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Abstract

During the past decade, regenerative medicine has emerged as a key technology in the
next generation of medical care, and cell therapy and organ repair using stem cells have
become very attractive options for regenerative medicine. The application of stem cells in
regenerative medicine has required modified methods for isolation. Furthermore, the proc-
ess of cell separation plays an important role in cell therapy and regenerative medicine
using stem cells. So, in this review, we compare different methods for the separation of
cells from bone marrow for transplantation to humans, with emphasis on the advantages

and disadvantages of each method.
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Introduction

Advances in medicine and medical technology have
resulted in a tremendous improvement in health
and welfare. However, we are still faced with vari-
ous diseases that are difficult to treat using con-
temporary medicine. For organ failure (heart, renal
& liver failure) and neurodegenerative diseases
(Parkinson’s and Alzheimer’s disease), there is, at
present, no effective treatment other than the trans-
plantation of organs from human donors or cells
from a fetus (1). The many problems associated
with transplantation, such as immunological rejec-
tion, infectious diseases, and a lack of donors have
prompted the search for a novel treatment method.
During the past decade, regenerative medicine has
emerged as a key technology in the next generation
of medical care, and cell therapy and organ repair
using stem cells have become very attractive op-
tions for regenerative medicine.

Various multipotent stem and progenitor cells exist
in adult tissues and organs to replace lost or injured
cells and are almost comparable to embryonic stem
(ES) cells with respect to their ability to differenti-
ate into various tissues in vitro and in vivo (2-4).
Thus, there has been tremendous progress in un-
derstanding the mechanism of tissue regeneration.
Application of these cells in regenerative medicine
has required modified methods for isolation. The

process of cell separation holds an important role in
cell therapy and regenerative medicine using stem
cells. Stem cells are usually present in only small
quantities in adult tissues and organs, and an effec-
tive separation procedure for stem cells is always
required. The separation of cells is different from
the separation of other materials. Since cells are
living and variable, depending on the surrounding
environment, the separation processes are limited
by the medium and operation. The speed of the
operation and viability during separation are im-
portant operating factors. During the last decade,
several technologies have been proposed to purify
hematopoietic cells for clinical use (2, 3).

In this article we focus on different methods used
for the separation of stem cells from bone marrow
for transplantation and compare these methods,
pointing out their advantages and limitations.

Procedures for Cell Separation

The ability and efficiency of various techniques to
purify adult stem cells from a heterogeneous cell
population is an important factor in the success-
ful characterization and application of stem cells.
Existing cell separation methods can be classi-
fied into two main groups. The first is based on
physical criteria like size, shape, and density dif-
ferences and includes filtration and centrifugation
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techniques (4). These methods are commonly used
for debulking heterogeneous samples. The second
group comprises affinity methods such as capture
on affinity solidmatrix (beads, plates, fibers) (5, 6),
fluorescence-activated cell sorting (FACS) (7, 8)
and magnetic cell sorting (9, 10), which are based
on biochemical cell surface characteristics and bi-
ophysical criteria (in FACS).

Here, we are going to review development of
methods applied to the isolation of cells from bone
marrow (BM).

Enrichment of mononuclear cells

Several techniques for the enrichment of mono-
nuclear cells (MNC) from original BM have been
developed. These techniques include sedimentation
with agents such as hydroxyl ethyl starch (HES)
(11, 12), density gradients using Buffy coat (13, 14),
and blood cell separators (15-18). The latest blood
cell separators, with fully automated methods, allow
BM processing in a closed system, which simplifies
separation procedures and improves the quality of
the collected cells in terms of cell recovery, collec-
tion selectivity, and microbiologic safety (19).

Manual MNC isolation

Early attempts to process BM were carried out
using manual techniques. A simple technique
to separate red blood cells (RBC) from BM by
sedimentation after addition of HES was devel-
oped specifically for ABO-incompatible allo-
geneic bone marrow transplant (BMT) (12, 20).
Although effective, manual methods are, by na-
ture of the excessive handling and exposure to
the environment, more likely to result in bacterial
contamination of the BM. Inclusion of unwanted
components, including neutrophils and platelets,
is also problematic when using manual buffy coat
preparation, as there is no difference in the dif-
ferential count of BM nucleated cells before and
after processing (12, 21).

