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The Use of Growth Factors in Hematopoietic Stem Cell Transplantation
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Abstract: Mobilized, peripheral blood stem cells (PBSC) are increasingly used for both autologous and allogeneic transplants. Granulo-
cyte-colony-stimulating factor is the most widely used cytokine for mobilization. Several different mechanisms of stem cell mobilization
have been proposed including protease-dependent and non-protease- dependent mechanisms. In autologous transplants, the addition of
chemotherapy to mobilization can enhance the yield of PBSC collected but with substantial adverse effects, and not necessarily faster en-
graftment. In allogeneic transplants, the use of mobilized PBSC is associated with faster engraftment and donor chimerism compared to
bone marrow. In the majority of studies, the rate of acute graft-versus-host disease (GVHD) has not been shown to be significantly higher
with PBSC, but the rate of chronic GVHD appears to be increased. Several different strategies have been proposed for patients and do-
nors who fail initial mobilization, including the use of novel agents. AMD3100 (Plerixafor) works by directly inhibiting the interaction
between stromal cell-derived factor-1 and its receptor CXCR4, and mobilizes hematopoietic stem cells within hours. It is being studied
alone or in conjunction with growth factors for PBSC mobilization in both autologous and allogeneic settings. Although the use of
growth factors after PBSC transplantation results in faster neutrophil engraftment its impact on treatment-related mortality and survival
does not appear significant. Here, we review the biology and methods of PBSC mobilization, the effect of growth factors on normal do-
nors and the controversies of growth factor use in the post-transplant setting. We also review the data on novel agents for mobilization of
stem cells.
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INTRODUCTION

The use of allogeneic bone marrow (BM) transplantation for
treatment of hematological malignances was first introduced in the
late 1960s, after the discovery of the major histocompatibility com-
plex [1-4]. Donor stem cells engraft in recipients conditioned with
myeloablative chemotherapy and radiation, and provide these pa-
tients with rapid reconstitution of hematopoietic lineages. The use
of autologous BM transplantation followed, with a similar rationale
of “rescue” after myeloablative conditioning regimens. Subsequent
studies reported an increased incidence of relapse in patients who
received T cell depleted grafts or syngeneic grafts and reduced
relapses in patients who developed acute or chronic Graft-versus-
Host-Disease (GVHD) [5-7]. The data supported the notion that
allogeneic transplantation is associated with a potent Graft-Versus-
Tumor (GVT) effect.

The use of peripheral blood stem cells (PBSC) to reconstitute
multilineage hematopoiesis after myeloablative conditioning and
autologous transplantation was first introduced in the 1980s [8-11].
Initially, chemotherapy alone was used to mobilize stem cells from
BM to the peripheral blood. After the discovery of both human
granulocyte colony-stimulating factor (G-CSF) [12] and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) [13], the use
of growth factors became a standard and reproducible way of mobi-
lizing human CD34" stem cells for autologous transplantation.
Since then, multiple randomized studies have demonstrated many
advantages of PBSC over BM for autologous transplantation in-
cluding less invasive collection methods, reduced morbidity, and
faster engraftment and immune reconstitution [14-16].

There was initial concern regarding the use of mobilized PBSC
as a source of graft for allogeneic stem cell transplantation. This
concern was based on the presence of a 10- 50 fold increase in the
T cell content of the growth factor mobilized peripheral blood
products, which could potentially lead to higher rates of acute and
chronic GVHD. However, transplantation with mobilized PBSC
was associated with faster engraftment and reduced infectious com-
plications [17-19]. Growth factor mobilized PBSC are now the
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preferred graft source for allogeneic transplantation in the majority
of centers, both in related and unrelated stem cell transplant set-
tings.

Although growth factors are frequently being administered after
both autologous and allogeneic transplantation to accelerate en-
graftment and hematopoietic recovery, the impact of growth factors
on the outcome of allogeneic PBSC and long term immune recon-
stitution remains controversial [20-22].

In this article we will review the biology and mechanisms of
stem cell mobilization and the use of growth factors in the post-
transplant period. We will present current approaches to mobilize
stem cells for autologous transplantation, specifics of growth factor
use in allogeneic transplantation and the effect of growth factors on
normal donors. Controversies surrounding the use of growth factors
in post-transplant setting will also be discussed. Finally, we will
review the data on novel investigational agents which might soon
be integrated into our standard treatment strategies. At this time,
only G-CSF and GM-CSF are Food and Drug Administration
(FDA) -approved for the mobilization of stem cells.

BIOLOGY AND MECHANISMS OF STEM CELLS MOBI-
LIZATION

Under the steady state, hematopoietic stem cells reside in the
BM and circulate in the peripheral blood in very low numbers
(0.01-0.05 % of peripheral blood cells). The number of circulating
stem cells can be significantly increased by mobilizing them from
the BM with cytokines and /or chemotherapy. After transplantation,
these circulating stem cells are capable of homing to the BM and
reconstituting multilineage hematopoiesis.

