

156]. Patients with AML in complete remission were randomly assigned to rHuG-

CSF or no rHuG-CSF therapy after completing a course of standard-dose

consolidation chemotherapy. Both studies showed reductions in duration of severe

neutropenia with the benefit of decreasing rates of infection requiring antibiotic

therapy. Overall patient survival and complete remission rates were not affected. In

the one study, using more intensive consolidation chemotherapy followed by rHuG-

CSF, a reduction in length of neutropenia was seen compared with historical
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controls [156]. Based on these two studies, the 2000 ASCO guidelines added the

recommendation for CSF therapy after completing consolidation chemotherapy.

Another new area of investigation included in the 2000 ASCO guidelines was

the use of CSF during induction and postremission therapy for ALL. An important

distinction between AML and ALL is that for ALL, most protocols incorporate

intermittent or continuous treatment with corticosteroid and antimetabolite chemo-

therapy after the initial induction therapy. Therefore, these trials often had to use

CSF while simultaneously receiving chemotherapy. Six studies were available

during the 2000 Update of which five were prospective, randomized trials

[157–162]. A reduction in the length of neutropenia (ANC >1 � 109/L) was seen

in all six studies. The effects on incidence of severe infections, febrile neutropenia,

maintaining timing of chemotherapy, and hospitalization were more variable. None

of the randomized studies found any improvement in disease-free or overall

survival with the use of rHuG-CSF. The largest of the trials in adults was conducted

by CALGB, which included 198 patients who were randomly assigned to rHuG-

CSF or placebo. A reduction in duration of neutropenia by 6 days and a trend

towards a higher complete remission rate was noted in patients aged>60 years who

had received rHuG-CSF. The largest pediatric trial included 164 children with

ALL. In this trial, the length of neutropenia was reduced by 8 days that resulted

in shorter median hospital durations and fewer documented infections. Rates of

hospitalization were not improved and the costs were increased in patients who

received rHuG-CSF by US$2497. Given the benefit of reducing the duration of

neutropenia without any adverse consequences of administering the CSF concur-

rent with corticosteroid and/or antimetabolite chemotherapy, the 2000 Update

endorsed the recommendation for use of rHuG-CSF after completing induction

chemotherapy or the first postremission course in ALL.

The 2006 update maintained its recommendation for the use of CSF after initial

induction or consolidation for AML and did not recommend CSF for chronic use in

MDS based on no new major studies being available in these settings. Two

randomized trials evaluated the possible priming effect of leukemia cells in

AML, one in younger adults (18–60 years old) and the other in older adults (aged

>60 years) [163, 164]. The first trial in younger adults administered rHuG-CSF

during induction therapy and found a higher rate of disease-free survival in patients

without any effects on complete remission or overall survival. This result was most

pronounced in patients with “standard risk” cytogenetics and no benefit was seen in

the more unfavorable risk category. Because the standard risk patients were deemed

heterogeneous and did not have set defining criteria, the panel members felt that

rHuG-CSF priming in this situation could not be recommended. In the latter study,

patients were randomly assigned to either rHuG-CSF concomitant with chemother-

apy, concomitant and postchemotherapy, or postchemotherapy alone. Patients in

the first two groups who received rHuG-CSF concurrently with chemotherapy had

higher complete remission rates (60% vs. 50%, p ¼ 0.01) but this did not translate

into either higher disease-free or overall survival. Based on lack of consistent

clinical benefit with prior data showing the possibility of toxicity to normal
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hematopoietic cells, the ASCO guidelines in 2006 remained unchanged in this

regard.

In ALL, one new large randomized study was reported in 287 children with high-

risk ALL who were randomly assigned to receive rHuG-CSF during either induc-

tion or initial consolidation [165]. Although the median duration of neutropenia was

reduced by 2.5 days, it did not result in any improvements in febrile neutropenia,

serious infections, or hospitalization, and no benefit was found in event-free or

overall survival. Based on data showing reductions in duration of neutropenia with

variable effects on clinical outcome, the 2006 ASCO guidelines maintained its

recommendation for the use of CSF after completing initial induction or first

postremission chemotherapy in ALL. The new guidelines cautioned regarding the

use of CSF in this setting based on data regarding the increased risk for therapy

related myeloid leukemias and AML [166].

Areas that may need to be included in future updates include the use of CSF with

erythropoietic-stimulating agents (ESA) in MDS and severe aplastic anemia. Based

on retrospective data of cohorts of MDS patients treated with ESA and rHuG-CSF,

there may be both reduced transfusion requirements and improved survival

[167–169].

8 CSF Use in Concurrent Chemotherapy and Irradiation

Using chemotherapy agents to act as radiosensitizers can potentiate antitumor

effects when given concomitantly with radiation therapy in certain diseases includ-

ing head and neck, esophageal, lung, cervical, and rectal cancer [170–174].

Toxicities from concurrent multimodality therapy include myelosuppression,

mucositis, and pneumonitis. Before the 1994 guidelines, data showed that CSF

can hasten myeloid recovery and preliminary data showed CSF use might reduce

the incidence of mucositis [175]. Based on these data, investigators postulated

that there may be clinical benefit from using CSF support with concurrent

chemoradiation therapy. Options for treating toxicity from concurrent

chemoradiation therapy include holding either the chemotherapy or radiation for

severe myelotoxicity, mucositis, or pneumonitis and supportive treatment with

antibiotics, analgesics, steroids, and nutritional support with oral supplements or

gastrointestinal tube feeds.

Data from two studies in lung cancer using CSF during concurrent

chemoradiation therapy were evaluated during the first ASCO guidelines. The

first study included seven patients with stage IIIB NSCLC who were treated with

cisplatin, etoposide, and mitomycin with concurrent radiation during the initial

cycles. rHuG-CSF was given on days 4 through 17 of each cycle [176]. The

investigators found that the patients receiving rHuG-CSF had significantly more

thrombocytopenia than the patients not receiving rHuG-CSF. The second study was

a randomized Southwest Oncology Group (SWOG) trial including 213 patients

with limited-stage SCLC treated with cisplatin and etoposide plus concurrent
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radiation during the first two cycles of chemotherapy [177]. The patients were

randomly assigned to rHuGM-CSF (sargramostim) or placebo for days 4–14 of

each cycle; a significantly higher percentage of patients receiving rHuGM-CSF

were shown to have grade 3 or 4 thrombocytopenia (65% vs. 10%, p < 0.001). The

data from this study were only available in abstract form during the 1994 ASCO

guidelines and final data available during the ASCO guidelines in 2000 confirmed

significant toxicity without any clinical benefit. Given these findings, the panel

members agreed that administering CSF with mediastinal radiation increased the

risk for adverse hematologic reactions and was not recommended. Trying to explain

the toxicities seen with mediastinal radiation, two smaller studies were cited that

did not show cytopenias with nonmediastinal radiation [178, 179]. Possible

explanations for the increased toxicity with chest radiation are that the CSF

mobilizes HSC into the periphery that are then damaged by the radiation when

passing through the radiation portal involving the heart and great vessels.

At the time of the 2000 update, mature data from the SWOG study investigating

rHuGM-CSF in limited-stage SCLC concurrently with chemoradiation was

included [177]. This randomized study found higher rates of grade 3 or 4 thrombo-

cytopenia (54% and 35%) with rHuGM-CSF versus placebo (12% and 6%,

p < 0.001). Pulmonary toxicity was another major concern since death from

toxicities was significantly higher with rHuGM-CSF and was attributed to pulmo-

nary damage (p < 0.01). Although improvement in the neutrophil nadir was seen

with rHuGM-CSF, there were higher rates of hospitalization and antibiotic usage.

Smaller studies investigating CSF for craniospinal disease, Hodgkin’s disease, and

multiple myeloma treated with large-field irradiation alone have shown that there

may be some improvements in neutropenia [179–181]. Based on these data, the

2000 ASCO guidelines continued to not recommend the use of CSF for concurrent

chemoradiation but did provide the option for using CSF when radiation alone to

large fields is complicated by neutropenia to reduce delays in therapy. No changes

were made to these guidelines in 2006 based on no new available data from

randomized studies.

9 CSF Use in Older Patients

Age is an important risk factor for development of neutropenia and its resulting

complications after chemotherapy. Studies have shown that people aged >60 years

are at higher risks for neutropenia after chemotherapy and that mortality from

infection may be higher from neutropenic infections in older patients with lym-

phoma [182–187]. Convincing evidence for the need to investigate the use of CSF

in the elderly comes from a retrospective study comparing the incidence of neutro-

penic fever during treatment for NHL [188]. For patients aged >65 years, 34%

developed neutropenic fever compared with 21% in the younger cohort; most

episodes occurred during the first cycle of therapy. Similarly, longer lengths of

hospitalization were seen in patients aged >65 years at 12.1 days versus 8.2 days in
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the younger group. With one exception, prospective studies using CHOP-like

regimens for patients with NHL aged >60 years have shown high rates of neutro-

penic infections [189–197]. Incidences ranged from 27 to 47%, with only one study

showing a rate of 11–15%. Again, most of the complications of infection were

during the first course of treatment with improvement in subsequent cycles from

either dose reduction or widening the time intervals between cycles.

The alternative option to CSF therapy in elderly patients is dose reduction;

however, in patients with lymphoma undergoing therapy with curative intent, this

option is not preferred because dose reduction may reduce the response rate and

survival [192, 194, 195, 198–200].

Decreases in the rates of febrile neutropenia and infection were consistently

observed in all randomized and retrospective studies [190, 193, 196–198, 201, 202].

The impact on survival was less clear because of conflicting data. In one study, 455

patients aged >60 years with NHL being treated with either a CHOP or a CNOP

(cyclophosphamide, mitoxantrone, vincristine, and prednisone) regimen were

randomized to receive rHuG-CSF or no rHuG-CSF [193]. The percentage of

patients able to undergo>90% of their recommended dose was significantly higher

with rHuG-CSF (p ¼ 0.05) and this translated into fewer deaths (62% vs. 45%) and

improved projected 5-year survivals (45% vs. 60%) favoring rHuG-CSF

(p ¼ 0.04). In contrast, another study was unable to observe any improvement in

projected 5-year survival despite an increase in dose intensity with rHuG-CSF

[197]. Based on the consistent improvement in febrile neutropenia and reductions

in infection, the 2006 update endorsed primary prophylaxis with CSF in older

patients being treated for lymphoma with curative intent.

10 CSF Use in the Pediatric Population

Due to the greater curability of pediatric cancers, treatment regimens for pediatric

malignancies are often more intensive. Additionally, most pediatric patients are

enrolled in clinical trials. As expected, with more aggressive therapy, myelosup-

pression is typically more frequent and profound [203]. Febrile neutropenia and

life-threatening infection are of great concern in the pediatric population, especially

infants, because of an immature immune and hematopoietic system. Alternative

options to CSF support include reducing the doses of chemotherapeutic agents,

dose delay, and close patient monitoring with consideration of antibiotic support.

The pediatric trials that were included in the 1994 guidelines consistently found

reduced lengths of neutropenia with less consistent effects on the incidence of

febrile neutropenia or hospitalization rates [47, 180, 204–213]. These studies failed

to show any benefit in tumor response or tumor-associated mortality in these

pediatric trials. Toxicities such as bone pain and fever were similar to adults but

there was concern for a higher rate of splenomegaly. CSF was also seen to be

effective for mobilization of HSC for transplantation in pediatric patients [214].

The data showed that children may have a greater response and tolerate higher
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doses of rHuG-CSF and rHuGM-CSF with doses of 5–10 mg/kg/day and

500–750 mg/m2/day, respectively [47, 204, 210, 213].

In the 2000 update, it was noted that most pediatric patients are enrolled in

pediatric protocols and these protocols directed the use of CSF. A review of

practices in the Pediatric Oncology Group was cited showing that primary prophy-

laxis with CSF occurred more frequently in children than adults, and use was based

on the prediction of neutropenia >7 days [215]. The pediatric protocols did not

have uniform indications for CSF prophylaxis. For secondary prophylaxis, pediatric

oncologists preferred the use of CSF to dose reduction, but otherwise indications

appeared similar to adults.

A meta-analysis was available for the 2006 update, incorporating data from 16

randomized clinical trials including 1,183 children; clinical benefits with the use of

CSF were noted [216], including significant reductions in febrile neutropenia (RR

0.80, p ¼ 0.01), infections (RR 0.78, p ¼ 0.02), and length of hospitalization by an

average of 1.9 days (95% CI, 1.1–2.7 days, p < 0.00001). A cost-savings analysis

regarding the use of rHuG-CSF in pediatric ALL patients failed to show benefit in

this setting [217]. Another investigation raised concern with respect to the use of

CSF in pediatric ALL patients because of an increased risk of developing therapy-

related myeloid leukemia or MDS in this setting [166]. This risk was most promi-

nent for children who had been treated with concurrent irradiation, topoisomerase II

inhibitors, or alkylating agents. Taking these data into account, the 2006 guidelines

advocate use of CSF for primary and secondary prophylaxis in children at high risk

for febrile neutropenia while cautioning regarding their use in children with ALL.

11 CSF Initiation, Duration, Dosing, and Route
of Administration

In three large randomized clinical trials published before 1994, rHuG-CSF was

given at 230 mg/m2/day (equivalent to 5 mg/kg/day), and the results showed

decreasing rate of febrile neutropenia [17–19]. Based on smaller trials, lower

doses of rHuG-CSF may be effective in improving the length and severity of

neutropenia. One small randomized trials comparing 1–4 mg/kg/day of rHuG-CSF

found that the lower dose may reduce the duration of neutropenia better than higher

doses [218]. In trials comparing efficacy of subcutaneous versus intravenous

administration of rHuG-CSF, subcutaneous doses of rHuG-CSF as low as 50 mg/
m2/day were shown to reduce the duration of neutropenia [219–221]. These studies

found the effective dose range of intravenous rHuG-CSF to be 100–200 mg/m2/day

(equivalent to 2.5–5.0 mg/kg/day). When comparing the intravenous to the subcu-

taneous route, the studies suggested that the subcutaneous route may have more

activity. One exception is with lenograstim after bone marrow transplantation or

high-dose chemotherapy for ALL [222, 223]. Intravenous lenograstim may enhance

neutropenic recovery in this setting. Doses of filgrastim up to 30 mg/kg/day have
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been evaluated after bone marrow transplantation without any clinical advantages

compared with lower doses [90, 91, 96]. In 1994, data were lacking that suggested

a dose–response effect with rHuG-CSF for peripheral mobilization of HSC and

these data indicated no improvement in HSC yield with doses of rHuG-CSF>3 mg/
kg/day [100]. Two studies titrated doses of rHuG-CSF up to 24 mg/kg/day and were
unable to show improvements in peripherally mobilized HSC yields [101, 224].

Neutrophil responses to filgrastim in patients with MDS have been observed in

doses ranging from 0.3 to 10 mg/kg/day [144, 225].

Two forms of GM-CSF, sargramostim and molgramostim, were evaluated in

1994. An important difference between the two drugs is that sargramostim is

glycosylated resulting in a greater molecular weight that may lead to lower specific

activity, receptor-binding affinity, and distinct pharmacokinetics. Based on a phase

1 study of sargramostim after intensive chemotherapy, doses ranging from 250 to

750 mg/kg/day have been shown to have activity [226]. When given as a 2-h intrave-

nous infusion after autologous bone marrow transplantation, a dose of 250 mg/m2/

day of sargramostim was shown to accelerate neutrophil recovery and result in

decreased length of hospitalization and decreased antibiotic usage [83]. In MDS,

neutrophil responses have been seen with doses of 30–250 mg/m2/day [143,

227–229]. Two randomized studies compared different doses of molgramostim

after chemotherapy. The first was in SCLC after CAE regimen. The doses of 5 or

10 mg/kg/day had similar efficacy with regards to neutropenia while 20 mg/kg/day
was found to be too toxic [22]. The second study compared 5 versus 10 mg/kg/day
of molgramostim and found a slight advantage with 10 mg/kg/day when used in

later chemotherapy cycles without any improvement in infection or hospitalization

rates [230]. In MDS, doses of molgramostim as low as 0.5 mg/kg/day were sufficient
to resolve neutropenia [231].

In the 2000 update, new studies found that higher doses of rHuG-CSF or rHuGM-

CSF had no additional clinical benefit with the exception of peripherally mobilizing

HSC [232–237]. Using 10 mg/kg/day rHuG-CSF improved the leukapheresis yields

compared with lower doses. Furthermore, new evidence showed that the scheduling

of rHuG-CSF to 5 mg/kg/bid was more effective than 10 mg/kg/day for mobilization

[238]. In this update, the preference of subcutaneously administered CSF was

strengthened with new pharmacokinetic analyses [239, 240].

The 2006 update included a randomized study of 506 patients with early stage

breast cancer being treated with epirubicin and cyclophosphamide [241]. Varying

doses and schedules of subcutaneous rHuG-CSF were administered (480 mg/day on
days 8–14; 480 mg subcutaneously on days 8, 10, 12, and 14; 300 mg/day on days

8–14; 300 mg/day on days 8, 10, 12, and 14; or 300 mg/day on days 8 and 12).

Although the rates of grade 4 neutropenia were decreased from 41.6% in the control

group to 5.4% in the rHuG-CSF groups, febrile neutropenia only occurred in 7% of

non-CSF patients. When comparing the different rHuG-CSF regimens, the

incidences of grade 3 or 4 neutropenia and the rates of delaying cycles of chemo-

therapy were similar among all five treatments. Low grades of toxicity including

grade 1–3 bone pain (53% vs. 29%, p ¼ 0.01) and grade 1–2 fever (24% vs. 8%,

p ¼ 0.04) were lower in the least intensive rHuG-CSF cohort of 300 mg/day on days
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8 and 12 in comparison to the daily schedules. Although these data suggest that

alternative dosing may have less low-grade toxicity and reduce costs by

administering less frequent and lower doses without a negative impact on efficacy,

the panel members identified flaws in the study. The rates of febrile neutropenia

were too low to recommend CSF support in any of the existing guidelines and the

small number of patients in each group led to the study being underpowered. The

panel members suggested that this be an area of further investigation in a larger

randomized clinical trial.

To maximize the clinical benefits while minimizing the cost of CSF therapy, it is

important to understand the optimal time to initiate and discontinue CSF therapy.

The package insert instructions for filgrastim states it should not be initiated any

earlier than 24 h after completion of chemotherapy, within 24 h of starting the next

chemotherapy cycle, and daily dosing continued until the ANC reaches at least

10 � 109/L from the nadir [242]. After bone marrow transplantation, once an ANC

threshold of 1 � 109/L is achieved, the dose should be tapered from 10 to 5 mg/kg/
day for an additional 3 days and then discontinued if the ANC is maintained

>1 � 109/L. Because sargramostim has a very specific indication for use after

autologous bone marrow transplantation, the package insert only addresses their

recommendations in this setting [243].

In 1994, the panel reviewed several studies to determine the validity of the

package insert guidelines. There was concern about the risk of heightened progeni-

tor HSC chemosensitivity if CSF was started too soon after chemotherapy [244].

Varying levels of data had shown that concurrent chemotherapy with rHuG-CSF

support had higher degrees of neutropenia with delayed recovery [41, 226,

245–248]. Data supported the package insert recommendation for rHuG-CSF

therapy to continue until an ANC of 10 � 109/L was achieved. There was concern

that stopping the G-CSF prematurely at lower numbers may cause a decline in the

neutrophil counts [249, 250]; however, data showed that tissue concentrations of

neutrophils recover several days before the circulating numbers normalize and

reinfection is uncommon at low but increasing ANC [251–255].

The rHuGM-CSF package insert was modified before the 2000 update. One of

the discontinuation rules was changed such that an ANC >1.5 � 109/L for three

consecutive days should be the trigger to stop. The package insert modified the rule

when the ANC reached 20 � 109/L to allow for the option of either a 50% dose

reduction or discontinuing rHuGM-CSF. New data available during the 2000

update questioned the timing of CSF after peripherally mobilized HSC. The

duration of neutropenia was shown to be reduced if CSF was administered within

1–5 days after HSC reinfusion [256, 257]. New recommendations were made

regarding the use of CSF in graft failure or delays in engraftment with the suggested

dose of rHuGM-CSF being 250 mg/m2/day for 14 days followed by a 7-day break.

The panel recommended up to three such courses with dose escalation to 500 mg/
m2/day in the third course.

A pegylated formulation of rHuG-CSF, pegfilgrastim, received FDA approval in

2002 and data were available for guideline recommendations in the 2006 update.

Pegfilgrastim was developed to address the inconvenience of daily administration
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of CSF. One of the pivotal studies available for the 2006 update evaluated the

efficacy of primary prophylaxis with pegfilgrastim in a phase 3, placebo-controlled

study [7]. Pegfilgrastim reduced the incidence of febrile neutropenia from 17% to

1% (p < 0.001) and resulted in clinical benefit by reducing the rate of hospitaliza-

tion and intravenous antibiotic use in a cohort of patients with breast cancer being

treated with docetaxel-based chemotherapy.

Two studies were evaluated by the panel members regarding the efficacy of

pegfilgrastim compared with filgrastim. One was a retrospective analysis that

combined data from two randomized, double-blind trials of patients with breast

cancer treated with myelosuppressive chemotherapy and receiving CSF support

[258]. The combined analysis compared a single dose of 6 mg (n ¼ 77) or 100 mg/
kg (n ¼ 149) of pegfilgrastim given on day 2 of each chemotherapy cycle to daily

filgrastim (5 mg/kg/day; n ¼ 222) administered until either the ANC was

>10 � 109/L or 14 days duration. Separately, the two randomized trials found

that pegfilgrastim was equally effective at reducing the duration of severe neutro-

penia as daily dose of filgrastim. When combining the data to evaluate for clinical

benefit, the risk of febrile neutropenia was observed to be significantly lower with

pegfilgrastim (RR 0.56; 95% CI 0.35–0.89) compared with filgrastim. Although not

statistically significant, there were trends for lower rates of hospitalization and

intravenous antibiotic use with pegfilgrastim. The second trial reviewed compared

pegfilgrastim to filgrastim in a randomized phase 2 study in 66 patients with

lymphoma treated with etoposide, cisplatin, cytarabine, and methylprednisolone

[259]. Both the incidence and duration of grade 4 neutropenia were similar for

pegfilgrastim (69% and 2.8 days) and filgrastim (68% and 2.4 days). Based on these

studies, the panel members included pegfilgrastim in the guideline for chemother-

apy support. The panel members did not recommend pegfilgrastim for HSC mobi-

lization, use in dose-dense therapy, or in the pediatric population based on a lack of

strong data supporting efficacy in these situations. Furthermore, the committee

presented caveats, importantly the need for long-term safety data.

Of interest, several studies since the 2006 ASCO guidelines have compared the

cost savings of pegfilgrastim versus filgrastim [260–263]. Cost-effect analyses

suggest that pegfilgrastim may be cost saving when compared to an 11-day course

of filgrastim and also cost effective to a 6-day course of filgrastim.

12 Comparative Activity of G-CSF and GM-CSF

The 1994 guidelines were unable to definitively comment on any comparison

between rHuG-CSF and rHuGM-CSF due to a dearth of large-scale, prospective

clinical trials addressing this question. For the 2000 update, a randomized double-

blind comparison study of CSF efficacy after chemotherapy was available for

evaluation [264]. Patients were included if they had an ANC <0.5 � 109/L and

had received chemotherapy within 4 weeks of entry, were aged>17 years, and were

afebrile. A total of 181 patients were enrolled of which 170 were available to
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compare efficacy. The study found no significant time difference to achieve an

ANC of 0.5 � 109/L or incidences in fever or hospitalization between the two CSF.

Statistically shorter times required to achieve an ANC of 1.0 and 1.5 � 109/L were

observed favoring rHuG-CSF. Although the panel felt that the study had multiple

design flaws making a comparative analysis of efficacy difficult, comparing the

toxicity profiles did have some value. Most of the toxicities were similar between

the two CSF with the only exception of a higher incidence of grade 2 fever 4 h after

administering rHuG-CSF (10.7%) compared with rHuGM-CSF (3.8%).

Another randomized trial that was included in the 2000 ASCO guidelines

compared rHuG-CSF and rHuGM-CSF or the sequential combination of both

CSF in attempting to mobilize CD34+ HSC in 156 patients with myeloma, lym-

phoma, or breast cancer [265]. After chemotherapy and HSC infusion, all patients

in this study received rHuG-CSF. More fevers and unexplained increases in the

incidence of anemia and red cell transfusion requirements were seen with

sargramostim, but there were no differences in platelet nadirs or platelet transfusion

requirements. Patients who received rHuG-CSF, either alone or in combination,

demonstrated improvements in days to ANC of 0.5 � 109/L (11 vs. 14 days,

p ¼ 0.0001), which translated into clinical benefits with reduced incidence of

fever (18% vs. 52%, p ¼ 0.001), hospitalization, and antibiotic therapy. The

improved rapidity in ANC recovery was attributed to improved CD34+ cell yields

with each apheresis in the patients receiving rHuG-CSF.

For the 2006 update, well-designed studies for support after chemotherapy were

lacking. A systematic review of comparison trials between rHuG-CSF and rHuGM-

CSF concluded that there was a higher incidence of fever in rHuGM-CSF-treated

patients but efficacy data were lacking [266]. In contrast to the lack of randomized

studies comparing CSF for support after chemotherapy, studies were published

comparing rHuG-CSF to rHuGM-CSF in the posttransplant setting. The first study

randomized 71 patients with either breast or ovarian cancer to rHuG-CSF or

rHuGM-CSF until completion of the stem cell harvest [267]. This study found

improved clinical outcomes with rHuG-CSF with a longer time to progression

(61 months for rHuG-CSF vs. 25 months for rHuGM-CSF) and overall survival at

a median follow-up of 40 months (75% for rHuG-CSF vs. 50% for rHuGM-CSF).

Another study showed that rHuG-CSF consistently improved earlier mobilization

of CD34+ cells compared with rHuGM-CSF. The evidence to support better

mobilization with rHuG-CSF was further supported by a crossover design study

where rHuG-CSF alone was shown to mobilize more CD34+ cells and monotherapy

with rHuG-CSF was effective in mobilizing CD34+ cells after failure by combina-

tion regimens [268]. Two studies failed to demonstrate any significant differences

in mobilization ability with respect to rapidity of neutrophil engraftment [269, 270].

Based on limited available data, the panel was unable to make well-supported

recommendations and suggested better comparative trials.

132 S. Saraf and H. Ozer



13 CSF as a Treatment for Radiation Injury

Exposure to radiation at doses of 3–10 Grays can lead to probable death from bone

marrow failure without proper supportive care, CSF, and/or bone marrow trans-

plantation [271–274]. Doses below this level are typically survivable and doses

above this level are almost universally lethal from injury to other organs. This

section was added to the 2006 update despite a lack of prospective, randomized

trials based on data from the REACT/TS registry where neutrophil recovery was

hastened in 25 of 28 cases with CSF support. This improvement was observed in

animal models where survival was improved with prompt administration of CSF

after exposure to lethal total body irradiation [275–279].

14 CSF Impacts on Quality of Life and HealthCare Costs

In the 2006 update, the emphasis of recommendation for CSF use shifted from cost

savings to clinical benefit. New data showed reductions in the incidence of febrile

neutropenia, hospitalization, and antibiotic use when the expected rate of febrile

neutropenia was 20%. Accordingly, the panel made recommendations based on

these clinical benefits and not on economic outcomes. The previous recommenda-

tion for primary prophylaxis at a cutoff of a 40% expected rate of febrile neutrope-

nia was based on cost savings. In contrast, the new threshold of 20% is based on the

reduction in clinical outcomes.

Understanding that the costs of CSF are substantial, the 2006 ASCO guidelines

do recommend that when equivalent regimens are available that do not require CSF,

these regimens should be preferred. Alternative dosing strategies will also need to

be further investigated for potentially more cost savings.

The effects of CSF on quality of life also need to be further investigated. Data

that are available typically have addressed quality of life only as a secondary

endpoint and are thus underpowered to detect differences. For example, when

using rHuG-CSF with CHOP regimens in elderly patients with NHL, quality of

life was not found to be statistically different between the groups, although this

endpoint was investigated in only a subgroup of the subjects [197]. Similarly in

patients with SCLC, a dose-intense regimen plus CSF versus a standard regimen

found equivalent palliation of symptoms and quality of life [72]. The panel

advocates more studies focusing on quality of life as a primary measure as this is

an important outcome to therapy.
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Use of r-metHuG-CSF to Enable Chemotherapy
Delivery for Solid Tumors

Tara L. Arvedson and Graham Molineux

1 Introduction

Chemotherapy-induced neutropenia is a serious side effect of cancer treatment that

can negatively impact patient outcomes by increasing the risk of serious infections

or compromising the efficacy of chemotherapy treatment by necessitating chemo-

therapy dose reductions and/or delays. Managing neutropenia and its related

complications has been improved by two forms of recombinant r-metHuG-CSF

(filgrastim and a longer-lived form, pegfilgrastim) that have been shown to shorten

the depth and duration of neutropenia, to reduce the incidence of infections, and to

support delivery of chemotherapy treatment on time. As chemotherapy regimens

have become more dose dense and dose intense, the time for neutrophil recovery

has been further shortened. Both forms of r-metHuG-CSF have been shown to

reduce neutropenia in these settings and to enable dose-dense and dose-intense

chemotherapy regimens.

2 Neutropenia and Infection

A normal absolute neutrophil count (ANC) is>1.5 � 109/L. Neutropenia reflects a

reduction in the ANC and is graded according to the magnitude of the decrease

(e.g., ANC <1.0 � 109/L is considered mild [grade 3] neutropenia; <0.5 � 109/L

is moderate [grade 4]; and<0.2 � 109/L is considered severe). Febrile neutropenia

is the combination of neutropenia with a fever (single oral temperature of �38.3�C
or �38.0�C for >1 h), and the ramifications of febrile neutropenia are typically
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hospitalization for a median stay of 6 days (figure derived from tracking of>40,000

US patients) [1].

Early studies by Bodey et al. demonstrated that the risk of infection in neutrope-

nic patients was directly related to the depth and duration of neutropenia [2]. In one

study that followed 52 chemotherapy-treated leukemic patients (34 with acute

lymphocytic leukemia [ALL] and 18 with acute myelogenous leukemia [AML]),

over a total of 17,743 patient days, it was observed that 53% of those days were

spent with infection if the patient had severe neutropenia. The percentage of days

with infection decreased with increasing granulocyte counts until the range of

1–1.5 � 109/L, above which, there was no further protection from infection. The

types of infections that were observed included urinary tract and disseminated

fungal infections, pneumonia, and septicemia and the fatality rate overall was

41%. Treatment for infection at the time of these studies (1960s) involved antibiotic

therapy and possibly leukocyte transfusions. Leukocyte transfusions were phased

out as it was difficult to harvest sufficient numbers of neutrophils, and transfusion

increased the risk of transmission of infectious agents, alloimmunization, and

pulmonary complications [3, 4]. Antibiotics continue to be used to treat infections

once they occur; however, prophylactic use of antibiotics is being debated given the

concern that this practice will lead to the emergence of resistance [5, 6].

3 Neutropenia in Patients with Cancer

Neutropenia in patients with cancer may be the result of the disease itself, chemo-

therapy regimen, or patient-specific factors. An example of disease-induced neu-

tropenia may be seen in AML, where there can be an expansion of abnormal

progenitor cells that are unable to reach full myeloid development. Neutropenia

may also be induced by the chemotherapy regimen, although the risk of this event

varies between regimens. For example, the incidence of grade 3 or grade 4

neutropenia associated with docetaxel treatment has been reported to range

between 65% in patients with metastatic or recurrent lung cancer and 86% in

patients with metastatic or recurrent breast cancer (Taxotere package insert). The

percentage of patients reported to develop febrile neutropenia during various

combination treatment ranges from 0 to 2% for FEC (chemotherapy with fluoro-

uracil, epirubicin, and cyclophosphamide) for the treatment of breast cancer [7] to

70% for VICE (chemotherapy with vincristine, ifosfamide, carboplatin, and

etoposide) for the treatment of small-cell lung cancer (SCLC) [8]. Patient-specific

factors may also increase the risk of chemotherapy-induced neutropenia. These

factors include age (�65 years), the presence of comorbidities, type of cancer,

advanced stage of disease, and a previous history of febrile neutropenia. Examples

of comorbidities include congestive heart failure, cerebrovascular disease, lung

disease, liver disease, renal disease, thrombosis, pulmonary embolism, and diabetes.

The relationship between the risk of mortality and comorbidities in patients with

febrile neutropenia was evaluated in a survey of 41,779 patients treated for febrile
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neutropenia at 115 US medical centers between 1995 and 2000 [1]. While the

overall mortality was 9.5%, mortality for patients with no serious comorbidities was

2.6%, 10.3% in patients with 1 major comorbidity, and >21% for patients with >1

comorbidity. The average mortality rate in patients with febrile neutropenia varied

according to the type of cancer, with patients with leukemia having the highest

mortality rate among all cancer types at 14.3%, patients with lung cancers having

the highest mortality rate among solid cancers at 13.4%, and patients with breast

cancer having the lowest mortality rate at 3.6%. In addition to risk of infection

and mortality associated with febrile neutropenia, another consequence that may

impact patient outcome is the delay or reduction of subsequent chemotherapy dose.

It is clinically undesirable to delay or reduce dose as data have shown that these

actions can reduce tumor response and overall patient survival.

4 The Importance of Maintaining Dose in Cancer
Chemotherapy

Failure of chemotherapy treatment has been attributed to an inability to successfully

eliminate chemotherapy-sensitive cells (i.e., tumor-cell proliferation exceeds

tumor-cell elimination) or to the outgrowth of chemotherapy-resistant cells. To

address the tumor-cell proliferation versus elimination issue, the rates of tumor

proliferation have been modeled and on the basis of these models, chemotherapy

regimens have been proposed. Early studies of tumor growth kinetics in model

systems of leukemia led to the proposal that cancer cells proliferate exponentially

[9]. On the basis of exponential tumor cell growth, the “log kill” hypothesis was

proposed, which states that a given dose of chemotherapy will eliminate a constant

proportion of tumor cells rather than a constant number of tumor cells, meaning that

if a given dose of a chemotherapeutic eliminates 103 cancer cells, it will reduce a

tumor containing 1010 cells to 107 or a tumor containing 106 cells to 103. Because

this relationship between chemotherapy and tumor-cell death is dependent on the

tumor proliferating exponentially, it accurately modeled chemotherapeutic

response of experimental leukemia, but failed when applied to human solid tumors.

The kinetics of solid tumor proliferation have been shown to follow a

Gompertzian model of sigmoidal tumor growth [10]. This model suggests that

while early tumor growth could follow an exponential function, growth slows and

becomes nonlogarithmic as tumor mass increases. Based on the Gompertzian

growth curve, Norton and Simon hypothesized that chemotherapy would result in

a rate of regression of tumor that was proportional to the rate of growth for an

unperturbed tumor of similar size [11]. In an attempt to minimize tumor regrowth,

the most effective dose of chemotherapy should be given over the shortest period

of time possible [12]. As a result, tumors would be given less time to recover

between treatments and would be more effectively eradicated. This model gave rise

to dose-dense chemotherapy regimens where the cumulative drug dose remains

constant but the amount of drug is administered over a shorter period of time.
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5 Dose Density

The benefit of dose-dense adjuvant chemotherapy has been evaluated in a cohort of

node-positive breast cancer patients (n ¼ 2005) in the Cancer and Leukemia Group

B (CALGB)Trial 9741 [13]. In this trial, dose-dense, 2-week treatment intervals of

doxorubicin, cyclophosphamide, and paclitaxel were compared to conventional

3-week intervals. At a median follow-up of 3 years, the dose-dense schedule was

shown to be superior to the standard schedule with improvement in disease-free

survival (risk ratio [RR] ¼ 0.74; p ¼ 0.01) and overall survival (RR ¼ 0.69;

p ¼ 0.013) (Fig. 1). At a median follow-up of 4 years, the disease-free survival

was 82% in the dose-dense group and 75% in the group treated with conventional

3-week intervals.

Additional studies have evaluated the value of dose-dense chemotherapy

regimens and although each study has caveats (e.g., discrepancies in total dose

between groups as in the ECOG 1199 [14] and AGO trials [15] or lower than

expected event rates as in the GONO-MIG trial [16]), data suggest that increases in

dose density have a beneficial impact on patient outcomes.

Fig. 1 (a) Disease-free and
(b) overall survival by dose

density from Cancer and

Leukemia Group B Trial

9741 demonstrating the

benefit of increased

chemotherapy dose density

compared to the standard

schedule. Data from [13]
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6 Dose Intensity

An additional reason for the failure of chemotherapy is the development and/or

outgrowth of chemotherapy-resistant clones. The probability that a tumor popula-

tion will contain resistant clones has been described by the Goldie–Coldman

hypothesis to be a function of the size and inherent genetic instability of the

tumor [17]. Consideration of this model suggests that combination chemotherapy

would be preferable to single-agent therapies as it should be more difficult to

develop resistance to multiple chemotherapeutics than to just one. Data by the

same group suggested that increases in the dose intensity of the combination

chemotherapy could reduce the likelihood that resistant cell lines would emerge

and proliferate [17]. These models gave rise to dose-intense regimens where the

drug dose/cycle is increased.

The association between increased dose intensity and improved patient outcome

has been demonstrated in both retrospective and prospective clinical trials. One of

the first retrospective studies evaluated the effect of dose on relapse-free survival

and overall survival in a group of patients with node-positive breast cancer

(n ¼ 386, Milan Cancer Institute) 20 years after chemotherapy treatment (cyclo-

phosphamide, methotrexate, fluorouracil) [18] (Fig. 2). The study groups were

divided into patients who received �85%, 65% to 84%, and <65% of the optimal

chemotherapeutic dose compared to control patients who did not receive chemo-

therapy. Patients treated with �85% of the optimal dose had the highest probability

of both relapse-free survival and overall survival, whereas patients who received

<65% of the optimal dose had relapse-free survival and overall survival

probabilities that were comparable to control patients. In terms of survival, 52%

Fig. 2 (a) Relapse-free and (b) overall survival according to the percentage of the optimal dose

received by patients (n ¼ 386 node-positive breast cancer patients). Data generated by Bonadonna

et al. [18] reflect a retrospective assessment of outcome 20 years after chemotherapy treatment
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of the patients who received �85% of the optimal dose were alive after 20 years

compared with 29% of patients who received <85%.

A similar relationship between dose intensity and response was observed in a

retrospective analysis of patients with breast cancer (n ¼ 793 stages I–IIIA,

Valencia University Hospital) 10 years after treatment with anthracycline-based

nontaxane chemotherapy [19]. This study compared disease-free and overall sur-

vival in patients who received �85% of the optimal chemotherapy dose to those

who received <85%. The disease-free survival was 81% in patients who received

�85% of the optimal dose compared with 67% of patients who received <85%.

This study also reported that delayed cycles of treatment adversely affected disease-

free survival (hazard ratio [CI 95%] ¼ 1.61–2.67 for >2 delayed cycles) and

overall survival (hazard ratio [CI 95%] ¼ 1.24–2.33 for >2 delayed cycles),

emphasizing the importance of maintaining chemotherapy treatment on schedule.

Prospective clinical trials have demonstrated a link between increased dose

intensity and improved patient outcome. The CALGB 8541 study evaluated dis-

ease-free and overall survival in patients with node-positive breast cancer

(n ¼ 1550) who were treated with cyclophosphamide, doxorubicin, and fluorouracil

at relative intensities of 1, 0.67, and 0.5 [20]. At a median follow-up of 9 years, the

disease-free and overall survival for patients in the high- and moderate-dose groups

were significantly better than that of patients in the low dose-intensity group (disease-

free survival, p ¼ 0.0001; overall survival, p ¼ 0.004). Similarly, the French Adju-

vant Study Group 05 compared two chemotherapy treatment regimens: FEC100

(fluorouracil 500 mg/m2, cyclophosphamide 500 mg/m2, and epirubicin 100 mg/m2)

and FEC50 (same fluorouracil and cyclophosphamide but epirubicin at 50 mg/m2) in

patients with early-stage breast cancer (n ¼ 565) [21]. The results of this study

demonstrated better disease-free and overall survival in the FEC100 group with a

10-year disease-free survival of 50.7% (95% CI, 47.3%–54.1%) in the FEC100

group and 45.3% (95% CI, 41.9%–48.7%) in the FEC50 group (Wilcoxon

p ¼ 0.036; log rank p ¼ 0.08). The overall survival over this same time span was

54.8% (95% CI, 51.3%–58.3%) in the FEC100 group and 50.0% (95% CI,

46.7%–53.3%) in the FEC50 group (Wilcoxon p ¼ 0.039; log rank p ¼ 0.05).

7 Intense Dose Density

As treatment continues to evolve, studies have been done evaluating the effect of

combining chemotherapy dose density with dose intensity in intensive dose-dense

trials. Untch et al. compared the objective pathologic complete response rate and

overall survival in patients with high-risk breast cancer (n ¼ 671; patients with

noninflammatory breast cancer with a tumor �3 cm or inflammatory breast cancer)

treated preoperatively with epirubicin (90 mg/m2) and paclitaxel (175 mg/m2)

every 3 weeks with an intense dose-density regimen of epirubicin (150 mg/m2)

followed by paclitaxel (250 mg/m2) every 2 weeks [22]. Results demonstrated that

intense dose-dense treatment significantly improved the pathologic complete
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response rate (18% vs. 10% for intense dose density vs. standard treatment; odds

ratio ¼ 1.89; p ¼ 0.008), disease-free survival (hazard ratio [HR] ¼ 0.71;

p ¼ 0.011) and overall survival (HR ¼ 0.83; p ¼ 0.041) (Fig. 3).

A benefit of intense dose-density treatment was seen in a separate trial described

in patients with breast cancer (n ¼ 1284) with stage II–IIIA disease and �4

positive axillary lymph nodes [23]. In this trial, patients were randomly assigned

to receive intense dose-density treatment (three cycles each of epirubicin 150 mg/m2,

paclitaxel 225 mg/m2, and cyclophosphamide 2,500 mg/m2; all cycles separated by

2 weeks) or standard treatment (four cycles each of epirubicin/cyclophosphamide

90/600 mg/m2, paclitaxel 175 mg/m2; all cycles separated by 3 weeks). At a median

of 62 months, the event-free survival rates were 70% in the intense dose-density

group and 62% in the standard treatment group (p < 0.001), and overall survival

was 82% in the intense dose-density group and 77% in the standard group

(p ¼ 0.0285).

Together these results demonstrate the value in pursuing more aggressive che-

motherapy regimens. However, while increasing tumor cell killing, increased

chemotherapy dose density and intensity also affect neutrophil counts and impair

neutrophil repopulation. This issue has been largely addressed with the develop-

ment of recombinant growth factors, r-metHuG-CSF, which can be administered in

conjunction with chemotherapy and have been shown in clinical trials to mitigate

Fig. 3 Kaplan–Meier curve of (a) disease-free and (b) overall survival curves for breast cancer
patients treated with intense dose dense or conventional chemotherapy regimens. Data generated

by Untch et al. [22]
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the risk of febrile neutropenia and to increase the likelihood of successfully

administering chemotherapy dose on time.

8 Filgrastim and the Treatment of Chemotherapy-Induced
Neutropenia

r-metHuG-CSF has been shown in various animal models and humans to cause a

dose-dependent increase in peripheral blood neutrophil counts through decreased

maturation time, increased cell divisions, and accelerated rates of neutrophil release

from the bone marrow into the peripheral system [24–26]. Following on these

observations, r-metHuG-CSF was used in clinical trials with the goal of preventing

neutropenia and associated complications. The first form of r-metHuG-CSF to enter

clinical trials was filgrastim. Studies to gain marketing approval were initiated in

1986 in the setting of solid tumors (Table 1). In the phase 1 studies, a rapid increase

in peripheral neutrophils was observed after administration of filgrastim [27–31].

These neutrophils were shown to be functionally normal in terms of mobility (e.g.,

chemotaxis in response to chemotactic agent N-formyl-methionyleucyl phenylala-

nine), phagocytic activity (e.g., opsonization of zymosan), and neutrophil alkaline

phosphatase activity, a marker of secondary granule formation and neutrophil

maturation [28, 32]. In the phase 2 portions of these same studies, filgrastim was

shown to hasten the recovery of neutrophils in chemotherapy-treated patients and to

reduce the incidence of infection.

Table 1 Early experience with r-metHu-G-CSF (filgrastim) in the setting of solid tumors

Disease state No of patients

(treatment/control)

r-metHuG-CSF dosage Chemotherapy References

Phase 1/2

Urothelial 18/6 1–60 mg/kg IV infusion;

10 days

Standard dose [28]

Breast/

ovarian

17/4 10 mg/kg IV; 7 days High dose [57]

5 mg/kg IV; 3 days

SCLC 9/0 1–40 mg/kg IV infusion,

14 days

Standard dose [27]

Various 15/0 1–60 mg/kg short IV; 8 days Standard dose [29]

Various 31/0 0.3–10 mg/kg SC; 5–16 days Standard dose [58]

Various 10/11 20–60 mg/kg IV; 20 days High dose [59]

Phase 2/3

SCLC 20/17 50 mg/kg SC High dose [60]

Phase 3

SCLC 95/104 230 mg/m2 SC; 17 days max Standard dose [33]

SCLC 64/66 230 mg/m2 SC; 4–17 days Standard dose [34]

IV intravenous; SC subcutaneous; SCLC small-cell lung cancer
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These studies were followed by two pivotal phase 3 trials that evaluated the

reduction in incidence of febrile neutropenia in patients with SCLC treated with

standard-dose chemotherapy (cyclophosphamide, doxorubicin, and etoposide)

[33, 34]. This chemotherapy regimen is associated with a 60% risk of febrile

neutropenia. Both studies demonstrated that the use of filgrastim significantly

decreased the incidence of febrile neutropenia by approximately 50% (Fig. 4). In

the study by Crawford et al. [33], the incidence of febrile neutropenia was 77% in the

placebo group and 40% in the filgrastim group (p < 0.001), and in the study by

Trillet-Lenoir et al. [34], the incidence was 53% and 26% (p < 0.002) in the placebo

and filgrastim groups, respectively. Filgrastim treatment also reduced the incidence

of hospitalization and intravenous antibiotic use. The Trillet-Lenoire et al. trial

further demonstrated that filgrastim significantly improved the ability to deliver

chemotherapy on time. In this study, 61% of patients in the placebo group required at

least one dose reduction compared with 29% in the filgrastim group (p < 0.001).
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These studies supported FDA approval of filgrastim in 1991 for the prophylaxis

of febrile neutropenia in patients with nonmyeloid malignancies treated with

myelosuppressive chemotherapy. Initial guidelines recommended use when the

risk threshold of febrile neutropenia was >40%. As additional clinical results

have been generated, these guidelines have been refined. Usage guidelines are

discussed in the chapter by Saraf and Ozer.

9 Pegfilgrastim and the Treatment of Chemotherapy-Induced
Neutropenia

The half life of filgrastim is 3.5 h in humans and, as a result, it must be given daily

until neutrophil recovery is achieved (as per Neupogen, filgrastim, prescribing

information). This requirement for daily dosing is inconvenient for some patients

and to address this problem, a longer-lived form of r-metHuG-CSF (pegfilgrastim)

was generated through the addition of a 20 kiloDalton (kDa) polyethylene glycol

(PEG) molecule to the amino terminus of r-metHuG-CSF. There are different

chemistry methods to attach a PEG molecule to a protein, but typically these

processes result in >1 PEG attached to the protein and/or attachment at different

sites leading to unpredictable heterogeneity; however, the conditions of the cou-

pling reaction have been optimized such that the PEG molecule is specifically

added to the amino terminus [35]. Because the amino terminus is not involved in

receptor binding [36], the addition of the PEG molecule does not inhibit the

interaction between G-CSF and its receptor (G-CSFR) (see chapter by Arvedson

and Giffin for further information).

The pharmacokinetic effect of the PEG addition is a significant reduction in the

renal clearance of pegfilgrastim [37]. Renal clearance is highly influenced by the

size of molecules passing through the kidney and proteins within the size range of

r-metHuG-CSF (18.8 kDa) are thought to be filtered by the glomeruli, reabsorbed,

and degraded [38]. Pegfilgrastim, in comparison, has an increased molecular weight

(38.8 kDa) and an increased hydrodynamic size stemming from the fact that PEG

molecules are highly hydrated. As a result, pegfilgrastim is not filtered by the

glomeruli and instead is predominantly cleared through its interaction with

G-CSFR. Consequently, the circulating amounts of pegfilgrastim persist until

neutrophil recovery is achieved, meaning that only one dose is required per

chemotherapy cycle (as per Neulasta, pegfilgrastim, prescribing information).

Nonclinical studies comparing filgrastim to pegfilgrastim (also referred to as

SD/01 where SD ¼ sustained duration) in mice demonstrated that the neutrophil

response to a single bolus injection of filgrastim up to 2,500 mg/kg could only

sustain increased neutrophil counts for 24–48 h, whereas a single bolus of 1,000 mg/kg
pegfilgrastim could sustain increased neutrophil counts for up to 5 days [39]

(Fig. 5). In chemotherapy-treated mice (150 mg/kg 5-fluorouracil), a single

injection of pegfilgrastim at 1,000 mg/kg comparably reduced both the depth
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and duration of neutropenia as 10 days of daily filgrastim injections at 300 mg/
kg (Fig. 6). In early evaluations in humans, pegfilgrastim was shown to increase

and sustain neutrophils in a dose-dependent manner [39, 40]. In chemotherapy

patients, the effects of a single dose of SD/01 (100 mg/kg) on ANC after

chemotherapy were comparable or greater than those achieved with daily

filgrastim (5 mg/kg) [40].
Pegfilgrastim was approved by the FDA in 2001 after the demonstration that

pegfilgrastim was as effective as filgrastim in managing chemotherapy-induced

Fig. 5 Neutrophil response after a single injection of carrier, filgrastim or pegfilgrastim in

splenectomized mice on day 0. Each point represents the mean of 5–10 mice. Data adapted

from [39]

Fig. 6 Neutrophil response to carrier, filgrastim, or pegfilgrastim in chemotherapy-treated mice.

Each point represents the mean of four mice. Data adapted from [39]
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neutropenia. The clinical trials supporting this result [41, 42] were done in the

setting of breast cancer with patients treated with doxorubicin and docetaxel, a

chemotherapy regimen with a 38% febrile neutropenia rate in patients not treated

with r-metHuG-CSF [43]. Both trials compared either a single injection of

pegfilgrastim followed by daily injections of placebo or daily injections of

filgrastim. Results from these trials demonstrated that a single dose of pegfilgrastim

was as effective as daily filgrastim in preventing the incidence and limiting the

duration of grade 4 neutropenia. The two treatments were also similar in terms of

the depth of neutropenia and the time for neutrophil recovery. Although neither

study was designed to detect a difference in febrile neutropenia incidence between

the two groups, Green et al. [42] observed febrile neutropenia in 20% of patients

(n ¼ 80) treated with filgrastim versus 13% of patients (n ¼ 77) treated with

pegfilgrastim (difference was not significant) and Holmes et al. [41] observed

febrile neutropenia in 18% of patients (n ¼ 156) treated with filgrastim versus

9% of patients (n ¼ 154) treated with pegfilgrastim (p ¼ 0.029). Pegfilgrastim

treatment enabled maintenance of dose schedules.

10 Febrile Neutropenia Timing and Effect on Mortality

Febrile neutropenia frequently occurs in the first cycle of chemotherapy. In an

evaluation of 2,302 patients from 137 US community oncology centers, 50–75%

of all neutropenic events were found to occur in the first cycle, and neutropenia was

more likely to occur in the first cycle than in the subsequent three cycles combined

[44]. Febrile neutropenia occurred most frequently in patients who were treated with

a full dose of chemotherapy without supportive care, particularly if the chemother-

apy regimen was taxane based. The reduced incidence of neutropenia in later cycles

was reported to be due to chemotherapy delays, dose reductions, or the introduction

of r-metHuG-CSF [45]. In the event that r-metHuG-CSF was not introduced,

neutropenia was reported to persist across the chemotherapy cycles [46].

While the benefit of prophylactic r-metHuG-CSF to prevent febrile neutropenia

was demonstrated in the registrational trials, an effect on mortality has also been

observed. Data from a meta-analysis of 17 studies comparing prophylactic use of r-

metHuG-CSF with placebo or no treatment in 3,593 patients being treated for solid

tumors or lymphoma demonstrated a reduced risk in infection-related mortality of

45% (1.5% vs. 2.8%; RR ¼ 0.55; p ¼ 0.018) and all cause early mortality of

40% (3.4% vs. 5.7%; RR ¼ 0.6; p ¼ 0.002) [47]. Two other meta-analyses

have been performed demonstrating no survival benefit [48, 49]; however, both

of these analyses combined studies that used recombinant human granulocyte-

macrophage colony-stimulating factor (GM-CSF) in addition to those that used

rHuG-CSF, which may have affected the results.
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11 r-metHuG-CSF and the Effects on Chemotherapy
Dose Delivery

Studies have demonstrated that prophylactic r-metHuG-CSF can mitigate neutro-

penia-mediated effects of dose delivery. In a study by Pettengell et al., 80 patients

with non-Hodgkin’s lymphoma (NHL) were treated with intensive weekly chemo-

therapy (VAPEC-B: vincristine, doxorubicin, prednisolone, etoposide, cyclophos-

phamide, and bleomycin) alone or in combination with r-metHuG-CSF [50].

Chemotherapy dose reduction was decreased in r-metHuG-CSF-treated patients

compared to controls (4 of 41 dose reductions in r-metHuG-CSF-treated patients vs.

13 of 39 dose reductions in controls; p ¼ 0.01). Chemotherapy dose intensity was

significantly increased in r-metHuG-CSF-treated patients, with patients receiving a

median of 95% of the scheduled dose compared to controls, where patients received

a median of 83% of the scheduled dose.

Similarly, in a trial of patients with non-small cell lung cancer (NSCLC) treated

with etoposide and cisplatin alone or with filgrastim, chemotherapy treatment was

intensified by>50% in the filgrastim-treated patients [51]. In a trial of patients with

lymphoma, patients treated with CHOP (cyclophosphamide, doxorubicin, vincris-

tine, and prednisone) either alone or with filgrastim, cyclophosphamide was

intensified by 270% and doxorubicin was intensified by 87% in the filgrastim-

treated group [51].

Similar to filgrastim, pegfilgrastim has been shown to be effective in supporting

dose-dense chemotherapy regimens. As discussed previously, the CALGB 9741

trial demonstrated that dose-dense administration of doxorubicin/cyclophospha-

mide followed by paclitaxel improved disease-free and overall survival in women

with node-positive breast cancer [13]. In that study, filgrastim was used to limit

neutropenia-related complications, and the result was a febrile neutropenia rate of

2–3% for patients receiving filgrastim. This percentage was compared to a febrile

neutropenia incidence of 3–5% in patients who received the standard (less dose-

dense) treatment in the absence of filgrastim. Subsequently, a phase 2 trial including

135 women was conducted to evaluate pegfilgrastim in this same chemotherapy

regimen [52]. In this study, 6 mg of pegfilgrastim was administered subcutaneously

approximately 24 h after chemotherapy, and the resulting febrile neutropenia rate

was 1.5% with two of the 135 patients developing febrile neutropenia.

Finally, a meta-analysis of 17 randomized controlled trials evaluating 3,493

patients being treated for solid tumors and malignant lymphoma found that patients

being treated with prophylactic r-metHuG-CSF (one study with pegfilgrastim, the

others with filgrastim or lenograstim) received an increased mean relative dose

intensity compared to control patients [47]. The average relative dose intensity

between control patients ranged from 71.0 to 95.0% with a mean (median) of 86.7%

(88.5%). This result compares to the average relative dose intensity between

r-metHuG-CSF patients, which ranged from 91.0 to 99.0% with a mean (median)

of 95.1% (95.5).
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12 Comparison of Filgrastim to Pegfilgrastim

While phase 3 trials comparing filgrastim to pegfilgrastim demonstrated the two

agents to be comparable [41, 42], subsequent studies suggest that pegfilgrastim may

be more effective than filgrastim. A retrospective analysis of data from two

randomized, double-blind trials of patients with breast cancer (n ¼ 448) compared

a single dose pegfilgrastim to daily filgrastim and found that the risk of febrile

neutropenia was significantly lower in patients receiving pegfilgrastim than for

patients who were receiving filgrastim (11% vs. 19%; RR ¼ 0.56; 95%

CI ¼ 0.35–0.89) [53]. A meta-analysis of five randomized controlled trials

(n ¼ 617 solid tumor and lymphoma patients) comparing the efficacy of

pegfilgrastim to that of filgrastim when administered according to the package

insert found that a single dose of pegfilgrastim more effectively reduced febrile

neutropenia than a median of 10–14 days of filgrastim (RR ¼ 0.64; 95% CI,

0.43–0.97) [54].

The apparent efficacy of filgrastim may be further reduced by current standard

practice. While it is recommended that filgrastim be given daily until the ANC is

restored to the normal range (typically 10 or 11 doses/chemotherapy cycle was

required in clinical trials [29, 31, 33]), it is common that fewer doses are

administered or treatment is delayed. In an observational study of patients treated

in 99 community US oncology practices, Morrison et al. observed that while

pegfilgrastim was initiated, on average 2.4 days (�3.2) after chemotherapy in the

first cycle of use and 1.9 (�3.0) days in subsequent cycles of use, filgrastim was

started on average 7.7 (�6.5) days and 4.9 (�4.6) days after chemotherapy in the

first and subsequent cycles of use in 2001 [55]. In 2003, the delay in start time

increased to 9.6 (�6.2) and 6.4 (�6.4) days for the first and subsequent cycles of

chemotherapy. In terms of the length of use, filgrastim was only administered for an

average of 5.2 (�3.5) days in 2001 and 3.7 (�2.8) days in 2003 (p < 0.001).

Reduced courses of filgrastim treatment were also observed by Weycker et al. in

an analysis of treatment records for patients with NHL, breast, and lung cancer [56].

It was further observed from this analysis that the risk of hospitalization for

neutropenia decreased with each additional day of filgrastim administration (NHL

patients OR ¼ 0.81, p ¼ 0.003; breast cancer patients OR ¼ 0.77, p ¼ 0.001; and

lung cancer patients OR ¼ 0.91, p ¼ 0.084). These data emphasize the importance

of administering r-metHuG-CSF according to recommendations in order to achieve

maximum benefit.

13 Summary

Two forms of r-metHuG-CSF have been developed that address neutropenic

complications associated with cancer treatment. Both are effective in reducing

the risk of febrile neutropenia, and meta-analysis results further suggest that
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prophylactic use of r-metHuG-CSF improves infection-related and early mortality.

In addition, both agents have been shown to support delivery of chemotherapy

treatment on time and to enable dose-dense, dose-intense, and intense dose-dense

chemotherapy regimens. While recent studies suggest that pegfilgrastim may be

more effective than filgrastim, several of these studies may reflect reduced or

delayed daily administration of filgrastim. Pegfilgrastim, by comparison must

only be given once per cycle, resulting in increased patient compliance and

improved outcomes.

Disclosure Drs Arvedson and Molineux are employees and shareholders in

Amgen, the manufacturer of filgrastim and pegfilgrastim.
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Use of rHuG-CSF for the Treatment of Myeloid
Leukemia and in Targeting Leukemia Stem Cells

Fumihiko Ishikawa

1 Introduction

The utility of recombinant human granulocyte colony-stimulating factor (rHuG-

CSF) in leukemia treatment has been well established, in supporting granulopoiesis

after chemotherapy and in mobilizing hematopoietic stem/progenitor cells (HSPC)

for both allogeneic and autologous transplantation. Successes in these two

objectives have led to significantly improved care of patients with leukemia. This

chapter discusses another potential application of this agent as a part of targeted

therapy against leukemia stem cells (LSC). Within the functional hierarchy of

leukemia cells, LSC are the cells capable of initiating disease. Reports have

shown that LSC are cell-cycle quiescent and chemotherapy resistant, suggesting

their crucial role in acute myeloid leukemia (AML) relapse. The use of rHuG-CSF

may induce quiescent AML stem cells to cycle, thereby rendering them susceptible

to chemotherapy. Such application of rHuG-CSF may become an important part of

curative therapeutic strategies for AML.

2 rHuG-CSF for Therapy-Related Neutropenia

As with the treatment for other hematologic malignancies, induction regimens for

AML result in severe suppression of normal hematopoiesis. With the exception of

promyelocytic leukemia (AML M3), idarubicin/daunorubicin and cytosine

arabinocide (Ara-C) are frequently chosen for inducing patients into remission at

initial diagnosis. After successful induction, AML patients experience further
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myelosuppression through postremission consolidation and/or maintenance ther-

apy. At some point during the course of AML treatment, almost all patients

experience moderate (absolute neutrophil count [ANC] < 1.0 � 109/L) to severe

(ANC < 0.5 � 109/L) peripheral blood neutropenia.

Neutrophils are responsible for an important part of innate immunity against

bacterial and fungal infection. When neutrophil counts are< 0.5 � 109/L, the risks

for febrile neutropenia as well as bacterial and fungal infection are greatly increased

[1, 2]. Until neutrophil recovery occurs at approximately 3 weeks after treatment,

the patients are at an increased risk of febrile neutropenia and opportunistic

infections by a broad species of bacteria including Pseudomonas aeruginosa and

other Gram-negative bacilli. Compared with bacteremia, fungal infection after

chemotherapy is less frequently observed in these patients, but Aspergillus infec-
tion is sometimes fatal in patients with severe neutropenia.

rHu-GCSF was identified as a myeloid growth factor that directs the develop-

ment of neutrophils and other myeloid subsets [3–5] In patients with AML who are

undergoing initial or repeat induction chemotherapy, several clinical studies

have shown that the administration of rHuG-CSF produces modest decreases in

the duration of neutropenia associated with variable and modest decreases in the

duration of hospitalization and the incidence of severe infection [6–11]. These

findings have led to recommendations by the American Society of Clinical Oncol-

ogy (ASCO) that the use of rHuG-CSF is reasonable during induction, although no

advantage in remission rate, remission duration, or survival is reported [12] (see

chapter “Practice Guidelines for the Use of rHuG-CSF in an Oncology Setting” by

Saraf and Ozer for more information). On the contrary, the effect of rHuG-CSF in

reducing the duration of neutropenia after consolidation therapy appears more

important. In two large randomized controlled trials, the use of rHuG-CSF was

associated with marked reduction in the duration of severe neutropenia and a

decreased rate of severe infections [8, 9].

3 rHuG-CSF in Mobilization of Normal Hematopoietic
Stem Cells

rHuG-CSF plays another crucial role in AML therapy as a mobilizer of

hematopoietic stem cells (HSC) for collection before allogeneic and autologous

HSC transplantation. rHuG-CSF treatment results in mobilization of bone marrow

HSC into peripheral blood through reduced expression of matrix metalloproteinase

(MMP)-9, stromal cell-derived factor (SDF)-1, and other molecules in stromal cells

constituting the bone marrow HSC niche [13–15]. Treatment of mice with rHuG-

CSF significantly reduces stromal cell-derived factor (SDF)-1 leading to an inhibi-

tion of HSC binding to their niche [14]. In addition to its direct action on HSPC,

in vivo experiments revealed the effect of rHuG-CSF on bone metabolism resulting

in dynamic changes in adhesion/migration of HSC. By studying the UDP-galactose
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ceramide galactosyltransferase-deficient (Cgt�/�) mice, it was determined that

such mobilization of HSC and hematopoietic progenitor cells (HPC) is critically

regulated by sympathetic nervous system [15].

4 rHuG-CSF as a Regulator of Cell Cycle in Normal
Hematopoietic Stem Cells

In the steady-state bone marrow, normal HSC residing in their niche remain cell

cycle quiescent and metabolically inactive [16, 17]. The relatively dormant state of

HSC is considered important for protection against various stimuli such as toxic

agents or infection. During states of hematopoietic stress, such as infection, inflam-

mation, or bleeding, HSC enter the cell cycle and initiate the cascade of prolifera-

tion and differentiation to provide mature hematopoietic and immune effector cells.

G-CSF has been found to play a role in the stress response by normal HSC. rHuG-

CSF, alone or in combination with other cytokines or with chemotherapeutic

agents, has been shown to increase cell-cycle entry by murine and human HSC

and leads to the proliferation of myeloid progenitors, both in vitro and in vivo

[18–23]. Coadministration of rHuG-CSF and recombinant human interleukin-3

(rHuIL-3) in patients with lymphoid malignancies increased progenitors in the

S-phase [18]. These findings suggest that G-CSF plays a role in the modulation of

murine and human HSC cell cycle.

5 rHuG-CSF and Chemotherapy Responsiveness
of AML Cells

The development of chemotherapy regimens containing anthracyclin derivatives

(e.g., daunorubicin, idarubicin) and Ara-C has resulted in successful induction of

traditionally defined morphologic complete remission in many cases of AML with

favorable and standard risk [24–27]. However, 47–91% of patients who achieve

complete remission eventually experience relapse, resulting in < 50% 5-year

survival [25, 26]. Minimal residual disease (MRD), referring to the presence of

treatment-resistant leukemia cells that escape identification by the traditional defi-

nition for complete remission, may cause relapse after complete remission [28].

To prevent disease relapse, identifying and understanding the nature of MRD is

necessary. By definition, MRD must consist of rare leukemia cells that escape

killing by chemotherapeutic agents used to induce remission. One possible mecha-

nism by which leukemia cells evade chemotherapy may be through metabolic and

proliferative inactivity, since many anticancer agents target actively proliferating

cells. This possibility has led investigators to consider agents that stimulate leuke-

mia cells to become metabolically active and/or to proliferate as sensitizers for
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conventional chemotherapy. The observation that AML blasts express G-CSF

receptor (G-CSFR) made rHuG-CSF a promising candidate molecule [29].

Several in vitro studies have been performed to determine the effects of

hematopoietic growth factors, including rHuG-CSF, on proliferation, metabolism,

and chemotherapy responsiveness of AML cells. rHuG-CSF and recombinant

human granulocyte-macrophage colony-stimulating factor (rHuGM-CSF), alone

or in combination, enhanced in vitro colony formation by primary human AML

cells [30]. The addition of hematopoietic growth factors, including rHuG-CSF, was

found to stimulate human primary AML cells to proliferate in vitro as evidenced by

increased thymidine uptake [31]. Augmentation of chemotherapy responsiveness

through priming by hematopoietic growth factors has been observed with cytokines

including rHuG-CSF, rHuGM-CSF, rHuIL-3, and recombinant human stem cell

factor (rHuSCF) [32–40]. Enhanced in vitro sensitivity of human AML cells has

been reported by rHuG-CSF, rHuIL-3, and rHuGM-CSF correlating with Ara-C

incorporation into DNA, at initial diagnosis and, to a lesser extent, at relapse [41].

In the case of rHuGM-CSF, increased 3H-Ara-C incorporation into the DNA of

primary human AML cells was associated with increased DNA polymerase activity

and to a lesser extent, thymidine kinase and deoxycytidine kinase activity,

suggesting that increased cellular metabolism of Ara-C may be one mechanism

for this effect [38].

Given the promising in vitro findings, clinical investigations using these agents

in uncontrolled settings were performed. In one such study, rHuGM-CSF priming

induced AML cells to enter the cell cycle and the degree of cytoreduction correlated

with the degree of S-phase entry by AML cells in elderly patients with de novo

AML and myelodysplastic syndromes (MDS)/AML [42].

