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ABSTRACT. Hemangioblasts are common progenitors of hematopoietic and angiogenic cells, which have been

demonstrated in the mouse to possess a unique cell surface marker, podocalyxin-like protein 1 (PCLP1) (Hara,

T. et al., Immunity, 11: 567–578. 1999). In this study, we prepared a novel monoclonal antibody against human

PCLP1 (hPCLP1) and attempted to isolate human hematopoietic progenitor cells from umbilical cord blood and

peripheral blood using nano-sized bacterial magnetic particles (BacMPs) coupled with the anti-hPCLP1

antibody. Flow cytometric analysis demonstrated that the purity of separated hPCLP1-positive cells from

peripheral blood was approximately 95% whereas peripheral blood mononuclear cells contained only 0.1%

PCLP1+ cells. Umbilical cord blood was demonstrated to be a better source for PCLP1+ cells than peripheral

blood. These results suggest that the separation of human PCLP1+ cells using BacMPs with anti-hPCLP1 were

extremely effective and may be useful as a means to prepare human hematopoietic progenitor cells.
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Introduction

Hematopoietic progenitor cells are widely useful for medi-

cal applications such as regenerative medicine and trans-

plantation. Successful use of hematopoietic progenitor cells

requires cell surface markers to correctly identify and purify

them. As the CD34 antigen has been widely used as a

hematopoietic progenitor cell marker, it has been estab-

lished that CD34+ cells are employed for transplantation

(Losordo et al., 2007). Recently, CD133 was also shown to

be a hematopoietic progenitor cell marker (Yin et al., 1997)

and has been used to isolate hematopoietic progenitor cells

using anti-CD133 antibody (Freund et al., 2006; Gordon et

al., 2003). However, few markers are available except

CD34 and CD133 for the separation of hematopoietic pro-

genitor cells from peripheral blood, umbilical cord blood, or

bone marrow. Therefore, the development of novel antibod-

ies as new tools for separation of hematopoietic progenitor

cells is required.

Podocalyxin or podocalyxin-like protein 1 (PCLP1, also

called Myb-Ets progenitor antigen 21 [MEP21], and

thrombomucin) was originally shown to be as a major com-

ponent of the cell coat or glycocalyx of the rat podocytes

(Kerjaschki et al., 1984). PCLP1 is a type 1 transmembrane

protein, and normally expressed on hematopoietic progeni-

tors, vascular endothelia, and kidney podocytes (Kerjaschki

et al., 1984; Kershow et al., 1995, 1997; McNagny et al.,

1997). In the mouse, PCLP1 has been demonstrated to be a

cell surface marker for hemangioblasts (Hara, 1999). PCLP1

belongs to a large family of cell surface sialomucins and are

related to CD34 and endoglycan (Kerjaschki et al., 1984;
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Somasiri et al., 2004). The expression of podocalyxin has

been shown to block hematopoietic and epithelial cell

adhesion and cell-cell contact (Takeda et al., 2000). In

humans, PCLP1 expression decreases during hematopoietic

cell maturation, and PCLP1 is likely a marker for a subset of

these stem cells (Kerosuo et al., 2004). However, the func-

tion of PCLP1 in human hematopoietic cells has yet to be

clearly understood because PCLP1+ cells are a minor com-

ponent of mononuclear cells and therefore the isolation of

these cells is difficult. Effective purification strategies for

PCLP1+ cells warrant the potential use of these cells for

stem cell therapy.

Separating target cells from heterogeneous mixtures of

various cell types such as blood samples is widely used in a

variety of biological and medical applications. Among the

current cell separation techniques, magnetic cell separation

is a popular tool for target cell isolation from cell suspen-

sions. Usage of immunomagnetic particles has been proven

to be more convenient as a tool for rapid and simple isola-

tion of specific cell types than fluorescence-activated cell

sorting (FACS) (Cobbold et al., 2005; Kuhara et al., 2004).

Nano-sized magnetic particles provide numerous advan-

tages including assay sensitivity, efficiency, precision and

conferring no toxicity to the cells (Kim et al., 2006). How-

ever, manipulation of the magnetic nanoparticles is compli-

cated because the particles have only weak magnetic force,

which interferes with effective isolation.

The magnetic bacterium, Magnetospirillum magneticum

AMB-1, contains intracellular particles of magnetite (Fe3O4),

known as magnetosomes, which are aligned in chains.