Hematopoietic stem cells in the BM exist in a highly organized
three-dimensional microenvironment comprised of a diverse popu-
lation of stromal cells, osteoblasts and osteoclasts, in an extracellu-
lar matrix rich in fibronectin, collagens and proteoglycans. Os-
teoblasts play a pivotal role in regulating hematopoietic stem cell
function by providing signals that can either maintain stem cell
quiescence or direct self renewal and differentiation [23,24]. To
enter the circulation, stem cells must migrate through a vascular
barrier composed of endothelial cells, a basement membrane and a
layer of adventitial cells. A number of stem cell adhesion molecules
are potentially involved in tethering stem cells to the BM microen-
vironment. These include CXC receptor 4 (CXCR4), leukocyte
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function-associated antigen-1 (LFA-1), very-late antigen-4 (VLA-
4), tyrosine kinase receptor c-kit, surface glycoproteins CD44 and
CD62L and Mac-1. The stroma of the BM expresses cognate
ligands for these adhesion molecules including stromal cell-derived
factor-1 (SDF-1), vascular cell adhesion molecule-1 (VCAM-1), kit
ligand (KL), CD62 and hyaluronic acid (Fig. 1).

Disruption of the interactions between adhesion molecules and
their ligands by cytokines is the basis for stem cell mobilization.
Experiments in mice and non-human primates have demonstrated
that the interaction between SDF-1 and its receptor CXCR4 is criti-
cal for the trafficking of stem cells in the BM, and that the interrup-
tion of these interactions plays a pivotal role in stem cell mobiliza-
tion by G-CSF [23,25]. Expression of the SDF-1 receptor on BM
stroma decreases significantly during G-CSF administration [24].
The exact mechanism by which the interaction between SDF-1 and
CXCR4 is interrupted remains unclear. There is some evidence that
G-CSF treatment leads to proteolytical inactivation of CXCR4 and
degradation of SDF-1 by neutrophil elastase and catepsin-G [26-
28]. However, studies in mice deficient in these specific proteases
still showed decreased expression of SDF-1 and CXCR4 and nor-
mal stem cell mobilization after administration of G-CSF suggest-
ing other possible mechanisms [29-31]. Recent studies have shown
that G-CSF induces significant down-regulation of the level of
SDF-1 mRNA in BM stromal cells suggesting that G-CSF regulates
SDF-1 expression at the mRNA level [24]. Other frequently studied
interactions are those between VLA-4 and VCAM-1. Antibodies
directed to VLA-4 or VCAM-1 lead to mobilization of stem cells
and VCAM-1 expression in bone marrow decreases sharply during
mobilization with G-CSF [32-34]. The role of specific proteases
was hypothesized but experiments demonstrated that VCAM-1
cleavage was not necessary for stem cell mobilization [29]. A num-
ber of other adhesion molecules have been implicated in stem cell
trafficking including c-kit, CD62L, CD44, P- and E-selectins
[32,35-37]. With better understanding of the interactions between
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stem cells and the BM environment, specific targets for mobiliza-
tion can be additionally explored.

MOBILIZATION OF STEM CELLS FOR AUTOLOGOUS
STEM CELL TRANSPLANTATION

As previously mentioned, multiple randomized trials have dem-
onstrated the superiority of PBSC over BM for autologous stem cell
transplantation. The benefits of PBSC include less invasive collec-
tion methods, reduced morbidity, faster engraftment, shorter hospi-
talization and lower total cost [14-16]. Initially, autologous PBSC
transplants were performed using chemotherapy alone for the mobi-
lization of stem cells. However, certain patients, particularly those
heavily pretreated or with progressive disease and marrow in-
volvement, failed to mobilize a sufficient number of stem cells.
With the introduction of cytokines such as G-CSF and GM-CSF
[12,13] the level of stem cells in the periphery increased up to 100
fold and their use, alone or after chemotherapy, have become the
standard for mobilization of autologous stem cells.

Minimum and Optimal CD34" Cell Yield for Autologous Stem
Cell Transplantation

Several studies have examined the correlation between the
number of CD34" cells infused and the time to engraftment, and
attempted to determine the minimum CD34" cell dose needed for
sustained engraftment after autologous transplantation [38-45].
While some groups [39,40,42-44] found the threshold for CD34"
cells/kg to be 1-3 x 10°, others suggested an optimal dose of > 5 x
10° CD34" cells/kg [38,41,45]. In these later studies neutrophil and
platelet engraftment was faster and the need for other supportive
measures (antibiotics, transfusion) was decreased. In summary, it
appears that the infusion of 2 x 10° CD34%/kg results in adequate
engraftment, but a dose of > 5 x 10° CD34"/kg produces more rapid
and predictable hematopoietic and specifically platelet recovery. It
is, however, difficult to collect > 5 x 10° CD34*/kg in heavily pre-
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Fig. (1). In the steady state hematopoietic stem cells (HSC) adhere to BM stroma through interactions between adhesion molecules on HSC and cognate
ligands expressed on BM stroma and osteoblasts. A: Protease-dependent pathway of HSC mobilization. G-CSF, through an unknown mediator cell, and IL8
and Grop, through neutrophils and monocytes, induce the release of number of proteases (NE, CG, MMP9) into the BM environment resulting in proteolytic
cleavage of key adhesion molecules. B: Non-protease dependent pathway. Recent studies in protease deficient mice suggest that non-proteolytic mechanisms
may play a role in HSC mobilization. G-CSF induces transcriptional down-regulation of SDF-1 mRNA on BM stroma and osteoblasts. AMD 3100, the new
and promising mobilization agent, reversibly and selectively blocks SDF-1 binding to CXCR4 resulting in rapid mobilization of HSC. Catepsin G (CG),
Chemokine receptor 4 (CXCR4), hyaluronic acid (HA), interleukin-8 (IL8), kit ligand (KL), matrix metalloproteinase-9 (MMP9), neutrophil elastase (NE),
stromal cell derived factor-1 (SDF-1), vascular cell adhesion molecule-1 (VCAM-1), very late antigen-4 (VLA-4), P-selectin glycoprotein ligand-1 (PSGL).
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treated patients. Although different sub-populations of CD34" cells
(such as CD34CD33" and CD34°CD38") have been studied as pos-
sible predictors of hematopoietic engraftment, the total CD34"
count is still the most commonly used indicator of adequate collec-
tion of stem cells [46-48].