Based on such findings suggesting enhanced chemotherapy responsiveness of

leukemia cells through metabolic activation and cell-cycle entry, controlled clinical

trials were conducted to elucidate whether cytokine-combined chemotherapy

improves clinical outcomes such as relapse and survival rates in patients with

AML. A multicenter randomized controlled study by the Eastern Cooperative

Oncology Group (ECOG) compared rHuGM-CSF with placebo in association

with induction therapy containing daunorubicin, idarubicin, or mitoxantrone with

a standard dose of Ara-C in 245 older adults with AML, and found no differences in

disease-free and overall survivals or in toxicity [43]. The Acute Leukemia French

Association Group multicenter randomized controlled trial examined the effect of

GM-CSF given during induction and consolidation/post-remission chemotherapy

in 258 young adults with newly diagnosed AML and found a significant improve-

ment in event-free survival but not in overall survival [44].

As for the use of rHuG-CSF in combination with chemotherapy for AML,

several randomized controlled studies have been published [45–50] (Table 1). In

a large multicenter trial, rHuG-CSF-combined chemotherapy reduced the rate of

relapse in standard-risk patients but did not affect overall survival in favorable risk,

standard risk, or unfavorable risk groups [48]. However, others reported no signifi-

cant improvement in patient outcomes in various chemotherapy regimens in con-

junction with rHuG-CSF. While the interpretation of these studies as a whole is
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made difficult by the heterogeneity of patient population, chemotherapy regimens

used, and the variability in study designs, the equivocal and seemingly conflicting

findings of these clinical trials have led clinicians caring for AML patients to view

cytokine-combined chemotherapy as possibly promising but controversial.

6 rHuG-CSF and AML Stem Cells

The existence of functional hierarchy within human AML has become more and

more accepted [51], which has led to the concept of LSC that initiate AML and

produce nonstem progeny that make up the bulk of total body leukemia burden in

patients. These rare and specialized leukemia cells, not the more abundant nonstem

AML blasts, may be the functional component of MRD, responsible for disease

relapse. To date, clinical trials have not directly examined the effect of therapeutic

strategies on LSC and rigorous examination of in vivo biology of primary human

AML stem cells awaited the development of robust animal models in the form of

xenotransplantation.

An in vivo model was developed to evaluate human stem cell properties, the

model was called “SCID-repopulating assay” and functions by injecting human

hematopoietic stem cells or leukemic cells into CB17.SCID or NOD/SCID mice

[52–54]. The SCID mice have severe defects in acquired immunity, and allow the

engraftment of both normal and diseased human hematopoietic cells to a certain

extent. Primary human AML CD34+CD38� cells preferentially engraft and initiate

leukemia in immune-compromised recipients [55]. This pioneering work

established the presence of functional heterogeneity among AML cells. Since that

time, the creation of more-sensitive SCID repopulating assays that allow more

robust recapitulation of human AML in mice has extended the capacity of the

SCID-repopulating system to understand the mechanisms underlying AML relapse

in addition to leukemia initiation [56, 57].

One such xenotransplantation system with improved sensitivity allowing the

evaluation of “stemness” of human cells is the newborn NOD/SCID/IL2rgKO

(NSG) transplantation system. The NSG mouse model, with dysfunctional innate

immune subsets through blocked gc signaling, supports more efficient long-term

engraftment of human normal and leukemic cells compared with NOD/SCID or

NOD/SCID/b2mKO mice [56, 58]. In this model, CD34+CD38� AML cells not

only engraft the recipient NSGmice efficiently, but also generate CD34+CD38+ and

CD34� leukemic cells in the recipient bone marrow [56]. Moreover, CD34+CD38�

AML cells harvested from the bone marrow of these recipient mice initiate AML in

secondary and tertiary recipients demonstrating self-renewal capacity of these cells.

Importantly, the robust recapitulation of patient AML status in mice has allowed us

to create an in vivo therapeutic model by treating AML-engrafted mice by chemo-

therapy. In this model, CD34+CD38� human primary AML cells exhibited signifi-

cant chemotherapy resistance compared with CD34+CD38+ and CD34�AML cells.

174 F. Ishikawa



Histologic examination demonstrated that chemotherapy-resistant AML stem cells

preferentially reside in the endosteal region of the bone marrow.

To clarify the mechanism responsible for chemotherapy resistance of AML stem

cells, we examined the expression of molecules associated with apoptosis

pathways, those responsible for drug efflux and also cell-cycle status of these

cells. This investigation revealed the presence of a significantly greater proportion

of CD34+CD38� AML cells in G0 phase compared with CD34+CD38+ AML cells

[59]. Confocal imaging of AML-engrafted recipient bone marrow demonstrated the

differential cell-cycle status of human AML cells according to the location within

the bone marrow. Leukemia cells in the center of the bone marrow were actively

cycling (Ki67+), whereas leukemia cells in the endosteal region were found to be

cell cycle quiescent (Ki67�) (Fig. 1a). Mouse studies have established the impor-

tance of both the endosteal region containing the osteoblastic niche and the

perivascular region as niches for normal hematopoietic stem cells. Our findings

suggest that cell-cycle quiescent human primary AML cells may be more fre-

quently located in the osteoblastic stem cell niche.

These findings indicate that cell-cycle quiescence may be a mechanism for

chemotherapy resistance of adult human AML stem cells residing in the endosteal

region of the bone marrow, offering a possible explanation for AML relapse

occurring despite successful cytoreduction through chemotherapy that target

actively cycling cells. Therefore, we set out to examine whether it is possible to

modulate the cell-cycle status of human primary AML stem cells at their niche and

whether such modification leads to enhanced chemotherapy responsiveness.

To do so, we treated AML-engrafted mice by subcutaneous injection of

300 mg/kg rHuG-CSF daily for 5 days. When cell-cycle status of AML stem cells

was examined by flow cytometry and confocal imaging on the day after the final

injection, we found that the frequency of LSC in G0 phase decreased significantly

and that a significant proportion of LSC in the endosteal region entered cell cycle

(Fig. 1b, c). While these effects were statistically significant in seven cases of AML

examined, the degree of cell-cycle induction was variable among the cases. Next, to

elucidate whether successful cell-cycle entry increases the susceptibility of human

AML stem cells to chemotherapeutic agents in vivo, we compared the effect of

chemotherapy (Ara-C) alone and chemotherapy after cell-cycle induction by rHuG-

CSF. Again, both flow cytometry and histopathologic examination demonstrated

that cell-cycle induction by rHuG-CSF enhances the elimination of LSC within the

endosteal niche by conventional chemotherapy.

An in vivo therapeutic model for primary human AML allowed us to examine

the effect of rHuG-CSF on LSC cell cycle and on chemotherapy responsiveness.

Our findings suggest that rHuG-CSF induces cell-cycle entry of quiescent LSC at

the bone marrow niche, leading to increased susceptibility to chemotherapy. At the

same time, some critical issues remain regarding the use of rHuG-CSF as a

modulator of chemotherapy response in AML LSC.

First, rHuG-CSF has been found to modify cell-cycle status of normal HSC

in vitro, potentially resulting in reduced capacity for normal hematopoiesis [22].

While this is a legitimate concern, clinical experience using rHuG-CSF as a part of
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the conditioning regimen for HSC transplantation in AML patients offer some

reassurance [60, 61]. Second, while cell-cycle induction by rHuG-CSF appears to

significantly improve chemotherapy responsiveness of LSC, it does not guarantee a

complete elimination of all LSC present in the body. In our study, the frequency

of remaining LSC diminished by approximately 100-fold on the average. However,

remaining LSC, albeit at significantly reduced numbers, retained the capacity

to initiate AML in serial transplantation. Third, while the efficacy of HSC

DAPI Ki67

CD45 Merge

Steady state

Endosteal
DAPI Ki67

CD45 Merge

Post-rHuG-CSF

Endosteal

a b

c
Steady state Post-cytokine

Endosteal

Bone

Endosteal

Bone

DAPI
Ki67
CD45

DAPI
Ki67
CD45

Fig. 1 rHuG-CSF facilitates cell cycle entry of quiescent human AML cells at the bone marrow

endosteum. (a) Immunofluorescence labeling for human CD45 (red) and Ki67 (green)
demonstrates cell-cycle quiescence of AML stem cells at the endosteal region of the bone marrow.

(b) After rHuG-CSF treatment for 5 days, considerable numbers of AML cells showed increasing

amounts of Ki67 expression suggesting cell-cycle entry. (c) Three-dimensional images

demonstrated distinct cell-cycle status of human AML stem cells at the niche. AML stem cells

are largely cell-cycle quiescent at steady state, while AML stem cells have entered cell cycle after

rHuG-CSF treatment
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mobilization by rHuG-CSF is well accepted both in healthy HSC donors and in

AML patients undergoing autologous HSC transplantation, its capacity for LSC

cell-cycle induction in AML patients has not been directly examined. Such investi-

gation may be useful to obtain preliminary findings to design definitive clinical

trials examining the efficacy of rHuG-CSF combined chemotherapy for the elimi-

nation of AML LSC.

In addition to rHuG-CSF, the effects of other cytokines on AML stem cells have

been investigated. For example, interferon (IFN)a is a promising candidate mole-

cule potentially modulating cell cycle and other properties of AML stem cells.

Studies have demonstrated that IFNa breaks the dormancy of mouse HSC,

suggesting the use of IFNa for the treatment of chronic myeloid leukemia (CML)

and other hematologic malignancies in combination with chemotherapeutic

agents [62].

Disruption of stem–niche interaction is another approach that has been actively

investigated. AMD3100, an inhibitor of CXCR4-SDF1 binding, has been reported

to effect cell-cycle induction, increased transcription of cell-cycle regulators and

subsequent alteration in chemotherapy sensitivity of primary human AML cells

and mouse leukemic cells [63]. An approach using rHuG-CSF, other cytokines, and

small molecules in combination may be required to achieve optimal elimination of

LSC in AML patients.

7 Future Prospective of rHuG-CSF in Treatment
of Myeloid Leukemia

Beginning with its early characterization as a white blood cell growth factor, rHuG-

CSF has become established as an important part of the arsenal in the treatment of

both hematologic and nonhematologic malignancies. Recent observations suggest

that it may also be effective in modulating the cell-cycle status of primary human

AML stem cells in vivo. One possible therapeutic approach may be to include

rHuG-CSF in the setting of postremission therapy, where LSC remaining at low or

undetectable levels may lead to disease relapse (Fig. 2). In this setting, targeted

elimination of residual LSC may be a key to preventing relapse and improving

patient outcomes. The degree of LSC response to rHuG-CSF among patients with

AML is expected to be variable. Therefore, it will be critical to clarify how best to

use rHuG-CSF in combination with chemotherapy and/or with other cytokines and

small molecules. Determination of the patient population and the clinical setting

where chemotherapy-sensitization with rHuG-CSF is most effective will be neces-

sary to achieve improved long-term outcomes in these patients.
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Fig. 2 Postremission anti-LSC therapy to prevent AML relapse. Before induction chemotherapy,

most of the bone marrow consists of nonstem AML cells in AML patients. When complete

remission is achieved by induction chemotherapy, cell-cycle active nonstem AML cells are

eliminated but cell-cycle quiescent LSC survive. If subsequent rounds of chemotherapy do not

eliminate LSC, AML relapse occurs through regeneration of nonstem AML cells. Postremission

therapy that includes LSC cell-cycle activation may help eliminate LSC and prevent AML relapse
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Use of rHuG-CSF in Myelodysplastic Syndromes

Mojtaba Akhtari and Lori Maness

1 Introduction

The myelodysplastic syndromes (MDS) represent a series of clonal hematologic

neoplasm characterized by morphologic dysplasia, aberrant hematopoiesis, and

peripheral blood refractory cytopenias. They are accompanied by increased risk

of symptomatic anemia, infectious complications, and bleeding diathesis, as well as

having a propensity for progressing to acute myeloid leukemia (AML), particularly

in patients who have the higher-grade MDS. These syndromes show notable

biologic and clinical heterogeneity, and their complex pathobiology is not clearly

understood. Ineffective hematopoiesis; however, is a well-recognized feature,

wherein normal blood cell maturation, differentiation, function, and survival are

impaired. These abnormalities contribute to the development of peripheral blood

pancytopenia, and most patients succumb to complications of bone-marrow failure.

The common presenting symptoms include fatigue, dyspnea, bleeding, and infec-

tion [1–3]. The epidemiology of MDS has recently become clearer. MDS is

primarily a disease of older adults (median age: 69 years), and the average annual

age-adjusted incidence rate of MDS for 2001 through 2003 was 3.3 per 100,000;

and the annual incidence among individuals older than age 70 years exceeds

between 22 and 45 per 100,000 persons. Overall, MDS affects approximately 1 in

500 persons aged over 60 years, making it the most common hematologic malig-

nancy in this age group [4–6]. The common causes of death in a cohort of 216 patients
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with MDS included bone-marrow failure (infection/hemorrhage) (88%) and AML

transformation (28%) [7].

2 Diagnosis

The diagnosis and classification of MDS starts with a comprehensive history and

physical examination; complete blood count with leukocyte differential, reticulo-

cyte count, bone marrow aspiration and biopsy with iron stain and cytogenetic

studies; and assay of serum ferritin, vitamin B12, folate, and erythropoietin (EPO)

values. MDS is probably a common cause of mild-to-moderate chronic anemia in

elderly patients, and it is mislabeled as “anemia of chronic disease” or “anemia of

renal insufficiency.” MDS is sometimes overdiagnosed, since morphologic dyspla-

sia is not specific for MDS, and there are reactive causes of dysplasia including

megaloboastic anemias, exposure to toxins such as arsenic and alcohol, and after

recent cytotoxic and growth factor therapy, recent intercurrent illness, human

immunodeficiency virus (HIV), and copper deficiency [4]. Two classification

systems are used: French-American-British (FAB) [8] and World Health

Organisation (WHO) [9], and of the several prognostic scoring systems, the most

commonly used is the International Prognostic Scoring System (IPSS) [10].

3 Management

Management decisions can be challenging since patients with MDS are elderly

individuals with comorbidities, so they should be categorized based on three

clinical features: age, performance status, and IPSS-defined risk category [11].

Anemia, neutropenia, and thrombocytopenia, particularly refractory cytopenias,

are major causes of morbidity in these patients; thus therapeutic goals in patients

with MDS should include control of symptoms due to cytopenias.

4 Supportive Care

Supportive care is the mainstay of management for patients with MDS, particularly

for patients with low-risk MDS (defined as MDS with < 5% bone marrow blasts or

an IPSS score of� 1.0), and patients with poor prognosis whose age or performance

status excludes them from receiving more high-intensity treatment such as intensive

combination chemotherapy and hematopoietic stem cell transplantation. The major

goals are to reduce morbidity and mortality, improve quality of life, and minimize

treatment-related toxicities. Symptomatic anemia and associated fatigue are usually

a major problem in MDS, which cause significant morbidity and most of the
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patients would need red blood cell transfusion during the course of their disease. It

has been observed that recombinant human erythropoietin (rHuEPO) can correct

anemia in MDS patients [12]. Neutropenia is another common cytopenia in MDS,

and infection is a serious complication in this patient population. No evidence,

however, supports the routine use of prophylactic antibacterial or antifungal drugs

in the treatment of neutropenic patients with MDS. Most patients with MDS and

neutropenia respond to recombinant human granulocyte colony-stimulating factor

(rHuG-CSF) [13–16]. Bleeding is common particularly when there is severe

thrombocytopenia. Platelets develop intrinsic functional defect in MDS, which

contributes to the bleeding tendency in these patients. Patients with MDS who are

thrombocytopenic and who are not symptomatic, do not need platelet transfusion;

however, they should receive platelet transfusion if they are bleeding or if they are

undergoing interventional procedures.

5 Recombinant Human Granulocyte Colony-Stimulating
Factor

G-CSF is the growth factor that is necessary for proliferation and differentiation of

myeloid precursor cells into neutrophils; it also intensifies multiple neutrophil

functions [17]. rHuG-CSF is frequently used in the clinical management of patients

with MDS to improve their anemia and neutropenia; and it is considered a benefi-

cial therapeutic intervention, which has a prominent place in the supportive care

plan of these patients. rHuG-CSF does not affect the thrombocytopenia or the

propensity to progress to AML in MDS patients. It has not been shown that

rHuG-CSF alone can improve survival in patients with MDS [14–16, 18–20].

rHuG-CSF can be used for the management of neutropenia after chemotherapy,

in association with a hypomethylating agents or lenalidomide, or in case of severe

infection. Most patients with MDS who are treated with rHuG-CSF show

increments in their peripheral blood neutrophil counts, which is indicative of

presence of some degrees of bone-marrow reserve in those patients. No evidence

from randomized studies shows an advantage of using maintenance rHuG-CSF in

MDS patients. In vitro evidence suggests that rHuG-CSF is able to repair functional

abnormalities of neutrophils in patients with MDS [21]. A preliminary report on

five MDS patients treated with intravenous rHuG-CSF (50–1,600 mg/m2) showed

improvement of neutropenia [14]. Eighteen patients were enrolled in a phase 1/2

clinical study of subcutaneous injection of rHuG-CSF (0.1–0.3 mg/kg/day), and 16

of them showed an increase in their neutrophil counts from 5- to 40-fold [19].

Subsequently, 11 patients from the cohort participated in a long-term maintenance

program with subcutaneous injection of rHuG-CSF, and ten patients achieved

improved neutrophil counts for up to 16 months. This study showed that patients

with neutrophil counts maintained at >1.5 � 109/L had fewer bacterial infections

than patients with lower neutrophil counts [20]. Severely neutropenic patients may
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benefit from prophylactic therapy with low-dose rHuG-CSF [13]. A preliminary

phase 3 multiinstitutional randomized trial report of 102 high-risk patients with

MDS (RAEB [refractory anemia with excess blasts] or RAEB-t [refractory anemia

with excess blasts in transformation]) showed no increased risk of AML-evolution

in the treatment group of 50 patients [22]. In vitro evidence suggests that rHuG-CSF

is associated with a growth advantage of an existing subclone of cells with

monosomy 7 over diploid cells [23].

6 Recombinant Human Granulocyte Colony-Stimulating
Factor and Erythropoietin

Erythropoietin (EPO) is the primary stimulus of normal erythropoiesis [24]. Serum

EPO concentrations usually show an inverse relationship with the degree of anemia

in patients with MDS, with the highest concentrations being found in patients with

erythroid hypoplasia [25]. The hallmark of MDS is increased apoptosis; and there is

in vitro evidence that EPO functions as a survival factor with antiapoptotic

properties [26]. EPO induces antiapoptotic protein Bcl-XL [27]; it also activates

the antiapoptotic PI3-kinase [28]. Similarly, G-CSF has antiapoptotic effects both

in vitro and in vivo [29–31]. In vitro evidence suggests that G-CSF has

antiapoptotic function through inhibiting Fas-triggered caspase activity in bone

marrow cells isolated from RARS (refractory anemia with ringed sideroblasts)

patients; it also promotes erythroid colony growth and differentiation of stem

cells from RARS patients [32]. G-CSF changes the survival capacity of the

mobilized CD34+ cells, and peripheral blood stem cell mobilization with rHuG-

CSF can significantly reduce the number of apoptotic CD34+ cells in comparison

with apoptotic CD34+ cells from unstimulated mobilization [33]. Additionally, it

has been shown by in vitro experiments that G-CSF blocks spontaneous cyto-

chrome c release and mitochondria-dependent apoptosis in hematopoietic progeni-

tor cells from RARS patients [34].

rHuEPO has been used extensively to treat anemia in patients with MDS

[35–37]. The efficacy of rHuEPO alone is relatively low, and overall erythroid

response rates from 7.5 to 36% have been reported [12, 38]. In vitro evidence exists

for synergistic effects of the combination of rHuG-CSF and rHuEPO on erythro-

poiesis [39]. A clinical response to the combination of rHuG-CSF and rHuEPO has

been demonstrated. Morphologically, bone-marrow biopsies of MDS patients show

reduced number of apoptotic precursors compared with the pretreatment samples

[40]. Hematopoietic growth factors such as EPO and G-CSF not only block

apoptosis of erythroid precursors but also promote growth of cytogenetically

normal progenitors in MDS patients [41].

Clinical responses have been investigated with the combination of rHuEPO and

rHuG-CSF in patients with MDS (Table 1). Two phase 2 clinical trials of rHuG-

CSF and rHuEPO in MDS patients (mainly RA, RARS, and RAEB) demonstrated
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erythroid response rates of 42% (10 of 24 patients) and 38% (8 of 21 patients),

respectively [42, 43]. These studies showed strong erythroid responses in terms of

improved hemoglobin values and reduced red blood cell transfusion requirements,

and the response rates were considerably better than with rHuEPO alone. Subse-

quently, another clinical trial with 55 patients showed a 48% erythroid response rate

(21 of 44 evaluable patients), and 81% of responders maintained their response

during an 8-week maintenance period. This study revealed an interesting finding

that approximately 50% of the patients with MDS who respond to the rHuG-CSF

and rHuEPO combination lost their response with rHuG-CSF withdrawal, and

some of those patients regained a response when rHuG-CSF was restarted [13]. A

small phase II clinical study of rHuG-CSF and rHuEPO combination in MDS

patients has also been reported from Japan, which did not show promising results;

10 patients: received the combination for 10 weeks, and only one patient had a

delayed erythroid response, although 80% (eight of ten patients) had a neutrophil

response [44]. An American–Scandinavian study of 98 MDS patients treated with

rHuG-CSF and rHuEPO showed a similar response rate of 36%. This study

revealed that patients with serum EPO concentrations <500 U/L had a favorable

response to rHuG-CSF and rHuEPO if the red blood cell transfusion need was

<2 units per month [45]. A subsequent phase 2 randomized clinical trial of 56 MDS

patients (RA, RARS, RAEB) treated with rHuG-CSF and rHuEPO showed an

overall erythroid response of 38%. The response rates for patients with RA,

RARS, and RAEB were 20%, 46%, and 37%, respectively. In this study, patients

were randomly assigned to two treatment groups: group A was primed with

rHuG-CSF for 4 weeks followed by the rHuG-CSF and rHEPO for 12 weeks;

and group B started with rHEPO for 8 weeks followed by the combination for

10 weeks. The response rates were identical in the two treatment groups. This study

clearly confirmed the in vivo synergy between rHuG-CSF and rHuEPO, and this

Table 1 Clinical studies of

rHuG-CSF and rHuEPO in

MDS

References No. of patients Response rate (%)

[42] 24 42

[43] 21 38

[13] 55 48

[44] 10 Nil

[45] 98 36

[46] 56 38

[47] 32 50

[48] 33 61

[49] 281 45

[50] 53 42

[51] 60 42

[52] 129 39

[55] 403 50

[56] 121 39

[57] 24 47

[58] 12 31
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synergistic effect was more pronounced in RARS patients [46]. A Spanish

nonrandomized clinical trial of 32 patients with MDS (RA and RARS) treated

with rHuG-CSF and rHuEPO showed an erythroid response rate of 50%, and a

multivariate analysis confirmed the predictive value of the American–Scandinavian

scoring system [47]. A German nonrandomized clinical trial of 33 MDS patients

(RA, RARS, and RAEB) treated with rHuG-CSF and rHuEPO demonstrated an

erythroid response rate of 61% after 12 weeks, which increased to 80% after

36 weeks [48]. The predictive value of low serum EPO concentrations (<150 U/

L) was observed in a Greek phase 2 clinical study in 281 MDS patients (RA, RARS,

and RAEB), and an overall erythroid response rate of 45.1% was reported [49]. The

Scandinavian MDS Group has published the results of a prospective study of 53

MDS patients treated with rHuG-CSF and rHuEPO, which showed an overall

erythroid response rate of 42%, and it validated the American–Scandinavian pre-

dictive model and scoring system. It demonstrated response rates of 61% in the

good predictive group and 14% in the intermediate group. This study also showed

that responding patients had a significantly better quality of life [50]. However, a

French randomized controlled clinical trial did not show any significant difference

in quality of life between the treatment group and supportive care group; the study

demonstrated an erythroid response rate of 42% [51]. The Scandinavian group

published the results of 129 MDS patients treated with rHuG-CSF and rHuEPO

that were followed for up to 42 months, and it showed an erythroid response rate of

39% and median response duration of 23 months. They did not find any difference

in survival between treated and untreated patients [52]. An Italian randomized

prospective study compared rHuEPO with the combination of rHuG-CSF and

rHuEPO in 30 low-risk MDS patients; it showed an erythroid response in 6 of 15

(40%) patients in the rHuEPO group and in 11 of 15 (73.3%) patients in the rHuG-

CSF and rHuEPO combination group. In 4 of 9 (44.4%) patients who did not have a

response to rHuEPO, adding rHuG-CSF induced an erythroid response at 16 weeks

[53]. A pooled analysis of retrospective data from 162 published articles consisting

of 2,592 MDS patients with RA and RARS suggested that growth factors may

improve survival in MDS [54]. A French–Belgian retrospective study examined

erythroid response rate and overall survival in 403 patients with MDS who were

treated with rHuEPO with or without rHuG-CSF; and 62% and 50% response rates

were seen in the rHuEPO-alone group and rHuG-CSF and rHuEPO combination

group, respectively. This study reported a better overall survival in the rHuEPO-

alone arm; but results were not adjusted for all currently employed prognostic

factors and red cell transfusion requirement in the multivariate analysis, and

selection bias is another potential confounding factor [55]. A Scandinavian retro-

spective study compared 121 MDS patients treated with rHuG-CSF and rHuEPO

with 237 untreated patients, and an erythroid response rate of 39% and median

response duration of 23 months were reported. This study demonstrated an encour-

aging survival benefit in a multivariate analysis, but its results are potentially

confounded by patient selection bias. No increased rate of AML was observed

[56]. An American phase 2 intrapatient dose-escalation clinical trial of rHuEPO

with or without rHuG-CSF in 24 MDS patients showed that addition of rHuG-CSF
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resulted in an erythroid response of 47% in patients who did not have a good

response to rHuEPO. A weekly weight-based rHuEPO regimen was used in the

study [57]. A phase 3 prospective randomized clinical trial of 73 MDS patients

treated with rHuEPO with or without rHuG-CSF plus supportive care versus

supportive care alone demonstrated an erythroid response of 31% in 12 of 39

patients who received the rHuG-CSF and rHuEPO combination [58]. This study

did not reveal any difference in overall survival between the rHuEPO and support-

ive care cohorts with a median follow-up of 5.8 years; it did not also show an

increased incidence of transformation to AML. However, a survival benefit was

observed in the erythroid responders versus nonresponders. A meta-analysis of 15

clinical trials in MDS patients treated with rHuEPO with or without rHuG-CSF or

rHu granulocyte-macrophage colony-stimulating factor (GM-CSF) suggested that

higher doses of rHuEPO (60–80,000 U/week) may be more effective than standard

dose rHuEPO (30–40,000 U/week) [59].

7 Predictors of Erythroid Response to rHuG-CSF
and rHuEPO Combination

The major predictors of a positive erythroid response to growth factor treatment

include pretreatment lower serum EPO concentrations (<500 U/L) and lower red

blood cell transfusion requirements (<2 units/month). A multivariate analysis of an

American–Scandinavian clinical study demonstrated that two pretreatment clinical

variables, baseline serum EPO values, and initial low red cell transfusion need, had

prognostic values to predict response to the combination of rHuG-CSF and

rHuEPO. By using pretreatment serum EPO values as a ternary variable (<100,

100–500, or >500 U/L), and red blood cell transfusion requirement as a binary

variable (<2 or �2 units per month), a predictive model, and scoring system for

erythroid response was developed. Patients were separated into three predicted

erythroid response-rate groups of high (74%), intermediate (23%), and poor (7%)

(Table 2). This study revealed that patients with serum EPO concentrations

<500 U/L had a favorable response to the combination of rHuG-CSF and rHuEPO

if the transfusion need was <2 units per month [45]. This scoring system was

validated in another prospective study, in which patients with 1 or both of these

positive predictors showed erythroid response rates of 14% versus 61%, respec-

tively [50]. The predictive model and scoring system were derived for patients

treated with a therapeutic trial of 12-week duration, and 39% of patients with a high

predictive score did not achieve an erythroid response [60]. A Dutch study

demonstrated that flow cytometric analysis of myeloblasts in the bone marrow

samples can be used in predicting response to growth factor treatment in patients

with MDS. In a cohort of 46 patients (low- and intermediate-risk), the predictive

model and scoring system were associated with an erythroid response to the rHuG-

CSF and rHuEPO combination; however, aberrant phenotype of myeloblasts was
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highly associated with treatment failure among patients with the greatest response

probability according to the predictive model and scoring system [61].

8 Conclusion

Our increased understanding of the biology, behavior, and pertinent signaling

pathways of MDS has led to the identification of specific subtypes with distinct

clinical behavior and different therapeutic requirements. Much progress has been

made in the treatment of MDS; however, there is great room for improvement in

treatments used in the management of patients with MDS. rHuG-CSF is an effective

therapeutic modality in MDS patients, and it should be considered for the manage-

ment of refractory symptomatic cytopenias. The combination of rHuG-CSF and

rHuEPO can improve survival in appropriate MDS patients such as low-risk MDS

and RARS patients. Recombinant growth factors have created a significant oppor-

tunity for improvement in the care of patients with MDS.
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The Role of Hematopoietic Growth Factors
in Aplastic Anemia: An Evidence-Based
Perspective
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and Ofer Shpilberg

1 The Use of Evidence-Based Medicine in Hematology

1.1 The Role of Evidence-Based Medicine in Hematology

Evidence-based medicine, which tries to directly base clinical practice and policy

decision on supporting evidence, is becoming more and more popular in the

establishment of practice guidelines, and is now part of the process of decision

making in medicine [1]. Evidence-based medicine aims to apply the best available

evidence gained from the scientific research to medical decision making. Evidence-

based medicine uses, in a balanced manner, the most updated and best evidence for

treating the patient, and represents the transition from obtaining clinical decisions

based on previous clinical experience and physicians’ “gut feeling” to decision

making based on relevant clinical trials with precise research objectives, ranked by

their relevance and validity according to established criteria formed specifically for

the use of evidence-based medicine.

Several approaches compare therapy outcomes including: randomized con-

trolled trials, observational studies, i.e., nonrandomized trials, and expert opinion.

Randomized controlled trials are considered the “gold standard” because rando-

mization ensures comparability of subjects in all cohorts, and data are collected

prospectively. Unfortunately, well-designed randomized controlled trials are not

common in hematologic disorders, due to rarity of these disorders (e.g., aplastic

anemia, acute leukemia) and their dire prognosis. Furthermore, individual studies

rarely provide definitive answers concerning the use of a certain intervention or

treatment. The strongest evidence for therapeutic interventions is provided by
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systematic reviews of well-designed randomized clinical trials. A systematic

review uses a predefined, explicit methodology to help identify which forms of

healthcare are useful or harmful by bringing together results from similar

randomized controlled trials. Systematic reviews assemble results in a way that

reduces the likelihood that chance observations unjustifiably affect clinical prac-

tice. Meta-analyses combine results of several individual studies that address a set

of related research hypotheses to produce a significant effect size. Meta-analyses

can increase power and precision of estimates of treatment effects [2, 3]. Their main

use in hematologic disorders is to increase power when individual studies are too

small and cannot detect an effect size. Observational studies represent another

method, also used in the context of hematologic disorders and used to compare

treatment outcomes. Their main advantage is the large number of participants

included [2]. Due to rarity of patients, observational studies can be a good solution

for decision making in hematology. Observational studies and randomized clinical

trials were found to be concordant in over 90% of cases. Another way to compare

therapy outcomes is by using expert opinion. This approach is regarded by some as

the highest level of evidence in therapy decision making, while others, like the

Grading of Recommendations, Assessment, Development and Evaluations

(GRADE) system (http://clinicalevidence.bmj.com/ceweb/about/about-grade.jsp)

rank it very low. Expert opinion, including guidelines and recommendations, is

often used in hematologic disorders. An update of the 2003 guidelines for the

diagnosis and treatment of aplastic anemia has been published [4]. The guidelines

issued many recommendations, most of them based on expert opinion.

In conclusion, evidence-based medicine has an important role in choosing the

right treatment approach, yet in hematologic disorders, trade-off and compromises

have to be done due to the rarity of patients and often their poor prognosis. Aplastic

anemia is a classic example for this concern.

1.2 Limitations of the Use of Evidence-Based Medicine
in Hematology

Despite the increasing role of evidence-based medicine in the process of decision

making in medicine, we should be aware of the limitations of the various

approaches used, especially in the field of blood disorders.

The main limitation of randomized controlled trials concerning blood disorders

is the small number of participants in each treatment group, because results of these

trials are most convincing when they have large numbers of subjects allowing for

the detection of significant differences between treatment groups. Another limita-

tion of randomized controlled trials in hematologic disorders is that due to the rarity

of the disorders and the small number of patients, it is necessary to conduct

multicenter trials with a small number of participants in each center. The rarity of

blood disorders, like aplastic anemia, contributes to the slow rate of accrual to trials
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and was the reason for early closure of some of the studies in aplastic anemia,

before the end of enrolment of the needed number of patients. A large European

Group for Blood and Marrow Transplantation (EBMT) trial addressing the issue of

hematopoietic growth factors in aplastic anemia was closed prematurely due to

slow recruitment and its results are pending [5]. Furthermore, trials may take many

years to conduct and additionally, follow-up should sometimes be long so that the

evaluated interventions or treatments are no more relevant when they are finally

published. Another limitation stems from the fact that randomized clinical trials

report on a cohort of subjects and thus, it is not appropriate to extrapolate their

conclusions to the individual patient under question [6, 7]. Randomized clinical

trials are also prone to methodological biases, since they rely heavily on adequate

randomization methods such as randomization generation and allocation conceal-

ment [2, 8]. Systematic reviews and meta-analyses have their own limitations,

which include pooling of biases of the included studies, biases introduced by the

process of selecting trials for inclusion, heterogeneity between the trials included,

and publication bias with trials reporting on favorable outcomes more likely to be

published than those with unfavorable outcomes. Individual patient data meta-

analyses might help to standardize outcomes and analyses across trials and might

also overcome the problem of inconsistent reporting of outcomes across trials. The

main limitation of these meta-analyses, however, is problems in accessing the

“raw” data from the original clinical trials [9]. Observational studies have their

own limitations, which include mainly heterogeneity of variables of patients,

disorders, diagnostic criteria, and treatments. Furthermore, like randomized clinical

trials, observational studies are often behind the times in a field because of the need

to accumulate sufficient numbers of subjects with adequate follow-up. The main

drawback of observational studies is that unrecognized confounding factors may

distort results [2].

Recommendations for rare disorders, such as severe aplastic anemia, are often

based on expert opinion rather than on multiple, well-designed, randomized clinical

trials, as well as systematic reviews and meta-analyses of such trials [4]. The

conduct of randomized clinical trials should be encouraged, even in such rare

diseases as aplastic anemia, to establish future guidelines based on the highest

level of evidence possible.

The limitations of evidence-based medicine reports should be taken into consid-

eration when interpreting results. Several methods have been developed and

published, aiming to improve the quality of reporting of evidence-based medi-

cine-based publications. The CONSORT (CONsolidated Standards Of Reporting

Trials) guidelines published in 1996 and revised in 2001 were developed to make

the reporting of randomized clinical trials more transparent [10, 11]. These

guidelines were followed in 1999 by the QUOROM (QUality Of Reporting Of

Meta-analyses) and by the STARD (STAndards for Reporting of Diagnostic accu-

racy) and the STROB (STrengthening the Reporting of OBservational studies in

Epidemiology) in 2003 and 2007, respectively [12]. The PRISMA (Preferred

Reporting Items for Systematic Reviews and Meta-Analyses) Statement, published

in 2009 is an update and expansion of the QUOROM Statement [13].
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In conclusion, various methods of evidence-based medicine are used; each one

has its own limitations. These limitations are more prominent in publications

evaluating interventions in hematologic disorders such as aplastic anemia due to

the relative paucity of patients. Measures to improve assessment of these limitations

are being taken and their results should be taken into consideration by physicians

treating patients with hematologic disorders.

2 Aplastic Anemia: Diagnosis and Management

Aplastic anemia is characterized by pancytopenia and hypoplastic bone marrow

[14]. It is a rare condition with an annual incidence rate of approximately two

patients per million population in the general population in North America and

Europe [15]. Its incidence is two to three times higher in East Asia than in the

Western population [16]. The disease is most commonly diagnosed between

the ages of 15–25 years, presenting with another peak around age 60–65 years

[17]. The diagnosis of acquired aplastic anemia requires the exclusion of other

conditions associated with pancytopenia, among which are congenital bone marrow

failure as Fanconi anemia and myelodysplastic syndromes (MDS). The usual

presentation of patients with aplastic anemia is weakness and fatigue as a result

of the anemia and mucosal and skin bleeding resulting from the thrombocytopenia.

Infection is less common at presentation. In 70–80% of patients, aplastic anemia is

categorized as idiopathic because the primary etiology is unknown [17].

Aplastic anemia is divided into two major categories: severe aplastic anemia

(SAA) and nonsevere aplastic anemia (NSAA). SAA is defined by the presence of

a hypocellular bone marrow and any two of the following criteria: reticulocyte

count < 20 � 109/L and/or neutrophil count <0.5 � 09/L and/or platelet count

< 20 � 109/L [18]. Very SAA (VSAA) is a subcategory of SAA defined when the

neutrophil count is<0.2 � 109/L [19]. Patients not fulfilling the criteria for SAA or

VSAA are considered as having NSAA.

Allogeneic hematopoietic cell transplantation (alloHCT) and immunosuppres-

sive therapy (IST) are the main therapeutic modalities currently used to treat

patients with aplastic anemia, with success rates ranging from 60 to 80% [20].

AlloHCT is the only curative treatment for SAA. AlloHCT from an HLA-

identical sibling donor is the initial treatment recommended by current guidelines

for newly diagnosed patients who have SAA or VSAA, are younger than 40 years

old, and have an HLA-compatible sibling donor. Similarly, HLA-matched sibling

donor transplant should be the first choice in children with NSAA who need

treatment [4]. This recommendation is based on observational studies and retro-

spective cohort studies only, which showed impressive results of about 80–90%

overall survival at 10 years with this approach as first-line treatment in SAA

[21–23]. The data support matched-sibling donor transplantation only up to the

age of 40 years. It seems likely that with the improvement in supportive care and
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reduced intensity conditioning regimens, patients aged between 40 and 55 years

may also benefit from transplantation as first-line therapy [24].

Although alloHCT is regarded as first-line therapy, due to age restriction of the

recipients and unavailability of matched HLA donors, alloHCT is not always a

feasible option. IST is indicated for patients who are not eligible for sibling-donor

alloHCT, namely, patients with NSAA who are transfusion dependent; patients

with NSAA who although not transfusion-dependent, may have significant neutro-

penia and are at risk for infection; patients with SAA or VSAA who are older than

40 years; and younger patients with SAA or VSAA who lack an HLA-compatible

sibling donor [4].

Concerning the optimal IST regimen, the current guidelines base their

recommendations in favor of a combination of antithymocyte globulin and cyclo-

sporine A over antithymocyte globulin alone, only on improved hematologic

response rate, ranging between 60 and 80% [21, 25–27], while individual

randomized trials could not show a survival benefit for IST combination therapy

over antithymocyte globulin alone. A systematic review and meta-analysis includ-

ing four trials and randomizing 313 patients compared the combination of

antithymocyte globulin and cyclosporine A to antithymocyte globulin alone [28].

Results of this meta-analysis showed that for patients with SAA, the combination of

antithymocyte globulin and cyclosporine A is superior to antithymocyte globulin

alone, not only in terms of response rates but also in terms of all-cause mortality at

3 months, 1, and 5 years [(RR 0.50, 95% CI 0.29–0.85), (RR 0.54, 95% CI

0.30–0.99), and (RR 0.58, 95% CI 0.36–0.93), respectively] [28]. These findings,

based on the highest level of evidence, further support the current recommendations

of using combined IST rather than antithymocyte globulin only, for patients with

SAA. As for patients with NSAA, the meta-analysis could not demonstrate superi-

ority of combination therapy with antithymocyte globulin and cyclosporine A over

antithymocyte globulin alone in terms of all-cause mortality, hematologic response,

and relapse rate [28]. These results might imply that NSAA patients may not benefit

from a combination therapy compared with antithymocyte globulin alone. While

the meta-analysis compared the combination of antithymocyte globulin and cyclo-

sporine A to antithymocyte globulin alone, only one randomized clinical trial

compared the combination of antithymocyte globulin and cyclosporine A and

cyclosporine A alone. This study included patients with transfusion-dependent

NSAA and showed a significantly higher overall response rate at 6 months (74%)

in the combination group compared with the cyclosporine A-alone group (46%) [29].

Thus, while many authorities use a watch-and-wait supportive approach for trans-

fusion-independent patients with NSAA, they consider antithymocyte globulin and

cyclosporine A as first-line therapy also for transfusion-dependent NSAA patients.

In conclusion, AlloHCT is the only curative treatment for patients with SAA,

thus it should be regarded as first-line therapy. For patients ineligible for transplant,

IST, and specifically the combination of antithymocyte globulin and cyclosporine

A, is recommended based on better survival rates and response rates.
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3 Supportive Care Apart from Hematopoietic Growth Factors

Supportive care is an integral and crucial part of the treatment of patients with

aplastic anemia. It involves transfusional support and infection prevention. Current

guidelines recommend administering prophylactic platelet transfusions when the

platelet count is <10 � 109/L or <20 � 109/L in the presence of fever, rather than

giving platelets only in response to bleeding manifestations. Red cell transfusions

should be given to maintain safe hemoglobin concentration depending on additional

comorbidities, i.e., usually >8 g/dL [4].

Current guidelines recommend the administration of irradiated blood products to

SAA patients undergoing alloHCT as well as those receiving IST, although there is

no evidence to support this practice [4]. A published survey performed in 2008

including 12 centers of EBMT and 2 United States centers demonstrated that the

administration of irradiated blood products, to prevent transfusion-associated graft-

versus-host disease (TA-GVHD), was actually the common practice in 12 of the 14

centers [30]. Based on the results of this survey, the EBMT aplastic anemia working

party proposed that patients with aplastic anemia should receive irradiated blood

products during and after antithymocyte globulin treatment. This policy should

probably be continued for at least as long as patients are receiving IST, such as

cyclosporine A [30].

Patients with aplastic anemia who are severely neutropenic (neutrophil count

<0.5 � 109/L) should ideally be placed in isolation when in hospital and should

receive prophylactic antibiotics and antifungals [4]. Antiviral prophylaxis with

acyclovir is recommended for all transplanted patients and is commonly

administered during IST with antithymocyte globulin and for the first 3–4 weeks

afterward [4]. These recommendations for infection prophylaxis are based on

several meta-analyses and data from randomized clinical trials that relate to immu-

nocompromised hematologic patients in general and not specifically to those with

aplastic anemia [31–33].

The use of antibacterial prophylaxis was evaluated in a systematic review and

meta-analysis of 95 randomized controlled trials comparing antibiotic prophylaxis

with placebo or no intervention or another antibiotic, in afebrile neutropenic

patients. Most of the trials included patients with hematologic malignancies, mainly

acute leukemia, but several trials of patients with aplastic anemia were included.

Death from all causes was reduced by 33% (95% CI, 0.55–0.81) in neutropenic

patients who received any antibiotic prophylaxis and by 48% (95% CI, 0.35–0.77)

in patients who received quinolones for prophylaxis, compared with placebo or no

intervention [31].

In another systematic review and meta-analysis of 64 randomized clinical trials

including patients with hematologic malignancies and patients undergoing alloHCT

for various indications, systemic antifungals were compared with placebo, no

intervention, or other antifungal agents for prophylaxis in neutropenic cancer

patients after chemotherapy or alloHCT [32]. Also in this meta-analysis, several

trials included patients with aplastic anemia. Antifungal prophylaxis significantly
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decreased all-cause mortality significantly at the end of follow-up (RR, 0.84; 95%

CI, 0.74–0.95).

The present guidelines recommend hospitalization in isolation for patients with

SAA and VSAA [4]. These recommendations are based on a systematic review of

prospective comparative studies that assessed infection control measures for high-

risk cancer patients undergoing chemotherapy and for alloHSCT recipients [32].

Patients with aplastic anemia were included. Overall, protective isolation with

control of air quality in most studies, combined with additional measures such as

barrier isolation or endogenous flora suppression, significantly reduced the risk of

death at 30 days RR 0.60 (95% CI 0.50–0.72;29 studies) [32].

In conclusion, supportive care involving transfusional support and infection

prevention is an important part of the treatment of patients with aplastic anemia.

Prophylactic platelet transfusions when the platelet count is <10 � 109/L and

prophylactic red cell transfusions when the hemoglobin concentration is <8 g/dL

are recommended. In addition, patients with SAA who have a neutrophil count

<0.5 � 109/L should be hospitalized in isolation and should receive both prophy-

lactic antibiotics and antifungals.

4 Evidence-Based Use of Hematopoietic Growth Factors

Recombinant hematopoietic growth factors include both myeloid colony-

stimulating factors, i.e., granulocyte colony-stimulating factor (rHuG-CSF), and

granulocyte-macrophage colony-stimulating factor (rHuGM-CSF), as well as

erythropoiesis-stimulating agents (ESA), i.e., erythropoietin (rHuEPO). The ratio-

nale for using hematopoietic growth factors in aplastic anemia is based on their

ability to regulate proliferation, differentiation, and function of neutrophils and to

ameliorate neutropenia and its complications. Moreover, their use may improve

response to IST, as they may act in concert with endogenous hematopoietic growth

factors to stimulate hematopoietic stem cells [33–37]. The addition of ESA, espe-

cially rHuEPO, to hematopoietic growth factors is aimed at encouraging hemoglo-

bin production and synergizing the stimulation of other lineage precursors [38].

Several prospective randomized clinical trials evaluated the role of

hematopoietic growth factors in aplastic anemia. Their main target was to examine

whether the addition of hematopoietic growth factors to IST increases response

rate, decreases infection rate, and prolongs survival. These trials included patients

with SAA and NSAA who received IST and were randomly assigned to receive

hematopoietic growth factors or control. Table 1 summarizes the randomized

clinical trials published on the subject.

The first randomized clinical trial was published in 1991 [39] and included

27 patients with SAA. All patients received antithymocyte globulin as IST and

were randomly assigned to receive rHuGM-CSF or placebo. The addition of

hematopoietic growth factors significantly increased the neutrophil count and was

accompanied with fewer febrile days (p < 0.05). However, the response and the
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survival rates were comparable in both groups. Furthermore, adverse events,

none of them of grade 3 or 4, were more common in the group of patients who

received treatment with hematopoietic growth factors, including low-grade fever,

arthralgias, myalgias, and mostly bone pain. Clonal evolution to MDS, acute

myeloid leukemia (AML), or paroxysmal nocturnal hemoglobinuria, a much-feared

complication, was not reported [39].

The next study was published in 1998 on 38 patients with SAA randomly

assigned to four groups: antithymocyte globulin only, cyclosporine A only,

antithymocyte globulin with hematopoietic growth factors, and cyclosporine A

with hematopoietic growth factors [40]. The hematopoietic growth factors

administered included rHuGM-CSF and rHuEPO. At 1 year, the complete remis-

sion rate was in favor of the group treated with hematopoietic growth factor, i.e.,

antithymocyte globulin or cyclosporine A with the addition of hematopoietic

growth factors, compared with the IST-only treatment group (74% vs. 26%,

respectively, p < 0.05). These results were more pronounced for patients receiving

antithymocyte globulin compared with those receiving cyclosporine A (90.9% vs.

36.4%, p < 0.05 compared with 37.5% vs. 12.5%, respectively). Overall survival at

1 year was better in the antithymocyte globulin and hematopoietic growth factor

groups compared with the antithymocyte globulin-alone group (100% vs. 54%

respectively, p < 0.05). Conversely, as regards to the cyclosporine A groups,

although there was a trend in favor of the group which was treated with hemato-

poietic growth factors, it was not statistically significant (50% vs. 37.5%,

p > 0.05). Unfortunately, long-term overall survival results were not reported in

this study. The growth factors were well tolerated, except for fever which resolved

spontaneously. Clonal evolution was not reported in this trial as well [40]. Since

both randomized controlled trials were small, they did not have enough power to

detect a statistically significant difference between the two groups.

The third study was published in 2000 [41]. This study was larger and included

119 patients with aplastic anemia, who had received antithymocyte globulin,

cyclosporine A, and danazole as IST. All 50 patients with VSAA received rHuG-

CSF without randomization [41]. Sixty-nine patients with NSAA and SAA were

randomly assigned to receive or not to receive rHuG-CSF. Despite a more rapid

increase in neutrophil count in the group receiving hematopoietic growth factors

during the first 3 months, there was no statistically significant difference in the other

major outcomes between the two groups, including response rate at 3 and at

12 months, infection rate, the number of febrile days, and overall survival

(91% � 5% vs. 93% � 6%). There were no adverse events attributed to hemato-

poietic growth factors. With regard to clonal evolution, there was no report of

paroxysmal nocturnal hemoglobinuria, but three patients were diagnosed with MDS

(n ¼ 2 in the hematopoietic growth factor group; n ¼ 1 in the control group) [41].

The major limitation of this study is that more than one-third of the participants were

diagnosed with NSAA, which could introduce a bias to the results.

The fourth study on the subject was published in 2002 and included 102 patients

with SAA [42]. All patients received antithymocyte globulin and cyclosporine A

and were randomly assigned to receive or not to receive rHuG-CSF (lenograstim)
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subcutaneously. Although the addition of hematopoietic growth factor significantly

increased the neutrophil count (83% vs. 44.9%; p < 0.001), there was no statisti-

cally significant difference between the two groups with regard to infectious

episodes during the study period. Furthermore, there was no difference in overall

survival at 5 years (75.5% in the growth factor group vs. 73.5% in the control).

During a follow-up period of 5 years, five patients developed clonal evolution: three

patients treated with growth factors developed paroxysmal nocturnal hemoglobin-

uria and two patients developed MDS, one in each group. These differences were

not statistically significant [42].

Four years later, in 2006, the fifth randomized study on the issue was published

and included 142 patients randomly assigned to 1 of 4 groups (I to IV) according to

the IST administered and the addition of hematopoietic growth factors (rHuEPO

and rHuGM-CSF) [43]. Patients in groups I and II did not receive hematopoietic

growth factors, while patients in groups III and IV did. Patients randomly assigned

to treatment in group I received horse antithymocyte globulin alone; patients in

group II received horse antithymocyte globulin plus cyclosporine A; patients in

group III received horse antithymocyte globulin, cyclosporine A, and hemato-

poietic growth factors; and patients in group IV received the same regimen as

patients in group III but with rabbit instead of horse antithymocyte globulin. The

overall response rate (e.g., complete and partial responses) was in favor of groups II

and III compared with groups I and IV. When group II was compared with group

III, the addition of growth factors to horse antithymocyte globulin and cyclosporine

A did not alter the response rate (78.7% vs. 73.3%), early infection-related mortal-

ity (6% vs. 13%), and overall survival (81% vs. 80%). Four patients with paroxys-

mal nocturnal hemoglobinuria were identified during the follow-up period, with

three patients in group III (patients who received hematopoietic growth factors),

and one patient in group II (patients who did not receive hematopoietic growth

factors). Clonal evolution to MDS or AML did not occur during the follow-up

period [43].

The sixth study was published in 2007 and included 101 patients with SAA [44].

All patients received antithymocyte globulin, cyclosporine A, and prednisolone,

and were randomly assigned to 1 of 2 groups: rHuG-CSF or no additional treatment.

Although there was a statistically significant difference in favor of the rHuG-CSF

treatment with regard to response rate at 6 months (77% vs. 57%, p ¼ 0.03), at

1 year there was no statistically difference between the two groups (76% vs. 79%,

p ¼ 0.46). Furthermore, there was no statistically significant difference in the rate

of documented infections, overall survival at 4 years (94% vs. 88%, p ¼ 0.44) and

in the risk for developing clonal evolution to MDS or AML (p ¼ 0.63) between

both groups. However, the addition of rHuG-CSF decreased the relapse rate

compared with the control group (p ¼ 0.01) [44].

Results of the largest conducted clinical trial on the issue have been published by

the aplastic anemia working party of the EBMT [5]. The EBMT trial included 205

patients with SAA and VSAA. All patients received IST with antithymocyte

globulin and cyclosporine A and were randomly assigned to receive rHuG-CSF

or no additional treatment. The addition of rHuG-CSF to IST significantly increased
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the neutrophil count, decreased infection rate (24% in the rHuG-CSF group vs. 36%

in the control; p ¼ 0.006) and hospitalization days (p ¼ 0.03), especially in the

VSAA patients. It did not alter other important outcomes, however, such as

response rate (73% in the rHuG-CSF group vs. 62% in the control; p ¼ 0.64),

relapse rate, and overall survival (76% in the rHuG-CSF group vs. 77% in the

control group; p ¼ 0.64). During a follow-up period of 6 years, two cases of MDS

or AML were detected – one in each group [5].

Results of this large study confirm those of a systematic review and meta-

analysis published in 2009 that included the previous five randomized controlled

trials and 414 patients [45]. The IST regimen for most trials in the meta-analysis

consisted of antithymocyte globulin, cyclosporine A, and corticosteroids. The

hematopoietic growth factors used in three trials was rHuG-SCF, in 1 trial

rHuGM-CSF; and in 2 trials rHuGM-CSF and rHuEPO. The addition of

hematopoietic growth factors to IST, compared with IST alone yielded no differ-

ence in all-cause mortality at 100 days [RR 1.33 (95% CI 0.56–3.18)]; at 1 year [RR

0.90 (95% CI 0.50–1.63)]; and at 5 years [RR 0.89 (95% CI 0.55–1.46)] (Fig. 1).

There was no difference in overall hematologic response between the two groups at

3 months [RR 1.13 (95% CI 0.88–1.45)] and at 12 months [RR 1.21 (95% CI

0.78–1.86)]. There was no increase in the incidence of clonal evolution in the

hematopoietic growth factor group [RR 1.59 (95% CI 0.39–6.51)]. Furthermore,

there was no difference in the number of clinically documented infections between

both groups [RR 1.10 (95% CI 0.90–1.33)]. Thus, according to this meta-analysis,

considered to be the highest level of evidence in the field, hematopoietic growth

factors should not be given routinely to patients with aplastic anemia receiving IST

because main outcomes such as overall survival, response rate, or infectious

parameters are not affected by their administration.

Fig. 1 All-cause mortality for patients with severe aplastic anemia receiving immunosuppressive

therapy with or without Very bad quality. Actually, cannot be read rHuG-CSF [45]
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The updated guidelines for the diagnosis and treatment of aplastic anemia

published in 2009 issued many recommendations, most of them based on expert

opinion [4]. According to these guidelines, hematopoietic growth factors should not

be used on their own in an attempt to “treat” the aplastic anemia and their routine

long-term use is not recommended outside the setting of clinical trial. Regarding the

use of hematopoietic growth factors for the prevention and treatment of systemic

infections, while the guidelines suggest that a short course may be considered for

severe systemic infection not responding to intravenous antibiotics and antifungal

drugs (grade C recommendation, level IV evidence as outlined in appendix 3 of the

Procedure for Guidelines Commissioned by the BCSH [http://www.bcshguidelines.

com/process1.asp#App3]), the systematic review published in the same year could

not show their usefulness for the prevention of clinically documented infections

[RR 1.10 (95% CI 0.90–1.33)] or severe infections [RR 0.88 (95% CI 0.58–1.34)]

(Grade A recommendation, level Ia evidence) [45].

5 Summary and Future Perspectives

We base our recommendations for treatment and interventions on evidence-based

medicine data as opposed to intuitive and personal beliefs based on personal

experience. This decision may be difficult in the case of rare disorders where

there are not enough randomized clinical trials to provide us with these data.

With this respect, hematologic disorders in general and aplastic anemia in particular

are notorious and guidelines are based mainly on expert opinion. Treating

physicians are advised to follow recommendations based on the highest level of

evidence possible, namely those obtained from multiple, well-designed,

randomized clinical trials, as well as systematic reviews and meta-analyses of

such trials (grade A recommendation, level Ia and Ib evidence). Data obtained

from publications based on evidence-based medicine in aplastic anemia support the

notion that hematopoietic growth factors should not be recommended routinely as

an adjunct to IST for these patients, but their administration to the specific patient

can be considered on an individual basis.

The conduction of further randomized controlled trials and meta-analyses based

on individual patient data should be encouraged in aplastic anemia despite the

paucity of patients to establish future guidelines in general and the role of

hematopoietic growth factors in particular.
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Using rHuG-CSF in Multiple Myeloma:
Consolidated Data, Evolutions,
and New Concepts

Pellegrino Musto

1 General Aspects

The major risk of infection in cancer patients is correlated with duration and

severity of chemotherapy-induced neutropenia, which depend on several factors,

including the underlying disease, patient’s related characteristics, the intensity of

chemotherapy, bone marrow reserve, the use of hematopoietic growth factors, and

the stem cell dose in case of transplantation [1, 2].

Granulocyte colony-stimulating factor (G-CSF) is the primary regulator of

granulopoiesis. At least three forms of commercially available recombinant

human (rHu)G-CSF are largely employed in the clinical practice: glycosylated

rHuG-CSF (lenograstim), another nonglycosylated form (filgrastim), and a long-

acting variant (pegfilgrastim), characterized by the attachment of a polyethylene

glycol moiety that reduces renal excretion and masks proteolytic cleavage sites,

resulting in increased G-CSF serum concentrations for up to 14 days after a single

injection [3, 4]. As in other cancers, all these rHuG-CSF have shown efficacy in

reducing the incidence and the duration of severe neutropenia, as well as the

frequency of neutropenic fever after chemotherapy or myelosuppressive therapy

in multiple myeloma. In these situations, rHuG-CSF, by accelerating granulocyte

reconstitution, may enable a significant reduction in the incidence, duration, and

severity of infections [3, 4].

According to recently published National Comprehensive Cancer Network

(NCCN) and European Organization for the Research on the Treatment of Cancer

(EORTC) guidelines [1, 2], several patient-related factors can facilitate the occur-

rence of various degrees of chemotherapy-induced neutropenia and, in particular, of

P. Musto (*)

Department of Onco-Hematology, Unit of Hematology and Stem Cell Transplantation, IRCCS,

Centro di Riferimento Oncologico della Basilicata (CROB), Via Padre Pio 1, Rionero in Vulture

(PZ) 85028, Italy

e-mail: p.musto@crob.it; p.musto@tin.it

G. Molineux et al. (eds.), Twenty Years of G-CSF, Milestones in Drug Therapy,

DOI 10.1007/978-3-0348-0218-5_12, # Springer Basel AG 2012

211



febrile neutropenia also in patients with multiple myeloma, thus providing a

rationale for using rHuG-CSF in this specific setting. Age, for example, may be

relevant, as the median age of these patients is approximately 65–70 years. Further-

more, bone marrow infiltration by neoplastic plasma cells is generally extensive in

these patients, while the frequent long history of the disease allows multiple lines

and cycles of treatment, including repeated chemotherapy and radiotherapy (fre-

quently on sites actively producing hematopoietic marrow). Multiple myeloma

frequently shows different degrees of renal failure, low albumin concentrations,

and poor performance status, often due to bone pain and movement impairment.

These conditions may significantly contribute to increase the risk of developing

febrile neutropenia. Finally, immunoparesis is a peculiar immunologic defect of

multiple myeloma that may further facilitate infections.

Despite these observations, however, the literature regarding the specific issue of

preventing or reducing infections by rHuG-CSF in patients with multiple myeloma

is scarce, and this is probably due to the fact that, in the past, treatments for multiple

myeloma (above all the combination of melphalan and prednisone) were not

generally associated with a significant (i.e., >10–20%) risk of febrile neutropenia,

thus not justifying the use of rHuG-CSF. Other more recent and myelotoxic drug

combinations, such as VAD, DCEP, or DT-PACE, may require rHuG-CSF to

prevent or reduce febrile neutropenia or to maintain dose intensity of cycles.

These combinations, however, are rarely used to day.

2 How to Use rHuG-CSF in the Era of Novel Agents

During the last years, the wide diffusion of autologous stem cell transplantation

(AuSCT) as a standard treatment for eligible patients with multiple myeloma and,

more recently, the availability of the so-called “novel agents” (thalidomide,

bortezomib, and lenalidomide) have completely changed the therapeutic scenario

of multiple myeloma [5–7], also raising the question of whether and how to prevent

and manage a possible higher risk of febrile neutropenia induced by these newer

approaches. Of note, neither NCCN nor EORTC guidelines examine specifically

the role of rHuG-CSF in patients with multiple myeloma who receive novel agents,

so that current indications are indirectly derived from clinical studies and

from daily practice [8] (see chapter “Use of rHuG-CSF in New Chemotherapy

Strategies” by Renwick for further information on some new agents).

Severe neutropenia and febrile neutropenia are rarely observed if thalidomide is

used as single agent; infections may occur when thalidomide is combined with

dexamethasone, but, in this case, the main cause is not neutropenia, which instead

may be seen more frequently using other combinations (i.e., thalidomide with

alkilating agents or anthracyclines) [9]. Myelotoxicity due to bortezomib is more

frequently represented by thrombocytopenia, rather than neutropenia. However, as

for thalidomide, combinations with other drugs, in particular melphalan,
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cyclophosphamide, and anthracyclines, may significantly increase the risk of

neutropenia [8].

In all these situations the use of rHuG-CSF should be managed, according to

current guidelines, on a single-case basis, also using drug dose adjustments and

antibiotics if necessary [1, 2]. In particular, also in multiple myeloma, secondary

prophylaxis should be strongly recommended in patients who experience a previous

episode of infection, severe neutropenia, or febrile neutropenia.

Neutropenia is a common adverse effect during treatments with lenalidomide at

currently used doses (25 mg/day) [10]. The incidence of grade 3/4 neutropenia in

relapsed patients treated with the combination of lenalidomide and dexamethasone

ranges from 30 to 46%, but decreases to 12–20% in newly diagnosed patients. It is,

however, higher in patients previously undergoing an AuSCT or with an impaired

renal function, or when lenalidomide is combined with other myelotoxic agents. On

the other hand, myelotoxicity of the lenalidomide and dexamethasone combination

is generally not cumulative, as the rates decrease over the 21 days of treatment and

return to normal in the 7-day rest between cycles. In the event of neutropenia, if

the absolute neutrophil count (ANC) is <1.0 � 109/L, the use of rHuG-CSF is

recommended to prevent febrile neutropenia and to avoid dosage reductions, which

could reduce the efficacy of the treatment. Along with rHuG-CSF, drug interruption

and following appropriate dose adjustments (5–15 mg/day) are required if ANC

becomes <0.5 � 109/L. In general, prophylactic use of rHuG-CSF is

recommended in cases where severe myelotoxicity is anticipated, such as elderly

patients who are highly treated or concomitantly on melphalan, cyclophosphamide,

or anthracyclines. Likewise, a history of febrile neutropenia or the presence of other

patient-related risk factors should be always taken into account in this setting.

3 rHuG-CSF and AuSCT

At present, AuSCT remains a therapeutic procedure of choice in younger patients

with multiple myeloma. It includes both mobilization processes and conditioning

regimens with high-dose chemotherapy (generally high-dose cyclophosphamide

and melphalan, respectively) that ensure the development in all treated cases of

grade 4 neutropenia. Thus, AuSCT is counted among those treatments in which the

risk of febrile neutropenia constantly requires the prophylactic use of rHuG-CSF to

induce acceleration of ANC recovery, to shorten the duration of hospitalization, and

to reduce infections and intravenous antibacterial therapy after high-dose

chemotherapy.

rHuG-CSF is a fundamental component of the peripheral blood stem cell

(PBSC)-mobilizing procedure. Sometimes used as a single agent, rHuG-CSF is

more frequently employed in combination with other chemotherapy-mobilizing

drugs, in particular high-dose cyclophosphamide in the multiple myeloma setting.
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3.1 rHuG-CSF for Mobilizing PBSC

Overall, by analyzing different neoplastic disorders and a great variety of regimens,

all forms of rHuG-CSF have been found to be useful in mobilizing CD34+ PBSC in

clinical trials, generally showing comparable activity; however, in the specific

setting of multiple myeloma, some possible peculiarities have emerged.

Ria et al. [11] compared the efficiency of glycosylated (lenograstim) and

nonglycosylated (filgrastim) rHuG-CSF at the daily dose of 10 mg/kg after high-

dose cyclophosphamide (3–4 g/m2) in mobilizing hematopoietic PBSC in 44

patients with multiple myeloma. In this study, a significantly higher collection of

CD34+ PBSC was obtained from patients receiving lenograstim compared with

patients receiving filgrastim (14.21 � 2.8 vs. 10.82 � 2.33 � 106/kg, p < 0.01).

The percentage of patients who reached the minimum collection target>3 � 106/kg

CD34+ PBSC after two aphereses was 73% in lenograstim-treated patients vs. 46% in

filgrastim-treated patients (p < 0.001). No significant differences between the two

regimens were observed with regard to toxicity and days to bone marrow recovery.

It should be understood that glycosylation significantly impacts G-CSF’s phar-

macokinetic parameters through different pathways: a non-saturable mechanism in

spleen and kidney, and a saturable mechanism in neutrophils [12, 13]. Studies have

shown that rHuG-CSF is degraded by serum enzymes, particularly elastases, and

that glycosylation reduces this elastase-dependent inactivation, prolonging rHuG-

CSF activity and making it more effective [14]. It has been suggested a role for

matrix metalloprotease (MMP)-9, as its serum concentrations increase on days 4

and 5 after rHuG-CSF administration, thus facilitating PBSC mobilization by

degrading SDF-1, upregulating the CXCR4 expression of the CD34+ cells, and

increasing their migration ability [15, 16]. Of interest, a reduced lenograstim dose

of 7.5 mg/kg was as effective as a filgrastim dose of 10 mg/kg for PBSC mobilization

in a prospective, randomized study including patients with multiple myeloma [17],

while lenograstim 10 mg/kg mobilized multiple myeloma patients more efficiently

than 5 mg/kg, without influencing transplants procedures and engraftment time in

another retrospective study [18]. Other trials, however, including variable

proportions of myeloma patients, failed to show any significant difference in

mobilizing PBSC comparing lenograstim versus filgrastim [19, 20].

Single doses of pegfilgrastim have been investigated for mobilizing autologous

PBSC in patients with multiple myeloma [21–25]. Generally, the results have

shown similar efficacy compared to unconjugated rHuG-CSF in terms of blood

CD34+ cell count, stem cell yields, as well as engraftment of after reinfusion and

side effects. However, using the same mobilization chemotherapy in two consecutive

protocols and comparing either twice-a-day filgrastim versus two doses of

pegfilgrastim, Tricot et al. showed some statistically significant advantages for

pegfilgrastim, such as higher percentage of patients collecting at least 15 � 106/kg

PBSC, higher median number of PBSC/kg collected, faster post-transplantation

neutrophil and platelet recovery [26].
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Two dose levels of pegfilgrastim were examined for PBSC mobilization in

30 patients with multiple myeloma [27]. Four days after cytotoxic therapy with

cyclophosphamide (4 g/m2), a single dose of either 6 mg pegfilgrastim (n ¼ 15) or

12 mg pegfilgrastim (n ¼ 15) or daily doses of 8 mg/kg unconjugated rHuG-CSF

(n ¼ 15) were administered. Pegfilgrastim was equally effective at 6 and 12 mg

with regard to mobilization and yield of CD34+ cells. Pegfilgrastim in either dose

was associated with a more rapid leukocyte recovery (p ¼ 0.03) and an earlier

performance of the first apheresis procedure (p < 0.05) in comparison to unconju-

gated rHuG-CSF. No difference regarding CD34+ cell maximum and yield could be

observed.