These bacterial magnetic particles (BacMPs) of 50–100 nm

in diameter have a single magnetic domain of magnetite

exhibiting strong ferrimagnetism and are developed with a

stable lipid bilayer. The molecular mechanism of BacMPs

synthesis is a multi-step process, including vesicle forma-

tion, iron transport, and magnetite crystallization (Spring

and Schleifer, 1995; Schüler, 1999). Recent molecular

studies have uncovered these steps of BacMPs synthesis

(Okamura et al., 2001; Matsunaga et al., 2000; Nakamura et

al., 1995). Several proteins localized on or in the BacMPs

membranes have been isolated and analyzed in AMB-1.

Furthermore, functional proteins have been expressed on

BacMP surfaces. BacMP-specific proteins were used as

anchor proteins, which localized and oriented functional

proteins on BacMPs. To date various proteins, including

protein A, estrogen receptor, and dopamine receptor have

been displayed onto BacMPs (Yoshino and Matsunaga,

2006; Yoshino et al., 2004). Currently, BacMPs displaying

protein A (protein A-BacMPs) have been used for cell sepa-

ration (Kuhara et al., 2004; Matsunaga et al., 2006). In these

experiments, flow-cytometric analysis showed that target

cells were successfully isolated to more than 95% purity.

The strong magnetism and good dispersion of BacMPs not

only allowed us to obtain samples with high purity, but also

to improve the separation efficiency of rare cells from

peripheral blood. This magnetic separation system using

protein A-BacMPs is easily adaptable to the other target

cells by substituting an antibody to a cell specific marker

protein.

In this study, we developed an efficient separation system

to isolate hPCLP1+ cells from mononuclear cells in umbili-

cal cord blood and peripheral blood. At first, monoclonal

antibodies were raised against the human PCLP1, and were

used to identify and isolate hPCLP1+ cells. Using BacMPs

displaying protein A and anti-hPCLP1 antibodies, we dem-

onstrated that hPCLP1+ cells were effectively purified from

blood samples.

Materials and Methods

PCLP-1 expression

The hPCLP-1 polypeptide was amplified using the primers: 5'-

GGATCCTCCGCCGGCACCGCA-3' and 5'-CTCGAGGTGTGTG

TCTTCCTCCTCATC-3'. PCR production was ligated in frame into

the BamH I and XhoI sites of pCDNA3.1/Myc-His A (Invitrogen)

which encodes a c-terminal Myc epitope and six His polypeptides.

To include the MycHis tag, the reverse primer 5'-CTCGAGGTGT

GTGTCTTCCTCCTCATC-3', excluded the stop codon. CHO cells

were transfected with pcDNA3.1/hPCLP1mH using Trans IT

(PanVera, Madison, WI, USA) and maintained in F12 HAM

containing 10% FCS (Sigma, St. Louis, MO, USA), G418 sulfate

(Gibco, Grand Island, NY, USA) at final concentration of 700 µg/

ml to established stable lines. The established cell line was verified

by Western blotting with anti-Myc antibody.

Production of monoclonal antibodies to PCLP-1

Twenty-five µl of PBS and complete Freund’s adjuvant (1:1) was

injected into BALB/c mice, and transfectants expressing full

length hPCLP1 were then injected into the mouse at 1, 4, and 7

days. Three days after the final injection, lymph-node cells

removed from immunized mice and were fused with P3U1

myeloma cells at a ratio of 5 to 1 by polyethyleneglycol-400 pro-

cedure. Hybridoma supernatants were screened on transfectants

expressing PCLP1 and cell line, HUVEC and MCF7, expressing

endogenous PCLP1 by flow cytometric analysis. After cloning the

hybridomas, the monoclonal antibodies were purified by protein G

Sepharose column chromatography.

SDS-PAGE and Western Blotting

SDS-PAGE was performed according to the method of Laemmli

with 10% polyacrylamide in the separation gel and 5% in the

stacking gel (Laemmli, 1970). The electrophoresis buffer was 25

mM Tris with 20 mM glycine, pH 8.3. Sample was prepared by

boiling for 5 min in Laemmli sample buffer with mercaptoethanol.

The proteins were blotted to polyvinylidene difluoride membrane

(Millipore, Bedford, MA, USA) by electrophoretic transfer. After
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blocking with PBS containing 2% skim milk, the membrane was

treated with anti-Myc monoclonal antibody for 1 hr at room

temperature. Then, peroxidase-conjugated anti-mouse IgG (MBL,

Nagoya, Japan) was added and incubated for 1 hr at room tempera-

ture. Finally, the enzyme activity was detected with enhanced

chemiluminescence detection using ECL Western blotting detec-

tion reagents (Amersham Pharmacia Biotech).