(22) (This ref should be moved) Density gradient
separation using Ficoll-Hypaque as described by
Wells et al. (23) presumably (are you uncertain
whether it did or didn’t?) yielded a nearly RBC-
free BM cell suspension. Ficoll-Hypaque gradient
centrifugation allows rapid and efficient isolation
of mononuclear cells from human peripheral blood
(24) and also bone marrow. Using these kinds of
techniques MNC yields generally exceed 50% of
original cell numbers (13, 16, 22, 23, 25-27), but
such techniques are associated with potential cell
injury from the reagents used, as demonstrated by
a significant reduction in tritiated thymidine incor-
poration and loss of lymphocyte viability follow-
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ing culture with Ficoll-Hypaque (28). The method
is also inefficient for large volumes and requires
considerable technical expertise. As such, this
technique is the starting point for most studies of
human lymphoid cells. In general, Ficoll-Hypaque
centrifugation does not change either the pheno-
type or the function of the isolated mononuclear
cell population. However, it may be best to verify
this in studies of cells from patients with various
diseases (29). Schwella et al. (1996) noted that BM
products obtained by manual means are compara-
ble to those processed by a blood cell separator
(30) and that separating cells by Ficoll-Hypaque
centrifugation also often decreases the cytom-
etry time for acquisition and removal of nonvi-
able cells. The majority of groups prefer applying
unfractionated autologous BM MNC, manually
isolated by Ficoll density gradient-based separa-
tion (31-37). This conventional method is a time-
consuming process involving at least two washing
steps that make the system ‘open’. With operator-
dependent results, manual Ficoll density gradient,
based MNC separation, is neither standardized
nor reproducible and thus not optimally suitable
for clinical implementation, although groups have
tried to standardize it to good manufacturing prac-
tices (GMP) grade (38).

Automated MNC isolation

Although sedimentation techniques are highly ef-
ficient methods for removing RBC (11, 12, 20),
newer automated techniques have apparent advan-
tages in terms of preparation of more pure popula-
tions of MNC without the need to expose patients
to reagents like HES. Automated nondensity gra-
dient separation techniques are currently available
and produce BM fractions with minimal RBC and
plasma contamination while preserving a high per-
centage of preprocessed MNC (18, 21, 27, 39-42).
BM MNC concentration using a cell separator
was first described in 1977 using the Haemonet-
ics system (43). In the following years, investi-
gations were performed using other devices, for
example, COBE 2991, Fenwal CS3000, Fresen-
ius AS104, Terumo SteriCell, Du Pont Stericell,
Dideco T90, and COBE Spectra (13, 15, 18, 21,
26, 27, 40-42). Davis et al. (18) compared results
of BM processing using two techniques, COBE
Spectra MNC concentration and light-density cell
fraction isolation using the COBE 2991. The two
procedures provided similar recovery of nucleated
cells (22% versus 21%, respectively) and gave
progenitor recoveries of 132% and 100% (CFU-
GM) and 101% and 104% (CD34" cells), respec-
tively. The Spectra recovered a larger percentage



of MNC and had less contamination with mature
granulocytes than did the density gradient tech-
nique. Moreover, the Spectra MNC concentrate
was prepared with reagents approved for injection
by the U.S. Food and Drug Administration. The
mean recovery rates reported in this study were
35.8% (marrow nucleated cells), 78.8% (MNC),
90.2% (lymphocytes), 153.3% (CFU-GM), and
77.2% (CD34" cells). Other investigators (15, 26,
27, 39, 41) have shown similar results for cell re-
covery and RBC reduction. However, compari-
sons with results from other institutions may not
be valid because of the lack of standardization of
cell counting techniques, differential cell count
analysis, CD34" cell flowcytometric enumeration,
and progenitor cell culture assays. Many centers
have started to transfer the responsibility for BM
and peripheral blood stem cell (PBSC) harvest and
processing to smaller but trained and experienced
staff. Collection facility staff are highly skilled in
the use of apheresis equipment for apheresis and,
therefore, should easily adapt to similar techniques
for processing BM components. It seems that au-
tomated separation of the mononuclear fraction of
BM can be performed both rapidly and simply in a
closed, sterile and approved system without use of
density gradient materials using the COBE Spec-
tra. A large percentage of viable progenitor cells
can be collected, with little RBC and granulocyte
contamination. In other hands, recovery of MNC,
CFU-GM, and CD34" cells was comparable to
that reported using other automated methods (15,
18, 27, 39, 41). In summary, the COBE Spectra,
an instrument originally designed for clinical cell
separation and plasmapheresis, which is found in
many transplant centers, can be used successfully
for preparation of a concentrated BM component
that is rich in MNC.

In order to maintain high standards and ensure the
clinical safety required for cellular therapeutics,
the automated Sepax cell-separation system was
brought into routine BM processing in 2006. The
functionally closed Sepax system provides a reli-
able and reproducible MNC isolation method. The
principle of both manual and automated MNC isola-
tion by Sepax lies in a Ficoll density gradient-based
separation on lymphocyte separation medium.

Usage of specific cell types

An emerging clinical strategy is therapy based on
the use of specific cell types to provide selective
therapeutic benefit. The development of cellular
therapy is one of the newest and most exciting con-
cepts currently being investigated for the treatment
of cancer, autoimmune disease, and the correction
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of certain genetic abnormalities.

Affinity separation methods for isolation of rare
cell populations most commonly are based on the
use of antibodies against differentially expressed
cell-surface antigens. Enrichment of hematopoietic
stem cells (HSC) is based on the use of antibodies
against surface CD34 and CD133 antigens. During
the last decade, several technologies based on the
recognition of CD34 antigen have been proposed
to purify hematopoietic cells for clinical use.