Cytokine-Induced Mobilization

G-CSF and GM-CSF are the only cytokines approved for mobi-
lization of stem cells in the United States. A number of studies have
compared stem cell mobilization with G-CSF and GM-CSF alone
or in combination with chemotherapy [22,49-53]. G-CSF, as a sin-
gle agent, mobilizes more CD34" cells than GM-CSF [51,52].
Combining G-CSF and GM-CSF does not improve the CD34" con-
tent in the harvest significantly [22,50]. However, for the patients
who fail initial mobilization with G-CSF as a single agent, combi-
nation or sequential use of G-CSF and GM-CSF may be effica-
cious. The dose response to G-CSF and GM-CSF has been demon-
strated, with higher doses resulting in increased yield of CD34"
cells [38,54-57]. Different dosing schedules of growth factors were
also evaluated (twice a day vs. once a day), but there is no evidence
that any one schedule is superior [58-60] and donor/patient prefer-
ence and convenience is a deciding factor. G-CSF is usually admin-
istered by subcutaneous injection at a dose of 10 pg/kg/day for 5
days [16,61]. Leukapheresis is then performed daily until the target
number of stem cells is collected (usually for 1-5 days).

Cytokines Plus Chemotherapy

Chemotherapy induces marrow aplasia. The addition of G-CSF
enhances hematopoietic recovery and release of CD34" cells into
the periphery. Although some small phase Il trials reported an in-
crease in the yield of CD34" cells collected after mobilization with
chemotherapy plus growth factor comparing to growth factor alone,
infusion of these PBSC products into autologous stem cell trans-
plant recipients did not result in faster neutrophil or platelet recov-
ery [62,63]. The optimal time for collection of stem cells after mo-
bilization with chemotherapy plus G-CSF is 10-14 days as opposed
to 4-5 days when G-CSF is used as single agent. Although mobili-
zation with chemotherapy plus G-CSF generally requires fewer
leukaphereses to collect an adequate number of stem cells [64,65],
individual differences in response to chemotherapy, and the poten-
tial for complications result in more unpredictable collections that
can delay the transplant and result in increased morbidity and cost.
The use of chemotherapy as a part of mobilization is associated
with significantly higher toxicities including increased risk for sec-
ondary malignances, impairment of fertility, cardiac toxicity, hem-
orrhagic cystitis and anaphylactic reactions [64,66]. In addition,
there is a higher risk of cytopenias and infections which may occa-
sionally require hospital admission [63,64]. It was initially thought
that chemotherapy might provide additional dubulking of tumor
prior to autologous transplant. However, studies in multiple mye-
loma (MM) and lymphoma showed that mobilization regiments that
included chemotherapy did not reduce the risk of tumor contamina-
tion in the graft [67,68]. Additionally, Bourhis et al. found no dif-
ference in relapse rate in MM patients who received grafts con-
taminated with tumor cells comparing to those who received grafts
without detectable tumor cells [69].

In conclusion, the literature indicates that the use of chemother-
apy in addition to G-CSF for mobilization of stem cells carries no
benefit for patient survival over use of G-CSF alone. A recent ran-
domized trial comparing these two approaches found no differences
in overall survival and progression-free survival after 21 months
[62]. In addition, increased CD34" cells/kg obtained after chemo-
therapy plus G-CSF has not resulted in any significant enhancement
of neutrophil or platelet engraftment [63].

Remobilization

How to approach patients who failed to mobilize adequate
number of stem cells (2 x 10° /kg) on the first attempt is complex
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and still a matter of debate. Several factors are identified as predic-
tors of poor mobilization including advanced age [70], amount of
previous myelosuppressive chemotherapy and radiation [40,71,72],
number of chemotherapy regimens [72,73], interval from last che-
motherapy [68,74], refractory disease and a hypocellular marrow
[72]. Although there is no specific age after which it is difficult or
impossible to mobilize stem cells, the older the patient, the more
difficult it is to mobilize an adequate yield of stem cells. The most
important predictors of successful mobilization are the number of
months since last chemotherapy or radiation and peripheral blood
platelet count at the time of mobilization [70]. Patients with certain
hematological malignances such as Hodgkin’s lymphoma (HL),
non-Hodgkin’s lymphoma (NHL) and preleukemic syndromes are
known to be poorly mobilizing patients. Several reports suggest an
inverse relationship between the expression of adhesion molecules
on stem cell surface and their ligands with adequate mobilization
[50,75]. Strategies to manage poor mobilizers include dose escala-
tion of G-CSF (12.5-50 pg/kg/day) [73], addition of another cyto-
kine (GM-CSF, stem cell factor), mobilization with chemotherapy
plus cytokine, harvesting cells directly from the BM, and the use of
novel agents either alone or in combination with G-CSF.

