
For those who did not practice hematopoietic cell transplantation (HCT) at the 
time, it may be difficult to appreciate the impact that mobilized peripheral blood 
stem cells (PBSC) have had on the pace of hematologic recovery. In the days before 
mobilized PBSC, count recovery before day +21 was uncommon, and prolonged neu-
tropenia resulted in a risk of death from infection that exceeded 5%.

While the presence of hematopoietic progenitors in the blood had long been suspected, it 
was the work of Goodman and Hodgson that clearly demonstrated the presence in blood of 
pluripotent stem cells capable of restoring hematopoiesis when transplanted into lethally irra-
diated mice. These cells are present at such low levels, however, that collection of enough stem 
cells to do a transplantation is very difficult, generally requiring 5 or more apheresis. The dem-
onstration by Duhrsen and others that granulocyte colony-stimulating factor (G-CSF) increases 
circulating progenitors 10- to 100-fold ushered in the modern era of PBSC mobilization and 
collection. Motivated primarily by rapid hematologic recovery, mobilized PBSC enumerated 
by CD34 determination has largely replaced bone marrow as a source of both autologous and 
allogeneic stem cells. Most centers use G-CSF at 10 µg/kg per day for 4 consecutive days, with 
apheresis commencing on day 5 and continuing until the CD34 target is reached.

Despite its effectiveness, the response to mobilization with G-CSF varies 2- to 3-fold 
even among normal donors. As a result, 10% to 20% of patients with myeloma or lym-
phoma fail to collect enough CD34+ cells to support a single transplantation (approxi-
mately 2 × 106 CD34+ cells/kg). Although multiple factors influence the success of mobi-
lization, prior treatment with stem cell–damaging agents is perhaps the most important. 
Several approaches have been taken to improve mobilization in patients thought to be at 
risk for failure to mobilize. These approaches include G-CSF dose escalation and com-
binations of chemotherapy and G-CSF. Algorithms for predicting failure to mobilize are 
imperfect at best, however, and these approaches increase toxicity, risk, and cost.

Though the observation that G-CSF mobilizes stem cells was fortuitous, the rapid growth 
in knowledge of the adhesive molecules that anchor PBSC in marrow led to the rational 
development of plerixafor-a CXCR4 antagonist that, when combined with G-CSF, can lead 
to effective mobilization in at least half of patients who have failed a prior attempt.

Recent advances in our understanding of PBSC mobilization was the topic addressed in 
a satellite symposium held in February of 2011 at the BMT Tandem meeting in Honolulu, 
Hawaii. Dr. Waller addressed recent progress in our understanding of the basic science of 
stem cell mobilization. This discussion clearly indicates that new and possibly more effective 
mobilization strategies will be available in the near future. However, adhesive interactions also 
effect stem cell cycling, so careful attention will be needed to the “quality” of mobilized PBSC 
because this could influence the pace of both hematologic and immunologic recovery.

Because we must function in an environment of limited reimbursement, the additional cost 
of agents such as plerixafor is a major consideration. The presentations by Drs. McSweeney and 
Stuart are particularly relevant because they suggest strategies that could increase the proportion 
of patients who can successfully undergo harvesting without dramatically increasing cost.

Harvesting Hematopoietic Progenitors:  
“Please Release Me, Let Me Go”
Randy A. Brown, John R. Wingard 
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Symposium report

Program overview
Recent insights into the mechanistic underpinnings 

of hematopoietic stem and progenitor cell trafficking 

have paved the way for the development of novel 

agents to enhance the mobilization of cells capable of 

reconstituting hematopoiesis following autologous or 

allogeneic blood cell transplantation. For instance, a 

CXCR4 antagonist has recently been approved by the 

FDA for the mobilization of stem cells in patients with 

multiple myeloma and non-Hodgkin’s lymphoma. 

now that options for mobilization strategies have 

increased, the practicing physician is presented with 

a complex array of factors to consider when choosing 

a particular mobilization regimen. Costs, logistics, and 

efficacy are primary among these. Given the greater 

options for mobilization, strategies may now be more 

individualized based on patient and disease character-

istics. Transplantation physicians are well advised to 

keep abreast of the latest developments in the stem cell 

mobilization field so they can offer their patients access 

to novel and potentially more effective therapies.

This symposium seeks to provide the audience 

with a state-of-the-art update on our current under-

standing of the mechanisms behind stem cell mobi-

lization and will also provide practical insights into 

the factors that affect the decision to choose a par-

ticular mobilization strategy for any one individual. 

statement of Need
Transplantation physicians currently use mobi-

lized peripheral blood to reconstitute hematopoiesis 

in nearly 100% of autologous transplantation recipi-

ents and now in more than 60% of allogeneic recipi-

ents. This lecture will be focused on transplantation 

physicians and their staff and will provide them with 

a clear understanding of the most current clinical 

information available in stem cell mobilization and 

will also highlight ongoing research into methods 

designed to enhance mobilization of stem cells 

and accessory cells in recipients of allogeneic and 

autologous transplantations. Many of these novel 

approaches have been based on recent mechanistic 

insights into stem cell trafficking. The audience will 

also be provided with an update on the basic biology 

of underlying stem cell mobilization. The audience 

will also read about practical issues that affect deci-

sions to mobilize patients including the consider-

ation of costs and logistics. A strategy for adapting or 

individualizing the mobilization regimen based on 

patient characteristics will be presented. Information 

presented should stimulate the audience to review 

their current practices and to consider alternative 

strategies designed to benefit their patients.

Target Audience
The program will be oriented to a targeted audi-

ence of physicians and medical care professionals 

specializing in oncology, hematology, immunology, 

and microbiology.

Learning objectives
At the conclusion of this symposium participants 

should be able to:

Review the current understanding of the •	

mechanisms governing stem cell mobiliza-

tion and to review how this knowledge 

may be exploited for clinical purposes.

Discuss cost and other logistical factors that •	

affect the choice of mobilization strategy.

Assess the concept of individualizing or adapt-•	

ing the mobilization strategy for each patient 

as a means to enhance clinical outcomes.

Accreditation statement
The Medical College of Wisconsin is accredited 

by the Accreditation Council for Continuing Medical 

Education to provide continuing medical education 

for physicians.

Designation of Credit
The Medical College of Wisconsin designates 

this enduring material a maximum of 1.0 AMA PRA 

Category 1 Credit ™. Physicians should claim only the 

credit commensurate with the extent of their partici-

pation in the activity.

Disclaimer
This material has been prepared based on a 

review of multiple sources of information, but it is 

not exhaustive of the subject matter. Participants 

are advised to critically appraise the information 

presented, and are encouraged to consult the above-

mentioned resources as well as available literature on 

any product or device mentioned in this program. 

Disclosure of unlabeled uses
This educational activity may contain discussion 

of published and/or investigational uses of agents 

that are not approved by the US Food and Drug 

Administration. For additional information about 

approved uses, including approved indications, con-

traindications, and warnings, please refer to the 

prescribing information for each product, or consult 

the Physician’s Desk Reference.

CJP Medical Communications Disclosure
The employees of CJP Medical Communications 

have no financial relationships to disclose.

Faculty Disclosure
Consistent with the current Accreditation Council 

for Continuing Medical Education policy, the CME 

Provider must be able to show that everyone who is 

in a position to control the content of an individual 

educational activity has disclosed all relevant financial 

relationships. The CME Provider has a mechanism in 

place to identify and resolve any conflicts of interest 

discovered in the disclosure process. The presenting 

faculty members have all made the proper disclosures, 

and the following relationships are relevant:

Steven M. Devine, MD (Chair), discloses that he 

receives honoraria from Genzyme as a speaker and 

an advisor.
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zyme and Hospira; and he received honoraria from 
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speaker, and for research support.

Robert K. Stuart, MD, does not have any relevant 

financial relationships with any commercial interests.

luciano J. Costa, MD, PhD, discloses that he 

receives honoraria from Genzyme as a consultant 

and as a speaker.

Graft Mobilization in Autologous and Allogeneic Hematopoietic stem Cell Transplantation
Adapted from a continuing medical education symposium presented at the 2011 BMT Tandem Meetings on February 19, 2011, in Honolulu, Hawaii.  

This program is supported by an educational grant from Genzyme Corporation.

