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                                                                                                                        Abstract

                                                            Background We previously established a mesenchymal stem cell line (FMS/PA6-P) from the bone marrow adherent cells of fetal mice. The cell line expresses a higher level of neural cell adhesion molecule and shows greater hematopoiesis-supporting capacity in mice than other murine stromal cell lines.Design and Methods Since there is 94% homology between human and murine neural cell adhesion molecule, we examined whether FMS/PA6-P cells support human hematopoiesis and whether neural cell adhesion molecules expressed on FMS/PA6-P cells contribute greatly to the human hematopoiesis-supporting ability of the cell line.Results When lineage-negative cord blood mononuclear cells were co-cultured on the FMS/PA6-P cells, a significantly greater hematopoietic stem cell-enriched population (CD34+CD38− cells) was obtained than in the culture without the FMS/PA6-P cells. Moreover, when lineage-negative cord blood mononuclear cells were cultured on FMS/PA6-P cells and transplanted into SCID mice, a significantly larger proportion of human CD45+ cells and CD34+CD38− cells were detected in the bone marrow of SCID mice than in the bone marrow of SCID mice that had received lineage-negative cord blood mononuclear cells cultured without FMS/PA6-P cells. Furthermore, we found that direct cell-to-cell contact between the lineage-negative cord blood mononuclear cells and the FMS/PA6-P cells was essential for the maximum expansion of the mononuclear cells. The addition of anti-mouse neural cell adhesion molecule antibody to the culture significantly inhibited their contact and the proliferation of lineage-negative cord blood mononuclear cells.Conclusions These findings suggest that neural cell adhesion molecules expressed on FMS/PA6-P cells play a crucial role in the human hematopoiesis-supporting ability of the cell line.
                                                            
                                                            Introduction
Human umbilical cord blood (CB) has been used as an alternative source of hematopoietic stem cells (HSC) for various diseases, such as leukemia, aplastic anemia and autoimmune diseases. The advantages of CB transplantation over bone marrow (BM) or mobilized peripheral blood stem cell transplantation include the ease of stem cell collection, the less stringent requirement on human leukocyte antigen (HLA) matching between donors and recipients, as well as the low severity of graft-versus-host diseases.1–3 However, the low cell content in CB units is a major limiting factor, particularly for adult recipients, which has confined the use of CB transplants mostly to patients with low body weight.1,2 Some studies have demonstrated that successful engraftment can be achieved in CB transplantation with a cell dose of over 4×10 nucleated cells/kg body weight of the recipient.1–4 When insufficient numbers of cells are grafted, the consequent delay in reconstitution causes a high morbidity and mortality, due to systemic infections, accompanied by high costs due to hospitalization and blood cell transfusions. Thus, efforts are being made to generate large number sof HSC and progenitor cells by ex vivo expansion in order to improve the applicability and outcome of CB transplantation. Some clinical improvements have been observed in trials using expanded CB cells,5 BM cells,6 and peripheral blood stem cells.7,8 However, a major disadvantage of culturing HSC in the presence of hematopoietic growth factors is the accelerated differentiation from HSC to lineage cells, possibly at the expense of multipotent HSC with self-renewal and long-term engrafting potential.9 It has been reported that long-term hematopoiesis can be maintained only by co-culturing HSC with stromal cells in human and mouse hematopoietic systems.10–15 We have also found that successful BM transplantation depends on the co-transplantation of stromal cells obtained from donor mice;16–19 stromal cells migrate into the recipient BM and spleen, where they support hematopoiesis. These findings have shaped the view that stromal cell-hematopoietic cell interactions in the marrow microenvironment are crucial for physiological hematopoiesis.
We have recently obtained a mesenchymal stem cell line (FMS/PA6-P) from BM adherent cells of day-16 fetal mice.20,21 This cell line is highly positive for neural cell adhesion molecules (NCAM) and shows a higher hematopoiesis-supporting capacity in mice than other stromal cell lines (MS-512 and PA6).20 The human cDNA sequence encoding NCAM (145-kDa isoform) was reported by Saito et al. in 199422 and we found that there is 94% homology between human and murine NCAM. In the present study, therefore, we attempted to examine whether the FMS/PA6-P cells support human hematopoiesis and whether NCAM expressed on the FMS/PA6-P cells contributes greatly to the human hematopoiesis-supporting ability of the cell line.