Potential Adverse Effects of Growth Factors

Although growth factors are generally considered safe, they are
not without toxicities. Initial toxicity data came from studies of
allogeneic donors [76]. Approximately 85% of recipients develop
some somatic complaints, such as skeletal pain, fatigue, nausea and
headache [76-80]. These are usually mild and rarely require discon-
tinuation of the drug. Skeletal pain may start after the first injection
and remain constant in many patients after two to three injections.
Mild and transient alternations in electrolytes and liver enzymes
have also been noted. Serious adverse effects are rare but have been
described. Spontaneous splenic rupture was reported in several
cases [81-85], precipitation of a sickle cell crisis in patients with
sickle cell disease [86-88], increased autoimmune disease activity
[87,89] and transient hypercoagulable states have been reported
[90-93].

MOBILIZATION OF STEM CELLS FOR ALLOGENEIC
STEM CELL TRANSPLANTATION

PBSC have been increasingly used as a source of stem cells in
allogeneic settings. Initial concern with use of PBSC for allogeneic
transplantation was related to the possibility of increased risk of
GVHD due to a 10-50 fold higher number of T cells in the graft
compared to allogeneic BM. A number of trials compared the effect
of mobilized PBSC vs. BM transplantation on the incidence of
GVHD, relapse and survival [17-19,94-96]. The largest of those
studies demonstrated no significant difference in overall survival
between these two approaches, but faster engraftment with reduced
infectious complications after PBSC transplants. The incidence of
acute GVHD was similar with either stem cell source. However, the
rate of chronic GVHD appeared to be less consistent, with some
studies reporting increased incidence after PBSC and others observ-
ing no significant difference [94-96]. One large meta-analysis sug-
gested an increased risk of chronic GVHD in those allogeneic
transplant patients receiving G-CSF mobilized PBSC compared to
BM transplantation [95].

G-CSF mobilized, allogeneic PBSC grafts contain 3-4 fold
more CD34" cells compared to allogeneic BM grafts and are asso-
ciated with faster engraftment and a shorter time to achieve com-
plete donor chimerism when compared to BM. Similarly to autolo-
gous transplantation, the dose of CD34" cells infused correlates
well with faster engraftment [97-100]. However, several studies
have suggested that the higher doses of CD34" cells in the graft
might increase the risk for developing GVHD. In the study by
Prezepiorka et al. higher CD34" cell dose was associated with an
increased risk of acute GVHD [101] while other investigators did
not confirm this correlation [102,103]. CD34" cell dose above 8 x
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10%/kg appeared to be associated with an increased risk of chronic
GVHD [101,103-105]. Data from Fred Hutchinson Cancer Re-
search Center suggested that unrelated donor transplants with low
(< 2.7 x 10%) and very high (> 10 x 10°) doses of CD34" cells in the
product were associated with worse overall survival [106]. Higher
numbers of CD34" cells may be associated with improved survival
in related PBSC transplants [107].

Similar to autologous transplants, the goal is to collect at least 2
x 10° CD34" cells/kg, although the absolute minimum threshold has
not been defined. In the majority of centers, donors receive 10
ng/kg/day of G-CSF subcutaneously (sc) for five days followed by
daily leukapheresis starting on day four or five until a target number
of CD34" cells is collected.

The impact of allogeneic PBSC vs. BM graft on immune recon-
stitution is not well understood. Similar rates of acute GVHD are
seen after infusion of BM or G-CSF mobilized PBSC in the alloge-
neic setting. This occurs despite a significantly higher number of
CD3" cells infused with PBSC product. Cytokines produced by T
cells, thought to play a role in the pathophysiology of GVHD, can
be separated into two types. Type-1 (Th1) cytokines are considered
to be pro-inflammatory, mediating GVHD, and Type- 2 (Th2) cyto-
kines are anti-inflammatory and inhibit development and activity
GVHD. Studies in animals demonstrated that G-CSF mobilization
polarizes the T cell response towards Th2 type cytokines and in-
duces plasmacytoid differentiation of donor dendritic cells (DC2),
potentially explaining the lower than expected rates of GVHD with
PBSC [108-111].

GM-CSF

Several studies demonstrated that, used as a single agent, GM-
CSF was less effective than G-CSF for mobilization of normal do-
nors [48,112,113]. CD34" cell yield was lower after mobilization
with GM-CSF and donors required more leukapheresis for an ade-
quate collection. Although there appeared to be a dose-response
effect with GM-CSF, there was more toxicity associated with
higher doses (15 pg/kg/day). Devine et al. [49] conducted a retro-
spective study reviewing the results of allogeneic PBSC transplants
using different growth factors for mobilization. They showed that
although the total dose of CD34" cell in the graft was significantly
lower following GM-CSF compared to G-CSF, the engraftment was
not compromised and hematopoietic recovery was similar. Product
mobilized by GM-CSF contained fewer CD3", CD4*, CD8" and
NK cells, and patients receiving those grafts experience a lower
incidence of acute GVHD. These products also contained an in-
creased amount of CD4*CD25" immunoregulatory T cells (known
as Tregs) presumably associated with a reduction in risk for GVHD
[114-117]. Randomized studies are needed to further evaluate for
qualitative and quantitative differences in PBSC mobilized by dif-
ferent growth factors and their impact on engraftment, survival and
GVHD.