3.2 The Role of rHuG-CSF After Autologous SCT

Several studies have compared the use of multiple, daily injections of filgrastim

with a single dose (6 mg) of pegfilgrastim in patients with multiple myeloma after

AuSCT. In a review of six papers (five case–control, one randomized study)

including 153 patients, most of whom had multiple myeloma, no clear differences

emerged, although some favorable trends were seen in terms of incidence and

duration of febrile neutropenia, documented infections, marrow recovery support-

ive cares and costs when pegfilgrastim was employed [28].

In a study that evaluated 72 patients with multiple myeloma who underwent 92

AuSCT, the median duration of grade 4 neutropenia and hospitalization were

slightly, but significantly shorter with pegfilgrastim compared with filgrastim

(5 vs. 6 days, p ¼ 0.0079; and 14.5 vs. 15.5 days, p ¼ 0.024) [29]. Pegfilgrastim-

treated patients also had fewer red blood cell transfusions (p ¼ 0.00065) and

reduced cost of the treatment (p ¼ 0.031).

In a study of 164 consecutive patients, 75 with multiple myeloma, patients who

received pegfilgrastim had faster engraftment (9.6 days compared with 10.9 days

for filgrastim, p < 0.0001), a lower incidence of febrile neutropenia (59% com-

pared with 78%, p ¼ 0.015), as well as shorter hospital stay, fewer days of

treatment with intravenous antibiotics (6.3 days compared with 9.6 days,

p ¼ 0.006), and fewer radiographic tests, which translated to an estimated total

cost savings of more than US$8000 per patient [30]. Overall, no differences in

toxicity were reported with these two agents.

In a randomized trial of 80 patients including 12 patients with multiple myeloma

and aiming to demonstrate the non-inferiority of pegfilgrastim compared with

filgrastim after AuSCT, similar results were obtained in terms of mean duration

of neutropenia, time to reach ANC >0.5 or 1 � 109/L, incidence of fever (62% vs.

56%), documented infections (31% vs. 25%), and duration of antibiotic therapy (5.7

and 4.0 days, respectively) [31].

Another phase 3, randomized, double-blinded, placebo-controlled trial com-

pared efficacy, costs, and safety of single-dose pegfilgrastim (6 mg) versus daily
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filgrastim (5 mg/kg/day) after AuSCT [32]. Seventy-eight patients (23 with multiple

myeloma) matched for age, sex, underlying disease, stage, and CD34/kg transplant

dose were enrolled. Both filgrastim and pegfilgrastim were given on day +1 after

transplant; filgrastim was continued to an ANC of at least 5 � 109/L for 3 days. The

median time to neutrophil engraftment was the same in both groups (12 days). No

differences in platelet engraftment (11 vs. 13 days), number of platelet transfusions

(5 vs. 4), percent with positive cultures for bacterial pathogens (23% vs. 15%), days

of fever (1 vs. 2), deaths before engraftment (1 vs. 1), or duration of hospital stay

(19 vs. 19 days) were seen between the pegfilgrastim and filgrastim groups,

respectively. A per-patient savings of US$961 for the pegfilgrastim group was

realized (p < 0.001).

Another group investigated 20 patients with multiple myeloma and 20 with

lymphoma, who received pegfilgrastim 6 mg on day +1 after AuSCT [33]. Forty

patients treated with daily filgrastim starting at median day +7 (range: 5–7),

matched by age, sex, diagnosis, high-dose chemotherapy schedule, CD34+ cell-

dose, and previous therapy lines were used for comparison. Median time to

neutrophil engraftment was 9.5 versus 11 days for pegfilgrastim and filgrastim,

respectively (p < 0.0001). Likewise, duration of neutropenia, intravenous antibi-

otic use, and hospitalization favored pegfilgrastim, while platelet engraftment,

transfusion requirement, and fever duration were equivalent in both groups. No

grade �3 toxicities were observed. Interestingly, different levels of advantages

were seen in patients with multiple myeloma receiving pegfilgrastim, who experi-

enced improved neutrophil recovery kinetics without translating, however, to

outcome improvements.

rHuG-CSF and, in particular pegfilgrastim, have been demonstrated to be of help

in performing AuSCT on an outpatient basis, resulting in no different outcome in

terms of safety and efficacy. In this setting, 38 patients with multiple myeloma (48

autografts) received pegfilgrastim, given at a single dose of 6 mg at day +5 from

stem cell infusion, while 81 (113 autografts) received rHuG-CSF from day +2 up to

stable neutrophil recovery (median: 8 days) [34]. No statistically significant differ-

ence was noted in terms of hospital readmission: in the pegfilgrastim group,

readmission was needed in 6 of 48 autografts (12%) compared with 30 of 113

(26%) in the rHuG-CSF subgroup, p ¼ 0.06. The median time of hospital stay for

readmitted patients was identical for the two subgroups (9 days).

Glycosylation modifies the chemical properties of G-CSF that translate to a

higher plasma half-life, confer pharmacokinetic advantages, and induce a higher

affinity for specific receptors, causing an increment in bioavailability and molecular

activity [11, 35]. Furthermore, neutrophils exposed in vitro to nonglycosylated

rHuG-CSF present reduced motility, morphologic abnormalities, increased sponta-

neous actin polymerization, and RhoA activation, as well as a more immature

phenotype and a slight reduction in the release of reactive oxygen species compared

with those exposed to glycosylated rHuG-CSF [11, 35]. As a consequence,

neutrophils mobilized by lenograstim (glycosylated rHuG-CSF) maintain all their

functions in vitro, displaying a higher expression of the maturity markers involved
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in recognition, adhesion, phagocytosis, and interaction with immunoglobulins

while filgrastim (nonglycosylated)-exposed neutrophils present functional defects

due to higher adhesiveness, cytoskeletal alterations, and a more immature pheno-

type. All these features contribute to the impairment of both chemotaxis and the

capability to respond correctly to further stimulation. Consistent with these

findings, neutrophils exposed to nonglycosylated rHuG-CSF may be less effective

in preventing febrile neutropenia in patients with chemotherapy-induced neutrope-

nia compared with those exposed to glycosylated rHuG-CSF.

Aiming to verify in vivo these concepts, Orciuolo et al. performed a prospective,

multicenter, randomized clinical trial to test occurrence of febrile episodes in

176 patients with multiple myeloma who were randomly assigned to receive

lenograstim or filgrastim after high-dose cyclophosphamide in the context of

PBSC mobilization and harvest phases [36]. The incidence of febrile episodes

was 9.1% with filgrastim and 1.1% with lenograstim, indirectly confirming a

possible functional block on neutrophil activity as a consequence of filgrastim

exposure. The patients in the lenograstim group also presented a significantly

higher absolute CD34+ cell number compared with the filgrastim patients, but no

differences were detected for global collection efficacy. In this study, filgrastim and

lenograstim had similar safety profiles.

3.3 G-CSF Response as Predictive Indicator of Outcome

Straka et al. prospectively investigated the potential of rHuG-CSF responsiveness as a

predictor of various parameters related to chemotherapy-induced neutropenia [37]. A

total of 168 patients, 104 of whom had multiple myeloma, received a single dose of

subcutaneous rHuG-CSF (lenograstim, 263 mg) after high-dose chemotherapy. Highly

variable leukocyte peaks were measured and grouped as low (100–10,100/mL),
medium (>10,100–18,300/mL), and high (>18,300–44,800/mL). rHuG-CSF

responsiveness (low vs. medium vs. high) was inversely correlated with febrile

neutropenia (77% vs. 60% vs. 48%; p ¼ 0.0037), rate of infection, including fever

of unknown origin (91% vs. 67% vs. 54%; p < 0.0001), days with intravenous

antibiotics (9 vs. 6 vs. 5; p < 0.0001), and antifungal therapy (p ¼ 0.042). In multi-

variate analysis, rHuG-CSF responsiveness remained the only factor significantly

associated with infection (p ¼ 0.016), while baseline leukocyte count, previous

radiotherapy or chemotherapy received, conditioning regimens and number of

CD34+ cells infused did not. In addition, rHuG-CSF responsiveness was inversely

correlated with grade 3/4 oral mucositis (67% vs. 33% vs. 23%; p < 0.0001). The

authors concluded that rHuG-CSF responsiveness could represent an indirect signa-

ture of the myeloid marrow reserve predicting defense against neutropenic infection

after intensive chemotherapy.
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4 Summary of Evidences and Future Directions: Biosimilars,
Plerixafor, and Specific Properties of rHuG-CSF-Mobilized
Hematopoietic Precursors

Some cautions are necessary in interpreting biologic and clinical data from the

described studies as most of them were case–control, retrospective, and not

randomized trials. In addition, some trials also included patients with hematologic

malignancies other than multiple myeloma, mainly lymphomas. Furthermore, the

modalities of administration of rHuG-CSF, in particular in the transplant setting,

were not homogeneous.

Notwithstanding, evidence suggests that all available forms of rHuG-CSF are

safe and effective and, therefore, the use of any of these agents to prevent febrile

neutropenia and febrile neutropenia-related complications, where indicated, is

recommended in the setting of multiple myeloma, as in other malignancies

[38, 39]. Choice of formulation remains a matter for individual clinical judgment.

Some biologic and clinical differences are possible, but still not firmly

demonstrated.

There is also a substantial equivalence of different rHuG-CSF in efficacy after

high-dose chemotherapy, probably with some not clinically relevant advantages for

pegfilgrastim. Costs may depend upon local prices and schedules used;

pegfilgrastim, however, has shown to be potentially cost-effective in some specific

settings.

To date, rHuG-CSF remains the most favored cytokine administered for PBSC

mobilization in multiple myeloma because of its great efficacy and lack of serious

toxicity. Again, some advantages have been reported for pegfilgrastim or

lenograstim with respect to filgrastim, but these advantages do not have yet robust

confirmation.

Biosimilars are officially approved versions of innovator biotechnology products

made after patent and exclusivity expiration [40]. Biosimilar products containing

filgrastim have been recently available also for use in patients with multiple

myeloma. In a study, a biosimilar was used to treat 414 multiple myeloma or

lymphoma patients subjected to AuSCT for mobilization of progenitors (5 days at

300 mg/day) and for the recovery of neutropenia after transplantation (100 mg/day,
starting on day +5) [41]. A mean dose of 9.47 � 106 CD34+ cells/kg was infused;

time required to ANC of 0.1, 0.5, and 1.0 � 109/L was 5, 6 and 7 days of treatment,

respectively.

Direct comparisons of the different rHuG-CSF and filgrastim biosimilars are

not currently available. Although some data show the physicochemical and biologic

comparability of biosimilar rHuG-CSF and their reference product, the amount

of clinical information about these drugs is scanty, at least for use in multiple

myeloma. In this setting, the Italian Societies of Hematology, Experimental Hema-

tology and Marrow Transplantation [42] feel that the decision on appropriate

clinical use of these drugs, including the multiple myeloma setting, should be
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supported by a larger evidence on safety and efficacy, in particular for less common

and delicate indications, such as PBSC mobilization [43].

Plerixafor is a small bicyclam molecule that reversibly and selectively

antagonizes the CXCR4 chemokine receptor and blocks binding of its cognate

ligand, stromal cell-derived factor-1-a (SDF-1-a or CXCL12), resulting in mobili-

zation of CD34+ cells to the peripheral blood [44, 45]. The chemokine receptor

CXCR4 and ligand SDF-1 are integrally involved in homing and mobilization of

hematopoietic progenitor cells. Disruption of the CXCR4/SDF-1 axis by the

CXCR4 antagonist, plerixafor, has been demonstrated in phase 2 and phase 3 trials,

including double-blind, placebo-controlled studies [46, 47], to improve mobiliza-

tion when used in conjunction with rHuG-CSF. This approach is safe, with few

adverse events and produces significantly greater numbers of CD34+ cells com-

pared with rHuG-CSF alone, with a reduced number of aphereses. Plerixafor has

been made available to patients with multiple myeloma who are poor mobilizers

through compassionate use programs, allowing a 70–85% successful collection rate

[48–51]

Plerixafor in combination with chemotherapy for PBSC mobilization has not

been extensively studied, although preliminary studies in non-Hodgkin’s lym-

phoma and multiple myeloma suggest that plerixafor may be added safely to

chemotherapy with rHuG-CSF-based mobilization regimens and may accelerate

the rate of increase in CD34+ cells [50, 52, 53].

After the introduction of plerixafor, stem cell mobilization issues for transplan-

tation in patients with multiple myeloma have been reviewed by the International

Myeloma Working Group [54]. It is now recommended, in particular, to perform

studies to look at optimizing collection strategies after exposure to novel therapies

(particularly lenalidomide-based combinations) with plerixafor and rHuG-CSF or

plerixafor plus chemotherapy. In fact, the ability to mobilize greater numbers of

CD34+ cells may provide more opportunities to deliver optimal cell doses at

transplant with faster engraftment and, potentially, better long-term outcomes.

Increased CD34+ cell yield, in addition, may allow cells to be stored for tandem

or salvage transplantation, avoiding the need to attempt mobilization at a time when

mobilization could be challenging for the patient [55].

No evidence has been reported of tumor cell mobilization or increases in the

relative number of peripheral blood multiple myeloma tumor cells after rHuG-CSF

plus plerixafor treatment [56, 57]. On the other hand, an additional application of

plerixafor to a standard rHuG-CSF mobilization regimen leads to not only more

CD34+ cells, but also to a significant increase in the proportion of more primitive

stem cell subsets with CD34+, Lin-, CD38-, aldehyde dehydrogenase (high) pheno-

type PBSC, with increased proliferative activity and marked repopulation capacity

after clinical transplantation [58, 59].

Finally, the CD34+ cells mobilized by pegylated rHuG-CSF show higher expres-

sion levels of genes indicative of early hematopoiesis, including HOXA9, MEIS1,

and GATA3, with lower expression of genes characteristic of erythroid and later

stages of myeloid differentiation and a lower functional BFU-E/CFU-GM ratio

[60]. Consistently, greater numbers of hematopoietic stem cells and common
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myeloid progenitors and fewer megakaryocyte–erthrocyte progenitors were found

in the pegfilgrastim-mobilized CD34+ cells, suggesting that stimulation with

pegylated or unconjugated rHuG-CSF results in different expression of key regu-

latory genes and different functional properties of mobilized hematopoietic stem

cells as well as their progeny. This finding might be relevant for future specific

applications of these cells in blood stem cell transplantation.
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Use of rHuG-CSF in New Chemotherapy
Strategies

William Renwick

1 Introduction

The discovery of recombinant human granulocyte colony-stimulating factor

(rHuG-CSF) and the development of filgrastim as a clinical therapeutic tool

allowed physicians to broaden their scope with respect to chemotherapeutic options

and goals. From the initial registration trials, filgrastim demonstrated the ability to

limit the duration and severity of neutropenia and to reduce the frequency of febrile

neutropenia [1, 2]. Filgrastim allowed the maintenance of dose density, enabling the

completion of the full doses of chemotherapy on schedule [3]. Furthermore, it

enabled the development of more aggressive regimens with increased dose

densities and dose intensities.

The advent of filgrastim allowed investigators to test the efficacy of dose-dense

chemotherapy, enabling neutrophil recovery within 2 weeks before the next cycle

of chemotherapy is administered. The first large randomized controlled trial of

dose-dense chemotherapy was Cancer and Leukemia Group B Trial (CALGB)

9741, which enrolled women with node-positive breast cancer [4]. The dose-

dense regimens significantly prolonged disease-free survival (relative risk [RR],

0.74; p ¼ 0.01), the primary endpoint, and overall survival (RR, 0.69; p ¼ 0.013)

compared with the conventional regimens.

The last 2 decades have seen the advent of a number of new classes of chemo-

therapeutic agents. As each novel agent reaches the clinic from the bench-top,

clinicians are excited and enthralled at the possibilities that they bring with them.

Whether it is the tyrosine kinase inhibitors (TKI), heralded by imatinib [5] that

transformed a lethal disease into a manageable chronic illness, or the ever-

expanding list of monoclonal antibodies, these new chemotherapeutic agents
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bring opportunity and hope that the fight against cancer will have a new weapon. As

they complete early trials to show safety and clinical efficacy, clinicians and

scientists are thinking ahead to the possible combinations of therapy, which ideally

will bring additive efficacy. With combinations, there is always the possibility of

additive toxicities. Hematologic toxicities, including febrile neutropenia, are

watched for, and rHuG-CSF has been used and will continue to be used when

required, as these new combinations are developed and tested.

This chapter reviews the novel chemotherapeutic strategies currently been

tested, or recently been accepted into practice, and the role that rHuG-CSF has in

enabling or enhancing the fight against cancer. It is divided into new regimens of

well-established drugs, and the new agents and their combinations.

2 New Chemotherapy Regimens Using rHuG-CSF

2.1 Solid Tumor Regimens

A phase 3 trial compared gemcitabine (G) in combination with carboplatin (C) or

paclitaxel (P) versus paclitaxel plus carboplatin in patients with advanced or

metastatic nonsmall-cell lung cancer (NSCLC) [6]. These agents are all myelosup-

pressive, and neutropenia grade 3/4 was 39% in the GC group, 20% in the GP

group, and 34.7% in the PC group. Incidence of febrile neutropenia was quite low

with grade 3/4 being 2.8%, 3.9%, and 3.0%, respectively, for GC, GP, and PC

groups. rHuG-CSF was allowed if there was persistent neutropenia despite dose

reductions in the previous course, in accordance with American Society of Clinical

Oncology (ASCO) guidelines [7]. Combination chemotherapy is often used in

treating breast cancer, and the combination of doxorubicin and cyclophosphamide

with docetaxel in sequential and concurrent regimens was tested as adjuvant chemo-

therapy in patients with operable, node-positive, early-stage breast cancer [8]. The

patients were randomly assigned to receive 4 cycles of doxorubicin (60 mg/m2) and

cyclophosphamide (600 mg/m2) every 3 weeks, followed by 4 cycles of docetaxel

(100 mg/m2) every 3 weeks (sequential ACT), 4 cycles of doxorubicin (60 mg/m2)

and docetaxel (60 mg/m2) every 3 weeks, or 4 cycles of doxorubicin (60 mg/m2),

cyclophosphamide (600 mg/m2), and docetaxel (60 mg/m2) (concurrent ACT). After

five early deaths were reported in the concurrent ACT group, the doses were modified

in this group to doxorubicin (50 mg/m2), cyclophosphamide (500 mg/m2), and

docetaxel (75 mg/m2); and the group containing doxorubicin and docetaxel only to

50 mg/m2 and 75 mg/m2 as well. The protocol was amended to include primary

prophylaxis with either rHuG-CSF or rHu granulocyte–macrophage colony-

stimulating factor (GM-CSF). These changes enabled completion of the study at

the new doses without further major hematologic toxicity. The trial showed improved

overall survival in the sequential ACT group compared with that in doxorubicin and
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docetaxel (Hazard Ratio [HR] for death, 0.83; p ¼ 0.03), but a nonsignificant

reduction compared with the concurrent ACT group (HR for death, 0.86; p ¼ 0.09).

Drullinsky et al. reported a dose-dense regimen of cyclophosphamide, metho-

trexate, and 5-fluorouracil (5-FU) in patients with early-stage breast cancer receiv-

ing rHuG-CSF support [9]. A total of 38 patients with median age 52 years (range:

38–78 years) were treated with cyclophosphamide (600 mg/m2), methotrexate

(40 mg/m2), and fluorouracil (600 mg/m2) with pegfilgrastim 6 mg on day 2. Of

the 38 patients, 29 completed 8 cycles at the prescribed 14-day interval, showing its

tolerability and feasibility.

Dose-dense neoadjuvant gemcitabine, epirubicin, and albumin-bound paclitaxel

with pegfilgrastim was studied in patients with locally advanced breast cancer [10].

In this phase 2 multicenter trial, 123 patients were enrolled and treated with

neoadjuvant gemcitabine (2,000 mg/m2), epirubicin (50 mg/m2), and albumin-

bound paclitaxel (175 mg/m2) at 14-day intervals. Pegfilgrastim 6 mg was

administered on day 2 after each dose of chemotherapy. The patients then

underwent mastectomy or breast conservation surgery, and postoperatively

received four doses of gemcitabine (2,000 mg/m2) and albumin-bound paclitaxel

(220 mg/m2) with pegfilgrastim support. In all, 116 patients (95%) completed

neoadjuvant chemotherapy and subsequent surgical resection. Only 11% had

grade 3/4 neutropenia, with 1 episode of febrile neutropenia. The 3-year progres-

sion-free survival rate was 48% and overall survival rate was 86% in this well-

tolerated regimen.

A dose-escalation trial of biweekly docetaxel and gemcitabine using filgrastim or

pegfilgrastin investigated increasing dose intensity of these agents in patients with

advanced solid tumors [11]. Patients received gemcitabine (3,000 mg/m2) and

increasing doses of docetaxel starting at 55 mg/m2, in 10-mg/m2 increments, every

14 days with filgrastim or pegfilgrastim. Themaximum tolerated dose was 75mg/m2

with the dose-limiting toxicity of fatigue/dyspnea and diarrhea. Filgrastimwas given

to the initial 25 patients with an average of seven doses per cycle, and the last ten

patients received pegfilgrastim with no differences with respect to toxicities or

effectiveness between the two groups. This combination showed signs of clinical

activity and was well tolerated.

In a phase 1/2 pilot study of capecitabine with or without vinorelbine after

sequential dose-dense epirubicin and paclitaxel, the initial chemotherapy was

delivered using filgrastim support [12]. Patients with high-risk early breast cancer

(�4 positive nodes) were given epirubicin (150 mg/m2) every 2 weeks for 3 cycles,

followed by paclitaxel (225 mg/m2) every 2 weeks for 3 cycles. Filgrastim was

given at 5 mg/kg on days 3–10. The patients were then treated with oral capecitabine
(1,000 mg/m2 or 1,250 mg/m2 twice daily) daily from day 1 to 14, either alone, or in

combination with vinorelbine (25 mg/m2) on days 1 and 8 in an incremental fashion

with dose level 1 being capecitabine 1,000 mg/m2 twice daily, and dose level 2,

adding in vinorelbine. At dose level 2, 5 of the 10 patients experienced dose-

limiting toxicities and evaluation of the vinorelbine was abandoned. Febrile neu-

tropenia occurred in 12% of patients. At 35 months median follow-up, the estimated

relapse-free and overall survival rates were 82% and 91%, respectively.

Use of rHuG-CSF in New Chemotherapy Strategies 227



A randomized pilot phase 2 study studied doxorubicin and cyclophosphamide

(AC) or epirubicin and cyclophosphamide (EC) given 2 weekly with pegfilgrastim,

or 3 weekly for patients with early breast cancer [13]. Patients were randomly

assigned to 1 of 4 groups: (1) standard AC – 4 cycles of doxorubicin (60 mg/m2) and

cyclophosphamide (600 mg/m2) on day 1, every 21 days; (2) accelerated AC – same

dose but every 2 weeks with pegfilgrastim on day 2; (3) standard EC – epirubicin

(90 mg/m2) and cyclophosphamide (600 mg/m2) on day 1, every 21 days; and (4)

accelerated EC – same dose but every 2 weeks with pegfilgrastim on day 2.

Chemotherapy was delayed by weekly intervals (maximum 3 weeks for 3-weekly

and 2 weeks for 2-weekly regimens) until the neutrophil count was�1 � 109/L and

platelet count was �100 � 109/L. If febrile neutropenia occurred, for standard

groups, the dose of anthracycline and cyclophosphamide was reduced by 20%

and rHuG-CSF was administered as per ASCO guidelines [14]. In the

accelerated-dose groups, 20% dose reductions were made. Significantly worse

day-1, grade 3/4 neutropenia was seen in the standard group (6 of 61, 10%)

compared to that in the accelerated group (0 of 65) (p ¼ 0.01). No significant

difference was noted in episodes of neutropenic sepsis. The authors concluded that

AC and EC given 2 weekly with filgrastim support are as well-tolerated as the 3-

weekly regimens. No survival advantage was noted, unlike that in the similar trial

by Citron et al. in 2003 [4].

3 Hematologic Regimens

The largest dose-dense trial to date was a phase 3 trial that compared standard

CHOP-21 (cyclophosphamide, doxorubicin, vincristine, and prednisone every

21 days) with CHOP-21 plus etoposide (CHOEP-21), CHOP-14 plus filgrastim,

and CHOEP-14 plus filgrastim in patients with non-Hodgkin’s lymphoma (NHL).

Two distinct study populations were enrolled: 710 good-prognosis patients aged

18–60 years (designated the NHL-B1 trial) [15] and 689 patients aged 61–75 years

(the NHL-B2 trial) [16]. The efficacy data were obtained at median follow-up of

58 months. In the good-prognosis patients, the dose-dense regimens did not

improve the primary endpoint, event-free survival, compared with the standard

regimens [15]. However, the dose-dense regimens significantly improved overall

survival (RR, 0.70; p ¼ 0.044). In the older patients, when the three intensified

treatment groups were compared with CHOP-21, only CHOP-14 plus filgrastim

significantly improved 5-year event-free-survival (RR, 0.66; p ¼ 0.003) and over-

all survival (RR, 0.58; p < 0.001) [16]. CHOP-14 plus filgrastim is now considered

an appropriate treatment for patients aged 18–75 years who have aggressive NHL.

The RICOVER-60 trial confirmed the value of CHOP-14 plus rHuG-CSF and

showed the benefit of adding rituximab for elderly patients with aggressive NHL [17].

This trial compared 6 and 8 cycles of CHOP-14 with or without rituximab (all with

rHuG-CSF support) in more than 1,200 older patients (aged 61–80 years) with CD20+

diffuse large B-cell lymphoma. In a multivariate analysis that compared 6 cycles of
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CHOP-14 with the other three groups, CHOP-14 plus rituximab for 6 cycles was the

only regimen that significantly improved event-free survival (the primary endpoint),

progression-free survival, and overall survival. It did not compare R-CHOP-14 with

R-CHOP-21 with or without filgrastim, and to this date, no one has published data on

CHOP-like regimens on a 14-day schedule without growth factor support.

Hodgkin lymphoma has excellent cure rates with modern treatment, and even in

advanced cases, very good progression-free and overall survival rates are achieved.

These require dose-intense chemotherapy as evidenced by the need for rHuG-CSF

support with the BEACOPP-14 [18] and BEACOPP-escalated regimens [19].

The Hyper-CVAD [20], ICE [21], and ESHAP [22] regimens are all very

commonly used in aggressive and relapsed lymphomas. They all mandate rHuG-

CSF support, although there are no randomized studies proving this requirement as

it would be unethical to attempt such a trial.

Newer regimens have been developed that use dose intensities that would be

unable to be sustained without rHuG-CSF support. Combinations of vinorelbine,

gemcitabine, and ifosfamide have been tried with adjuvant rHuG-CSF. A multicen-

ter phase 2 study used a risk-adjusted salvage chemotherapy for relapsed and

refractory lymphoma [23]. Patients were divided into three risk groups: Group 1

comprised good-risk patients in first relapse, after a durable first complete remission

(>12 months for follicular NHL, or beyond 6 months for all other subtypes of NHL

and Hodgkin lymphoma). Group 2 comprised patients with poor-risk disease, who

were either primary refractory or had relapsed within 12 months (for follicular

NHL), or 6 months (for all other subtypes of NHL or Hodgkin lymphoma) of initial

therapy. Group 3 comprised patients who had relapsed at least 6 months after

autologous peripheral blood stem cell (PBSC) transplantation. Groups 1 and 3

received vinorelbine (25 mg/m2) on days 1 and 8, gemcitabine (1,000 mg/m2) on

days 1 and day 8, and dexamethasone (16 mg/m2) on days 1 and 8 with

pegfilgrastim on day 9 (VGF). Group 2 received the same regimen but with the

addition of ifosfamide (3,000 mg/m2) on day 9 (FGIV). Each cycle was 21 days and

given as an outpatient, and 4 cycles were planned. After 2 cycles, restaging was

performed and if a satisfactory result (>50% reduction in tumor bulk at all sites and

negative functional imaging) was achieved, then the next 2 cycles were given. If

less than a satisfactory result was achieved, treatment was escalated (VGF to FGIV

or FGIV to IVAC). The patients were able to exit the study after cycle 2 to undergo

PBSC transplantation at the discretion of their attending physician.

VGF was well tolerated, with few unplanned hospital admissions and grade 3/4

neutropenia occurring in 30% of patients and febrile neutropenic episodes in 6% of

patients. The FGIV regimen was more toxic, with grade 3/4 neutropenia occurring

in 60% of patients and febrile neutropenic episodes in 19% of patients. Median

progression-free survival was 21 months, 5 months, and 4 months for groups 1, 2,

and 3, respectively. A total of 30 patients from groups 1 and 2 underwent autolo-

gous PBSC transplantation either during their treatment or subsequently. Stem cell

mobilization was not impeded. Estimated 4-year overall survival was 49%, 28%,

and 31%, respectively, for groups 1, 2, and 3. The authors concluded that VGF and

FGIV are effective and well-tolerated salvage approaches that can be delivered in
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an ambulatory care setting. The aspect of therapy escalation on the basis of interim

analysis was suggested to be further studied, and new positron emission tomogra-

phy (PET)-directed trials are currently ongoing.

Santoro et al. also investigated these agents in patients with relapsed and

refractory Hodgkin lymphoma [24]. They treated 91 patients with ifosfamide

(2,000 mg/m2) on days 1–4, gemcitabine (800 mg/m2) on days 1 and 4, vinorelbine

(20 mg/m2) on day 1, and prednisolone 100 mg on days 1–4 (IGEV). Each cycle

was 21 days, and four courses were planned. rHuG-CSF was administered from

days 7 to 12, or up to apheresis in the course of mobilization. Neutropenia grade 3

was noted in 22.7% and grade 4 in 5.7% of cycles. Documented infection was

observed in 3.5%. Only 1 patient did not mobilize stem cells. Complete response

rate was 53.8% and partial response was 27.5%. Of 74 patients in complete

remission or partial remission, 64 continued to single or tandem high-dose chemo-

therapy with PBSC support. Five of the remaining patients had previously relapsed

from prior transplants and were allocated to receive nonmyeloablative allogeneic

transplants. The 3-year freedom-from-progression and overall survival rates were

53.0% and 70.0%, respectively. Thus, IGEV was found to be effective as a salvage-

induction regimen with high response rates, favorable toxicity, and good mobilizing

potential.

Dose-adjusted EPOCH is another newer regimen used in treatment of aggressive

lymphomas [25]. It uses filgrastim to support the dose-intensity regimen. The same

group (Dunleavy et al.) has reported on a modification of EPOCH by addition of

dose-dense rituximab in human immunodeficiency virus (HIV)-associated diffuse

large B-cell lymphoma [26]. This phase 2 study incorporated interim PET imaging

in the decision process for the number of cycles given.

Patients were given the treatment as a 96-h continuous infusion of etoposide

(50 mg/m2/day), doxorubicin (10 mg/m2/day), and vincristine (0.4 mg/m2/day

with no cap) and oral prednisone (60 mg/m2/day) with cyclophosphamide

(750 mg/m2) on day 5. Rituximab (375 mg/m2) was administered on days 1 and

5, after the infusion and before the cyclophosphamide. All patients received

filgrastim 300 mg daily from day 6 until neutrophils were >5.0 � 109/L. Cycles

were repeated every 21 days. Patients withheld their antiretroviral therapy from

the beginning of the treatment until completion. If after two cycles, the computed

tomography (CT)/PET was negative, only 1 further cycle was given. If the CT/

PET was still positive, a further 2–3 cycles were given with a CT/PET at the start

of each cycle. The authors make the point that evaluating PET scans in HIV-

positive patients has its own issues because of HIV-associated reactive changes,

and special assessments were made. Neutropenia <0.5 � 109/L occurred in 46%

of cycles and febrile neutropenia occurred on 31% of cycles. At a median 5-year

follow-up, progression-free and overall survival rates were 84% and 68%, respec-

tively. Most patients were able to cease treatment after 3 cycles. Interestingly,

there was a marked difference in the outcomes between germinal center B-cell-

derived tumors and nongerminal center B-cell-derived tumors, with the latter

faring far worse.
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Burkitt lymphoma and Burkitt-like NHL are the most aggressive lymphomas.

The standard-of-care treatment has been the combination chemotherapy CODOX-

M/IVAC [27] since the mid-to-late 1990s. This regimen is very myelosuppressive,

and rHuG-CSF support is required.

4 New Agents

4.1 Cabazitaxel

Cabazitaxel is a novel tubulin-binding taxane with antitumor activity in docetaxel-

resistant cancers [28]. In a phase 2 trial, it was noted that neutropenia was a

significant side effect [29]. Cabazitaxel was evaluated in patients with metastatic

breast cancer who were resistant to taxane therapy. Grades 3 and 4 neutropenia

were 73%.

In a phase 3 randomized trial in metastatic castration-resistant prostate cancer,

patients received cabazitaxel 25 mg/m2 every 3 weeks plus prednisolone, or

mitoxantrone 12 mg/m2 every 3 weeks plus prednisolone for 10 cycles [28].

Neutropenia grade 3/4 occurred more often in the cabazitaxel group (82% vs.

58%), as did febrile neutropenia (8% vs. 1%). Seven deaths from neutropenia/

sepsis occurred in this group compared with 1 death in the mitoxantrone group. The

monitoring committee advised strict protocol adherence with regard to dose modi-

fication and treatment of neutropenia as per ASCO guidelines [6]. Subsequent trials

have recommended primary prophylaxis with rHuG-CSF in patients with high-risk

clinical features (aged >65 years, poor performance status, previous episodes of

febrile neutropenia, etc.).

4.2 Ixabepilone

Ixabepilone is a novel semisynthetic epothilone B analog that induces cell death by

apoptosis by microtubule stabilization, similar to taxanes. It can overcome common

mechanisms of resistance that limit many chemotherapeutic agents such as

anthracyclines, taxanes, and capecitabine [30]. Thomas et al. examined ixabepilone

plus capecitabine in anthracycline- and taxane-resistant metastatic breast cancer [31].

Patients received ixabepilone (40mg/m2) on day 1 of a 21-day cycle, plus capecitabine

(2,000 mg/m2) orally on days 1–14, or capecitabine alone (2,500 mg/m2). Grade 3/4

neutropenia was markedly increased in the combination group (68% vs. 11%), with

febrile neutropenia also increased (5% vs. 2%). Growth factor support with filgrastim

was administered to 20% of the patients in the combination group and to 3% in the

capecitabine-alone group.
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4.3 Bendamustine

Bendamustine is a novel alkylator used in chronic lymphocytic leukemia (CLL),

and more recently in low-grade lymphomas as a single agent, and also in combina-

tion with rituximab [32]. In a multicenter study of single-agent bendamustine in

patients with rituximab-refractory, indolent B-cell NHL, bendamustine was given

at a dose of 120 mg/m2 on days 1 and 2, every 21 days, for 6–8 cycles. The overall

response rate was 75%, with 14% complete response, 3% unconfirmed response,

and 58% partial response. Grade 3/4 neutropenia was noted in 61% patients with

6% febrile neutropenia. rHuG-CSF was not allowed as primary prophylaxis during

cycle 1, but was allowed in patients who had grade 4 neutropenia for >1 week,

failure of white cells to recover to <grade 1 by the next scheduled dose, or febrile

neutropenia in a previous cycle. A total of 38% patients required filgrastim or

pegfilgrastim.

An interim report of bendamustine–rituximab combination compared to cyclo-

phosphamide, doxorubicin, vincristine, and prednisolone with rituximab (R-CHOP)

as first-line treatment in patients with advanced follicular, low-grade, and mantle cell

NHL appears to show superior efficacy with reduced toxicities [33]. It, however,

showed a much-reduced incidence of grade 3/4 neutropenia compared with R-CHOP

(10.7% vs. 46.5%). Growth factor support was not generally recommended, and it

was used more commonly in the R-CHOP group (20% of all cycles vs. 4.0%). This

agent appears to not have overt myelotoxicity.

5 Novel Classes of Chemotherapeutic Agents

5.1 Tyrosine Kinase Inhibitors

In 1988, Yaish et al. provided the first description of tyrphostins – compounds

inhibiting tyrosine phosphorylation [34]. Later generically described as tyrosine

kinase inhibitors (TKI), these compounds represent a novel pathway to disrupt the

growth of malignant cells. The first paper described the inhibition of the catalytic

activity of the epidermal growth factor receptor (EGFR). The number of TKI is ever

expanding; a small number are reviewed here.

5.2 Imatinib, Dasatinib, and Nilotinib

The first of this new class of agents to make it from the bench-top to the clinic was

imatinib, directed against the constitutively activated bcr-abl tyrosine kinase

[5, 35]. In this trial, patients who were refractory to previous interferon (IFN)

were treated with oral imatinib 400 mg/day. Complete hematologic responses
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occurred in 95% of patients; 60% had a major cytogenetic response and 41% had a

complete cytogenetic response. Grade 3 neutropenia occurred in 27% and grade 4

neutropenia in 8.1% of the patients. Febrile neutropenia was <1%. These results

completely changed the landscape in medicine, with a new targeted approach based

on scientific principles derived from knowledge of the biology of the disease

process, leading to a well-tolerated, effective treatment.

Further development has led to second-generation bcr-abl TKI, dasatinib and

nilotinib. Imatinib was also shown to be efficacious against gastrointestinal stromal

tumors (GIST), hypereosinophilic syndrome, systemic mastocytosis, and

dermatofibrosarcoma protuberans.

The use of dasatinib in imatinib-resistant or -intolerant patients was reported

[36]. Neutropenia was very common (76%), but was easily reversible on dose

interruption or reduction. Similar results were reported with nilotinib [37]. Neutro-

penia grade 3/4 was noted in 9% at 400-mg twice-a-day dose and 22% at 600-mg

twice-a-day dose.

Combinations of imatinib with chemotherapy have been reported in the setting

of blastic transformation and in Philadelphia chromosome-positive acute lympho-

cytic leukemia (ALL), without any major increase in toxicity [38]. Studies are

underway assessing the second-generation agents in combination with chemother-

apy [39, 40].

5.3 Lapatinib

Lapatinib is an oral dual inhibitor of EGFR and HER2 tyrosine kinases. It is

approved by the US Food and Drug Administration (FDA) for use in combination

with capecitabine for the treatment of HER2-positive metastatic breast cancer [41].

Neutropenia was not a noted side effect in monotherapy [42]. Geyer et al. reported

its use in combination with capecitabine [43]. Patients with HER2-positive, locally

advanced or metastatic breast cancer that had progressed after treatment containing

an anthracycline, a taxane, and trastuzumab were randomly assigned to single-agent

capecitabine at 2,500 mg/m2 on days 1–14 of a 21-day cycle, or capecitabine at

2,000 mg/m2 with lapatinib 1,250 mg/day continuously. Time to progression was

significantly reduced in the combination therapy group, with median time to

progression being 8.4 months, compared with 4.4 months. Neutropenia and

infections were not noted to be different in the two groups, neither were they

significant.

Neutropenia was not noted to be a problem when lapatinib was assessed in

combination with letrozole in patients with advanced cancer [44]. Lapatinib was

studied in combination with trastuzumab in a phase 1 dose-escalation study without

any significant neutropenia [45]. In combination with docetaxel, however, neutro-

penia was a major problem. A dose-escalation trial with this combination had to be

amended to include pegfilgrastim to alleviate the high incidence of neutropenia [41].

The starting dose of lapatinib was 1,250 mg/day with docetaxel at 60 mg/m2 with
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the plan to increase in cohorts of 3 to a maximum of 1,500 mg/day lapatinib and

100 mg/m2 docetaxel. All three patients in the first cohort had grade 4 neutropenia

and the next cohort had a reduced dose of docetaxel of 50 mg/m2. One patient in this

cohort had grade 4 neutropenia, and thus an amendment was made to include

pegfilgrastim 6 mg 24 h after the docetaxel infusion. The first cohort had a 1,000-

mg/day dose of lapatanib with 60 mg/m2, and no neutropenia was observed. The

next cohort had a docetaxel dose of 75 mg/m2, and no problems were noted. The

doses were able to be increased to an optimal treatment regimen of lapatinib

1,250 mg/day, with docetaxel 75 mg/m2, with rash being the dose-limiting toxicity.

The effect of lapatinib on the relationship between neutropenia and docetaxel

concentration suggests that lapatinib increased sensitivity to this toxicity.

This finding is supported by a phase 3 trial comparing paclitaxel with and

without lapatinib [46]. Patients were assigned to paclitaxel 175 mg/m2 on day 1

every 3 weeks with either placebo daily or lapatinib 1,500 mg/day. The patients

received therapy (paclitaxel up to 6 cycles) until disease progression. Febrile

neutropenia occurred at a rate of 12% for paclitaxel alone, compared with 18% in

the combination. Growth factors were not used in this trial.

5.4 Erlotinib

Erlotinib is an EGFR inhibitor used mainly in the treatment of NSCLC and

pancreatic cancer. As monotherapy, it shows no major myelotoxicity when used

in relapsed patients with NSCLC [47]. Herbst et al. reported on its combination

with carboplatin and paclitaxel in a randomized trial in patients with advanced

NSCLC without any significant difference in myelotoxicity between the two groups

[48]. Erlotinib has been combined with gemcitabine and capecitabine doublet

chemotherapy, as well as with bevacizumab in a dose-finding study [49]. The

neutropenia levels were high, but tolerable (grade 3/4 neutropenia rate of 45%).

Growth factors were not required as part of the protocol. Further evaluation is

continuing in a phase 3 trial.

5.5 Gefitinib

Gefitinib is the first selective inhibitor of EGFR’s tyrosine kinase domain. It has

shown excellent results in NSCLC setting, including superior progression-free

survival when compared to carboplatin with paclitaxel in first-line treatment. The

HR was 0.48 (CI, 0.36–0.64, p < 0.0001) in patients with EGFR mutation-positive

tumors and significantly worse in patients with EGFR mutation-negative tumors

(HR, 2.85; CI, 2.05–3.98; p < 0.0001) [50]. Neutropenia was 3.7% in the gefitinib

group compared to 67.1% in the chemotherapy group. This report was the first

example of a targeted agent being superior to doublet chemotherapy in solid
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tumors. In combination with chemotherapy, gefitinib has not shown increased

myelotoxicity, suggesting that growth factor support will be dependent on the

combination chemotherapy [51].

5.6 Sunitinib

Sunitinib is a multitargeted receptor TKI that inhibits signaling of c-KIT, platelet-

derived growth factor receptor (PDGFR), all three vascular growth factor receptors

(VGFR), FLT3, and the ret proto-oncogene (RET). It has been used primarily in

GIST cancers and renal cell carcinoma. It showed good activity in patients with

imatinib-resistant GIST in a phase 3, placebo-controlled trial. Neutropenia was low,

with grade 3/4 incidences of 10% vs. 4% [52].

A dose-escalation study was completed with sunitinib in combination with

docetaxel in patients with advanced solid tumors [53]. Neutropenia was significant

with grade 3/4 neutropenia occurring in 60% in both schedules, and grade 3/4

febrile neutropenia occurring in 30% in one group and 10% in the other. Growth

factor support was used in 48% of the patients on the maximum tolerated dose

cohort, either pegfilgrastim or filgrastim, particularly in cycles 2, 3, or 4.

5.7 Monoclonal Antibodies

Monoclonal antibodies have become integral in the fight against cancer. As

antibodies are a key component of the adaptive immune response, in the role of

both recognition of foreign antigens and the stimulation of an immune response to

them, the advent of monoclonal antibodies has allowed raising antibodies against

specific antigens presented on the surfaces of tumors [54].

The first reports in the literature of their use were in the early 1980s by Nadler

et al. [55] and by Ritz et al. [56]. Ritz et al. reported that there was “Rapid and

specific clearance of leukemia cells from the peripheral blood. Intravenous anti-

body also rapidly binds to bone marrow lymphoblasts, and in one instance, resulted

in partial regression of tumor cell infiltrates in lymph nodes and skin.” They noted,

however, that clinically significant responses in general had not been achieved. The

results, however, were proof of principle, and much work went into further

development.

The first FDA-approved monoclonal antibody was the transplant rejection drug

OKT3 (muromonab) directed against CD3 in 1986 [57], and 1994 saw the approval

of abciximab, the potent GPIIb/IIIa inhibitor for use in acute coronary syndrome.

These approvals were followed by the advent of the first monoclonal antibody

approved for use in cancer, rituximab, directed against the pan-B-cell antigen,

CD20 [58]. Trastuzumab was approved shortly after for treatment of breast cancer [59].

The growth of monoclonal antibodies became exponential in the 2000s. In 2007,
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eight of the best-selling biotechnology drugs in the USA were therapeutic mono-

clonal antibodies [60]. As each of the monoclonal antibodies was developed, they

were tested as single agents before being added to chemotherapy regimens. While

very few had myelotoxic effects individually (not surprising given their targeted

nature), some trials suggested increased hematologic toxicity, some thrombocyto-

penia, and some neutropenia when given in combinations.

5.8 Rituximab

Rituximab binds to the cluster of differentiation 20 (CD20), which is widely

expressed on B cells, from early pre-B cells to cells later in differentiation. The

exact mechanism of action of rituximab remains unclear, but it induces apoptosis of

CD20+ cells by a combination of antibody-dependent cellular cytotoxicity (ADCC)

and complement-dependent cytotoxicity (CDC) [61]. Rituximab has shown great

efficacy in treating B-cell malignancies and is being actively investigated in any

diseases caused by the production of antibodies. It can be used as monotherapy, but

mostly it is used in combination with other well-established regimens. It seems to

add little toxicity to the chemotherapy regimen with which it is combined, but it has

been noted to cause late-onset neutropenia of unknown mechanism, usually occur-

ring >2 months after last treatment [62]. This neutropenia tends to be self-limiting

and not dangerous. The need for filgrastim in treatment regimens containing

rituximab is generally based on the underlying regimen.

A recent publication by the German Chronic Lymphocytic Leukaemia Study

Group examined the use of the fludarabine and cyclophosphamide, with or without

rituximab, in a randomized trial [63]. Patients were randomly assigned to receive

six courses of fludarabine (25 mg/m2/day) and cyclophosphamide (250 mg/m2/day)

for the first 3 days of each 28-day cycle, with or without rituximab (375 mg/m2 on

day 0 of the first course and 500 mg/m2 on day 1 of the second to sixth cycle).

Prophylaxis with antiviral drugs or rHuG-CSF was not recommended. A total of

817 patients were treated, and at 3 years, 65% of patients in the chemoimmu-

notherapy group were free from progression, compared with 45% in the chemo-

therapy group (HR, 0.56; p < 0.0001). It was the first time that overall survival had

been shown to be improved in a CLL trial, with rates of 87% versus 83% (HR, 0.67;

CI 0.48–0.92; p ¼ 0.01). The chemoimmunotherapy group was noted to have an

increase in the incidence of grade 3/4 neutropenia (34% vs. 21%; p < 0.0001) and

leukocytopenia (24% vs. 12%; p < 0.0001). Serious infections were not increased.

Patients aged 65 years or older had more hematologic toxicity in the chemoimmu-

notherapy group, but with no increase in the total rate of infections. rHuG-CSF was

administered in 86 treatment cycles, for a median of 7 days in the chemotherapy

group and 6 days in the chemoimmunotherapy group, but far more frequently in the

chemoimmunotherapy group (75 vs. 11). In 40 treatment cycles, rHuG-CSF was

given as prophylaxis without any sign of neutropenia; in 46 cycles, it was

administered to treat an adverse event (neutropenia or leukocytopenia).
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The second-generation anti-CD20 antibodies ofatumumab and GA101 are cur-

rently undergoing clinical trials, and ofatumumab is licensed for CLL refractory to

fludarabine and alemtuzumab. Neutropenia does not appear to be a major issue in

monotherapy with ofatumumab [64].

5.9 Radioimmunotherapy (RIT)

The use of antibodies labeled with a radionuclide to deliver cytotoxic radiation to a

target cell offers substantial advantages. The ability of the antibody to bind specifi-

cally to a tumor-associated antigen increases the dose delivered to the tumor cells

while decreasing the dose to normal tissues. Ibritumomab tiuxetan and

tositumomab I131 are the only FDA-approved radioimmunotherapy (RIT) agents.

Ibritumomab is an anti-CD20 monoclonal antibody that is attached to a chelator

tiuxetan to which a radioactive isotope (yttrium-90 or indium-111) is added [65].

The radioactive isotope releases beta radiation, which kills the attached cell and

some nearby cells. Rituximab is given before each dose to pre-deplete B

lymphocytes. It has shown improved response rates compared with rituximab and

is approved treatment in relapsed or refractory, low-grade, or follicular B-cell NHL,

and as consolidation therapy in patients with follicular NHL who achieve a partial

or complete response to initial therapy [65].

Tositumomab is another anti-CD20 monoclonal antibody that is attached to the

radionuclide iodine-131. Iodine-131 emits both beta and gamma radiation.

Tositumomab has been studied in relapsed or chemotherapy/rituximab refractory

follicular lymphoma [65]. Both agents have been shown to cause marked

cytopenias, particularly neutropenia. Ibritumomab has been shown to cause a

median nadir of 0.6 � 109/L; incidence per patient of neutrophil count

<1.0 � 109/L, 74%; incidence per patient of neutrophil count <0.5 � 109/L,

35%; and median duration of neutrophil count <1.0 � 109/L, 29 days. The median

time to the neutrophil nadir was 62 days. Infections had an incidence of 29% in the

first 3 months; 3% were serious and 2% life-threatening [66]. The recommendation

is to avoid filgrastim for 2 weeks before and after treatment because of the theoreti-

cal potential for increased sensitivity of the dividing myeloid cells to radiation.

Filgrastim has been used in treatment of infections while neutropenic after treat-

ment with these agents.

5.10 Trastuzumab

Trastuzumab is directed against the HER2/neu receptor, important in cell growth,

and is particularly effective in cancers that overexpress HER2. Between 20 and

30% of early stage breast cancers overexpress HER2 [67]. Trastuzumab was

approved by the FDA in 1998 and has been used in varying methods and
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combinations. As monotherapy, neutropenia is not a recognized side effect. In

metastatic disease, trastuzumab in combination with chemotherapy is superior to

trastuzumab alone [68], making further investigations into possible combinations

important. Trastuzumab was assessed in combination with docetaxel. Patients

received 6 cycles of docetaxel 100 mg/m2 with or without trastuzumab 4 mg/kg

loading dose, followed by 2 mg/kg weekly until disease progression [69]. There

was a higher incidence of grade 3/4 leucopenia and neutropenia (20% vs. 15%, and

32% vs. 22%, respectively) in the combination group, as was the incidence of

febrile neutropenia (23% vs. 17%), suggestive of synergistic effect of the agents on

marrow toxicity. Only four patients in the combination group and three in the

docetaxel-only group received rHuG-CSF. Neutropenia is likely to be predomi-

nantly dependent on the myelotoxicity of the chemotherapy with which

trastuzumab is combined, as evidenced by the trial investigating trastuzumab with

docetaxel and vinorelbine in HER2-positive stage IV breast cancer [70]. Filgrastim

was required from days 2 to 21 of each 21-day cycle. Grade 4 neutropenia was the

most common grade 4 event.

5.11 Cetuximab

Cetuximab is a chimeric monoclonal antibody directed against EGFR. It was

approved by the FDA in 2004 and is used in the treatment of patients with colorectal

cancer and head-and-neck cancer. Cetuximab has been combined with chemother-

apy in phase 3 trials and does not seem to enhance myelotoxicity. In a phase 3 trial

of cetuximab plus irinotecan after fluorouracil and oxaliplatin failure, patients

received irinotecan (350 mg/m2) every 3 weeks alone or with cetuximab

(400 mg/m2 day 1, followed by 250 mg/m2 weekly) [71]. No difference was seen

in the rates of neutropenia. FOLFIRI (irinotecan, fluorouracil, and leucovorin) has

been used with or without cetuximab in the initial treatment of patients with

metastatic colorectal cancer [72]. The incidence of neutropenia in this study was

no different in the two groups (28.2% vs. 24.6%). These trials suggest that

cetuximab does not add to myelotoxicity, at least in the regimens tested.

5.12 Bevacizumab

Bevacizumab is a humanized monoclonal antibody directed against vascular endo-

thelial growth factor A (VEGF-A). VEGF-A stimulates angiogenesis, particularly

in cancer and in retinal proliferation in the diabetic eye. Bevacizumab was approved

by the FDA in 2004 for use in combination with standard chemotherapy for the

treatment of patients with metastatic colorectal cancer and NSCLC. Bevacizumab

does not show myelotoxicity as monotherapy, but neutropenia can be a concern in

combination therapy. A number of clinical trials have shown increased incidence of
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neutropenia and febrile neutropenia with the addition of bevacizumab. Miles et al.

reporting on the AVADO trial in locally recurrent or metastatic breast cancer noted

increased incidence of febrile neutropenia (grade �3) [73]. The patients were

randomly assigned to docetaxel (100 mg/m2) alone or with bevacizumab (either

7.5 mg/kg or 15 mg/kg). The incidence of febrile neutropenia in the docetaxel-alone

group was 12% compared with 15.2% and 16.6% in the other groups. Cohen et al.

reported increased neutropenia and febrile neutropenia in first-line treatment of

advanced/metastatic recurrent NSCLC [74]. Patients received carboplatin (AUC 6)

and paclitaxel (200 mg/m2), with or without bevacizumab (15 mg/kg). Grade 4

neutropenia occurred in 17% compared with 26% for the combination group, and

febrile neutropenia incidence was 2% vs. 5%. In the RIBBON-1 trial, Robert et al.

reported on the use of bevacizumab in combination with 1 of 3 chemotherapy

regimens: capecitabine, a taxane, or an anthracycline in first-line treatment of

HER2-negative locally recurrent or metastatic breast cancer [75]. The febrile

neutropenia rates for capecitabine with or without bevacizumab were both 0%.

For the taxane group, the group containing taxane plus bevacizumab, it was 3.8%

vs. 5.0% for the taxane-only group, suggesting no additional risk with the addition

of the bevacizumab. However, the anthracycline-based therapy plus bevacizumab

had a febrile neutropenia rate of 7.9% vs. 2% for the chemotherapy alone,

suggesting some synergistic effect with regard to myelotoxicity.

Hecht et al. reported in 2010 on the use of adjuvant pegfilgrastim to reduce

the incidence of neutropenia and febrile neutropenia in patients with colorectal

cancer [76]. They noted that adding irinotecan and/or oxaliplatin to every-2-week

5-FU/leucovorin (LV) prolongs survival in patients with colorectal cancer, but

increases neutropenia. Patients were randomly assigned to pegfilgrastim 6 mg or

placebo per cycle on day 4, in conjunction with either every-2-week FOLFOX (5-

FU/LV/oxaliplatin), FOLFIRI (5-FU/LV/irinotecan), or FOIL (5-FU/LV/

oxaliplatin/irinotecan). The grade 3/4 neutropenia odds ratio was 0.19 (CI,

0.10–0.37); grade 3/4 febrile neutropenia was 2% vs. 8% (p ¼ 0.04). In long-

term follow-up, both groups had similar progression-free and overall survivals.

On the basis of this, the Pegfilgrastim Anti-VEGF Evaluation Study (PAVES) trial

has been started [77]. This study is a phase 3, randomized, double-blind, placebo-

controlled multicenter study evaluating the efficacy of pegfilgrastim to reduce the

incidence of febrile neutropenia in patients with newly diagnosed, locally

advanced, or metastatic colorectal cancer who are receiving first-line treatment

with bevacizumab and either 5-fluorouracil, oxaliplatin, leucovorin (FOLFOX); or

5-fluoruracil, irinotecan, leucovorin (FOLFIRI). It will also investigate the effect on

overall survival, progression-free survival, and overall response rate in each group.

5.13 Thalidomide and Lenalidomide

The treatment of myeloma has been revolutionized in the last 5–10 years. Previous

treatment consisted of an alkylator with a steroid (e.g., melphalan and prednisolone)
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for elderly patients, and induction chemotherapy with autologous PBSC transplan-

tation for those young/fit enough to tolerate the procedure. The choice of induction

regimen did not seem to matter as the major benefit appeared to come from the

transplant. Newer agents have now appeared (thalidomide, bortezomib, and

lenalidomide) and shown improvements in patient outcomes. Trials to establish

the best combinations and order in which to treat patients are ongoing. However, at

this stage, myeloma is still considered an incurable disease. No randomized trials

have examined the use of rHuG-CSF as primary or secondary prophylaxis in

treatment of myeloma, except in the post-autograft setting. Information regarding

the risk of febrile neutropenia needs to be derived from the original trials

incorporating these new agents. The exact mechanism by which thalidomide and

lenalidomide achieve their antitumor activity remains unclear. They are

antiangiogenic, but most of their effect seems to be immunomodulatory [78].

5.14 Thalidomide, Melphalan, and Prednisolone

Two randomized trials comparing melphalan and prednisolone (MP) with melpha-

lan, prednisolone, and thalidomide (MPT) [79, 80] did not use rHuG-CSF as part of

the protocol. Neutropenia rates were no different in the Palumbo trial [79] (16%

MPT vs. 17% MP) but with an increased infection rate (10% MPT vs. 2% MP). No

information was provided about febrile neutropenia. In the Facon trial [80], neutro-

penia rates were higher (48% MPT vs. 26% MP) but infection rates similar, albeit

higher than that in the Palumbo trial (13% MPT vs. 9% MP). No information was

given regarding episodes of febrile neutropenia.

5.15 Lenalidomide

Lenalidomide’s major toxicities are hematopoiesis and, in particular, neutropenia. In

the registration trials for lenalidomide, lenalidomide plus dexamethasone (Len/Dex)

was compared with dexamethaone only. In the trial by Weber et al. [81], in the Len-

Dex group, there was 35% grade 3 neutropenia and 6.2% grade 4 neutropenia, but

febrile neutropenia was only 2.8% grade 3 and 0.6% grade 4. Grade 3/4 infections

were noted in 21.5% of patients. rHuG-CSFwas given as first response to neutropenia

if no other adverse events were noted, and dose reduction as a second-line response.

A total of 60 patients (33.9%) were given rHuG-CSF; 28 of these 60 patients (46.7%)

were given rHuG-CSF as first response. Of these 28 patients, 12 (42.9%) were able to

maintain a 25-mg dose. In the simultaneous trial for Europe/Australasia [82], the

incidence of grade 3 neutropenia was 25% and grade 4 neutropenia of 4.5%, but

febrile neutropenia was only 2.8% for grade 3 and 0.6% for grade 4. Grade 3/4

infections were noted in 11.3% of the patients. rHuG-CSF was given to 38 (21.6%)

patients; 23 (60.5%) of these patients received rHuG-CSF as first response to grade 3
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or 4 neutropenia. Twelve of the 23 patients (52.2%) were able to maintain a 25-mg

dose.

Mateos et al. reported, anecdotally, three cases using rHuG-CSF for secondary

prophylaxis to enable continued dose-intense lenalidomide therapy [83]. The

patients were able to continue their prescribed treatment, but the authors noted

that this continuation is not evidence that the patients’ outcomes were improved.

Lenalidomide has been used in relapsed/refractory CLL with good responses and a

reasonable toxicity profile [84]. Neutropenia was a frequent occurrence with 41%

grade 3/4 events. The incidence of infections was low with pneumonia being the

most common, complicating 3% of the courses. rHuG-CSF use was described as

being according to common practice guidelines without any specifics given.

Lenalidomide has been used as monotherapy in relapsed or refractory, aggressive

B-cell lymphomas with good success [85, 86]. Wiernik et al. reported response rates

of 35%, with 12% complete response/unconfirmed complete response. The inci-

dence of neutropenia was noted to be 24.5% for grade 3 and 8.2% for grade 4. In an

update from the same group in a larger international trial, Witzig et al. reported

similar results with overall response rates of 35%, with complete responses of 13%.

Grade 4 neutropenia was 17%. At this time, rHuG-CSF will continue to be used ad

hoc with these agents.

5.16 Proteasome Inhibitors

Bortezomib is a first-in-class proteasome inhibitor licensed for use in patients with

relapsed myeloma and mantle cell lymphoma, and is currently being investigated in

other diseases [87]. The ubiquitin–proteasome signaling pathway mediates the

degradation of proteins involved in the regulation of cell growth. This component

is essential for cellular proliferation and survival. The proteasome activates nuclear

factor-kB signaling, resulting in tumor growth and metastasis. Bortezomib is a

small molecule – synthetic, boronic acid dipeptide – which blocks this pathway.

The major side effects noted with this agent are peripheral neuropathy and

myelosuppression, particularly thrombocytopenia [88]. In a phase 2 study in

relapsed, refractory myeloma, grade 3/4 neutropenia occurred in 14% patients

with <1% febrile neutropenia, and growth factor support was not required [89].

Bortezomib plus melphalan and prednisolone (VMP) was compared to melpha-

lan and prednisolone only (MP) [90]. Neutropenia grade 3/4 was seen in 30% and

10%, respectively, in VMP compared to 23% and 15%, respectively, in the MP

group. Febrile neutropenia rates were not reported. rHuG-CSF was not used in the

protocol, only dose reduction of melphalan or bortezomib. Bortezomib has been

used in combination with chemotherapy in patients with lymphoma without signifi-

cant additional myelotoxicity, but in these are regimens that are highly myelotoxic

and requiring growth factor support [91].
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5.17 mTOR Inhibitors

Another novel class of agents in cancer therapy is the mammalian target of

rapamycin (mTOR) inhibitors. They have long been used as immunosuppressants

in organ transplantation. The mTOR pathway is aberrantly activated in many

malignancies. Everolimus and temsirolimus are mTOR inhibitors that have been

investigated in a number of malignancies. Neutropenia has been noted, but throm-

bocytopenia has been the most significant side effect [87, 92].

5.18 PARP Inhibitors

Poly (adenosine diphosphate-ribose) polymerase-1 (PARP-1) is an important regu-

lator of the DNA base excision-repair pathway. Several forms of cancer are more

dependent on PARP than regular cells, making it an attractive target for chemo-

therapeutic cancer therapy. These include tumors with BRCA1 or BRCA2

mutations, often triple-negative breast cancers [93].

Iniparib is the first PARP inhibitor to be tested in phase 3 trials, in both breast

and squamous cell lung cancer. In the phase 2 trial in the setting of triple-negative

metastatic breast cancer, it was added to gemcitabine 1,000 mg/m2 and carboplatin

at a dose equivalent to AUC of 2 on days 1 and 8 every 21 days. Iniparib was added

at a dose of 4.0 mg/m2 (and later amended to 5.6 mg/m2 after more phase 1 data) on

days 1, 4, 8, and 11 on a 21-day cycle [94]. Good improvement was noted in

progression-free survival and overall survival data, with no apparent difference in

toxicity. Thus, to date, neutropenia does not appear to be a major toxicity for this

class of drugs.
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rHuG-CSF in Peripheral Blood Progenitor
Cell Transplantation

Ashanka Beligaswatte, Ian Lewis, and Luen Bik To

1 Introduction: An Historical Note

The initial indications for the therapeutic application for recombinant human

G-CSF (rHuG-CSF) were the treatment of chronic neutropenias, and neutropenia

after chemotherapy. Its efficacy in peripheral blood stem cell (PBSC) and periph-

eral blood progenitor cell (PBPC) mobilization was quite unexpected. The

Haematopoiesis Research team headed by Professor Don Metcalf at the Walter

and Eliza Hall Institute of Medical Research, Melbourne, Australia had a proactive

role, in association with Amgen in Thousand Oaks, California, in the early clinical

development of rHuG-CSF. It was studies in Metcalf’s laboratory that first raised

the possibility that rHuG-CSF may lead to mobilization of stem and progenitor cells

into the blood. At that time, George Morstyn, William Sheridan, and others had just

completed a study showing that rHuG-CSF reduced the duration and severity of

postautologous transplantation neutropenia, but not thrombocytopenia. Six hundred

kilometers west of Melbourne, Christopher Juttner and L Bik To at the Institute of

Medical and Veterinary Science/Royal Adelaide Hospital had demonstrated mobi-

lization by myelosuppressive chemotherapy, the feasibility of transplantation using

mobilized blood cells [1–3], and a cell dose effect on hematopoietic recovery [4].

The transplant community was initially skeptical about whether mobilized blood

cells have a role in transplantation in spite of the initial report by Richman et al. [5].

This skepticism was influenced by the poor engraftment seen in murine and canine

studies, and from two case reports in humans (reviewed in [6]). Two definitive

reports in 1992 overcame this skepticism. The Melbourne and Adelaide groups
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joined forces to conduct the first rHuG-CSF mobilization and autologous transplan-

tation study that showed a reduction in posttransplant thrombocytopenia [7]. Sepa-

rately, the Adelaide team reported on the rapid hematopoietic recovery and reduced

resource utilization and hospitalization associated with mobilized peripheral blood

cell transplantation (PBCT) [8]. Subsequent reports from the Melbourne Group

were among the first cluster of studies using rHuG-CSF-mobilized blood cells for

allogeneic transplantation [9]. The two groups collaborated again in defining the

role of recombinant human stem cell factor (rHuSCF) in mobilization [10–13].

2 The Mechanisms of Stem Cell Mobilization

G-CSF is a cytokine that is classically associated with myeloid differentiation. Its

role, if any, in the physiological trafficking of hematopoietic stem cells is unclear.

At therapeutic doses, however, it enforces stem cell release from the marrow for

clinically useful periods of time. Unraveling the mechanisms by which G-CSF

mobilizes hematopoietic stem and progenitor cells is an area of active research.

Initially, it was believed that G-CSF directly expanded the pool of hematopoietic

stem cells [14]; however, it is now clear that this is not true, since chimeric mice

carrying both G-CSF receptor (G-CSFR)-negative and -positive progenitor cells are

able to mobilize both cell types in response to rHuG-CSF. Moreover, human CD34+

cells expressing G-CSFR produce only myeloid colonies in clonal cultures whereas

CD34+ G-CSFR� cells give rise to multilineage colonies [15]. Research into the

pathways of rHuG-CSF-induced mobilization has, therefore, also explored how

rHuG-CSF alters the microenvironment of the stem cell niche, leading to loss of

adhesion and transendothelial migration of progenitor cells.

2.1 Summary of Potential Mechanisms of Stem Cell
Mobilization by rHuG-CSF

Table 1 summarizes the potential mechanism of stem cell mobilization by rHuG-

CSF. Initial investigations of the mechanism of mobilization focused on the role of

integrins in the retention of progenitor cells in the marrow. The most significant of

these was the a4b1 integrin, very late antigen-4 (VLA-4), which is involved in

constitutive adhesion of CD34+ cells to the extracellular matrix through vascular

cell adhesion molecule-1 (VCAM-1) and fibronectin. This interaction is augmented

by b2 and a5b1 integrins [16], and negatively modulated by platelet/endothelial cell

adhesion molecule-1 (PECAM-1) [17]. Mobilized CD34+ cells also show reduced

expression of VLA-4, ICAM-1, LFA-1, and LFA-3, and significantly higher levels

of L-selectin compared with bone marrow cells [18]. Although G-CSF is able to

disrupt integrin-mediated retention of marrow hematopoietic progenitors, evidence
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from several lines of work indicates that this is not a direct effect. Mobilization

resulted in reduced amounts of VCAM-1 due to cleavage of VCAM-1 by neutrophil

elastase and cathepsin G [19]. Moreover, mobilization using anti-VLA-4 and anti-

VCAM-1 antibodies was shown to be possible in mice deficient in G-CSFR.

However, functional c-kit was required [20], confirming other work suggesting an

interaction between integrins and the c-kit/SCF pathway [13, 21].

