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Abstract

Transplantation of mobilized peripheral blood stem cells (PBSC) for
rescue of bone marrow function after high-dose chemo-/radiotherapy
is widely used in hematologic malignancies and solid tumors. Mobili-
zation of stem cells to the peripheral blood can be achieved by
cytokine treatment of the patients. The main advantage of autologous
PBSC transplantation over bone marrow transplantation is the faster
recovery of neutrophil and platelet counts. The threshold number of
PBSC required for adequate rescue of bone marrow is thought to be
about 2 x 106 CD34+ cells/kg, if the stem cells are collected by
leukapheresis and subsequently cryopreserved. We show that this
critical number could be further reduced to as few as 0.2 x 106 cells/kg.
In 30 patients with multiple myeloma and 25 patients with bad risk
lymphoma 1 liter of granulocyte colony-stimulating factor (G-CSF)-
mobilized unprocessed whole blood (stored at 4oC for 1-3 days) was
used for transplantation. Compared to a historical control group, a
significant reduction in the duration of neutropenia, thrombocytopenia
and the length of hospital stay was documented. Furthermore, the
effect of stem cell support was reflected by a lower need for platelet
and red cell transfusions and a reduced antibiotic use. Considering the
data as a whole, a cost saving of about 50% was achieved. To date, this
easy to perform method of transplantation is only feasible following
high-dose therapies that are completed within 72 h, since longer
storage of unprocessed blood is accompanied by a substantial loss of
progenitor cell function. Ongoing investigations include attempts to
prolong storage times for whole blood.
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Mobilization of hematopoietic
stem cells

Dührsen et al. (1) were the first to demon-
strate that administration of recombinant
granulocyte colony-stimulating factor (G-
CSF) increases the number of colony-form-
ing units in peripheral blood up to 100-fold
steady-state levels. In normal individuals the

number of mobilized peripheral blood stem
cells (PBSC) depends on the dose of G-CSF
used (5-15 µg/kg, sc, 4-6 days, daily (2) or
twice daily (3)) and the age of the donor,
whereas the stem cell yield in patients who
have been previously subjected to therapy
strongly depends on the number of courses
of chemotherapy or radiotherapy (4-6). Re-
cently, the advantages of G-CSF-mobilized
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peripheral blood progenitor transplantation
vs autologous bone marrow transplantation
were demonstrated in a randomized trial in
patients with lymphoma treated with high-
dose chemotherapy (7). The number of plate-
let transfusions, the time to neutrophil re-
covery and the period of hospital stay were
significantly reduced.

To date, other agents with the potential to
mobilize stem cells but which have not yet
been tested in clinical trials include GM-CSF,
stem cell factor (8,9), IL-8 (10), IL-3, IL-6,
IL-11 (11), and antibodies directed against
the adhesion molecule VLA-4 (CD49d). Apart
from cytokines, the number of circulating
PBSC can be increased by chemotherapy dur-
ing hematopoietic recovery as originally ob-
served by Richman et al. (12). However, the
stem cells harvested contain a smaller portion
of primitive progenitor cells compared to G-
CSF alone, as measured by the the lack of
HLA-DR or CD38 in the CD34+ cell popula-
tion. In addition, a combination of cytokine
administration following chemotherapy has
been reported to effectively mobilize stem
cells (reviewed in Ref. 13).

Patients in whom stem cells are poorly
mobilized have to undergo several cycles of
leukapheresis to collect enough stem cells
for long-term repopulation of the bone mar-
row. The threshold number of PBSC re-
quired for adequate rescue of bone marrow
is about 2 x 106 CD34+ cells/kg (reviewed in
Ref. 13), if the stem cells are collected and
cryopreserved. During cryopreservation loss
of quality of the transplant may occur, since
we could show that the critical number of
stem cells for rescue could further be re-
duced to as few as 0.2 x 106 cells/kg if 1 liter
of mobilized unprocessed whole blood was
reinfused (14-16).

Clinical studies involving G-CSF-
mobilized unprocessed whole blood

Studies by Molineux et al. (17) showed
that the amount of blood required to rescue