Preparation of BacMP-antibody complexes

Expression plasmid, pUM13ZZ containing the synthetic protein A

gene EZZ and the mms13 fusion gene with the mms16 promoter

(Yoshino and Matsunaga, 2006) was transferred into a wild type

AMB-1 by electroporation (Okamura et al., 2003). Transformants

were microaerobically cultured in magnetic spirillum growth

medium (MSGM) containing 5 µg/mL ampicillin at 28°C. Bac-

MPs expressing protein A (protein A-BacMPs) were purified from

strain AMB-1 transformants, according to the method described by

Tanaka and Matsunaga, 2000. The collected protein A-BacMPs

were washed with HEPES at least 10 times with weak sonication

and collection using a columnar neodymium-iron-boron (Nd-Fe-B)

magnet. In order to prepare protein A-BacMPs binding with anti-

body, 500 µL of mouse anti-hPCLP1 IgG2a antibody (53D11,

1 mg/mL) was added to 500 µL of protein A-BacMPs suspension

(2 mg/mL). Protein A binds strongly to the Fc region of mouse

IgG2a. The complexes were separated by Nd-Fe-B magnet and

unbound antibody was removed, then the complexes were washed

three times with PBS. The BacMP-antibody complexes were

stored at 4°C in PBS, 0.1% sodium azide until use.

Purification of mononuclear cells from umbilical cord 
blood

Human umbilical cord blood samples were provided by the Ina

Central Hospital. All donors gave informed consent, and the study

protocol was accepted by the ethical review board of the Ina Cen-

tral Hospital and the Medical & Biological Laboratories Co., Ltd.

Purification of mononuclear cells was performed according to the

methods described by Ten et al. (Ten et al., 1989). Umbilical

blood collected into heparinized tubes containing 1000 U/mL hep-

arin, mixed with hetasep (Stemcell Technologies), and incubated

for 1 hr at room temperature. After erythrocytes were sedimented,

the upper phase containing the leukocytes was carefully layered on

one-third volume of Histopaque-1077 (Sigma) and centrifuged at

400×g for 30 min. The interface fractions containing mononuclear

cells was transferred to a sterile tube, and washed twice with PBS

containing 0.5% BSA and 2 mM EDTA. The mononuclear cells

were incubated with FcR blocker (Miltenyi Biotec) at room tem-

perature for 10 min to inhibit nonspecific reaction by Fc receptor

in flowcytometric analysis. The cells were finally washed with

PBS containing 0.5% BSA and 2 mM EDTA.

Purification of mononuclear cells from peripheral blood

Peripheral blood samples were provided by donors working in

Medical & Biological Laboratories, Co. with informed consent.

The study protocol was approved by the ethical review board of

MBL. Purification of mononuclear cells from peripheral blood was

performed. Peripheral blood was collected in heparinized tubes

containing heparin, was mixed with twice the volume of PBS.

Then it was layered on 1/2 volume of Histopaque-1077 (Sigma)

and centrifuged at 400 g for 30 min to collect mononuclear cells at

the plasma-Histopaque interface. The interface containing the

mononuclear cell fraction was transferred to a sterile tube and

washed twice with PBS containing 0.5% BSA and 2 mM EDTA.

Mononuclear cells were incubated with FcR blocker (Miltenyi

Biotec) at room temperature, for 10 min to prevent Fc receptor-

mediated phagocytosis. Cells were washed with PBS containing

0.5% BSA and 2 mM EDTA.

Flow cytometry and cell sorting

For dual-color immunofluorescence analysis, we labeled anti-

hPCLP1 antibody, 53D11, with fluorescein isothiocyanate (FITC)

or biotin. Mononuclear cells (2×107 cells) were pre-incubated with

anti-CD16 and anti-CD32 monoclonal antibody (Immunotech,

Marseille, France) on ice for 10 min to reduce nonspecific reac-

tion. Then, mononuclear cells (2×107 cells) were incubated with

FITC conjugated anti-hPCLP1 monoclonal antibody and PE con-

jugated anti-CD34 monoclonal antibody (Immunotech). To sort of

PCLP1+ cells, mononuclear cells (2×107 cells) were incubated with

biotinylated anti-hPCLP1 monoclonal antibody and Streptavidin

R-phycoerythrin (Invitrogen, Carlsbad, CA, USA). Flow cytometric

analysis and sorting of PCLP1+ cells were performed using EPICS

ALTRA (Beckman Coulter, Fullerton, CA). Sorted cells were re-

analyzed by flow cytometer.