The CD34 antigen is a transmembrane glycopro-
tein that is expressed on human hematopoietic
progenitor cells and most endothelial cells, but
is not found on mature blood cells and is not ex-
pressed by most solid tumors (44). Several tech-
niques based on the recognition of CD34 antigen
have been used to purify HSC from human bone
marrow, umbilical cord, and peripheral blood.
The percentage of CD34" cells differs between
the different sources of hemopoietic cells. They
comprise less than 0.5% of peripheral blood cells
but may increase from 1 to 5% after mobilization,
whereas marrow mononuclear cells contain an av-
erage 1.5% of CD34" cells. In cord blood, there
are 0.5 - 2.5% CD34" mononuclear cells.

In the autologous setting, the use of separation
techniques employing antibodies against CD34
antigen allows for effective purging of malig-
nant cells that do not co-express this antigen (45).
However, some malignancies, such as acute lym-
phoblastic leukemia, co-express CD34 (46). Some
studies have used these kinds of cells for treat-
ment of patients with cirrhosis (47, 48). In such
cases, separation techniques are based on the rec-
ognition of the CD133 antigen, which is not co-
expressed by the malignant cells. CD133, a 120
kDa transmembrane glycoprotein is a unique stem
cell marker and, in contrast to the CD34 antigen,
is not expressed by late progenitors (49). Highly
purified CD133" mobilized peripheral stem cells
have already been successfully used for autolo-
gous and allogeneic transplantation in acute lym-
phoid leukemia (50, 51). Enrichment of CD133*
cells from bone marrow have been successfully
used for patients with heart disease (52, 53).

Selection technologies

Antibody Panning Selection

The panning technique is a simple approach which
does not require special material or equipment. The
method is based on the use of sterile polystyrene
flasks that contain soybean agglutinin (SBA), a
cell binding lectin, or the class II anti-CD34 mon-
oclonal antibody ICH3, covalently immobilized
to the inner surface of the device (CD34 Cellec-
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tor flask AIS). The first step is negative selection,
and the second, positive selection. A final purity
of 50-70% of CD34" cells is obtained. Moreover,
the purified CD34" population is functional in both
short and long-term hematopoietic progenitor as-
says in vitro. Technical improvements with reduc-
tion of procedural time have been proposed (54)
to enhance the purity of the final suspension. The
procedure is rapid and simple. However, because
of the difficulties in reproducibly removing bound
cells and obtaining high final purity, clinical appli-
cations have been limited (55) .

High-speed Fluorescence-activated Cell Sorting
An emerging technology utilizing immunoaffinity
interactions for cell isolation is a high-speed FACS
(56-58). FACS is a specific type of flow cytometry,
which utilizes fluorescent affinity markers placed
on the cells for the purpose of recognizing and sort-
ing the cells. Flow cytometers measure relative
fluorescence, size, and granularity of a single cell
as it intersects a laser beam at a high velocity. In
direct labeling of cells for FACS, a fluorochrome
is chemically conjugated to a primary antibody
that recognizes specifically an antigen of interest.
In indirect staining, a fluorochrome-conjugated
secondary antibody is used that recognizes the Fc
region of a non-conjugated primary antibody. The
three most common fluorochromes are fluorescein
isothiocyanate (FITC), which emits green 530-nm
light; phycoerythrin (PE), which emits yellow 578-
nm light; and PE-Cy5 (PE conjugated to a cyanine
dye), which emits light at 670 nm (56). In advanced
procedures, it is possible to label cells with two,
three, or even four different fluorochromes simulta-
neously. The average recovery from the flow sort is
60%, and the average overall recovery about 40%.
Factors that affect the recovery of stem cells are the
degree of contamination by red blood cells (55).