Stromal-cell derived factor-1 (SDF-1), also known as CXCL12, is a chemokine

secreted by reticulin cells and osteoblasts. It is a ligand for the 7-transmembrane

G-protein-linked receptor CXCR4, and was the first chemoattractant reported for

hematopoietic progenitor cells [22]. SDF-1-mediated signaling in CD34+ cells

occurs partly through atypical PKC-zeta which appears to be involved in prolifera-

tion and matrix metalloproteinase (MMP)-9 secretion [23]. Furthermore, suppres-

sor of cytokine signaling (SOCS) family proteins are upregulated by SDF-1 through

JAK-STAT activation. These proteins attenuate the mobilization effect of cytokines

and contribute toward retention of progenitor cells. In mice whose marrows were

reconstituted with a tetracycline-regulated, SOCS-expressing lentiviral vector,

doxycycline treatment resulted in extensive mobilization [24].

Stem cell egress can be induced by altering the SDF-1 gradient. Increasing the

amount of plasma SDF-1 in mice using an adenoviral vector resulted in stem cell

mobilization [25]. It is likely that during mobilization, SDF-1 levels in the marrow

are less than those in the peripheral blood. G-CSF decreases marrow SDF-1 mRNA

synthesis in mice, with marrow SDF-1 levels correlating inversely with stem

cell mobilization. Cell sorting experiments have shown that most marrow SDF-1

is synthesized by osteoblasts – cells that are not known to express G-CSFR.

Table 1 Summary of potential mechanisms of stem cell mobilization by rHuG-CSF

1. Increased myeloid differentiation and proliferation within the marrow

• Proteolytic marrow microenvironment due to increases in neutrophil elastase, cathepsins,

matrix metalloproteinases, complement cascade

• Marrow hypoxia, leading to stabilization of HIF-1a, and increased secretion of VEGF

2. Modulation of CXCR4/SDF-1 interaction via

• CD26

• Gfi-1

• Reduced SDF-1 production by osteoblasts

• Cleavage of CXCR4

• Sympathetic innervation

3. Disruption of integrin VLA-4/VCAM-1 binding

• Proteolytic marrow environment

• Via SCF/c-kit

4. Activation of macrophages leading to inhibition of osteoblasts involved in stem cell retention

5. Reduced expression of stem cell maintenance genes by mesenchymal stromal cells

6. Migration

• Movement of progenitor cells closer to vessels

• Increased transendothelial migration facilitated by VEGF

• Activation of stem cell motility by c-kit

• Activation of complement, neutrophil egress, and release of S1P
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Hence, this effect of G-CSF is possibly mediated indirectly [26]. The dipeptidyl

peptidase CD26, which is able to cleave SDF-1, may play an important role here,

since knockout mice deficient in CD26 were unable to mobilize in response to

rHuG-CSF [27]; however, the CXCR4 antagonist plerixafor has been shown to

mobilize progenitor cells in CD26�/� knockout mice, suggesting that CD26 is

upstream of the CXCR4/SDF-1 axis but downstream of G-CSF in the events that

lead to mobilization [28]. The CXCR4/SDF-1 axis is not the sole mediator of stem

cell retention within the marrow as CXCR4�/� chimeras can mobilize in response

to VLA-4 antagonists [29].

Apart from reducing amounts of SDF-1, rHuG-CSF also causes a decrease in

marrow CXCR4 by several mechanisms, including signaling through transcrip-

tional repressors, and indirectly by promoting a highly proteolytic microenviron-

ment within the marrow. Expression of growth factor independence-1 (Gfi-1), a

transcriptional repressor, is increased by rHuG-CSF, and in turn leads to a reduction

in CXCR4 synthesis [30]. Knockout mice conditionally deficient for the related

transcription factor Gfi-1b have an expanded pool of progenitor cells in their

marrow that retain their ability to self-renew and initiate multilineage differentia-

tion [31].

Generating a proteolytic microenvironment appears to be a common denominator

in several pathways of stem cell mobilization. rHuG-CSF increases amounts of

proteases, including neutrophil elastase and cathepsins, which are released by the

accumulation of granulocyte precursors in the marrow. Elastase inhibition

prevented mobilization in one study [32]. Mobilization has been shown to correlate

with cleavage of the N-terminus of CXCR4 [33]. Additionally, downregulation of

the serine protease inhibitors serpina1 and serpina3 has been reported after rHuG-

CSF or cyclophosphamide [34]. MMP also contribute toward establishing this

proteolytic environment. Peripheral blood CD34+ cells were found to express

MMP-2 and MMP-9 irrespective of mobilization. In contrast, bone marrow

CD34+ cells did not constitutively express these, but could be induced to do so by

various mobilization regimens [35]. Membrane type-1 MMP (MT-1 MMP) was

increased, and its inhibitor RECK was reduced in circulating CD34+ cells compared

with marrow cells. This difference was upregulated by rHuG-CSF, which also

promoted the incorporation of MT-1 MMP into membrane lipid rafts, resulting in

activation of pro-MMP-2 and facilitation of mobilization [36, 37]. However, many

of these proteases do not appear to be essential to mobilization. rHuG-CSF was able

to mobilize mice deficient in MMP-9, neutrophil elastase, cathepsin G, or

dipeptidyl peptidase I, pointing to the presence of both protease-dependent and -

independent pathways of mobilization [38].

Considerable attention has been paid to the role of bone in stem cell retention.

Stimulating osteoclasts with different stressors mobilizes progenitor cells. RANK

ligand resulted in reduction of SDF-1, SCF, and osteopontin along the endosteum,

leading to CXCR4- and MMP-9-dependent mobilization. Calcitonin, which inhibits

osteoclast activity, also reduced mobilization [39]. In humans, rHuG-CSF treatment

led to increased evidence of bone turnover (reduced osteocalcin and increased

urinary deoxypyridinoline) that was proportional to the degree of mobilization.
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Treatment with pamidronate abolished the increase in deoxypyridinoline without

affecting stem cell release [40], suggesting that rHuG-CSF-mediated mobilization

depends on osteoclast activity, but not on bone resorption. rHuG-CSF may cause

these effects through its action on osteoblasts. To eliminate the potential for

confounding by other cell lines, mouse osteoblasts were isolated using a novel

flow-cytometric approach. rHuG-CSF stimulation resulted in phenotypic and func-

tional changes that directly influenced stem cell proliferation and maintenance of

reconstitution potential. These effects were found to depend on the ataxia telangi-

ectasia mutated (ATM) gene [41].

Research reveals the intimate link between progenitor cells, osteoblasts, mesen-

chymal stromal cells, and the adrenergic system. Mesenchymal stromal cells

expressing nestin contain the marrow’s colony-forming unit (CFU)-fibroblast activity.

These cells have been shown to be organized around progenitor cells and adrenergic

nerve fibers, and express stem cell maintenance genes. Mobilization or adrenergic

stimulation results in downregulation of these genes. Parathormone increased

nestin+ cells in the marrow, and promoted their osteoblastic differentiation. In

vivo depletion of nestin+ cells mobilized progenitor cells [42]. The vitamin D

receptor may be involved, since deficient mice show a severe impairment of

rHuG-CSF-mediated osteoblast suppression and stem cell mobilization [43].

G-CSF leads to spatial changes in the stem cell niche. Progenitor cell location

within the marrow depends on the degree of maturation, with more mature cells

positioned closer to vessels. During rHuG-CSF-induced mobilization, progenitors

migrate closer to blood flow [44]. Vascular endothelial growth factor (VEGF) is a

mediator of vascular permeability and progenitor mobilization. Unstimulated

CD34+ cells are weak VEGF producers, but could be induced to increase produc-

tion after incubation with cytokines such as rHuG-CSF and rHuSCF. VEGF, in

turn, stimulated release of G-CSF from endothelial cells and increased SDF-1-

mediated transendothelial migration, thus acting as a paracrine loop [45]. Confocal

laser scanning microscopy has shown that the endosteal–bone marrow interface in

mice is hypoxic, with constitutive expression of hypoxia inducible factor-1a (HIF-1a).
Mobilization with rHuG-CSF or cyclophosphamide caused these hypoxic areas to

spread centrally, associated with an increase in HIF-1a and VEGF-A. The accumu-

lation of myeloid precursors in the marrow during mobilization may lead to

hypoxia, stabilization of HIF-1a transcription, and increased VEGF-A expression,

facilitating transendothelial migration of stem cells [46].

Among all the postulated mechanisms of mobilization, one possible link

emerges that provides a unifying hypothesis of how rHuG-CSF mobilizes stem

cells. A study showed that rHuG-CSF depletes endosteal osteoblasts and the

expression of factors that support stem cell retention. The authors noted a concomi-

tant decrease in a population of trophic endosteal macrophages. Subsequent in vivo

depletion of this specific population resulted in stem cell egress, strongly suggesting

that macrophages play an important role in stem cell retention and rHuG-CSF-

induced mobilization [47]. This concept is supported by another study

demonstrating downregulation of stem cell retention genes, reduction of SDF-1

levels, and stem cell mobilization in mice that were depleted of CD169+
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macrophages [48]. Stem cell mobilization is possible in transgenic mice in which

expression of G-CSFR is restricted to cells of the monocytic lineage [49]. The use

of rHuG-CSF in this model led to osteoblast suppression and reduction in SDF-1

levels similar to that seen when rHuG-CSF is administered to wild-type animals.

These studies indicate that G-CSF signaling occurs through receptors on monocytes

and macrophages, leading to inhibition of osteoblasts involved in stem cell

retention.

Other small studies add further details regarding the mechanism of stem cell

mobilization. For example, the complement cascade interacts with the SDF-1/

CXCR4 axis. C5a is a strong granulocyte chemoattractant, causing a wave of

neutrophils to exit the marrow and release agents that prime hematopoietic stem

cells to respond to an increasing SDF-1 gradient [50]. Activation of the complement

cascade may result in increased amounts of S1P released by the interaction of the

membrane attack complex with erythrocytes. Red cells are the major reservoir of

S1P which, at physiologically relevant concentrations, is a much more potent

progenitor cell chemoattractant than SDF-1 [51]. Norepinephrine mediates the

interaction between the sympathetic nervous system and the CXCR4/SDF-1 axis,

which causes SDF-1 and CXCR4 downregulation, and establishes a circadian

rhythm of stem cell mobilization [52, 53]. rHuG-CSF-induced mobilization was

inhibited by cannabinoid antagonists and impaired in cannabinoid receptor knock-

out mice, indicating that endocannabinoids may play a significant role [54]. For-

ward genetic mapping studies in mice have shown that the epidermal growth factor

receptor (EGFR) gene was in a region modifying rHuG-CSF-mediated mobiliza-

tion. EGFR deletion or pharmacological inhibition using erlotinib resulted in better

mobilization [55]. Additional pathways/molecules that may be involved in rHuG-

CSF-mediated stem cell mobilization include the hepatocyte growth factor (HGF)/

c-MET axis [56, 57]; alterations in cholesterol [58] and levels of the adipokines

visfatin and resistin [59]; src family kinases [60]; inactivation of the retinoblastoma

protein [61]; CD99 [62]; the 67 kDa laminin receptor [63]; and the Rho GTPases

Rac1 and Rac2 [64, 65]. These pathways have not been clinically exploited,

and therefore are not described in greater detail. Currently, however, the

macrophage–osteoblast pathway appears most likely to be the central mechanism

of rHuG-CSF-induced stem cell mobilization. A review of the mechanisms of

mobilization has recently been published [174].

3 rHuG-CSF Use in Stem Cell Mobilization

Protocols for the use of rHuG-CSF in mobilization depend on the underlying

disease, whether the aim is allogeneic or autologous transplantation, and the

success of previous mobilization efforts. They also show some variation among

centers. Most healthy donors are mobilized with rHuG-CSF 10 mg/kg/day for

4 days, with apheresis beginning on day 5. The same dose of rHuG-CSF is used

to attempt steady-state mobilization for autologous transplantation. In cases where
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mobilization follows a cycle of chemotherapy, rHuG-CSF 5 mg/kg/day is often

used, with apheresis commencing once a predefined threshold of CD34+ cells is

mobilized [175, 176].

Studies on allogeneic donors have shown that higher doses of rHuG-CSF result

in greater progenitor cell yields. Among 75 donors given rHuG-CSF at either 10 mg/
kg/day � 5 days or 12 mg/kg/12 h � 4 days, yields were better with the higher dose

(3.7 � 106/kg/apheresis vs. 2.0 � 106/kg/apheresis) [66]. Administering rHuG-

CSF in divided doses may contribute to increased mobilization. Fifty donors were

given rHuG-CSF either as 10 mg/kg/day or 5 mg/kg/12 h. The target of collecting

>3.0 � 106/kg CD34+ cells in one apheresis was achieved in 68% vs. 96% in these

groups [67]. A small crossover study was performed to investigate the mechanism

of better mobilization with split doses. Four volunteers received 5 mg/kg/12 h and

10 mg/kg/day, for 4 days each, with an intervening washout period of 3 months. The

twice-daily schedule resulted in a higher day-5 CD34+ cell count (94.5 vs. 47/mL,
p ¼ 0.05). Minimum serum G-CSF amounts were higher with the split-dose regi-

men, raising the possibility that better mobilization is related to a more continuous

exposure to rHuG-CSF [68]; however, dividing the rHuG-CSF dose has not always

resulted in better mobilization. No difference in CD34+ counts was seen

when 81 normal donors were given 3 days of rHuG-CSF at either 12 mg/kg/day
or 6 mg/kg/12 h [69]. Currently most centers administer 10 mg/kg rHuG-CSF as a

once-daily dose as this is most effective for most patients, and also reduces the

need for multiple injections.

Combining rHuG-CSF with chemotherapy allows the twin aims of mobilization

and antitumor activity to be attempted simultaneously, and has been shown to

enhance progenitor cell yield. High-dose cyclophosphamide (7 g/m2) with rHuG-

CSF 10 mg/kg was compared to rHuG-CSF alone in a cohort of patients with

lymphoma. The CD34+ yields were 6.41 vs. 2.89 � 106/kg (p ¼ 0.009), respec-

tively. No difference was seen in CD34+/CD38�, CD34+/Thy1+, CD34+/HLADR�

counts, or in eventual engraftment [70]. Higher CD34+ cell yields were reported

with rHuG-CSF plus cyclophosphamide compared with rHuG-CSF alone in a

retrospective study of 706 myeloma patients. These patients engrafted slower,

unless the stem cells were infused >30 days after the first apheresis, an effect

attributed to reversible marrow damage caused by cyclophosphamide [71]. One

reason for better CD34+ yields when rHuG-CSF is combined with chemotherapy

may be the higher collection efficiency when white cell counts are lower. In a

review of 415 aphereses in 201 patients undergoing mobilization with either rHuG-

CSF alone or in combination with chemotherapy, collection efficiency was 53%

when the white cell count was <20 � 109/L compared to 40% when it was higher;

61% of aphereses after chemotherapy plus rHuG-CSF were performed when the

white cell count was <20 � 109/L compared to only 21% after rHuG-CSF alone

[72]. Increased mobilization with chemotherapy is achieved at the price of a longer

mobilization procedure, the need for red cell and platelet transfusions, and fre-

quently, the requirement for hospitalization and antibiotics for febrile neutropenia.

These findings have led to a critical reappraisal of the need for chemotherapy when

mobilizing patients with myeloma. In a review of 201 patients treated in a single
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center, the use of cyclophosphamide with rHuG-CSF did not increase complete

remission rates or time to progression, despite reducing the number of aphereses

compared with growth factors alone [73].

Despite several small studies suggesting a benefit of higher rHuG-CSF doses in

combination with chemotherapy, a prospective study of 131 cancer patients ran-

domly assigned to 5 vs. 10 mg/kg/day rHuG-CSF after standard chemotherapy

reported no statistically significant difference in CD34+ cell collection [74].

A double-blind, dose-finding study with a two-stage Bayesian design showed

increasing estimated probabilities of a successful collection with increasing

doses: 84%, 87.7%, 91%, 93.9%, and 96.4%, with doses of 50, 75, 100, 125, and

150 mg/m2/day, respectively [75], suggesting that most patients will mobilize with

smaller doses, and rHuG-CSF 5 mg/kg/day is the regimen used in most units at

present.

The pegylated form of rHuG-CSF (pegfilgrastim) has been evaluated in stem cell

mobilization. When compared with rHuG-CSF, CD34+ cells mobilized by

pegfilgrastim had higher expression of genes indicative of early hematopoiesis,

including HOXA9, MEIS1, and GATA3, and lower expression of genes character-

istic of erythroid and later stages of myeloid differentiation. Greater numbers of

immature cells and common myeloid progenitors, and fewer megakaryocyte–

erythrocyte precursors were reported [76]. The feasibility of using pegfilgrastim

was demonstrated in 25 healthy donors who were given 12 mg pegfilgrastim. Only

one person required additional rHuG-CSF, and 80% achieved the target collection

in a single apheresis. The kinetics of mobilization was similar to rHuG-CSF with

maximum mobilization of CD34+ cells occurring on day 5 [77]. A phase 1/2 study

of steady-state mobilization in normal donors reported suboptimal mobilization

with a dose of 6 mg, but good effects when the dose was increased to 12 mg [78].

Such dose dependence was not seen when pegfilgrastim was used with cyclophos-

phamide [79].

The efficacy of different formulations and dosing regimens rHuG-CSF has been

investigated in an attempt to optimize stem cell mobilization. Lenograstim is a

glycosylated form of rHuG-CSF produced in Chinese hamster ovaries, while

filgrastim is a nonglycosylated version synthesized in E. coli. Several prospective
studies have shown improved mobilization with lenograstim. A crossover study

randomly assigned 32 healthy volunteers to 10 mg/kg/day of either formulation with

a minimum washout period of 4 weeks. Peak CD34+ cells and the number of CFU-

GM (granulocyte–macrophage progenitor cells) at day 6 were higher with

lenograstim (104 vs. 38/mL and 14.6 vs. 10.2/mL, respectively, p < 0.0001 for

both comparisons) [80]. A prospective study involving 501 donors randomly

assigned to 10 mg/kg/day of either lenograstim or filgrastim confirmed mobilization

of 11.5% more CD34+ cells with lenograstim. Post hoc analysis indicated that this

result was due to better mobilization with lenograstim in men [81]. In contrast to

healthy donors, CD34+ cell yield appears similar in patients receiving either

lenograstim or filgrastim after chemotherapy [82]. It is probable that the formula-

tion of rHuG-CSF makes little difference in the context of enhanced mobilization

with myelosuppressive chemotherapy combined with cytokines.
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4 Harvesting Mobilized Stem Cells

Proper timing of the collection is an important aspect of optimizing the progenitor

cell yield while minimizing the number of apheresis sessions. In patients given

cyclophosphamide with or without recombinant human granulocyte-macrophage

colony-stimulating factor (rHuGM-CSF), long-term culture-initiating cells (LTC-

IC) increased sixfold, and colony-forming cells (CFC) increased 26-fold above

normal, at the time of white cell recovery [83]. An analysis of 163 apheresis

collections from 26 lymphoma patients mobilized with cyclophosphamide plus

rHuG-CSF indicated that peak harvests tended to occur when the white cell count

was >10 � 109/L. CD34+ cell counts and CFU-GM generally peaked within 24 h

of each other in most patients [84]. In patients with acute myeloid leukemia (AML)

undergoing chemotherapy, the more primitive CFU-Mix was not found to be

superior to CFU-GM in predicting hematopoietic reconstitution [85]. Another

study confirmed that CFU-A (multipotent), CFU-GM, and BFU-E (erthyroid

blast-forming units) numbers peaked simultaneously in lymphoma patients

undergoing chemotherapy-based mobilization [86]. These studies suggest that

different functional classes of progenitors are ontogenically close to each other,

and that they all contribute to marrow regeneration. Similar kinetics were seen in

healthy donors mobilized with rHuG-CSF alone. Administration of rHuG-CSF

daily results in peak GM-CFC and CD34+ cell counts on day 5. The CD34+ cell

peak was broad with elevated numbers seen during days 4–6 [9].

The peripheral blood CD34+ cell count, but not the white cell count, correlates

with the apheresis yield [87]. If the circulating CD34+ cell count is �0.2 � 109/L,

94% of collections performed the next day would be expected to yield �2.0 � 106

CD34+ cells/kg [88]. Mobilization measured by CD34+ counts has been shown to

occur 11 days after chemotherapy in 97% of patients. The median peak CD34+

counts occurred on days 14 and 15 irrespective of the underlying malignancy and

type of chemotherapy, although heavily pretreated patients mobilized later. The

authors recommended measuring CD34+ counts from day 11 onwards in patients

undergoing mobilization with a combination of chemotherapy and rHuG-CSF [89].

Using CD34+ counts to guide apheresis has been shown to reduce costs [90]. Based

on such studies, most centers begin monitoring peripheral blood CD34+ cell counts

when white cell count recovery is seen, and initiate apheresis when a predetermined

threshold is exceeded.

Large volume apheresis (defined as processing �3 times the blood volume or

�15 L) results in higher progenitor cell yields and may reduce the number of

sessions in some cases. Most studies have not shown a significant decline in

progenitor levels or collection efficiency with time [91].

Contamination of the apheresis product with tumor cells has been reported in a

number of malignancies, including myeloma, leukemia, lymphoma, and neuroblas-

toma. Neoplastic cells were detected in the blood of 27 myeloma patients before

mobilization with cyclophosphamide and rHuG-CSF. After mobilization, these

cells increased in number with kinetics similar to that of CD34+ cells [92].
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In chronic myeloid leukemia, up to 87% of progenitor cell colonies from the CD34+

CD38� fraction in mobilized peripheral blood were BCR-ABL positive [93]. The

role of such contaminating cells in posttransplant relapse is uncertain, although they

do represent a potential source.

Diverse attempts have been made at selection of CD34+ cells to reduce tumor

contamination. Despite CD34+ cell selection using an avidin–biotin immunoad-

sorption technique, abnormal IgH was undetectable by polymerase chain reaction

(PCR) in only 3 of 15 informative cases with non-Hodgkin’s lymphoma [94].

A median 5-log purging efficiency was reported in a study of leukemia patients

undergoing double B-cell depletion of the harvested progenitor cells using

immunomagnetic CD34+ cell selection followed by a negative step with anti-

CD19/20/23/37-labeled immunomagnetic beads. All transplanted patients achieved

a rapid and durable engraftment, with 17 of 20 maintaining complete remission at

20 months [95]. In a group of myeloma patients, immunomagnetic bead separation

of CD34+ cells resulted in undetectable levels of IgH rearrangement by PCR in 13

of 24 evaluable patients, without affecting engraftment [96]. The feasibility of

sequential in vivo followed by in vitro purging of tumor cells was demonstrated

in 34 myeloma patients who underwent 2 sequential cycles of high-dose chemo-

therapy, stem cell mobilization, CD34+ cell selection, and transplantation. The

second cycle resulted in a fivefold reduction of tumor cells compared with the

first mobilization [97].

Such selection procedures are not without risk. Ten breast cancer patients

transplanted with purified CD34+ cells had significantly prolonged times to marrow

recovery compared with patients who received unmanipulated products [98].

Enrichment of CD34+Thy-1+Lin� cells by high-speed fluorescence-activated cell

sorting (FACS) resulted in no contamination detected by PCR in three of nine

samples from myeloma patients. However, neutrophil and platelet engraftment was

significantly delayed (16 and 39 days, respectively) [99]. Fourteen of 20 lymphoma

patients transplanted with CD34+Thy-1+ cells purified by immunomagnetic separa-

tion followed by high-speed flow cytometric sorting had infectious complications

despite timely engraftment [100]. Moreover, the benefit of such selection

procedures is not clearly established. An adequate yield was obtained by rHuG-

CSF plus cyclophosphamide mobilization, followed by CD34+ selection, in 20 of

36 myeloma patients. They were compared with the remaining 16 patients who

received unselected cells. Tumor contamination, as assessed by IgH fingerprinting,

was present in 7 of 20 vs. 5 of 9 patients in these groups, respectively. No difference

was seen in event-free survival [101]. For patients with B-cell lymphomas,

chemoimmunotherapy with rituximab can be considered an important alternative,

without such drawbacks, to ex vivo selection. Fifteen patients with mantle cell or

follicular lymphoma with marrow involvement and detectable molecular

rearrangements were mobilized after chemoimmunotherapy. PCR of apheresis

collections was negative in 93% of patients compared with 40% of control patients

treated with chemotherapy alone [102].
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5 Factors Affecting Progenitor Cell Mobilization and Yield

Not all persons administered rHuG-CSF with or without chemotherapy will mobi-

lize adequate numbers of progenitor cells to allow transplantation. In a review of

1,834 patients treated at a single institution, failure rates using either rHuG-CSF

alone, or in combination with chemotherapy, were 18.8% and 18.6%, respectively

[103]. Identifying patients at risk of poor mobilization would allow optimization of

management strategies, and has been the focus of considerable research. Younger

age and male sex have been positively correlated with stem cell harvest in multi-

variate analysis [104]. In a series of 137 harvests from 68 healthy donors, mobili-

zation was suboptimal in 57% of cases when either white cell count was

<25 � 109/L or platelets were <100 � 109/L before apheresis [105].

Damage to stem cells has been repeatedly shown to impact negatively on

progenitor cell mobilization. Among 243 cancer patients, radiotherapy, marrow

involvement, and the number of cycles of chemotherapy impaired mobilization

[106]. In a study involving 57 myeloma patients, mobilization �12 months from

diagnosis, �6 cycles of alkylating agents, and marrow plasmacytosis >20% were

adverse factors, with only 38% of patients with all three achieving adequate

stem cell harvests [107]. Among 307 patients mobilized with rHuG-CSF and

cyclophosphamide, diagnosis, previous chemotherapy exposure, treatment with

mitoxantrone, and the preapheresis platelet count were independently associated

with inadequate collection [108]. Stem cell toxic treatments that had been used in

lymphoma patients mobilizing poorly included nitrogen mustard, procarbazine,

melphalan, carmustine, and >7.5 g cytarabine [109]. Other agents shown to impair

mobilization include fludarabine [110] and platinum compounds [111]. Use of

rituximab does not appear to impair mobilization [112]. In a review of 302

myeloma patients, use of lenalidomide was associated with an odds ratio of 5.9 of

failure to mobilize, although most patients could be successfully remobilized [113].

In contrast, the impact of thalidomide or bortezomib appears to be small. These

issues have been discussed in detail by an expert panel of the International

Myeloma Working Group [114].

Steady-state peripheral blood CD34+ counts correlate with apheresis yields,

although the correlation coefficient was 0.52 in a series of 100 cancer patients

receiving chemotherapy and rHuG-CSF [115], indicating that a substantial degree

of the variation in yields was not accounted for by steady-state CD34+ cell counts.

The response to a test dose of 12 mg/kg of rHuG-CSF was assessed as a predictor of

mobilization in 22 patients, who then received chemotherapy and G-CSF. A peak

CFU-GM � 250/mL, and a CD34+ cell increment �2.5/mL, were associated with

subsequent good mobilization [116]. Changes in cytokine levels may be indicative

of poor mobilization, with a small study showing that premobilization tumor

necrosis factor (TNFa) <3.6 pg/mL increased risk (hazard ratio ¼ 19.9,

p ¼ 0.0002) [117]. Increased serum ferritin may be an adverse risk factor [118].

Given the modest ability of such assessments to capture the wide variability in

responses to rHuG-CSF, they are not part of routine clinical practice.
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The impact of genetic factors on stem cell mobilization has been explored. In

murine studies, a quantitative trait locus has been found on chromosome 1 with

highly significant linkage for splenomegaly after rHuG-CSF administration. Mice

lacking C57BL/6 alleles in this region had diminished stem cell mobilization with

rHuG-CSF [119]. In humans, a source of genetic variability has been identified in

the G ! A transition at position 801 in the 30-untranslated region of the SDF-1

gene (SDF1-30A allele). Carriers of the SDF1-30A allele, in particular SDF1-3’AA

homozygotes, had higher mobilization compared with SDF1-30GG homozygotes

(p < 0.005 for both comparisons) [120]. In 63 cancer patients undergoing mobili-

zation, 67% of good (�50 CD34+ cells/mL) mobilizers, but only 36% of intermedi-

ate/poor mobilizers were SDF1-3’A allele carriers [121].

6 Management of Poor Mobilizers

“Poor mobilizers” and “failed mobilization” are terms that have been variously

defined in the literature, based either on preapheresis CD34+ cell counts or on target

CD34+ cell yields. A preapheresis peripheral blood CD34+ cell count <20/mL has

been used to indicate inadequate mobilization, although a level of 10/mL may be

sufficient to yield 2 � 106 CD34+ cells/kg. The target apheresis yield would also

depend on the circumstances, such as a plan to collect sufficient stem cells for two

autologous rescue procedures in patients with myeloma. At present, almost all

remobilization strategies include the use of rHuG-CSF [174, 175].

One approach has been to reattempt mobilization with a higher rHuG-CSF dose.

A 60% success rate was reported in patients in whom rHuGC-SF failed to mobilize

enough cells, and were given an increased dose of rHuG-CSF as an immediate

salvage remobilization [122]. Another study reported that of 138 patients who

failed to be mobilized with chemotherapy and rHuG-CSF (5 mg/kg/day), 107
(77%) had at least partially successful collections with higher dose (10 mg/kg/day)
rHuG-CSF alone [123]. The use of rHuG-CSF-stimulated bone marrow harvests is

another option. As would be expected based on our current understanding of the

mechanism of mobilization, rHuG-CSF does not increase the number of stem cells

in the marrow, but rather induces an expansion of myeloid precursors [124]. Bone

marrow priming with rHuG-CSF 15–16 mg/kg/day � 3 days was used on 86

heavily pretreated patients who had previously failed to be mobilized. The median

number of CD34+ cells harvested was 0.83 � 106/kg. All patients proceeded to

transplant. Engraftment appeared to be prolonged but transplant-related mortality

was acceptable at 4.6% [125]. Changing chemotherapy regimens has been

explored. The use of an intermediate dose (375 mg/m2) of etoposide with rHuG-

CSF allowed successful collection in all 152 myeloma patients given this regimen

at a single institution. Significantly, this regimen was able to overcome the effects

of age and prior chemotherapy exposure on progenitor cell mobilization [126].

Considerable work has been done in relation to the use of rHuSCF. Clinical

studies have demonstrated a dose–response relationship and a possible benefit with
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rHuSCF pretreatment. In a trial involving 62 patients with breast cancer randomly

assigned to rHuG-CSF and rHuSCF or rHuG-CSF alone, rHuSCF was found to

sustain the peripheral blood progenitor cell count (up to 100-fold in some cases)

after cessation of rHuG-CSF, leading to increased CD34+ collections. In contrast,

there was a rapid decrease in CD34+ cells in the group receiving rHuG-CSF alone.

In a subsequent cohort, pretreatment with rHuSCF for 3 days resulted in an earlier

wave of progenitor cells [10]. In a different study, breast cancer patients underwent

three cycles of high-dose chemotherapy supported by autologous transplants. They

were assigned to receive rHuG-CSF alone or in combination with rHuSCF

in varying doses (including rHuSCF pretreatment). The use of rHuSCF at

�10 mg/kg/day led to better mobilization, an effect that was enhanced by rHuSCF

pretreatment [11]. In both the previous studies, phenotyping of mobilized CD34+

cells with CD38, Thy-1, and MDR-1 revealed no difference in maturity compared

with cell mobilized with rHuG-CSF alone [12].

The utility of rHuSCF has been shown in patients who fail to be mobilized.

Forty-four such patients treated with rHuG-CSF alone or rHuG-CSF and chemo-

therapy were remobilized with the same regimen plus rHuSCF. Target collections

were achieved in 54% and 45% of these groups [13]. These findings have been

confirmed by other studies [127–129]. The combination of rHuG-CSF and rHuSCF

enhanced mobilization even in patients with lymphoma previously exposed to

fludarabine [130]. Mast cell degranulation reactions are the most significant side

effect, with severe but nonfatal reactions reported in about 10% of patients in one

study [129].

The roles of rHuGM-CSF and recombinant human interleukin-3 (rHuIL-3) have

been evaluated. However, these are not used since no advantage has been

demonstrated over rHuG-CSF alone in terms of efficacy, and they are associated

with more toxicity [131]. Other agents with potential utility in poor mobilizers

include erythropoietin [132], thrombopoietin [133], growth hormone [134], para-

thormone [135], and the retinoic acid receptor alpha agonist VTP195183 [136]. The

place of these agents in clinical practice remains to be clarified.

The development of the partial CXCR4 agonist plerixafor has been the most

significant advance in the management of poor mobilizers. On its own, plerixafor

appears to mobilize different subsets of cells compared with rHuG-CSF. In a rhesus

macaque model, plerixafor-mobilized collections had more B, T and mast cell

precursors compared with rHuG-CSF-mobilized collections [137]. Compared with

rHuG-CSF, more plerixafor-mobilized CD34+ cells were in G1, and had higher

expression of CXCR4 and VLA-4 [138]. At present, most patients are mobilized

with a combination of both these agents. In these situations, plerixafor may further

enhance mobilization of primitive progenitor cells such as the CD34+ CD38� and

aldehyde dehydrogenase (ALDH) (bright) CD34+ CD38� subsets [139].

The efficacy of plerixafor in combination with rHuG-CSF has been established

in several phase 3 multicenter, placebo-controlled randomized studies. In a trial

involving 302 myeloma patients randomized to rHuG-CSF with either plerixafor or

placebo, 71.6% in the plerixafor group vs. 34.4% in the placebo group reached the

primary endpoint of collecting �6 � 106 CD34+ cells/kg within two aphereses [140].
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In a similarly designed trial involving 298 lymphoma patients, 59% of the

plerixafor group vs. 20% of the placebo group achieved the primary endpoint of

�5 � 106 CD34+ cells/kg within four aphereses [141]. In this latter study, 62 poor

mobilizers (placebo, n ¼ 52; plerixafor, n ¼ 10), defined as either <0.8 � 106

CD34+ cells/kg in two collections or <2.0 � 106 CD34+ cells/kg in four

collections, were enrolled in an open-label rescue protocol. Four of ten patients

from the plerixafor group and 33 of 52 patients from the placebo group mobilized

>2.0 � 106 CD34+ cells/kg. In those proceeding to transplant, engraftment was

similar to those who had not failed initial mobilization [142]. In a study involving

60 myeloma patients, plerixafor appeared to overcome the adverse impact of

previous therapy with lenalidomide [143]. Analyses of plerixafor use in compas-

sionate use programs on poor mobilizers, or predicted poor mobilizers, have shown

adequate collections in about 67% of patients [144].

7 Engraftment of Mobilized Progenitor Cells

The transfused CD34+ cell count has consistently been shown to be the most

significant predictor of engraftment. Murine studies have proposed that

1.0–2.0 � 106 CD34+ cells/kg is a minimum threshold for short-term engraftment,

while at least 0.5–2.0 � 106 CD34+ cells/kg would be needed for long-term

reconstitution. The general consensus is that 2 � 106 CD34+ cells/kg would reli-

ably lead to rapid and sustained engraftment [6]. On the other hand, it has been

suggested, based on a Cox regression analysis of 692 patients mobilized with rHuG-

CSF with or without cyclophosphamide, that a CD34+ cell dose �5.0 � 106/kg

would be optimal [145]. CD34+ cell doses within these ranges have been shown to

lead to similar short-term engraftment. In a post hoc analysis of 438 patients from

two multicenter trials of rHuG-CSF with or without plerixafor, the effect of the

transfused CD34+ cell dose on engraftment was analyzed irrespective of the

mobilization regimen. Short-term neutrophil and platelet recovery were similar in

each of the groups receiving 2–4, 4–6, and �6 � 106 CD34+ cells/kg. However, a

significant linear relationship between CD34+ cells infused and the platelet count at

6 and 12 months was reported in patients with both myeloma and lymphoma [146].

The short- and medium-term engraftment potential of mobilized blood cells

seems to be higher than bone marrow. Mobilized blood contained higher

frequencies of CFC (1.6�), week-5 cobblestone area-forming cells (CAFC)

(8.4�), and week 8 CAFC (10.3�) [147]. Another study reported that mobilized

peripheral blood contained similar numbers of CD34+ cells, but 2.5� more early

myeloid progenitors (CD34+CD33+CD15�), compared with bone marrow [148].

The effect of CD34+ cell subsets on engraftment was assessed in a cohort of 27

patients undergoing autologous transplantation. The CD34+L-selectin+ cell count

showed a better, statistically significant, correlation with time to platelet recovery

than the total CD34+ cell count (r ¼ �0.86 vs. �0.55) [149]. L-selectin-expressing

subsets were evaluated in 86 patients undergoing autologous PBPC transplants.
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CD34+L-selectin+ cell counts were found to be only a minor improvement on total

CD34+ cell counts in predicting short-term engraftment. In this study, the

transplanted CD34+Thy-1+ cell dose was the only subset correlating with long-

term engraftment [150]. In a large cohort of 410 patients undergoing autografting,

CD34+CD33� cell dose was an independent predictor of engraftment kinetics in

addition to total CD34+ cells transfused. It was the only predictor of red cell and

platelet transfusions [151]. The expression of CD133 has shown conflicting corre-

lation with engraftment kinetics. CD26 expression correlated with engraftment but

not with the CD34+ cell count, suggesting that it may be an independent predictor of

engraftment, but awaits formal evaluation [152]. In a small study, a CD34+CXCR4+

cell count>2.5 � 106/kg was associated with a significantly shorter time to platelet

engraftment (median 10 vs. 14.5 days, p ¼ 0.02) [153]. Overall, no CD34+ cell

subset has been proven to be significantly better than the total CD34+ cell count in

clinical practice.

Ex vivo expansion of harvested progenitor cells represents an attempt to shorten

the period of cytopenias until engraftment occurs [154]. Among the cytokines used

in the culture medium, G-CSF, SCF, and IL-3 were found to be the most important

[155]. The feasibility of this approach was shown in a report of 19 breast cancer

patients whose myeloid and erythroid progenitors expanded a median 46-fold at

21 days [156]. Efficient megakaryocyte expansion could be achieved with cytokine

combinations containing thrombopoietin [157]. Clinical benefit was demonstrated

in a study involving 34 myeloma patients who were transplanted with expanded

(rHuG-CSF, rHuSCF, thrombopoietin) CD34+ cells, with or without additional

unmanipulated cells. Posttransplant neutropenia was abrogated in all but one

patient [158]. At present, cytokines are not routinely used for ex vivo expansion

of progenitor cells, mainly due to loss of primitive cells during progenitor cell

differentiation. In contrast, recent work in the cord blood setting has shown that

Notch ligands can expand hematopoietic stem cells that retain longer-term differ-

entiation capability [159].

8 rHuG-CSF Mobilization and the Immune System

The risk of acute graft-versus-host disease (aGVHD) with PBSC transplants is

approximately 20%, which is similar to bone marrow transplants, despite the

infusion of up to 10 times more T lymphocytes with mobilized blood. In contrast,

at a median follow up of 3 years, the risk of chronic GVHD (cGVHD) was shown to

be increased from 55 to 73% in a multicenter study of 350 patients [160]. The risks

of both aGVHD [161] and cGVHD [162] are greater in patients transfused a higher

CD34+ cell dose, which is likely to be a consequence of changes in immune effector

cells paralleling the intensity of the mobilization process, rather than a direct effect

mediated by CD34+ cells. These changes can impact transplant outcomes. In a

cohort of 78 patients, relapse-free survival at 59 months was lower in the group

receiving �8.3 � 106 CD34+ cells/kg, primarily because of the mortality
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associated with cGVHD. These findings indicate the need to balance the risk of

poor engraftment with that of extensive cGVHD [162].

Compared with 28 steady-state donors, rHuG-CSF-mobilized cells from 104

healthy donors showed reduced natural killer (NK)- and lymphokine-activated

killer cell-mediated cytotoxicity, associated with a diminished B- and T-cell mito-

gen response [163]. Moreover, compared with unprimed bone marrow, the rHuG-

CSF-mobilized CD34+ cell fraction contained six times fewer NK cell progenitors

when cultured in limiting-dilution assays [164]. In another study on six healthy

donors, rHuG-CSF therapy resulted in fewer CD25+, CD56+, and CD57+ cells. In

comparison to steady-state cells, freshly isolated rHuG-CSF-mobilized mononu-

clear cells demonstrated similar allogeneic responses to irradiated HLA-incompat-

ible mononuclear cells, but no NK activity against K562 targets. These results

suggest that rHuG-CSF-mobilized mononuclear cells may prevent normal Th1

alloresponses, maintain alloreactivity to HLA-mismatched antigens, and have

impaired NK activity [165]. These findings were corroborated clinically in a cohort

of 27 patients undergoing HLA-matched sibling stem cell transplant (SCT), where

the CD56+CD16+ cell dose correlated inversely with the risk of aGVHD, and a

lower CD56+CD16+ to CD34+ ratio was associated with increased cGVHD

risk [166].

Microfluorometry studies on peripheral blood from healthy donors have shown

an increase in type-2 dendritic cells (DC2) that induce Th2 differentiation of naive

T cells. DC1 cell counts were not affected [167]. This finding was confirmed in

another study on healthy donors that reported that rHuG-CSF decreased IFN-g
production, caused a polarization from a Th1 to a Th2 phenotype, and increased IL-4

and IL-17 secretion by helper T cells [168]. Th2 polarization has less propensity to

cause aGVHD. Such polarization has been referred to as a Th17 phenotype, and was

found to be dependent on G-CSF-induced IL-21 signaling. Donor CD8+ cells were

the main source of IL-17 and controlled the skin infiltration by macrophages that

eventually led to sclerodermatous changes in cGVHD [169]. SOCS-3, a key

regulator of intracellular signaling by G-CSF, has been shown to dampen immune

responses leading to GVHD [170], suggesting another mechanism to explain the

reduced risk of aGVHD after rHuG-CSF-mobilized SCT.

Despite a reduction in GVHD risk, immune cells in rHuG-CSF-mobilized

collections retain the ability to mediate an immunologic clearance of tumor cells

in the recipient. This phenomenon of graft-versus-tumor effect forms a cornerstone

of the success of allogeneic SCT in treating several malignancies. A metaanalysis

of several studies has shown that graft-versus-leukemia effects are enhanced by the

use of peripheral blood compared with bone marrow transplantation [171].

A discussion of the complex mechanisms by which G-CSF achieves this partial

separation of GVHD from graft-versus-tumor effect is beyond the scope of this

chapter, but is reviewed by Morris et al. [172].

Improved survival has been reported in patients achieving higher lymphocyte

counts after SCT. For example, in a study of 122 myeloma patients, a higher day-30

lymphocyte count translated to better overall and progression-free survival, and

correlated with the lymphocyte count in the apheresis product. More lymphocytes
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were present in harvests mobilized with rHuG-CSF alone compared with rHuG-

CSF with chemotherapy [173], illustrating once again that optimizing outcomes

after PBSC transplantation requires a more considered approach than simply

attempting to increase the CD34+ cell dose. The growing appreciation of the

complex and multifaceted effects of rHuG-CSF on the SCT process should allow

this goal to be realized.

9 Concluding Remarks

Most hematopoietic SCT performed today use peripheral blood. rHuG-CSF

remains the cornerstone of protocols developed to mobilize progenitor cells. The

mechanisms by which mobilization occurs is being actively researched, but signifi-

cant progress has been made, leading to the clinical development of agents that can

enhance mobilization in cases where rHuG-CSF with or without chemotherapy is

inadequate. The CD34+ cell dose has emerged as the most widely used predictor of

engraftment, and hence determines the adequacy of attempts at mobilization.

Clinical and genetic factors that affect rHuG-CSF-based mobilization have been

defined. Mobilization has wide ranging effects on the content and function of

immune cells in the stem cell collection. An improved understanding of these

changes could be expected to lead to strategies to mitigate the risk of GVHD and

optimize transplant outcomes.
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33. Lévesque JP, Hendy J, Takamatsu Y, Simmons PJ, Bendall LJ (2003) Disruption of the

CXCR4/CXCL12 chemotactic interaction during hematopoietic stem cell mobilization

induced by GCSF or cyclophosphamide. J Clin Invest 111:187–196

34. Winkler IG, Hendy J, Coughlin P, Horvath A, Lévesque JP (2005) Serine protease inhibitors
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Part III

Use of rHuG-CSF in Non-Oncology Setting



rHuG-CSF for the Treatment of Severe
Chronic Neutropenia

David C. Dale and Audrey Anna Bolyard

1 Introduction

Severe chronic neutropenia (SCN) is a general term used to describe patients with

blood neutrophil counts either chronically or cyclically less than 500 neutrophils

per cubic millimeter (i.e., <0.5 � 109/L). Many causes for this condition are

known, both hereditary and acquired diseases. The common feature is that low

blood neutrophil counts predispose patients to develop fever, ulcerations along the

gastrointestinal tract from the mouth to the anus, and recurrent infections. The risk

of these events varies depending upon the patient’s general health, the cause of the

neutropenia, and the capacity of the bone marrow to produce more neutrophils

when infections occur [1, 2].

2 Granulocyte Colony-Stimulating Factor

The development of recombinant human granulocyte colony stimulating factor

(rHuG-CSF) dramatically changed the lives of patients with SCN. We now know

that most patients with chronic neutropenia, regardless of the cause, will increase

their blood neutrophil counts in response to treatment with rHuG-CSF,

administered subcutaneously on a daily or alternate-day basis. For most patients,

the response is sustained for the duration of therapy [3, 4]. This chapter reviews the
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development of rHuG-CSF for treatment of SCN and provides a summary of

current recommendations for its appropriate use in these patients.

3 Nonclinical Studies

Soon after G-CSF was produced by recombinant DNA technology, research began

on its clinical applications, using nonclinical models. Chemotherapy-induced neu-

tropenia served as a principal therapeutic model. Animal models were also impor-

tant for the development of rHuG-CSF as a therapy for chronic neutropenia.

Beginning in the late 1980s, Hammond et al. began nonclinical studies on rG-

CSF treatment of normal dogs and gray collie dogs with cyclic neutropenia [5]. The

researchers observed that normal dogs given repeated doses of rHuG-CSF devel-

oped chronic neutropenia due to cross-reacting antibodies to the human growth

factor. This observation was the first evidence that G-CSF is the cytokine regulating

and maintaining blood neutropenia counts [5]. After the canine G-CSF gene was

cloned and canine G-CSF was produced in sufficient quantities, long-term trials

showed that G-CSF is a very effective long-term treatment for canine cyclic

neutropenia [6]. Other human growth factors were either ineffective or lost their

effectiveness with chronic use [6]. Subsequent studies showed that canine G-CSF

delivered through gene therapy is effective as a long-term treatment strategy in

canine cyclic neutropenia, but similar studies had not been performed in humans [7].

4 Phase 2 Clinical Trials

Clinical trials of rHuG-CSF to treat SCN began in 1987. In the initial phase 1 and

2 trials, patients with cyclic neutropenia, congenital neutropenia, and chronic

idiopathic neutropenia were given daily rHuG-CSF first for a few days and then

for longer periods. The doses were adjusted at 1- to 2-week intervals with the goal

of increasing blood neutrophil counts to normal values. The studies showed that

almost all patients responded with somewhat different patterns of response for each

of these diseases [7–10].

4.1 Cyclic Neutropenia

Cyclic neutropenia was described as a distinct clinical entity more than 100 years

ago; it is probably the first recognized immune deficiency syndrome. Cyclic

neutropenia is a very rare autosomal dominant disease now known to be caused

by mutations in the gene for neutrophil elastase, the ELA2 or ELANE gene [11].

Characteristically, patients have 3-week cycles of blood neutrophils with no or very

few neutrophils in the blood for several days at the neutrophil nadirs. After each
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nadir, counts then increase briskly to a peak that is often <2.0 � 109/L. During the

severe neutropenic period, patients regularly have fever, mouth ulcers, cellulites,

and bacterial infections [12]. Many reports exist of deaths due to septicemia, often

with clostridial infections, during the neutropenic periods [13, 14].

The phase 2 trial of G-CSF for the treatment of cyclic neutropenia began soon

after rHuG-CSF became available for clinical testing. The rationale was that these

patients have a serious disease needing an effective therapy. The predictable

neutropenia and problems with infections also made this disease a good model

for testing the effects of this new agent [7]. Originally, rHuG-CSF was administered

intravenously on a daily basis, until it was learned that subcutaneous administration

was equally efficacious. A nonrandomized trial in six patients demonstrated that

rHuG-CSF increased the amplitude of blood neutrophil cycles and shortened the

periodicity of oscillations from the usual 21 days to about 14 days. Although G-CSF

did not prevent cyclic oscillations in the blood counts, it clearly reduced days of

severe neutropenia and prevented mouth ulcers, fevers, and serious infections [7].

4.2 Severe Congenital Neutropenia

Severe congenital neutropenia is also a very rare inherited disorder. It was first

described as an autosomal recessive disorder occurring in a family in Northern

Sweden and called Kostmann syndrome, named after the physician who originally

described this disorder. This form of severe congenital neutropenia is now attribut-

able to mutations in the HAX1 gene [15, 16]. It is known that severe congenital

neutropenia is more commonly inherited as an autosomal dominant condition

attributable to mutations in the gene for neutrophil elastase, the ELANE gene

[17]. Several other rare genetic causes have been identified, some with congenital

anomalies which aid their diagnoses [18–22].

The original phase 2 clinical trials were performed before the diverse genetic

causes of severe congenital neutropenia were known, so all of the cases were

grouped together as congenital neutropenia. These initial studies showed that

most patients respond, but the dose required to increase and maintain neutrophil

counts in the normal range varied considerably. Some patients had a delay of

several days before they responded. When blood neutrophils increased, they

appeared to oscillate or cycle in some patients [23]. The clinical benefits of

increasing the blood neutrophil counts were quickly obvious. Infections cleared

and new infections occurred less often with normalization of neutrophil production

and deployment [24].

4.3 Chronic Idiopathic Neutropenia

Chronic idiopathic neutropenia (CIN) is much more common than cyclic or con-

genital neutropenia. Its exact frequency is not known, but it is presumed to occur on
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an immune or autoimmune basis [25, 26]. Predominantly women are affected.

Although the demographic features of patients with CIN and systemic lupus

erythematosus (SLE) are similar, there is no good evidence that these are

overlapping conditions or that CIN leads to the development of SLE or one of its

variants. Blood neutrophil counts vary considerably in patients with this diagnosis,

within the population, and over time in a given patient. Patients with blood

neutrophil counts <0.5 � 109/L tend to have recurrent fevers and bacterial

infections, and these problems are the greatest for those with the lowest counts.

The original clinical trials of treatment of CIN with rHuG-CSF showed that

patients respond rapidly at very low doses. The time course for the response was

relatively brief, and patients appeared to benefit from the increase in blood

neutrophils soon after initiation of rHuG-CSF [9].

5 The Phase 3 Randomized Trial

By early 1988, all available evidence indicated that rHuG-CSF would be a very

effective therapy for cyclic, congenital, and idiopathic neutropenia. A multicen-

tered, randomized, phase 3 trial involving 123 patients then clearly demonstrated its

effectiveness to increase blood neutrophil counts and prevent fever, mouth ulcers,

and infections [27]. In this trial, the dose of rHuG-CSF was titrated to achieve a

blood neutrophil count of 2.0 � 109/L, and the patients were maintained on this

dose for a 4-month period. This dosage proved to be sufficient time to prove benefit,

but the period of randomized treatment was not long enough to determine if rHuG-

CSF was associated with long-term adverse effects.

6 The Severe Chronic Neutropenia International Registry

To determine the long-term effectiveness and safety of rHuG-CSF treatment, a

group of investigators formed the Severe Chronic Neutropenia International Regis-

try (SCNIR) in 1994 under the sponsorship of Amgen, the biopharmaceutical firm

manufacturing rHuG-CSF for the initial studies [3, 28]. Patients from the original

phase 2 and phase 3 trials plus new patients were enrolled and followed in this

observational study, which has continued with sponsorship of the National

Institutes of Health in the USA and with multi-governmental support in Europe

for more than 16 years. This structure provided a data base for estimating the

frequency of adverse events, and the enrollment of a diverse population allowed

comparisons of treatment responses and treatment outcomes. In addition, the study

has reached more than 60 countries and raised awareness of the clinical problem of

chronic neutropenia. Through the SCNIR, the diverse genetic and acquired causes

for SCN have been identified and progress in understanding these conditions has

followed. Results from the SCNIR recommendations are summarized below and in

other reports (Table 1).
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7 Hereditary Diseases’ Diagnosis and Recommendations

7.1 Cyclic Neutropenia

The diagnosis of cyclic neutropenia depends on finding regular oscillations in blood

neutrophil counts at approximately 21-day intervals with intervening periods of

very severe neutropenia. At least 3-times-per-week counts for 6 weeks are required

to make this diagnosis, unless it has already been established in a first- or second-

degree relative. Genotyping by sequencing of the ELANE gene is insufficient to

establish the diagnosis of cyclic neutropenia because there is overlap of the

genotype for cyclic and autosomal dominant severe congenital neutropenia

(ADSCN) [11, 29]. It is important to make this distinction, because ADSCN has

a risk of conversion to acute myeloid leukemia (AML), whereas patients with cyclic

neutropenia are apparently not at risk [30].

Patients with cyclic neutropenia usually respond to treatment with rHuG-CSF

(2–4 mg/kg/day) [3, 28]. They should be maintained on a dose (adjusted for body

surface area or weight) to maintain a mean absolute neutrophil count (ANC) in the

range of 1.0–2.0 � 109/L, determined by blood counts several times per year. The

SCNIR does not recommend regular or repeat bone marrow examinations to follow

these patients.

7.2 Severe Congenital Neutropenia

Approximately 60% of patients with the clinical diagnosis congenital neutropenia,

i.e., noncyclic severe neutropenia recognized soon after birth, will have ELANE
mutations [21]. More than 60 different mutations in the ELANE gene have been

identified in this population [29]. The protein product of the mutated gene appears

Table 1 rHuG-CSF treatment of patients with severe chronic neutropenia

Neutropenia

diagnosis

No. of pt Baseline ANC

(�109/L)

rHuG-CSF dose

(mg/kg/day) yr 1
median (range)

ANC after 1 yr

treatment (�109/L)

median (range)

Yr treatment

median (range)

Congenital

(all causes)

415 0.3 (0.0–10.3) 5.0 (0.0–183.2) 2.0 (0.0–30.7) 7 (1–22)

SDS 29 0.4 (0.1–10.3) 1.0 (0.1–30.7) 2.7 (0.4–17.5) 6 (1–13)

Barth syndrome 8 0.4 (0.1–2.0) 2.3 (0.6–5.5) 1.3 (0.3–5.0) 11 (4–12)

GSD 1b 59 0.3 (0.1–7.7) 1.0 (0.0–7.2) 3.8 (0.5–63.2) 10 (2–22)

Cyclic 169 0.6 (0.1–2.0) 2.9 (0.0–14.1) 4.9 (0.0–19.8) 11 (1–23)

Idiopathic 355 0.4 (0.0–6.7) 1.9 (0.0–40.0) 2.2 (0.2–13.0) 7 (1–22)

Autoimmune 41 0.7 (0.1–7.7) 1.4 (0.0–4.3) 0.5 (0.5–2.0) 3 (1–11)

Total 980

Data are from the Severe Chronic Neutropenia Registry, Seattle, WA, USA

ANC absolute neutrophil count; GSD 1b glycogen storage disease 1b; pt patient; SDS
Shwachman–Diamond syndrome; yr year
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to accumulate in the cytoplasm rather than in the primary granules of neutrophils

and to trigger the “unfolded protein response” and accelerated apoptosis of devel-

oping myeloid cells [31, 32], which is the apparent cause for the classic observation

of “maturation arrest” of myeloid cells in the marrow in patients with severe

congenital neutropenia.

The responsiveness to rHuG-CSF is similar for patients with and without ELANE
mutations, and the risk of evolution to AML is also similar [33]. More than 90% of

patients will respond to rHuG-CSF by increased blood neutrophil counts to normal

or near-normal levels. The doses required vary substantially from 1.0 to>50 mg/kg/day
[34]. Therefore, titration of the rHuG-CSF dose is required in each patient, gener-

ally beginning at a dose of 2–4 mg/kg/day and with dose adjustments on a weekly or

biweekly basis. In general, blood neutrophil counts >1.0 � 109/L are sufficient to

prevent mouth ulcers and infections.

Mutations in the HCLS1-associated protein X1 (HAX1) gene and glucose 6
phosphatase, catalytic, 3 (G6PC3) gene are also recognized as the cause for autoso-
mal recessive severe congenital neutropenia [18, 35]. Patients withHAX1mutations

often have congenital neurologic abnormalities, and patients withG6PC3mutations

have cardiac and urogenital anomalies. Because these cases all are much less

common than those attributable to ELANE mutations, the genotype–phenotype

relationships and the risk of leukemic evolution are not well known. It appears,

however, that these cases should be considered along with other patients with severe

congenital neutropenia as being at risk of developing AML.

A few patients with mutations in the Wiskott–Aldrich syndrome (WAS) [36] and
growth factor independent transcription repressor (GFI 1) [20] and the G-CSF
receptor gene [37] have SCN. The clinical course and risk of malignant evolution

for these cases are not known. About 30% of patients with the clinical diagnosis of

severe congenital neutropenia will not have a mutation in ELANE, HAX-I, G6PC3,
GFI 1, orWAS. As noted, these patients, however, respond to rHuG-CSF similar to

patients with ELANEmutations, and recommendations for rHuG-CSF dose titration

and schedule are the same.

At present, it is prudent to consider all patients with severe congenital neutrope-

nia to be at similar risk of evolution to AML. Specific ELANE mutations do not

appear to predict the therapeutic response to rHuG-CSF or the risk of leukemic

evolution. The largest numbers of cases of AML have occurred in patients with the

G185Rmutation, but there are a higher proportion of cases evolving to leukemia for

several other mutations [29]. For this reason, the SCNIR recommends that all

patients with congenital neutropenia should be followed closely with clinical

observations, blood cell counts, and annual bone marrow examinations, including

cytogenetic testing. Patients requiring higher doses of rHuG-CSF are at greater risk

of evolving to myelodysplastic syndromes (MDS)/AML, presumably because the

intrinsic defect in neutrophil formation makes these patients more resistant to

rHuG-CSF therapy [30, 33]. Patients requiring rHuG-CSF at doses >8–10 mg/kg/day
and those developing anemia, thrombocytopenia, or refractoriness to rHuG-CSF or

showing chromosomal changes, particularly monosomy 7, as signs of leukemic
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evolution, should be considered for hematopoietic transplantation. Transplantation

is currently the only effective alternative to rHuG-CSF therapy [38].

7.3 Glycogen Storage Disease Type 1b

Glycogen storage disease 1b (GSD 1b) is caused by mutations in the glucose 6
phosphate transporter (G6PT) gene that moves glucose across cellular membranes,

particularly into the cell’s endoplasmic reticulum. Mutations in this gene cause a

multiplicity of defects in neutrophil function, reflecting the critical role of glucose

in neutrophil trafficking, oxidative burst, and bactericidal functions [39]. Neutrope-

nia is attributable to poor survival of neutrophils, both in the marrow and in the

blood [40].

Treatment with rHuG-CSF is particularly effective to reduce the occurrence and

severity in GSD 1b because it both improves neutrophil functions and increases

blood neutrophil counts. The exact mechanisms are not known, but presumably

involve the anti-apoptotic effects of G-CSF as well as increase in the expression of

multiple proteins related to chemotaxis and bacterial killing [41]. rHuG-CSF also

reduces the occurrence and severity of the inflammatory bowel disease associated

with GSD1b [42]. Splenomegaly, even massive splenomegaly, is a risk, but can

generally be managed or avoided by using only the minimal dose to maintain blood

neutrophil counts at or near 1.0 � 109/L [43].

7.4 Shwachman–Diamond Syndrome

Shwachman–Diamond syndrome (SDS) is characterized by neutropenia, bone

marrow failure, pancreatic dysfunction, and skeletal anomalies [44]. It is attribut-

able to mutations in the Shwachman–Blackfan–Diamond (SBDS) gene, mutations

which lead to abnormalities in cell division and ribosomal functions [45]. Through

the SCNIR, records are available for long-term treatment of>30 patients with SDS,

approximately equal numbers of children and adults, followed for a median of

4 years (range: 2–13 years) [46]. Blood neutrophil counts were <0.5 � 109/L in

most of these patients. Treatment with rHuG-CSF increased blood neutrophil

counts to the normal range in all cases. Leukemic evolution has been observed

similar to that in patients with severe congenital neutropenia, both with and without

rHuG-CSF therapy [47].

7.5 Barth Syndrome

Barth syndrome is an X-linked recessive disease characterized by neutropenia,

cardiomyopathy, growth delay, and muscle weakness [48]. Its clinical
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manifestations include fatigue, hypokalemia, and congestive heart failure. It is

attributable to mutations in the tafazzin (TAZ) gene. Through the SCNIR, records

are available on the treatment of six patients for a median of 8 years. Patients are

very responsive to rHuG-CSF therapy, which appears to reduce the occurrence and

severity of their infectious complications. Leukemic evolution has not been

observed in this disorder [49].

7.6 Other Neutropenia-Inherited Syndromes

WHIM syndrome/myelokathexis is a rare autosomal dominant cause for severe

leukopenia and neutropenia. These patients often have total white blood cell counts

<1.0 � 109/L, attributable both to neutropenia and lymphocytopenia. Other blood

cell counts are normal. This disorder is attributable to mutations in the chemokine
receptor 4 (CXCR4) gene, which encodes a key receptor regulating the trafficking

of neutrophils and lymphocytes from the marrow to blood and tissues [50]. Patients

may have severe warts and hypogammaglobulinemia. Blood neutrophil counts

increase with rHuG-CSF therapy, but this treatment does not correct the

lymphocytopenia or serve to improve the problem with warts [51].

In the Wiskott–Aldrich syndrome, neutropenia is associated with specific

mutations, i.e., missense mutations in the Cdc42-binding domain of the

Wiskott–Aldrich protein [52]. In other immunodeficiency disorders, the occurrence

and severity of neutropenia is quite variable and poorly understood. Most of these

patients will respond to treatment with rHuG-CSF. Treatment should be determined

based on the severity of neutropenia, the propensity to infections, and a brief

clinical trial in each individual patient.

8 Acquired Severe Neutropenia

8.1 Neonatal Immune and Autoimmune Neutropenia

Early in infancy, neutropenia can be caused by maternal antibodies to specific

antigens expressed on neonatal neutrophils. This condition, immune neutropenia of

infancy, is transient and usually resolves spontaneously within a few weeks after

birth. Neutropenia can also occur in neonates of mothers with idiopathic neutrope-

nia and as a consequence of prematurity [53]. rHuG-CSF may be effective to

accelerate normalization of neutrophils in these patients, but there are no

randomized trials showing the clinical effectiveness of this therapy [54].
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8.2 Chronic Idiopathic Neutropenia

Chronic idiopathic neutropenia is a poorly understood condition affecting both

children and adults. In children, it is often called “benign neutropenia of childhood

[55].” In both groups, the level of blood neutrophils and the capacity of the marrow

to generate more cells rapidly are the determinants of the clinical course. In general,

patients with blood neutrophil counts <0.5 � 109/L have recurrent fevers, and

those with lower counts have recurrent episodes of cellulitis, pharyngitis, sinusitis,

and occasional and unpredictable more-severe infections.

Chronic idiopathic neutropenia is difficult to distinguish from chronic autoim-

mune neutropenia because methods for detecting autoantibodies to neutrophil

antigens are not widely available or necessarily predictive of specific disease

patterns. In both idiopathic and autoimmune neutropenia, marrow neutrophils are

normal or nearly normal in numbers and morphology. It is perhaps for this reason

that these patients respond promptly to rHuG-CSF and can be effectively treated

with 1–3 mg/kg/day or on an alternate-day basis. There is no evidence that patients

with positive antibody tests are less responsive to rHuG-CSF or that therapy with

the cytokine loses its effectiveness with chronic therapy [28].

8.3 Rheumatoid Arthritis and Acquired Large Granular
Lymphocyte Syndrome

Neutropenia is an uncommon feature of rheumatoid arthritis, but it occurs in

approximately 1–3% of patients often in association with splenomegaly, a high

rheumatoid factor values, and sometimes with increased large granular

lymphocytes in the circulation [56]. The neutropenia may be moderate or severe,

and bacterial infections complicate the most severe cases. Fas-mediated apoptosis

of neutrophils is currently thought to be a primary mechanism for neutropenia in

these cases, but other mechanisms may be involved as well [57]. rHuG-CSF is a

therapeutic option, but patients should be cautioned that it may trigger a worsening

of their arthritic symptoms. Combinations of rHuG-CSF and methotrexate,

rituximab, or other biologic agents are other therapeutic options [58].

8.4 HIV Infection and Neutropenia

Neutropenia was a common complication of HIV infection before the advent of

effective antiviral therapies. In this era, it was learned that most HIV-associated

neutropenia is responsive to rHuG-CSF administered chronically and in relatively

low doses on a daily or alternate-day basis. Clinical trials suggested but did not

prove the effectiveness of this therapy, largely because of the complexity and

difficulty in the conduct of the randomized trials [59].
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9 Guidelines for Treatment of Chronic Neutropenia
with G-CSF

1. Treat patients based on diagnoses, frequency of fevers, and infection and not

solely based on blood neutrophil counts. In cases of presumed congenital

neutropenia, have patients maintain a careful daily diary of temperature,

mouth ulcers, and evidence of infections – minor and major. A diary of antibiotic

treatments is also helpful. This clinical information together with serial blood

counts helps to make the important distinction of cyclic versus congenital

neutropenia.

2. Initiate rHuG-CSF therapy at 1–2 mg/kg/day and gradually increase the dose.

Initially, use daily therapy until the target ANC is reached (1.0 � 109/L);

increase the dose interval to every other day or 3 days per week if the patient

responds readily. Starting at a low dose minimizes bone pain and other acute

adverse events.

3. If the initial therapy is insufficient to reach a target of 1.0 � 109/L, gradually

increase the dose, usually double the dose, at 1- or 2-week intervals.

4. In patients with the clinical diagnosis of severe congenital neutropenia, consult

with a neutropenia specialist if a dose >10 mg/kg/day is required to achieve a

neutrophil count of 1.0 � 109/L.

5. In patients with idiopathic and autoimmune neutropenia, it is reasonable to try to

discontinue therapy at any time, which is best achieved by reducing the dose of

rHuG-CSF by 50% in a serial fashion and observing blood neutrophil counts

after a few days on the reduced dose. Patients should be advised that idiopathic

and autoimmune neutropenia usually lasts indefinitely, but minimizing the

rHuG-CSF dose can best be done by careful dosage adjustment in this fashion.

6. rHuG-CSF is widely effective for the treatment of neutropenia and is well

tolerated. Careful observation of the response to treatment with serial blood

counts should guide therapy. Most responding patients can be maintained on the

same dose for long periods.

7. Bone pain and headache are the common adverse events associated with starting

treatment with rHuG-CSF.

8. Bone density measurements may be useful to follow patients for the develop-

ment of osteopenia or osteoporosis.

9. Patients with severe congenital neutropenia and SDS are at risk of evolution to

leukemia, with or without rHuG-CSF therapy. They should be followed care-

fully with clinical examinations and blood and bone marrow examinations at

regular intervals.
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Investigational Studies of rHuG-CSF
to Promote the Regeneration of
Nonhematopoietic Tissues

Stephen J. Szilvassy

1 Introduction

Granulocyte colony-stimulating factor (G-CSF) is a 19.6-kDa glycoprotein hor-

mone secreted by monocytes, macrophages, fibroblasts, and endothelial cells and is

the primary physiologic regulator of neutrophilic granulocyte production. It exerts

its earliest actions on myeloid-restricted hematopoietic progenitor cells that reside

in the bone marrow, stimulating their proliferation and differentiation through

several developmental stages (myeloblasts, promyelocytes, myelocytes, and

metamyelocytes), culminating in the release of terminally differentiated neutrophils

into the peripheral blood. G-CSF also promotes the survival of mature neutrophils

and enhances their effector functions required for a successful immune response

against bacterial infection [1].