Faculty
Steven M. Devine, MD (Chair)

The Ohio State University 
Comprehensive Cancer Center

Columbus, Ohio

Edmund K. Waller, MD, PhD
The Winship Cancer Institute

Emory University
Atlanta, Georgia

Peter A. McSweeney, MD
Colorado Blood Cancer 

Institute
Denver, Colorado

Robert K. Stuart, MD
Medical University of  

South Carolina
Charleston, South Carolina

Luciano J. Costa, MD, PhD
Medical University of 

South Carolina
Charleston, South Carolina



REVIEWSBlood and Marrow
TRANSPLANTATION

4

ASBMT

introduction
Peripheral blood progenitor cells are the most 

common graft source in patients undergoing 
autologous hematopoietic stem cell transplanta-
tion (HSCT). According to data from the Center 
for International Blood & Marrow Transplant 
Research (CIBMTR), mobilized peripheral blood 
progenitor cells accounted for 91% of grafts in 
children and 98% of grafts in adults undergoing 
autologous HSCT during the period from 2004 

to 2008 [1]. During the same period, peripheral 
blood accounted for 27% of allogeneic trans-
plantations in children and more than 80% of 
allogeneic transplantations in adults [1]. 

Among many factors that can influence the 
success of HSCT, the dose of reinfused stem 
cells is critical. Higher stem cell doses are asso-
ciated with faster platelet engraftment, faster 
neutrophil engraftment, and reduced need 
for prophylactic antibiotics and transfusion 
support. Current approaches to mobilizing 

peripheral blood stem cells for HSCT have dif-
ferent CD34+ cell yields, safety considerations, 
and costs. new insights into the mechanisms 
driving stem cell mobilization have revealed 
novel therapeutic approaches for enhancing 
stem cell mobilization and amplifying CD34+ 
cell yields in patients undergoing autologous 
HSCT. In addition, clinical decision-making 
models are being developed to guide the selec-
tion of patient-tailored mobilization strategies 
toward the most cost-effective care. 

understanding the 
Mechanisms Governing 
stem Cell Mobilization

Edmund K. Waller, MD, PhD

Hematopoietic stem/progenitor cells 
(HSPCs) normally circulate between the bone 
marrow and the peripheral blood, with each 
distinct compartment maintaining a relatively 
constant proportion of CD34+ cells. The bone 
marrow is a rich source of hematopoietic 
progenitors. There, CD34+ cells comprise 
approximately 1% of all nucleated cells. By 
comparison, the blood is a poor source of 
hematopoietic stem cells during steady-state 
hemostasis. Under basal conditions, CD34+ 
cells account for only 0.02% of nucleated cells 
in the blood—an almost undetectable level. 
Thus, CD34+ cells must be mobilized to the 
peripheral blood to increase collection yields.

stem Cell Mobilization
Current approaches to harvesting HSPCs 

focus on moving CD34+ cells from the bone 
marrow to the peripheral blood, where they 
can be collected without the costs and poten-
tial complications of surgery. To induce this 
migration, mobilization techniques exploit 
the interactions between stem cells and cells 
of the bone marrow microenvironment, 
including stromal cells, endothelial cells, and 
osteoblasts.

In 2001, Wright and colleagues exam-
ined the kinetics of hematopoietic stem cell 
(HSC) recirculation between the bone mar-
row and peripheral blood in an elegant 
experiment using pairs of parabiotic mice [2].  
The mice were genetically similar with the 
exception of a single locus (CD45) that 
marked the origin of HSCs. In the study, 
each mice pair was surgically conjoined and 

shared a common circulatory system. After 
the circulatory systems were connected, the 
pairs quickly established cross-engraftment of 
partner-derived HSCs, with blood chimerism 
reaching approximately 50% by days 7 to 10. 
Thereafter, blood chimerism was stable, with 
each mice pair maintaining partner-derived 
hematopoiesis even after being surgically sep-
arated [2]. These findings illustrate a pattern 
of continuous migration of HSCs between 
the peripheral blood and bone marrow, and 
confirm the role of blood-borne HSCs in the 
functional re-engraftment of unconditioned 
bone marrow. 

In additional experiments, Wright and col-
leagues identified the specific molecular fac-
tors that regulate stem cell migration [3]. 
In a surprising finding, HSCs showed no 
migratory response to granulocyte colony-
stimulating factor (G-CSF), a major cytokine 
used in current mobilization protocols, and no 
receptors for G-CSF on HSCs. Indeed, despite 
exposure to a diverse panel of cytokines and 
chemokines, HSCs migrated only in response 
to stromal derived factor-1 (SDF1), the ligand 
for the C-X-C type chemokine receptor 4 
(CXCR4). 

The highly specific responsiveness of HSCs 
to SDF1 (also called CXCl12) is unique among 
leukocytes, and proposed to be necessary for 
circulating HSCs to home to bone marrow. 
Specific responsiveness may also be required 
to maintain stem cells within the bone marrow 
microenvironment, where they are tethered 
to stromal cells via CXCR4 signaling. CXCR2 
also binds to growth-related oncogene-beta 
(GRobeta), a chemokine ligand for the CXCR2 
receptor. Through these interactions, CXCR4 
and CXCR2 expression regulates the reten-
tion of stem cells in the bone marrow [3]. 
Accordingly, these chemokines and signaling 
pathways are attractive targets for therapeutic 
intervention.

stem Cell Niches and Regulation of 
Mobilization

Stem cell niches are the highly special-
ized microenvironments where stem cell func-
tions—including quiescence, self-renewal, dif-
ferentiation, migration, and engraftment—are 
tightly controlled. The bone marrow microen-
vironment is a well-described niche harboring 
HSPCs. More recent evidence describes addi-
tional cell types that form similar niches to har-
bor dormant and self-renewing HSPCs during 
hemostasis and mobilize HSPCs in response to 
G-CSF and other molecular signals.

Role of CXCL12 Signaling 
In 2011, Tzeng and colleagues examined the 

central role of CXCl12 in retaining HSCs in the 
bone marrow microenvironment by examining 
a murine model in which target genes were 
deleted at the adult stage [4]. In this model, 
CXCl12-deficient stromal cells were unable to 
support the population and quiescence of wild-
type hematopoietic progenitor cells. 

The investigators also examined the effects 
of CXCl12 depletion in 2 microenvironmental 
niches for bone marrow stem cells, including 
the endosteal (osteoblastic) and perivascular 
compartments. In the adult CXCl12-deficient 
mice, HSCs were absent in the endosteal niche, 
suggesting a defective osteoblastic environment. 
At the same time, the pool of hematopoietic pro-
genitor cells in the perivascular niche increased, 
leading to enhanced recovery of progenitors and 
mature white blood cells when challenged with 
myelosuppression. The enhanced hematopoi-
etic recovery in CXCl12-knockout mice was 
associated with a survival advantage compared 
with wild-type mice. Together, these findings 
suggest that CXCl12 expression is required as 
a stem cell chemoattractant. Stromal-derived 
CXCl12 also acts to maintain HSC quiescence, 
hematopoietic progenitor pool size, and niche 
functionality [4,5]. 
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Macrophages and Monocytes 
In another recent study of HSC migration, 

link and colleagues described the underlying 
mechanisms by which G-CSF mobilizes stem 
cells [6]. As shown in a series of in vitro exper-
iments, macrophages regulated the growth and 
behavior of osteoblasts in part via the produc-
tion of osteocalcin, a bone marrow–forming 
protein. osteoblasts produced significantly 
higher levels CXCl12 in cell cultures that 
also contained bone marrow macrophages 
than in cell cultures that lacked macrophages. 
The stimulatory effects of bone marrow mac-
rophages on osteoblasts did not require cell-
to-cell contact. Using an in vitro method that 
separated osteoblasts and macrophages with 
a permeable membrane, researchers showed 
that macrophages were still able to modulate 
the growth, survival, and CXCl12 expression 
of osteoblasts. 

link also evaluated the dynamics of 
CXCl12 expression in response to G-CSF 
in a population of transgenic mice. In some 
animals, G-CSF receptor (G-CSFR) expression 
had been knocked out entirely, while in others, 
G-CSFR expression had been reinstated only 
in cells of the monocyte-macrophage lineage. 
The relative levels of CXCl12 mRnA in the 
bone marrow were measured at baseline and 
after G-CSF treatment in these transgenic mice 
as well as in wild-type animals. Treatment 
with G-CSF decreased CXCl12 mRnA levels 
in wild-type animals, but had no effect on 
mRnA levels in animals that lacked all G-CSFR 
expression. In mice expressing G-CSF receptor 
only on the macrophage-monocyte lineage, 
treatment with G-CSF also significantly inhib-
ited CXCl12 mRnA expression. 