High gradient magnetic cell separation with
MACS

A flexible, fast and simple magnetic cell sorting
system for separation of large numbers of cells ac-
cording to specific cell surface markers has been de-
veloped and tested. Cells stained sequentially with
biotinylated antibodies, fluorochrome-conjugated
avidin, and superparamagnetic biotinylated-micro-
particles (about 100 nm diameter) are separated on
high gradient magnetic (HGM) columns. Unlabelled
cells pass through the column, while labelled cells
are retained. The retained cells can be easily eluted.
More than 10° cells can be processed in about 15min.
Enrichment rates of more than 100-fold and deple-
tion rates of several 1,000-fold can be achieved. The
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simultaneous tagging of cells with fluorochromes
and very small, invisible magnetic beads makes
this system an ideal complement to flow cytom-
etry. Light scatter and fluorescent parameters of the
cells are not changed by the bound particles. Mag-
netically separated cells can be analysed by fluores-
cence microscopy or flow cytometry or sorted by
fluorescence-activated cell sorting without further
treatment. Magnetic tagging and separation does
not affect cell viability and proliferation (59).
Positive selection is the most direct and specific
way to isolate the target cells from a heterogene-
ous cell suspension and allows up to 10,000-fold
enrichment of the magnetically labeled target cells.
The target cells are magnetically labeled (directly
or indirectly), get retained in a magnetic separator
and finally are eluted after removal of the magnet-
ic label as the enriched fraction. The drawback of
this strategy is that an additional step, i.e., remov-
al of the magnetic label, may be needed depend-
ing o2 the type of cells, their further application
and type of magnetic particles. Miltenyi Biotech,
Polysciences, and other companies have devel-
oped cell separation products based on magnetic
microbeads. Larger particles usually have to be
removed, while cells labeled with submicroscopic
magnetic beads (e.g., with MACS microbeads by
Miltenyi Biotec, which are approximately 50nm
in size) may be used directly (9, 55). Besides, due
to their composition of iron oxide and polysaccha-
ride, the microbeads are biodegradable and typi-
cally disappear after a few days when the cells are
cultured. The positively selected cells are virtually
unaffected by MACS separation and can be used
immediately for culturing or further downstream
applications. Typically, MACS MicroBeads do
not activate cells or influence function or viabil-
ity. They have been widely used for the isolation
of CD34" and CD133" cells from different sources
(Table 1) on both small and clinical scales, and
recently have received European Community ap-
proval for clinical use in Europe (10). Positive se-
lection takes advantage of the high specificity of
monoclonal antibodies to isolate highly pure cells
that express the corresponding antigen. However,
the purity and recovery in MACS typically have
large variances (60). For instance, a purity of less
than 50% for CD34" cells isolated using the Direct
CD34" Progenitor Cell Isolation Kit was reported
by Kekarainen et al. (61).

The authors suggested an optimized scheme for the
separation consisting of a two-column method and
an additional labeling step, which in fact means
the performance of the same purification proce-
dure twice, implying increased time and costs. In



another CD34" cell selection procedure based on
the use of Isolex magnetic beads and a fully au-
tomated device, Isolex3001, a combination of two
methods, simultaneous positive selection of CD34
expressing cells and T cell depletion, resulted in
97% purity of the final HSC preparation (62).

For some experiments it may be desirable to de-
plet certain cell types from the cell sample in or-
der to isolate the target cells. Depletion allows, for
example, the isolation of a target cell for which
no specific antibody is available, or the isolation
of “untouched” cells. In a depletion strategy all
unwanted cells are magnetically labeled. During
magnetic separation, the labeled cells are retained
in the column, while the target cells pass through
into the negative, non-magnetic fraction.

If the isolation of extremely rare cells is required,
it can be useful first to deplete unwanted cells
from the suspension. Positive selection can then
be done on the pre-enriched fraction to obtain
very pure cells. This strategy is also useful if un-

Namiri et al.

wanted cells in the cell suspension express the
same antigen required for the positive selection
of the target cells.

Sometimes a combination of both methods, mag-
netic cell separation and FACS, is applied in order
to achieve the desired level of purity in the target
cells. For instance, in order to obtain highly puri-
fied HSC for highdose therapy in cancer patients,
CD34* cell enrichment was carried out using Iso-
lex immunomagnetic CD34" positive selection fol-
lowed by sorting using SyStemix’s fluorescence-
activated high-speed clinical cell sorter, resulting
in a median purity of the stem cell productof
95.3% (63). However, as mentioned earlier, de-
spite its capability of generating pure populations
of cells, FACS is not suitable when isolation of
large numbers of rare cells is required.

Finally, it is also worth mentioning here that both
separation procedures modify the cell membrane,
thus neither technique is preferable for subsequent
analysis or re-cultivation of the sorted cells (64).

Table 1: Some examples of separation technologies used for isolation of CD34" and CD133" cells

Technology Product and Antigen Cell Yield* Purity* Refs.
Company Source % %
Immunoselection by Dynabeads,
magnetic beads Invitrogen CD34 PB 5< 30< (60)
Dynal AS BM
CB
Isolex, CD34 BM 40 93
Nexell PB 53 90 (65,55)
CD34* PB 76 97 (14)
Isolex50, CD34 BM 70 -
Baxter Health-  CD34 PB 44 92
care CD34 CB 76 -
Immunoselection by MACS, CD34 CB 52 60 (66, 67)
submicro- scopic colloid Miltenyi Biotec 41
magnetic beads CD34 PB 71 97 (68, 69)
77 98 (65)
56 97 (61)
CD133 PB <50
69 94 (70)
CD133 CB 81 93 (69)
CD133 BM 96 82 (10)
23 82 (53)
High-speed fluorescence- High-speed cell CD34 PB 60 88 (71)
activated cell sorting sorter, Thyl
SyStemix
Immuno-adsorption Ceprate SC, CD34 PB 50 - (72)
columns CellPro 53 62 (73)
35 72 (51)
CD34 BM
46 64 (74)
Antibody panning selection CD34 Cellector CD34 BM 74 60 (54)
flask, AIS 15 33 (60)

BM bone marrow, PB; peripheral blood, CB; cord blood

“ Median values, if not indicated otherwise

b Simultaneous + /- selection of CD34+ cell selection and T cell depletion
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Conclusion

Selective cell separation is an essential component
of many processes in biology and medicine. In the
majority of cases, the aim is to achieve complete
removal of the target population from a cell mix-
ture; however, additional considerations can have a
major impact on the method that is chosen to effect
the separation. For some applications, a secondary
aim may be to recover the selected cells for study
for additional manipulation. In other cases, the
purity of separation may take precedence over the
yield of selected cells, or vice versa. Factors such
as processing time, viability of residual cells, and
exposure to nonmedically approved reagents also
must be considered when selecting the separation
technique.