Magnetic separation of PCLP1 positive cells

A total of 2×107 mononuclear cells were used in the following

experiments. Mononuclear cells (2×107 cells) were incubated with

protein A-BacMPs binding with anti-hPCLP1 antibody at 4°C, for

10 min to separate specific cells magnetically, and subsequently

reacted with FITC-labeled anti-mouse IgG antibody at 4°C for 10

min to analyze via flow cytometer. Cell suspension was transferred

to the test tube (10 mm × 75 mm) and cells were magnetically

collected by applying the magnetic field using a columnar neo-

dymium-boron (Nd-B) magnet (diameter 22.5 mm, height 12.5 mm),

which produced a uniform magnetic field (0.5 T at the surface).

Magnetic separation was performed for 5 min. The magnetically

separated cells were resuspended with PBS containing 0.5% BSA

and 2 mM EDTA as the positive fraction. The positive fraction

includes anti-hPCLP1 antibody-protein A-BacMP and stained with

FITC-labeled anti mouse IgG. The supernatant, in the washing

process, was analyzed as a negative fraction. Collected cell purity

was analyzed with a FCM. A total of 10,000 events were analyzed

for each sample.



26

M. Kuhara et al.

Results

Production of antibodies against human PCLP1 
expressed on the cell surface

The open reading frame encoding human PCLP1 was

amplified from a human placenta cDNA library. CHO cells

were transfected with an hPCLP1 cDNA expression vector

and stably transfected cell lines were created. To confirm

the hPCLP1 expression on CHO transfectants, cell lysates

of the transfectants were examined by Western blotting. The

myc-His-tagged hPCLP1 expression was detected using a

monoclonal anti-Myc antibody. As shown in Fig. 1, three

bands were detected between 80 kDa and 235 kDa. These

results are generally similar to those previously reported for

rat PCLP1 (Takeda et al., 2000). The apparent molecular

mass of hPCLP1 revealed by Western blotting appeared to

be larger than that predicted for the hPCLP1 polypeptide

because this protein is heavily glycosylated.

BALB/c mice were immunized with hPCLP1-expressing

cells, after which hybridomas were produced by fusion of

lymphocytes from immunized mice to mouse myeloma

cells. After several rounds of screening by flow cytometric

analysis, 13 hybridoma clones were obtained, each of

which produced specific monoclonal antibodies reacting to

hPCLP1 expressed on hPCLP1-transfectants. Among these

hybridoma clones, 2 clones were found to produce anti-

bodies that reacted to endogenous hPCLP1 on HUVEC, a

human endothelial cell line. A monoclonal antibody, desig-

nated as 53D11, produced by one of these two clones was

used for further experiments. The reactivity of 53D11

(mouse IgG2a antibody) to hPCLP1 on the transfectants

was confirmed by flow cytometry (Fig. 2A). In addition,

53D11 was found to react to endogenous hPCLP1 ex-

pressed on MCF-7, a breast carcinoma cell line, which has

been proved to express PCLP1 (Kerosuo et al., 2004;

Somasiri et al., 2004) (Fig. 2B).

Flow cytometric analysis of hPCLP1 expression in 
mononuclear cells from umbilical cord blood (CBMC) 
and peripheral blood (PBMC)

The expression of hPCLP1 in human CBMC or PBMC was

examined by immnofluorescence staining of mononuclear

cells with FITC-conjugated anti-hPCLP1 monoclonal anti-

body (FITC-53D11) and PE-conjugated anti-CD34 mono-

clonal antibody. The results revealed that CBMC contained

1.1% of CD34+ cells and 1.2% of PCLP1+ cells (Fig. 3A),

while PBMC contained 0.1% of CD34+ cells and 0.1%

PCLP1+ cells (Fig. 3B), indicating that CBMC were rich in

these hematopoietic progenitor cells including hemangio-

blasts as compared to PBMC. CD34+ PCLP1+ double posi-

tive cells were very rare, if any, in CBMC or PBMC.

Analyzing 50,000 to 100,000 CBMC or PBMC, a few dots

were uncertainly detected in the double positive fractions by

flowcytometry but sorting out these cells has yet to be

accomplished.