In 2011, Frenette and colleagues also exam-
ined the role of macrophages in HSC mobiliza-
tion [7]. In animal studies, reductions in bone 
marrow mononuclear phagocytes led to the 
reduction of bone marrow CXCl12 levels, the 
down-regulation of genes associated with HSC 
retention, and movement of HSPCs into the 
peripheral blood. Macrophage depletion was 
also associated with enhanced mobilization in 
response to treatment with G-CSF or a CXCR4 
antagonist [7]. These findings highlight the 
potential to target bone marrow macrophages 
as a method for improving stem cell yields in 
patients who mobilize poorly. 

Ligands, Receptors, and Proteases
Thus multiple interactions involving 

ligands, receptors, and cellular proteases are 

involved in HSC homing and mobilization. 
Chief among these is the interaction between 
SDF-1 (CXCl12) and its receptor, CXCR4, 
which generates signals to regulate HSC traf-
ficking in the bone marrow. Both SDF-1 and 
CXCR4 expression is required for the normal 
migration of HSCs from the fetal liver to the 
bone marrow, and for the retention of HSCs in 
the adult bone marrow [8]. Disruption of the 
CXCR4/CXCl12 signaling pathway appears 
to be the dominant mechanism of cytokine-
induced HSPC mobilization. Treatment with 
small molecule CXCR4 antagonists such as 
plerixafor can selectively interfere with SDF-1/
CXCR4 binding to induce rapid stem cell 
mobilization [9]. 

Several other factors may serve as future 
targets for intervention. Enhanced expression 
of CD45 on bone marrow leukocytes corre-
lates with increased motility of hematopoietic 
progenitors in response to stress signals. 
Functional CD45 is needed for the develop-
ment and activity of bone-resorbing osteo-
clasts, which indirectly affects HSPC behavior 
via interactions with bone and bone marrow 
stromal cells. This illustrates the importance 
of dynamic crosstalk between multiple com-
ponents of the bone marrow microenviron-
ment in regulating stem cell activity [10]. 
This crosstalk is seen in the endosteal stem 
cell niche, where expression of receptor 
activator of nuclear factor kappa-B ligand 
(RAnKl) stimulates osteoclasts to release 
proteases that cleave adhesion molecules 
and promote progenitor mobilization. An 
influx of G-CSF induces proteases to cleave 
adhesion molecules, releasing stem cells into 
circulation [11].

Sympathetic Nervous System
Sympathetic nervous system (SnS) acti-

vation, particularly via beta-3 adrenergic 
receptors, plays a key role in stem cell 
mobilization. Recent evidence highlights the 
SnS and immune system as co-regulators of 
the bone marrow microenvironment [12]. 
During hemostasis, HSPCs are tethered to 
osteoclasts, endothelial cells, and reticular 
cells in the bone marrow microenviron-
ment. As directed by signals in the highly 
innervated bone marrow microenvironment, 
HSPCs transiently enter the peripheral blood 
at very low levels [12]. 

Under physiologically stressful condi-
tions—including inflammation, injury, and 
treatment with G-CSF—several signals are sent 
to the bone marrow. Catecholamine signaling 

increases, SDF-1 levels decrease in the bone 
marrow and increase in the peripheral blood, 
and CXCR4 expression increases in the bone 
marrow. Together, these stress signals trigger 
the expansion and activation of osteoclasts, 
leading to the mobilization of HSPCs from 
the bone marrow to the peripheral blood to 
participate in host defense and tissue repair. 
In the absence of any other stimulus, the 
oscillation between steady-state homeostasis 
and physiologic stress also follows a diur-
nal pattern, with peak stress levels reached 
approximately 5 hours after sunrise [12].  
Understanding the relationship between cir-
cadian rhythms and HSPC mobilization may 
have clinical implications regarding the opti-
mal time of day for HSPC collection. Further-
more, these insights highlight the potential 
role of catecholamines for enhancing stem 
cell mobilization.

Epidermal Growth Factor Receptor
new evidence also suggests that the epi-

dermal growth factor receptor (EGFR) plays 
a role in HSPC mobilization. In animal stud-
ies, treatment with EGF inhibited cytokine- 
mediated mobilization of stem cells from the 
bone marrow to the peripheral blood. Erlo-
tinib is a tyrosine kinase inhibitor that targets 
the EGFR. Treatment with erlotinib suppressed 
EGFR activity and significantly enhanced the 
repopulating activity of the blood of G–CSF-
treated mice compared with the blood of 
mice treated with G-CSF alone [13]. This 
research identifies the EGFR signaling path-
way as another potential therapeutic target for 
improving HSPC mobilization.

summary
With current techniques, mobilization 

of HSPCs from the bone marrow to the 
peripheral blood is mediated by induction 
of bone marrow proteases, attenuation of 
adhesion molecule function, and disruption 
of CXCl12/CXCR4 signaling in the bone 
marrow. Plerixafor, an antagonist of CXCR4, 
is an emerging option for increasing stem 
cell yields in patients who show poor mobi-
lization in response to G-CSF alone. Future 
options for enhancing HSPC mobilization 
may exploit different signaling pathways 
and molecular targets. Erlotinib, an EGFR 
inhibitor, shows promise in enhancing stem 
cell mobilization. The SnS also harbors a 
range of diverse targets worthy of explo-
ration with the goal of amplifying HSC 
mobilization. 



REVIEWSBlood and Marrow
TRANSPLANTATION

6

ASBMT

The net effect of these strategies is to shift 
stem cells from the bone marrow compart-
ment into the peripheral blood, where they 
can be collected by apheresis. With current 

strategies, the presence of CD34+ cells in 
the blood can be increased by approximately 
0.5% [14]. The content of CD34+ cells in 
the blood correlates with the final CD34+ 

cell count in the apheresis product [14]. The 
ultimate goal is to mobilize enough HSCs into 
the peripheral blood to collect a cell dose suf-
ficient for successful transplantation.

Cost and Logistical 
Considerations when 
Choosing a Mobilization 
strategy

Peter A. McSweeney, MD

Several factors influence the quality of 
mobilization, which is critical to the success 
of an autologous stem cell transplantation 
(ASCT) procedure. The quality of the autolo-
gous stem cell graft a patient receives can affect 
their recovery from transplantation, future 
health, and future treatment options. Factors 
such as slow or repeat mobilizations, multiple 
apheresis sessions, and the use of expensive 
drugs and disposables can result in high costs 
of mobilization, and these costs can comprise 
a large part of the overall transplantation 
budget. The goal of limiting expenditures 
competes with the goal of optimizing stem 
cell collections because the most widely used 
surrogate for autograft quality is the number 
of CD34+ cells collected. Rational approaches 
to mobilization hold the promise of improving 
clinical outcomes and cutting costs associated 
with ASCT. To date, few studies have focused 
specifically on mobilization expenditures in 
patients undergoing ASCT. To fully evaluate 
mobilization costs in the context of achieving 
optimal quality autografts would require care-
fully planned prospective studies that account 
for both short-term expenditures and later 
costs that could be attributed to the autograft. 
This type of study has not been done yet.