References

1. Conrad C, Huss R. Adult stem cell lines in regen-
erative medicine and reconstructive surgery. J Surg
Res. 2005; 124(2): 201-208.

2. Kirchhof N, Harder F, Petrovic S, Kreutzfeldt S, Sch-
mittwolf C, Dirr M, et al. Developmental potential
of hematopoietic and neural stem cells: unique or
all the same? Cells Tissues Organs. 2002; 171(1):
77-89.

3. Weissman IL, Anderson DJ, Gage F. Stem and pro-
genitor cells: origins, phenotypes, lineage commit-
ments, and transdifferentiations. Annu Rev Cell Dev
Biol. 2001; 17: 387-403.

4. Pertoft H. Fractionation of cells and subcellular par-
ticles with Percoll. J Biochem Biophys Methods.
2000; 44(1-2): 1-30.

5. Truffa-Bachi P, Wofsy L. Specific separation of cells
on affinity columns. Proc Natl Acad Sci USA. 1970;
66(3): 685-692.

6. Edelman GM, Rutishauser U, Millette CF. Cell frac-
tionation and arrangement on fibers, beads, and
surfaces. Proc Natl Acad Sci USA. 1971; 68(9):
2153-2157.

7. Herzenberg LA, Parks D, Sahaf B, Perez O, Roed-
erer M, Herzenberg LA.The history and future of the
fluorescence activated cell sorter and flow cytome-
try: a view from Stanford. Clin Chem. 2002; 48(10):
1819-1827.

8. Givan AL. Flow cytometry: an introduction. Methods
Mol Biol. 2004; 263: 1-32.

9. Safarik |, Safarikova M. Use of magnetic techniques
for the isolation of cells. J Chromatogr B Biomed Sci
Appl. 1999; 722(1-2): 33-53.

10. Bonanno G, Perillo A, Rutella S, De Ritis DG,
Mariotti A, Marone M, et al. Clinical isolation and
functional characterization of cord blood CD133+
hematopoietic progenitor cells. Transfusion. 2004;
44(7): 1087-1097.

11. Dinsmore RE, Reich LM, Kapoor N, Gulati S, Kirk-
patrick D, Flomenberg N, et al. ABH incompatible
bone marrow transplantation: removal of eryth-
rocytes by starch sedimentation. Br J Haematol.

CELL JOURNALwaknew, Vol 12, No 4, Winter 2011 443

12.

13.

14.

15.

16.

17.

18.

19.

20.

2.

22.

28,

24.

1983; 54(3): 441-449.

Warkentin PI, Hilden JM, Kersey JH, Ramsay NK,
McCullough J. Transplantation of major ABO-in-
compatible bone marrow depleted of red cells by
hydroxyethyl starch. Vox Sang. 1985; 48(2): 89-
104.

Gilmore MJ, Prentice HG, Blacklock HA, Janossy
G, Hoffbrand AV. A technique for rapid isolation of
bone marrow mononuclear cells using Ficoll-Metri-
zoate and the IBM 2991 blood cell processor. Br J
Haematol. 1982; 50(4): 619-626.

Martin H, Hibbin JA, Dowding C, Matutes E, Tindle
R, Goldman JM. Purification of haemopoietic pro-
genitor cells from patients with chronic granulocytic
leukaemia using percoll density gradients and elu-
triation. Br J Haematol. 1986; 63(1): 187-198.
Pierelli L, Menichella G, Serafini R, de Martini M,
Paoloni A, Foddai ML, et al. Autologous bone mar-
row processing for autotransplantation using an
automated cell processor and a semiautomated
procedure. Bone Marrow Transplant. 1991; 7(5):
355-361.

Faradji A, Andreu G, Pillier-Loriette C, Bohbot A, Ni-
cod A, Autran B, et al. Separation of mononuclear
bone marrow cells using the Cobe 2997 blood cell
separator. Vox Sang. 1988; 55(3): 133-138.
Gilmore MJ, Prentice HG, Corringham RE, Black-
lock HA, Hoffbrand AV. A technique for the concen-
tration of nucleated bone marrow cells for in vitro
manipulation or cryopreservation using the IBM
2991 blood cell processor. Vox Sang. 1983; 45(4):
294-302.

Davis JM, Schepers KG, Eby LL, Noga
SJ.Comparison of progenitor cell concentration
techniques: continuous flow separation versus
density-gradient isolation. J Hematother. 1993;
2(3): 315-320.