Magnetic separation of PCLP1+ cells using protein 
A-BacMPs coupled with 53D11

PCLP1+ cells were isolated from mononuclear cells con-

tained in blood samples by magnetic separation using

Fig. 1. Expression of Myc-His-tagged hPCLP1 in CHO cells. Stable

transfectants of CHO cells were lysed, and resolved by 10% SDS-PAGE,

after which hPCLP1 bands were detected by Western blotting using the

anti-Myc monoclonal antibody.

Fig. 2. Expression of hPCLP1 on CHO transfectants and two human cell

lines, HUVEC and MCF7 as revealed by flow cytometry using 53D11. (A)

53D11 specifically bound to CHO hPCLP1-transfectant cells but not to

control CHO cells were used as negative control. (B) 53D11 bound to

endogenous PCLP1 on HUVEC cells and MCF7 cells. Binding of 53D11

was detected with FITC-conjugated anti-mouse IgG.
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BacMPs, and compared to those isolated by the conven-

tional FACS method. Mononuclear cells from cord blood

were incubated with biotinylated anti-hPCLP1 monoclonal

antibody (biotin-53D11), after which the cells were reacted

with streptavidin-PE. Fluorescently labeled cell fractions

were then separated by cell sorting and were subsequently

examined by flow cytometry. On the other hand, PCLP1+

cells were separated using protein A-BacMPs bound with

anti-hPCLP1 antibody (53D11). Cells separated by these

two separation methods were subjected to flowcytometry so

as to determine the purity of hPCLP1-positive cells. The

results showed that the fractions separated by FACS were of

88.3±5.2% purity and those separated by BacMPs were of

94.6±0.5% purity (Fig. 4A). These results clearly indicated

that hPCLP1+ cells could be efficiently separated from

CBMC using protein A-BacMPs coupled with 53D11.

Human PCLP1+ cells were also separated from PBMC by

BacMPs, and were analyzed by flowcytomerty (Fig. 4B).

After magnetic separation, the separated fraction contained

95.4±3.9% fluorescent cells. Each separation was performed

with 4 independent samples, and essentially reproducible

results were obtained.

Finally, May-Grunwald-Giemsa stain of the separated

cells by BacMPs was performed. The results revealed that

the separated cells appeared to be homogeneous and had

high nuclear/cytoplasm (N/C) ratio, indicating the typical

staining pattern of stem cells (Fig. 5).

Discussion

Cell separation techniques of specific cells present as a

minor population in biological samples are very important

for biological and medical researches. These infrequent

cells include various stem cells in tissues and circulating

tumor cells in blood samples. Magnetic particle technology

has been recognized as a simple, rapid and efficient separa-

tion means for these purposes. Effectiveness of the efficient

separation is largely depends on the quality of the magnetic

particles and the specificity of the antibody. In this study,

we have developed a novel antibody to the hPCLP1 antigen

expressed on the surface of human hematopoietic progeni-

tor cells, and demonstrated that these cells were efficiently

separated by using magnetic nanoparticles produced by

bacteria with the hPCLP1 antibody.

In this study, we used human PCLP1 as a surface marker

for hematopoietic progenitor cells. PCLP1 is a novel surface

marker for endothelial-like cells in the aorta-gonad-

mesonephros (AGM) region of mouse embryos, that con-

tains long term repopulating hematopoietic stem cells (LTR-

HSCs), and can be used as a source for preparing mouse

hematopoietic and endothelial progenitor cells named

hemangioblasts (Hara et al., 1999). Macrophage colony-

stimulating factor modulates the development of hemato-

poiesis by stimulating the differentiation of PCLP1+CD45–

cells to endothelial cells in the AGM region. In humans,

previous studies suggested that PCLP1 may be a useful

marker for a subset of hematopoietic stem cells (Kerosuo et

al., 2004). Here, we developed a monoclonal antibody

against extracellular region of human PCLP1 (hPCLP1),

termed 53D11. 53D11 robustly reacted to over-expressed

hPCLP1 on CHP cells and to hPCLP1 endogenously

expressed in HUVEC endothelial cells and MCF-7 breast

carcinoma cells. To obtain antibodies that reacted to

hPCLP1 expressing cells, we used hPCLP1-overexpressing

cells as antigens so that the antibodies recognized the native

form of hPCLP1. As expected, a monoclonal antibody,

53D11, was indeed reactive to cells that endogenously

express hPCLP1 on their surfaces.