Effect of Growth Factors on Normal Donors

Although allogeneic donors are generally considered “healthy”,
there are variations in the number of stem cells collected from dif-
ferent donors, and some of them are considered “poor mobilizers”.
At Washington University in St. Louis (unpublished data) normal
donors who failed to mobilize minimum of 1 x 10° CD34" cells/kg
after 3 collections then underwent BM harvest resulting in yields of
<1 x 10° CD34" cells/kg suggesting that the reason for poor mobi-
lization was low stem cell reserve. Retrospective analyses from
IBMTR/EBMT (International and European Bone Marrow Trans-
plant Registries) showed that 60 % of donors required more than
one leukapheresis, and 15% required 3 or more leukaphereses to
collect the target dose of CD34" cells [118]. Others had reported
somewhat different data where 50-70 % of donors were success-
fully harvested with only one collection [97,119,120]. Donor age,
steady-state CD34" count and dose of G-CSF were the most impor-
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tant predictors for mobilization [121-123]. The mobilization proc-
ess is generally well tolerated and the vast majority of donors com-
plete it without difficulty. However, there are some potential ad-
verse effects associated with growth factor administration. As pre-
viously mentioned, most common are mild and transient somatic
complaints rarely requiring discontinuation of the drug. More seri-
ous potential toxicities include transient hypercoagulable state [90-
92] or provoking an acute sickle-cell crisis [86,88]. People with
coronary artery disease, cerebrovascular comorbidities and sickle
cell disease/trait are excluded as donors. G-CSF can also precipitate
autoimmune disease activity and the use of donors with these disor-
ders is discouraged [87,124-126]. Several studies have shown tran-
sient splenic enlargement in G-CSF recipients and there have been
five reported cases of spontaneous splenic rupture [81-85]. All of
these donors fully recovered either spontaneously or after surgical
intervention. In a retrospective analysis of 1448 donors from the
IBMTR/EBMT registry, G-CSF was used for mobilization in >99%
of cases, 20% of normal donors required placement of central ve-
nous catheter for leukapheresis, 85% were collected with one or
two leukapheresis procedures, with only 1% experiencing adverse
events, and no fatalities [118].

One potential concern associated with growth factor administra-
tion to normal donors is the effect of growth factor itself on the
donor hematopoietic system. Several studies suggested that even
short term administration of G-CSF might induce some alterations
in genomic stability. There is speculation that a G-CSF “challenge”
might unmask and activate mutated recessive genes. These events
could theoretically present a risk for siblings of patients with hema-
tological malignances who might themselves have a predisposition
for certain malignancies [127,128], however, no clear causative link
has been established. There is a need to define guidelines for pro-
spective follow-up of related and unrelated donors mobilized with
growth factors.

ROLE OF GROWTH FACTORS SUPPORT IN THE POST-
TRANSPLANT PERIOD

The use of growth factors after BM transplantation to enhance
hematopoietic recovery has been well established [129-131]. How-
ever, PBSC transplantation is associated with a larger humber of
infused progenitor cells commonly resulting in rapid hematopoietic
recovery [20-22,129,132]. Investigators hypothesized that the addi-
tional administration of growth factors after PBSC transplants
would not significantly accelerate engraftment. Also, there was a
concern that growth factors after allogeneic PBSC transplantation
might increase the incidence of acute GVHD [20,21]. G-CSF has
several immunomodulary effects on hematopoiesis that could po-
tentially influence the outcome of allogeneic transplantation. These
include alteration in antigen-presenting cell function and T cell
reactivity, a shift toward Th2 type immune response, impaired pro-
duction of IL-12, and decreasing IFNy and IL-4 production
[109,133-135].

A recent meta-analysis of prophylactic use of G-CSF after
autologous and allogeneic transplants found reduced risk of infec-
tion and decreased duration of parenteral antibiotics, with faster
neutrophil recovery and shorter hospital stay but no significant
difference in infection-related or treatment-related mortality [136].
There was no difference in the incidence of acute or chronic GVHD
in the allogeneic setting. Several other studies have supported these
findings [137-140]. Bishop et al. conducted a prospective random-
ized trial of G-CSF after allogeneic transplantation and found that
patients receiving G-CSF had significantly faster neutrophil recov-
ery. Platelet recovery appeared faster in the G-CSF group but the
results were not statistically significant [141]. Regarding CD34"
cell dose, a positive effect on neutrophil engraftment was seen at all
dose levels but was less pronounced with higher doses of G-CSF.
This trial found no increased incidence or severity of acute GVHD
in those patients receiving G-CSF.
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Khoury et al. performed a retrospective analysis of the IBMTR
database to evaluate the impact of growth factor administration
after allogeneic transplant for acute myelogenous and chronic mye-
logenous leukemia on the outcomes after transplantation [142]. The
recipients of related BM, unrelated BM and related PBSC were
followed for a median time of 30 months. Patients were stratified
into those who started growth factors within seven days of trans-
plant, after seven days, or not at all. All patients received myeloab-
lative conditioning, and methotrexate and cyclosporine as a part of
GVHD prophylaxis. Growth factors did shorten the neutropenic
period, but without altering treatment related mortality at days +30
and +100. There was no difference in the incidence of acute or
chronic GVHD, leukemia-free survival or overall survival.