Prince HM, Page SR, Keating A, Saragosa RF, Vu-
kovic NM, Imrie KR, et al. Microbial contamination
of harvested bone marrow and peripheral blood.
Bone Marrow Transplant. 1995; 15(1): 87-91.

Ho WG, Champlin RE, Feig SA, Gale RP. Trans-
plantation of ABH incompatible bone marrow: grav-
ity sedimentation of donor marrow. Br J Haematol.
1984; 57(1): 155-162.

Smith RJ, Roath S. Bone marrow processing for
transplantation using a Fenwal CS3000 Plus cell
separator and a revised version of the Georgetown
University procedure: comparison with a starch
sedimentation method. Prog Clin Biol Res. 1994;
389: 705-710.

Zafarghandi MR, Ravari H, Aghdami N, Namiri M,
Moazzami K, Taghiabadi E, et al. Safety and effi-
cacy of granulocyte-colony-stimulating factor ad-
ministration following autologous intramuscular
implantation of bone marrow mononuclear cells:
a randomized controlled ftrial in patients with ad-
vanced lower limb ischemia. Cytotherapy. 2010;
12(6): 783-791.

Wells JR, Sullivan A, Cline MJ. A technique for the
separation and cryopreservation of myeloid stem
cells from human bone marrow. Cryobiology. 1979;
16(3): 201-210.

Bdyum A.lsolation of leucocytes from human blood.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

A two-phase system for removal of red cells with
methylcellulose as erythrocyte-aggregating agent.
Scand J Clin Lab Invest Suppl. 1968; 97: 9-29.
Ekert H, Ellis WM, Georgiou GM, Roberton DM, Tie-
demann K, Waters KD. Marrow function reconstitu-
tion by fraction 3 of Percoll-density-gradient-sepa-
rated cells. Transplantation. 1986; 42(1): 58-60.
English D, Lamberson R, Graves V, Akard LP, Mc-
Carthy LJ, Jansen J. Semiautomated processing of
bone marrow grafts for transplantation. Transfusion.
1989; 29(1): 12-16.

Angelini A, Accorsi P, lacone A, Bonfini T, Refée C,
Olivieri A, et al. Concentration of human hematopoi-
etic stem cells in bone marrow transplantation: re-
sults of a multicenter study using Baxter CS 3000
plus cell separator. Int J Artif Organs. 1993; 16 Sup-
pl 5: 13-18.

Kurnick JT, Ostberg L, Stegagno M, Kimura AK, Orn
A, Sjéberg O. A rapid method for the separation of
functional lymphoid cell populations of human and
animal origin on PVP-silica (Percoll) density gradi-
ents. Scand J Immunol. 1979; 10(6): 563-573.
Kaplan J, Nolan D, Reed A. Altered lymphocyte
markers and blastogenic responses associated with
24 hour delay in processing of blood samples. J Im-
munol Methods. 1982; 50(2): 187-191.

Schwella N, Heuft HG, Rick O, Blasczyk R, Witt-
mann G, Huhn D. Analysis for recovery and loss of
mononuclear cells and colony-forming units gran-
ulocyte-macrophage during ex vivo processing of
autologous bone marrow. Vox Sang. 1996; 70(3):
132-138.

Strauer BE, Brehm M, Zeus T, Gattermann N, Her-
nandez A, Sorg RV, et al. Intracoronary, human au-
tologous stem cell transplantation for myocardial
regeneration following myocardial infarction. Dtsch
Med Wochenschr. 2001; 126(34-35): 932-938.
Strauer BE, Brehm M, Zeus T, Kostering M, Hern-
andez A, Sorg RV ,et al. Repair of infarcted myo-
cardium by autologous intracoronary mononuclear
bone marrow cell transplantation in humans. Circu-
lation. 2002; 106(15): 1913-1918.

Strauer BE, Kornowski R.Stem cell therapy in per-
spective. Circulation. 2003; 107(7): 929-934.
Assmus B, Fischer-Rasokat U, Honold J, Seeger
FH, Fichtlscherer S, Tonn T, et al. Transcoronary
transplantation of functionally competent BMCs is
associated with a decrease in natriuretic peptide
serum levels and improved survival of patients with
chronic postinfarction heart failure: results of the
TOPCARE-CHD Registry. Circ Res. 2007; 100(8):
1234-1241.

Bartsch T, Brehm M, Zeus T, Kogler G, Wernet P,
Strauer BE.Transplantation of autologous mononu-
clear bone marrow stem cells in patients with pe-
ripheral arterial disease (the TAM-PAD study). Clin
Res Cardiol. 2007; 96(12): 891-899.

Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg
S, Lippolt P, Breidenbach C, et al. Intracoronary au-
tologous bone-marrow cell transfer after myocardial
infarction: the BOOST randomised controlled clini-
cal trial. Lancet. 2004; 364(9429): 141-148.