From the many studies of different 
approaches for mobilizing autologous stem 
cells, 3 major approaches are currently used. 
(Figure 1). The first involves administering 
chemotherapy followed by a myeloid growth 
factor (chemomobilization) and exists in 
many variations. In general, chemomobili-
zation involves intensive myelosuppressive 
chemotherapy with one or more agents, eg, 
cyclophosphamide, during the first day or 2 
of the mobilization procedure, followed by 
growth factor administration until collections 
are completed. Apheresis is initiated when 

adequate progenitor cells can be measured 
in the peripheral blood, usually 10 or more 
days after the chemotherapy is administered. 
The timing and number of aphereses that may 
be required are unpredictable and depend 
largely on the timing and magnitude of pro-
genitor cell mobilization. Typically the trans-
plantation regimen is initiated approximately  
3 weeks after the mobilization chemotherapy 
is administered, extending the overall treat-
ment process by about 1 to 2 weeks over 
cytokine-based mobilization

The second major option for mobilization 
relies on the use of cytokines alone. In a typi-
cal protocol, hematopoietic growth factors, 
usually G-CSF, are administered for 4 days, 
and apheresis is performed on the fifth, sixth, 
and subsequent days as necessary. Chemomo-
bilization and cytokine-induced mobilization 
have appeared comparable in the proportion 
of patients who mobilize sufficient progeni-
tor cells to then proceed to transplantation. 
Thus although chemomobilization mobi-
lizes a greater number of progenitors than 

cytokine-induced mobilization, the mobiliza-
tion failure rates are similar between these 
mobilization approaches.

More recently, a third major option for stem 
cell mobilization has emerged that involves 
combining G-CSF and plerixafor. In a typi-
cal G-CSF and plerixafor protocol, G-CSF is 
administered for 5 days and daily thereafter 
as needed, with plerixafor administered on 
the evening of day 4 and subsequent evenings 
as needed. Apheresis is performed starting on 
day 5 and on subsequent days as needed. As 
a mobilizing regimen, plerixafor and G-CSF 
is superior to G-CSF alone. Plerixafor and 
G-CSF can be used as a first-line regimen in 
previously untreated patients and is effective 
as salvage therapy for patients who have failed 
other mobilization methods. 

The optimal Autologous Graft
In order to compare costs and logistics of 

different mobilization methods, it is important 
to define, if possible, the optimal autologous 
peripheral blood stem cell graft. Features of 

Figure 1. options for hematopoietic stem/progenitor cell (HsPC) mobilization.
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an optimal graft are summarized in Table 1. 
Although the threshold of CD34+ cells to col-
lect for optimal graft function is not well defined 
and may vary by patient, it has been reported 
that higher cell doses may improve survival 
after transplantation. Conversely, poor mobili-
zation leads to a slower hematopoietic recovery 
and increased posttransplantation costs. 

Ideally, the optimal graft should not limit 
options for posttransplantation therapy. Increas-
ingly patients are candidates for maintenance 
therapy or treatment with investigational post-
transplantation protocols and require robust 
hematopoiesis to allow for these therapies. 
over the longer term, maintaining good hema-
tologic function is important especially for 
patients who ultimately relapse and require 
additional therapy. Ideally stem cells should be 
collected with the lowest toxicity to the patient. 
Chemomobilization is clearly more toxic than 
growth factor and plerixafor and hasn’t been 
shown to improve outcomes of transplantation. 
Collecting a tumor-free or tumor-depleted graft 
may be important for improving transplanta-
tion outcomes. Given these considerations, it 
is clear that cost, logistical factors, and patient 
factors may all contribute to whether the grafts 
collected are optimal.

Specific targets for HSC mobilization have 
been defined in various reports. Hematopoi-
etic progenitor cells mobilized to peripheral 
blood for apheresis contain distinct popula-
tions that include stem cells and other more 
differentiated progenitor cells. Given that 
the actual number of stem cells collected is 
not readily measured with current clinical 
methods, CD34+ cells are used as a sur-
rogate marker for HSCs and as an indirect 
measure of stem cell graft quality. For a 
single transplantation, a minimum of 2 × 
106 CD34+ cells/kg is usually required, but 
a more desirable dose is > 5 × 106 CD34+ 
cells/kg. Factors such as patient age, prior 
chemotherapy, underlying disease, platelet 
count, and number of aphereses influence the 
likelihood of effective mobilization and the 
amount of progenitors that can be collected. 
Physician choice, local policies, and cost con-
siderations also affect mobilization targets. It 
is unclear whether the targets for stem cell 
collection should be standardized across dif-
ferent mobilization procedures or modified to 
account for differences in mobilizing agents 
and techniques. To date, prospective studies 
have not determined whether current targets 
permit optimal long-term recovery and post-
transplantation management.

Logistical Factors
logistical factors may influence the cost of 

HSC collection. Depending on the mobiliza-
tion method used, the timing of collection may 
be difficult to accurately predict. The number 
of aphereses required will depend on target 
cell doses and the efficacy of mobilization. 
local operational factors, such as the avail-
ability of apheresis services and staff and the 
ability to perform weekend collections, also 
affect procedure cost. Some centers do not 
provide weekend collections, and others oper-
ate a fully staffed apheresis service 7 days per 
week. With these variables, CD34+ assays are 
critical for obtaining real-time data, planning 
collection times, and containing costs. Sched-
uling a collection procedure without knowing 
the pre-collection CD34+ count can result in a 
futile collection at substantial cost.

Some mobilization protocols call for growth 
factor and plerixafor injections later in the 
evening, after regular daytime working hours 
(ie, approximately 11 hours before the start 
of apheresis the following morning). This can 
cause further logistical challenges that also 
increase costs. More recently, studies have eval-
uated the safety and efficacy of earlier-evening 
plerixafor injection (ie, up to 17 hours prior 
to next-day apheresis). Adjusting the timing of 
drug administration to coincide with daytime 
shifts can reduce overall collection costs. Insur-
ance constraints may dictate some decisions, 
such as the choice of mobilization agent or the 
ability to tie collections in to a previous chemo-
therapy cycle. An example of the potential influ-
ence of insurance reimbursement models comes 
from the Rocky Mountain Blood and Marrow 
Transplant Program and Colorado Blood Cancer 
Institute in Denver, Colorado, where 136 mobi-
lization procedures for ASCT were performed 
over 12 months during 2009–2010 [15]. of 
these procedures, 43% were considered “case-
related” and were performed within strict cost 
constraints defined by a fixed reimbursement 
amount. The remaining mobilization proce-
dures (57%) were “non–case-related” and were 
performed under different reimbursement mod-
els [15]. The effects of reimbursement models 
on costs of mobilization may vary considerably 
between different institutions in the USA and 
different health care systems worldwide, and 
these in turn influence what constitutes cost-
effective mobilization at a local level. Further, 
no real accounting has been made in the cost 
evaluations performed so far as to the effects on 
patients and families of their costs, including 
the time involved undergoing treatment. 

Consequences of Mobilization 
Failure

Failing to mobilize an adequate number 
of stem cells may lead to multiple subsequent 
attempts at stem cell mobilization and harvest-
ing. Repeat attempts have substantial addi-
tional costs including further use of growth 
factors, plerixafor, mobilization chemother-
apy, and management of any associated side 
effects. Mobilization failure rates and the con-
sequences of mobilization failure likely vary 
from institution to institution and may depend 
on the patient mix by disease and age. In 2010, 
Gertz and colleagues described the outcomes 
of initial stem cell mobilization attempts per-
formed at the Mayo Clinic in Rochester, Min-
nesota, from 2001 to 2007 [16]. During this 
7-year period, a total of 2660 patients received 
growth factor therapy for HSC mobilization. 
of these, 1775 patients were being treated for 
a hematologic malignancy, including Hodg-
kin’s lymphoma (n = 93), non-Hodgkin’s lym-
phoma (nHl) (n = 685), or multiple myeloma 
(n = 997) [16]. 

The goal for the initial mobilization attempt 
was to collect > 5 × 106 CD34+ cells/kg, 
which they defined as the optimal autograft. 
The results of the CD34+ HSC collections 
varied across cancer types. Most patients with 
multiple myeloma (70%) reached this goal 
during collection, but only 43% of patients 
with Hodgkin’s lymphoma and 29% of those 
with nHl had optimal HSC collections. For 
many patients the stem cell yield was low (≥ 2 
× 106 and < 5 × 106 CD34+ cells/kg), but they 
underwent transplantation with the collected 
cells despite the suboptimal yield [16]. For a 
sizable minority of patients, the stem cell yield 
was poor (< 2 × 106 CD34+ cells/kg) or the 
mobilization attempt failed altogether (< 10 
CD34+ cells/µl). This was the case for 27% 
of patients with Hodgkin’s lymphoma, 33% 
of those with nHl, and 14% of patients with 
multiple myeloma [16].