In contrast, some retrospective studies have suggested increased
incidence of acute GVHD and treatment-related mortality among G-
CSF recipients [143-145]. A study from EMBT observed that when
BM was the stem cell source the use of post-transplant G-CSF re-
sults in an increased incidence of acute and chronic GVHD, in-
creased treatment related mortality, and lower disease-free and
overall survival [145]. Similarly to other retrospective studies, G-
CSF shortened the period of neutropenia but prolonged the period
of thrombocytopenia after both PBSC and BM transplants. Similar
data has been seen in patients who receive G-CSF after the infusion
of marginal doses of CD34" in the autologous transplant setting
[146]. The optimal time for initiation of growth factor administra-
tion after transplant is not well defined. Several studies suggest that
there is no significant difference in the engraftment kinetics with
early (day O or +1) vs. late (day +5) initiation of growth factors,
while lower costs are associated with delayed administration [147-
151]. In a prospective, randomized trial using different doses of G-
CSF (5, 10 and 16 ng/kg/day) Bolwell et al. demonstrated that the
dose of 5 pg/kg/day results in a similar rate of neutrophil engraft-
ment, faster rate of platelet recovery and significantly less cost
when compared with higher doses [152].

The reasons for these contrasting results are unclear and likely
multifactorial. There are many variables potentially influencing
hematopoietic recovery, such as quantity of progenitor cells in-
fused, type of conditioning regiment, GVHD prophylaxis, diagno-
sis, disease status and previous therapies. Until recently, the diag-
nostic criteria for chronic GVHD have been vague and varied sig-
nificantly among different centers [153]. Also, statistical methods
used for analysis frequently differ among these trials. To further
address the impact of G-CSF on immune reconstitution, GVHD and
survival as well as the optimal time for its administration, random-
ized trials are needed. To test the hypothesis that PBSC transplanta-
tion leads to similar survival compared to BM transplantation, a
phase Ill, randomized multicenter prospective trial was recently
opened. It compares G-CSF mobilized PBSC with BM transplanta-
tion from human leukocyte antigen (HLA)-matched (5/6 or 6/6)
unrelated donors for patients with a history of acute leukemia, mye-
lodysplasia, chronic myelogenous leukemia or other myeloprolif-
erative diseases. The primary objective of this trial is to compare
two-year survival probabilities between those two groups. Other
endpoints include the engraftment rate, incidence of graft failure,
acute and chronic GVHD, time to discontinuation of immunosup-
pression, relapse rate, infection rate, adverse events, immune recon-
stitution and quality of life. In this trial, patients receive one of the
four predefined conditioning regiments while GVHD prophylaxis is
left at the discretion of transplant physician. www.clinicaltrialnet
work.com

OTHER APPROACHES AND EXPERIMENTAL AGENTS

Some patients and donors fail to mobilize adequate number of
stem cells with standard approaches and alternative mobilization
strategies are needed. Several new cytokines and chemokines have
emerged as potential agents for stem cell mobilization, including
stem cell factor (SCF), IL-8, FLT3 ligand, Gro and others.
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AMD3100 is new promising agent for stem cell mobilization in
phase 111 trials.

AMD3100 (Plerixafor)

AMD3100 is a bicyclam derivate that specifically and reversi-
bly inhibits binding of SDF-1 to its receptor CXCR4 leading to
stem cell mobilization. It was initially developed as a potential
treatment for HIV, blocking the HIV entry into CD4" T cell by
binding to the HIV co-receptor CXCR4 [154]. Studies in healthy
volunteers showed good tolerance with minimal and reversible
adverse effects [155]. In these early studies it was noted that a sin-
gle intravenous dose of AMD3100 caused leukocytosis in treated
subjects. Bioavailability after sc injection was 87% with a dose
dependent increase in CD34" cells in the peripheral blood
[156,157]. A single dose of AMD3100 at 160-240 pg/kg sc resulted
in 6-10 fold increase in CD34" cell count starting 1 hour, peaking at
9 hours after injection and declining to baseline within 24 hours
[156,158]. Most frequently noted adverse effects were transient
pain and injection site erythema, headache, paresthesias, diarrhea,
bloating and nausea.

A phase | study by Devine et al. [159], assessing the safety and
clinical effects of AMD3100 in patients with MM and NHL,
showed sevenfold increase in circulating CD34" cells 6 hours after
a single dose of AMD3100 at 240 pg/kg sc, demonstrating that
AMD3100 is effective in chemotherapy pretreated patients. Cashen
et al™? reported successful mobilization of stem cells with G-CSF
plus AMD3100 in heavily pretreated patients with HL who are
considered poor mobilizers.

Flomenberg et al. [160] compared G-CSF and G-CSF plus
AMD3100 for mobilization of stem cells in patients with MM and
NHL. All the patients underwent two mobilizations, one using G-
CSF as a single agent and another using G-CFS plus AMD3100.
Patients receiving combination of two agents mobilized more
CD34" cells per leukapheresis, underwent fewer leukaphereses and
had a higher yield of total CD34" cells collected. After mobilization
with G-CSF plus AMD3100, 56% of recipients reached a minimum
of 2 x 10° CD34" cells/kg after one collection and 100% of recipi-
ents after two collections.

Based on the results of autologous transplantation [161],
AMD3100 is being tested for mobilization of stem cells in the allo-
geneic setting. Devine et al.® performed a pilot study assessing
feasibility and safety of CD34* cells mobilized with AMD3100
alone for allogeneic transplantation. Normal sibling donors were
mobilized using AMD3100 at the dose of 240 pg/kg sc 4 hours
prior to leukapheresis. A week later, each donor underwent another
mobilization using G-CSF alone at standard dose. The G-CSF mo-
bilized product was kept as a backup. Seven of eight donors mobi-
lized with AMD3100 collected at least 2 x 10° CD34" cells/kg.
There were no significant toxicities associated with AMD3100
administration. With median follow up of 200 days, no significant
increase in GVHD was noted in comparison to historic experience
after transplantation of G-CSF mobilized PBSC.