Lunde K, Solheim S, Aakhus S, Arnesen H, Ab-
delnoor M, Forfang K, et al. Autologous stem cell

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Namiri et al.

transplantation in acute myocardial infarction: The
ASTAMI randomized controlled trial. Intracoronary
transplantation of autologous mononuclear bone
marrow cells, study design and safety aspects.
Scand Cardiovasc J. 2005; 39(3): 150-158.

Griesel C, Heuft HG, Herrmann D, Franke A, Ladas
D, Stiehler N, et al. Good manufacturing practice-
compliant validation and preparation of BM cells
for the therapy of acute myocardial infarction. Cy-
totherapy. 2007; 9(1): 35-43.

Areman EM, Cullis H, Spitzer T, Sacher RA. Auto-
mated processing of human bone marrow can re-
sult in a population of mononuclear cells capable
of achieving engraftment following transplantation.
Transfusion. 1991; 31(8): 724-730.

Cassens U, Ostkamp-Ostermann P, Garritsen H,
Kelsch R, Ostermann H, Kienast J, et al. Efficacy
and kinetics of bone marrow processing and en-
richment of haematopoietic progenitor cells (HPC)
by a large-volume apheresis procedure. Bone Mar-
row Transplant. 1997; 19(8): 835-840.

Zingsem J, Zeiler T, Zimmermanm R, Weisbach V,
Mitschulat H, Schmid H, et al. Automated process-
ing of human bone marrow grafts for transplanta-
tion. Vox Sang. 1993; 65(4): 293-299.

Dragani A, Angelini A, lacone A, D'Antonio D, Tor-
lontano G. Comparison of five methods for concen-
trating progenitor cells in human marrow transplan-
tation. Blut. 1990; 60(5): 278-281.

Weiner RS, Richman CM, Yankee RA. Semicon-
tinuous flow centrifugation for the pheresis of im-
munocompetent cells and stem cells. Blood. 1977,
49(3): 391-397.

Krause DS, Fackler MJ, Civin Cl, May WS. CD34:
structure, biology, and clinical utility. Blood. 1996;
87(1): 1-13.

Shpall EJ, Jones RB, Bearman SI, Franklin WA,
Archer PG, Curiel T, et al. Transplantation of en-
riched CD34-positive autologous marrow into breast
cancer patients following high-dose chemotherapy:
influence of CD34-positive peripheral-blood pro-
genitors and growth factors on engraftment. J Clin
Oncol. 1994; 12(1): 28-36.

Brugger W, Henschler R, Heimfeld S, Berenson
RJ, Mertelsmann R, Kanz L. Positively selected
autologous blood CD34+ cells and unseparated
peripheral blood progenitor cells mediate identical
hematopoietic engraftment after high-dose VP16,
ifosfamide, carboplatin, and epirubicin. Blood.
1994; 84(5): 1421-1426.

Mohamadnejad M, Namiri M, Bagheri M, Hashemi
SM, Ghanaati H, Zare Mehrjardi N, et al. Phase
1 human trial of autologous bone marrow-hemat-
opoietic stem cell transplantation in patients with
decompensated cirrhosis. World J Gastroenterol.
2007;13(24): 3359-3363.

Gilchrist ES, Plevris JN. Bone marrow-derived stem
cells in liver repair: 10 years down the line. Liver
Transpl. 16(2): 118-129.

Watts MJ, Jones HM, Sullivan AM, Langabeer SE,
Jamieson E, Fielding A, et al. Accessory cells do
not contribute to G-CSF or IL-6 production nor to
rapid haematological recovery following peripheral
blood stem cell transplantation. Br J Haematol.

444



Isolation of Bone Marrow Stem Cells

50.

o1.

62,

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

1995; 91(3): 767-772.

Pico JL, Bourhis JH, Bennaceur AL, Beaujean F,
Bayle C, lbrahim A, et al. Engraftment of CD34+
peripheral blood progenitor cells into multiple my-
eloma patients following total body irradiation. Nouv
Rev Fr Hematol. 1995; 37(6): 381-383.

Mahé B, Milpied N, Hermouet S, Robillard N, Moreau
P, Letortorec S, et al. G-CSF alone mobilizes suffi-
cient peripheral blood CD34+ cells for positive se-
lection in newly diagnosed patients with myeloma.
Br J Haematol. 1996; 92(2): 263-268.

Ahmadi H, Baharvand H, Ashtiani SK, Soleimani M,
Sadeghian H, Ardekani JM, et al., Safety analysis
and improved cardiac function following local autol-
ogous transplantation of CD133(+) enriched bone
marrow cells after myocardial infarction. Curr Neu-
rovasc Res. 2007; 4(3): 153-160.

Stamm C, Westphal B, Kleine HD, Petzsch M, Kit-
tner C, Klinge H,et al. Autologous bone-marrow
stem-cell transplantation for myocardial regenera-
tion. Lancet. 2003; 361(9351): 45-46.