In the overall study population, 47% of 
patients had less-than-optimal initial mobi-
lization attempts and stem cell collections. 
Management of these patients was associ-
ated with increased resource utilization in the 
form of increased growth factor and antibiotic 
use, subsequent chemotherapy mobilization 
attempts (“remobilizations”), increased trans-
fusional support, additional apheresis pro-
cedures, and more frequent hospitalization 
during remobilization. 

Several other trials have demonstrated bet-
ter stem cell yields in patients with multiple 
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myeloma than in those with other hema-
tologic malignancies [17,18]. In phase III 
studies evaluating the plerixafor and G-CSF 
mobilization regimen, mobilization efficacy 
was very different for patients with multiple 
myeloma compared to those with nHl. By 
day 4 of apheresis, 86.8% of patients with 
multiple myeloma achieved optimal stem 
cell collection (≥ 6 × 106 CD34+ cells/kg), 
and 90.9% of those with nHl reached only 
the minimum goal for collection (≥ 2 × 106 
CD34+ cells/kg). In both studies, use of the 
plerixafor and G-CSF mobilization regi-
men increased the likelihood of reaching 
CD34+ cell/kg collection goals by approxi-
mately 2.5-fold compared with G-CSF alone  
(P < .0001) [17,18].

Costs of Mobilization
Few studies have examined the costs of HSC 

mobilization in patients undergoing autologous 
HSCT, and data from single-institution studies 
suggest wide variations in cost measured. In a 
study from the M.D. Anderson Cancer Center 
in Houston, Texas, the mean cost for initial 
stem cell mobilization and harvest for patients 
with nHl or Hodgkin’s lymphoma was $9454 
[19]. By comparison, the cost of remobiliza-
tion in this patient population ranged from 
$25,076 to $44,216 [19]. 

In 2010, Pusic and colleagues described 
the health economics of stem cell mobi-
lization in patients undergoing ASCT at 
Washington University School of Medicine. 
The mean costs for initial mobilization 
procedures were $12,458 for patients who 
received G-CSF alone and $17,932 for those 
who received both plerixafor and G-CSF. All 
patients initially treated with plerixafor and 
G-CSF (n = 21) achieved mobilization goals 
of ≥ 2 × 106 CD34+ cells/kg and proceeded 
to transplantation. of 20 patients initially 
treated with G-CSF alone, 8 failed to achieve 
minimum CD34+/kg goals, and 6 underwent 
remobilization. The estimated cost of remo-
bilization with plerixafor and G-CSF was 
$17,376 [20].

Another retrospective analysis examined 
first-line mobilization costs by regimen in 
patients with nHl who were undergoing 
ASCT at the University of Arizona [21]. 
Mean mobilization costs were $20,965 for 
patients treated with cyclophosphamide and 
G-CSF (n = 34) and $19,523 for those 
treated with plerixafor and G-CSF (n = 8). 
Fewer patients in the cyclophosphamide/G-
CSF group (70.6%) than in the plerixafor/G-

CSF group (87.5%) achieved mobilization 
targets [21].

Clinical and financial consequences of 
failed first-line mobilization can be severe. 
Researchers at Stanford University School 
of Medicine in Stanford, California, evalu-
ated outcomes of high-dose chemotherapy 
and ASCT in patients who were unable to 
mobilize sufficient progenitor cells to allow 
for rapid HSC engraftment following trans-
plantation [22]. In the analysis of 172 con-
secutive patients with nHl, 80% were con-
sidered “good” mobilizers according to their 
stem cell yields (≥ 2 × 106 CD34+ cells/kg), 
and 20% were considered “poor” mobilizers  
(< 2 × 106 CD34+ cells/kg). After a median 
follow-up of 3.5 years, event-free survival, 
overall survival, and risk of relapse were simi-
lar between groups. In the economic analysis, 
however, the poor mobilizers had signifi-
cantly higher costs for total transplantation 
care than good mobilizers ($140,262 versus 
$80,833, respectively; P < .001), in part due 
to longer hospital stays (30.5 versus 19 days, 
respectively; P = .02) [22]. These findings 
suggest higher costs of posttransplantation 
care among patients who fail to achieve 
CD34+ cells/kg targets with first-line mobili-
zation. This also indicates that the nature of 
the patient population being treated may sub-
stantially influence the cost of transplantation 
and whether reimbursement covers the cost 
of the procedure.

A Multicenter Analysis of 
Mobilization Costs and outcomes

In 2011, Shaughnessy and colleagues 
described outcomes from a 2-center study 
of G-CSF and plerixafor compared with 

G-CSF and cyclophosphamide for the front-
line mobilization and collection of periph-
eral blood stem cells for ASCT in patients 
with nHl, Hodgkin’s lymphoma, and mul-
tiple myeloma [23]. The study population 
included 33 patients who were participating 
in the expanded access program (EAP)—
a database of patients who were treated 
with plerixafor-based mobilization regimens 
across multiple transplant centers—as well as 
33 controls with nHl or multiple myeloma. 
The EAP and control patients were well 
matched for age, sex, disease, disease stage at 
time of transplantation, and number of prior 
therapies.

The chemomobilization regimen included 
treatment with cyclophosphamide 3 to 5 g/m2  
on day 1 and G-CSF 10 µg/kg per day on 
days 2 to 15. Apheresis was started when the 
peripheral blood CD34+ cell count reached 
≥ 10 cells/µl. In the G-CSF and plerixa-
for group, patients were treated with G-CSF  
10 µg/kg per day on days 1 to 8. Plerixafor 
0.24 mg/kg was administered on the eve-
ning of day 4, 11 hours before apheresis was 
initiated on day 5. The mobilization targets 
were defined as ≥ 5 × 106 CD34+ cells/kg for 
patients with lymphoma and ≥ 6 × 106 CD34+ 
cells/kg for those with multiple myeloma [23].

The economic analysis was designed to 
estimate the true costs of mobilization by 
capturing all related expenditures, includ-
ing medical procedures, resource utiliza-
tion, and medication use. To avoid potential 
bias related to institution-specific charges, 
the investigators evaluated costs using the 
Centers for Medicare & Medicaid Services 
(CMS) schedule of reimbursement rates 
for mobilization procedures, hospitalization, 

Table 1. Outcomes Following Autologous Hematopoietic Stem Cell Mobilization with Granulocyte-Colony Stimulating 
Factor (G-CSF) and Plerixafor Compared to G-CSF and Cyclophosphamide [23]

Outcomes G-CSF Plus Plerixafor (n = 33) Cyclophosphamide Plus G-CSF (n = 33) P

Median apheresis days, n (range) 1 (1-4) 1 (1-4) .45

Median CD34+ cells × 106/kg, n (range) 10.7 (3.5-37.9) 11.6 (2.1-69.3) .5

Patients collecting ≥2 × 106 CD34+ cells/kg, n (%) 33 (100%) 33 (100%) —

Patients collecting ≥5 × 106 CD34+ cells/kg, n (%) 31 (94%) 25 (76%) .04

Initiating apheresis on scheduled day, n (%) 33 (100%) 29 (88%) .04

Weekend apheresis, n (%) 0 16 (48%) ≤ .0001

G-CSF doses, n (range) 5 (4-8) 10 (6-17) ≤ .0001

Median days of stay for hospitalization, n (range) 0 1 (0-2) ≤ .0001

Transfusions during mobilitzation, n (%) 0 4 (12.1) .06

*Reprinted with permission from Elsevier [23].
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provider visits, apheresis, CD34+ cell pro-
cessing, and cryopreservation. Additional 
costs not in the CMS database were extrapo-
lated from another recent economic analysis 
of stem cell mobilization [19]. Procedural 
costs were also evaluated on the basis of 
average sale price for medications related to 
mobilization, including G-CSF, plerixafor, 
cyclophosphamide, mesna, antiemetics, and 
antimicrobials. Costs related to transplanta-
tion were not included in the study, and 
mobilization failures were not included in 
the study [23]. 

Mobilization Efficacy
An efficacy analysis showed some poten-

tially important differences in outcomes 
between the mobilization regimens (Table 2). 
Although patients in both groups completed 
apheresis in a median of 1 day, those in the 
G-CSF plus plerixafor group were more likely 
than those in the G-CSF plus cyclophosph-
amide group to collect at least 5 × 106 CD34+ 
cells /kg (94% versus 76%; P = .04). Treatment 
with plerixafor also reduced the G-CSF dos-
ing requirements by half compared with the 
chemotherapy-based regimen (5 versus 10;  
P ≤ .0001) [23].