lethally irradiated mice could be reduced from
3 ml (1.5 times the normal blood volume) to
10 µl when using blood of mice which were
pretreated with G-CSF. Furthermore, it was
shown that blood of G-CSF-treated mice con-
tained hematopoietic stem cells functionally
comparable to bone marrow-derived stem cells
(18). The authors presumed that about 5 ml of
stimulated unprocessed blood/kg body weight
may be sufficient for successful engraftment
in humans. We tested the feasibility of unpro-
cessed blood treatment first in a small group
of patients (N = 5) with multiple myeloma
receiving high-dose melphalan (HDM; 140
mg/m2) at day 0 (14). To date, the study has
been extended to more than 30 patients (16).
In this study, 10 µg/kg G-CSF (filgrastim;
Neupogen Amgen, Thousand Oaks, CA, USA)
was administered sc daily starting on day -6
for 6 days. On day 0, two phlebotomies of 500
ml each were performed via an antecubital
vein and melphalan was given intravenously.
After 24 h the two bags of blood were
reinfused. The median number of CD34+ cells
in blood after mobilization was 0.3 x 106/kg
(range 0.1-1.75). Compared with a historical
control group of 20 patients treated with HDM
without stem cell rescue, the median duration
of neutropenia was reduced by 24 days, the
median duration of thrombocytopenia by 10
days and the median length of hospital stay by
24 days. The effect of stem cell support was
also reflected by a lower need for platelet and
red cell transfusions and a reduced antibiotic
use. Besides reduced toxicity, a cost saving of
about 50% was calculated (19).

In another study (15) the whole blood
stem cell procedure was adapted to a modi-
fied (72-h course) myeloablative BEAM-
like scheme in 9 patients with bad risk malig-
nant lymphomas. In this treatment protocol
the blood was stored unprocessed for 3 days
at 4oC before reinfusion. The scheme was
adjusted in such a way that the cytostatics
used had been largely cleared from the blood
by the day of reinfusion. The median number
of reinfused CD34+ stem cells was 0.28 x
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106/kg (range 0.01-0.59). When more than
0.2 x 106/kg CD34+ cells were reinfused the
time to recovery was comparable to that
observed after classical peripheral stem cell
transplantation (15).

Liquid storage of peripheral blood
progenitors

To date we only employ this attractive
method of autologous stem cell transplan-
tation using 1 liter of unprocessed whole
blood if high-dose chemotherapy is com-
pleted within 72 h since longer storage of
unprocessed blood is accompanied by a sub-
stantial loss of progenitor cells. We could
show that the number of CD34+ cells in
blood from G-CSF-treated patients with lym-
phoma even increased in 12/20 patients after
3 days of storage at 4oC as compared to day
0. Storage at 24oC resulted in a reduced
number of progenitor cells after 3 days. Stud-
ies on the feasibility of storage for longer
periods of time were hampered by the fact
that only small amounts of blood were still
available after reinfusion of the bulk on day
3. Comparing the quality of progenitor cells
during the first 3 days, we found better re-
sults when the blood was stored in a larger
volume compared to a smaller volume. Im-
provement of the storage conditions is nec-
essary to extend the whole blood procedure
to other chemotherapeutic regimens. The
addition of G-CSF at a concentration of 10
ng/ml to cells in storage showed no detect-
able benefit (20). In this study, 77% of the
initial colony-forming units remained after
96 h at 4oC. Our findings are also in accor-
dance with the study of Pettengell et al. (21)
who established that hematopoietic progeni-
tors in leukapheresis material and in whole
blood remain viable for 5 days at 4oC. The
use of non-cryopreserved mobilized blood
stem cells has also been described by others
(22,23). In these studies, however, leukaphe-
resis material was used.

Role of adhesion molecules in the
mobilization of stem cells and their
homing to bone marrow

Although the underlying mechanisms of
mobilization are largely unknown, it is evi-
dent that adhesion molecules play a crucial
role in this process. Mobilization may be the
result of downregulation of adhesion mol-
ecules on stem cells which would enable
these cells to be recruited with increased
efficacy into the peripheral blood. Candi-
date adhesion molecules are LFA-1, VLA-4,
VLA-5 and LFA-3 since these molecules are
expressed in lesser amounts on PBSC as
compared to their bone marrow counterparts
(24-26).

On the other hand, the expression of
these cell surface markers on stem cells can
be expected to be important for effective
engraftment after reinfusion. Important
structures involved in the �homing� of PBSC
to the bone marrow include the selectin fam-
ily of adhesion molecules and their glyco-
protein ligands. Blood-derived stem cells
express high levels of CD62L (L-selectin) as
compared to bone marrow stem cells (24).
This observation may explain the improved
kinetics of bone marrow recovery after PBSC
transplantations, since it has been described
that the number of reinfused CD34+/CD62L+

stem cells correlates better with the time
needed for platelet recovery than the total
number of CD34+ cells (25). On the other
hand, it has been shown that neutrophils
stimulated with G-CSF upregulate CD11b/
CD18 but partly shed their L-selectin recep-
tor (27). Furthermore, G-CSF directly stimu-
lates neutrophil migration across the vascu-
lar endothelium (28). It has to be further
evaluated whether all of these observations
hold true not only for neutrophils but also for
stem cells. These observations would be
consistent with the role of G-CSF in the
mobilization of cells from marrow stores.
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