The remarkable developmental and replicative capacity

of human stem cells promises an almost unlimited supply of

cell types for transplantation therapies. There are various

sources of stem cells like blastocysts, bone marrow, umbili-

cal cord blood or peripheral blood. Stem cells from blasto-

cysts, named embryonic stem (ES) cells, have attracted the

Fig. 3. PCLP1 expression in CBMC and PBMC. Double staining

experiments of CBMC (A) or PBMC (B) using FITC-labeled anti-PCLP1

and PE-labeled anti-CD34 antibody. Percentages of PCLP1- or CD34-

positive cells are indicated by numerals.
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most attention and are more pluripotent than other stem

cells. However, these cells could not be used practically in

cell therapy due to ethical concerns. In contrast, somatic

stem cells are safer than ES cells and are currently used for

cell transplantation, even with difficult and costly isolation

and preparation.

Human cord blood has come to be widely used as a

source of stem cells and its therapeutic application has

grown steadily, as they are stored in increasing numbers of

cord blood banks. Cord blood is a viable alternative to bone

marrow for allogeneic hematopoietic progenitor cell trans-

plantation (Barker et al., 2001). In this study, we demon-

strated the existence of hPCLP1 cells in CBMC (containing

1.1%) and separated PCLP1+ cells with a high purity from

CBMC using anti-hPCLP1 antibody. These hPCLP1+

cells may be used as hematopoietic progenitor cells for

therapeutic purposes in the future.

Another source of human stem cells is peripheral blood

that is easily collected from adult tissues. Stem cells in

PBMC are a very rare population, as compared with those in

CBMC. In this study, PBMC contained 0.1% of hPCLP1+

cells, while CBMC contained 1.1% (Fig. 4). After magnetic

separation using protein A-BacMPs, the positive fraction

contained more than 95% of hPCLP1+ cells. These results

suggest BacMPs are useful to magnetically separate

hPCLP1+ cells from PBMC. We have performed in vitro

colony assays with purified hPCLP1+ cells and found that

these cells formed colonies including CFU-GM, CFU-mix

and BFU-E when co-cultured with the murine OP9 stromal

cell line (Riken Cell Bank, RCB1744) under specific condi-

tions (M.S., T.O. and M.K. unpublished observations). We

have initially detected relatively high levels of endotoxin

(~4.4 EU/ml) in samples of BacMPs, but have removed

endotoxin to the level as low as 0.17 EU/ml or lower that

Fig. 4. Separation of PCLP1+ cells from CBMC and PBMC. (A) PCLP1+ cells were labeled with PE-conjugated 53D11 and separated from CBMC using

cell sorter (FACS) or protein A-BacMPs coupled with 53D11(magnetic separation). Magnetically separated cells were detected by PE-conjugated anti-

mouse IgG. (B) PCLP1+ cells were separated from PBMC using protein A-BacMPs coupled with 53D11 and detected by FITC-conjugated anti-mouse IgG.

Fig. 5. Microscopic photographs of May-Grunwald-Giemsa-stained

cells. PCLP1+ cells separated using protein A-BacMPs coupled with

53D11 from PBMC were subjected to air-dried cytocentrifuge, followed by

staining with May-Grunwald-Giemsa. Scale bar : 20 µm.
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does not affect biological assays using BacMPs (unpub-

lished results).

In conclusion, a novel method for efficient separation of

human PCLP1+ cells from CBMC and PBMC using protein

A-BacMPs coupled with an anti-hPCLP1 antibody, 53D11

is reported. 53D11 specifically reacts with the intact PCLP1

cell surface protein. This is the first report showing the

separation of human PCLP1+ cells from blood samples.

These promising results illustrate that separation of PCLP1+

cells from blood could be a powerful and useful tool for

various medical applications.

Acknowledgment. The authors are grateful to the members of the Obstet-

rics Department, Ina Central Hospital for providing umbilical cord blood

and to Dr. Ichiro Yahara, Director, Ina Institute, Medical & Biological

Laboratories Co. Ltd. for editing the manuscript. This work was funded in

part by a Grant for Practical Application of University R&D Results under

the Matching Fund Method from the New Energy and Industrial Technol-

ogy Development Organization and also partially supported by a Grant-in-

Aid for Scientific Research on Priority Areas “Lifesurveyor” from the

Ministry of Education, Culture, Sports, Science and Technology of Japan.