Allogeneic PBSC mobilized with AMD3100 contain lower
numbers of CD34" cells and significantly more T, B and NK cells
compared to PBSC mobilized with G-CSF. There was initial con-
cern that grafts mobilized by AMD3100 might demonstrate poor

! Cashen A, Devine S, Vij R, DiPersio J. AMD3100 + G-CSF improves hematopoietic
progenitor cell (HPC) collection in patients with Hodgkin’s disease (HD). Blood 2005;
106: 299.

2 Cashen A, Calandra G, MacFarland RT, Lopez S, DiPersio J. A mobilizing regimen
of AMD3100 and G-CSF increases stem cell collection in patients with Hodgkin dis-
ease, and PK is similar to that of non-cancer patients. Blood 2006; 108: 869.

% Devine S, Andritsos L, Todt L, Vij R, Bonde J, Hess D, et al. A pilot study evaluating
the safety and efficacy of AMD3100 for the mobilization and transplantation of HLA-
matched sibling donor hematopoietic stem cells in patients with advanced hematologi-
cal malignancies. Blood (ASH Annual Meeting Abstracts) 2005; 106: 299.
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engraftment and altered T cell function. Devine et al. demonstrated,
using a mouse model, that mobilization with AMD3100, alone or
with G-CSF, results in timely and stable engraftment and rates of
GVHD similar to those after G-CSF.*

Two phase 111, multicenter, randomized, double-blind, placebo-
controlled studies compared AMD3100 plus G-CSF with G-CSF
alone for mobilization of stem cells in patients with MM and
NHL.>® Patients received G-CSF at 10 pg/kg/day sc for 4 days and
on the evening of the fourth day they received either AMD3100 at
240 pg/kg sc or placebo (“study drugs”). The leukaphereses were
started on day 5, after the morning dose of G-CSF, and continued
until CD34" was > 5 x 10%kg (NHL) or > 6 x 10°/kg (MM) or total
of 4 leukaphereses. Patients continued receiving their morning dose
of G-CSF and evening dose of study drug until collection was com-
pleted. Patients who failed to collect > 2 x 10° CD34" cells/kg were
eligible for rescue with AMD3100 plus G-CSF. These studies con-
firmed that the addition of AMD3100 to G-CSF is generally safe
and well tolerated. Patients mobilized with AMD3100 plus G-CSF
were more likely to achieve a target CD34" cell count with less
leukaphereses and had successful transplant.

Mobilization of stem cells with AMD3100 as a single agent
would result in shorter mobilization times compared with G-CSF
(one day vs. four) and would avoid G-CSF associated adverse ef-
fects. Although, the yield of CD34" cells collected after mobiliza-
tion with AMD3100 alone is lower than after G-CSF mobilization,
adequate numbers are achieved. AMD3100 is currently being tested
as a single agent for stem cell mobilization in MM patients. In a
study by Flomenberg et al., patients received AMD3100 at 240
na/kg sc followed by leukapheresis 6 hours later. AMD3100 alone
mobilized an adequate number of stem cells and provided fast and
durable engraftment.’

Mobilization and homing of both, hematopoietic stem cells and
cancer cells, involve similar signaling pathways [162]. There is
concern that AMD3100 might mobilize malignant cells concur-
rently with CD34" cells subsequently increasing rates of recurrence.
However, clinical trials to date have not observed significant in-
crease in tumor cell content in PBSC products mobilized by
AMD3100.

In preclinical studies using a leukemia mouse model, Nervi et
al. demonstrated rapid mobilization of leukemia cells into the pe-
riphery.®® Administration of CXCR4 and VLA-4 antagonists to-
gether had a synergistic effect on rapid mobilization of both hema-
topoietic progenitors and leukemia cells.® These results may have
important implications on the development of new approaches for

4 Devine S, Liu F, Holt M, DiPersio J. AMD3100- mobilized murine hematopoietc
stem cells and T-lymphocytes have identical capacity to induce multilineage stem cell
engraftment, donor T-cell chimerism and GVHD in mice compared with G-CSF mobi-
lized cells. Blood 2003; 102: 938.

® DiPersio J, Micallef 1, Stiff P, Bolwell B, Maziarz R, Angell J, et al. A phase I,
multicenter, randomized, double-blind, placebo controlled, comparative trial of
AMD3100 (plerixafor)+G-CSF vs. placebo + G-CSF in non-Hodgkins lymphoma
(NHL) patients for autologous hematopoietic stem cell (aHSC) transplantation. Blood
2007; 110: 601.

® DiPersio J, Stadtmauer E, Nademanee A, Stiff P, Micallef I, Angell J, et al. A phase
111, multicenter, randomized, double-blind, placebo-controlled, comparative trial of
AMD3100 (plerixafor)+G-CSF vs. G-CSF + placebo for mobilization in multiple
myeloma (MM) patients for autologous hematopoietic stem cell (aHSC) transplanta-
tion. Blood 2008; 110: 445.

" Flomenberg N, Comenzo R, Badel K, Calandra G. Single agent AMD3100 mobiliza-
tion of peripheral blood progenitor cells for autologous transplantation in patients with
multiple myeloma (MM). Blood 2006; 108: 3381.

8 Nervi B, Ramirez P, Holt M, DiPersio J. CXCR4/SDF-1 is a key regulator for leuke-
mia migration and homing to the BM: impact of AMD 3100 on the in vivo response to
chemotherapy. Blood 2006; 108: 569.