Scheduling outcomes favored the G-CSF 
plus plerixafor regimen, suggesting greater 
convenience for patients and staff. All patients 
in the G-CSF plus plerixafor group were 
able to initiate apheresis on the originally 
scheduled day, compared with 88% of those 
in the G-CSF plus cyclophosphamide group  
(P = .04). Moreover, no patients in the G-CSF 
plus plerixafor group required weekend 
apheresis, compared with almost half (48%) of 
patients in the G-CSF plus cyclophosphamide 
group (P ≤ .0001) [23].

Treatment with plerixafor plus G-CSF 
reduced hospitalizations and the risk of com-
plications associated with mobilization. More 
than half of patients who received G-CSF 
plus cyclophosphamide (58%) required hos-
pitalization, compared with no patients in the 
G-CSF plus plerixafor group (P ≤ .0001). In 
addition, 12.1% of patients in the G-CSF plus 
cyclophosphamide group required transfusion 
support during mobilization, compared with 
no patients in the G-CSF plus plerixafor group 
(P ≤ .0001) [23].

Mobilization Costs
overall, the total estimated expendi-

tures associated with stem cell mobilization 
were similar in the G-CSF plus plerixafor 

and G-CSF plus cyclophosphamide groups, 
whether measured as mean costs ($20,298 
versus $19,173; P = .57) or median costs 
($14,224 versus $18,824; P =.45). However, 
when mobilization costs were calculated by 
day of apheresis, a different pattern emerged 
(Figure 2). Most patients in the G-CSF 
group (69%) finished apheresis in 1 day, 
compared with 39% of those in the G-CSF 
plus cyclophosphamide group. During this 
first apheresis day, the median total cost of 
mobilization was lower in the G-CSF plus 
plerixafor group. The balance shifted on the 
second and subsequent days of apheresis, 
when the median total cost of mobilization 
was higher in the G-CSF plus plerixafor 
group due to the added cost of plerixafor on 
those days. This suggests that the acquisi-
tion costs of plerixafor in the G-CSF plus 
plerixafor group were offset by reductions in 
other resource utilization in the G-CSF plus 
cyclophosphamide group. Applying these 
findings to clinical practice, the need for 
repeated plerixafor dosing, especially the 
use of more than two doses, can be expected 
to push total mobilization costs higher than 
those of other regimens that do not incorpo-
rate plerixafor [23].

summary 
Cost-effectiveness research related to stem 

cell mobilization is young, but has already 
revealed some options for minimizing the 
total economic burden of mobilization. Suc-
cessful initial mobilization avoids the need for 

remobilization and minimizes the number of 
total procedures required. To accomplish this, 
it is important to set appropriate target cell 
doses for single and tandem transplantations, 
to plan procedures on a schedule that uses 
staff time efficiently, and to monitor CD34+ 
cell counts in the peripheral blood, proceed-
ing to apheresis only in cases of adequate 
mobilization. 

With stem cell collection algorithms, clini-
cians can identify likely “good” and “poor” 
mobilizers prospectively. Though G-CSF plus 
plerixafor is more effective than G-CSF alone 
for mobilization, it is possible to identify 
patients who mobilize adequately without 
plerixafor. As a result some mobilization algo-
rithms omit plerixafor if the day 4 CD34+ 
cell counts meet mobilization targets. If after 
an apheresis CD34+ cell collections are near 
target, it may be reasonable to collect without 
plerixafor use before the final apheresis. These 
decisions are further complicated by data sug-
gesting that performing transplantations on 
patients with lower doses of CD34+ cells may 
increase overall transplantation costs and com-
promise future therapies. While more CD34+ 
cells may be better, the value of specific target 
doses > 5 million per kg have not been well 
defined. lastly, from a cost-containment per-
spective it may be important to plan mobiliza-
tion on a patient by patient basis within the 
knowledge of each patient’s insurance cover-
age plan and whether drug reimbursement 
programs are available for patients without full 
transplantation coverage.

Figure 2. Mobilization costs by regimen on successive days of apheresis. Reprinted with permis-
sion from elsevier [23].
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should Mobilization 
strategy Be Adapted to 
each Patient?

Robert K. Stuart, MD 
Luciano J. Costa, MD, PhD

Autologous HSCT is the current standard of 
care for select patients with multiple myeloma 
and chemosensitive, relapsed, intermediate- or 
high-grade nHl. new approaches to stem cell 
mobilization for these patients include indi-
vidualized mobilization regimens that account 
for variables such as target apheresis yields, risk 
for mobilization failure, and cost-effectiveness 
of treatment. Dual approaches to improving 
the cost-effectiveness of stem cell mobilization 
include maximizing the likelihood of successful 
mobilization while minimizing mobilization-
related costs. Containing procedural costs asso-
ciated with mobilization can bolster the long-
term viability of autologous HSCT programs. 
Several cost-containing strategies related to the 
selective use of plerixafor have been proposed. 

Cost-Lowering strategies

Plerixafor for Mobilization Failures
one strategy for lowering mobilization costs 

calls for the use of plerixafor only in patients 
who have already failed upfront mobilization 
with G-CSF alone. This approach would sub-
stantially lower plerixafor use to approximately 
20% of current rates, resulting in a correspond-
ing decrease in medication costs. 

To compensate for this change in proto-
col, patients who failed first-line mobiliza-
tion and then required remobilization with 
plerixafor would endure longer wait times 
to transplantation. Remobilization is also 
associated with higher overall growth fac-
tor cost, higher apheresis cost, and greater 
unpredictability. This approach, which 
would likely increase the number of first-
line failures, would also disrupt the normal 
flow of patients through the transplantation 
center. 

Plerixafor for Patients at Risk of 
Mobilization Failure

Another strategy involves the use of 
plerixafor as part of first-line mobilization 
regimens only in patients who are at risk for 
mobilization failure. In this model, plerixafor 
would be available to approximately 30% to 

40% of patients who undergo stem cell mobi-
lization. Compared to the first model, which 
restricted plerixafor use to mobilization fail-
ures only, this approach would reduce the 
need for remobilization and provide greater 
predictability. 

The main drawback of this approach 
is the requirement that clinicians identify 
patients who are at increased risk of mobili-
zation failure. Current models for prediction 
of mobilization failure are imperfect, and 
clinical decisions based on flawed models 
may lead to the exclusion of patients who are 
appropriate candidates for plerixafor. Fur-
thermore, this approach does not provide an 
option for using plerixafor to correct “slow” 
and “inadequate” collections in patients who 
are not at risk for mobilization failure. The 
residual need for remobilizations in patients 
who do not receive first-line plerixafor will 
also lead to high growth factor and apheresis 
costs.

Plerixafor Given According to Day 4 
Mobilization Results

In this model, the decision to administer 
plerixafor is based on real-time mobiliza-
tion results after 4 days of treatment with 
G-CSF. This algorithm offers several advan-
tages, including greater predictability, a lower 
number of apheresis sessions, and a very low 
need for remobilization. Accordingly, costs 
for growth factor, apheresis, and cryopreser-
vation are lower, and transplant center flow 
is improved. This approach also provides a 
mechanism for avoiding unnecessary plerixa-
for use in patients with adequate mobilization 
after G-CSF alone. 

As a potential disadvantage, this approach 
may reduce the use of plerixafor in first-line 
mobilization regimens only modestly, to 40% 

to 70% of current utilization rates. In addi-
tion, this approach requires the availability of  
real-time CD34+ cell count assays, which will 
incur their own added costs. 

This algorithm assumes that patients with 
extremely low CD34+ cell counts in the 
peripheral blood on day 4 are destined to fail 
and therefore require plerixafor. on the other 
extreme, patients with extremely high CD34+ 
cell counts are destined to reach mobilization 
targets without plerixafor, and do not require 
additional mobilization agents. Patients with 
intermediate CD34+ cell counts should be 
evaluated in context with other factors, includ-
ing the costs of additional therapy and the 
proximity of cell-count targets. 