The relatively restricted actions of G-CSF on the neutrophil lineage were

revealed by the phenotype of knock-out mice and nonclinical studies in which

recombinant human (rHu)G-CSF was administered to rodents and nonhuman

primates [2, 3]. These findings spurred the therapeutic development of rHuG-CSF

as an agent to promote the regeneration of neutrophils in patients receiving cancer

chemotherapy either alone or in conjunction with hematopoietic stem cell trans-

plantation [4]. rHuG-CSF has also proven useful for the treatment of idiopathic

neutropenias, and for inducing the release of primitive hematopoietic stem and

progenitor cells from the bone marrow into the circulation (a process referred to as

“mobilization”) where they can be more readily collected for transplantation

purposes (see other chapters for further information on uses of rHuG-CSF in

various clinical settings). All of these actions of G-CSF are consistent with the

expression of the G-CSF receptor (G-CSFR; also known as CD114) predominantly

on cells of the granulocyte lineage; however, over the past 5 years in particular, an
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increasing number of studies have reported expression of G-CSFR mRNA and/or

protein on adult nonhematopoietic cells, including cardiomyocytes, endothelial,

neural, and retinal cells [5–7]. This finding has prompted various nonclinical and

clinical investigations of rHuG-CSF for the treatment of myocardial infarction,

stroke, cognitive disorders, and degenerative eye diseases [5, 6, 8–12]. While the

nonclinical data for the effects of G-CSF on nonhematopoietic tissues is intriguing,

it is highly controversial. Among the most significant concerns with almost all of

these studies is the lack of definitive evidence for expression of G-CSFR on the

various nonhematopoietic cell types on which G-CSF has been claimed to act

directly. Of critical importance to this issue is the recent demonstration that none

of the anti-G-CSFR antibodies that are currently available from commercial

sources, and which have been widely used for such studies, bind specifically to

the human G-CSFR protein [13]. That is, although some of these antibodies do bind

to G-CSFR, they also bind to other proteins either on the surface or within cells that

do not express G-CSFR mRNA. Experiments that employ these antibodies for

immunohistochemistry and/or flow cytometry to detect the presence of G-CSFR

on the surface of intact cells must therefore incorporate rigorous controls (e.g.,

genetic ablation or siRNA-mediated knock-down of G-CSFR expression in the cells

of interest to completely abrogate antibody binding) or immunoprecipitate the G-

CSFR protein from cell lysates before Western analysis with a second noncompeti-

tive anti-G-CSFR antibody, again using G-CSFR-positive and -negative cell types

as controls to exclude the possibility that the staining observed might be due to

antibody binding to cross-reactive proteins [13]. Unfortunately, such rigor is not

routinely applied and so while this does not automatically invalidate the results of

studies that also demonstrate a biologic effect of G-CSF on nonhematopoietic cells

in vitro or in vivo (e.g., increased cell survival or proliferation), it does severely

weaken the evidence supporting a direct mechanism of action.

The enthusiasm that spurred initiation of clinical studies of the efficacy of rHuG-

CSF for promoting nonhematopoietic tissue repair is, if not scientifically well

founded, somewhat understandable. The two G-CSF therapeutics that have enjoyed

regulatory approval for the longest period of time, filgrastim and pegfilgrastim, the

latter having an extended half-life in the circulation due to the covalent attachment

of a polyethylene glycol moiety that increases the hydrodynamic size of the drug

and largely eliminates its renal clearance [14], have established a favorable safety

record over the course of more than 20 years during which they have been

administered to millions of patients and normal individuals, in the latter for the

purposes of allogeneic stem cell donation. Meanwhile, the debilitating functional

impairments in many patients with advanced coronary heart disease and

Alzheimer’s disease, to name two, have remained a significant unmet medical

need that it is predicted will only increase over the next decades as the population

of elderly individuals in which such diseases typically manifest themselves

continues to grow. Thus because rHuG-CSF has proven to be safe in the hematology

and oncology setting, and an expanding body of nonclinical data suggested that it

may be efficacious in settings that were not necessarily predicted by its biology

known from the hematopoietic system, small clinical studies were initiated despite
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the incomplete understanding of the drugs proposed mechanism of action in these

novel indications. A substantial body of evidence is now available for scientific and

medical professionals to evaluate if rHuG-CSF meaningfully improves clinical

parameters in the settings of acute myocardial infarction, stroke, and Alzheimer’s

disease. This chapter reviews some of the key nonclinical studies that ignited

interest in G-CSF as a tissue repair factor, identifies some of the problems with

these experiments that must be considered in interpreting the data, and reviews the

work of others who have performed meta-analyses of several clinical studies of

rHuG-CSF in these unconventional indications. Taken together, this literature

highlights the significant challenges in translating laboratory observations into

successful therapies.

2 rHuG-CSF for the Treatment of Myocardial Infarction

Myocardial infarction (commonly referred to as a heart attack) is responsible for

about one-third of congestive heart failure cases and is the leading cause of

cardiovascular mortality. The current treatment employs statins, beta-blockers,

angiotensin-converting enzyme (ACE)-inhibitors and other drugs, together with

early percutaneous coronary intervention (PCI) (commonly known as angioplasty),

which while dramatically improving survival from the acute episode do not prevent

left ventricular remodeling. Thus, approximately 35% of myocardial infarction

patients develop heart failure within 5 years due to sustained damage that results

in a chronically ischemic heart. The observation that after a myocardial infarction,

increased numbers of hematopoietic, mesenchymal and endothelial stem/progenitor

cells, and increased concentrations of factors that promote their homing to injured

tissue (e.g., stromal cell-derived factor [SDF]-1) can be detected in the circulation

prompted the idea that stem cell mobilization might represent a physiologic repair

mechanism and that stem cell therapy, augmented by exogenous cytokine treat-

ment, may represent a novel therapeutic option for these patients [15, 16]. Interest

in the concept that hematopoietic stem cells might be able to regenerate the

cardiomyocytes that die in the hours and days after myocardial infarction exploded

with the publication of two papers demonstrating a remarkably high degree of

engraftment of bone marrow-derived cells, augmented by rHuG-CSF therapy, in

infarcted mouse hearts [17, 18]. The authors attributed the improved cardiac

function and animal survival to “transdifferentiation,” a hypothetical process

widely investigated at that time, whereby hematopoietic stem cells were postulated

to differentiate into nonhematopoietic cell types in response to tissue injury or

inflammation. Despite considerable effort, the initial spectacular results could not

be replicated [19, 20], and the transdifferentiation model was widely challenged

and ultimately disproven, at least for adult stem cell types [21–23]. Nevertheless,

the initial observation was sufficient to catalyze a paradigm shift and stimulated the

publication of numerous nonclinical studies investigating the use of various

hematopoietic growth factors and stem cell populations for improving cardiac

Investigational Studies of rHuG-CSF to Promote the Regeneration 295



function in mice, rats, rabbits, dogs, and pigs. With some exceptions, beneficial

effects on structural and functional cardiac parameters were demonstrated [24–31].

Recombinant HuG-CSF garnered particular interest for this application for the

reasons discussed and because it can be administered by subcutaneous injection

without the need to collect bone marrow and manipulate cells in culture, or to

transplant these into recipients by invasive routes such as intracoronary injection.

The results of these nonclinical studies have been reviewed in detail and will not be

discussed [32, 33]. Instead, this section highlights some emerging themes and

consider potential mechanisms by which G-CSF may mediate the effects observed.

2.1 Nonclinical Studies and Potential Mechanisms
for G-CSF’s Action on the Heart

Three dominant hypotheses for G-CSF’s mechanism of action emerged from the

studies in which it was found to preserve the structure and function of the post-

myocardial infarction heart, although it is important to emphasize that many other

studies failed to demonstrate such effects compared with vehicle-treated controls.

First, it was proposed that G-CSF promotes cardiomyocyte survival directly by

binding to G-CSFR expressed on these cells, activating JAK/STAT signaling and

up-regulating expression of antiapoptotic proteins such as Bcl-2 and Bcl-xL.

Alternatively or in addition, bone marrow-derived hematopoietic stem cells

mobilized by rHuG-CSF may home to the damaged heart where it has been

proposed that they generate new cardiomyocytes. As noted, this “transdiffer-

entiation hypothesis” was largely disposed of by subsequent studies and will not

be discussed further. A third possibility, related to the second, is that G-CSF

promotes the migration of hematopoietic stem cells and/or other stem cell types

that reside in the bone marrow to the site of injury where they, or more specifically

their progeny, mediate repair through paracrine mechanisms that might include the

production of anti-inflammatory cytokines, chemokines, proangiogenic factors, or

enzymes that break down scar tissue.

The first possibility was suggested by a report demonstrating G-CSFR mRNA

expression in the adult mouse heart and in cultured cardiomyocytes by RT-PCR

(reverse-transcription polymeriase chain reaction) analysis, and G-CSFR protein

expression in cultured cardiomyocytes from normal (i.e., nonischemic) neonatal

rats by immunohistochemistry and in cardiomyocytes from infarcted adult rat

hearts by Western analysis [9]. A careful review of the data, however, reveals

several important flaws in the experimental design. No negative control tissue was

included in the RT-PCR or Western experiments, and the antibody used to detect

G-CSFR protein expression is now known not to be specific for G-CSFR [13].

The negative controls used for immunohistochemistry were not adequate to exclude

the possibility of nonspecific antibody binding, i.e., rather than comparing the level

of staining to that observed with an irrelevant isotype-matched control antibody, the
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primary anti-G-CSFR antibody was simply omitted. The findings are also confused

by the largely cytoplasmic localization of the staining claimed to be due to

G-CSFR. Since G-CSF is well known to promote neutrophil survival by activation

of the STAT3 signaling pathway, analogous signaling endpoints were also

investigated in rat cardiomyocytes cultured in rHuG-CSF. Although STAT3 phos-

phorylation was observed, the amount of rHuG-CSF required to elicit this

effect was approximately tenfold higher than that which stimulates signaling in

hematopoietic cells. Pretreatment of cardiomyocytes with rHuG-CSF was found to

suppress apoptosis induced by exposure to hydrogen peroxide in vitro; however, no

data were presented to demonstrate that this protective effect was rHuG-CSF dose-

dependent [9]. Indeed, a subsequent attempt to replicate this claimed antiapoptotic

effect of G-CSF on cardiomyocytes was unsuccessful and failed to provide con-

vincing evidence of G-CSFR protein expression in infarcted mouse hearts [29]. In

this latter study, both STAT3 and Akt were shown to be phosphorylated in the

hearts of infarcted mice that were treated with rHuG-CSF compared with saline.

However, this finding does not allow any conclusions about whether G-CSF acts

directly on cardiomyocytes. An alternative explanation, consistent with the known

biology of G-CSF, is that it stimulates G-CSFR+ hematopoietic cells (either in distal

organs such as the bone marrow or in the heart itself) to produce other factors

that also signal through these pathways (e.g., many interleukins, macrophage (M)-

CSF, and platelet-derived growth factor also signal through STAT3) and which

enhance heart function through indirect mechanisms (discussed later). Analogous

experiments performed in excised rat hearts (i.e., in a Langendorff system)

excluded the potential contribution of bone marrow cells to G-CSF-stimulated

activation of Jak2, STAT3, ERK, Akt, and the endothelial nitric oxide synthase

(eNOS) pathway [34]. However, the magnitude of the effects observed in this

model were small; rHuG-CSF induced only a 1.6-fold increase in phosphorylated

eNOS and a 10% increase in NO synthesis (a known mediator of cardioprotection

[35]). Moreover, it remains difficult to exclude the possible contribution of endo-

thelial cells and cardiac-resident monocytes in this system. Despite these technical

concerns, the idea that G-CSF acts directly on G-CSFR-expressing cardiomyocytes

to promote their survival and proliferation continues to be promulgated in the

literature as scientific dogma. In fact, the data are not so clear-cut.

Evidence is accumulating that paracrine effects exerted by different types of

infiltrating stem and progenitor cells or their progeny are the predominant mecha-

nism underlying G-CSF’s action in mediating post-infarction heart repair. Unfortu-

nately, the numerous diverse and often conflicting studies that have been conducted

to illuminate discrete components of these pathways have in contrast largely served

to highlight how little is known. For example, G-CSF has been reported to induce

the mobilization of endothelial progenitor cells that some investigators claim can

directly differentiate into endothelial cells and promote revascularization in rodent

models of ischemia and myocardial infarction [15]. It should be noted, however,

that there is considerable disagreement regarding the existence and potentiality of

these progenitor cells. Mesenchymal stem cells, another type of multipotent stem

cell that resides in the marrow, were also reported to be mobilized by rHuG-CSF
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and to differentiate into cardiomyocytes after myocardial infarction [36], although a

subsequent study found no improvement in cardiac function [37]. The well-

documented proangiogenic effects of G-CSF may also enhance cardiac function

through compensatory vasculogenesis and improved perfusion. Scatchard studies

using 125I-labeled G-CSF (a method that does not require use of the aforementioned

nonspecific anti-G-CSFR antibodies to quantitate receptor expression) indicate that

human endothelial cells express approximately 430 receptors/cell and G-CSF has

been shown to promote their proliferation and migration in vitro and to stimulate

neovascularization in a rat corneal angiogenesis model [38, 39]. Recently, a popu-

lation of mouse CD11b+Gr-1+ cells has been identified that includes cells of the

granulocytic and monocytic lineages, immature dendritic cells, and a minor fraction

of progenitor cells capable of differentiating into any of these populations. Because

a fraction of these cells suppresses immune functions, they are referred to

as myeloid-derived suppressor cells (MDSC) [40]. MDSCs are derived from gran-

ulocyte-macrophage progenitor cells (CFU-GM), which are well known to express

G-CSFR. CFU-GM production is increased under inflammatory conditions and is

augmented by G-CSF and other factors. MDSCs are a rich source of matrix

metaloprotineinase (MMP)-9, which facilitates fibrinolysis and increases the

bioavailability of vascular endothelial growth factor (VEGF). MDSCs also secrete

Bv8 (also known as prokineticin-2), a VEGF-related protein that mobilizes

hematopoietic stem and progenitor cells in vivo, stimulates granulocyte and mono-

cyte progenitor growth in vitro, and is mitogenic for endothelial cells [41, 42].

Neutrophils themselves can secrete MMP-9 and VEGF, and they and other less

well-characterized monocytic cells have been shown to exert proangiogenic effects

that are augmented by exposure to rHuG-CSF in mice with peripheral ischemia

[43, 44]. An analogous population of CD34+CD13+CD66b+ MDSCs has been

described in humans. Their proangiogenic functions are less well characterized so

it is not clear whether and how they may contribute to tissue repair associated with

myocardial infarction and ischemia in a clinical setting. Regardless, it is clear that

G-CSF’s effects in the heart could be mediated through multiple diverse paracrine

mechanisms, none of which depend on a direct receptor-dependent action on

cardiomyocytes.

The profound improvement in hemodynamic parameters observed in some

nonclinical models of myocardial infarction are difficult to reconcile with the

relatively low proportion (typically<2 to 5% of the total heart tissue) of infiltrating

hematopoietic cells, proliferating cardiomyocytes, or endothelial cells that have

been measured in the heart after rHuG-CSF therapy. This finding suggests that

partial replacement of the damaged myocardium plays at best a subordinate role.

Another potential mechanism by which G-CSF could improve post-infarction

performance is by enhancing the pathophysiologic healing process, for example,

by modulating fibrinolysis and collagen synthesis. An infarct scar consists mainly

of necrotic cells and fibrous tissue that is essential for preserving the structural

integrity of the infarcted area. Analogous to its wound-healing effects in the

hematopoietic system, rHuG-CSF treatment was shown to enhance the expression

and deposition of type I and type III fibrillar collagens in the infarcted lesions of
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rats, which was associated with improved early ventricular expansion despite no

change in overall infarct size [45]. Subsequently, expression of MMP-1 (a collage-

nase) and MMP-9 (a gelatinase) and infiltration of the scar by macrophages facili-

tate absorption of the necrotic tissue. All were found to be increased after 7 days in

the ischemic region of the heart from rabbits subjected to coronary occlusion and

reperfusion followed by rHuG-CSF treatment compared with saline-injected

controls [24]. Recombinant HuG-CSF also significantly reduced cardiac fibrosis

in a post-infarction mouse model, which was associated with increased expression

of MMP-2 and -9 [29]. Combined treatment of infarcted mice with rHuG-CSF and

stem cell factor (SCF) was reported to increase expression of the gap junctional

protein connexin 43 that is required for intercellular coupling in the border zone of a

healed myocardial infarction [10]. Slow conduction due to decreased intercellular

coupling in this region is the pivotal factor for reentrant ventricular tachycardias.

Increased connexin 43 was associated with a reduction in induced arrhythmias in

infarcted hearts on a Langendorff apparatus, which may represent another mecha-

nism by which G-CSF promotes repair in the post-myocardial infarction heart [10].

2.2 Clinical Studies of rHuG-CSF for Heart Repair After
Myocardial Infarction

Inspired by the positive results demonstrated in many animal studies, but arguably

prematurely due to the lack of any definitive understanding of its mechanism of

action particularly at that time, rHuG-CSF was advanced to clinical testing in

patients with acute myocardial infarction in 2005. Numerous trials have been

completed and several excellent meta-analyses of the resulting data have been

published [46–50] and will not be discussed in detail here. However, a number

of important conclusions have emerged. Foremost, it is clear that despite the

initial promising laboratory findings and even some statistically significant

improvements in left ventricular ejection fraction (LVEF) in some of the early

small nonrandomized, nonblinded safety and efficacy trials, analysis of larger,

randomized, double-blinded, and placebo-controlled studies encompassing >250

patients indicates that rHuG-CSF therapy does not increase LVEF or reduce infarct

size in patients (Fig. 1). Moreover, while it is acknowledged that these studies are

remarkably heterogeneous in terms of study design (e.g., the reperfusion treatment

and its timing after myocardial infarction, the dose of rHuG-CSF and its start time

and method of administration, the duration of rHuG-CSF treatment, the study

endpoints, and methods of cardiac functional assessment), they tell us nothing

about potential mechanisms, and indeed have not typically been designed to do

so. It is noteworthy, however, that in all of these studies CD34+ cells were

efficiently mobilized by rHuG-CSF treatment. The lack of any significant

associated improvement in cardiac parameters thus lends additional weight to the

idea that a direct cellular contribution of hematopoietic stem cells to the
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cardiomyocyte population does not likely underlie the effects observed in nonclini-

cal models.

The reason for the lack of clinical efficacy is unclear and will only be revealed

through the execution of additional randomized, double-blinded, placebo-controlled,

and ideally multicenter trials that are rationally designed to test mechanistic

hypotheses. In the meantime, despite the lack of effect of G-CSF, some features

of the four trials conducted thus far that best fit these criteria (REVIVAL-2 [51],

STEMMI [52], G-CSF-STEMI [53], and the trial by Ellis et al. [54]) may be

informative. In these studies, patients were administered 5 or 10 mg/kg/day rHuG-

CSF for 5 or 6 days beginning from a mean of 30–114 h after PCI [47]. This timing

is considerably later than in the FIRSTLINE-AMI trial completed 1 year earlier in

which patients received 10 mg/kg/day rHu-G-CSF for 6 days beginning 89 � 35 min

after PCI [55]. This 50-patient trial was open label, not placebo controlled in design,

but did show a statistically significant improvement in LVEF at 6 months follow-up

in the rHuG-CSF treatment group (Fig. 1). Early treatment with rHuG-CSF
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Fig. 1 Time from revascularization to initiation of rHuG-CSF therapy versus change in LVEF

from baseline to follow-up. Circles represent data from three placebo-controlled double-blinded

studies (STEMMI, G-CSF-STEMI, and REVIVAL-2) as originally shown by Ripa and Kastrup

[49], with the correction of errors for the STEMMI and G-CSF-STEMI trials that were not

correctly extrapolated by Ripa and Kastrup from the original papers [52, 53]. Closed circles:
rHuG-CSF-treated patients, open circles: placebo groups. Data abstracted from the placebo-

controlled double-blinded study of Ellis et al. [54] has been added (closed triangles: patients
treated with 10 mg rHuG-CSF, open triangles: placebo group). Squares represent data from three

nonblinded studies as described originally by Ripa and Kastrup [49] (closed: rHuG-CSF-treated
patients, open: placebo groups). All values are mean � SE. Adapted from Experimental

Hematology, vol. 36, RS Ripa and J Kastrup, G-CSF therapy with mobilization of bone marrow

stem cells for myocardial recovery after acute myocardial infarction – A relevant treatment?,

pp. 681–686, Copyright 2008, with permission from Elsevier
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(i.e., immediately after reperfusion) was shown to be superior to delayed treatment

(beginning on day 5) in reducing ventricular dilation and left ventricular

remodeling in a porcine myocardial infarction model [56]. A post-hoc analysis of

data from the G-CSF-STEMI trial, however, failed to demonstrate any improve-

ment in cardiac function in a subset of patients administered rHuG-CSF within 24

(mean: 16 � 6) h after PCI compared with a late treatment group (mean:

49 � 26 h) [57]. Thus the maximal functional benefits of “early” rHuG-CSF

treatment that can be revealed in a controlled laboratory environment may be

difficult to achieve in a clinical setting. The participants in the FIRSTLINE-AMI

trial were also younger (mean: 50 years) than in the other trials (mean range:

57–60 years). Recombinant HuG-CSF was found to lack therapeutic efficacy for

post-myocardial infarction remodeling in old mice because of an age-related loss in

its direct ability to prevent peri-infarct apoptosis of cardiomyocytes [58]. It will be

important to learn more about the impact of aging on the reparative mechanisms in

the heart considering that four of five patients with coronary heart disease are aged

65 years or older.

In summary, after almost a decade of intense investigation in this area, we are

still disturbingly ignorant of the mechanisms by which G-CSF may modulate

physiologic repair processes and the immune system to facilitate recovery from a

myocardial infarction. It is fortunate that despite some early indications that rHuG-

CSF treatment might increase the rate of restenosis, subsequent analyses have

demonstrated that these rare adverse events were more likely procedure- and

stent-related [46], so the safety record of rHuG-CSF has remained untarnished.

Undoubtedly the use of rHuG-CSF in acute myocardial infarction will remain an

area of intense investigation, and perhaps the next decade will witness a more

systematic approach to delineating its actions in this setting.

3 G-CSF for the Treatment of Cerebral Ischemia and Stroke

Stroke, sometimes referred to as a “brain attack,” is the leading cause of adult

disability and the third leading cause of death in the United States [59]. It results

from a disruption of blood supply to the brain, due either to vessel occlusion or

hemorrhage, and as the lack of oxygen and nutrients limit cell function and survival,

an area of cell death is created, bordered by a zone of damaged cells called the

penumbra. Within the total lesion area, oxidative, inflammatory, and probably also

excitotoxic cascades become activated and threaten to broadly impair cerebral

function. Among 30-day survivors of a first stroke, only 50% survive 5 years.

Presently, the only available treatment for stroke is recombinant tissue plasminogen

activator (tPA), which facilitates thrombolysis and improved blood flow, but is only

approved for use up to 3 h after stroke onset and, due to restrictive patient-selection

criteria, is in practice used in only about 10% of stroke patients. The availability of a

trophic factor that promotes neuroprotection and regeneration in the chronic stroke

setting could significantly improve patient outcomes.
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3.1 Nonclinical Studies and Proposed Mechanisms
of G-CSF Actions in the Brain

Interest in the potential use of rHuG-CSF for the treatment of cerebral ischemia as

well as neurodegenerative diseases such as Alzheimer’s disease was ignited in large

part by a study that reported that G-CSF crosses the blood–brain barrier and reduces

infarct volume in two rat models of acute stroke [8]. The G-CSFR protein was

claimed to be widely expressed by neurons in the central nervous system as well as

on adult neural stem cells, suggesting that G-CSF may act directly on both primitive

and terminally differentiated neural cells. Proof of this hypothesis, however,

requires that several key mechanistic requirements are satisfied. First, G-CSF

must indeed cross the blood–brain barrier. In the first study [8] and a subsequent

study [60], a temporal increase in the ratio of radioactive counts detected in the

brain versus the plasma was observed after intravenous injection of 125I-labeled

G-CSF into intact rats. However, the twofold increase in brain:plasma radioactivity

observed after 24 h by Schneider et al. was not shown to be statistically significant,

and in both studies could also be explained solely by a progressive decline in

plasma 125I-G-CSF concentrations without any increase in cerebral accumulation.

Indeed, radiolabeled G-CSF was shown in the latter study to disappear completely

from the plasma by 2 h after injection, at which time the amount of radioactivity

present in the brain had only increased by about twofold, and the distribution to

other target tissues such as the bone marrow was not measured at all. It has been

demonstrated that the blood–brain barrier is disrupted during the acute phase of

cerebral ischemia, which may allow G-CSF transport in this setting, but there is no

definitive evidence for G-CSF entry into the brain of mice or humans who have

suffered a stroke or with Alzheimer’s disease.

A second mechanistic requirement for a direct action of G-CSF in the brain is

that neuronal cells must express the full-length and functional G-CSFR protein on

their surface. In both of the above studies, expression of G-CSFR protein on

neurons in a variety of brain regions and on brain capillaries (which could theoreti-

cally facilitate receptor-mediated transport of G-CSF across the blood–brain bar-

rier) was evaluated by immunohistochemical analysis using a rabbit polyclonal

anti-G-CSFR antibody that was subsequently shown not to be specific for G-CSR

[13]. Neither study used isotype-matched primary antibodies or stained known

negative tissues to control for possible nonspecific staining. In the first study [8]

the anti-G-CSFR antibody was preincubated with a blocking peptide to eliminate

staining, but this control cannot exclude the possibility that the epitope encoded by

the control peptide might also be expressed on protein(s) other than G-CSFR to

which nonspecific antibody binding would also be blocked. In the second paper,

G-CSFR expression was detected by immunohistochemistry in the nuclei of

endothelial cells, but not on the cell surface [60]. Finally, two bands claimed to

be G-CSFR were detected by Western analysis in cell lysates prepared from the

adult rat brain microvascular endothelial cell line SV-40, but the molecular weight

of these proteins was not specified, negative controls were not shown, and the blots
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presented were cut to exclude all regions of the lane except that containing the

putative G-CSFR bands so the specificity of the antibody used could not be

ascertained [60].

The third requirement to definitely prove a direct action of G-CSF on neuronal

cells is demonstration that G-CSF activates intracellular signaling pathways known

to play a role in cell survival and/or proliferation. G-CSF was reported to protect rat

cortical neurons against programmed cell death after exposure to the apoptosis

inducer campothecin and nitric oxide in vitro [8]. This activity appeared to be

mediated by G-CSFR as an antibody against the receptor abolished protection.

Effects on cells treated with medium lacking G-CSF, and with control antibodies

that bind to proteins other than G-CSFR (notwithstanding the fact that the anti-G-

CSFR antibody used is not specific to this receptor), were not reported. Experiments

that examined G-CSF-induced phosphorylation of STAT3, Akt, ERK1/2, ERK5,

and PDK1 in cultured cortical neurons were similarly flawed, and cannot be

considered to have definitively demonstrated that G-CSF activates antiapoptosis

or proliferation pathways in neurons [8]. Despite these issues, this paper is widely

cited as evidence for exactly these effects.

A plethora of papers have reported beneficial effects of G-CSF compared with

vehicle treatment in reducing cerebral infarct volume and mortality rate, and

improving locomotor function in various rodent models of cerebral ischemia

[5, 61–64] (Fig. 2). Other studies have shown no benefit on long-term function,

or even adverse effects of single-agent rHuG-CSF [65–67]. In assessing this litera-

ture, distinctions between the extent of blood flow restriction (i.e., global versus

focal ischemia), its duration (i.e., permanent versus temporary focal ischemia), and

the time after cerebral artery occlusion at which rHuG-CSF therapy is initiated (i.e.,

within hours in the so-called “acute” phase, or after several days or weeks in the

“subacute” phase) are critical to distinguishing neuroprotective from reparative

mechanisms and the general relevance of the nonclinical models to clinical

conditions as these each result in different histologic and behavioral outcomes,

are accompanied by variable levels of inflammation, and involve different molecu-

lar pathways [68]. A review of 19 publications incorporating 666 animals indicated

that treatment with rHuG-CSF significantly reduced lesion size in models of

transient but not permanent focal ischemia. Neurologic deficit and performance in

limb placement tests also improved after rHuG-CSF treatment but overall locomo-

tor activity was not improved [69]. Another meta-analysis of 277 animals from 13

studies found that for each 1 mg/kg increase in rHuG-CSF dose, infarct size was

decreased by 0.8% when the cytokine was administered within the first 6 h after

stroke, and 2.1% when applied at later times, up to a mean overall infarct size

reduction of 42% [70]. For sensorimotor outcome, running function was signifi-

cantly improved by 0.23% for each 1-mg/kg body weight increase in rHuG-CSF

dose. The finding that delaying treatment with rHuG-CSF by several days might be

more effective than early treatment is particularly surprising as the time window for

most candidate neuroprotectants is narrow. This finding may be related to G-CSF’s

multimodal actions that are thought to comprise both neuroprotective and particu-

larly proregenerative activities.
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Broadly speaking, the potential mechanisms that have been proposed to explain

G-CSF’s actions are similar to those for myocardial infarction [71]:

1. G-CSF may mobilize bone marrow-derived hematopoietic or mesenchymal stem

cells that can either directly replace damaged neuronal tissue or whose progeny

produce neurotrophic factors that promote the recovery of neural functions by

paracrine mechanisms. As in myocardial infarction, the deposition of fibronectin

in the ischemic brain appears to be a key component of the repair pathway [72]

as evidenced most convincingly by the increased neuronal apoptosis and larger

infarction area after induction of transient focal cerebral ischemia in fibronectin-

deficient mice [73]. Although hematopoietic cells expressing cell-surface

proteins such as CD34 or CXCR4, or that have incorporated BrdU (indicating

proliferation), have been shown to be increased in the area surrounding a

cerebral infarct after rHuG-CSF treatment [61, 66, 71], the absence (or only

rare presence) of bone marrow-derived cells that coexpress markers of neural

cells indicates that direct hematopoietic contribution to new brain tissue is

unlikely.

2. G-CSF may directly activate antiapoptotic pathways in neurons by binding to

neuronally expressed G-CSFR. As noted above, support for this hypothesis is

weakened by the lack of antibodies to specifically detect G-CSFR expression on

primary neurons, and inadequate controls used for immunohistochemistry and
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Fig. 2 G-CSF treatment reduces cerebral infarct volume. Mice were subjected to 60 min of right

middle cerebral artery occlusion and then injected subcutaneously with either 50 mg/kg rHuG-CSF
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significantly different as reported [62]. Reprinted by permission from Macmillan Publishers Ltd.,
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Western analyses to quantitate changes in the expression of caspase-3/7,

pSTAT3, pERK1/2 and 5, pAkt, Bcl-2, and Bcl-XL in ischemic brains or

cultured neural cell lines after exposure to rHuG-CSF [8, 74]. rHuG-CSF was

reported to moderately increase the expression of the cellular inhibitor of

apoptosis protein 2 (cIAP2; one of the genes induced by activation of the

STAT3 signaling pathway) and decrease the expression of cleaved caspase-3

in the whole ischemic brain [75] but it is not possible to determine if these effects

are due to a direct action of G-CSF on G-CSFR+ neurons. A 30-min exposure of

primary cerebellar granule cells to rHuG-CSF in vitro before addition of the

excitotoxic agent glutamate was also found to dose-dependently improve their

viability [5]. This system offers the advantage of excluding the effects of other

cell types and soluble factors, but G-CSFR expression and signaling was not

examined in this study. Jung et al. used a human cerebral-neuroblastoma hybrid

cell line subjected to oxygen and glucose deprivation in vitro to examine the

effects of rHuG-CSF on apoptosis [76]. As in the study from Solarglu et al. [75],

rHuG-CSF improved survival and reduced apoptosis of ischemic cells, but

definitive evidence that this is the result of signaling through G-CSFR was

lacking as multiple bands of undefined molecular weight were identified by

the anti-G-CSFR antibody used for Western blot and immunohistochemistry,

and the ratio of phosphorylated to total STAT3 did not differ (despite claims to

the contrary) in ischemic cells cultured with and without rHuG-CSF [76].

3. G-CSF may stimulate the differentiation of neuronal stem and progenitor cells.

In a direct mechanism, this would require expression of G-CSFR on these

primitive cells. G-CSFR mRNA was detected in adult neural stem cells isolated

from the rat subventricular zone or hippocampal region. These cells can grow as

neurospheres in vitro and double immunofluorescence labeling showed that

some of the cells in these colonies appeared to coexpress G-CSFR (albeit

using an antirat G-CSFR antibody of unknown specificity) with the stem cell

marker nestin [8]. G-CSF also dose-dependently increased the mean expression

level of various markers of neuronal and glial cells, and the absolute number of

mature neurons expressing microtubule-associated protein 2 (MAP2) [8]. In

intact rat brains, peripheral infusion of rHuG-CSF enhanced the migration of

cells expressing doublecortin (a MAP expressed in neural progenitor cells and

immature neurons) from the lateral ventricle wall into the ischemic area of the

neocortex. Similar effects, however, were not observed in the striatum, another

region of the brain that is close to the subventricular zone and which has also

been described to exhibit some degree of progenitor activation and neurogenesis

after ischemia, nor was there evidence that the doublecortin+ cells which

migrated to the neocortex subsequently proliferated and differentiated into

mature (NeuN+) neurons [8].

4. G-CSF may facilitate improved functional performance after ischemia by

inhibiting local inflammation. Inflammation is an important mechanism for

isolating damaged tissue from surrounding uninjured zones so that monocytes/

macrophages can consume dead or dying cells and repair the extracellular matrix.

Reactive oxygen species and other free radicals/oxidants that exude from
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infiltrating neutrophils can also threaten the viability of adjacent tissue and

adversely affect stroke outcome. While rHuG-CSF increases neutrophil numbers

and augments some of these components of the inflammatory reaction, it is also

well established that G-CSF limits this cascade [77]. For example, G-CSF has

been shown to dampen the release of proinflammatory cytokines (tumor necrosis

factor [TNF]-a, IL-1b, IL-6, 8, and 12; and interferon [IFN]-g) and inducible

nitric oxide synthase (iNOS), and to induce the release of counter regulatory

molecules such as IL-1 receptor antagonist (IL-1ra) and soluble TNF receptor

under several conditions [74, 78–80]. The pathophysiologic relevance of this

anti-inflammatory action of G-CSF to stroke recovery is suggested by the fact

that compared to wild-type mice, infarct volume is reduced by approximately

70% in IL-1a and -1b knock-out mice subjected to transient cerebral ischemia

[81], and that increased expression of IL-1b mRNA and protein appear to be

associated with worse neurologic outcome in ischemic stroke patients [82, 83].

5. A fifth hypothetical mechanism, that G-CSF promotes angiogenesis, will not be

discussed here in the context of cerebral or myocardial ischemia as it is the

subject of an entire chapter in this book (see chapter “Role of Myeloid Cells in

Tumor Angiogenesis” by Ferrara).

3.2 Clinical Studies of rHuG-CSF in Stroke

Four small clinical studies evaluating the safety and efficacy of rHuG-CSF as a

therapy for ischemic stroke were completed from 2006 to 2008 [84–87]. Together,

these comprised 133 patients, but only two of these studies (Zhang et al. and Sprigg

et al.) were double-blinded, placebo-controlled in design, encompassing 39 rHuG-

CSF-treated and 42 placebo patients combined. All these trials examined the effects

of rHuG-CSF administered only in the first 1–4 days after a stroke. No clinical

studies of chronic rHuG-CSF treatment after stroke have been reported. The results

of these trials were discussed elsewhere [88] and are not reviewed in detail here.

Both of the fully blinded and placebo-controlled studies demonstrated increases in

circulating leukocytes and CD34+ cells that were rHuG-CSF-dose dependent. In the

study by Sprigg et al., rHuG-CSF was administered subcutaneously at escalating

doses of 1, 3, or 10 mg/kg/day for 1 or 5 days, beginning on day 7 after ictus. No

differences in neurologic outcome were noted at the 90 day-follow-up [85]. Zhang

et al. treated patients with 2 mg/kg subcutaneous rHuG-CSF administered daily for

5 days after stroke. Ten days after the end of treatment there was no change in

neurologic score compared with pretreatment values in the rHuG-CSF group.

Although a difference was noted on day 20, the improvement noted over time

was not different from the placebo group [84]. The only study in which a statisti-

cally significant improvement in neurologic functioning (on four scoring scales) has

been observed, in this case at 12 months after rHuG-CSF treatment, was that of

Shyu et al. [86]. Interestingly, four patients who received rHuG-CSF within 1 day

after stroke performed better than three patients who started therapy after 24 h.

306 S.J. Szilvassy



These seven patients in the treatment group exhibited a higher initial incidence of

small lacunar infarctions that occur mainly in the white matter of the brain and are

known to be associated with higher recovery rates and better patient outcomes. This

apparent bias and the lack of a placebo group preempts any definitive conclusions

regarding the effect of rHuG-CSF from this study. Thus overall, although there

were significant differences in the rHuG-CSF dose (1–60 mg/kg), duration of

treatment (1–5 days), and time of initiating rHuG-CSF therapy relative to stroke

(1–30 days) in all these trials, rHuG-CSF did not significantly alter functional

outcome compared with placebo in stroke patients. rHuG-CSF was well tolerated

and appeared to be safe, consistent with the experience established from its use in

hematology and oncology.

Two additional randomized controlled trials of rHuG-CSF as a single agent in

stroke are underway. The German company Sygnis Bioscience are following up

their previous AXIS trial [87], which demonstrated a positive influence of intrave-

nous filgrastim (which they refer to as “AX200”) on multiple clinical parameters

compared with baseline (although not placebo), with the larger AXIS 2 trial

comprising 175 patients in each group. Patients will be enrolled within 9 h after

occurrence of an ischemic stroke, and rHuG-CSF will be administered as an

infusion over 3 days (http://www.clinicaltrials.gov/ct2/show/NCT00927836).

Final data collection for primary outcome measurement is expected in June 2011.

The STEMS2 trial started in 2007 is also now complete and in the follow-up phase

(http://www.strokecenter.org/trials/TrialDetail.aspx?tid¼942). This phase 2 study

of 60 patients administered placebo or 10 mg/kg/day rHuG-CSF subcutaneously for

5 days between 3 and 30 days after ischemic stroke will measure effects on the

incidence of serious adverse events by day 90. A third study evaluating the

combination of rHuG-CSF and erythropoietin (rHuEPO) on associative learning

and/or motor skills in patients with chronic stroke or amyotrophic lateral sclerosis

(http://www.clinicaltrials.gov/ct/show/NCT00298597) is not considered herein.

4 rHuG-CSF and Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disorder that presents

clinically with dementia. The world prevalence of dementia due to Alzheimer’s

disease is estimated to be between 16 and 20 million people and is increasing. The

disease is most common in elderly people and is characterized by the deposition of

b-amyloid peptides into neuritic plaques, the formation of neurofibrillary tangles,

and ultimately the loss of synapses and destruction of neurons in regions of the

brain critical for learning and memory. These processes activate microglial cells

and astrocytes and trigger neuroinflammatory processes that modulate the produc-

tion of many cytokines, including those whose predominant biologic actions have at

least historically been described as primarily hematologic. The current therapies for

Alzheimer’s disease are directed primarily toward preserving cognition and
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reducing the impact of other symptoms on quality of life. Medicines that modulate

the underlying biologic processes are needed.

The potential efficacy of rHuG-CSF in reversing the brain amyloid burden and

cognitive impairment associated with Alzheimer’s disease has been tested in

several models of the disease induced either by cerebral injection of aggregated

b-amyloid, or expression of mutated amyloid precursor protein (APP) and

presinilin 1 (PS1) in transgenic mice [12, 89]. Compared with vehicle-treated

animals, a course of rHuG-CSF (250 mg/kg/day administered subcutaneously

every other day for approximately 3 weeks before and throughout behavioral

testing) significantly reduced the period of latency and number of errors in working

memory tests to levels exhibited by intact nontransgenic littermates, as well as the

size and extent of b-amyloid deposits in the hippocampus and entorhinal cortex (by

about 40%) [12]. As discussed earlier in the setting of myocardial infarction and

stroke, the key question is what is the mechanism for these profound effects? In the

study above, human G-CSF was claimed to be “measurable” in hippocampal tissue

from rHuG-CSF-treated transgenic mice, which could indicate transport of the drug

across the blood–brain barrier, but no data were presented [12]. G-CSFR protein

was also reported to be expressed on hippocampal neural stem cells isolated from

normal adult mice (not the Alzheimer’s disease rats in which the functional effects

of rHuG-CSF were demonstrated), but this was determined using an anti-G-CSFR

antibody and methodology (immunohistochemistry) that does not specifically iden-

tify G-CSFR [13]. Recombinant HuG-CSF appeared to increase the proliferation of

normal mouse neural stem cells in vitro but the experiments were performed in the

presence of serum so one cannot exclude the possibility that G-CSF synergized with

another soluble factor that might predominantly account for this effect [12]. BrdU-

labeled (i.e., newly generated) neurons were also detected in the brains of G-CSF-

treated Alzheimer’s disease mice [89], but their frequency was so low and only

marginally increased relative to vehicle-treated mice that it is difficult to link this

finding with the behavioral outcome observed. An indirect nonneuronal cell-

mediated effect of rHu-G-CSF seems more consistent with the data and the

known biologic effects of G-CSF. G-CSF increased the number of microglia around

amyloid plaques in the brain of treated Alzheimer’s disease rats [12]. Notably,

microglial cells are derived from hematopoietic stem cells. They are the

differentiated progeny of monocytes that migrate to the brain and spinal cord

where they serve to eliminate damaged neurons and act as the first and predominant

line of active immune defense in the central nervous system. Microglial cells have

been reported to express G-CSFR [90]. Although this finding awaits confirmation

using a G-CSFR-specific antibody, it is at least consistent with the myeloid

hematopoietic origin of these cells and proffers the testable hypothesis that

G-CSF may mediate its effects through direct stimulation of resident microglia.

Sanchez-Ramos et al. demonstrated that cells that migrate from the bone marrow

could infiltrate the brain and contribute to microgliosis. These experiments used

chimeric transgenic Alzheimer’s disease mice in which the hematopoietic system

had been regenerated after total body lethal irradiation by transplantation of bone

marrow cells isolated from donor animals expressing a green fluorescent protein
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(GFP) transgene. Such mice exhibited increased numbers of GFP+ cells in both the

hippocampus and entorhinal cortex following treatment with rHuG-CSF. Technical

limitations prevented quantitation and so it is not known whether this effect was

statistically significant, but it is noteworthy that some GFP+ cells appeared mor-

phologically to resemble amyloid-ingesting macrophages [12]. Thus, mobilization

of “new” microglial precursors may represent an additional mechanism, indepen-

dent of direct stimulation of neuronal cell proliferation, for which the evidence is

questionable, by which rHuG-CSF improved Alzheimer’s disease parameters in

this nonclinical model. Very similar findings have been reported in a mouse model

of Parkinson’s disease, another debilitating neurodegenerative disorder for which

current therapies are not particularly effective, but wherein rHuG-CSF appears to

be neuroprotective [91]. These studies are subject to the same criticisms that

undermine the direct-action hypothesis as discussed, i.e., the lack of definitive

evidence that G-CSF crosses the blood–brain barrier, and that the sole evidence

for G-CSFR protein expression on, in this case dopaminergic neurons in the

substantia nigra, are immunohistochemistry experiments performed with a nonspe-

cific anti-G-CSFR antibody.

Notwithstanding these technical concerns, several pieces of associative evidence

point to a potential involvement of G-CSF in Alzheimer’s disease and strengthen

the case for a link between the hematopoietic and nervous systems. Laske et al.

found significantly lower amounts of G-CSF in the plasma of 50 patients with early

Alzheimer’s disease compared with 50 age-matched healthy controls [92]. It is

noteworthy, however, that the relatively higher mean concentration of G-CSF in the

normal cohort was skewed by two individuals with unusually high levels: approxi-

mately 60 and >80 pg/mL versus <30 pg/mL in most other members in this cohort

and in historical controls (Fig. 3a). It is not clear if the apparent “decrease” in

G-CSF in Alzheimer’s disease would be significant if these outliers were excluded

from the analysis. A similar concern applies to a study comparing the number of

circulating CD45ROlowCD34+ cells in 23 patients with early Alzheimer’s disease

versus 25 nondemented age, sex, and environmentally matched controls [93]. While

the latter group appeared to exhibit higher hematopoietic stem/progenitor cell

counts, the median was skewed by three individuals with excessively high numbers

of these cells in the blood (Fig. 3b). Despite the caveats, these surveys are at least

consistent with two molecular studies that demonstrated that reduced expression of

G-CSF comprises part of a “signature” of 18 (subsequently reduced to 5) signaling

proteins that can be used to classify blinded samples from Alzheimer’s and control

subjects and that achieves nearly 97% accuracy to predict clinical Alzheimer’s

disease [94, 95]. Thus, decreased expression of G-CSF in neurodegenerative dis-

ease, with concurrent reduced hematopoiesis, could theoretically be compensated

for by therapeutic administration of rHuG-CSF, as has been demonstrated in

nonclinical models.

Human CD34+ bone marrow cells express low levels of the receptors for

dopamine (a precursor of norepinephrine, the chief neurotransmitter of the sympa-

thetic nervous system) and chatecholamines such as epinephrine and norepineph-

rine that are key mediators of stress responses, including hematopoietic stress.

Investigational Studies of rHuG-CSF to Promote the Regeneration 309



These receptors are expressed at slightly higher levels on the CD34+CD38�/low

subset that is more enriched in long-term repopulating hematopoietic stem cells,

and expression is further increased after G-CSF stimulation [96]. Treatment of

G-CSF-stimulated umbilical cord blood CD34+ cells with dopamine or dopamine

receptor agonists in vitro has been shown to moderately increase their migration,

their ability to generate colonies of mature blood cells in culture, and to repopulate

the hematopoietic system after transplantation into immunodeficient mice. Simi-

larly, treatment of mice with epinephrine (50 mg/day for 6 days) increased

circulating leukocyte counts by approximately 50%, and the number of colony-

forming cells and Sca-1+c-kit+Lin- cells (highly enriched in long-term repopulating

stem cells) in the peripheral blood and bone marrow, respectively, by about 2.5-fold

[96]. These functional effects of neurotransmitters appeared to be mediated by

activation of the Wnt pathway, a well-established determinant of hematopoietic

stem cell self-renewal and proliferation. In murine models, the sympathetic nervous

system (via norepinephrine signaling) has been shown to stimulate the egress from
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Fig. 3 Panel (a) G-CSF plasma concentrations are lower in patients with Alzheimer’s disease than

in healthy controls. The horizontal bars represent the mean values for each group (n ¼ 50 each),

which are significantly different (P ¼ 0.003) as reported [92]. Reprinted from Journal of

Alzheimer’s Disease, Vol. 17, C Laske, K Stellos, E Stransky, T Leyhe and M Gawaz, Decreased

plasma levels of granulocyte-colony stimulating factor (G-CSF) in patients with early Alzheimer’s

disease, pp. 115–123, Copyright 2009, with permission from IOS Press. Panel (b) Patients with
early Alzheimer’s disease (n ¼ 23) have fewer circulating CD45ROlowCD34+ cells (expressed per

60 mL of whole blood) than healthy controls (n ¼ 25). The mean values indicated by the small

square symbol within each box are significantly different (P ¼ 0.01) as reported [93]. The

horizontal lines in each box mark the median. The upper and lower boundaries of the boxes

demarcate the 75th and 25th percentiles, and the upper and lower whiskers indicate the 95th and

5th percentiles, respectively. Reprinted by permission from Macmillan Publishers Ltd., Molecular

Psychiatry 11: 1113–1116, 2006; Copyright 2006
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the bone marrow into the circulation of hematopoietic stem and progenitor cells

both in steady state as well as after G-CSF-induced mobilization. This finding was

associated with suppression of osteoblasts in stem cell “niches” and down-regula-

tion of SDF-1, which promotes the retention of primitive hematopoietic cells within

the marrow microenvironment [97, 98]. It is therefore intriguing to speculate that

activation of neural signaling in response to tissue damage (stroke, ischemia)

or disease (Alzheimer’s disease, etc.) may stimulate the migration of bone mar-

row-derived hematopoietic stem cells toward the site of injury, due in part to

down-regulation of SDF-1 expression in the bone marrow and its up-regulated

production in these distal tissues in response to hypoxia and inflammation. As

demonstrated in Alzheimer’s disease models, bone marrow-derived cells might

then differentiate into accessory cells (e.g., microglia) that, while hematopoietic

in origin, perform highly specialized roles that enhance functional recovery. Exog-

enously administered rHuG-CSF could augment numerous components of this

cascade, increasing stem/progenitor cell mobilization, proliferation, and expression

of neurotransmitter receptors, and inhibit the production or activity of the main

proinflammatory cytokines (IL-1, TNF-a, and IFN-g) [77] to further enhance tissue
repair. This model does not require G-CSF to cross the blood–brain barrier or

for G-CSFR to be expressed on nonhematopoietic cell types, for which the

evidence is equivocal. These proposed mechanisms will require verification

in vivo through well-designed clinical studies. In the meantime, the finding that

normal (i.e., nonischemic) mice in which the csf3 gene has been deleted exhibit

impaired memory formation, motor skills, reduced dendritic complexity in hippo-

campal neurons, and fewer neuronal precursor cells in the dentate gyrus [99], and

that compared with wild-type littermates, these animals exhibit slightly higher

infarct volumes and poorer motor performance after transient focal cerebral ische-

mia that is significantly improved by rHuG-CSF administration [100] provides

compelling evidence that endogenous G-CSF plays an important role in the brain.

5 Summary

A plethora of nonclinical data accumulated over the past decade suggests that

administration of exogenous G-CSF may improve functional performance in

small and large animals with coronary or cerebral ischemia, and neurodegenerative

diseases such as Alzheimer’s disease, Parkinson’s disease, and others. In stark

contrast, not a single large, randomized, double-blinded and placebo-controlled

clinical study has demonstrated a statistically significant improvement in clinically

meaningful parameters in patients with myocardial infarction or stroke. While

many of the nonclinical studies are technically flawed, these limitations apply

primarily to the evidence for a hypothesized direct action of G-CSF on G-CSFR-

expressing nonhematopoietic cells. The fundamental biologic observations of

improved tissue recovery, more likely explained by the various indirect actions of
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G-CSF (Fig. 4), remain largely uncompromised. Thus, the challenge will be

whether and how these diverse downstream effects of G-CSF observed in a

nonclinical setting can be harnessed to clinical benefit in a genetically out-bred

and typically aged human population whose medical profiles are obviously much

more complex than are laboratory animals. The trials performed to date have been

deficient in providing mechanistic insights. The next decade should be viewed as an

opportunity to expand hypothesis-driven clinical study.

Inflammation
↑SDF-1

Ischemia

G-CSF G-CSFR

Stem cell mobilization:
HSC, MSC, EPC

Cardiomyocytes NSC

Neurons

Progenitor

Direct effects:
Proliferation, anti-apoptosis

Signaling:
JAK2-STAT
Akt/eNOS

Anti-inflammation:
↓IL-1, TNF-a, IFN-g

Microglial
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Scar Repair:

? ?
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Fig. 4 Potential mechanisms by which G-CSF might facilitate improved structural and functional

recovery after myocardial infarction or stroke. Binding of G-CSF to its receptor expressed on

myeloid-restricted hematopoietic progenitor cells stimulates their proliferation and differentiation,

resulting in the production of large numbers of mature neutrophils. As granulocytes accumulate in

large numbers in the bone marrow, the enzymes they secrete cleave various adhesion molecules

that retain primitive hematopoietic cells in this microenvironment. A variety of stem and progeni-

tor cell types are thus mobilized into the circulation that can promote angiogenesis directly or

indirectly (e.g., myeloid-derived suppressor cells or endothelial progenitor cells), differentiate into

new mesenchymal tissue, or produce microglial precursors and macrophages that facilitate scar

tissue repair. G-CSF also stimulates a cascade of anti-inflammatory processes that counter-balance

the localized inflammation associated with ischemia. G-CSF has been proposed to act directly on

G-CSFR+ neural stem cells, mature neurons, and cardiomyocytes to activate intracellular

pathways that culminate in increased proliferation and reduced cell death. However, the experi-

mental evidence supporting such direct actions on nonhematopoietic cells is subject to challenge
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Use of rHuG-CSF in Infectious Diseases

Letizia Leone and Mario Cruciani

1 Introduction

Granulocyte-colony stimulating factor (G-CSF) is an endogenous hematopoietic

growth factor that induces terminal differentiation and release of neutrophils from

the bone marrow [1]. G-CSF appears to play a central role in the normal host

response to infection [2] and has immunomodulatory and antibiotic enhancing

functions [3]. G-CSF stimulates the growth and improves the function of both

normal and defective neutrophils [4–8]. G-CSF is a member of the long-chain

subtype of the class 1 cytokine superfamily, which includes growth hormone,

erythropoietin (EPO), interleukin-6 (IL-6), and oncostatin M [9].

Recombinant human G-CSF (rHuG-CSF) is broadly used to accelerate bone

marrow recovery after bone marrow transplantation; to increase the yield of

peripheral blood stem cells collected by leukapheresis for use in peripheral blood

stem-cell transplantation; to reduce the incidence and sequelae of neutropenia (low

neutrophil count) in symptomatic patients with congenital, cyclic, or idiopathic

neutropenia; and to shorten the duration of chemotherapy-induced neutropenia.

Besides these labeled indications, rHuG-CSF has been used in other investigational

settings. In its purified, cloned recombinant form, commercially approved G-CSF

has been used to treat various difficult infectious problems [2, 6–8]. In non-neutropenic

L. Leone

Department of Biomedical and Surgical Science, Section of Dermatology and Venereology,

University of Verona, Verona 37126, Italy

e-mail: laetitialeo@libero.it

M. Cruciani (*)

Center of Community Medicine, Infectious Diseases Treatment and Surveillance Unit, Verona,

and Infectious Diseases Service, G. Fracastoro Hospital, ULSS 20 Verona, Via Germania, 20,

Verona 37135, Italy

e-mail: crucianimario@virgilio.it

G. Molineux et al. (eds.), Twenty Years of G-CSF, Milestones in Drug Therapy,

DOI 10.1007/978-3-0348-0218-5_17, # Springer Basel AG 2012

319



patients G-CSF may stimulate neutrophil production, enhancing the inflammatory

response.

The safety and survival data from animal models of infection, combined with the

favorable toxicity profile in humans, have led to several clinical trials of G-CSF as

adjunctive therapy in a variety of conditions [9]. This chapter discusses the current

status of G-CSF as adjunctive therapy in the infectious disease setting.

2 Diabetic Foot Infection

Diabetic foot infections range in severity from superficial paronychia to deep

infection involving bone. Types of infection include cellulitis, myositis, abscesses,

necrotizing fasciitis, septic arthritis, tendonitis, and osteomyelitis. Foot infections

are among the most common and serious complications of diabetes mellitus. Foot

infections in people with diabetes can be difficult to treat, and therapeutic failure

often leads to a lower extremity amputation [10, 11]. Nearly all infected foot lesions

require antibiotic therapy, but the penetration of antibiotics down to infected soft

tissue and bone may be inadequate and the incidence of antibiotic resistance is

increasing. These infections may also fail to respond to treatment because of

inadequate surgical debridement, suboptimal wound care, or severe limb ischemia

[12–15]. Furthermore, diabetes is associated with immunologic deficiencies,

including abnormal neutrophil chemotaxis, phagocytosis, and intracellular killing

[16–18]. Moreover, patients with diabetes are particularly susceptible to foot

infection because of neuropathy and vascular insufficiency [19]. Peripheral neurop-

athy has a central role in the development of a foot infection and it occurs in about

30–50% of patients with diabetes. Patients with diabetes lose the protective

sensations for temperature and pain, impairing awareness of trauma such as

abrasions, blistering, or a penetrating foreign body. Motor neuropathy can result

in foot deformities (e.g., claw toe) that contribute to local pressure from footwear,

making skin ulceration even more likely. Once the skin is broken (typically on the

plantar surface), the underlying tissues are exposed to colonization by pathogenic

organisms. The resulting wound infection may begin superficially, but with delay in

treatment and impaired body defense mechanisms caused by neutrophil dysfunction

and vascular insufficiency, it can spread to the contiguous subcutaneous tissues and

to even deeper structures. These factors help to explain reported clinical failure

rates of 20–30% when treating diabetic foot infections. Thus, several investigators

have sought adjunctive therapies for treating these potentially severe infections

In people with diabetes, two types of growth factors have been used in clinical

practice: platelet-derived growth factors (rHuPDGF) and rHuG-CSF. However,

these two growth factors are biologically different and have very different clinical

roles: rHuG-CSF is used to treat infections and rHuPDGF is used for wound healing

[20–22]. Although the two are potentially related (infected wounds tend not to heal

until the infection is eradicated, and an open wound is at risk of becoming infected),

they have different pathophysiological pathways and have very different treatment
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approaches. Moreover, rHuG-CSF is usually injected (subcutaneously or intrave-

nously) and rarely topically applied, while rHuPDGF is applied directly to the

wound surface. Effective management of diabetic foot infection requires appropri-

ate antibiotic therapy, surgical drainage, debridement and resection of dead tissue,

appropriate wound care and correction of metabolic abnormalities [12].

The role of rHuG-CSF as adjuvant treatment of diabetic foot infection has been

the object of meta-analyses [20, 21]. The authors identified and included five

eligible trials with a total of 167 patients. The investigators in primary studies

administered various rHuG-CSF preparations, at different doses and for different

durations. Adding rHuG-CSF did not significantly affect the likelihood of resolu-

tion of infection or wound healing, but it was associated with a significantly reduced

likelihood of lower extremity surgical interventions, including amputation. More-

over, providing rHuG-CSF reduced the duration of hospital stay, but did not

significantly affect the duration of systemic antibiotic therapy. Overall, in the

management of diabetic foot infection, rHuG-CSF was shown to be safe and well

tolerated.

Based on the results of primary studies and meta-analyses, considering that

rHuG-CSF is expensive and given the lack of evidence that rHuG-CSF therapy

can help cure infections or heal ulcers, one might conclude there is little reason to

use it, especially for relatively mild infections. If, on the other hand, it can reduce

the need for surgical interventions, especially amputations, it may be worth

providing where possible. However, these data need to be confirmed in larger,

well-designed clinical trials together with economic evaluation. At present,

clinicians should consider using rHuG-CSF as an adjunct to other appropriate

care for diabetic patients with foot infections, especially those infections that are

perceived as limb threatening.

3 Bacterial Pneumonia

Pneumonia continues to be a significant cause of both morbidity and mortality,

particularly in the elderly, those with significant underlying disease, or those who

require mechanical ventilation. Despite causation by microorganisms that are

typically sensitive to available antibiotics, mortality rates for patients with severe

pneumonia requiring ICU (Intensive Care Unit) admission and mechanical ventila-

tion remain exceedingly high (25–50%) [23].

Although the pathogenesis of bacterial pneumonia is not fully understood and is

probably multifactorial, alteration of lung host defenses and the virulence of the

pathogen are recognized as important factors [24]. Neutrophils, an important

component of the host defense response to infection, are among the first cells to

respond to the mediators released by infected tissues. Concentrations of endoge-

nous G-CSF have been demonstrated to increase significantly during bacterial

sepsis and other bacterial infections, including bacterial pneumonia [25]. In animal

models of pneumonia, administration of recombinant methionyl human G-CSF
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(r-metHuGCSF, filgrastim) was associated both with reductions in viable bacteria

counts and a significant improvement in survival [26, 27].

The clinical use of rHuG-CSF as an adjunct to antibiotics for the treatment of

pneumonia in non-neutropenic adults has been the object of systematic reviews [28,

29]. The role of rHuG-CSF has been evaluated in a meta-analysis of randomized

clinical trials evaluating hospitalized adult patients with either community-acquired

pneumonia or hospital-acquired pneumonia [28]. Six studies with a total of 2,018

patients were identified. rHuG-CSF use appeared to be safe with no increase in the

incidence of total serious adverse events or organ dysfunction. However, the use of

rHuG-CSF was not associated with improved 28-day mortality. Thus, the currently

available evidence seems not to support the routine use of rHuG-CSF for the

treatment of non-neutropenic patients with pneumonia.

4 Bacterial Meningitis

The mortality and morbidity rates related to acute bacterial meningitis remain high,

even when highly effective antibiotic therapy is given. Therefore, improvement in

the outcomes of acute bacterial meningitis is unlikely to come from developments

in chemotherapy but rather from measures that alleviate the damage done before the

causative bacteria are killed [30]. Some of this damage is caused by bacterial toxins,

but experiments in animals suggest that host inflammatory responses induced by

bacterial products are also involved. Thus, strong theoretical grounds exist for

believing that anti-inflammatory drugs should improve the outcomes of acute

bacterial meningitis.

Some evidence from experimental pneumococcal meningitis shows that rHuG-

CSF pretreatment reduces meningeal inflammation and blood bacterial concentra-

tion. [31, 32]. In experimental pneumococcal meningitis in the rabbit, rHuG-CSF

pretreatment attenuates neutrophil pleocytosis and cerebrospinal fluid IL-8 levels,

and delays significantly the occurrence of alterations in tumor necrosis factor

(TNF)-a, IL-1b, and protein and glucose levels in the cerebrospinal fluid [32].

Furthermore, rHuG-CSF appears to attenuate the proinflammatory cytokine

response in lipopolysaccharide-stimulated blood from rHuG-CSF-treated human

volunteers [33]. Based on these observations, de Lalla and co-workers did a pilot

study with the aim of evaluating the value of rHuG-CSF as an adjunctive agent in

the standard treatment of non-neutropenic adult patients affected by Streptococcus
pneumoniae meningitis [34]. Twenty-two non-neutropenic adult patients with

S pneumoniae meningitis received rHuG-CSF (300–450 mg/day subcutaneously for

6 days) in addition to cefotaxime plus dexamethasone. Patients recovered without

evident sequelae in all cases but one (with bilateral hearing deficit). No adverse

event was recorded. Improvement of inflammation indices in the cerebrospinal fluid

was rapid. The limits of this small, uncontrolled trial need to be acknowledged.

Nonetheless, the safety and efficacy displayed in this pilot study by rHuG-CSF
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seems to justify further randomized controlled clinical trials aimed at defining

precisely its therapeutic role in S pneumoniae meningitis.

5 Fungal Infection

Optimal regimens for the treatment of invasive fungal infections have yet to be

defined, and these life-threatening conditions are one of the leading causes of

treatment failure in patients with cancer [35]. The use of cytokines as immunomo-

dulators of the multiple deficiencies involved in the progression of fungal infections

in neutropenic and non-neutropenic patients with cancer is supported by a large

number of nonclinical studies, but clinical experience is limited. Four cytokines (G-

CSF, granulocyte-macrophage colony-stimulating factor [GM-CSF], macrophage

colony-stimulating factor, and interferon [IFN]g) show promise as adjuvant therapy

for proven fungal infections in this setting [9]. Because polymorphonuclear leuko-

cyte (PMNL) constitute the main mechanism of host defense against opportunistic

fungi, including Candida species, these infections occur predominantly in patients

with neutropenia or impaired PMNL function [36–40]. Therapeutic administration

of rHuG-CSF has been investigated in several studies of invasive fungal infections

in neutropenic cancer patients or in patients with chronic granulomatous disease

[41–45]. However, results from randomized, well-designed studies are not

available.

In a prospective, comparative study of empiric amphotericin B with or without

rHuG-CSF, 59 neutropenic adults with hematologic malignancy and antibiotic-

refractory fever or clinical evidence of deep-seated fungal infection were studied

[41]. Thirty patients received amphotericin alone and 29 patients received

amphotericin plus rHuG-CSF. Nearly twice as many patients responded to

amphotericin B with concomitant administration of rHuG-CSF (62%) as responded

to amphotericin alone (33%). Clinical response in patients receiving rHuG-CSF

coincided with neutrophil recovery in most cases. Moreover, addition of rHuG-CSF

to empiric amphotericin B significantly reduced the number of patients requiring

salvage therapy with lipid-associated or liposomal formulations of amphotericin B.

A pharmacoeconomic evaluation of the results of this study suggests that

amphotericin B plus rHuG-CSF is cost effective compared with amphotericin B

monotherapy in managing a presumed deep-seated fungal infection in neutropenic

patients [42].

Another study evaluated the role of rHuG-CSF-elicited white blood cell (WBC)

transfusions in patients with neutropenia-related fungal infections [43]. Adult

patients with hematologic malignancies, absolute neutrophil counts (ANC)

<0.5 � 109/L and fungal infections refractory to amphotericin B, received daily

transfusions of rHuG-CSF-elicited and irradiated WBC transfusions from related

donors. Donors received 5 m/kg/day rHuG-CSF subcutaneously. Eleven patients

had favorable responses and eight of them remained free of infection 3 weeks after

therapy.
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Limited evidence from case reports of invasive aspergillosis in chronic granulo-

matous disease and of fusarium infections in patients with aplastic anemia suggests

a possible role of rHuG-CSF as adjunctive therapy during severe invasive fungal

infection [44, 45].

6 Sepsis or Septic Shock

The efficacy and safety of rHuG-CSF as an adjunct to standard care in critically ill

patients with severe sepsis or septic shock has been reviewed [46]. Initial studies

involving critically ill patients with severe sepsis or septic shock found mortality

benefits with rHuG-CSF therapy; however, these findings are limited by factors

such as small sample sizes, selection bias, and lack of an appropriate control group.

Data from randomized, multicenter, double-blind studies failed to confirm the

benefits in mortality for patients receiving rHuG-CSF for the treatment of severe

sepsis and septic shock [47]. Among the 166 patients enrolled, the in-hospital

mortality was 27% in the rHuG-CSF group and 25% in the placebo group. Second-

ary endpoints were not different between groups, but there was a higher rate of new

organ failure in rHuG-CSF-treated patients than placebo-treated patients, most of

which was accounted for by new liver dysfunction. Overall, the available data do

not support the use of rHuG-CSF as an adjunct therapy to standard care for critically

ill patients with severe sepsis or septic shock.

7 rHuG-CSF for the Prevention or Treatment of Infections

in Neutropenic Patients

7.1 Febrile Neutropenia

rHuG-CSF has been used therapeutically to increase the PMNL count in the settings

of congenital neutropenia, idiopathic neutropenia, leukemic neutropenia, and

aplastic anemia [9]. Febrile neutropenia is a relatively frequent event in cancer

patients treated with chemotherapy [48–50]. Febrile neutropenia is generally

defined as fever (single oral temperature �38.3�C or �38.0�C for >1 h) with

grade 3 or 4 neutropenia (ANC <1.0 or <0.5 � 109/L) is associated with high

morbidity and mortality and increased health-related costs.

The risk of febrile neutropenia and subsequent infection is directly related to the

duration and severity of neutropenia [51]. The mortality rates associated with

febrile neutropenia range from 2 to 21%, and the risk of death is increased by

various factors, including patient characteristics, type of malignancy, presence of

comorbidities, and infectious complications [49, 52].
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rHuG-CSF or rHuGM-CSF have been evaluated in a large number of studies

investigating their use as prophylaxis or treatment of febrile neutropenia, and these

studies have been the object of systematic reviews and meta-analyses. rHuG-CSF

or rHuGM-CSF are extensively used in clinical practice to prevent febrile neutro-

penia or to shorten the duration of neutropenia associated with chemotherapy,

radiotherapy, or myelosuppressive drugs. Several systematic reviews and meta-

analyses have examined whether or not colony-stimulating factors affect other

outcomes of patients with cancer in different prophylactic settings [52–59]. These

reviews, which summarized data from 6 to 34 studies, usually found that colony-

stimulating factors reduced febrile neutropenia and documented infections, but

statistically significant reductions in infection-related mortality and all-cause mor-

tality was not observed. Likewise, another meta-analysis that included as many as

148 randomized controlled trials, failed to demonstrate that prophylactic colony-

stimulating factors were associated with a statistically significant change in all-

cause mortality [60]. Use of the factors, however, reduced infection-related

mortality by a small amount, and it was found effective in reducing infections,

infection-related morbidity, and resource use. The larger sample size of this meta-

analysis increased the study’s power compared with previously published meta-

analyses, but this advantage was hampered by the substantial heterogeneity among

studies. Both statistical and clinical heterogeneity were found in this meta-analysis,

mostly as a consequence of the large variability in patient characteristics and trial

designs.