° Ramirez P, Holt M, Rettig MP, Ritchey JK, DiPersio J. Mobilization of normal
mouse progenitors and acute promyelocytuc leukemia (APL) cells with inhibitors of
CXCR4 and VLA-4 in splenectomized and unsplenectomized mice. Blood 2007; 110:
2219.
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the treatment of acute leukemia since circulating leukemia cells
appear more sensitive to chemotherapy. There is an ongoing trial at
Washington University in St. Louis using AMD3100 as an adjunct
to chemotherapy in patients with relapsed or refractory acute mye-
logenous leukemia.®

Mobilization with AMD3100 as a single agent is appealing and
could result in shorter and predictable mobilization without the side
effects associated with G-CSF. Further trials are needed to deter-
mine whether AMD3100 should be used for all patients or only for
those who are considered high-risk for mobilization failure. Longer
follow-up is needed to ascertain durability of engraftment, inci-
dence of GVHD and safety for normal donors. AMD3100 has been
shown to be an effective and rapid mobilizing agent in MM and
NHL patients in the two large randomized trials described above.

Stem Cell Factor (SCF)

Recombinant human SCF is a cytokine that acts on primitive
multilineage hematopoietic cells and stimulates mobilization of
myeloid, erythroid and lymphoid progenitors. In the majority of
trials assessing its role in mobilization of PBSC in the autologous
setting, SCF acts synergistically with G-CSF, significantly reducing
number of leukaphereses required to collect the target CD34" cell
count and increasing CD34" cells collected [163-165]. However,
severe anaphylactoid reaction occurs in 5-10% of patients receiving
SCF [166] and thus it has not been FDA-approved in USA. It is
approved for use in Canada and New Zealand.

Gro-p/ SB-251353

Gro-B is a chemokine which exerts its biological activity by
binding to the CXCR2 receptor. SB-251353 is a recombinant, N-
terminal truncated form of human Gro-B which binds to CXCR2
receptor with greater potency than the full length form of Gro-p. In
murine and non-primate models it induces rapid mobilization of
stem cells and acts synergistically with G-CSF [167-169]. A single
injection of SB-251353 plus four days of G-CSF can increase the
yield of CD34" cells collected fivefold. No clinical trials have been
performed as yet.

Pegfilgrastim

Pegylated G-CSF has a prolonged half-life and is generally
used to shorten chemotherapy-related neutropenia. In those patients,
administration of pegfilgrastim resulted in mobilization of CD34"
cells to peripheral blood [170]. Similar effect was observed with
administration of pegfilgrastim to normal donors [171]. In a small
study of patients with MM, successful mobilization of CD34" cells
was obtained with cyclophosphamide followed by pegfilgrastim
[172]. Since it shares a similar mobilization pathway with G-CSF
and a similar toxicity profile, it is unlikely that it will be used in
patients who fail previous mobilization with G-CSF.

hrPTH

Osteoblasts are known to play an important role in stem cell
function and homeostasis through their physical interaction with
trabecular bone and stem cells (“osteoblastic niche”) and by secre-
tion of cytokines that regulate hematopoiesis [173,174]. Parathyroid
hormone (PTH) activates its receptors on osteoblasts and stimulates
trabecular bone growth, thereby increasing osteoblastic niche [175].
The role of hrPTH to both mobilize stem cells and expand the BM
niche remains unclear. Further pre-clinical and clinical trials will be
necessary to determine its role in stem cell transplantation.

CONCLUSION

Mobilized PBSC, compared with BM harvest, has become the
preferred source of hematopoietic stem cells for autologous and

10 Uy G, Rettig MP, Ramirez P, Nervi B, Abboud CN, DiPersio JF. Kinetics of human
and murine mobilization of acute myeloid leukemia in response to AMD3100. Blood
2007; 110: 867.
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allogeneic transplantation. However, our current mobilization regi-
mens are associated with various limitations and require improve-
ment. In the last ten years there have been major advances in our
understanding of the interactions between stem cells and BM mi-
croenvironment. Although proteases are known to play an impor-
tant role in stem cell mobilization by disrupting interactions be-
tween various adhesion molecules, non-proteolytic mechanisms
appear to be involved. With a better understanding of the pathways
involved and recognition of specific targets, new agents for stem
cell mobilization are being developed. AMD3100, a direct inhibitor
of CXCR4, is one such novel agent being studied alone or in the
conjunction with growth factors for stem cell mobilization. The use
of growth factors following stem cell transplantation results in
faster neutrophil recovery. However, randomized trials are need to
further determine the effects of growth factors on immune reconsti-
tution, the incidence of acute and chronic GVHD, and associated
mortality.

ABBREVIATIONS

BM = Bone marrow

CXCR4 = Chemokine receptor-4

FDA = Food and drug administration agency
G-CSF = Granulocyte-colony-stimulating factor
GM-CSF = Granulocyte-macrophage colony-stimulating factors
GVHD = Graft-versus-host disease

GVT = Graft-versus-tumor

HL = Hodgkin lymphoma

KL = Kitligand

LFA-1 = Leukocyte function-associated antigen-1
MM = Multiple Myeloma

NHL = Non-Hodgkin lymphoma

PBSC = Peripheral blood stem cells

PTH = Parathyroid hormone

SCF = Stem cell factor

SDF-1 = Stromal cell-derived factor 1

SC = Subcutaneously

VCAM-1 = Vascular cell adhesion molecule-1
VLA4 = Very late antigen-4
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