At the 2010 American Society for Blood 
and Marrow Transplantation (ASMBT) annual 
meeting, DiPersio and colleagues described 
the feasibility of using the threshold of ≤ 10 
CD34+ cells/µl in the peripheral blood to trig-
ger the addition of plerixafor to a mobilization 
regimen [24]. The post-hoc analysis included 
142 patients with nHl who were mobilized 
with G-CSF alone (10 µg/kg for up to 8 doses). 
CD34+ cells were measured on the morning 
of day 4, approximately 24 hours prior to the 
scheduled start of apheresis. The CD34+ cell 
counts on day 4 were then compared with 
apheresis yields. 

Among the 124 patients with evaluable 
peripheral blood CD34+ cell counts at day 
4, 60% had cell counts of ≤ 10 cells/µl 
and 40% had cell counts of > 10 cells/µl. 
The median CD34+ cell yields increased 
between day 2 and day 4 of apheresis in 
both groups (Table 2). In the subgroup of 
patients with > 10 CD34+ cells/µl after  
4 days of G-CSF mobilization, 20.4% failed 
to collect the minimal cell dose (≥ 2 × 
106 CD34+ cells/kg) and 59.2% failed to 

Table 2. Apheresis Outcomes According to Proposed Mobilization Thresholds [24]

Proposed Threshold for Mobilization

Outcome ≤ 10 CD34+ cells/μL > 10 CD34+ cells/μL

After 2 Apheresis Days

Median yield, CD34+ cells/kg x 106 (range) 0.97 (0.06 - 9.16) 3.30 (0.46 - 12.00)

Patients achieving ≥2 × 106 CD34+ cells/kg, % 22.7 65.3

Patients achieving ≥5 × 106 CD34+ cells/kg, % 5.3 30.6

After 4 Apheresis Days

Median yield, CD34+ cells/kg x 106 (range) 1.31 (0.06 - 10.58) 4.52 (0.46 - 15.00)

Patients achieving ≥2 × 106 CD34+ cells/kg, % 34.7 79.6

Patients achieving ≥5 × 106 CD34+ cells/kg, % 10.7 40.8
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collect the optimal cell dose (≥ 6 × 106 
CD34+ cells/kg) after 4 days of apheresis. 
on the basis of these findings, the authors 
concluded that using a threshold of > 10 
CD34+ cells/µl for stem cell collection does 
not ensure adequate yields for patients with 
nHl who are mobilized with G-CSF alone. 
They recommended that mobilization algo-
rithms incorporate higher CD34+ cell count 
thresholds to facilitate sufficient stem cell 
collection for patients proceeding to autolo-
gous HSCT [24].

In the subgroup of patients with > 10 
CD34+ cells/µl after 4 days of G-CSF mobi-
lization, 20.4% failed to collect the minimal 
cell dose (≥ 2 × 106 CD34+ cells/kg), and 
59.2% failed to collect the optimal cell dose 
(≥ 6 × 106 CD34+ cells/kg) after 4 days of 
apheresis. on the basis of these findings, the 
authors concluded that using a threshold of  
> 10 CD34+ cells/µl for stem cell collection 
does not ensure adequate yields for patients 
with nHl who are mobilized with G-CSF 
alone. They recommended that mobilization 
algorithms incorporate higher CD34+ cell 
count thresholds to facilitate sufficient stem 
cell collection for patients proceeding to autol-
ogous HSCT [24].

Mobilization Decision-Making 
Algorithms

Adding plerixafor to current mobilization 
regimens for all patients undergoing autolo-
gous HSCT is impractical and unnecessary. 
Mobilization algorithms guide the use of 
plerixafor to ensure better stem cell collec-
tion yields in patients who need it, while 
maintaining the cost-effectiveness of therapy 
and optimizing the utilization of available 
resources.

Algorithm Development and Validation
At the Medical University of South Caro-

lina (MUSC) in Charleston, South Carolina, 
Costa and colleagues developed a decision-
making algorithm that uses the peripheral 
blood CD34+ cell count on day 4 of G-CSF 
administration to decide between continuing 
G-CSF only or adding plerixafor to the mobi-
lization regimen. The goal of the algorithm 
was to identify which mobilization approach 
would ensure adequate stem cell collection at 
the lowest estimated cost [25].

The MUSC algorithm was built on the 
assumption, based on historical data, that 
adding plerixafor to the mobilization regi-
men on day 4 of mobilization provided a 

3-fold increase in CD34+ cell count on the 
first day of apheresis. To provide flexibility 
in its clinical application, the algorithm 
allowed users to evaluate different collec-
tion targets. For instance, collection targets 
at MUSC are ≥ 6 × 106 CD34+ cells/kg 
for patients with multiple myeloma who 
are planning up to 2 transplantations, and  
≥ 3 × 106 CD34+ cells/kg for all other 
patients with hematologic malignancies. For 
each collection target, the algorithm was 
able to determine the maximum periph-
eral blood CD34+ cell count for which the 
plerixafor and G-CSF approach remained 
cost-effective (Figure 3) [25].

The MUSC algorithm was validated in a 
cohort of 34 patients who completed HSC 
mobilization, including 24 patients (71%) 
with multiple myeloma and 10 patients 
(29%) with lymphoma. of note, more than 
half of the patients with multiple myeloma 
(58%) had received prior treatment with 
lenalidomide. on the basis of day 4 periph-
eral blood CD34+ cell counts and individual 
collection targets, 11 patients (32%) were 
mobilized with G-CSF alone and 23 patients 
(68%) were mobilized with plerixafor and 
G-CSF. overall, 33 patients (97%) reached 
their prespecified collection targets with 
the algorithm-guided regimen. Indeed, the 
median stem cell collection was 129% of 
prespecified targets in the G-CSF group and 
166% of prespecified targets in the G-CSF 
plus plerixafor group (P = .22). Moreover, 
94% of all patients were able to complete 

their stem cell collection within the predicted 
number of apheresis sessions. This included 
81.9% of patients in the G-CSF group and 
95.7% of patients in the G-CSF plus plerixa-
for group (P = .18) [25].

Mobilization Algorithm versus 
Chemotherapy Mobilization

In another recent study, Costa and col-
leagues compared the safety and efficacy of 
chemotherapy mobilization versus mobiliza-
tion guided by the MUSC algorithm [26]. The 
chemotherapy cohort included 81 patients who 
were mobilized at MUSC prior to november 
2008. In this historical cohort, patients were 
treated with cyclophosphamide 2000 mg/m2  
followed by G-CSF 5 µg/kg per day and GM-
CSF 5 µg/kg per day. Apheresis was started 
when peripheral blood CD34+ cell counts 
reached 10 cells/mm3 and was continued until 
collection targets were met. 

After the MUSC mobilization algorithm 
was developed and validated, it became the 
preferred method for mobilization at MUSC 
beginning in January 2009. In the current 
study, the MUSC algorithm (MA) cohort 
included 50 patients who were mobilized 
as directed by the MUSC algorithm. The 
MA cohort included a greater proportion 
of patients with multiple myeloma than the 
chemotherapy cohort (64% versus 41%;  
P = .01) and a corresponding lower proportion 
of patients with lymphoma (36% versus 59%). 
Among patients with multiple myeloma, those 
in the MA cohort were more likely than those 

Figure 3. Medical university of south Carolina (MusC) mobilization algorithm [25]. For a given 
stem cell collection target, plerixafor should added to the mobilization regimen unless the 
peripheral blood CD34+ cell count (cells/mm3) on day 4 of mobilization exceed the number 
displayed on the continuous line. Reprinted with permission from elsevier [25].
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These findings demonstrate that the MUSC 
algorithm carries a mobilization success rate 
of nearly 100%. MA-directed mobilization is 
also safer, more predictable, and likely to be 
more cost effective than chemotherapy mobi-
lization in patients with multiple myeloma or 
lymphoma [26].

Mobilization and engraftment 
outcomes

To date, most studies comparing mobiliza-
tion regimens focus on apheresis yields, collec-
tion times, and mobilization failure rates. The 
next step is comparing engraftment outcomes 
associated with different mobilization regi-
mens. In 2011, Alexander and colleagues ret-
rospectively evaluated the engraftment kinet-
ics in patients mobilized with G-CSF alone  
(n = 26), G-CSF plus plerixafor (n = 32), and 
cyclophosphamide plus G-CSF and GM-CSF 
(n = 38) [27]. 