The efficacy of adding rHuG-CSF or rHuGM-CSF to empiric broad-spectrum

antibiotic treatment was examined in two meta-analyses of randomized clinical

trials [61, 62]. No advantage was detected for the use of a colony-stimulating factor

in terms of mortality from febrile neutropenia. In one of these meta-analyses [62],

including 13 randomized clinical trials, a marginally significant result was obtained

for the use of a colony-stimulating factor in reducing infection related mortality, but

this result was highly driven by one study. Of relevance, the group of patients

treated with a colony-stimulating factor had a shorter length of hospitalization and a

shorter time to neutrophil recovery. A number of subgroup analyses were

performed. The only outcome that was affected by the type of factor used was the

occurrence of side effects (bone pain, joint pain, and flu-like symptoms), observed

more frequently in rHuGM-CSF recipients compared with rHuG-CSF recipients.

No differences for other endpoints relating to the type of factor were detected. Thus,

the effectiveness of rHuG-CSF and rHuGM-CSF in the treatment of febrile neutro-

penic cancer patients remains controversial.

Basing on the available evidence, the European Organization for Research and

Treatment of Cancer (EORTC) and the American Society of Clinical Oncology

(ASCO) have produced guidelines on the use of hematopoietic colony-stimulating

factors [63, 64]. According to the guidelines, prophylaxis with a colony-stimulating

factor is recommended when the overall risk of chemotherapy-induced febrile

neutropenia is �20%, and no other equally effective regimen that does not require

colony-stimulating factors is available. Primary prophylaxis is recommended for

the prevention of febrile neutropenia in patients who are at high risk based on age,
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medical history, disease characteristics, and myelotoxicity of the chemotherapy

regimen. Moreover, colony-stimulating factor use allows a modest to moderate

increase in dose-density and/or dose-intensity of chemotherapy regimens (see

chapter “Practice Guidelines for the Use of rHuG-CSF in an Oncology Setting”

by Saraf and Ozer for further information in guidelines for usage).

7.2 Neutropenia During HIV Infection

Neutropenia occurs frequently in the setting of HIV infection, with prevalence

estimates ranging from 10 to 40% [65, 66]. The principal causes of neutropenia in

this setting are thought to be HIV infection of hematopoietic progenitor cells;

myelosuppressive drugs such as zidovudine, sulfamethoxazole, and ganciclovir;

intercurrent myeloinfiltrative processes such as HIV-related lymphoma and infec-

tion with cytomegalovirus or Mycobacterium avium complex; nutritional defi-

ciency (vitamin B12) and antibodies to gp120, which suppress bone marrow

progenitors [67].

Neutrophil function is impaired in advanced HIV infection, and defects such as

accelerated apoptosis, diminished fungicidal and bactericidal activity, and impaired

secretion of G-CSF have been described [68, 69]. HIV-related neutropenia is

clinically significant and has been shown to increase the risk for secondary infec-

tious complications, especially when associated with a low CD4 count [70, 71].

Filgrastim was found safe and effective in preventing severe neutropenia in

patients with advanced HIV infection, and may reduce the incidence and duration

of bacterial infections, incidence of severe bacterial infections, duration of hospital

days for infections, and days of intravenous antibacterial agents [72]. Based on these

data, the 2009 Recommendations from The Centers for Disease Control, the

National Institutes of Health, and the HIV Medicine Association of the

Infectious Diseases Society of America state that the available evidence is not

sufficient to support a recommendation for or against use of rHuG-CSF to reduce

the risk of bacterial infections, including pneumonia, in neutropenic HIV-infected

patients [73].

7.3 rHuG-CSF For Treating or Preventing Neonatal Sepsis

Despite significant advances in neonatal intensive care and the development of

broad-spectrum antibiotics, neonatal sepsis remains a major cause of death, espe-

cially when associated with neutropenia. Sepsis in preterm newborns occurs at very

high rates, ranging from 25 to 50%, and it is associated with substantial mortality

and morbidity [74, 75]. Sepsis also leads to disability, including cerebral palsy

through damage to white matter and other brain injury and contributes to the

etiology of chronic lung disease [74–78].
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Neutropenia, which is commonly observed in infants born before 32 weeks,

increases significantly the risk of sepsis [79–81]. When sepsis is associated with

severe neutropenia, mortality exceeds 50% [82]. Neutropenia is due to immaturity

of neutrophil production [83, 84], but preterm infant neutrophils are also function-

ally immature, both factors contributing to infection risk and morbidity [85, 86].

Studies of infected animal and human neonates suggest that the use of rHuG-

CSF or rHuGM-CSF can partially counterbalance these defects and thereby reduce

morbidity and mortality. Encouraged by these data and following the two earliest

phase I/II pilot studies in human neonates of rHuG-CSF [87] and rHuGM-CSF [88],

a number of randomized studies have been undertaken investigating the potential of

colony-stimulating factors for the treatment or prophylaxis of infection and infection-

related death in preterm infants at high risk of sepsis. The results of these studies

have been the object of a Cochrane review [75]. Seven treatment studies of

257 infants with suspected systemic bacterial infection and 3 prophylaxis studies

comprising 359 neonates were included in the analysis. The results of the pooled

analysis suggest that there is insufficient evidence to support the use of rHuG-CSF

or rHuGM-CSF in neonatal practice, either as treatment of established systemic

infection to reduce resulting mortality or as prophylaxis to prevent systemic

infection in high-risk neonates. In the treatment studies analyzed, no evidence

suggested that the addition of rHuG-CSF or rHuGM-CSF to antibiotic therapy

reduces all-cause mortality (immediate and at 14 days from the start of therapy)

in preterm infants with suspected systemic infection. However, a significant reduc-

tion in mortality by day 14 was found in a subgroup analysis of 97 preterm infants

who, in addition to systemic infection, had clinically significant neutropenia

(<1.7 � 109/L) at trial entry. Likewise, pooled data from prophylaxis studies failed

to demonstrate a significant reduction in mortality in neonates receiving rHuGM-

CSF, although data from one study suggest that prophylactic rHuGM-CSF may

provide protection against infection when given to preterm infants who are neutro-

penic or at high risk of developing postnatal neutropenia. Based on the limited

available evidence, the authors of the meta-analysis concluded that colony-

stimulating factor treatment deserves further well-designed clinical research only

in the subgroup of infants with systemic infection and neutropenia. Overall, colony-

stimulating factors were well tolerated in neonates. Specifically, there was no

evidence of colony-stimulating factor-related thrombocytopenia as previously

reported, and theoretical concerns that respiratory distress syndrome, chronic lung

disease, and necrotizing enterocolitis of prematurity may be exacerbated by colony-

stimulating factors were also not substantiated [75, 77]

A randomized, double-blind, placebo-controlled trial of premature neutropenic

(<1.5 � 109/L) infants of gestational age �32 weeks has been conducted [89]. A

total of 200 infants received either rHuG-CSF (10 mg/kg/day) or placebo for 3 days.
Primary outcome was survival free of infection for 4 weeks after treatment,

assessed in an intention-to-treat analysis. The results of this study failed to demon-

strate a significant increase in survival free of infection at 4 weeks after treatment.

Results from another randomized multicenter trial in 280 neonates receiving

rHuGM-CSF or standard management showed that neutrophil counts after trial
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entry increased significantly more rapidly in infants treated with rHuGM-CSF than

in control infants during the first 11 days, but there was no significant difference in

sepsis-free survival for all infants [90]. Moreover, a pooled analysis of the results of

this trial and previous published prophylactic trials showed no survival benefit.

Overall, the body of clinical evidence is currently not sufficient to recommend

rHuG-CSF or rHuGM-CSF administration as routine adjunctive treatment or pro-

phylaxis for neonatal sepsis.

8 Conclusions and Perspectives

G-CSF and others cytokines play critical roles in the host defense response during

infection. G-CSF is available in recombinant form, and its clinical use has received

interest as therapeutic immunomodulatory agents during infection. Clinical trials

have demonstrated potential utility for rHuG-CSF in the treatment of a variety of

infections, including diabetic foot infection, bacterial pneumonia, bacterial menin-

gitis, fungal infections, sepsis, and septic shock, for the prevention or treatment of

infections during neutropenia, and for the prevention or treatment of neonatal sepsis.

Moreover, clinical experiences have shown that rHuG-CSF therapy is generally

well tolerated. Although current data have shown in part clinical benefit with rHuG-

CSF use, substantial heterogeneity between available trials does not allow firm

conclusions to be drawn. Based on the results of primary studies and meta-analyses,

the role of rHuG-CSF as adjuvant treatment for infectious diseases is still uncertain

and needs confirmation by larger-scaled clinical trials. Moreover, considering that

rHuG-CSF is expensive, pharmacoeconomic endpoints to determine cost-effectiveness

of rHuG-CSF therapy need to be incorporated in these trials.

At present, clinicians should consider using rHuG-CSF as an adjunct to other

appropriate care for selected subgroups of patients such as those with limb-threatening

diabetic foot infections, or in neutropenic cancer patients at high risk of developing

febrile neutropenia.
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Use of Filgrastim (r-metHuG-CSF) in Human
Immunodeficiency Virus Infection

Vagish Hemmige, W. Conrad Liles, and David L. Pitrak

1 Introduction

In 2008, an estimated 33.4 million individuals worldwide were infected with the

human immunodeficiency virus (HIV) [1]. Only a few years ago, infection with

HIV almost invariably culminated in the development of the acquired immunodefi-

ciency syndrome (AIDS), characterized by severe depletion of CD4+ lymphocytes

leading to derangements predominantly affecting cell-mediated immunity, but

affecting humoral immunity as well [2]. In the later stages of AIDS, neutropenia

and neutrophil functional deficits were common sequelae of HIV infection, other

opportunistic infections, or HIV- or opportunistic infection-related treatment [3].

The care of the HIV-infected patient was palliative in nature, and the possibility that

use of filgrastim (rHuG-CSF) might extend survival in late-stage AIDS patients

with severe neutropenia or severe opportunistic infections, or might be a treatment

for HIV infection itself, was explored [4]. Subsequently, however, the development

of protease inhibitors and the widespread adoption of their use in multidrug

regimens of highly active antiretroviral therapy (HAART) revolutionized the care

of HIV-infected patients, and the number of patients dying from HIV decreased

dramatically [5]. Patients with HIV can, with current regimens, achieve prolonged

survival with preservation of immunologic function, although patients infected with

HIV have shortened lifespans compared with uninfected people [6] secondary to
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comorbid conditions and increased rates of cardiovascular [7] and oncologic death

[8]. However, despite the widespread availability of HAART in the developed

world, patients still present with late-stage AIDS and its attendant complications,

including neutropenia, because of late diagnosis of HIV [9] or progression of HIV

infection due to nonadherence to HAART [10]. Furthermore, patients with HIV

face an increased risk of malignancy and the subsequent need to be treated with

cytotoxic chemotherapy [11]. Accordingly, filgrastim has continued to play a role

in the management of selected patients with HIV.

2 Epidemiology of Neutropenia in HIV-Infected Individuals

From the earliest days of the AIDS pandemic, neutropenia was identified as a

consequence of HIV infection. In 1987, an absolute neutrophil count (ANC) of

<2.0 � 109/L was reported in 4 of 20 patients with clinically diagnosed AIDS and

15 of 59 with persistent generalized lymphadenopathy [12]. As this report predates

the development of antibody testing for HIV, it was not possible to determine

whether patients with persistent generalized lymphadenopathy were truly HIV-

infected or not. No patient had an ANC <1.0 � 109/L in this report, although the

same author had noted an ANC of 0.4 � 109/L in one patient in a case series of

homosexual men with neutropenia in 1985 [13].

Neutropenia is primarily a consequence of late-stage AIDS, with the mean CD4+

lymphocyte count during the first episode of neutropenia in one large study being

85 cells/mm3. However, 14% of patients with a neutropenic episode in this study were

observed to have a CD4+ lymphocyte count>200 cells/mm3, and one patient’s CD4+

lymphocyte count at the time of neutropeniawas 858 cells/mm3 [14]. It is worth noting

that several case reports have associated neutropenia with acute HIV infection

[15–18]. Since most instances of acute HIV infection are unrecognized [19], the true

incidence of neutropenia associated with acute HIV infection remains unknown.

The epidemiology of neutropenia was examined in the Women’s Interagency

HIV Study, a prospective cohort study of 2,059 HIV-infected women enrolled in

1994 and 1995. In this cohort, 1,729 women had a documented ANC measured. It

was observed that 7% of women were neutropenic at enrollment, which reflected

the prevalence of neutropenia in the pre-HAART era, and that 31% of the study

cohort experienced at least one episode of neutropenia (defined as a measured ANC

<1.0 � 109/L) during the study. Low CD4+ lymphocyte count and high viral load,

suggestive of progression of disease, were associated with the development of

neutropenia [20].

Neutropenia is often multifactorial in AIDS patients, with HIV itself, myelosup-

pressive drugs, opportunistic infections, and malignancy most frequently identified

as the etiology. Although zidovudine is the most common antiretroviral associated

with neutropenia, other nucleoside reverse transcriptase inhibitors have been

implicated in drug-induced neutropenia as well [21]. Indinavir-induced neutropenia

has been reported [22], as has neutropenia exacerbated by efavirenz [23].
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Noteworthy also are case reports of patients receiving chemotherapy concomitantly

with antiretroviral regimens containing ritonavir, a potent inhibitor of the CYP450

system, and subsequently developing neutropenia due to increased concentrations

of chemotherapeutic agents [24–26]. Other prophylactic agents including dapsone

[27], antifungals, and beta-lactam antibiotics [28] have also been reported to cause

neutropenia. Disseminated infections with bone marrow involvement caused by

fungal (e.g., endemic mycoses, cryptococcosis) [29], mycobacterial (e.g., tubercu-

losis or Mycobacterium avium complex), protozoal (e.g., leishmaniasis), or viral

(e.g., cytomegaloviral) pathogens have been identified as contributors to HIV-

associated neutropenia [30]. Finally, infiltration of bone marrow with lymphoma

is not infrequently a cause of HIV-associated neutropenia [31], and this possibility

should be considered before ascribing neutropenia to medications alone.

The proportion of neutropenic episodes attributable to each of the above causes

depends on the patient population. In one Italian study including 81 neutropenic

patients in the pre-HAART era, most of whom were intravenous drug users,

neutropenia was attributed to HIV itself in 18.5% of the patients, to infiltration of

bone marrow with lymphoma or infection in 24.6% of patients, and drugs in 56.7%.

Of patients with drug-induced neutropenia, zidovudine was a contributor to 48.2%

of cases, chemotherapy to 21.3% of cases, trimethoprim-sulfamethoxazole to

18.7%, amphotericin B to 17.5%, ganciclovir to 13.6%, pyrimethamine to 11.1%,

and dapsone to 6.4% of cases [32]. In a different study, zidovudine therapy was a

contributing factor to neutropenia in 51% of patients, trimethoprim–sulpha-

methoxazole treatment in 45% of patients, ganciclovir therapy in 18% of patients,

and cytotoxic chemotherapy in 11.3% of patients; neutropenia was attributed to

lymphoma in 6.5% of cases and HIV infection itself in 1.6% of patients [31].

The epidemiology of neutropenia in HIV patients has drastically changed with

the advent of HAART. HAART prevents progression of HIV, and was found to

prevent the development of neutropenia in the Women’s Interagency HIV study

cohort [20]. Furthermore, HAART itself is an effective long-term treatment for

HIV-associated neutropenia [33, 34]. In addition, the decreased dose of zidovudine

employed as part of HAART regimens may be less likely to cause neutropenia than

the higher dose used in the pre-HAART era. One study where patients were

routinely converted from stavudine to zidovudine after 6 months of HAART

therapy reported that only 7.7% of patients developed an ANC <0.75 � 109/L

[33], and a similar conversion study of 78 HIV-infected children reported that only

6% developed an ANC <1.0 � 109/L. In the latter study, no individual’s ANC

decreased to <0.75 � 109/L [34].

3 Impaired Neutrophil Function in HIV Infection

In addition to neutropenia, there are functional defects of neutrophils, as well as

monocytes and macrophages, in HIV infection and other lentivirus infections.

These defects are not unique to HIV infection, and a number of viral infections
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have been associated with impaired neutrophil function [35]. A wide range of

functional defects exist, including defects in chemotaxis, phagocytosis, the respira-

tory (oxidative) burst, and microbicidal capacity [36–41]. Neutrophils isolated from

HIV-infected patients have a profound defect in chemotaxis in response to interleu-

kin (IL)-8 and bacterial chemoattractant peptides, such as f-met-leu-phe (fMLP),

and the degree of impairment correlates with the degree of CD4+ T-cell depletion.

Other physiologic functions related to recruitment to sites of infection, rolling,

adhesion, and emigration are also affected, as shown in a feline leukemia virus

(FIV) infection model. Evidence that this may be due to a maturation defect is

decreased granularity of neutrophils from the blood and bone marrow of FIV-

infected animals. The results of different studies of neutrophil function in HIV

infection are at times conflicting and can be explained by different assays, different

conditions, and differences in the patient populations studied. The most important

clinical variable is the stage of HIV disease as evidenced by absolute CD4+ T-cell

count.

The respiratory burst is a very important part of the microbial killing by

neutrophils, generating superoxide and other bactericidal reactive oxygen species.

Our group previously examined the neutrophil respiratory burst by chemilumines-

cence in a cohort of 78 patients with HIV infection at different stages of disease

[42]. Patients with HIV infection had altered oxidative metabolism in response to

opsonin receptor-dependent stimulation with zymosan opsonized with purified

human complement (C3bi) or immune globulin (IgG). Patients with early HIV

infection with CD4+ lymphocyte counts >500 cells/mm3 exhibited increased neu-

trophil chemiluminescence in response to opsonized zymosan compared with

controls, while patients with advanced disease with low CD4+ lymphocyte counts

showed significantly decreased chemiluminescence. Absolute CD4+ lymphocyte

count was the only patient variable significantly correlated with opsonin-dependent

neutrophil chemiluminscence activity according to multiple regression analysis.

Despite a good correlation between ANC and CD4+ lymphocyte count (R ¼ 0.24;

p ¼ 0.04), ANC was not an independent predictor of impaired neutrophil chemilu-

minescence by multiple regression analysis.

4 Pathogenesis of Neutropenia and Neutrophil Dysfunction

The pathophysiology of neutropenia and neutrophil dysfunction in HIV infection

unrelated to drug therapy or secondary complications has been better elucidated in

the past few years. A subset of neutropenic HIV-infected patients may have

autoimmune neutropenia; however, this probably accounts for a small proportion

of cases of neutropenia [13, 43]. A study of neutropenic children with HIV infection

showed that while many children had circulating antineutrophil antibodies, the

presence of these antibodies did not correlate with the ANC [44].

The various immune abnormalities observed in HIV infection occur in the

setting of immune systemic activation. There has been considerable interest in
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immune system activation occurring as a result of T-cell depletion in gut-associated

lymphoid tissue (GALT) with loss of mucosal barrier function, which results in

translocation of lipopolysaccharide (LPS) and other bacterial products that activate

the immune system [45]. A number of investigators have shown that neutrophils are

activated in vivo throughout the course of HIV infection, even in the absence of any

clinical signs of secondary infectious complications [46]. Early in the course of

HIV infection in vivo, activation or priming may actually result in enhanced

function. This in vivo activation continues throughout the course of HIV infection,

but eventually the functional capacity of the neutrophil begins to decrease signifi-

cantly. It should also be noted that immune system activation has been proposed as

a mechanism for impaired neutrophil function in patients with chronic hepatitis B

infection [47].

Our studies of neutrophil chemiluminescence suggest that immune system

activation may contribute to neutrophil dysfunction [42]. Maximum opsonin recep-

tor expression (MOR) is achieved by exposing neutrophil to quantities of

proinflammatory mediators (primers: fMLP, complement fragment C5a, and plate-

let-activating factor) to induce a maximal number of CD11b (C3bi receptor) and

CD35 (C3b receptor or complement receptor 1) on the neutrophil surface. Priming

may also enhance oxidative responses to a second stimulus by increasing the

affinity of opsonin receptors for their particular ligand or enhancing intracellular

signaling. Our experiments showed increases in the ratio of the chemiluminescence

unprimed neutrophil at circulating opsonin receptor expression (COR) to chemilu-

minescence with MOR, i.e., an increased COR/MOR ratio. By whatever mecha-

nism, neutrophils from HIV-infected patients behave as if they have been primed or

activated by proinflammatory mediators in vivo. Opsonin receptor-independent

NADPH-oxidase and myeloperoxidase activities, basal and stimulated, were sig-

nificantly increased for HIV-infected patients, especially those with advanced

disease with CD4+ lymphocyte count <200 cells/mm3. The increase in enzyme

activities of NADPH-oxidase and myeloperoxidase may also be the result of in vivo

activation. The decrease in myeloperoxidase activity for patients with very advanced

HIV infection with CD4+ lymphocyte count <100 cells/mm3, although significantly

higher than values seen in control subjects without HIV infection, may be due to

degranulation resulting from in vivo activation. This chronic in vivo activation may

lead to metabolic exhaustion or “burnout,” and contributes to impaired neutrophil

oxidative responses in HIV-infected patients at advanced stages of disease.

In vivo activation is not the only process that contributes to neutrophil dysfunc-

tion in HIV infection. Neutrophils isolated from patients with advanced HIV

disease undergo accelerated apoptosis or programmed cell death. We studied

apoptosis of neutrophils isolated from ten individuals with advanced HIV infection

and seven control subjects [48]. Ex vivo apoptosis was examined morphologically

by fluorescent microscopy after dual staining with acridine orange and ethidium

bromide, fluorescent stains that intercalate DNA. Acridine orange stains the nucleus

bright green and allows visualization of the nuclear chromatin pattern, while ethidium

bromide identifies nonviable cells by staining the nucleus orange. Little apoptosis

was evident immediately after isolation, but over time, apoptosis was observed and
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the proportion of apoptotic cells was significantly higher for the patients with

advanced HIV infection at 3, 6, and 18 h (Fig. 1). Apoptotic cells eventually die,

and at 18 h there was a significant decrease in viability for the HIV patient’s

neutrophils due to an increased number of nonviable, apoptotic cells. As

neutrophils become apoptotic, they become functionally impaired, and the

accelerated apoptosis of neutrophils may in part explain the impairment of neutro-

phil function seen in this patient population, as well as neutropenia. A number of

possible mechanisms for accelerated apoptosis exist, including increased levels of

proinflammatory mediators that may accelerate the process. Other mechanisms may

also be involved, including direct effects of viral proteins. HIV protease can directly

induce apoptosis of a variety of leukocyte populations [49]. Alternatively, growth

factor deficiency could result in accelerated apoptosis.

Granulocyte precursors can be infected by HIV, and this may affect normal

proliferation and development of neutrophils, but mature cells are not targets and

express very little, if any, HIV [50]. Infection of bone marrow stromal cells may

affect the microenvironment for myelopoiesis. Both HIV and cytomegalovirus

(CMV) can infect bone marrow stromal cells and impair production of endogenous

colony-stimulating factors such as granulocyte colony-stimulating factor (G-CSF)

and granulocyte-macrophage colony-stimulating factor (GM-CSF) [51, 52].

Altered cytokine secretion may result in abnormal neutrophil maturation. G-CSF

is a key growth factor important in maintaining the normal number of circulating

neutrophils. Although several growth factors can stimulate myelopoiesis, studies of

G-CSF-deficient knock-out mice indicate G-CSF is a cytokine necessary tomaintain

normal neutrophil counts [53]. Evidence is accumulating that HIV infection results

in a state of endogenous G-CSF deficiency [54, 55]. Patients with HIV have lower

serum levels of endogenous G-CSF for a given degree of neutropenia comparedwith

patients with neutropenia from other etiologies, such as aplastic anemia and cancer

chemotherapy. The low levels of G-CSF may not only impair myelopoiesis and

Fig. 1 Neutrophil apoptosis and viability in patients with AIDS compared with normal controls
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affect neutrophil maturation, but also reduce the circulating half-life of neutrophils.

The principle way growth factors cause clonal expansion of different bone marrow

precursors is by inhibiting apoptosis of these cells [56]. Our data show that

accelerated neutrophil apoptosis in HIV infection is reversible in vitro and

ex vivo in patients receiving filgrastim [48, 57].

Why should a decrease in growth factor(s) required for neutrophil maturation

occur in a disease characterized by abnormal cell-mediated immunity? The source

of G-CSF, directly or indirectly, is activated T-cells, monocytes, and macrophages,

all targets for HIV infection. Depletion or dysfunction of these cells as a result of

HIV infection may result in decreased production of G-CSF that is required to

support normal granulopoiesis and/or neutrophilic responses to infection. We

previously reported that peripheral blood mononuclear cells (PBMC) isolated

from patients with AIDS produce significantly less G-CSF in response to a chal-

lenge with LPS [54]. Local G-CSF production by bone marrow stromal cells is

likely to be very important in granulopoiesis, and there is a decreased G-CSF

response by bone marrow stromal cells from patients with HIV infection ex vivo

in response to IL-1 and LPS [51].

More is known about how CD4+ T-helper cells recruit and activate a wide variety

of cell types, including macrophages, mast cells, neutrophils, eosinophils, and

basophils, in addition to adaptive immune effector cells. Several different types of

CD4+ T-cells have been described that differentiate from naı̈ve CD4+ T-cells [55].

In addition to Th1 and Th2 cells, we now recognize regulatory T-cells (Treg) [58].

These cells not only are involved in immunosuppression, but also can differentiate

into effector T-cells. More has also been discovered about the interactions between

phagocytic cells and T-cells. The Th17 pathway has been characterized [59]. Th17

cells have been classified as a new lineage, distinct from Th1, Th2, and Treg cells.

T17 cells develop as a result of a unique set of cytokines secreted by effector cells of

the innate immune system (e.g., neutrophils) and additive effects of IL-1b and

tumor-necrosis factor (TNF)-a. Transforming growth factor (TGF)-b and IL-6 are

crucial factors in the generation of Th17 cells from naive T-cells. The functional

capacity of Th17 cells depends on the additional cytokines IL-23 and IL-1.

Th17 cells are characterized by production of the proinflammatory cytokines

IL-17A, IL-17F, IL-22, and IL-26. The activity of IL-17A and IL-17F is defined by

induction of increased production of a number of proinflammatory mediators,

including IL-1, IL-6, CXC chemokines, TNF-a, G-CSF, and GM-CSF by epithelial

and endothelial cells, macrophages, and other stromal cells. IL-17A also promotes

stem-cell factor (SCF)- and G-CSF-mediated granulopoiesis [60]. It has been contro-

versial as to whether or not neutrophils directly respond to IL-17A or IL-17F, but the

downstream production of cytokines induced by IL-17A and IL-17F leads to

granulopoiesis, neutrophil recruitment, and neutrophil activation. Substantial evi-

dence exists of cross-talk between neutrophils and Th17 CD4+ T-cells [61]. Purified

human neutrophils produce chemokines that attract Th1 and Th17 cells, while Th17

cells produce CXCL8, a potent chemoattractant for neutrophils.

Th17 cells are important in host defense against infections caused by both intracel-

lular pathogens, such as listeriosis, salmonellosis, cryptococcosis, leishmaniasis, and
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tularemia, and a variety of extracellular bacterial and fungal pathogens. The role of

Th17 cells in specific infections is not completely understood and, in some infections

such as invasive aspergillosis, the data are conflicting. It appears, however, that Th17

cells are very important for mucosal host defense against oral candidiasis, mainly

through the recruitment of neutrophils, and may also be important in disseminated

disease [62]. Th17 cells are also involved in the response to Staphylococcus aureus
infection [63].

Th17 cells express CD4, so it is not surprising that dysfunction and depletion of

Th17 cells occur in HIV infection. Th17 cells are efficiently infected by HIV-1

in vitro [64], which may help explain the broad range of bacterial and fungal

pathogens, particularly extracellular pathogens, that infect patients with HIV.

CD4+IL-17+ populations are greatly reduced in antiretroviral-naive HIV-infected

patients compared to HIV-negative controls, but this subset is greatly increased

after the initiation of HAART, while IFN-a T-cells (Th1) are unchanged [65].

Depletion of Th17 cells in the gut has been associated with decreased microbial

barrier function of the gut and persistent immune activation due to gut translocation

[66]. Other studies have even shown a decrease in TH17 cells and the Th17:Th1

ratio with preferential depletion of Th17 cells from GALT within weeks of simian

immunodeficiency virus (SIV) infection in macaques [67].

The cross-talk between Th17 cells and neutrophils and other phagocytic cells of

the innate immune system may explain previous observations that rHuG-CSF may

be of potential benefit for immune reconstitution in HIV infection. Previously, our

group was part of a study that demonstrated that rHuG-CSF can restore IL-2 pro-

duction in the blood of HIV-infected individuals [68]. At that time, it was unknown

how rHuG-CSF affected T-cell function or production of a lymphocyte growth

factor. In retrospect, neutrophil activation may lead to IL-6 release, subsequent

Th17 differentiation, and IL-17 production. An inverse relationship exists between

Treg and Th17 cells, so an increase in Th17-inducing cytokines may lead to a

decrease in Tregs that mediate immunosuppression. Furthermore, T-cells are not

only the source but also the target of IL-17. IL-17 can modulate Th1 cell polariza-

tion both in vitro and in vivo by directly acting on CD4+ T-cells [69]. Overall,

however, the effects of rHuG-CSF on CD4+ lymphocyte counts have been variable

[70, 71].

5 Risk of Infections in HIV-Induced Neutropenia

Initial reports in the pre-HAART era suggested that the risk of infection in patients

with HIV-associated neutropenia was less than the risk of infection in patients with

neutropenia due to chemotherapy or hematologic malignancy, a fact attributed to,

among other factors, the lack of mucosal injury in neutropenia not due to cytotoxic

chemotherapy and the relatively mild nature of HIV-associated neutropenia com-

pared to neutropenia associated with hematologic malignancy or cytotoxic chemo-

therapy. Farber et al., in one of the first studies to examine the risk of infection,
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retrospectively examined the records of 30 HIV-infected patients with ANC

<1.0 � 109/L and CD4+ lymphocyte count <200 cells/mm3, comparing infection

rates during neutropenic periods and non-neutropenic periods and comparing infec-

tion rates in these patients with 37 patients with hematologic malignancies as

controls. In that study, no difference was found between infection rates in HIV

patients during neutropenic periods compared with non-neutropenic periods [72].

Piliero et al., in reviewing blood culture data from 38 HIV-infected patients with

ANC <0.5 � 109/L and 1,071 non-neutropenic HIV patients, found that the pres-

ence of a central venous catheter, but not neutropenia, was a risk factor for positive

blood cultures in a multiple logistic regression model [73].

A number of subsequent studies, however, have suggested that HIV-associated

neutropenia is associated with an increased risk of infection. Shaunik and Bartlett,

in an era when zidovudine monotherapy dosed at 1,200 mg/day was the standard of

care for HIV treatment (compared with the dose of 600 mg/day used in current

HAART regimens), found in a study of 30 patients that an ANC<0.5 � 109/L was

associated with an incidence of bacterial infection that was 600% higher than the

incidence observed when ANC was >1.0 � 109/L [74]. Keizer et al. performed a

case–control study comparing 29 HIV-infected patients followed from 1991 to

1993 with two consecutive measured ANC <1.0 � 109/L with 29 HIV-infected

controls without history of neutropenia matched for age, sex, CD4+ lymphocyte

count, and month of entry into the clinic. An incidence of 12.6 episodes of

bacteremia per 100 patient-months was observed in the patients with a history of

neutropenia compared with an incidence of 0.87 episodes of bacteremia per 100

patient-months observed in the controls, a statistically significant difference

(p ¼ 0.0027). In a multiple logistic regression model, neutropenia (OR ¼ 22.7)

and the presence of a central venous catheter (OR ¼ 8.5) were independent

predictors of the development of bacteremia [75]. Hambleton et al. compared the

outcomes of HIV-infected inpatients who developed neutropenia after treatment

with cytotoxic chemotherapy and those who developed neutropenia for other

reasons from 1987 to 1990. In their cohort, few patients received filgrastim, and

most patients were white men who had sex with men. They found no statistically

significant difference in the rates of bacteremia or mortality between the two groups

in both bivariate analysis and in multiple logistic regression models [70]. At the

same center, but examining a different time period (1992–1993), Jacobsen et al.

examined the rates of hospitalization for HIV-infected outpatients stratified by

ANC, using ICD-9 codes to evaluate for the presence of infection. A total of

2047 outpatients were analyzed for this study. A progressive and statistically

significant increase in the risk of hospitalization was noted as the nadir ANC

decreased. The number of days hospitalized per 10,000 days of risk increased

from 61 for patients whose ANC was always >0.5 � 109/L during the study period

to 487 for patients with ANC nadir <0.3 � 109/L [71].

Moore et al. performed a case–control study of patients followed from 1990 to

1994; 118 HIV-infected patients with a measured ANC <1.0 � 109/L were

matched with HIV-infected non-neutropenic controls on the basis of history of

intravenous drug use, CD4+ lymphocyte count, enrollment date in the clinic, and
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duration of follow-up. A statistically significant association between neutropenia

and the development of a bacterial infection was observed. In an adjusted analysis,

the relative risk for developing a bacterial infection was 2.33 times higher in

patients with an ANC <1.0 � 109/L, and 7.92 times higher for patients with

an ANC <0.5 � 109/L, compared with patients with an ANC >1.0 � 109/L; the

incidence of bacterial infections was estimated as 3.5–4.5 per 100 patient-months of

neutropenia [76].

Eng et al. performed a retrospective cohort study examining the records of patients

who received HIV care from 1990 to 1992. Of 930 patients, 85 experienced at least one

episode of neutropenia, and of 12 patients with “severe” neutropenia (ANC

<0.3 � 109/L), 3 experienced gram-negative bacteremia, compared with four

episodes of gram-negative bacteremia in 61 patients with less severe neutropenia [77].

Subsequently, Caperna et al. performed a retrospective cohort study examining

patients who had at least two ANC measurements between 1991 and 1995. As the

degree of neutropenia worsened, increases in the observed incidence of bacteremia

with Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae were
noted in this cohort of 1,645 patients [78]. A subsequent nested case–control study

from the same cohort during the same time interval concluded that, adjusting for

CD4+ lymphocyte count, clinical stage of HIV infection, and other confounders, a

measured ANC <0.5 � 109/L conferred an eightfold increased risk of bacteremia

with one of the three aforementioned pathogens [79].

Tumbarello et al. retrospectively examined 9 years of patient records from a

single center in Italy, comparing HIV-infected patients with bacteremia with both

HIV nonbacteremic and HIV-uninfected bacteremic controls. In a multivariate

analysis of HIV-infected patients, most of whom were intravenous drug users,

low CD4+ lymphocyte count, presence of a central venous catheter, and ANC

<1.0 � 109/L (OR 3.05; p ¼ 0.04) were independent risk factors for the develop-

ment of bacteremia [32].

Hermans et al., from a cohort of 1,870 HIV-infected patients seen at a Belgian

HIV care center from 1982 to 1993, found 1,403 whose ANC had been measured at

least once. From this sample, they identified 484 patients with episodes of neutro-

penia, defined in this study as a measured ANC <1.0 � 109/L. A history of

neutropenia was associated with bacteremia or bacterial pneumonia. Subsequently,

177 neutropenic patients from this cohort were compared with 177 non-neutropenic

controls matched for initial CD4+ lymphocyte count and duration of follow-up.

Although, in unadjusted analysis, neutropenia was associated with increased odds

of developing infection (OR 3.29), this association disappeared in a multiple

logistic regression model which also included clinical stage of AIDS and hemoglo-

bin concentration [80].

Meynard et al. performed a single-institution prospective study that enrolled 62

HIV-infected patients with a measured ANC <1.0 � 109/L. In their study, a higher

risk of infection was noted in neutropenic patients with malignancy compared with

other neutropenic patients, and logistic regression modeling identified a history of

neutropenia, the presence of a central venous catheter, and trough ANC as indepen-

dent predictors of developing an infection [31].
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Moore et al. retrospectively identified 328 HIV-infected individuals at their

center in the United Kingdom with an ANC <1.0 � 109/L from 1994 to 1995,

excluding 78 patients receiving cytotoxic chemotherapy. Bacteremias were

documented in 21% of patients and were observed more commonly in patients

with brief, profound neutropenias, rather than in patients with milder but more

prolonged neutropenic episodes, and the degree of neutropenia correlated with the

risk of infection [14]. A subsequent prospective study at the same center enrolled 87

patients in 1996 and 1997. No patients were receiving chemotherapy. Upon enroll-

ment in the study, blood was sampled weekly to measure the duration of neutrope-

nia. Filgrastim was only given for documented infection. The median duration of

neutropenia was 13 days. Twelve subjects (17%) were diagnosed with neutropenia-

associated infection, in whom six were found to have infection serious enough to

warrant filgrastim therapy, and four required hospital admission. All serious

infections occurred in patients with ANC <0.5 � 109/L. A further four patients

received filgrastim due to prolonged neutropenia [81].

Most of the studies on the risk of infection in neutropenia were conducted in the

pre-HAART era. Relatively fewer studies have attempted to assess the link between

neutropenia and infection after the widespread implementation of HAART. In the

Women’s Interagency HIV study, which began in the pre-HAART era but extended

through the development of HAART, it was observed that, independent of CD4+

lymphocyte count and viral load, which were strong predictors of mortality, the

presence or absence of neutropenia was not predictive of mortality [20].

Toure et al., in examining the incidence of neutropenia in a prospective cohort of

533 African patients over 6 years taking trimethoprim–sulfamethoxazole prophy-

laxis in a setting where HAART was available if indicated, found that 36% of

patients had at least one measured ANC <1.0 � 109/L during the study, that

developing neutropenia was associated with low initial CD4+ lymphocyte count,

and that the adjusted hazard ratio of developing bacterial morbidity was 1.50 for

patients with a history of neutropenia to that degree, but the overall likelihood of

bacterial morbidity was low (36 patients overall) [82].

Most of the preceding discussion has focused on bacterial infections. In patients

with hematologic malignancy or in patients undergoing stem cell transplantation,

invasive aspergillosis is a feared complication of the prolonged neutropenia that

these patients experience [83]. Case reports and case series have noted the occur-

rence of aspergillosis in patients with advanced HIV [84]; however, aspergillosis as

a complication of neutropenia was an uncommon event in HIV-infected patients even

before the advent of HAART [85]. Case series suggest that neutropenia or steroid use

may predispose to invasive aspergillosis in HIV-infected patients [86, 87]. Mylonakis

et al. reviewed 342 reported cases of aspergillosis in HIV-infected patients obtained

by MEDLINE and AIDSLINE searches through 1997, and found that 93 patients

were diagnosed with “definite” invasive aspergillosis, of whom 16 were reported to

have an ANC <0.5 � 109/L [88].
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6 The Use of Filgrastim in Nonmalignant Conditions
in HIV Infection

Since the beginning of the HIV epidemic, several dozen case reports, case series,

and clinical trials have described the use of filgrastim and other formulations of

rHuG-CSF in HIV-infected individuals without malignancy and have described

outcomes (summarized in Table 1). Kimura et al. were the first to publish their

experience, reporting on the use of rHuG-CSF in 14 Japanese patients, 11 of whom

were neutropenic. The patient cohort primarily consisted of 12 patients with

hemophilia, eight of whom demonstrated concurrent infection at the time of

enrollment, and two of whom were experiencing fever of unknown origin. Patients

were randomly assigned to receive 100 mg/m2 or 200 mg/m2 rHuG-CSF daily

intravenously. The dose was subsequently titrated to maintain the ANC

>3.0 � 109/L. A dose-dependent increase in ANC was observed in patients not

receiving zidovudine, and escalation of rHuG-CSF dosage prevented the develop-

ment of neutropenia in patients receiving zidovudine [89].

Miles published the first reports specifically evaluating the benefit of filgrastim

in neutropenic patients with HIV. In the first report, 13 patients were selected to

receive filgrastim, which was initially dosed at 3 mg/kg daily with subsequent dose

escalation until ANC>6.0 � 109/L. Once an adequate dose was established, it was

maintained for 2 weeks; rHuEPO was subsequently given. Of the 13 patients

selected, 1 died and 1 was removed from the study for noncompliance. In the

other 11 patients, filgrastim therapy alone was associated with an increase in BFU-

E (burst forming unit-erythron) levels, as well as a statistically significant mean

hemoglobin increase of 1.04 g/dL [90]. Patients were then given zidovudine, dosed

at either 1,000 or 1,500 mg/day. In the full analysis based on 22 recruited patients,

20 of whom were included in the final analysis, growth factors ensured that no

patient needed to discontinue zidovudine therapy secondary to neutropenia,

although eight patients developed transfusion dependence necessitating cessation

of therapy [91].

Bratt et al. were among the first to describe long-term outcomes from rHuG-CSF

therapy, noting in their series of 17 patients that appropriate white blood cell counts

could be maintained for up to 7 months in patients with initial counts<1.0 � 109/L

[92]. Several small case series and small pilot studies were published in the ensuing

years, but a pair of studies notable due to their size are the retrospective cohort

studies reported by Grutzmeier and colleagues in 1996, reflecting treatment experi-

ence in the pre-HAART era. In one cohort of gay men with CD4+ lymphocyte

counts <50 cells/mm3 in Sweden, treatment with rHuG-CSF was initiated upon

measuring a white blood cell count <1.0 � 109/L or ANC <0.5 � 109/L. Median

survival in the 60 patients who received rHuG-CSF was 658 days, compared with a

median survival of 511 days in the 104 patients who did not receive rHuG-CSF

(p < 0.01). A similar analysis by the same authors performed on data from a similar

cohort in Denmark found that the 60 patients who had received rHuG-CSF lived for
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a median of 248 days, compared with a median survival of 145 days in the

65 patients who did not receive rHuG-CSF [93].

Also notable for both its size and its prospective nature is the multicenter trial

conducted by the G-CSF 92105 group and published in 1996. Patients were eligible

if, on at least three occasions within a 2-week period, their measured ANC was

found to be <1.0 � 109/L. Filgrastim dose was titrated to maintain ANC

>2.0 � 109/L, a target obtained in 98% of patients. Patients received filgrastim

for at least 28 days, but could receive it for a longer duration at the discretion of their

physicians. The number of patients receiving what were considered to be the drugs

most associated with neutropenia (zidovudine, trimethoprim-sulfamethoxazole,

ganciclovir, and pyrimethamine) increased 20% over the course of the study [94].

The results of the largest prospective randomized control trial to investigate the

outcome of filgrastim administration to neutropenic patients with HIV were

published by Kuritzkes et al. in 1998. Of note, patients were accrued in the pre-

HAART era. Eligibility requirements for this multicenter, nonblinded study

included at least one measured ANC between 0.75 and 1.0 � 109/L, CD4+ lym-

phocyte count <200 cells/mm3, platelet count >50.0 � 109/L, Karnovsky score

>50%, and life expectancy>6 months. Malignancy was the most notable exclusion

criterion. In all, 258 patients were randomly assigned to daily, intermittent, or no

filgrastim administration for 24 weeks, with filgrastim dose subsequently titrated to

maintain white cell count in the 2.0–10.0 � 109/L range. Control patients receiving

no filgrastim who developed an ANC <0.5 � 109/L were censored and subse-

quently re-randomized to one of the two treatment groups, an event which occurred

in 18 patients. In all, 34.1% of patients who were assigned to receive no filgrastim

developed the primary endpoint of severe neutropenia or death, compared with

12.8% of patients in the intermittent filgrastim group and 8.2% of patients in the

daily filgrastim group. Patients who received filgrastim were 54% less likely than

controls to develop a serious bacterial infection (p ¼ 0.005) [95].

The most recent large study to examine the effect of filgrastim administration on

outcomes in patients with HIV was the retrospective cohort study published by

Davidson et al. in 2002. This study was a retrospective analysis of data from several

prospectively conducted studies of HIV-infected patients with CMV retinitis. Of

note, significant heterogeneity in the use of filgrastim was present in the original

trials. In an analysis made complex by the need to correct for the inherent biases of a

retrospective analysis, filgrastim use was associated with a 56% reduction in death

in a multivariate model (p < 0.01). Associations between filgrastim use and such

outcomes as catheter-associated bacteremia and repeat bacterial infection were

significant in unadjusted analysis but not after adjustment for confounders [96].

Other interesting uses for rHuG-CSF which single reports have explored include

the use of filgrastim as an adjunct to a tagged white blood cell scan in a neutropenic

HIV-infected patient in the workup of postoperative fever [97], and the use of

filgrastim concomitantly with antimicrobials in the treatment of disseminated

mycobacterial infection [98].
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7 The Use of Filgrastim in Malignant Conditions
in HIV Infection

The benefits of more widespread use of colony-stimulating factors in HIV-negative

patients undergoing chemotherapy are now widely accepted, as demonstrated by

recently written clinical guidelines which expand the criteria for their use [99]. This

change in practice applies to HIV-infected patients as well. Although no

randomized trial specifically has addressed the use of filgrastim in HIV-associated

malignancy, several nonrandomized comparative studies looking at the benefits of

adding rHuG-CSF to a chemotherapy regimen in patients with HIV-associated

lymphoma have been published. In a pre- and postintervention trial where 65

HIV-infected patients with non-Hodgkin’s lymphoma (NHL) either received a

dose-reduced variant of the CHOP regimen (chemotherapy with cyclophospha-

mide, doxorubicin, vincristine, and prednisone) or full-dose CHOP augmented by

filgrastim, grade 3 or 4 neutropenia occurred in fewer patients receiving full-dose

CHOP with filgrastim (13% vs. 25%), a nonsignificant difference. The study was

neither intended to nor powered to measure the effect of filgrastim independently

[100]. A similar, nonrandomized study by Rossi found that HIV-positive patients

receiving rHuG-CSF during chemotherapy were more likely than those who did not

to receive full doses of chemotherapy and to receive cycles without delays,

although the likelihood of complete response was actually lower in those who

received rHuG-CSF [101]. A third study, also nonrandomized, compared the

outcomes of HIV-positive patients undergoing chemotherapy for NHL, finding a

decrease in mean duration of treatment delays between cycles from 9d to 4d

(p ¼ 0.01). Again, however, mean duration of survival was worse in the group

receiving rHuG-CSF, which also trended toward having more advanced HIV [102].

Further discussion of the role of rHuG-CSF in HIV-associated malignancies is

beyond the scope of this chapter; a review of the use of hematopoietic growth

factors in HIV-associated malignancies has been previously published [103].

8 Adverse Effects of Use

The most common side effect of filgrastim is bone pain, with headache, nausea, and

vomiting also frequently reported [104]. Although generally safe, filgrastim usage

in HIV patients has been associated with disseminated intravascular coagulation

[105], hepatitis, and pancreatitis [106]. In non-HIV patients, a review of case

reports of adverse effects of filgrastim noted a number of rare adverse events,

many of which were attributed to increased inflammation (ARDS, shock, worsen-

ing autoimmune disease) or leukostasis (arterial thrombosis or myocardial infarc-

tion, interstitial nephritis, bone marrow necrosis) [107].

Nevertheless, the adverse effect of filgrastim that serves as the biggest barrier to

its use is its cost. However, filgrastim may be effective in HIV-infected patients at
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doses lower than those traditionally used for patients with chemotherapy-induced

neutropenia [108]. One center developed a clinical pharmacist-driven protocol for

dosing filgrastim in HIV-infected inpatients based on ANC; subsequently, the

quarterly cost for filgrastim for the HIV service decreased from US$90,000 to

US$22,000 [109].

9 Conclusion

The incidence of neutropenia in HIV-infected patients has decreased with the

advent of therapies that arrest and reverse the progression of AIDS. In the future,

most patients with HIV who develop neutropenia will likely do so from oncologic

disease and its treatment, not HIV itself. However, the inability of all HIV-infected

patients to benefit from the advances in HIV treatment means that filgrastim will

continue to play a role in the management of complications of advanced HIV and its

treatment.
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Recombinant Human G-CSF Enhances
Recovery and Improves Survival from
Severe Radiation-Induced Myelosuppression

Ann M. Farese, Melanie V. Cohen, and Thomas J. MacVittie

1 Introduction

Granulocyte colony stimulating factor (G-CSF): Its demonstrated efficacy in animal models

of radiation-induced hematopoietic injury sets the stage for its use as a key medical

countermeasure (MCM) in the event of nuclear terrorism.

It is well known that recombinant human granulocyte colony-stimulating factor

(rHuG-CSF) is approved by the United States Food and Drug Administration

(FDA) to treat chemotherapy-induced neutropenia. The FDA relied on the large

literature database of nonclinical and clinical studies, as well as successful clinical

trials to support approval of rHuG-CSF for this condition. rHuG-CSF also has

utility for another indication: radiation-induced myelosuppression and treatment

of potentially lethally irradiated personnel. rHuG-CSF showed significant efficacy

in ameliorating the radiation-induced effects of myelosuppression. It enhanced

survival from lethal radiation exposure within the hematopoietic subsyndrome

(H) of the acute radiation syndrome (H-ARS) in all animal models evaluated.

The database is substantial and consistent in demonstrating efficacy in mouse,

canine, and nonhuman primate models of radiation-induced myelosuppression

and lethality [1–10]. rHuG-CSF, when administered early after high-dose, total-

body irradiation (TBI) enhanced the requisite recovery of bone marrow-derived

myeloid cell progenitors and neutrophils within a critical, clinically manageable

period of time. The recovery of the myeloid progenitors coupled with the reduced

maturation time, increased survival, and early release of neutrophils to the peripheral
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circulation reduced the duration of severe neutropenia and minimized the risk of

bacteremia and sepsis [11–14].

World events over the past decade have emphasized the increasing threat of nuclear

terrorism. This threat underscores the requirement for a medical countermeasure(s)

against the myelosuppressive and potentially lethal effects consequent to high-dose

radiation exposure in this scenario. Treatment strategies for personnel exposed to

moderate or lethal doses of radiation have been the subject of several international

conferences during the past 20 years [15–19]. A consensus on treatment of severely

irradiated personnel was presented in a 1993 Conference on Treatment of Radiation

Injuries and again in a more recent publication [18, 20]. Despite the noted threat and

the substantial database demonstrating the efficacy of rHuG-CSF in lethally irradiated

animal models, rHuG-CSF has yet to be approved by the FDA as a medical counter-

measure. Due to the ethical constraints of conducting a clinical trial in lethally

irradiated people, approval of a medical countermeasure by the FDA in these cases

will only be granted under the requirements set forth by the “Animal Rule” [21].

The need for an FDA-approvedmedical countermeasure (MCM) for the treatment

of severely irradiated personnel (as well as those exposed to chemical or biologic

agents) has resulted in the FDA generating published guidelines that define a path to

MCM licensure when efficacy studies in humans are not feasible or ethical. These

guidelines are known as the “Animal Rule” [21]. Under the Animal Rule, the FDA

will rely on data from relevant animal species to provide evidence of treatment

effectiveness. The FDA also published a draft document entitled “Guidance for

Industry, Animal Models – Essential Elements to Address Efficacy under the Animal

Rule” [22]. Together, these documents provide an outline and description of the

criteria to be satisfied for successful use of the FDAAnimal Rule to gain approval for

candidate medical countermeasure to treat lethally irradiated personnel.

rHuG-CSF is positioned as the primary medical countermeasure to be acquired

by the Centers for Disease Control and Prevention (CDC) for placement in the

Strategic National Stockpile (SNS). rHuG-CSF is considered a leading MCM for

the SNS due to the substantial database in nonclinical models of radiation-induced

myelosuppression and lethality, as well as the extensive database of clinical studies

in normal and myelosuppressed subjects demonstrating a successful safety profile

spanning 2 decades.

In light of rHuG-CSF’s status as a desired MCM for the SNS, this review first exa-

mines the pathophysiology of lethal radiation exposure and summarizes the nonclinical

model database for the rodent, canine, and nonhuman primate. Also, the human radia-

tion experience is discussed, as well as the potential use of rHuG-CSF as an MCM for

treating individuals who may have been lethally irradiated in a nuclear terrorist event.

2 The Pathophysiology of Lethal Radiation Exposure:
Radiation-Induced Neutropenia and Host Resistance
to Sepsis

The bone marrow is the most radiation-sensitive organ in the body. Radiation-

induced pathophysiology after a single, acute dose of ionizing radiation in the

species-dependent, lethal range of 2.00–10.00 Gy results in H-ARS [23–25].
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The lethal H-ARS is characterized by the frequent incidence and severity of

neutropenia, thrombocytopenia, and lymphopenia that are dose and time dependent.

The respective lineage-specific cytopenia is evident within days to weeks after

exposure and is a result of the marked loss of bone marrow-derived myeloid

progenitor cells within the initial 24 hours after irradiation as well as the circulating

half-life of the respective lineage-specific cells, e.g., neutrophils, platelets, and

lymphocytes.

Recovery from the lethal effects of H-ARS requires at least three key events to

occur. First, hematopoietic stem and progenitor cells must initiate self-renewal

required for short- and long-term marrow reconstitution and production of func-

tional neutrophils and platelets. Second, regeneration of functional neutrophils and

platelets, which are required for prevention of morbidity and mortality associated

with consequent sepsis and spontaneous hemorrhage, must occur. Third, the initia-

tion of progenitor self-renewal and production of functional end cells must occur

within a critical, clinically manageable period of time, which is defined by the

duration of severe neutropenia and thrombocytopenia and the capacity of health

facilities and professionals to medically manage lethally irradiated personnel.

The neutrophil is the key cellular component in nonspecific host resistance

against opportunistic pathogens. Neutropenia increases the risk of life-threatening

infection and the relationship between the degree and duration of neutropenia and

mortality is well documented [26–31]. The incidence of infection is inversely

proportional to the absolute neutrophil count (ANC). The survival of neutropenic

patients with presumed bacterial infection is greatest after resolution of neutropenia

and restoration of neutrophil numbers and function [26, 32, 33].

3 Severe Neutropenia Consequent to Lethal Doses of TBI
Determine the Degree of Medical Management Required

Severe neutropenia, an ANC < 0.5 � 109/L, is predictive of impending infection.

The most severe infections and all bacteremias occur when the patient has an

ANC < 0.1 � 109/L, and are most prevalent in patients with prolonged periods

of bone marrow aplasia [26, 28, 30]. Lethal radiation exposure induces significant

bone marrow myelosuppression with subsequent profound and prolonged neutro-

penia. These conditions predispose the patient to infection and thereby necessitate

the prophylactic administration of antibiotics in afebrile but severely neutropenic,

lethally irradiated personnel. Several organizations and a meta-analysis suggest that

afebrile patients who are neutropenic and are expected to be profoundly neutrope-

nic (ANC < 0.1 � 109/L) should have prompt empirical antibiotic therapy [28, 29,

31, 34–36].

Further evidence for initiating antibiotic therapy in exposed personnel comes

from examining the data after several cases of accidental exposure, in addition to

the reactor explosion at the Chernobyl Nuclear Power Plant in the former Soviet
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Union. These cases provide a relevant database for assessing the effects of approxi-

mate uniform, sublethal, and lethal doses of radiation on healthy young adults [25,

37]. The most relevant parameter that correlates with radiation dose causing severe

H-ARS in humans is the day on which peripheral neutrophils decreased to

0.5 � 109/L, called the “d500” by the authors [37, 38]. If the patient’s “d500”

score was <14, it corresponded to a total body exposure of 5.00–6.00 Gy, which is

an approximate lethal dose (LD)50/60 (50% LD within 60 days) of the exposed

population administered medical management [23, 24, 39].

Further evaluation of the neutrophil kinetics after irradiation from 18 patients

who received an estimated TBI of 4.70–8.30 Gy showed that each person experi-

enced an ANC < 0.1 � 109/L within a range of 1–4 days after their respective

“d500” occurred [37]. It was reported that although the incidence of fever and

infection coincided exactly with the duration of neutropenia in the radiation expo-

sure range of 4.00–5.00 Gy, the correlation was even more consistent in the dose

range >5.00 Gy. These data, in addition to effects noted in lethal-radiation expo-

sure of canine and nonhuman primate models, justifies the use of prophylactic

administration of antibiotics in afebrile but neutropenic personnel that are estimated

to have received lethal doses of TBI [28, 30, 34–36].

4 The Value of rHuG-CSF as a Medical Countermeasure:
G-CSF and Neutrophil Function

A critical property of an effective medical countermeasure against H-ARS is its

ability to enhance the production of myeloid progenitors to produce mature,

functional neutrophils. Because receptors for G-CSF exist on all cells of the

granulocyte lineage, it is an ideal candidate for MCM. The value of rHuG-CSF as

a countermeasure against radiation-induced neutropenia extends beyond its ability

to increase the survival, self-renewal, differentiation, and amplification of myeloid

progenitor cells to produce mature neutrophils.

G-CSF has been shown to promote enhanced cellular functions critical to host

defense against bacteria. For example, when rHuG-CSF is administered either as a

single agent or in combination with antibiotic therapy, bactericidal activity was

improved [40–43]. The augmentation of neutrophil function after rHuG-CSF

administration has been demonstrated in several models of normal and radiation-

or chemotherapy-induced-neutropenic animals. rHuG-CSF administration stimulated

an increase in phagocytosis and hydrogen peroxide formation and protected cyclo-

phosphamide-induced neutropenic mice from systemic challenge with numerous

strains of bacteria [44, 45]. The treatment efficacy of rHuG-CSF has been

demonstrated in a mouse model of intra-abdominal infection via cecal ligation

and puncture [46]. Similar results were obtained in other studies when rHuG-CSF

was administered to neutropenic mice experiencing bacterial and fungal infections

[40, 43, 47, 48].
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Furthermore, the neutrophil is an interactive cell and may have a regulatory role

within the irradiated-tissue microenvironment, rather than one focused only on the

innate microbial host defense. Neutrophils produce cytokines, cytokine antagonists,

or binding proteins in response to stimulatory cytokines or endotoxin [49–51]. The

neutrophil is also capable of producing and shedding both tumor-necrosis factor

(TNF)-a and -b receptors, the (interleukin) IL-1 receptor, and the IL-1 receptor

antagonist [52–55]. TNF and IL-1 are known proinflammatory cytokines that may

be intimately involved in multiple organ system failure [56–59]. These properties

underscore the autocrine and paracrine nature of the neutrophil and stress the

potential ability of the neutrophil to orchestrate host defense and inflammation

within the tissue site.

In summary, potentially lethal doses of TBI cause severe and prolonged neutro-

penia. Adequate neutrophil production within a critical, medically manageable

period of time is essential for survival after lethal TBI. The risk of infection is

inversely related to the neutrophil count; therefore, antibiotics should be adminis-

tered to afebrile, neutropenic personnel exposed to potentially lethal doses of TBI.

Because it takes 14 days for the bonemarrow to produce a mature neutrophil, the use

of prophylactic antibiotics is warranted to allow the patient to competently protect

against bacterial infections until their ANC recovers to a sufficient level. rHuG-CSF

will stimulate lineage-specific granulopoietic progenitors and increase production of

neutrophils within this specified timeframe to reduce the duration of severe neutro-

penia and increase survival.

5 rHUG-CSF Enhances Recovery and Survival in Animal
Models of Severe Radiation-Induced Bone Marrow
Suppression and Neutropenia

The value of rHuG-CSF in the treatment of severe, radiation-induced bone marrow

myelosuppression lies in its ability to modulate the expansion of marrow granulo-

poiesis and the consequent production and function of the neutrophil, the key cell in

the hosts’ nonspecific response to opportunistic infection. The database is consis-

tent and substantial in animal models of radiation-induced myelosuppression.

rHuG-CSF has been shown to effectively stimulate marrow granulopoiesis and

decrease the duration of neutropenia and recovery time of neutrophils in irradiated

mice, canines, and nonhuman primates [1–8, 10, 60–64].

5.1 Rodent Studies

rHuG-CSF has been shown to enhance recovery from severe neutropenia and

increase survival in mice when administered early, after high-dose TBI [2, 4, 6, 7].
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When administered within a range of 1 hour to 3 days after high doses of TBI,

rHuG-CSF significantly enhanced the survival and recovery of bone marrow,

splenic cellularity, and marrow-derived granulocyte progenitor cells relative to

the control cohort. In studies using 8.00 Gy TBI, control mice experienced a 27%

survival, whereas the cohorts administered rHuG-CSF after TBI either within hours

through day 12, or day 1 through day 12, or day 3 through day 12 after TBI, had

95%, 70%, or 57% survival, respectively (Table 1) [2, 4, 64]. rHuG-CSF

was administered on consecutive days from 2 hours to 6 days after lethal doses of

TBI at 8.50 Gy, 9.00 Gy, and 9.50 Gy (Table 1). Survival was increased in the

rHuG-CSF-treated mice versus the control mice from 44.0 to 83.3%, 14.8 to 54.5%,

and 0 to 45.8%, respectively [7]. rHuG-CSF was ineffective when administered

after 10.50 Gy TBI (Table 1). The 10.50 Gy total-body exposure likely encroached

on the gastrointestinal subsyndrome in this mouse strain, for which rHuG-CSF will

be ineffective. These results provide insight into the capability of rHuG-CSF to

stimulate recovery after dose-dependent destruction of granulocyte progenitor cells

and the limited, clinically relevant time available to produce threshold numbers of

functional neutrophils [6, 7]. Results from rodent models of lethal TBI consistently

demonstrate that therapeutic administration of rHuG-CSF accelerates hematopoietic

regeneration, enhances survival, and is effective when administered within hours to

days after exposure.

Table 1 Summary of survival in mice at 30 days after irradiation

Exposure (Gy) Treatment Schedule Percent survival

8.00 Control 27

rHuG-CSF 1 hour through day 12 95

Day 1 through day 12 70

Day 3 through day 12 57

8.50 Control 44.0

rHuG-CSF 2 hours through day 6 83.3

9.00 Control 14.8

rHuG-CSF 2 hours through day 6 54.5

9.50 Control 0

rHuG-CSF 2 hours through day 6 45.8

10.50 Control 0

rHuG-CSF 2 hours through day 6 0

The data provide evidence that rHuG-CSF offers a survival benefit for mice exposed to lethal

levels of radiation. The table summarizes the survival data for mice (C3H/HeN) exposed to

8.00 Gy and administered rHuG-CSF daily, through day 12 post-irradiation when rHuG-CSF

was initiated either within hours of irradiation, or beginning on either day 1 or day 3 post-

irradiation [2, 4, 64]. Additionally, a radiation dose response is summarized. Mice (BDF1) were

irradiated at 8.50, 9.00, 9.50, and 10.50 Gy and rHuG-CSF was administered to all radiation

cohorts beginning at 2 hours after irradiation and then daily through day 6 post-irradiation [4, 5]
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5.2 Canine Studies

Experiments in large animal models, such as the canine and nonhuman primate,

permit the effective use of clinically relevant medical management (supportive

care) consisting of sequential treatment of each animal with the appropriate admin-

istration of antibiotics, blood products, fluids, analgesics, and antiemetics. The

administration of supportive care in the neutropenic and thrombocytopenic animal

provides the host with additional survival time required for spontaneous endoge-

nous and rHuG-CSF-induced regeneration of hematopoietic progenitor cells. All

canine models reported herein, of either sublethal or lethal TBI, were treated with

supportive care as defined by the respective experimental protocol. Extensive

investigation of rHuG-CSF efficacy in enhancing recovery from TBI was conducted

primarily in two laboratories. These studies provided significant evidence that when

rHuG-CSF was administered early (4–24 hours) after lethal TBI and continued once

daily through the desired effect on neutrophil recovery, a survival benefit was

observed. One set of studies investigated the therapeutic administration of rHuG-

CSF in canines exposed to TBI over a range of lethal doses from 3.50 to 6.00 Gy

cobalt-60 gamma TBI (Table 2). All animals received supportive care as per pro-

scribed study protocols. rHuG-CSF was administered once daily from day 1 to day 14

to 23 after TBI depending on the dose of TBI and the response to treatment (e.g.,

recovery time of neutrophils). The LD50/30 for the control cohorts, administered

supportive care alone was 3.38 Gy [10, 65]. Treatment with rHuG-CSF early, within

20 hours after TBI and daily through recovery of neutrophils to 1.0 � 109/L plus

supportive care, increased the LD50/30 to 4.88 Gy resulting in a dose reduction factor

Table 2 Summary of survival at 60 days after irradiation

Exposure (Gy) Treatment Survival at 60 days

n/N %

3.50 Control 12/19 63

Filgrastim 10 mg/kg, BID 1/2 50

Filgrastim 10 mg/kg, QD 6/7 85

rcG-CSF 5 mg/kg, QD 4/6 67

rcG-CSF 1 mg/kg, QD 2/3 67

4.00 Control 1/16 6

Filgrastim 10 mg/kg, QD 8/8 100

4.50 Control 0/5 0

Filgrastim 10 mg/kg, QD 3/7 43

5.00 Control 0/13 0

Filgrastim 10 mg/kg, QD 6/8 75

rcG-CSF 5 mg/kg, QD 6/9 63

6.00 Control 0/4 0

Filgrastim 10 mg/kg, QD 2/10 20

The data presented in Table 2 provide evidence that G-CSF (either Filgrastim or recombinant

canine [rc] G-CSF) offers a survival benefit for canines exposed to lethal levels of radiation.

Table 2 summarizes the survival data for dogs exposed to 3.50 Gy, 4.00 Gy, 4.50 Gy, 5.00 Gy, and

6.00 Gy. Improved survival was observed at all exposure levels from 3.50 to 6.00 Gy[10, 66].
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of 1.44 relative to the LD50/30 of 3.38 Gy of control cohorts treated with supportive

care alone [10]. Canines were exposed to TBI and both treatment groups, control and

rHuG-CSF, received supportive care per the experimental protocol. Cohorts of control

animals were exposed to 3.50, 4.00, 4.50, 5.00, or 6.00 Gy and experienced 63.2%,

6.3%, 0%, 0%, and 0% survival, respectively (Table 2). The rHuG-CSF-treated

cohorts exposed to the same radiation doses experienced survival to 77.8%, 100%,

42.8%, 75.0%, and 20.0% relative to the respective control cohorts.

These data are concordant with contemporary studies [1, 5, 66]. These authors

noted that 3.6% of canines survived when exposed to 4.00 Gy TBI plus supportive

care alone, whereas treatment with rHuG-CSF plus supportive care increased

survival to 80.0%. Treatment of canines exposed to the supralethal (100% lethal)

dose of 5.00 Gy increased survival to 30% but was not effective above this radiation

dose, in contrast to that noted in the previous study.

Collectively, these data suggest that survival could be enhanced by administra-

tion of rHuG-CSF plus supportive care after 100% lethal doses of TBI when

hematopoietic progenitor cells have been reduced to levels otherwise incompatible

with survival. rHuG-CSF was necessary to stimulate regeneration of the lineage-

specific progenitor cell compartment, as well as stimulate the production of func-

tional neutrophils within the critical, clinically manageable period of time dictated

by the efficacy of supportive care. As with the mouse experiments, there is a

threshold dose of TBI (approximately 6.00 Gy) at which the administration of

rHu G-CSF in concert with supportive care will not stimulate granulopoiesis within

the critical time required for survival of the lethally irradiated canine.