Cardoso AA, Watt SM, Batard P, Li ML, Hatzfeld A,
Genevier H, et al. An improved panning technique
for the selection of CD34+ human bone marrow
hematopoietic cells with high recovery of early pro-
genitors. Exp Hematol. 1995; 23(5): 407-412.
Beaujean F. Methods of CD34+ cell separation:
comparative analysis. Transfus Sci. 1997; 18(2):
251-261.

Delude RL. Flow cytometry. Crit Care Med. 2005;
33(12 Suppl): p. S426-8.

Ibrahim SF, van den Engh G.High-speed cell sort-
ing: fundamentals and recent advances. Curr Opin
Biotechnol. 2003;14(1): 5-12.

Esclamado RM, Disher MJ, Ditto JL, Rontal E, Mc-
Clatchey KD. Laryngeal liposarcoma. Arch Otolaryn-
gol Head Neck Surg. 1994; 120(4): 422-426.
Miltenyi S, Muller W, Weichel W, Radbruch A. High
gradient magnetic cell separation with MACS. Cy-
tometry. 1990; 11(2): 231-238.

Chalmers JJ, Zborowski M, Sun L, Moore L.Flow
through, immunomagnetic cell separation. Biotech-
nol Prog. 1998; 14(1): 141-148.

Kekarainen T, Mannelin S, Laine J, Jaatinen
T.Optimization of immunomagnetic separation for
cord blood-derived hematopoietic stem cells. BMC
Cell Biol. 2006; 7: 30.

Martin-Henao GA, Picon M, Amill B, Querol S, Ferra
C, Grafiena A ,et al., Combined positive and nega-
tive cell selection from allogeneic peripheral blood
progenitor cells (PBPC) by use of immunomagnetic
methods. Bone Marrow Transplant. 2001; 27(7):
683-687.

Negrin RS, Atkinson K, Leemhuis T, Hanania E, Jut-
tner C, Tierney K, et al. Transplantation of highly

CELL JOURNALwaknen, Vol 12, No 4, Winter 2011 445

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

purified CD34+Thy-1+ hematopoietic stem cells in
patients with metastatic breast cancer. Biol Blood
Marrow Transplant. 2000; 6(3): 262-271.

Seidl J, Knuechel R, Kunz-Schughart LA.Evaluation
of membrane physiology following fluorescence
activated or magnetic cell separation. Cytometry.
1999; 36(2): 102-111.

Paulus U, Dreger P, Viehmann K, von Neuhoff N,
Schmitz N.Purging peripheral blood progenitor cell
grafts from lymphoma cells: quantitative compari-
son of immunomagnetic CD34+ selection systems.
Stem Cells. 1997; 15(4): 297-304.

Melnik K, Nakamura M, Comella K, Lasky LC,
Zborowski M, Chalmers JJ. Evaluation of eluents
from separations of CD34+ cells from human cord
blood using a commercial, immunomagnetic cell
separation system. Biotechnol Prog. 2001; 17(5):
907-916.

Belvedere O, Feruglio C, Malangone W, Bonora
ML, Donini A, Dorotea L, et al., Phenotypic charac-
terization of immunomagnetically purified umbilical
cord blood CD34+ cells. Blood Cells Mol Dis. 1999;
25(3-4): 141-146.

Schumm M, Lang P, Taylor G, Kugi S, Klingebiel T,
Bihring HJ ,et al. Isolation of highly purified autolo-
gous and allogeneic peripheral CD34+ cells using
the CliniMACS device. J Hematother. 1999; 8(2):
209-218.

Lang P, Bader P, Schumm M, Feuchtinger T, Ein-
sele H, Fihrer M, et al., Transplantation of a com-
bination of CD133+ and CD34+ selected progeni-
tor cells from alternative donors. Br J Haematol.
2004;124(1): 72-79.

Gordon PR, Leimig T, Babarin-Dorner A, Houston
J, Holladay M, Mueller, et al. Large-scale isolation
of CD133+ progenitor cells from G-CSF mobilized
peripheral blood stem cells. Bone Marrow Trans-
plant. 2003; 31(1): 17-22.

Gazitt Y, Reading CC, Hoffman R, Wickrema A,
Vesole DH, Jagannath S, et al.Purified CD34+ Lin-
Thy+ stem cells do not contain clonal myeloma
cells. Blood. 1995; 86(1): 381-389.

Link H, Arseniev L, Bahre O, Kadar JG, Diedrich H,
Poliwoda H.Transplantation of allogeneic CD34+
blood cells. Blood. 1996; 87(11): 4903-4909.
Bensinger WI, Buckner CD, Shannon-Dorcy K,
Rowley S, Appelbaum FR, Benyunes M, et al.
Transplantation of allogeneic CD34+ peripheral
blood stem cells in patients with advanced hemato-
logic malignancy. Blood. 1996; 88(11): 4132-4138.
Berenson RJ, Bensinger WI, Hill RS, Andrews RG,
Garcia-Lopez J, Kalamasz DF, et al. Engraftment
after infusion of CD34+ marrow cells in patients
with breast cancer or neuroblastoma. Blood. 1991;
77(8): 1717-1722.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