Conflict of interest. This work was performed through a collaborating

research agreement between Tokyo University of Agriculture and Technol-

ogy and Medical & Biological Laboratories, Co. Ltd. M. K., M. S. and S.

M. belong to MBL and T. O. belongs to ACTGen, Inc. Patents concerning

hPCLP1 molecules revert to MBL and University of Tokyo.

References

Barker, J.N., Davies, S.M., DeFor, T., Ramsay, N.K.C., Weisdorf, D.J.,

and Wagner, J.E. 2001.  Survival after transplantation of unrelated donor

umbilical cord blood is comparable to that of human leukocyte antigen-

matched unrelated donor bone marrow: results of a matched-pair analy-

sis. Blood, 97: 2957–2961.

Cobbold, M., Khan, N., Pourgheysari, B., Tauro, S., McDonald, D.,

Osman, H., Assenmacher, M., Billingham, L., Steward, C., Crawley, C.

et al. 2005.  Adoptive transfer of cytomegalovirus-specific CTL to stem

cell transplant patients after selection by HLA-peptide tetramers. J. Exp.

Med., 202: 379–386.

Freund, D., Oswald, J., Feldmann, S., Ehninger, G., Corbeil, D., and Born-

häuser, M. 2006.  Comparative analysis of proliferative potential and

clonogenicity of MACS-immunomagnetic isolated CD34+ and CD133+

blood stem cells derived from a single donor. Cell Prolif., 39: 325–332.

Gordon, P.R., Leimig, T., Babarin-Dorner, A., Houston, J., Holladay, M.,

Mueller, I., Geiger, T., and Handgretinger, R. 2003.  Large-scale isola-

tion of CD133+ progenitor cells from G-CSF mobilized peripheral blood

stem cells. Bone Marrow Transplant., 31: 17–22.

Hara, T., Nakano, Y., Tanaka, M., Tamura, K., Sekiguchi, T., Minehata,

K., Copeland, N. G., Jenkins, N. A., Okabe, M., Kogo, H. et al. 1999.

Identification of podocalyxin-like protein 1 as a novel cell surface

marker for hemangioblasts in the murine aorta-gonad-mesonephros

region. Immunity, 11: 567–578.

Kerjaschki, D., Sharkey, D.J., and Farquhar, M.G. 1984.  Identification and

characterization of podocalyxin--the major sialoprotein of the renal

glomerular epithelial cell. J. Cell Biol., 98: 1591–1596.

Kerosuo, L., Juvonen, E., Alitalo, R., Gylling, M., Kerjaschki, D., and

Miettinen, A. 2004.  Podocalyxin in human haematopoietic cells. Br. J.

Haematol., 124: 809–818.

Kershaw, D.B., Thomas, P.E., Wharram, B.L., Goyal, M., Wiggins, J.E.,

Whiteside, C.I., and Wiggins, R.C. 1995.  Molecular cloning, expres-

sion, and characterization of podocalyxin-like protein 1 from rabbit as

a tranmembrane protein of glomerular podocytes and vascular endo-

thelium. J. Biol. Chem., 270: 29439–29446.

Kershaw, D.B., Beck, S.G., Wharram, B.L., Wiggins, J.E., Goyal, M.,

Thomas, P.E., and Wiggins, R.C. 1997.  Molecular cloning and charac-

terization of human podocalyxin-like protein. Orthologous relationship

to rabbit PCLP1 and rat podocalyxin. J. Biol. Chem., 272: 15708–15714.

Kim, J.S., Yoon, T.J., Yu, K.N., Kim, B.G., Park, S.J., Kim, H.W., Lee,

K.H., Park, S.B., Lee, J.K., and Cho, M.H. 2006.  Toxicity and tissue

distribution of magnetic nanoparticles in mice. Toxicol. Sci., 89: 338–

347.

Kuhara, M., Takeyama, H., Tanaka, T., and Matsunaga, T. 2004.  Magnetic

cell separation using antibody binding with protein a expressed on bacte-

rial magnetic particles. Anal. Chem., 76: 6207–6213.

Laemmli, U.K. 1970.  Cleavage of structural proteins during the assembly

of the head of bacteriophage T4. Nature, 227: 680–685.

Losordo, D.W., Schatz, R.A., White, C.J., Udelson, J.E., Veereshwarayya,

V., Durgin, M., Poh, K.K., Weinstein, R., Kearney, M., and Chaudhry,

M. et al. 2007.  Intramyocardial transplantation of autologous CD34+

stem cells for intractable angina: a phase I/IIa double-blind, randomized

controlled trial. Circulation, 115: 3165–3172.