5.3 Nonhuman Primate Studies

rHuG-CSF administration has demonstrated efficacy in enhancing the recovery of

neutrophils and survival in nonhuman primates exposed to sublethal (low- to mid-

lethal) doses of TBI [8, 9, 67–69]. Several studies were conducted at three research

sites by two primary groups of investigators. All of the studies administered

supportive care equivalent to that described in the canine studies. Specifically, all

control cohorts were administered supportive care alone while the treatment cohorts

were administered supportive care plus rHuG-CSF. Farese et al. [8, 9, 70] used

three nonhuman primate models of high-dose TBI:

• 7.00 Gy of TBI with Co-60 gamma radiation

• 4.50 Gy of TBI with a 0.6:1 mixed fission neutron: gamma radiation from a

TRIGA reactor operated at steady state dose rate of 20 rad/min

• 6.00 Gy of TBI with 250 kVp X-radiation to investigate the ability of rHuG-CSF

to enhance recovery from radiation-induced myelosuppression

rHuG-CSF (10 mg/kg) was administered by subcutaneous injection within

20 hours after TBI and continued daily until circulating neutrophils recovered to

a predetermined level, e.g., 0.5 � 109/L, 1.0 � 109/L, or 2.0 � 109/L. In nonhu-

man primates exposed to 6.00 Gy of X-radiation, the administration of rHuG-CSF
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significantly decreased the mean duration of neutropenia and recovery time to an

ANC >0.5 � 109/L or 2.0 � 109/L. The duration of neutropenia (ANC

<0.5 � 109/L) was significantly reduced from 15.5 days to 12.3 days by the

administration of rHuG-CSF compared with the control cohort [8]. The ANC

nadir was not significantly modified with administration of rHuG-CSF, whereas

the time to recovery of ANC >0.5 � 109/L was reduced from 24.0 days in the

control cohort to 18.0 days with rHuG-CSF treatment. In a similar study, nonhuman

primates were exposed to 7.00 Gy of TBI with Co-60 gamma radiation. rHuG-CSF

administration significantly reduced the duration of neutropenia compared with

the control from 18.8 days to 9.8 days, the recovery time for ANC to reach

0.5 � 109/L was reduced from 24.4 days in the control cohort to 16.8 days in the

rHuG-CSF-treated cohort [69]. In this case, the ANC nadir was significantly

increased to an ANC of 0.53 � 109/L relative to 0.19 � 109/L for the control

cohort. The third previously unpublished study compared the efficacy of rHuG-CSF

administered to nonhuman primates after exposure to 4.50 Gy of mixed fission

neutron:gamma radiation. Administration of rHuG-CSF reduced the duration of

neutropenia from 14.5 days in the control cohort to 12.0 days; the respective nadirs

were not different from each other while the recovery of ANC to >0.5 � 109/L or

>2.0 � 109/L was reduced from the control levels of 20.9 days and 23.7 days to

17.0 days and 19.3 days after rHuG-CSF administration, respectively.

A set of studies assessed the treatment efficacy of rHuG-CSF administered to

nonhuman primates exposed to 5.00 Gy TBI 250 kVp X-radiation [67, 68]. The

animals were divided into two cohorts that received rHuG-CSF at either 5 or 10 mg/
kg/day initiated 1 day after TBI and continued for 21 or 14 consecutive days,

respectively. The control cohort required approximately 22 days to reach an ANC

>0.5 � 109/L. rHuG-CSF treatment irrespective of dose or schedule, significantly

improved the ANC recovery time to >0.5 � 109/L by 3–5 days. Irradiated nonhu-

man primates, in all studies, experienced severe neutropenia (ANC < 0.5 � 109/L)

that ranged from 12 to 28 days duration after TBI. rHuG-CSF, when administered

within 1 day after TBI and continued daily until evidence of neutrophil recovery,

significantly enhanced recovery of neutrophil-related parameters in rhesus

macaques exposed to high, myelosuppressive doses of TBI.

6 Delayed Administration of rHuG-CSF After High-Dose
Irradiation in Mouse, Canine, and Nonhuman Primate
Models

The common protocol for rHuG-CSF therapy is to initiate treatment within several

hours up to 24 hours after TBI or chemotherapy-inducedmyelosuppression. Therapy is

continued with daily administration to ensure regeneration of marrow-derived progen-

itor cells and earlier production of neutrophils. The database in all three animal species

does not provide a definitive answer relative to whether treatment efficacy is dimin-

ished as the interval between TBI and initiation of treatment increases. The mouse
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models provide amore consistent conclusion relative to efficacy of a treatment interval

relevant to a terrorist scenario. Studies suggested that the earlier and more frequently

rHuG-CSF is administered, the earlier the recovery of hematopoiesis [2, 7].

Testing the delayed administration of rHuG-CSF after lethal doses of TBI in

canines has led to conflicting results [1, 70]. Schuening et al delayed administration

of rHuG-CSF for 7 days to otherwise lethally irradiated canines (LD99/30) com-

pared with initiating daily treatment within 2 hours of TBI [1]. All canines in the

“delayed” rHuG-CSF protocol succumbed to hematopoietic aplasia compared

with one of five canines in the “early” rHuG-CSF protocol. In contrast, two other

studies, one in canines and one in nonhuman primates, have shown that a similarly

delayed protocol did not alter the hematopoietic response or survival relative to the

“early” rHuG-CSF protocol [70, 71]. The lack of a database on the efficacy of

delayed administration of rHuG-CSF indicates further studies are required to test

alternate treatment schedules where initiation of rHuG-CSF therapy occurs 48 or

72 hours after TBI. These delayed administration studies will provide critical

information in support of rHuG-CSF approval as an MCM under the FDA-Animal

Rule for use in a nuclear terrorist scenario.

7 The Human Experience: Accidental, Acute Radiation
Exposure and Use of Medical Management and
Hematopoietic Growth Factors for Treatment

Data generated from accidental exposure of humans to ionizing radiation has served

as the source of information to determine the human radiation dose response

relationship for the occurrence of the major sequelae of the acute radiation syn-

drome and its modification by medical management and administration of

hematopoietic growth factors [20, 23–25, 38, 72, 73].

The lethality after TBI is directly proportional to the dose received. Reviews of

the cumulative data on human radiation exposure suggests that the LD50/60 is

approximately 3.26–4.50 Gy in the absence of medical management [23, 24, 39,

72]. The LD50/60 increases to approximately 6.00–7.00 Gy when medical man-

agement (consisting of fluids, antibiotics, antiviral agents, and blood products) is

provided [23–25, 37]. Note that antiviral agents were not used in treatment

protocols in above-mentioned animal models.

8 The Reality of the Radiation Exposure Scenario in an
Accident or Terrorist Scenario: Its Relationship to Effective
Treatment with rHuG-CSF

The reality of the accidental or nuclear terrorist scenario is that the exposure environ-

ment will be ill defined and uncontrolled. Body position, affordable shielding, and

distance from the source will result in a nonuniform and heterogeneous exposure to
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any group of individuals. Additionally, the time interval between exposure and

initiation of treatment protocols will be less than optimal (e.g., >24 hours). However,

a hopeful feature of the accident or terrorist scenario is that the above characteristics

forecast a highly variable dose distribution to the body with likely sparing of bone

marrow, and in turn hematopoietic stem and progenitor cells. This feature is an

encouraging aspect relative to treatment with supportive care and hematopoietic

growth factors. Effective medical management will provide additional time after the

exposure for endogenous regeneration of the surviving hematopoietic progenitor cells.

Hematopoietic progenitors will initiate spontaneous self-renewal within their niche in

response to endogenous hematopoietic growth factors as well as be responsive to

treatment with rHuG-CSF.

The database from the Chernobyl accident and other accidents is invaluable in

demonstrating the efficacy of medical management administered to lethally

irradiated personnel with an estimated nearly uniform exposure [25, 37, 74–76].

The enhanced survival of personnel exposed to potentially high, lethal doses of

radiation with medical management alone, suggests a marked increase in potential

for treating lethally irradiated personnel with rHuG-CSF and other MCM. Effective

medical management provides valuable replacement therapy, e.g., antibiotics,

blood transfusions, and fluids during periods of neutropenia, thrombocytopenia,

and dehydration, respectively. Bacteremia, sepsis, and hemorrhage can be delayed

or averted depending on radiation dose and severity and duration of consequent

myelosuppression. The data provided for the Chernobyl victims clearly emphasized

the positive role of medical management in patients with severe acute radiation

syndrome and the minimal role to be played by bone marrow or stem cell trans-

plantation [38, 77–80].

Before Chernobyl, only six known patients with acute radiation syndrome with

severe myelosuppression and medical management demonstrated early recovery of

hematopoiesis. These survivors were estimated to have received uniform irradiation

of no more than 6.00–8.00 Gy. In 28 Chernobyl patients with very severe

myelosuppression, 14 demonstrated spontaneous recovery of hematopoiesis.

These data suggested that hematopoiesis could recover after total-body exposure

up to an estimated 8.00 Gy, well above the calculated LD50/60 value [23, 25, 81]. It

was also noted that fever and infection coincided with the initiation and duration of

the neutropenic periods in exposure doses of 4.00–5.00 Gy, and that these signs

were more aggressive in all patients in an estimated 5.00–6.00 Gy range. It is highly

probable that the use of hematopoietic growth factors, such as rHuG-CSF, in these

patients would have decreased the severity of myelosuppression and further dimin-

ished the risk of infection and morbidity.

9 Conclusion

This review has linked the lethal doses of TBI to severe hematopoietic myelosup-

pression, consequent prolonged and severe neutropenia, increased risk for lethal

bacteremia and sepsis, and the beneficial effect of administering rHuG-CSF to
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enhance neutrophil recovery and survival of lethally irradiated personnel. These

effects are similar to those of high-dose chemotherapy except in degree of

myelosuppression and lethal risk. We note that the American Society of Clinical

Oncology (ASCO) and the European Organization for Research and Treatment of

Cancer (EORTC) have published evidence-based clinical practice guidelines on the

use of hematopoietic growth factors for chemotherapy-induced myelosuppression

as a primary risk factor for infection-related morbidity and mortality, as well as

dose-limiting toxicity and risk of developing severe neutropenia [82, 83] (see

chapter “Practice Guidelines for the Use of rHuG-CSF in an Oncology Setting”

by Saraf and Ozer.). ASCO extended their recommendation for the management of

patients exposed to lethal doses of total-body radiotherapy, including the prompt

use of rHuG-CSF or pegylated rHuG-CSF. The EORTC guidelines recommended

the use of rHuG-CSF and pegylated rHuG-CSF to prevent febrile neutropenia and

febrile neutropenia-related complications. The CDC also acknowledges the poten-

tial benefit of filgrastim administration to people exposed to very high radiation

doses [84]. The United States Department of Health and Human Services has

published a guidance entitled “Radiation Emergency Medical Management” [85].

This document recommends treatment with filgrastim at 5 mg/kg/day, administered

subcutaneously in combination with medical management for individuals exposed

to TBI �2.00 Gy or those who have a diagnosis of the hematopoietic syndrome as

manifest by neutropenia (ANC <0.5 � 109/L).
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Neutropenias in Felty’s Syndrome and Systemic
Lupus Erythematosus

Mojtaba Akhtari and Edmund K. Waller

1 Introduction

Autoimmune neutropenia is characterized by the presence of autoantibodies pro-

duced by the patient’s immune system against antigens on neutrophils, and it can be

divided into primary and secondary forms. Primary autoimmune neutropenia is not

a common condition in the adult population, but secondary autoimmune neutrope-

nia may be as common as autoimmune disorders of red blood cells and platelets.

Secondary autoimmune neutropenia often is not diagnosed because symptoms are

less overt with no reliable markers for in vivo neutrophil lysis in contrast with

hemoglobin in hemolytic anemia. Autoimmune neutropenia is usually associated

with autoimmune disorders, hematologic and nonhematologic malignancies, and

drug exposure (Table 1) [1].

The number of neutrophils in circulation is determined by the rate of their

production and destruction. Neutrophils have a very high turnover rate (109 cells/

day), and bone marrow is the exclusive site for their production under normal

conditions. Normally, most neutrophils are in the bone marrow storage pool where

they spend 6–7 days, and then they are released into the blood circulation where

their half-life is 6.7 h. Circulating neutrophils comprise<5% of the total body mass
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of neutrophils. After bone marrow, the bulk of mature neutrophils are located in the

tissues where their half-life may extend to 24–48 h, and they offer local defense. In

addition to neutrophils in circulation and tissues, there is a large marginated pool

that allows for rapid recruitment. Chronic neutropenia is defined by an absolute

neutrophil count (ANC) <1.5 � 109/L lasting for at least 6 months. Neutrophil

Table 1 Causes of

autoimmune neutropenia

in adults [1]

Primary autoimmune neutropenia

Secondary autoimmune neutropenia

Alternating autoimmune hemocytopenia

Autoimmune diseases

Systemic lupus erythematosus

Rheumatoid arthritis (Felty’s syndrome)

Sj€ogren’s syndrome

Scleroderma

Primary biliary cirrhosis

Graves’ disease

Immunologic diseases

X-linked autoimmune lymphoproliferative syndrome

Common variable immune deficiency

Infectious diseases

Viral

Human immunodeficiency virus

Infectious mononucleosis

Parvovirus B19

Hepatitis B virus

Hepatitis C virus

Bacterial

Helicobacter pylori

Mycoplasma pneumonia

Malignancy

Large granular lymphocyte leukemia

Hairy cell leukemia

Hodgkin’s lymphoma

Non-Hodgkin’s lymphoma

Chronic lymphocytic leukemia

Bone marrow sea-blue histiocytosis

Thymoma

Melanoma

Neurological diseases

Multiple sclerosis

Transplantation

Hematopoietic stem cell transplantation (autologous and

allogeneic)

Kidney transplant

Liver transplant

Drugs
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counts can be lower than average in Africans, black Americans, and Yemenite

Jews. Neutropenia is classified based on the ANC as mild (1.0–1.5 � 109/L),

moderate (0.5–1.0 � 109/L), and severe (<0.5 � 109/L). Neutropenia is associated

with an increased risk of infection, particularly if the ANC is <0.5 � 109/L.

Bacterial infections, especially intermittent stomatitis and gingivitis, perirectal

abscess, and cellulites are more common than pneumonia or septicemia. Fungal

infections are unusual, but oral candidiasis is common, but the risk for viral or

parasitic infections is generally not increased. Chronic fatigue is a frequent symp-

tom among patients with neutropenia.

Early reports on autoimmune neutropenia were published in the 1950s when

it was shown that infusion of plasma from patients with neutropenia to normal

recipients caused leucopenia [2]. In 1960, it was shown that fetal–maternal neutro-

phil incompatibility causes neonatal neutropenia [3], a study that led to the discov-

ery of neutrophil-specific antigens [4]. In 1975, chronic neutropenia was shown to

be caused by autoantibodies against neutrophil-specific antigens [5].

2 Pathogenesis and Pathophysiology of Autoimmune
Neutropenia

Two major mechanisms have been proposed for antibody formation against

autologous antigens [6]. The first is the formation of antibodies against foreign

antigens, e.g., viruses or bacteria that crossreact with autologous antigens.

Antibodies in these conditions are usually polyclonal and in a normally developed

immune system, this type of immune reaction is self-limited. The second mecha-

nism involves the loss of suppression by a clone of cells that normally protect

reaction of the immune system against autologous antigens. The concept of

clonality of the antibodies in autoimmune neutropenia is not well understood. In

secondary autoimmune neutropenia, the development of other autoimmune

diseases suggests an etiology in which disturbances of self-tolerance play an

important role.

Our current knowledge about mechanisms of neutrophil destruction is based

primarily on in vitro observations. Agglutination is the major form of neutrophil

response to antineutrophil antibodies. Complement-induced neutrophil agglutina-

tion due to antineutrophil autoantibodies is another suggested mechanism for

neutrophil destruction. Evidence exists that activated complement system can

cause neutrophil aggregation and adherence of neutrophils to endothelial cells

[2]. Medical devices with filtration membranes such as cardiopulmonary bypass

[7] and hemodialysis [8] can cause complement-activation neutropenia. C5a is

usually activated by the filtration membranes causing neutrophil aggregation.

Phagocytosis of the neutrophils, which are coated with neutrophil antibodies, is

another probable mechanism for neutrophil destruction. It has been shown that

neutrophil antibodies can cause opsonization of neutrophils resulting in clearance
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by phagocytic cells [2]. Evidence suggests that opsonized neutrophils are cleared

from the circulation through phagocytosis in the spleen; however, the spleen is not

the only site for phagocytosis of the sensitized neutrophils and it has been shown by
111In radiolabeling techniques that they can be removed by various tissues that

contain phagocytotic cells [9]. Lymphocytes from neutropenic patients with Felty’s

syndrome and systemic lupus erythematosus (SLE) have been shown to inhibit cell

colony-forming units (CFU-C) in bone marrow culture [10] and in some patients

with autoimmune neutropenia, increased T-cell-mediated cytotoxicity and produc-

tion of interferon (IFN)-g have been demonstrated [11]. It is recognized that

circulating immune complexes bind to neutrophil Fc receptors, particularly in

conditions with high amounts of circulating immune complexes. The neutrophil–

immunoglobulin complex can result in complement activation, which in turn, can

cause neutrophil destruction. The neutrophil-immunoglobulin complex can be

cleared from the circulation by phagocytosis through the reticuloendothelial system

and tissue macrophages. Neutropenia, however, is not a common finding in many

conditions characterized by the presence of immune complexes. Neutropenia in

acquired immunodeficiency syndrome (AIDS) is complex and multifactorial.

Patients with AIDS usually have high amounts of neutrophil-bound immuno-

globulins. Furthermore, myelodysplasia and bone marrow suppression can contrib-

ute to neutropenia in these patients.

Antineutrophil antibodies can affect neutrophil function, causing qualitative

abnormalities such as defective response to chemotaxis. It has been shown in an

in vitro experiment that IgG from a patient with autoimmune neutropenia

and recurrent infections had abnormal aggregation–disaggregation response to

formyl peptide chemotaxic factors [12]. Antineutrophil autoantibodies can interfere

with neutrophil function in patients who are not neutropenic. Inhibition of neutro-

phil motility by an IgG autoantibody in a patient with normal neutrophil counts

and recurrent skin infections has been reported [2]. This observation can explain

the severity of clinical presentations in some patients with autoimmune neutropenia,

in which patients are not markedly neutropenic. Pathophysiology of autoimmune

neutropenia in adults is somehow different from autoimmune neutropenia in

children. In the pediatric population, autoimmune neutropenia of infancy has an

early onset and is usually self-limited. Many researchers believe that the difference

is in the immune system of children, particularly the suppressor T-cell function,

which is quite immature at birth and does not reach full development until

about 3 years of age [6]. In a series of patients with autoimmune neutropenia of

infancy, neutrophil antibodies were shown in 119 of 121 patients, and 10% of the

antibodies had specificity for neutrophil antigen system, NA1 or NA2 [13]. The

neutrophil antibody antigens are located on the IgG-Fc receptor type IIIb (FcgRIIIb
or CD16), which is expressed exclusively by neutrophils [14]. Although in autoim-

mune neutropenia of infancy the autoantibodies frequently target the neutrophil

antigenic system with preference for the NA1 alleloform [15, 16]. In children with

secondary autoimmune neutropenia, the neutrophil antibodies have pan-Fcg-RIIIb
specificity [17].
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3 Clinical Manifestations of Neutropenia

The clinical findings of neutropenia usually are related to the severity and duration

of neutropenia. The hematologic profile shows the absence or reduction in the

number of neutrophils, while the number of eosinophils and basophils are either

normal or are increased. Monocytosis is a common finding and lymphocyte num-

bers are normal or, occasionally, reduced. A mild anemia may be present. Platelet

counts are usually normal. Hypergammaglobulinemia is a common finding that

indicates a chronic infection. Bone marrow examination reveals myeloid hyperpla-

sia with distinctly reduced numbers of mature cells that may resemble maturation

arrest. Splenomegaly is a not a common finding.

4 Neutropenia in Felty’s Syndrome

Felty’s syndrome is a form of seropositive rheumatoid arthritis that is associated

with neutropenia and splenomegaly. Felty’s syndrome is an uncommon clinical

entity, and the lifetime risk of developing the disease in a patient with rheumatoid

arthritis is 1–3% [18]. Neutropenia in patients with Felty’s syndrome is usually

chronic and can be severe and complicated by recurrent bacterial infections. Skin

and respiratory infections occur commonly, particularly in patients who have ANC

<1.0 � 109/L, have skin ulcerations, and receive steroid treatment [19]. The

pathophysiology of neutropenia in Felty’s syndrome is complex and multifactorial.

Splenomegaly can cause splenic sequestration of the neutrophils, and bone marrow

examination may reveal such abnormalities as maturation arrest and hypoplasia

[20]. Neutrophil autoantibodies and immune complexes, when present, cause

destruction and peripheral margination of neutrophils [21]. It has been shown that

proimflammatory cytokines (interleukin [IL]-8, tumor-necrosis factor [TNF]-a, and
IFN-g) also affect the bone marrow, causing inhibition of granulopoiesis [22]. Low

serum amounts of soluble FcgIII and serum granulocyte colony-stimulating factor

(G-CSF) can be used to identify patients at risk for infectious complications [23].

The same investigators have shown the presence of antibodies to G-CSF in patients

with Felty’s syndrome or SLE who had neutropenia; however, in most patients, the

anti-G-CSF antibodies did not have neutralizing activity. Evidence exists that the

eukaryotic elongation factor 1A-1 antigen is the target for antineutrophil antibodies

in patients with Felty’s syndrome. It has been shown that during apoptosis, elonga-

tion factor 1A-1 antigen is translocated from the nucleus to the cell membrane, a

process that may explain the mechanism by which such antibodies bind to neutro-

phil membranes [24]. Patients with Felty’s syndrome can develop an increased

number of large granular lymphocytes in circulation and in their bone marrow.

Large granular lymphocytes are a heterogeneous population of lymphoid cells that

includes natural killer cells and activated cytotoxic T cells [25]. The expansion of

these lymphocytes may be reactive, but more often it is clonal giving rise to large

granular lymphocyte syndrome that is based on detection of clonal large granular
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lymphocytes and positive T-cell receptor rearrangement [26]. Patients with this

condition usually have moderate splenomegaly and 50% of patients have an ANC

of <0.5 � 109/L. T-cell large granular lymphocyte syndrome is associated with

rheumatoid arthritis in 25% of cases. Most patients demonstrate mild to moderate

absolute lymphocytosis in the peripheral blood, and the bone marrow is infiltrated

with lymphocytes in most patients [27, 28] Evidence suggests that increased

peripheral destruction of neutrophils secondary to immune complexes and bone

marrow suppression of granulopoiesis through Fas ligand secretion are the main

causes of neutropenia in patients with large granular lymphocytosis [29].

5 Secondary Autoimmune Neutropenia in SLE

Neutropenia is common in patients with SLE and can be detected in 50% to 60% of

the patients during the course of their disease [30]. Detecting antineutrophil

antibodies in the serum of patients with SLE is a common finding, but not every

patient with positive antibody findings is neutropenic. Neutropenia is considered to

be a marker of SLE activity and SLE-related neutropenia is a predisposing factor

for clinical infections [31]. Pathophysiology of neutropenia in SLE is complex;

however, evidence is growing that accelerated apoptosis of mature neutrophils is a

major contributing factor. It has been shown that Fas (CD95) is involved in

apoptosis of circulating neutrophils, monocytes, and lymphocytes of patients with

SLE [32, 33]. Marrow hypoplasia and Fas-mediated apoptosis of CD34+

hematopoietic progenitor cells are additional factors contributing to SLE-associated

cytopenias [34]. It has been shown that in patients with SLE, serum concentrations

of TNF-related apoptosis-inducing ligand (TRAIL) were inversely proportional to

blood neutrophil counts [35]. Expression of TRAIL receptor 3, a decoy receptor for

TRAIL, was also lower in patients with neutropenia than in controls or patients

without neutropenia. In vitro, TRAIL induced apoptosis in neutrophils. Corticoste-

roid therapy reduced the expression of TRAIL on T cells and enhanced expression

of Fas-associating protein with death domain-like IL-13-converting enzyme

(FLICE)-inhibitory protein (FLIP), an antiapoptotic protein, by neutrophils.

Approximately 66% of patients with SLE have neutrophil auto-antibodies (usually

IgG) [36]. Neutropenia is more common in patients with anti-Ro autoantibodies

[37]. Evidence suggests that anti-SSB/La is one of the anti-neutrophil antibodies

that can bind to the surface-expressed SSB/La on neutrophils and is probably

responsible for neutropenia in patients with SLE [38].

6 Treatment

It is well established that severe neutropenia (i.e., ANC<0.5 � 109/L) is correlated

with an increased risk for infections [39]. Prophylactic therapy with antibiotics with

or without recombinant human granulocyte colony-stimulating factor (rHuG-CSF)
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is common practice for the treatment of patients who are severely neutropenic.

Tissue neutrophil concentration may be the primary determinant of host defense

against bacteremia [40], and it has been shown that bacteremia in patients who are

neutropenic correlates more closely with total body mass of neutrophils than with

blood neutrophil count [41]. Patients with severe neutropenia and fever (>38�C)
may require hospitalization and antibiotics after blood cultures have been obtained.

The most likely sources of infection are the lungs and the skin, and infecting

organisms are usually endogenous. Treatment with rHuG-CSF at a starting dose

of 3–5 mg/kg/day administered subcutaneously is reasonable and most patients

respond within days, but the duration of neutrophil count recovery often is not

long. The dose of rHuG-CSF should be individualized and the treatment given only

for control of complications and in preparation for surgical procedures. Some

patients need to be kept on a regular maintenance treatment based on their response.

rHuG-CSF is usually well tolerated by most patients. The most commonly reported

adverse event is bone pain. Splenic rupture and acute lung injury are considered to

be very rare complications (see chapter “The Safety Profile of Filgrastim and

Pegfilgrastim” by Neumann and Foote for further information). Although the

association of rHuG-CSF treatment with increased risks of developing myelody-

splastic syndromes (MDS) and acute myeloid leukemia (AML) in patients with

severe congenital neutropenia have been reported, the causal relationship between

rHuG-CSF therapy and myelodysplasias or leukemia remains uncertain [42, 43]

(see chapter “rHuG-CSF for the Treatment of Severe Chronic Neutropenia” by Dale

and Bolyard for further information). Endogenous G-CSF induces neutrophils to

shed FcgRIIIb from their plasma membrane which, in turn, increases the amount of

soluble FcgRIIIb causing sequestration of neutrophil autoantibodies [44, 45].

7 Treatment of Neutropenia in Felty’s Syndrome

rHuG-CSF is effective in the management of severe neutropenia in patients with

Felty’s syndrome [36, 46]. Arthritic exacerbation and vasculitic skin rash have been

reported in some patients after administration of rHuG-CSF; however, some

patients were able to continue the treatment with reduced doses of rHuG-CSF

[47–53]. rHuG-CSF dose and frequency should be adjusted at the lowest effective

dose to maintain ANC>1.0 � 109/L, a goal that can be achieved by injections once

or twice a week. rHuG-CSF also has therapeutic value in the management of the

preoperative period in patients who need a splenectomy. It has been suggested that

long-term treatment with low doses of rHuG-CSF may be associated with clinical

benefits in patients who tolerate therapy and demonstrate good hematologic

response [53, 54]. Reports exist of responses to colony-stimulating factors, either

rHuG-CSF or rHu granulocyte-macrophage colony-stimulating factor (rHuGM-

CSF), in chronic neutropenia associated with large granular lymphocyte syndrome

[53, 55–61].
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8 Treatment of Neutropenia in SLE

rHuG-CSF is an effective therapeutic intervention in the management of neutrope-

nia in patients with SLE, and there are reports of successful rHuG-CSF treatment of

neutropenia and infectious complications in patients with SLE [62–64]. The thera-

peutic effect of rHuG-CSF, however, can be variable [65]. Treatment with rHuG-

CSF has been associated with flares of SLE and leukocytoclastic vasculitis [64, 66].

As in Felty’s syndrome, the management of neutropenia begins with continuing the

control of underlying autoimmune disorder and adding rHuG-CSF to reverse severe

neutropenia. It has been suggested that in these patients, the dose and frequency of

rHuG-CSF should be adjusted to the lowest effective dose with the goal of

maintaining the neutrophil count at approximately 1.0 � 109/L [36, 46].

9 Conclusions

Colony-stimulating factors, such as rHuG-CSF, have become first-line treatment

for primary and secondary neutropenias. Beneficial effects of rHuG-CSF in

immune neutropenias, and recent advances in our understanding of its mechanisms

of action suggest that rHuG-CSF can be used as an effective and generally well-

tolerated therapy in the management of patients with Felty’s syndrome or SLE. To

prevent disease flares, however, rHuG-CSF should be administered at the lowest

effective dose.
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Part IV

Safety and Economics



The Safety Profile of Filgrastim
and Pegfilgrastim

Theresa A. Neumann and MaryAnn Foote

1 Introduction

The discovery of endogenous proteins that regulate hematopoiesis led to the

identification of human granulocyte colony-stimulating factor (G-CSF). With the

advent of recombinant DNA technology, it became possible to manufacture bioac-

tive recombinant proteins for medicinal use. Since the approval of recombinant

human G-CSF (rHuG-CSF), such as filgrastim in 1991 and pegfilgrastim in 2002,

millions of patients at risk for severe myelosuppression have received these

products. Overall, filgrastim and pegfilgrastim have a high margin of safety for

short-term use; however, rare severe adverse events have emerged and questions

remain regarding the long-term safety and consequences of use of these products.

This chapter primarily focuses on the safety and adverse event profile of the most

widely used commercially available rHuG-CSF, Neupogen (filgrastim) and

Neulasta [a modified (pegylated) filgrastim, pegfilgrastim]. As safety information

can change rapidly, we suggest readers consult the latest package inserts for any

changes that have occurred from the time of this writing. Other chapters in this

volume discuss key studies in specific disease settings in greater detail than is the

purview of this chapter, and we encourage the interested reader to reference them

for further information.
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2 Filgrastim

Filgrastim is a 175-amino acid recombinant protein expressed in Escherichia coli.
The filgrastim peptide has the same amino acid sequence as endogenous human

G-CSF with the exception that the backbone of the molecule is not glycosylated and

the N-terminus is a methionine. Endogenous human G-CSF is a lineage-specific

glycoprotein and is responsible for regulation of neutrophil production in bone

marrow. The lineage specificity is an important aspect of filgrastim’s safety profile

in that it has been shown to have a relatively consistent safety profile. Both in vivo

and ex vivo studies have demonstrated the molecule acts by binding to the G-CSF

receptor (G-CSFR) and it plays a key role in neutrophil regulation and differentia-

tion and in neutrophil functions (i.e., respiratory burst, antibody-dependent filling,

and phagocytosis) [1–3]. Exogenous rHG-CSF administration has been shown to

mobilize stem cells from the marrow into the peripheral system [4–6]. Techniques

have been developed to isolate and harvest stem cells from the blood in a process

known as peripheral blood progenitor cell (PBPC) collection.

2.1 Overview

The clinical utility of filgrastim in correcting and reversing low neutrophil counts

and in improving the function of neutrophils led to evaluation of the molecule in the

setting of cancer chemotherapy, bone marrow transplantation, systemic infections,

and congenital neutropenia. As a result of extensive investigations, filgrastim is

approved for prevention and treatment of severe neutropenia in patients receiving

myelosuppressive chemotherapy. It is also approved for use in adult patients with

acute myeloid leukemia (AML) who are undergoing induction or consolidation

chemotherapy, and in patients who are receiving myeloablative chemotherapy

followed by bone marrow transplantation. Filgrastim is also approved, used to

treat patients with chronic forms of neutropenia such as idiopathic neutropenia,

congenital neutropenia, and cyclic neutropenia.

The adverse event profile of filgrastim includes bone pain, headache, allergic

reactions, rash, and splenomegaly, with bone pain the only adverse event that has

been consistently reported across all patient populations. Increases in lactate dehy-

drogenase, alkaline phosphatase, and uric acid have been reported and may be

related to increased cell turnover in chemotherapy [7, 8]. These changes are

transient and not associated with any clinical sequelae. Incidental reports suggest

that some patients believe that bone pain is an indication that filgrastim is “work-

ing” and do not mind the pain. Obviously, pain is not necessarily indication of

filgrastim’s activity.

Unlike other human proteins, filgrastim is devoid of side effects such as fever,

malaise, autoimmune reactions, and fluid retention. The lack of these side effects

makes filgrastim an ideal product to address bone-marrow recovery after cytotoxic

chemotherapy. Of note, filgrastim is used primarily to address short-term loss of
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neutrophils after 6–8 cycles of chemotherapy for advanced cancer. Long-term use

of filgrastim, defined as >1 year, has only been characterized in a smaller subset of

patients with severe chronic neutropenia (SCN).

What is important to note is what adverse events are not reported. Filgrastim

does not produce dose-limiting side effects even at 115 mg/kg, a dose that can cause

marked leukocytosis (50 � 109/L) [9]. Unlike rHu granulocyte-macrophage colony-

stimulating factor (rHuGM-CSF), indicated for use in many of the same patient

populations as filgrastim, treatment with filgrastim does not appear to produce fever

[3, 10–12], capillary-leak syndrome [13–19], or first-dose reaction [11, 14, 18, 20].

2.2 Patients Receiving Myelosuppressive Chemotherapy

Filgrastim is typically given 24 h after chemotherapy, an important consideration to

avoid stimulation of bone marrow cell division during peak systemic cytotoxic

chemotherapy levels that could accentuate bone-marrow damage. The most fre-

quently reported adverse events attributed to filgrastim are bone pain, injection-site

reaction, rash, acute neutrophilic dermatoses, allergic reaction, worsening of

inflammatory conditions, and splenic enlargement. The most common adverse

event associated with patients receiving filgrastim relative to patients receiving

placebo appears to be bone pain. This event is dose-related and commences shortly

after beginning treatment with filgrastim and may reoccur or worsen shortly before

neutrophilic recovery in patients who have received chemotherapy [21].

Early in the use of filgrastim in the setting of chemotherapy, reports of possible

pulmonary toxicity associated with filgrastim and bleomycin surfaced. Critical

review of several randomized and nonrandomized studies suggested no increase

in the known pulmonary toxicity. The studies were done in the settings of non-

Hodgkin’s lymphoma (NHL) [22–26], and in metastatic teratoma [27], germ-cell

tumors [28], and advanced testicular cancer [29].

In a pivotal randomized, placebo-controlled, double-blind phase 3 study, 210

patients with nonsmall-cell lung cancer (NSCLC) received chemotherapy with or

without filgrastim [30]. The most commonly reported adverse event was mild-to-

moderate medullary bone pain that was treated with non-narcotic analgesics. A

total of 6% of patients given filgrastim reported allergic reactions. None of the

expected side effects of human protein administration such as fever, fluid retention,

arthralgia, and malaise were reported in this double-blind study.

2.3 Patients Receiving Chemotherapy with Concomitant Thoracic
Radiotherapy

The use of rHuG-CSF before chemotherapy and during thoracic radiation is not

recommended due to the risk of more marrow damage. A small number of studies
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have shown that use of growth factors, primarily studies with rHuGM-CSF, during

concomitant radiation will increase the risk of thrombocytopenia [31–33].

The use of concomitant filgrastim was evaluated in 38 patients with small-cell

lung cancer (SCLC) receiving cyclical chemotherapy with concurrent mediastanal

irradiation, and the authors reported no increase in pulmonary toxicity associated

with concomitant use of filgrastim during thoracic radiation [34]; however, throm-

bocytopenia did occur and it is unclear if this side effect outweighs the use of

filgrastim in this setting.

2.4 Patients with AML Receiving Induction or Consolidation
Chemotherapy

Induction and consolidation therapy for treatment of acute myeloid leukemia

(AML) has a high mortality rate associated with a high risk of prolonged severe

neutropenia, an ideal setting for intervention with filgrastim. A randomized, pla-

cebo-controlled phase 3 study evaluated the clinical utility of adjunctive filgrastim

in patients with AML receiving remission induction and consolidation chemother-

apy [35]. Adverse events including allergic reactions and bone pain were slightly

higher in the filgrastim group compared with the placebo group. Long-term out-

come of this study confirms the earlier result that filgrastim does not have any

untoward impact on survival of patients with AML and is not associated with any

secondary malignancies [36]. The issue may not be fully resolved, however, as the

perceived relationship between the use of any hematopoietic growth factor and the

risk of developing leukemia remains controversial in some patient populations [37].

2.5 Patients with NHL Receiving Stem Cell Transplantation

Studies have been reported for patients with NHL who received stem cell trans-

plantation – either bone marrow or PBPC. Some of the earliest work in stem cell

transplantation, specifically bone marrow, included patients with NHL who were

receiving filgrastim support for marrow recovery [38]. In this study, no significant

toxicity was noted beyond localized erythema at 2/88 infusion sites, and no

significant difference was reported in veno-occulsive disease of the liver or inter-

stitial pneumonia between the filgrastim and placebo groups.

Several early, generally small, studies in the setting of PBPC mobilization,

collection, and reinfusion enrolled patients with NHL [39–42]. No untoward

adverse events were reported in these studies. A comparison of filgrastim-mobilized

PBPC versus autologous bone marrow transplant was evaluated in 58 patients with

NHL [43]. The group receiving filgrastim-mobilized PBPC had a lower number of

platelet transfusions and a shorter duration to platelet recovery and neutrophil
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recovery, which led to fewer days of hospitalization compared with patients who

received bone marrow. No adverse events were attributed to the filgrastim-

mobilized PBPC procedure.

2.6 Peripheral Blood Progenitor Cell Collection and Therapy
in Cancer Patients

While use of high-dose chemotherapy has been an important advance in the

treatment of patients with cancer, the consequence of this high-dose therapy is

often a temporary or permanent ablation of hematopoietic activity and an increased

morbidity and mortality. The focus of research turned to discovery of ways to

abrogate the neutropenia, as well as anemia and thrombocytopenia, of high-dose

chemotherapy. Bone marrow transplantations, both autologous and allogeneic,

were first steps, but with the advent of hematopoietic growth factors, the utility of

filgrastim in mobilizing PBPC for reinfusion after ablative therapy became appar-

ent. Collection of PBPC is inherently less hazardous than harvesting of bone

marrow and there was hope that reinfusion of PBPC would be without tumor

contamination.

In studies with a total of 126 patients undergoing PBPC collection, filgrastim

treatment was associated with a 44% incidence of mild-to-moderate muscle or bone

pain with a 7% rate of headache [44]. Reversible increases in serum alkaline phos-

phatase occurred in 21% of patients. All patients had an increase in neutrophil counts,

with two patients experiencing significant counts >100 � 109/L with no associated

clinical sequelae. Mild-to-moderate anemia and thromobocytopenia did occur inmost

patients, suggesting that treatment with filgrastim for mobilization can lead to lineage

steal and a temporary decrease in erythrocyte and thrombocyte production.

2.7 Patients with Severe Chronic Neutropenia

Patients with idiopathic or genetic abnormalities in neutrophil production and regu-

lation suffer with susceptibility to chronic infections, another ideal setting for the

utility of filgrastim. As filgrastim was originally approved only for short-term use, the

safety of the product in chronic use in children was a serious question that needed

to be answered. In a phase 3 study, 123 patients with documented severe chronic

neutropenia (SCN) and an absolute neutrophil count (ANC) <0.5 � 109/L were

randomly assigned to receive filgrastim or to undergo a 4-month observation period

followed by treatment with filgrastim [45]. Filgrastim treatment resulted in a correc-

tion in the ANC and reduction in infection rate. The safety profile was characterized

by a 30% incidence in mild and transient headache, bone pain, skin rash and

manageable thrombocytopenia. Asymptomatic splenomegaly did occur in more
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than half of the patients but did not result in splenectomies or significant clinical

sequelae. The enlargement of the spleen in response to filgrastim is attributed to

extramedullary hematopoiesis which has been observed in animal models.

Safety data of long-term use of filgrastim have been collected in the Severe

Chronic Neutropenia International Registry (SCNIR) and a subset of patients

receiving filgrastim for congenital neutropenia has been monitored for any emer-

gent adverse events. Case reports suggest a possible association between long-term

filgrastim and splenomegaly, osteopenia, osteoporosis, vasculitis, retarded growth,

and development. With treatment of 7 years or more, there is an increased risk of

malignant myeloid transformation which is associated with filgrastim given for

years [46, 47]. The underlying disease of chronic neutropenia, however, can also

put these patients at risk of myeloid transformation.

2.8 Patients with Active Infection

Nonclinical studies suggested that filgrastim regulated the survival, proliferation,

and differentiation of precursor cells of neutrophilic granulocytes, and functionally

activated mature neutrophils [1]. The functional properties of neutrophils that are

enhanced by filgrastim are those related to host defenses and the concentration of

endogenous G-CSF has been shown to increase in a variety of infections [48].

Taken together, these observations suggested a role for filgrastim in patients with

infectious diseases.

Adjunctive filgrastim in combination with antibiotics was evaluated in a phase 1

study of non-neutropenic patients with pneumonia [49]. A total of 30 patients with

community-acquired pneumonia received daily filgrastim subcutaneous doses rang-

ing from 75 to 600 mg for 10 days or until their ANC reached or exceeded

0.75 � 109/L. Safety evaluation included vital signs, pulse oximetry, arterial

blood gases, daily complete blood counts with differential, serum chemistries,

coagulation profiles, electrocardiograms, and chest radiographs. The results of the

study indicated no evidence of pulmonary toxicity or exacerbation of the infection.

Two large, randomized phase 3 studies of patients with pneumonia compared

standard antibiotics with or without the addition of filgrastim and the results

confirmed the safety of filgrastim in this population and demonstrated an improved

resolution of chest infection based on radiographic evidence [50, 51].

2.9 Patients with HIV Infection

The hallmark of human immunodeficiency virus (HIV) infection is defects in

the production and function of CD4+ helper cells; anemia, neutropenia, and throm-

bocytopenia are major clinical problems. Patients with HIV infection have poor

hematopoietic reserves [52, 53]. Recurrent bacterial infections are recognized as

criteria for the diagnosis of AIDS [54]. In clinical studies of patients with HIV
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infection receiving filgrastim, the incidence of adverse events was similar to that

reported in cancer patients and consisted of musculoskeletal pain, predominantly

mild-to-moderate bone pain and myalgia [55, 56]. Splenic enlargement has been

reported to be related to filgrastim therapy in <3% of patients with HIV infection/

AIDS, but the splenomegaly is mild or moderate and does not result in splenectomy

[57]. As the finding of splenic enlargement is common in patients with HIV infection

and also common in large number of patients with AIDS, the relationship to

filgrastim treatment is unclear.

2.10 Patients with Renal or Hepatic Impairment

Studies of filgrastim in patients with severe impairment of renal or hepatic function

demonstrate that it exhibits a similar pharmacokinetic and pharmacodynamic

profile to that seen in normal individuals, and the safety profile is similar to that

seen in patients with normal renal and hepatic function [57]. No dose adjustments

are required for these special populations.

3 Pegfilgrastim

Pegfilgrastim is a chemically modified derivative of filgrastim in which a

polyethylene glycol (PEG) molecule is covalently attached to the N terminus of

the peptide. This polyethylene glycol tail has no intrinsic biologic activity but

does alter the pharmacokinetics and pharmacodynamic profiles enabling the

half-life to be extended from 3 h to approximately 80 h and subsequently reduced

clearance from the systemic circulation [58]. This extended half-life can support

one injection per cycle of chemotherapy rather than daily dosing that is required

with filgrastim. Pegylation of filgrastim is advantageous in that a single injection

is sufficient to produce neutrophil recovery. Pegylation of proteins is also useful

for reduction in immunogenicity of the native protein; however, filgrastim has

not been shown to be highly immunogenic in which neutralizing antibodies that

cross-react with endogenous GCSF have been detected. The effect of pegylation of

filgrastim to reduce immunogencity has not been evaluated as filgrastim is

not highly immunogenic. Unlike filgrastim, pegfilgrastim is only approved for

the prevention and treatment of febrile neutropenia and unlike the short-acting

filgrastim, pegfilgrastim is not approved for peripheral stem cell mobilization for

transplantation or for use in patients with myeloid cancers.

3.1 Overview

Pegylation is a process by which a polyethylene glycol molecule is attached to a

native protein in order to stabilize the protein, reduce degradation of the protein,

and reduce the immunogenic potential [59]. Polyethylene glycol is categorized by
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the US Food and Drug Administration (FDA) as “Generally Recognized As Safe”

(i.e., the GRAS List). However, attachment of a polyethylene glycol molecule to an

active molecule may reduce the potency of the therapeutic molecule due to stearic

hindrance but is offset by a longer circulating half-life [60].

While single-dose per cycle pegfilgrastim has comparable efficacy compared

to daily injections of filgrastim, the side-effect profile has been shown to differ

from filgrastim with a greater number of warning labels. Postmarketing safety studies

indicate that use of pegfilgrastim is associated with severe allergic reactions such as

anaphylaxis, angioedema, or urticaria, and splenic rupture, including fatal cases, has

been reported with pegfilgrastim [57]. In addition to fatal splenic rupture, rare cases

of acute respiratory distress syndrome (ARDS) have occurred in patients receiving

pegfilgrastim [57]. The exact mechanism of the ARDS is unknown but with a longer

half-life and enhanced neutrophil function may play a role.

3.2 Patients Receiving Myelosuppressive Chemotherapy

In a phase 2 randomized study of 154 patients comparing filgrastim to pegfilgratim,

the most frequently reported adverse event was mild-to-moderate medullary bone

pain [61]. Despite the pegylation and longer-acting filgrastim, the duration and

severity of the bone pain were similar with an overall incidence of bone pain of 35%

in pegfilgrastim patients and 36% in filgrastim patients; most incidences were mild

to moderate in severity. In the 30-, 60-, and 100-g/kg pegfilgrastim dose groups, the

incidence of bone pain was 16%, 34% and 45%, respectively. Treatment for the

bone pain included the use of non-narcotic analgesics but a few patients (7%

pegfilgrastim and 12% filgrastim) did require narcotics. The safety and efficacy

of pegfilgrastim compared to filgrastim has been evaluated in two phase 3 trials [61,

62]. The results show equivalent efficacy and safety with approximately 25% of

patients reporting mild-to-moderate bone pain.

In one of the largest randomized study to evaluate the safety of pegfilgrastim,

928 patients with breast cancer receiving chemotherapy were randomly assigned to

receive pegfilgrastim or placebo [63]. The addition of pegfilgrastim reduced the

febrile neutropenia rate by 94% and the side-effect profile was consistent with other

large randomized studies.

3.3 Use of Pegfilgrastim in Special Populations

3.3.1 Pediatric

To obtain marketing approval by health authorities, drug sponsors must submit

clinical data in the form of results from randomized controlled trials, most often

conducted in adults. Many medicines that receive marketing approval can be used
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and often are used in the pediatric population off-label; however, a study suggests

that some physicians are unaware that they are prescribing medicines off-label [64].

Off-label use of medications to treat children may produce no therapeutic benefit,

but expose the child to all potential risks [65]. By virtue of its off-label status, the

pharmacokinetics and pharmacodynamics of the medicine have not been studied in

the pediatric population, and inherent metabolic differences between adults and

children may not be detected by extrapolation methods [65]. Off-label use may

produce, years later, serious, debilitating, or fatal results. Pediatric studies are

mandated by the FDA and other health authorities.

Small nonrandomized studies have been conducted to evaluate pegfilgrastim in

children. A total of 28 pediatric patients were given 126 injections of pegfilgrastim

[66]. Adverse events included four patients with bone pain and two patients with

headache.

A randomized study comparing filgrastim to pegfilgrastim was evaluated in 44

pediatric patients undergoing myelosuppressive chemotherapy for sarcoma [67].

No differences with adverse event incidence were detected across the two treatment

groups, with bone pain being the most commonly reported adverse event.

3.3.2 Geriatric

The FDA also encourages drug sponsors to include elderly patients in studies of

new drugs or new indications. Elderly patients are major consumers of drug

products and to neglect to study the effects of drugs in this population does not

provide a complete safety profile of the product.

A total of 852 elderly patients with either solid tumor or NHL who were eligible

for treatment with myelosuppressive chemotherapy were randomly assigned to

receive either prophylactic pegfilgrastim or physician’s choice for reactive use of

pegfilgrastim [68]. Severe arthralgia was a commonly reported adverse event and

was considered to be related to treatment with pegfilgrastim. Relative to other

populations, the reported incidence of bone pain was low with the overall incidence

ranging from 9 to 12% across all groups.

3.3.3 Renal Impairment

A phase 1 study in 30 nonneutropenic patients with varying degrees of renal

function was conducted to determine if renal clearance is an important determinant

in the pharmacokinetics and pharmacodynamic profiles of pegfilgrastim [69].

Patients with normal, mildly impaired, moderately impaired, severely impaired,

and end-stage renal disease received a single subcutaneous injection of pegfil-

grastim. The results indicate no difference in pharmacokinetics and pharmacody-

namic relationships, and suggest renal impairment does not impact clearance of

pegfilgrastim and therefore is not a consideration from a safety perspective.
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4 Biosimilar rHuG-CSF and Next Generation of rHuG-CSF

Recently, a new filgrastim biosimilar was approved in the European Union. Nivestim

is a new filgrastim available in three strengths in prefilled syringes with a needle-

safe device enabling self-administration at home. In a randomized phase 3 study,

Nivestim demonstrated comparable efficacy to Neupogen (the original filgrastim) in

the prevention of febrile neutropenia, and was as well tolerated, with a similar

adverse event profile and no unexpected or untoward side effects [70, 71].

Other drug delivery formulations of rHuG-CSF are in development. To date, no

new formulation has been approved by regulatory authorities. As G-CSF is a

protein and can be digested through the oral route, administration of rHuG-CSF

necessitates that the product be injected. Mimetics of G-CSF are currently in early

discovery development but have yet to reach the clinic [72]. The next decade will

see the introduction of next generation biosimilars and new delivery modalities

which will further add to the body of literature regarding the safety of short- and

long-term use of rHuG-CSF.

5 Conclusion

Filgrastim and pegfilgrastim were approved initially for clinical use to address the

myelosuppression in patients undergoing chemotherapy. Such a drug product must

itself have a reasonably high margin of safety so as not to further add to the adverse

event profile of chemotherapy. Use of rHuG-CSF for acute neutropenia and reducing

duration of neutropenia has resulted in reductions in infections and hospitalizations.

In rare cases, the use of these drugs has caused fatal splenic rupture and other rare but

serious side effects but overall the benefit of these products has clearly outweighed

the risks and has contributed to the survival of millions of cancer patients. The

success of these products is an important contribution in the overall supportive care

of patients receiving chemotherapy for life-threatening cancers. Long-term use of

filgrastim for chronic neutropenia has also been acceptable but another decade will

reveal additional data on the safety of these important products.
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Economics of the Recombinant Human
Granulocyte Colony-Stimulating Factors

Bradford R. Hirsch and Gary H. Lyman

1 Introduction

The cost of cancer care in the United States continues to rise quickly, outpacing

both inflation and the increases seen in other areas of medicine. As a result,

oncology is receiving increasing scrutiny regarding the way in which resources

are utilized. Statistics from the National Institute of Health (NIH) estimate that

cancer accounted for >US$200 billion in direct costs in the United States during

2007 and studies estimated the impact of indirect costs such as lost productivity to

be >US$900 billion as of 2000 [1–3]. During a period of health reform, increasing

focus is being placed on controlling costs and supportive care in oncology is an

important area of focus.

The budget for cancer care continues to grow quickly, in part, because the cost of

therapies is rising both in terms of their price and frequency of utilization. This

trend is true in supportive care and is the focus of this chapter as it applies to human

recombinant granulocyte colony-stimulating factor (rHuG-CSF). It is critical that

the same rigor be applied to assessments of the clinical utility and cost effectiveness

of their use as it is in other areas of diagnosis and treatment in oncology.

In 2006, the American Society of Clinical Oncology (ASCO) as well as the

European Organization for Research and Treatment of Cancer (EORTC) and the

National Comprehensive Cancer Network (NCCN) changed their recommen-

dations regarding the prophylactic administration of rHuG-CSF to state that it

should be given when the risk for febrile neutropenia is >20% for a given
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chemotherapeutic regimen [4–6]. The use of rHuCSF was previously recommended

when the risk of febrile neutropenia was >40% [7, 8]. This change was largely

based on the results of cost minimization modeling that had been developed over

the preceding decade. It was found that prophylaxis led to cost savings when the

risk of febrile neutropenia was >20% with a given regimen. It is critical to evaluate

the clinical and economic research on rHuG-CSF to understand the basis and

potential impact of these recommendations.

The economic value of rHuG-CSF has been predicated on its ability to limit the

complications that arise from episodes of febrile neutropenia; however, an evolving

body of literature looks at the cost effectiveness and cost utility of prophylaxis

based on the ability of rHuG-CSF to impact mortality and maintain the relative dose

intensity of chemotherapy. Over the past few years, studies have been published

which help to inform this debate. In the setting of health reform and increasing

concern regarding cost controls, this area is of particular interest.

2 Background on Economic Analyses

Economic studies in medicine are often referred to as cost effectiveness analyses;

however, a number of variations are included in this category. One must understand

the different study types in order to interpret their meaning appropriately.

2.1 Cost Minimization

Cost minimization is often the easiest form of economic analysis to understand. In

this type of study, the costs of a given medication or procedure are assessed, as are

the possible savings the strategy might provide. In the case of rHuG-CSF, cost

minimization studies have assessed whether prophylaxis can save money by

preventing episodes of febrile neutropenia, thereby lowering overall resource

utilization. If these savings outweigh the cost of providing prophylaxis, the cost

of care can be minimized by providing prophylaxis. To perform the study, one must

calculate the costs of the agent and its administration, as well as the costs of

complications from febrile neutropenia, such as hospitalization and intravenous

antibiotic use. One must also have reliable data regarding how different prophylaxis

regimens alter the frequency of complications. In settings where the effect of

a treatment on mortality is not clear, minimizing the cost of care is a legitimate goal.

2.2 Cost Effectiveness Analysis

Cost effectiveness analyses compare treatments, taking into account the costs

incurred in each scenario as well as the benefits gained. For rHuG-CSF, a relevant
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study might compare the costs incurred with different agents to its ability to lower

the risk of febrile neutropenia by a specified proportion. To do so, one must look at

the range of associated costs of each agent and the relative efficacy of the different

formulations in reducing febrile neutropenia.

These data are often reported using the incremental cost effectiveness ratio

(ICER), which is calculated as:

ICER ¼ Cost intervention� Cost alternative

Effect intervention� Effect alternative
¼ Incremental Cost

Incremental Effect
:

The units for the rHuCSF might be reported as the relative cost in dollars per

percent decrease in febrile neutropenia by the two formulations.

2.3 Cost Utility Analysis

While similar to the cost effectiveness analysis described, cost utility is reported in

measures such as life years gained (LYG) or quality-adjusted life years (QALY)

gained. A cost utility analysis requires a given intervention to result in a mortality

benefit as it is predicated on a difference in life years. The relative difference in

mortality, as well as quality of life if known, is used to calculate the difference in

LYG or QALY. As an example, if rHuG-CSF is found to result in a mortality

benefit by maintaining the relative dose intensity of chemotherapy, the costs of

different agents as well as their relative ability to prevent mortality could be used to

report their cost utility.

This information is used in the United Kingdom to help make coverage

decisions, as a cost per QALY gained of £30,000 is often quoted as the maximum

amount acceptable for a new intervention to be approved. In the United States,

a value of US$50,000 to US$100,000 is often mentioned as an appropriate thres-

hold; however, no clear cutoff has ever been established or used consistently to

inform coverage discussions.

3 Overview of the Pharmacoeconomics of rHuG-CSF

Increasing importance is being placed on economic studies in medicine, particu-

larly in oncology. A review suggested that there has been a steady growth in the

number of cost effectiveness publications in oncology with an increase from an

average of seven papers per year on the topic in the 1990s to 25 per year between

2002 and 2007 [9]. This increase can also be seen in economic publications

addressing the rHuG-CSF. While the cost minimization data are the most robust

as they were the initial focus of researchers in the area, there is increasing informa-

tion available on cost effectiveness and cost utility as well.

In a review of the subject matter in Pharmacoeconomics in 2003, a paper

referenced 33 economic evaluations on the prophylactic and therapeutic use of
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rHuG-CSF and suggested that the studies were heterogeneous and did not clearly

demonstrate cost savings outside the treatment of established febrile neutropenia and

primary prophylaxis during stem cell transplantation [10]. Since the time of the

publication, further studies have helped clarify the topic as there have been a number

of economic questions of particular interest. The initial models looked at whether cost

minimization was achieved with primary prophylaxis, independent of any mortality

benefit. Positive findings in these studies led to the changes in the ASCO, EORTC,

and NCCN guidelines. More recently, cost-effectiveness studies have been published

comparing different formulations and therapeutic settings for the use of rHuG-CSF,

such as primary versus secondary prophylaxis. Finally, cost-utility studies have

begun to emerge in certain clinical scenarios, focusing on potentially curative cancers

such as early-stage breast cancer and non-Hodgkin’s lymphoma (NHL). While the

literature is likely to continue to develop as biosimilars enter the market and as more

data become available regarding the effect of rHuG-CSF on long-term mortality, an

impressive body of work already exists on the subject and is reviewed here.

4 Costs of rHuG-CSF and Febrile Neutropenia

To better understand the economic models of rHuG-CSF, one must first look at the

relevant costs involved. Their expense results from the price of the agents them-

selves and their administration. The other significant cost involved is that of the

resource utilization that results from complications of febrile neutropenia, such as

hospitalization and intravenous antibiotic use. While risk assessment models have

been published to help stratify patients with febrile neutropenia into those who can

be treated safely as an out-patient versus those requiring hospitalization, most

patients are still admitted for treatment [11–13]. As such, the costs of febrile

neutropenia are largely driven by hospital costs.

Costs are fairly consistent across studies, with most focusing on the direct costs

from a payer’s perspective. In a representative study in the United States, it was

calculated that a single pegfilgrastim, a type of rHuG-CSF, injection per cycle costs

US$2142 while filgrastim, another type of rHuG-CSF, cost US$266 per injection

and is given daily for 7–14 days per cycle for a range of costs between US$1862 and

US$3724 [14, 15]. These numbers do not include the cost of administration of the

agents. In a meta-analysis, the mean and median hospital costs were found to be US

$19,100 and US$8376, respectively, with an average length of stay of 8 days for

patients with solid tumors and 20 days for patients with leukemia [16]. Patients

admitted for >10 days accounted for 75% of the costs of treatment.

It is important to note that costs vary significantly in comparisons between

Europe and the United States. The costs of hospital care are much lower in Europe

compared with the United States, which can lead to substantially different cost-

effectiveness calculations. Table 1 provides examples of this variation between

studies. As such, economic evaluations in the United States are not always directly

applicable to European settings without accounting for variations in healthcare

costs.
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5 Cost Minimization Analyses

The initial economic evaluations in the field focused on the minimization of costs.

In these studies, it was assumed that prophylaxis with rHuG-CSF did not lead to

a mortality benefit. The authors instead assessed whether prophylaxis saves more

money by decreasing utilization than it costs to provide primary prophylaxis with

rHuG-CSF. Many of the initial randomized, controlled trials upon which these studies

were based are from the 1990s, and the assumptions use direct costs from single

institutions. All episodes of febrile neutropenia required hospitalization in the models.

These studies led to the present cutoff used by ASCO, EORTC, and NCCN of

rates of febrile neutropenia >20% as the point at which the savings from decreased

care utilization outweighed the cost of prophylaxis [17]. This number was derived

from the two-way sensitivity analysis (Fig. 1). The costs of hospitalization were

between US$1676 and US$1982 per day. At this cost, a risk of febrile neutropenia

>22% made the gains from prophylaxis more robust than the expense of providing

prophylaxis. When indirect costs were added in a subsequent study, the threshold

was reduced to 18%, leading to the present recommendations [18].

Among patients with established febrile neutropenia, the benefit of treatment

with rHuG-CSF is less straightforward. No clinical guidelines presently recom-

mend treatment except among patients with critical illnesses. A study demonstrated

a net cost savings of >US$1000 per episode through treatment with rHuG-CSF

Table 1 The costs of hospital care are much lower in Europe compared with the United States,

which can lead to substantially different cost-effectiveness calculations

References Findings

US costs

Kuderer et al 2006 [16] Average length of stay/episode of febrile neutropenia

was 11.5 days with a mean cost/episode of

$19,110

Bennet et al 2007 [42] Direct and indirect hospital costs/febrile neutropenia

episode were $17,869 and $3732 for lymphoma;

$10,324 and $2832 for breast cancers; and

$10,311 and $1389 for lung cancer and myeloma

Crawford et al 2009 [24] Hospital costs/episode of febrile neutropenia in non-

Hodgkin’s lymphoma was $15,921 (range:

$4000–$24,268) with an additional cost of 10% to

account for physician fees and 40% for follow-up

care after discharge

European costs

National Institute for Health and Clinical

Excellence (2008) Appendix 1: further

evidence requested by appeal panel.

Available at: http://www.nice.

org.uk/nicemedia/pdf/

LungCancerErlotinibManuRoche.pdf

Average cost/hospitalization for febrile neutropenia

was £3300 across four studies in the United

Kingdom

Timmer-Bonte et al 2006 [20] Cost/episode of febrile neutropenia in the

Netherlands, including hospitalization, was £3285
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during hospitalization for febrile neutropenia as long as the anticipated length of

stay was >10 days [19]. Further studies are needed to confirm these findings.

6 Cost Effectiveness and Cost Utility

Cost-effectiveness and cost-utility studies are emerging in this area. While some

studies have shown an early mortality benefit from prophylaxis, the data are limited

and their effect on long-term mortality is being evaluated. A few studies in the area

are of particular interest.

One study looked at the addition of primary prophylaxis with rHuG-CSF to

antibiotic prophylaxis [20]. Antibiotic prophylaxis is used routinely in Europe;

however, concerns of antibiotic resistance prevent similar practice patterns from

being adopted in the United States. In the study, the authors looked at patients with

small-cell lung cancer (SCLC) who were undergoing treatment, and found a mean

incremental cost of €5123 (95% CI, €3908–€6337) from the addition of rHuG-CSF

to primary antibiotic prophylaxis [20]. This result was true despite a decrease in

both the rate of febrile neutropenia and the complications thereof. The incremental

cost to lower febrile neutropenia risk by 1% was €50 and the absolute cost per

percent decrease was €240. These findings, again, must be interpreted in the context

of lower healthcare costs in the Netherlands where the study was conducted, so it is

unclear how representative this is of costs in the United States; however, the authors

concluded that primary prophylaxis was not cost effective.

Another study comparing no prophylaxis with primary prophylaxis with

filgrastim or pegfilgrastim among >26,000 patients in academic centers in the

United States found that pegfilgrastim dominated [21]. With hospital costs of
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Fig. 1 Two-way sensitivity analysis, showing the relationship between the daily cost of hospitali-

zation and the associated rate of febrile neutropenia, which are cost neutral in comparison [17, 18]
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USS$1984 per day for survivors and US$3139 for patients who died, expected costs

and cost effectiveness were US$3058 and 12.97 quality adjusted life-days (QALD)

for pegfilgrastim, US$4203 and 2.361 QALD for no rHuG-CSF, and US$5264 and

12.698 QALD for filgrastim. This finding was true for febrile neutropenia rates

>14% and held for 75% of Monte Carlo simulations (Fig. 2).

These results are consistent with a study of patients with early-stage breast

cancer in which pegfilgrastim was dominant versus 11 days of filgrastim [15].

The ICER per episode of febrile neutropenia avoided was US$12,904. When

mortality and quality of life were incorporated, the estimates increased to US

$31,511 and US$14,415, respectively.

While few randomized controlled trials of rHuG-CSF have been powered to

assess an impact on overall survival, meta-analyses of such trials have renewed

interest in the potential for a reduction in both early- and long-term mortality. In

a meta-analysis of randomized controlled trials of primary rHuG-CSF prophylaxis

administered according to practice guidelines, significant reductions in both infec-

tion-related as well as early all-cause mortality during the course of chemotherapy

were noted [22]. A systematic review and meta-analysis of 25 randomized con-

trolled trials of systemic chemotherapy comparing primary rHuG-CSF prophylaxis

to control observed a significant 10% relative risk reduction in overall all-cause

mortality with an average follow-up of 5 years favoring rHuG-CSF support [23].

7 Primary Versus Secondary Prophylaxis

Present recommendations advocate the use of rHuG-CSF as primary prophylaxis,

provided with the first chemotherapy cycle [4, 5, 24, 25]. Primary prophylaxis

differs from secondary prophylaxis where a clinician waits for an episode of febrile
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Fig. 2 Results of Monte-Carlo simulation, showing two groups of scatter plots in the cost-

effectiveness plane: incremental cost effectiveness of no rHuG-CSF versus pegfilgrastim and

filgrastim versus pegfilgrastim [21]
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neutropenia to begin prophylaxis. The guidelines are based on the fact that most

patients experience febrile neutropenia during their first treatment cycle and that

randomized clinical trials have shown primary prophylaxis to result in superior

outcomes compared with other strategies [26–28]. Despite this fact, many clinicians

use rHuG-CSF for secondary prophylaxis in practice [29, 30].

An economic analysis comparing primary to secondary prophylaxis in patients

with early-stage breast cancer found an ICER of US$48,000 per febrile neutropenia

episode avoided, favoring primary prophylaxis [31]. Inclusion of the possible gains

of mortality benefit and an advantage realized by maintaining the relative dose

intensity of chemotherapy, results in an estimate of US$110,000 per LYG or US

$116,000 per QALY gained.

The benefit of adding rHuG-CSF to secondary prophylaxis with antibiotics was

assessed [32]. The study did not include a direct comparison to primary prophy-

laxis. The authors found that the addition of rHuG-CSF increased costs from €4,496
per patient receiving antibiotic prophylaxis alone with chemotherapy to €8,998 per
patient receiving antibiotics and rHuG-CSF without achieving a significant gain in

benefit, leading to an unacceptably high rHuG-CSF.

8 Different Formulations of rHuG-CSF

Multiple formulations of colony-stimulating factors are available in the United

States, including filgrastim, pegfilgrastim, and sargramostim. As such, studies have

been published of economic comparisons among these agents. A study comparing

pegfilgrastim with filgrastim in patients with NHL found an ICER of US$2167 per

febrile neutropenia episode avoided, favoring pegfilgrastim [24, 33]. By including the

possible mortality benefit due to the curative intent of treatment, LYGwere estimated

to be US$5532 while QALY gained were US$6190. A similar study in patients with

early-stage breast cancer favored pegfilgrastim with an ICER of US$12,904 per

febrile neutropenia episode avoided. The addition of a possible mortality benefit

led to US$31,511 per LYG and US$14,415 per QALY gained [15, 24].

In a study comparing 6 days of filgrastim with 1 dose of pegfilgrastim in patients

with early-stage breast cancer in the United Kingdom, the ICER was £4200 for each

event avoided with a cost per percent decrease in febrile neutropenia of £42 [33]. If

quality of life and mortality data were added to the calculation, the incremental cost

benefit ratios favoring pegfilgrastim were £3955 per LYG and £4161 per QALY,

respectively.

9 Discussion

As the focus on healthcare costs continues to increase, being able to understand

the economic evaluations used to quantify the relative risks, benefits, and costs of

different treatments is increasingly important. While the various forms of rHuG-CSF

416 B.R. Hirsch and G.H. Lyman



themselves are expensive, the literature shows that they can lead to cost savings. It

also shows that it is important to utilize outcomes data from randomized clinical trials

to assess cost effectiveness and utility as the results are not always intuitive.