All patients received autologous HSCT 
with comparable CD34+ cell doses, regard-
less of mobilization method (Table 3). Mono-
nuclear cells were present in greater num-
bers in the G-CSF plus plerixafor group 
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summary 
Methods for HSPC mobilization are 

shifting from uniform protocols to patient- 
tailored algorithms that account for aphere-
sis targets, real-time efficacy of G-CSF–
induced mobilization, and cost consid-
erations. Compared with historical data, 
mobilization with G-CSF or G-CSF plus 
plerixafor, as guided by decision-making 
algorithms, improves a range of outcomes 
for patients undergoing mobilization for 
autologous HSCT. Individualized mobili-
zation strategies are associated with more 
predictable apheresis, more successful 
mobilization, lower complication rates, 
and shorter time to transplantation, with-
out an increase in mobilization-related 
costs. Additional refinements in mobili-
zation strategies and novel mobilization 
regimens may provide even greater stem 
cell yields while minimizing adverse events 
and preserving the cost-effectiveness of 
treatment.

Table 3. Comparison of Engraftment Kinetics by Mobilization Method [27]*

Mobilization Method

Peripheral Blood Stem Cell Products G-CSF (n = 26) G-CSF Plus Perixafor (n = 32) Cyclophosphamide Plus G-CSF and GM-CSF (n = 38) P

CD34+ cells, × 106/kg (range) 4.21 (3.35-4.81) 4.11 (3.41-6.36) 4.67 (4.17-5.34) .433

Mononuclear cells, × 108/kg (range) 5.62 (4.08-7.65) 6.54 (5.11-10.10) 3.55 (1.76-6.65) < .001

CFU-GM, × 105/kg (range) 9.08 (7.58-11.42) 7.41 (5.89-12.63) 10.88 (7.27-18.30) .081

CFU-GM/CD34+ ratio 0.22 (0.19-0.29) 0.19 (0.14-0.23) 0.24 (0.18-0.37) .008

*G-CSF indicates granulocyte-colony stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; CFU-GM, colony-forming units–granulocyte-macrophage. Reprinted with permission from John Wiley and 
Sons [27].
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2012 BMT Tandem Meetings will be 
Feb. 1-5 in san Diego

The combined 2012 annual meetings of 
ASBMT and the Center for International Blood 
and Marrow Transplant Research (CIBMTR) 
will be Feb. 1-5 at the Manchester Grand Hyatt 
in San Diego, California.

Recent advances in the broad field of cellu-
lar therapy and blood and marrow transplan-
tation will be addressed in plenary sessions, 
concurrent sessions, oral abstracts, workshops, 
poster sessions, and symposia.

The scientific program chair for ASBMT is 
John E. levine, MD, MS, of the University of 

Michigan, Ann Arbor, and the chair for CIB-
MTR is Stella M. Davies, MBBS, PhD, of the 
Cincinnati Children’s Hospital, Cincinnati.

In addition to the five days of scientific 
sessions for BMT clinicians and investigators, 
there will be other related conferences and 
sessions:

FACT Workshops for Applicant Prepa-•	
ration and Inspector Training – Jan. 31
BMT CTn Steering Committee Meet-•	
ing – Jan. 31
Clinical Research Professionals / Data •	
Managers – Jan. 31-Feb. 1
BMT CTn Coordinators – Feb. 1-2•	

Pediatric BMT – Feb. 2•	
BMT Center Administrators – Feb. 2-3•	
Clinical Practice Forum – Feb. 3•	
BMT Pharmacists – Feb. 3-4•	
Transplant nursing – Feb. 3-5•	
Advanced Practice Professionals – Feb. 4•	
Medical Directors – February 4•	

The deadline for early registration and for 
abstract submission is oct. 13. online meeting 
registration, housing, and abstract submission 
can be accessed at both the ASBMT web-
site, www.asbmt.org, and the CIBMTR web-
site, www.cibmtr.org. Information is updated 
continuously.

ASBMT news
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Graft Mobilization in Autologous and Allogeneic Hematopoietic stem Cell 
Transplantation

CMe Assessment Test 
 What is widely considered to be the minimum CD34+ 1. 
threshold for autologous hematopoietic stem cell 
transplant (HSCT)?

A. ≥ 1 × 106 CD34+ cells/kg

B. ≥ 2 × 106 CD34+ cells/kg

C. ≥ 5 × 106 CD34+ cells/kg

D. ≥ 10 × 106 CD34+ cells/kg

 What is widely considered to be the optimal CD34+ 2. 
threshold for autologous HSCT?

A. ≥ 1 × 106 CD34+ cells/kg

B. ≥ 2 × 106 CD34+ cells/kg

C. ≥ 5 × 106 CD34+ cells/kg

D. ≥ 10 × 106 CD34+ cells/kg

 What is the dominant mechanism of cytokine-3. 
induced hematopoietic stem/progenitor cells (HSPC) 
mobilization? 

A. Down-regulation of granulocyte colony-stimulating factor 
(G-CSF) receptor expression in HSCPs

B. Disruption of the CXCR4/CXCl12 signaling pathway

C. Inhibition of epidermal growth factor receptor (EGFR) 
expression in HSPSs

D. Differentiation of circulating monocytes to macrophages

 Which of the following variables is included in current 4. 
algorithms designed to guide decision-making regarding 
optimal mobilization strategies?

A. Peripheral blood CD34+ cell count on day 1 of apheresis

B. Peripheral blood CD34+ cell count on day 2 of apheresis

C. Peripheral blood CD34+ cell count on day 3 of apheresis

D. Peripheral blood CD34+ cell count on day 4 of apheresis

 Compared with chemomobilization with 5. 
cyclophosphamide and G-CSF, mobilization with G-CSF 
plus plerixafor is associated with which of the following 
outcomes?

A. Higher median CD34+ cell yield with apheresis

B. More patients reaching the minimal CD34+ cell collection 
threshold

C. More patients reaching the optimal CD34+ cell collection 
threshold

D. Greater demand for weekend apheresis

 Mobilization with G-CSF or G-CSF plus plerixafor, as 6. 
guided by the Medical University of South Carolina 
(MUSC) algorithm, is associated with which of the 
following outcomes compared with chemomobilization?

A. Fewer median days of apheresis

B. Shorter time from mobilization to autologous HSCT

C. Similar rate of hospitalization due to neutropenic fever

D. Higher estimated mean mobilization cost per patient 
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CMe Assessment Test Answer sheet – Program iD #11136

Release Date: August 15, 2011
Last Review Date: August 15, 2011
Expiration Date: August 15, 2012

instructions
(1) Read the articles in the publication carefully. (2) Circle the correct response to each question on the Answer Sheet. (3) 
Complete the Evaluation Form. (4) To receive CME credit, fax the completed Answer Sheet and Evaluation Form to the Office 
of Continuing and Professional Education (414-456-6623) or mail to the Office of Continuing Medical Education, Medical College 
of Wisconsin, 10000 Innovation Drive, Milwaukee, WI 53226. No processing fee is required.

1. A B C D
2. A B C D

3. A B C D
4. A B C D

5. A B C D
6. A B C D

Please evaluate the effectiveness of this CME activity on a scale of 
1 to 5, with 5 being the highest, by circling your choice. Fax with 
the Answer Sheet to the Office of Continuing and Professional Edu-
cation, 414-456-6623, or mail to the Office of Continuing Medical 
Education, Medical College of Wisconsin, 10000 Innovation Drive, 
Milwaukee, WI 53226.

overall Quality of the CME Activity 1 2 3 4 5

Articles in the publication were presented in a clear  
and effective manner. 1 2 3 4 5

The material presented was current and clinically  
relevant. 1 2 3 4 5

Educational objectives were achieved. 1 2 3 4 5

The CME activity provided a balanced, scientifically  
rigorous presentation of therapeutic options related  
to the topic, without commercial bias. 1 2 3 4 5

How will you change your treatment based on this CME activity?

Would you benefit from additional CME programs  
on this topic? Yes no

I have read these articles on Graft Mobilization in Autologous and 
Allogeneic Hematopoietic Stem Cell Transplantation, published in 
Blood and Marrow Transplantation Reviews, and have answered the CME 
test questions and completed the Evaluation Form for this activity.

Signature Date

last name First name MI Degree

Specialty Affiliation

Address

City State Postal Code

Phone Fax E-mail

CMe evaluation Form
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