Matsunaga, T., Takahashi, M., Yoshino, T., Kuhara, M., and Takeyama, H.

2006.  Magnetic separation of CD14(+) cells using antibody binding

with protein A expressed on bacterial magnetic particles for generating

dendritic cells. Biochem. Biophys. Res. Commun., 350: 1019–1025.

Matsunaga, T., Tsujimura, N., Okamura, Y., and Takeyama, H. 2000.

Cloning and characterization of a gene, mpsA, encoding a protein asso-

ciated with intracellular magnetic particles from Magnetospirillum sp.

strain AMB-1. Biochem. Biophys. Res. Commun., 268: 932–937.

McNagny, K.M., Pettersson, I., Rossi, F., Flamme, I., Shevchenko, A.,

Mann, M., and Graf, T. 1997.  Thrombomucin, a novel cell surface

protein that defines thrombocytes and multipotent hematopoietic pro-

genitors. J. Cell Biol., 138: 1395–1407.

Nakamura, C., Burgess, J.G., Sode, K., and Matsunaga, T. 1995.  An

iron-regulated gene, magA, encoding an iron transport protein of

Magnetospirillum sp. strain AMB-1. J. Biol. Chem., 270: 28392–28396.

Okamura, Y., Takeyama, H., and Matsunaga, T. 2001.  A magnetosome-

specific GTPase from the magnetic bacterium Magnetospirillum

magneticum AMB-1. J. Biol. Chem., 276: 48183–48188.

Okamura, Y., Takeyama, H., Sekine, T., Sakaguchi, T., Wahyudi, A.T.,

Sato, R., Kamiya, S., and Matsunaga, T. 2003.  Design and application

of a new cryptic-plasmid-based shuttle vector for Magnetospirillum

magneticum. Appl. Environ. Microbiol., 69: 4274–4277.

Schüler, D. 1999.  Formation of magnetosomes in magnetotactic bacteria.

J. Mol. Microbiol. Biotechnol., 1: 79–86.

Somasiri, A., Nielsen, J.S., Makretsov, N., McCoy, M.L., Prentice, L.,

Gilks, C.B., Chia, S.K., Gelmon, K.A., Kershaw, D.B., Huntsman, D.G.

et al. 2004.  Overexpression of the anti-adhesin podocalyxin is an

independent predictor of breast cancer progression. Cancer Res., 64:

5068–5073.

Spring, S. and Schleifer, K.H. 1995.  Syst. Appl. Microbiol., 18: 147–153.

Takeda, T., Go, W.Y., Orlando, R.A., and Farquhar, M.G. 2000.  Expres-

sion of podocalyxin inhibits cell-cell adhesion and modifies junctional

properties in Madin-Darby canine kidney cells. Mol. Biol. Cell, 11:

3219–3232.

Tanaka, T. and Matsunaga, T. 2000.  Fully automated chemiluminescence

immunoassay of insulin using antibody-protein A-bacterial magnetic

particle complexes. Anal. Chem., 72: 3518–3522.

Ten, R.M., Pease, L.R., McKean, D.J., Bell, M.P., and Gleich, G.J. 1989.

Molecular-Cloning of the human eosinophil peroxidase—evidence for



30

M. Kuhara et al.

the existence of a peroxidase multigene family. J. Exp. Med., 169: 1757–

1769.

Yin, A.H., Miraglia, S., Zanjani, E.D., AlmeidaPorada, G., Ogawa, M.,

Leary, A.G., Olweus, J., Kearney, J., and Buck, D.W. 1997.  AC133, a

novel marker for human hematopoietic stem and progenitor cells. Blood,

90: 5002–5012.

Yoshino, T. and Matsunaga, T. 2006.  Efficient and stable display of func-

tional proteins on bacterial magnetic particles using mms13 as a novel

anchor molecule. Appl. Environ. Microbiol., 72: 465–471.

Yoshino, T., Takahashi, M., Takeyama, H., Okamura, Y., Kato, F., and

Matsunaga, T. 2004.  Assembly of G protein-coupled receptors onto

nano-sized bacterial magnetic particles using Mms16 as an anchor

molecule. Appl. Environ. Microbiol., 70: 2880–2885.

(Received for publication, January 6, 2009, 

accepted February 12, 2009 and published online, March 17, 2009)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