The two-way sensitivity analysis referenced in Fig. 1 shows that primary pro-

phylaxis with rHuG-CSF can lead to cost savings if the risk of febrile neutropenia is

>20% [17, 18]. This finding was based on controlled clinical trials showing a

decrease in the rate of febrile neutropenia and febrile neutropenia-related

hospitalizations among those receiving primary prophylaxis, which have since

been consistently reproduced [20, 22, 34–36]. This finding is independent of an

effect on mortality as the model is based on a decrease in resource utilization. The

effect is reproducible across a range of malignancies and chemotherapeutic

regimens. The cost minimization model led to updates of the ASCO, NCCN, and

EORTC recommendation over the last few years [4–6].

Cost-effectiveness analyses have helped elucidate the economic impact across

agents and clinical settings. Studies comparing different formulations of rHuG-CSF

have shown a cost benefit to pegfilgrastim over filgrastim, as it requires only

a single injection with each cycle versus an average course of 6–14 daily injections

per cycle [14, 15, 24, 33]. Studies have shown an economic benefit to primary over

secondary prophylaxis [31].

Recent studies have assessed the cost utility of primary prophylaxis in terms of

LYG and QALY gained. These studies evaluate the effect of factors on clinical

outcomes beyond the mere avoidance of febrile neutropenia such as long-term

mortality. Of particular interest is that the effect that maintaining the dose intensity

of chemotherapy may have on early and overall mortality in potentially curative

settings. This situation applies to malignancies such as early-stage breast cancer,

NHL, and testicular cancer.

In the next few years, the economics of rHuG-CSF may change with the

introduction of biosimilar agents. More than 100 biopharmaceuticals have been

released in the United States since 1995, including various forms of rHu erythro-

poietin (rHuEPO), growth hormones, and colony-stimulating factors. Many of their

patents are nearing expiration, including that of filgrastim. Filgrastim has already

gone off patent in Europe and biosimilar agents are presently available there.

As biopharmaceutical agents are produced using human cells, they are not as

easy to replicate as chemical pharmaceuticals and many of the publications

evaluating their comparative efficacy studies are early phase trials [37, 38]. Euro-

pean health authorities required abbreviated testing of the compounds before

approval to assist in showing comparability to their patented equivalents;

however, the process was much less stringent than that imposed on novel

biopharmaceuticals. The possibility of differences in immunogenicity and efficacy

remains real [39–41]. The approval process in the United States is presently being

established; however, the agents are expected to be introduced at low costs,

potentially altering the economics of rHuG-CSF significantly.

Earlier work assessing the pharmacoeconomics of rHuG-CSF paints a convincing

picture demonstrating that primary prophylaxis with pegfilgrastim can minimize

costs. As the body of work continues to expand there is promise that rHuG-CSF
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support will provide a long-term mortality benefit in certain clinical settings further

demonstrating the overall cost-effectiveness and value of appropriate G-CSF sup-

port of patients receiving cancer chemotherapy.
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Part V

The Next 20 Years



Role of Myeloid Cells in Tumor Angiogenesis

Napoleone Ferrara

1 Introduction

Angiogenesis is a fundamental process in embryonic and adult life and is also

important for tissue repair [1, 2]. Normal microvessels are organized as highly

ordered structures consisting of endothelial cells, pericytes, and basement mem-

brane. Pericytes are required for vascular stabilization through establishment of

contact with endothelial cells along the length of the vessels and also through

paracrine signaling [3]. Angiogenesis is a relatively rare event in the adult, except

in particular circumstances such as the cyclical growth of vessels in the ovarian

corpus luteum [4] or during pregnancy [2]. Angiogenesis is also required for a

number of pathologic processes, including tumorigenesis and intraocular neova-

scular diseases such as the wet form of age-related macular degeneration [5–7].

Over the last several years, clinical trials have demonstrated the clinical benefits

conferred by antiangiogenic agents on patients with cancer or age-related macular

degeneration (reviewed in [5, 8, 9]).

Vascular endothelial growth factor (VEGF)-A is a pivotal regulator of angio-

genesis [10]. In mammals, the VEGF family comprises five members, VEGF-A

(thereafter called VEGF), VEGF-B, VEGF-C, VEGF-D, and PlGF (placenta

growth factor) [11]. Members of VEGF family bind to 3 tyrosine kinase receptors,

VEGFR-1, VEGFR-2, and VEGFR-3. VEGFR-1 and VEGFR-2 are expressed in

vascular endothelial cells, monocytes, macrophages, and hematopoietic stem cells.

Early studies demonstrated that VEGF blockade with neutralizing antibodies

suppresses tumor growth and angiogenesis in several models [12]. These studies

prompted efforts to develop therapies to inhibit the VEGF-signaling pathway by

targeting either the ligands or the receptors [6, 13, 14]. VEGF-C and VEGF-D have
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been characterized for their role in lympangiogenesis by virtue of their interaction

with VEGFR-3 [15].

Bevacizumab, a humanized variant of an anti-VEGF-neutralizing monoclonal

antibody [16, 17], is the first antiangiogenic agent to be approved by the US Food

and Drug Administration (FDA) for cancer therapy. The drug was first approved

for previously untreated metastatic colorectal cancer [18]. Subsequently it was

approved for relapsed metastatic colorectal cancer, nonsmall-cell lung cancer

(NSCLC) [19], renal cell carcinoma [20], and glioblastoma multiforme. In addition,

a variety of small-molecule receptor tyrosine kinase inhibitors (RTKI) targeting

VEGF receptor (VEGFR) signaling have been developed [13, 21]. Three VEGFR

TKI have been approved by the FDA for therapy of renal cell carcinoma and other

malignancies: sunitinib, sorafenib, and pazopanib.

2 Role of Myeloid Cells in Tumor Growth

Much evidence supports the notion that various bone marrow-derived cell types

play important roles in regulating tumor angiogenesis and growth [22–27]. Among

these cells, macrophages have been long characterized as a highly plastic cell type

[28, 29]. Monocytes and macrophages have a role in physiologic angiogenesis [30],

but their role in chronic diseases are especially prominent. Macrophages are present

in many solid tumors, and the extent of their presence correlates with poor progno-

sis [31]. Indeed, gene expression profiling of stromal cells from breast cancers

revealed a stromal gene expression signature associated with poor clinical outcome

that included genes linked to angiogenesis, hypoxia, and tumor-associated macro-

phages (TAM) [32]. Recruitment of macrophages can be mediated by a number

of tumor-derived chemoattractants, most notably CSF1, CCL2, CCL5, and VEGF

[30, 33, 34]. In established tumors, the microenvironment often directs macrophage

polarization from the M1 (classically activated) state, associated with the proin-

flammatory tumor and tissue-destructive response, to the M2 (alternatively

activated) state, which elicits an immunosuppressive phenotype and promotes

angiogenesis, tissue remodeling, and wound repair [35]. TAM, which resemble

M2 macrophages phenotypically, have been shown to accumulate in avascular,

necrotic regions of advanced tumors and express HIF (hypoxia inducible factor)-1a
and HIF-2a resulting in the transcription of numerous genes that promote revascu-

larization, some of which include multiple proangiogenic factors and modulators,

such as VEGF, tumor-necrosis factor (TNF)-a, interleukin (IL)-8, b fibroblast

growth factor (FGF), IL-1b, matrix metalloproteinase (MMP)9, and Sema4D [36].

Tie2-expressing monocytes (TEM) are a myeloid cell population that has

received considerable attention [37, 38]. These cells have been reported to promote

tumor growth, in part through secretion of angiogenic factors [37]. It has been

suggested that tumor-derived angiopoietin (Ang)-2 plays a key role in recruiting

TEM into the tumor microenvironment [39, 40]. These findings explain, at least in

part, the ability of Ang-2 inhibitors to reduce tumor angiogenesis [41]. Indeed, a
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human antibody [42] blocking Ang-2 is undergoing clinical development. Further-

more, AMG386, a peptibody targeting Ang-1 and Ang2 [43], has shown early

evidence of clinical efficacy in ovarian cancer patients (reviewed in [44]). Several

observations suggest that neutrophils play an important role in tumor angiogenesis

[45]. Similar to macrophages, tumor-associated neutrophils (TAN) may have dif-

ferent roles in tumor growth depending on their polarization status [46].

The association of mast cell accumulation with increased vasculature and poor

prognosis has been observed in a wide panel of human tumors [36]. Tumor recruit-

ment of these cells is mediated by stem cell factor (SCF), IL-3, and adrenomedullin

[36]. These cells, which are preferentially localized at the tumor periphery, are a

major proangiogenic source of VEGF, FGF2, IL-8, transforming growth factor

(TGF)-b, TNF-a, Ang-1, and serine proteases [47].

Much research has focused on a population of myeloid cells, identified in the

mouse by the expression of the cell-surface markers CD11b and Gr1 that include a

variety of cell types such as neutrophils, immature dendritic cells, monocytes, and

early myeloid progenitors. In cancer, interest in these cells stems from their ability

to promote angiogenesis [48]. Furthermore, a subset of CD11b+Gr1+ cells, termed

myeloid-derived suppressor cells (MDSC), has the ability to suppress T-cell

responses and thus can promote tumor escape and progression [49–51].

3 Contribution of Myeloid Cells to VEGF-Independent
Angiogenesis

To gain insight into the mechanisms of refractoriness to anti-VEGF therapy, we

screened a series of murine cell lines to establish experimental tumor models that

are responsive/refractory to the treatment [52]. Interestingly, refractory tumors

(LLC, EL-4) were associated with a significant increase in the frequency of

tumor-infiltrating CD11b+Gr1+ cells, compared to sensitive ones (B16-F1, TIB-6).

Experiments in which tumor cells were mixed with CD11b+Gr1+ cells before

host introduction elucidated the functional relevance of these cells. CD11b+Gr1+

cells isolated from refractory tumors, but not from sensitive tumors, were able to

mediate refractoriness to anti-VEGF treatment [52]. Moreover, combination of an

anti-Gr1 antibody with anti-VEGF delayed the onset of refractoriness [52]. Impor-

tantly, anti-VEGF refractoriness was observed in immunocompetent C57BL/6 or in

immunocompromised XID mice, suggesting that the accumulation of CD11b+Gr1+

cells and their role in mediating refractoriness were not dependent on the adaptive

immune system [52]. As previous studies implicated VEGFR-1 in recruitment of

myeloid cells [53], we tested the hypothesis that the VEGFR-1 selective ligands

PlGF or VEGF-B [54, 55] may mediate refractoriness to a therapy that only targets

VEGF. To this end, mice harboring sensitive or refractory tumors were treated with

mFlt(1-3)-IgG, a chimeric soluble VEGFR-1 variant that not only neutralizes

VEGF but also PlGF and VEGF-B [56]. However, there was no difference between
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anti-VEGF or mFlt(1-3)-IgG-treated groups in tumor size or in the accumulation of

CD11b+Gr1+ cells, arguing against a role for these ligands in VEGF-independent

growth [52]. In apparent conflict with these conclusions, it was reported that

targeting PlGF with neutralizing antibodies elicits significant antitumor effects in

some anti-VEGFR2-refractory models, and also shows additive efficacy with an

anti-VEGFR2 antibody [57]. To address such discrepancies, we developed and

tested a panel of novel anti-PlGF neutralizing antibodies [58]. PlGF blockade with

such novel antibodies had no significant effect on primary growth in 15 tumor

models [58]. Also, neither the combination of anti-PlGF and anti-VEGF antibodies

nor neutralization of all VEGFR-1 ligands with a soluble receptor further inhibited

tumor angiogenesis or tumor growth compared with anti-VEGF- alone [58].

4 Role of G-CSF-Bv8 in Refractoriness to Anti-VEGF Therapy

In the course of studies aimed at identifying mediators of VEGF-independent

angiogenesis, we discovered that the Bv8 protein (also known as prokineticin-2)

[59–61] is upregulated in CD11b+Gr1+ cells associated with tumors refractory to

anti-VEGF. Interestingly, Bv8 expression in CD11b+Gr1+ cells was strongly

induced by G-CSF [62]. As extensively discussed throughout this book, G-CSF is

a major regulator of granulopoiesis [63] and plays a key role in neutrophil mobili-

zation from the bone marrow [64]. Another attractive feature of G-CSF as a

potential mediator of a communication between tumor and bone marrow is its

endocrine mode of action [63].

Bv8 blockade using neutralizing antibodies reduced tumor angiogenesis and

growth and exhibited additive effects with anti-VEGF antibodies [62]. Additional

studies indicated that production of G-CSF by tumor or stromal cells strongly

correlated with refractoriness to anti-VEGF in mouse models [65]. Compared

with other hematopoietic candidates (granulocyte-macrophage colony-stimulating

factor [GM-CSF], stromal cell-derived factor [SDF]-1a, and PlGF), G-CSF and

Bv8 were found to have preferential expression in refractory compared to sensitive

tumors. Treatment with the combination anti-VEGF and anti-G-CSF antibodies

reduced growth of refractory tumors compared to anti-VEGF monotherapy [65].

Importantly, anti-G-CSF treatment dramatically suppressed circulating or tumor-

associated CD11b+Gr1+ cells [65]. This finding is somewhat surprising, consider-

ing that previous studies had primarily implicated other myeloid growth factors

(e.g., IL-6, GM-CSF, macrophage colony-stimulating factor [M-CSF]) in the mobi-

lization of CD11b+Gr1+ cells in tumor-bearing animals [50]. Anti-G-CSF treatment

dramatically reduced Bv8 levels [65]. Conversely, G-CSF delivery to animals

bearing an anti-VEGF sensitive tumor resulted in reduced responsiveness to anti-

VEGF treatment, through induction of Bv8-dependent angiogenesis [65]. These

data suggest that, at least in the models examined, G-CSF expression by tumor or

stromal cells is an important determinant of refractoriness to anti-VEGF treatment.

Furthermore, very recent studies show that neutrophils infiltrating human tumors
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strongly express Bv8, raising the possibility that this protein plays a pathogenic role

in human malignancies [66]. Taken together these findings suggest that G-CSF or

Bv8 may represent therapeutic targets.

5 Role of Myeloid Cells and G-CSF in Premetastatic Priming

Metastasis is a major cause of death from solid tumors. To metastasize, tumor cells

need to degrade and invade the extracellular matrix, intravasate, be carried through

blood or lymphatic vessels, extravasate at the secondary site, and finally establish

secondary tumors [67]. In addition, recent evidences suggest that, at least in some

circumstances, tumors are able to modify the distant microenvironment before

arrival of metastatic tumor cells to create the so-called “premetastatic niche.” [68]

Bone marrow cells are thought to be major players in these processes [69, 70].

Although several molecules have been implicated [69–72], the mechanisms of

tumor-dependent bone marrow cell mobilization and the precise identity and

significance of these cells in metastasis are incompletely understood. VEGFR-1

was initially implicated as one of the key regulators of bone marrow cell mobili-

zation and premetastatic priming, owing to its expression in a population of

hematopoietic progenitor cells and the ability of anti-VEGFR-1 antibodies to

reduce metastasis [69]. However, more recent studies have challenged this conclu-

sion and reported that anti-VEGFR-1 treatment has no effect in clinically relevant

models of metastasis, raising the possibility that alternative pathways mediate

tissue priming for metastasis [73].

We recently analyzed several metastatic and nonmetastatic breast cancer models

for their ability to trigger bone marow cell mobilization [74]. This analysis led to

identification of Ly6G+Ly6C+ myeloid cells as a major cell type that accumulates in

premetastatic tissues and facilitates colonization by cancer cells and subsequent

metastasis. We also identified tumor-derived G-CSF as a key regulator of these

processes. The metastatic 4T1, 4T07, and 66c14 mouse breast cancer cells pro-

duced high levels of G-CSF. In contract, the nonmetastatic 67NR and 168FARN

cells secreted very little G-CSF. Anti-G-CSF or anti-Bv8 antibodies significantly

reduced lung metastasis [74]. We found that G-CSF mobilizes a subset of

CD11b+Gr1+ cells, Ly6G+Ly6C+ granulocytes, from bone marrow and also induces

Bv8 expression. Bv8 in turn functions as a chemoattractant that enhances mobili-

zation of bone marrow-derived Ly6G+Ly6C+ granulocytes and facilitates their

homing into the lung before arrival of tumor cells. Once in the lungs, G-CSF-

mobilized Ly6G+Ly6C+ cells may serve as a major source of Bv8, MMP9, S100A8,

and S100A9. MMP-9 has been shown to enhance invasion and metastasis in lungs

[75, 76]. S100A8 and S100A9 proteins have been shown to implicated in the

premetastatic niche and to mediate metastasis through mobilization of myeloid

cells and cancer cells to lungs [70, 77, 78]. Therefore, Ly6G+Ly6C+ cells mobilized

by G-CSF create a protumorigenic microenvironment that supports extravasation,

survival, and growth of secondary tumors at distant organs.
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Pretreatment with recombinant G-CSF (rG-CSF) was sufficient to mimic the

premetastatic environment initiated by primary tumors. rG-CSF was also able to

enhance the metastatic properties of several tumors. Treatment with anti-Ly6G

antibody significantly reduced the numbers of rG-CSF-induced metastases, empha-

sizing the important role of Ly6G+Ly6C+ cells homing in the lung in metastasis.

These findings suggest that G-CSF upregulation is part of a pro-oncogenic program

that confers growth and survival advantages on tumor cells.

rHuG-CSF is widely used in cancer therapy as its use has substantially reduced the

risks of chemotherapy-associated neutropenia [79]. A critical question iswhether rHuG-

CSF administration may have protumor or prometastatic effects in patients. Our data

suggest that short-term administration of rHuG-CSF, when done in conjunction with

cytotoxic chemotherapy, does not increase the risk of metastasis. However, prolonged

exposure to high levels of G-CSF, such as those constitutively released by some tumors,

might result in enhanced metastasis. Indeed, G-CSF overexpression by a variety of

tumors has been correlatedwith a poor prognosis [80–83]. Interestingly, patientswith all

solid tumors may exhibit “leukemoid reactions,” characterized by extreme leukocytosis

[84]. In numerous cases, the leukocytosis was secondary to a paraneoplastic syndrome

linked to high G-CSF production by the tumor and, although the mechanisms remained

unclear, it was associated with a particularly poor prognosis [84, 85]. This further

emphasizes the deleterious effects of G-CSF overproduction by tumors.

6 Other Approaches to Target Myeloid Cells

Efforts aimed at targeting multiple myeloid growth factors or their receptors are

underway. Among these, GM-CSF is being tested as a therapeutic target for

inflammatory disorders and clinical efforts are ongoing [86]. It has been also

reported that an anti-SDF-1 antibody reduces tumorigenesis and recruitment of

CD11b+Gr1+ cells in MMTW-Wnt mammary tumors [87]. The role of M-CSF in

tumorigenesis has been long object of interest [88]. M-CSF is a secreted glycopro-

tein that regulates growth and differentiation of macrophage lineages [89]. Unlike

G-CSF and GM-CSF, which bind to receptors belonging to cytokine receptor

families, M-CSF interacts with a tyrosine kinase related to PDGF/VEGF receptors,

cFMS [90]. Several studies have shown that blocking M-CSF or cfms reduces tumor

growth [91–93]. These findings support the hypothesis that blocking cFMS signal-

ing may have therapeutic applications for cancer and inflammatory disorders.

Various cFMS inhibitors are currently undergoing clinical development [88].

Given the structural homologies between cFMS and VEGFR/PDGFR receptors, a

variety of small molecules developed primarily as PDGFR or VEGFR inhibitors,

including sunitinib [94], ABT-869 [95], and axitinib [96] inhibit cFMS autophos-

phorylation. However, RTKI, especiallywhen combinedwith chemotherapy, have yet

to demonstrate a therapeutic advantage over more selective VEGF inhibitors. More

selective blockers of M-CSF/cFMS action are required to test the hypothesis that

targeting this signaling system truly confers benefits for cancer therapy.
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7 Concluding Remarks

Compelling evidence suggests that both tumor and nontumor (stromal) cell types

are involved in tumor angiogenesis. Stromal cell-dependent mechanisms may also

contribute to reduced responsiveness to antiangiogenic treatments. This chapter

focused on the role myeloid cells and myeloid growth factors in these processes.

However, it is important to emphasize that additional tumor-infiltrating cell types,

in particular tumor-associated fibroblasts (TAF), are also important players. TAF

is increasingly being recognized as having an active role in tumorigenesis [97, 98].

Like their normal counterparts, fibroblasts from malignant and fibrotic tissues,

synthesize, deposit, and remodel the extracellular matrix within the stroma. Very

recently, we reported that TAF can mediate tumor refractoriness to anti-VEGF

therapy and PDGF-C was identified as a key mediator [99].

In conclusion, a more complete understanding of the cellular and molecular

components of the microenvironment is expected to enable advances in therapeutic

strategies that may supplement current antiangiogenic therapies and also take into

account tumor diversity.
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G-CSF-Induced Mobilization of Bone Marrow
Stem Cells and Cardiac Repair

Buddhadeb Dawn, Santosh K. Sanganalmath, and Roberto Bolli

1 Introduction

Granulocyte colony-stimulating factor (G-CSF) plays a critical role in proliferation,

maturation, survival, and activation of granulocytes and various hematopoietic

progenitors [1, 2]. G-CSF is also an effective mobilizer of bone marrow cells

[3, 4], and this property is used clinically for the harvest of hematopoietic stem/

progenitor cells from the peripheral blood before bone marrow transplantation [5].

Emerging evidence suggests a much broader role of G-CSF signaling in the repair

of a range of tissues outside the hematopoietic system.

About a decade ago, Orlic and colleagues first reported that mobilization of bone

marrow cells with G-CSF and stem cell factor (SCF) administered before and after

a permanent coronary occlusion improved survival, reduced infarct size, and

improved cardiac structure and function in mice after an acute myocardial infarc-

tion [6]. Since this report, a number of studies in animal models of myocardial

infarction have shown that cytokine-induced mobilization leads to homing of bone

marrow cells to the injured myocardium with improvement in myocardial anatomy,

vascularity, and function [7–12]. These promising results from animal studies were

quickly translated into small-scale clinical trials of G-CSF therapy in the setting of

acute myocardial infarction, but the results have been discordant and generally

disappointing [13, 14]. Furthermore, recent larger randomized controlled trials have

failed to show any significant benefit on infarct size or left ventricular function with

G-CSF treatment in patients with acute myocardial infarction after successful
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revascularization [15, 16]. Although the reasons for these negative observations

remain speculative, it is plausible that the lack of benefit in clinical trials was due, at

least in part, to myocardial homing of a relatively small number of stem/progenitor

cells. Other factors, including patient characteristics and timing of treatment initia-

tion, might also have impacted the reparative process [13]. It is likely that further

mechanistic insights from basic studies will lead to further modification of the

G-CSF regimen and better selection of suitable patients with resultant improve-

ment in outcomes. In this chapter, we focus on the biological basis and preclinical

evidence of bone marrow cell mobilization and infarct repair with G-CSF therapy,

and on the results of clinical trials that have tested this approach in humans.

2 G-CSF Signaling

Produced largely by endothelial cells, macrophages, monocytes, and fibroblasts,

G-CSF exerts its biological actions primarily by activating the G-CSF receptor

(G-CSFR), which is expressed widely in diverse cell types [17]. The G-CSFR consists

of a transmembrane region connecting an extracellular domain and a cytoplasmic

domain with conserved amino acid sequences. Activation of G-CSFR plays an

important role in the production, survival, and activation of granulocytes during

both normal and accelerated hematopoiesis. Signaling through G-CSFR also

participates in the development of other myeloid lineages, mobilization of

hematopoietic stem cells, and myeloid cell migration [17, 18]. In bone marrow

progenitors, G-CSFR activation leads to phosphorylation of Janus kinase (Jak)1,

Jak2, and Tyk2, with subsequent activation of signal transducers and activators of

transcription (STAT)3 and STAT5 [17, 18]. G-CSFR-mediated cell proliferation and

survival also depend on the activation of the p21Ras/MAP kinase and PI-3K/Akt

pathways [17, 18]. Although the molecular links remain to be elucidated fully, recent

discoveries have identified additional important roles ofG-CSFR in the protection and

repair of a diverse range of tissues, including heart, muscle, liver, and neural tissues.

3 Mobilization of Bone Marrow Cells by G-CSF

Although G-CSF therapy was initially directed at improving neutropenia after che-

motherapy, analysis of peripheral blood inG-CSF-treated patients revealed an increase

in the number of circulating progenitor cells fromgranulocyte–macrophage, erythroid,

and megakaryocyte lineages [19]. Further studies in radiation-ablated mice

documented the ability of G-CSF-mobilized primitive stem cells to reconstitute

the hematopoietic system and lymphoid populations of the thymus, suggesting a

potential use of these cells for bone marrow transplantation [20]. Currently, G-CSF

is used extensively for the mobilization and harvest of stem/progenitor cells from the

peripheral blood with a view to curative transplantation for various pathologies [5].
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However, as is not uncommonwith agents used in clinical medicine, the mechanistic

basis of these therapeutic actions of G-CSF remains unclear. Improved understand-

ing of the precise molecular events that govern bone marrow cell mobilization is

needed to develop optimal mobilization strategies, especially for organ repair.

Although signaling via the G-CSFR is necessary for hematopoietic progenitor

cell mobilization by cyclophosphamide and interleukin (IL)-8, it is not necessary for

Flt3-inducedmobilization [21]. G-CSFR expression on hematopoietic progenitors is

also not required for their mobilization by G-CSF [22]. Interestingly, as “mobiliza-

tion” essentially means dislodging cells from their bone marrow niches into the

bloodstream, molecules that anchor bone marrow cells to the stroma are thought to

play critical roles in this process [23, 24]. The bonemarrow stroma expresses various

ligands and adhesion molecules (hyaluronic acid, vascular cell adhesion molecule-1

[VCAM-1], stromal cell-derived factor-1 [SDF-1], CD62, and others) that interact

with the respective counterparts (CD44, very late antigen-4 [VLA-4], CXCR4, and

P-selectin glycoprotein ligand-1, respectively, besides others) to retain stem/pro-

genitor cells in their niches [23, 24]. G-CSF-induced mobilization involves an

alteration in the bone marrow milieu that promotes the dissolution of anchorage

leading to the egress of stem/progenitor cells [3, 24]. This complex process appears

to utilize at least two interdependent mechanisms: the release of proteases that

cleave and inactivate peptides that anchor cells to the stroma; and the disruption of

the interaction between SDF-1 and its receptor CXCR4 (summarized in Fig. 1).

3.1 Role of Proteases

Several reports have documented the role of serine proteases released by activated

neutrophils in G-CSF-induced hematopoietic progenitor mobilization. In two studies

[25, 26],G-CSF administrationwas associatedwith a reduction inVCAM-1expression

in the bone marrow and production of proteases (neutrophil elastase and cathepsin G)

that are able to cleaveVCAM-1 byneutrophils. In vitro findings showed that neutrophil

elastase and cathepsin G could release CD34+ hematopoietic progenitor cells attached

on immobilized VCAM-1 or marrow stromal monolayers [25]. Other studies have

shown the ability of serine proteases to cleave additional molecules important for bone

marrow cell retention, including SDF-1 [27] and c-kit [28] and CXCR4 on

hematopoietic progenitor cells [29]. Consistent with this, inhibition of neutrophil

elastase prevented SDF-1 degradation and reduced stem cell mobilization by G-CSF

[27]. However, subsequent studies in genetic models of protease deficiency have

shown normal hematopoietic progenitor cell mobilization by G-CSF in mice lacking

both neutrophil elastase and cathepsin G, suggesting that other proteases may play a

compensatory role [30]. These results also suggest the existence of both protease-

dependent and protease-independent mechanisms for bone marrow cell mobilization.

Matrixmetalloproteinase (MMP)-9, a proteasewith important regulatory functions

in matrix homeostasis in various tissues, has also been implicated in G-CSF-induced

mobilization. MMP-9 is secreted by bone marrow cell as well as neutrophils upon
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activation [31, 32]. A single IL-8 injection in rhesus monkeys has been shown to

trigger a dramatic and instantaneous increase in plasma levels ofMMP-9, followed by

an increase in circulating hematopoietic progenitor cells [33]. The IL-8-induced

mobilization could be inhibited by pretreatment with a specific monoclonal anti-

MMP-9 antibody. In a subsequent study, G-CSF mobilization was associated with

increased bone marrow levels of neutrophil elastase, cathepsin G, and MMP-9; and

synergistic mobilization with G-CSF and GROb/GROΤ correlated with a synergistic

increase in plasma levels of MMP-9 [34]. Synergistic mobilization was blocked by

anti-MMP-9 and was absent in MMP-9-deficient mice. However, the normal G-CSF-

induced mobilization in MMP-9 knockout mice [30] suggests the presence of consid-

erable redundancy among proteases that collectively influence bone marrow cell

adherence to stroma.

In addition to neutrophil proteases, several other proteases have been shown

to impact G-CSF-induced bone marrow cell mobilization in recent studies.

CXCR4

SDF-1

CD44

HA

VLA-4

VCAM-1PSGL

CD62 C-kit

KL

NE, CG,
MMP-9

G-CSF

G-CSF

Neutrophil 
activation

SDF-1 mRNA

SDF-1

Mobilization

Osteoblast Osteoblast

Stem/progenitor
cell

Bone marrow matrix

Expression

Fig. 1 Schematic representation of molecular events involved in G-CSF-induced mobilization of

stem/progenitor cells from the bone marrow. The activation of neutrophils by G-CSF results in

release of proteases that cleave bonds between molecules expressed in the bone marrowmatrix and

on stem/progenitor cells, leading to the egress of cells into the peripheral circulation. G-CSF

therapy also impairs the SDF-1/CXCR4 interactions by decreasing SDF-1 levels in the bone

marrow by reducing SDF-1 mRNA expression, and by reducing CXCR4 expression in cells. CG
cathepsin G; CXCR4 CXC chemokine receptor 4; G-CSF granulocyte colony-stimulating factor;

HA hyaluronic acid; KL kit ligand; MMP-9 matrix metalloproteinase-9; NE neutrophil elastase;

PSGL P-selectin glycoprotein ligand-1; SDF-1 stromal cell-derived factor-1; VCAM-1 vascular

cell adhesion molecule-1; VLA-4 very late antigen-4
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These include the osteolytic proteinase cathepsin K, which was shown to cleave

SDF-1 and SCF [35]; dipeptidyl peptidase IV (CD26), the genetic deletion of which

reduced G-CSF-induced mobilization [36]; and membrane type-1-MMP, the block-

ade of which inhibited G-CSF-induced mobilization of human progenitors in

chimeric NOD/SCID mice [37]. Together, the current evidence indicates that

possibly numerous known and unknown proteases mediate the process of bone

marrow cell release from the stroma in response to G-CSF.

3.2 Role of SDF-1 and CXCR4

SDF-1 (also known as CXCL12) [38], produced in the marrow by stromal cells, is

a potent chemoattractant for hematopoietic progenitor cells. It is well established

that the interaction between SDF-1 and CXCR4 plays a critical role in the regula-

tion of stem cell homing as well as mobilization [3]. SDF-1 expressed on bone

marrow osteoblasts and endothelial cells effectively binds CXCR4-positive

hematopoietic progenitor cells within the bone marrow [39]. Interference with

this SDF-1/CXCR4 interaction, therefore, results in emigration of progenitor cells

into the peripheral circulation.

G-CSF perturbs the stability of the SDF-1/CXCR4 complex in the bone marrow

through several potential mechanisms. First, G-CSF reduces the level of SDF-1 in

the bone marrow [27], and the magnitude of this decrease correlates with the extent

of hematopoietic progenitor cell mobilization [39]. Although this decrease is likely

multifactorial in origin, G-CSF has been shown to reduce osteoblast number/

activity and SDF-1 mRNA expression [39]. Second, bone marrow SDF-1 levels

may also decrease as a result of degradation by various proteases (neutrophil

elastase, cathepsin G, MMP-9) released from G-CSF-activated neutrophils [27].

However, the decrease in bone marrow SDF-1 and G-CSF-induced hematopoietic

progenitor cell mobilization were unaffected in mice deficient in neutrophil elastase

and cathepsin G, suggesting an additional mechanism besides proteolytic degrada-

tion [30]. Finally, G-CSF can also reduce the expression of CXCR4 in CD34+

hematopoietic progenitor cells [40]. In myeloid cells, this reduction in CXCR4 is

due to reduced synthesis, and decreases their responsiveness to SDF-1 [41].

4 G-CSF Therapy for Cardiac Repair

Discoveries over the past decade have identified the ability of bone marrow cells

to repair unrelated organs and tissues [42, 43], opening new areas of investigation

with the creation of a new field: regenerative medicine. Quite appropriately,

based on its ability to mobilize bone marrow cells, the cardiac regenerative

efficacy of G-CSF has been rapidly tested in both animals and humans. Although

G-CSF therapy has been used for the repair of various organs and tissues, we
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restrict the discussion to studies related to cardiac repair. In this regard, G-CSF

has been used both in the setting of an acute myocardial infarction and in chronic

heart failure.

4.1 G-CSF for Acute Myocardial Infarction in Animals

Acute myocardial infarction in humans most commonly results from sudden occlu-

sion of a coronary artery by a thrombus developing at the site of a plaque rupture. In

animal models, this event is mimicked by occluding the coronary artery (externally,

with a suture or the inflation of a balloon, or internally, with a balloon) with or

without subsequent release that results in reperfusion. These models typically

produce cell death followed by scar formation and progressive worsening of left

ventricular function over time with remodeling. In a seminal study, Orlic et al. [6]

first demonstrated that administration of G-CSF and SCF (starting 5 days before

until 3 days after coronary occlusion) in mice with acute myocardial infarction

increases survival, improves left ventricular function, and mitigates left ventricular

remodeling by inducing infarct repair with new cardiomyocytes and vessels in the

infarct region. A large number of studies have since evaluated the safety and

efficacy of G-CSF for cardiac repair in the setting of an acute myocardial infarction

in mouse, rat, dog, pig, rabbit, and nonhuman primate models (Table 1).

The benefits of G-CSF were confirmed in a rabbit model of ischemia-reperfusion

injury, in which G-CSF-mobilized leucocytes played a critical role in infarct repair

by regulating phagocytosis of necrotic tissue, fibroblast proliferation, and angio-

genesis, thereby attenuating left ventricular remodeling and dysfunction [7]. Other

studies [8, 44] examined whether administration of G-CSF alone after myocardial

infarction would still confer reparative benefits in mice and pigs. The results

showed attenuation of adverse left ventricular remodeling and dysfunction

with G-CSF-induced promotion of angiogenesis and reduction in apoptosis in the

infarct border zone. Furthermore, in a large animal model of 90-min coronary

occlusion/6-h reperfusion, intravenous administration of G-CSF for 30 min from

the onset of reperfusion reduced infarct size and the incidence of arrhythmias in

dogs, suggesting the potential clinical utility of such intervention in humans [45].

It should be noted that despite the above reported benefits, the failure of G-CSF

as monotherapy was documented in several studies in animals. In one study [46],

administration of G-CSF for 7 days after a permanent coronary occlusion in rats

failed to reduce infarct size and improve left ventricular function despite adequate

bone marrow cell mobilization. In the setting of a reperfused myocardial infarction

in mice, we found that G-CSF monotherapy did not impart significant reparative

benefits [9].
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4.2 G-CSF for Cardiomyopathy in Animals

Moving beyond the acute myocardial infarction model, the utility of G-CSF in the

setting of both ischemic and nonischemic chronic cardiomyopathy has been

evaluated in several studies (Table 2). The efficacy of G-CSF was tested in a

model of chronic hibernating myocardium (dysfunction due to a prolonged reduc-

tion in blood supply) in pigs [47]. G-CSF was administered for 1 week and the

animals were followed for 2 months. G-CSF therapy resulted in increased

myocardial vascular density, reduced fibrosis, and decreased apoptosis within the

ischemic zone, with attendant improvement in global left ventricular function [47].

The reparative efficacy of G-CSF in heart failure of ischemic origin was further

tested in mice with established left ventricular remodeling and dysfunction at

12 weeks after myocardial infarction [48]. A smaller dose of G-CSF (10 mg/kg/
day) was administered 5 days/week over a period of 4 weeks (in contrast to 5–10

consecutive days in other studies). This prolonged regimen increased G-CSFR

expression in cardiomyocytes, reduced fibrosis by increasing the expression of

MMP-2 and MMP-9, induced hypertrophy in viable cardiomyocytes, and improved

left ventricular function [48]. Further, G-CSF therapy was associated with activa-

tion of STAT3 and expression of the transcription factor GATA-4 and other

sarcomeric proteins (myosin heavy chain, troponin I, and desmin), suggesting direct

and G-CSFR-mediated benefits of G-CSF independent of those derived from

mobilized bone marrow cells [48]. However, in more recent studies, both short-

term high-dose and long-term low-dose G-CSF regimens failed to produce any

significant improvement in left ventricular function, infarct size, and hypertrophy in

a rat model of postinfarct ischemic cardiomyopathy [49].

The benefits of G-CSF in nonischemic dilated cardiomyopathy were docu-

mented in a hamster model of autophagic dilated cardiomyopathy [50]. G-CSF

therapy attenuated left ventricular remodeling and improved function and increased

survival. Such benefits were further confirmed in a subsequent study in a model of

doxorubicin-induced dilated cardiomyopathy [51]. G-CSF therapy started after

2 weeks of cessation of doxorubicin and continued for 8 days decreased cardio-

myocyte apoptosis and the expression of apoptotic mediators such as Fas with

significant improvement in left ventricular function and hemodynamic parameters

[51].

4.3 Combination Cytokine Therapy with Other Mobilizing Agents
in Animals

It is well known that different mobilizing agents release bone marrow cells with

considerably different phenotypic characteristics and biologic behaviors. Although

the molecular reasons for such selectivity and synergism remain unclear, this

phenomenon has been used to augment mobilization.

G-CSF-Induced Mobilization of Bone Marrow Stem Cells and Cardiac Repair 443



T
a
b
le

2
A
n
im

al
st
u
d
ie
s
o
f
G
-C
S
F
th
er
ap
y
in

ca
rd
io
m
y
o
p
at
h
y

S
p
ec
ie
s

M
o
d
el

G
-C
S
F
d
o
se

D
u
ra
ti
o
n

R
es
u
lt
s

R
ef
er
en
ce
s

C
5
7
B
L
/6

m
o
u
se

D
o
x
o
ru
b
ic
in
-

in
d
u
ce
d

ca
rd
io
m
y
o
p
at
h
y

5
0
mg

/k
g
/d

E
ar
ly

gr
ou

p:
im

m
ed
ia
te
ly

af
te
r

d
o
x
o
ru
b
ic
in

in
je
ct
io
n
fo
r
8
d

#M
o
rt
al
it
y
,
#c

ar
d
ia
c
to
x
ic
it
y
,
m
y
o
ca
rd
ia
l

re
g
en
er
at
io
n
+

[1
1
2
]

D
el
ay
ed

gr
ou

p
:
3
w
k
af
te
r

d
o
x
o
ru
b
ic
in

in
je
ct
io
n
fo
r
8
d

C
5
7
B
L
/6

m
o
u
se

P
er
m
an
en
t
co
ro
n
ar
y

o
cc
lu
si
o
n

1
0
mg

/k
g
/d

1
2
w
k
af
te
r
M
I,
o
n
th
e
fi
rs
t
5
d
o
f

ea
ch

w
k
,
co
n
ti
n
u
ed

fo
r
4
w
k
s

#I
n
fa
rc
t
si
ze
,
#F

ib
ro
si
s,
"L

V
E
F
,

"H
em

o
d
y
n
am

ic
s,
"C

ar
d
io
m
y
o
cy
te
si
ze

[4
8
]

S
w
in
e

A
m
er
o
id
-i
n
d
u
ce
d

ch
ro
n
ic

co
ro
n
ar
y

o
cc
lu
si
o
n

1
0
mg

/k
g
/d

Im
m
ed
ia
te
ly

af
te
r

M
I
fo
r
7
d

#L
V
d
il
at
io
n
,
#C

ar
d
ia
c
fi
b
ro
si
s,

#A
p
o
p
to
si
s,
"L

V
E
F
,
"H

em
o
d
y
n
am

ic
s,

N
eo
v
as
cu
la
ri
za
ti
o
n
+

[4
7
]

U
M
-X

7
.1

h
am

st
er

A
u
to
so
m
al

re
ce
ss
iv
e

ca
rd
io
m
y
o
p
at
h
y

1
0
mg

/k
g
/d

5
d
/w
k
fr
o
m

1
5
to

3
0
w
k
o
f
ag
e

#M
o
rt
al
it
y
,
#L

V
re
m
o
d
el
in
g
,
#F

ib
ro
si
s,

"L
V
E
F
,
"C

ar
d
io
m
y
o
cy
te

si
ze

[5
0
]

W
is
ta
r
ra
t

D
o
x
o
ru
b
ic
in
-

in
d
u
ce
d

ca
rd
io
m
y
o
p
at
h
y

5
0
mg

/k
g
/d

2
w
k
af
te
r
d
o
x
o
ru
b
ic
in

in
je
ct
io
n

fo
r
8
d

#A
p
o
p
to
si
s,
"L

V
E
F

[5
1
]

C
5
7
B
L
/6

m
o
u
se

D
o
x
o
ru
b
ic
in
-

in
d
u
ce
d

ca
rd
io
m
y
o
p
at
h
y

1
0
0
mg

/k
g
/d

Im
m
ed
ia
te
ly

af
te
r
d
o
x
o
ru
b
ic
in

in
je
ct
io
n
fo
r
5
d

#L
V
d
il
at
io
n
,
#F

ib
ro
si
s,
#I

n
fl
am

m
at
io
n
,

"L
V
E
F
,
"H

em
o
d
y
n
am

ic
s

[1
1
3
]

W
is
ta
r
ra
t

P
er
m
an
en
t
co
ro
n
ar
y

o
cc
lu
si
o
n

P
ro
to
co
l
I:
5
0
mg

/k
g
/d

P
ro
to
co
l
II
:
1
0
mg

/k
g
/d

4
w
k
af
te
r
M
I,
ra
ts
w
er
e
as
si
g
n
ed

to
tw
o
p
ro
to
co
ls
.

P
ro
to
co
l
I:
S
C
.
G
-C
S
F
d
ai
ly

fo
r
7

d

P
ro
to
co
l
II
:
G
-C
S
F
fo
r
4
w
k
o
n

fi
rs
t
5
d
o
f
ea
ch

w
k

$
L
V
fr
ac
ti
o
n
al

sh
o
rt
en
in
g
,

$
H
em

o
d
y
n
am

ic
s,
$

In
fa
rc
t
si
ze
,

$
H
y
p
er
tr
o
p
h
y

[4
9
]

d
d
ay
;
G
-C
S
F
g
ra
n
u
lo
cy
te

co
lo
n
y
-s
ti
m
u
la
ti
n
g
fa
ct
o
r;
L
V
le
ft
v
en
tr
ic
u
la
r;
L
V
E
F
L
V
ej
ec
ti
o
n
fr
ac
ti
o
n
;
M
I
m
y
o
ca
rd
ia
l
in
fa
rc
ti
o
n
;
SC

su
b
cu
ta
n
eo
u
s;
w
k
w
ee
k

444 B. Dawn et al.



4.3.1 G-CSF and SCF

In the first study of infarct repair [6], G-CSF was administered in combination

with SCF, which is an excellent mobilizing agent, especially when used in combi-

nation with G-CSF [52]. SCF (c-kit ligand or Steel factor) binds to c-kit (CD117, a

type III receptor tyrosine kinase) expressed on the surface of a range of

hematopoietic progenitors and mast cells, and influences hematopoiesis at early

stages [53, 54]. Consistent with its known synergism with colony-stimulating

factors, administration of SCF along with G-CSF has shown to increase the number

of circulating pluripotent hematopoietic stem cells by 250-fold [55]. Accordingly,

in the study by Orlic et al. [6], G-CSF and SCF were injected once daily for 5 days

before coronary ligation followed by an additional 3 days of treatment. Twenty-

seven days later, the therapy showed reduced mortality, reduced infarct size, and

improved left ventricular function, which were associated with increased homing

of bone marrow cells to the infarcted myocardium and formation of new

cardiomyocytes and vascular structures. Directionally concordant observations

were made in a subsequent study [9], in which G-CSF and SCF were injected in a

clinically relevant model of ischemia/reperfusion with cytokine therapy initiated

4 h after reperfusion.

The ability of the G-CSF and SCF combination therapy along with vascular

endothelial growth factor-2 (VEGF-2) gene transfer to improve myocardial function

in ischemic cardiomyopathy was examined in a swine model of chronic ischemia in

the circumflex artery territory [56]. Administration of G-CSF and SCF in combination

with intramyocardial VEGF-2 gene transfer improved all indices of myocardial

perfusion and function. However, cytokine therapy alonewas ineffective in improving

cardiac function. Also using a combination of G-CSF and SCF started 4 h after an

acute myocardial infarction, Norol et al. [57] reported an increase inmyocardial blood

flow and endothelial cell differentiation in a nonhuman primate model, albeit without

any significant improvement in left ventricular function or infarct size.

4.3.2 G-CSF and Flt3 Ligand

Flt3 ligand (FL) is a transmembrane protein that binds to flt3/flk2 (CD135), a type

III receptor tyrosine kinase, which is primarily expressed in the most primitive

hematopoietic progenitor cells as well as pluripotent hematopoietic stem cells [58].

FL alone or in combination with other factors, including interleukins and colony-

stimulating factors; induces the proliferation and mobilization of murine and human

hematopoietic progenitor cells as well as lymphoid dendritic cells [58, 59]. Studies

in mice have shown that although G-CSF and FL used alone exert modest effects to

mobilize progenitors to accelerate hematopoietic recovery, they exhibit a striking

synergy when used in combination [60–62]. Accordingly, we compared the efficacy

of cytokine therapy with G-CSF alone versus G-CSF + SCF and G-CSF + FL in a

mouse model of ischemia/reperfusion injury [9]. In comparison with other groups,
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the combination of G-CSF + FL was superior in attenuating left ventricular

remodeling, improving left ventricular function, and mobilizing Lin-/Sca-1+/c-kit+

bone marrow cells into the peripheral circulation. Furthermore, these beneficial

effects of G-CSF + FL were sustained during long-term follow-up (up to

48 weeks) [63]. The likely explanation for the superiority of the G-CSF + FL

combination in cardiac repair may lie in its enhanced efficacy in mobilizing primi-

tive bone marrow cells in greater numbers [9].

4.3.3 G-CSF and Erythropoietin

Erythropoietin (EPO) is a hematopoietic growth factor that promotes the prolifera-

tion, differentiation, and survival of erythroid progenitors in the bone marrow [64].

Recent studies have shown that administration of recombinant EPO in the setting of

acute myocardial injury can reduce infarct size and apoptosis and improve left

ventricular function [65–68]. Aside from its direct cardioprotective effects, EPO

can also increase the number of circulating endothelial progenitor cells and increase

myocardial vascularity [69–71]. Given the cardioprotective and mobilizing

properties of both agents, in a recent study Yeghiazarians et al. [72] employed

the optimal dose of G-CSF and EPO combination in infarcted mice. While left

ventricular function was stabilized in all treated groups with less scarring, increased

homing of bone marrow cells, and reduced number of apoptotic cells, the results in

the G-CSF + EPO combination were not significantly superior to those with either

cytokine alone [72]. Similar results have been obtained in a large animal model of

acute myocardial infarction, with the exception of a greater improvement in

diastolic function with combination therapy [73, 74]. Further mechanistic studies

are certainly warranted to improve the molecular basis of these observations, and to

formulate superior cytokine combinations.

5 Mechanisms of Cardiac Repair with G-CSF

The cardiac reparative effects of G-CSF were initially thought to originate largely

from bone marrow cells homed into the injured myocardium. Recent studies

indicate participation of a number of additional mechanisms, including inhibition

of apoptosis, induction of angiogenesis, modulation of extracellular matrix, direct

cardioprotective effects of G-CSF, and favorable modulation of the myocardial

matrix and constituent cells (Fig. 2). These insights gleaned from basic studies

can be potentially utilized to improve outcomes of G-CSF therapy in the clinical

setting.
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5.1 Mobilization of Bone Marrow Cells

Although mobilization of bone marrow cells followed by myocardial homing and

differentiation into cardiomyocytes and vascular cells have been reported by

several groups [6, 9], these observations were made primarily with combination

G-CSF

Mobilization 
of stem cells 

Direct 
Effects

Differentiation into 
Cardiomyocytes

Angiogenesis

Activation of
Cardiac Stem cells

Proliferation of 
Cardiomyocytes

Reendothelialization 

Inhibition of
Apoptosis

Remodeling of
Extracellular Matrix

Myocardial 
Homing

Improved
Cardiac Function

Increased
Perfusion

Reduced
Infarct Scar

Improved
Remodeling

Improved Patient Symptoms

Fig. 2 Bone marrow cell-dependent and -independent cardioprotective and reparative actions of

G-CSF. G-CSF-mobilized bone marrow cells can home to the heart to initiate myocardial repair

via several potential mechanisms: differentiation into cells of cardiac lineages; promotion of

angiogenesis and reendothelialization; effects on resident cardiac progenitors and myocytes

leading to cellular proliferation; favorable modulation of the extracellular matrix; and activation

of antiapoptotic signaling. In addition to or overlapping with these bone marrow cell-mediated

effects, G-CSF can also exert direct angiogenic and cytoprotective effects in the infarcted

myocardium. Together these events reduce infarct scar, increase perfusion, improve remodeling,

and improve left ventricular function, eventually leading to improvement in patient symptoms.

BMC bone marrow cell, G-CSF granulocyte colony-stimulating factor
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cytokine therapy (G-CSF + SCF and G-CSF + FL), while G-CSF as a single agent

was relatively ineffective [9]. Additional studies with G-CSF have generated

conflicting evidence regarding the ability of homed bone marrow cells to undergo

cardiomyocytic differentiation and thereby contribute toward functional and struc-

tural improvement after myocardial infarction [75–77]. In one study by Askari et al.

[78], G-CSF therapy with transplantation of SDF-1-expressing cardiac fibroblasts

into the periinfarct area induced homing of CD117+ bone marrow cells to the

myocardium with resulting improvement in cardiac function, although G-CSF

alone was unable to induce bone marrow cell homing. In another study by Adachi

et al. [79], G-CSF therapy resulted in increased infiltration of the infarcted myocar-

dium by bone marrow-derived side-population cells. Similarly, G-CSF administra-

tion after myocardial infarction has been shown to induce myocardial homing and

cardiac differentiation of mobilized cardiomyogenic cells [76]. Importantly, in the

study by Misao et al. [80], administration of AMD3100, a specific inhibitor of

CXCR4, reduced myocardial homing of CXCR4+ bone marrow cells and abolished

the reparative effects of G-CSF therapy, underscoring the importance of bone

marrow cell homing in G-CSF-induced infarct repair. Together, these results

indicate that myocardial recruitment of G-CSF-mobilized bone marrow cells is

necessary, at least in part, for the repair of infarct by G-CSF.

5.2 Direct Cardioprotective and Antiapoptotic Effects

Because G-CSFR is expressed in cardiomyocytes and endothelial cells [10, 11],

systemically administered G-CSF can potentially modulate myocyte intracellular

signaling independent of the bone marrow cell homing process. In support of this

notion, a direct cardioprotective effect of G-CSF was reported in a hamster

model of autophagic dilated cardiomyopathy [50]. Interestingly, while ineffective

in reducing myocyte apoptosis, G-CSF protected myocytes against autophagic

cellular degradation via activation of the JAK/STAT pathway, thus mitigating the

anatomical and functional progression to heart failure [50].

In addition, G-CSF has been shown to induce an acute “postconditioning-like”

effect in myocardial ischemia/reperfusion injury [81]. These investigators used an

isolated-perfused rat heart model that excluded the contribution of bone marrow

cells entirely. In this model, administration of G-CSF at the onset of reperfusion

activated the Akt/endothelial nitric oxide synthase (eNOS) signaling cascade

resulting in increased nitric oxide production and reduction in infarct size [81].

Furthermore, the involvement of endothelial cells in G-CSF-mediated cardio-

protection was suggested by the blunting of the infarct-sparing effects by N-nitro-L-
arginine methyl ester (L-NAME), an inhibitor of nitric oxide synthase.

The G-CSFR-mediated activation of JAK2, STAT1, and STAT3 in cardiomyocytes

and endothelial cells [10, 11] also contributes to the direct cardioprotective effects

of G-CSF in the infarcted heart through mitigation of cardiomyocyte apoptosis [10].

In one study by Harada et al. [10], H2O2-induced reduction in Bcl-2 was prevented
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by pretreatment with G-CSF, with resulting inhibition of cardiomyocyte apoptosis.

In vivo, in transgenic mice expressing a dominant negative mutant STAT3

(dnSTAT3-Tg), G-CSF therapy failed to improve left ventricular function despite

an increased number of circulating c-kit+/Sca-1+ bone marrow cells. The benefits of

G-CSF were further corroborated by observations made in a Langendorff-perfused

heart model of ischemia/reperfusion injury [10]. These results suggest that inhibition

of apoptosis in the myocardium via activation of the JAK/STAT pathway signifi-

cantly contributes to the overall beneficial effects of G-CSF in infarcted hearts.

5.3 Angiogenesis and Effects on the Myocardial Matrix

Recent studies have identified a number of additional beneficial actions of G-CSF

relevant to the ischemic myocardium. Reports by Ohki et al. [82] and Cappocia

et al. [83] have shown that G-CSF-stimulated monocytes and neutrophils induce

new vessel formation in ischemic tissues. Furthermore, G-CSF can increase the

expression of SDF-1 in the infarcted myocardium [80] and intercellular adhesion

molecule-1 (ICAM-1) in arterioles in the infarct border zone [12], both of which

can promote the recruitment of circulating leuckocytes and CXCR4+ cells [80] with

consequent increase in myocardial vascularity. Consistent with these observations,

proangiogenic properties of G-CSF have been demonstrated in a number of studies

in both small animal [10–12, 44, 80, 84] and large animal [8] models of myocardial

infarction. It is conceivable that the G-CSF-induced neovascularization serves not

only to secure blood supply to the ischemic myocardium but also to improve

postinfarct remodeling.

A growing body of evidence suggests that G-CSF also modulates the various

constituents of the myocardial extracellular matrix in a favorable fashion. In the

postinfarct myocardium, G-CSF has been shown to increase the levels of MMP-1

and MMP-9 with accelerated resorption of necrotic tissue and reduction in granula-

tion and scar tissue [7, 80]. The increased mRNA expression of procollagen type I

and type III and TGF-b1 in the infarcted area may represent another mechanism for

infarct scar reduction with G-CSF [85]. A study by Fujita et al. [86] provides

additional evidence supporting G-CSF-induced modulation of the myocardial cel-

lular composition. In this study in GFP chimeric mice, post-myocardial infarction

G-CSF treatment for 10 days increased homing of GFP+ bone marrow cells in

the infarct area. Although these GFP+ cells differentiated into vimentin+ and

a-SMA+ myofibroblasts, cardiac function and remodeling improved [86].

Additional beneficial actions of G-CSF in this regard include an anti-inflamma-

tory effect by inhibiting the production or activity of inflammatory mediators such

as IL-1b, IL-12, tumor necrosis factor (TNF)-a, and (IFN)-g [87, 88]. Since

continued inflammation may influence myocardial remodeling adversely, the anti-

inflammatory activities of G-CSF may favorably impact the recovery of cardiac

structure and function after myocardial infarction. Finally, G-CSF treatment has

been shown to reduce the incidence of ventricular arrhythmias by increasing the
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connexin-43 expression in the peri-infarct zone and modulating the function of gap

junctions in cardiomyocytes [11]. Collectively, the above evidence indicates that

G-CSF is able to exert multifarious beneficial actions on the infarcted myocardium

in addition to the bone marrow cell-mediated effects.

6 Clinical Trials of G-CSF Therapy for Cardiac Repair

The need for novel therapies for ischemic heart disease, coupled with the promising

results of animal studies, led quickly to the evaluation of the safety and efficacy of

G-CSF in patients with acute myocardial infarction as well as cardiomyopathy. The

early trials used variable regimens of G-CSF in unselected patients, producing

divergent results and underscoring the acute need for an improved understanding

of the mechanistic basis of cardiac repair with G-CSF.

6.1 G-CSF Therapy in Patients with Acute Myocardial
Infarction

A summary of clinical trials of G-CSF therapy in patients with acute myocardial

infarction is provided in Table 3. In the first MAGIC cell randomized trial [89],

clinically stable patients with acute myocardial infarction were randomized into

three groups: control, G-CSF alone (10 mg/kg for 4 days before percutaneous

coronary invention [PCI]), and a combination of G-CSF and intracoronary infusion

of G-CSF-mobilized peripheral blood stem cells. Despite improvements in ejection

fraction, left ventricular end-systolic volume, exercise capacity, and myocardial

perfusion, an increased rate of in-stent restenosis was noted in G-CSF-treated

patients after 6 months of follow-up [89] leading to premature termination of the

trial.

In the phase 1 FIRSTLINE-AMI trial, 50 patients with acute ST-elevation

myocardial infarction (STEMI) were randomly assigned to receive a 6-day course

of 10 mg/kg/day G-CSF starting at 90 min after reperfusion or standard therapy

alone and were followed for 1 year. G-CSF therapy improved left ventricular

function and enhanced infarct wall thickening in systole without any increase in

the rate of restenosis [90, 91]. In a nonrandomized trial by Kuethe et al. [92], 14

patients with acute myocardial infarction were treated with G-CSF (10 mg/kg/day)
for 7 days starting 2 days after PCI. Treated patients exhibited significant

improvements in left ventricular regional wall motion, ejection fraction, and

myocardial perfusion after 3 months with no major adverse effects. A favorable

trend in left ventricular ejection fraction (LVEF) and left ventricular end-diastolic

volume (LVEDV) was observed in treated patients at 6 months in the study by

Valgimigli et al [93], who randomized patients with STEMI to receive a lower dose
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of G-CSF or placebo. The feasibility and safety of an even lower dose of G-CSF

(2.5 mg/kg for 5 days) for left ventricular dysfunction after acute myocardial

infarction were evaluated in a subsequent single-blind randomized clinical trial

[94], which enrolled patients with a total occlusion of the left anterior descending

coronary artery and successful reperfusion. Compared with data at 4 days, the

ejection fraction was greater and left ventricular end-systolic volume tended to be

smaller in the G-CSF group after 6 months, with no significant difference in the

incidence of restenosis between groups [94]. In another randomized trial (The

Rigenera Study) that enrolled patients with large anterior myocardial infarction

with ejection fraction <50%, improved left ventricular ejection fraction and LVEDV

were noted in the G-CSF-treated group after a median follow-up duration of 5 months

[95]. However, in the dose escalation study Ellis et al. [96], failed to demonstrate

improvement in left ventricular function with G-CSF therapy after 30 days.

The favorable outcomes from relatively smaller trials were not confirmed in

subsequent randomized controlled trials that enrolled greater number of patients. In

the double-blind placebo-controlled STEMMI trial [15], patients with STEMI

received G-CSF (10 mg/kg/day for 6 days) or placebo after PCI<12 h after symptom

onset. Although treatment with G-CSF was safe and well tolerated, it did not lead to

improvement in left ventricular function or infarct size [15]. The double-blind

placebo-controlled REVIVAL-2 trial [16] was similar in design to STEMMI, except

that G-CSF treatment was initiated 5 days after PCI compared with 1–2 days in

STEMMI. A total of 114 patients were randomized to placebo or G-CSF. While

G-CSF therapy resulted in successful mobilization of bone marrow cells, no signifi-

cant improvement in left ventricular function or infarct size was noted after 6months

[16]. In the double-blind placebo-controlled phase 2 G-CSF-STEMI trial [97], 44

patients with subacute STEMI undergoing late revascularization (�6 h and<7 days

after symptom onset) were randomized to receive G-CSF (10 mg/kg/day for 5 days)
or placebo. No significant differences in ejection fraction, infarct size, myocardial

perfusion, left ventricular end-diastolic volume (LVEDV), and left ventricular end-

systolic volume (LVESV) were noted during follow-up up to 12 months [97, 98].

The above differences in outcomes in relatively small clinical trials have been

evaluated in several meta-analyses of pooled data [13, 14]. In the meta-analysis by

Abdel-Latif et al. [13], which included eight eligible randomized controlled trials

(n ¼ 385 patients) of G-CSF therapy in patients with acute myocardial infarction,

no significant improvement in ejection fraction, infarct size, LVEDV, or LVESV

was observed in G-CSF-treated patients compared with controls. The observations

were similar in analyses that included randomized controlled trials with acute

myocardial infarction as well as cardiomyopathy. However, data from stratified

analyses suggested that G-CSF might benefit acute myocardial infarction patients

with impaired left ventricular function (ejection fraction <50%) at baseline, and if

G-CSF is administered early after myocardial infarction. Importantly, G-CSF

therapy appeared to be safe and well tolerated with no significant increase in

adverse events, including in-stent restenosis. These safety data are consistent with

a meta-analysis of individual patient data (n ¼ 106 patients) by Ince et al. [99],

which did not show an increased risk of coronary re-stenosis with G-CSF therapy
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after PCI in acute myocardial infarction. Similarly, in a meta-analysis of ten

randomized controlled trials [14], although G-CSF therapy appeared to be safe, no

significant benefit in left ventricular function or infarct size after acute myocardial

infarction and reperfusion was observed in treated patients compared with controls.

6.2 G-CSF Therapy in Patients with Chronic Myocardial
Ischemia

The benefits of G-CSF in the setting of chronic ischemic heart disease have been

evaluated in several clinical trials [100–103] (Table 4). In one study [100], G-CSF

therapy (5 mg/kg/day for 6 days) increased circulating CD34+ cells and reduced

angina attacks in patients with severe occlusive coronary artery disease without

improving myocardial perfusion or function. In another study [101], similar mobi-

lization of bone marrow cells with endothelial progenitor potential was observed

with G-CSF treatment in patients with CAD and angina; however, there was no

objective improvement in cardiac function or perfusion. Similarly disappointing

results were also obtained in a study that evaluated the combination of

intramyocardial injection of VEGF-A165 plasmid followed by G-CSF injection

in patients with severe chronic ischemic heart disease [102]. Despite an

Table 4 Clinical trials using G-CSF in chronic myocardial ischemia

References Study design No. of patients G-CSF

regimen

Follow-

up

Study outcomes

[117] Nonrandomized G-CSF ¼ 16

Control ¼ 15

10 mg/kg/d
for 5 d

3 mo $ LVEF,

$ regional wall

motion, BMC

mobilization +

[100] Nonrandomized G-CSF ¼ 13

Control ¼ 16

5 mg/kg/d for

6 d

2 mo Improved clinical

symptoms,

# LVEF,

$ myocardial

perfusion

[102] Nonrandomized G-CSF +

VEGF ¼ 16

VEGF ¼ 16

Placebo ¼ 16

10 mg/kg/d
for 6 d

3 mo $ LVEF,

$ myocardial

perfusion,

$ LVEDV

[103] Nonrandomized G-CSF ¼ 16

Control ¼ 8

480 mg bid

(titrated)

for

4 � 10-d

courses

6 mo # NYHA class,

" 6-min walk

distance, BMC

mobilization +

bid twice a day; BMC bone marrow cell; EF ejection fraction; G-CSF granulocyte colony-

stimulating factor; LV left ventricular; NYHA New York Heart Association; VEGF vascular

endothelial growth factor
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increase in circulating CD34+ cells, this combinatorial approach failed to improve

clinical symptoms and myocardial function and perfusion. However, repeated

G-CSF administration (10 days � 4 cycles) adjusted by bone marrow cell

mobilization improved NYHA functional class and 6-min walking distance in

patients with dilated or ischemic cardiomyopathy without significant changes

in echocardiographic parameters. However, two patients with ischemic cardiomy-

opathy complained of increased angina, and one of them experienced ventricular

fibrillation eventually followed by death due to multiorgan failure, raising concerns

regarding safety of G-CSF in patients with ischemic cardiomyopathy [103].

Collectively, the results do not tend to support a beneficial impact of G-CSF on

chronically ischemic and failing myocardium. However, the current evidence with

G-CSF in ischemic heart disease and heart failure is largely based on

nonrandomized trials with relatively few patients, and the possibility that

modifications in G-CSF regimens, combination therapy, and patient selection

may improve the outcomes in patients with heart failure cannot be excluded.

7 Future Perspectives

Our understanding of how adult cells repair unrelated organs has grown exponen-

tially over the past decade. It is now evident that many more variables influence this

process of cellular reconstitution than once thought. Indeed, a growing body of

evidence supports the efficacy of bone marrow cell therapy for cardiac repair

[42, 43], and in this light, the failure of G-CSF therapy to improve cardiac structure

and function may be viewed as a failure to optimize the factors that influence bone

marrow cell mobilization, homing, timing of therapy, duration of therapy, selection

of patients, etc. In this regard, the meta-analysis of pooled data identified a benefi-

cial impact of G-CSF therapy on left ventricular function in patients in whom

G-CSF therapy was initiated earlier [13]. Our meta-analysis also identified a

significant improvement in left ventricular function with G-CSF therapy in patients

with worse function at baseline [13]. This observation regarding left ventricular

ejection fraction is consistent with other studies that reported greater improvement in

cardiac function with bone marrow cell therapy in patients with worse left ventricular

function at baseline [104]. Consistent with this observation, in a recent randomized

controlled trial [105], G-CSF therapy reduced infarct size and improved left ventricu-

lar remodeling (assessed by MRI) in patients with anterior STEMI. Importantly, the

left ventricular ejection fraction at baseline in patients included in this study was

<45%, and G-CSF therapy was initiated within 12 h after PCI [105]. Thus, although

meta-analyses can serve as a guide, the true impact of these variables on outcomes of

G-CSF treatment cannot be ascertained in ameta-analysis, and appropriately designed

larger randomized trials with sufficiently long follow-up will be necessary instead.

The outcomes of cardiac repair with G-CSF may also improve with a

combinatorial approach with other cytokines, which may induce more vigorous

and/or more selective mobilization of bone marrow cells. Although data from
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animal studies suggest superior cardiac repair with the addition of other agents to

G-CSF, such as SDF-1 [78], SCF [6, 9], and FL [9], clinical data from the use of

these regimens are not available. The combination of sitagliptin (a dipeptidyl

peptidase-IV inhibitor) with G-CSF in patients with acute myocardial infarction

is currently being tested in a phase 3 trial (SITAGRAMI) [106], and the safety and

efficacy of intracoronary infusion of mobilized stem cells with G-CSF and

darbepoietin alfa are being evaluated in the MAGIC Cell-5-Combicytokine Trial

(NCT00501917). This is logical, as erythropoietin has been shown to confer

cardioprotective benefits in the setting of myocardial ischemic injury [65, 66].

However, the results of G-CSF and EPO combination therapy in pigs have failed

to show additional benefits over single agents [73, 74], and the intracoronary

infusion of mobilized cells may make the difference.

8 Conclusions

Accumulating evidence from animal studies supports the ability of G-CSF

to induce myocardial repair by both bone marrow cell-dependent and cell-

independent mechanisms. The early clinical trials of G-CSF therapy for cardiac

repair have yielded mixed results, and meta-analyses of pooled data have shown no

significant benefit with G-CSF monotherapy for cardiac repair in unselected

patients with acute myocardial infarction [13, 14]. Although the reasons underlying

this failure of translation remain poorly understood, further modifications in G-CSF

regimens and patient selection may improve outcomes in future trials. Therapy

with G-CSF in combination with other cytokines has also shown promise in animal

studies, and is being currently evaluated in patients with acute myocardial

infarction.
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