Design and Methods
Purification of lineage-negative cord blood mononuclear cells from human cord blood
CB samples were collected from cord veins of uncomplicated full-term, vaginal deliveries. The samples were collected into bags containing citrate-phosphate-dextrose (Terumo, Japan) and processed within 24 h. Informed consent was obtained for all CB collections and this study was approved by the Ethics Committee for Clinical Research of Kansai Medical University. Low-density CB mononuclear cells were isolated by Ficoll-Paque PLUS density gradient centrifugation (<1.077g/mL, GE Healthcare, Uppsala, Sweden) and cryopreserved in IMDM medium containing 10% dimethyl sulfoxide and 20% fetal bovine serum (FBS) until use. Dead cells contained in the cryopreserved low-density CB mononuclear cells were depleted using the Ficoll-Paque PLUS density gradient centrifugation. Lineage-positive cells, expressing CD3, CD9, CD11b, CD14, CD15, CD16, CD19, CD20 and CD235a (glycophorin A) molecules, were then removed using a magnetic bead separation system; the low-density CB mononuclear cells were incubated with monoclonal antibody (mouse IgG class; BD Biosciences Pharmingen, San Diego, CA, USA) cocktails against the above-mentioned lineage markers, and then incubated twice with sheep anti-mouse IgG-conjugated immunobeads (#110.31; Dynal Inc., Oslo, Norway) with gentle agitation at 5:1 and 3:1 bead/cell ratios. The immunobead-rosetted cells were removed using a magnetic particle concentrator. The thus-prepared lineage-negative CB mononuclear cells (LCBMC) were considered as a partially-HSC-enriched population. The LCBMC were stained with fluorescent isothiocyanate (FITC)- or phycoerythrin (PE)-labeled monoclonal antibodies against human CD34 (#348053), CD38 (#555459) and CD56 (#556647) (BD Biosciences Pharmingen). Cells stained with isotype-matched IgG served as a negative control. The stained cells were analyzed by a FACScan (BD, Mountain View, CA, USA).
Co-culture of lineage-negative cord blood mononuclear cells on FMS/PA6-P cells
The FMS/PA6-P cells were cultured in 12-well plates containing DMEM (low glucose) supplemented with 10% FBS at 37°C in 5% CO2 in air and confluent monolayers were prepared. After irradiation (20 Gy) of the FMS/PA6-P monolayers, the LCBMC (7×10/well in 1 mL IMDM supplemented with 10% FBS and human cytokines [SCF, Flt3-L and TPO (20 ng/mL)] were inoculated. Flt3-L (#300-19) was purchased from PeproTech (Rocky Hill, NJ, USA). TPO and SCF were kindly donated by the Kirin Brewery Co. Ltd. (Tokyo, Japan). The LCBMC were also cultured without the FMS/PA6-P cells. Weekly, half of the medium in the wells containing non-adherent cells was removed and replaced with fresh medium. At 1 and 2 weeks, all non-adherent cells in the well were collected, and the adherent cells (FMS/PA6-P cells + hematopoietic cells which adhered to or under the FMS/PA6-P cells) were collected by trypsin-EDTA treatment. The adherent and non-adherent cells obtained from the same well were mixed, and the number of hematopoietic cells was counted (the FMS/PA6-P cells are larger than hematopoietic cells and, therefore, easily distinguished from these latter).
The collected cells were stained with FITC- or PE-labeled monoclonal antibodies against human CD34 (#CD34-581-04) (Caltag), CD11b (#555388), CD38 (#555459), CD235a (#555570) (BD Biosciences Pharmingen), CD15 (#IM1954), CD14 (#IM0650) and CD41 (#IM1416) (Beckman Coulter, Fullerton, CA, USA). The stained cells were analyzed by a FACScan.
The number of colony-forming cells (CFU-C), including colony-forming unit-granulocyte (CFU-G), colony-forming unit-macrophage (CFU-M), colony-forming unit-granulocyte/macrophage (CFU-GM), burst-forming unit-erythroid (BFU-E) and colony-forming unit-granulocyte/erythroid/macrophage/megakaryocyte (CFU-GEMM), were assessed in clonal cell culture using a methylcellulose assay (Methocult GF H3434, Stem Cell Technologies Inc., Vancouver, BC, Canada).
The collected cells were also spread on a glass slide using a cyto-centrifuge and stained with May-Giemsa reagent to observe their morphology.
The LCBMC were also co-cultured on a monolayer of MS-5 cells12 (kindly donated by the Kirin Brewery Co. Ltd.) and the hematopoiesis-supporting ability of the MS-5 cells was analyzed using the methods described above.
Engraftment of culture-expanded cells into SCID mice
Seven- to 8-week-old Icr-Scid (SCID) mice were purchased from Japan Clear Experimental Animal Laboratory (Tokyo, Japan). All mice were maintained in a pathogen-free environment and were kept for at least 2 weeks before the initiation of experiments. Experiments using mice were conducted in accordance with protocols approved by the university’s committee for animal research. The LCBMC (5×10/well) were cultured in the presence of the FMS/PA6-P cells for 2 weeks as described above. All the cells, including the FMS/PA6-P cells from one well, were collected using trypsin-EDTA and injected into 3 Gy-irradiated SCID mice (n=6) via the intravenous route (total 6 mice). The LCBMC were also cultured in the absence of the FMS/PA6-P cells, and the culture-expanded cells were collected without trypsin-EDTA treatment and transplanted into SCID mice (n=6).
For the assessment of human CD45 cells and subsets, the mice were sacrificed by cervical dislocation 8 weeks post-transplantation, and the femora and tibiae were removed and cleaned of all connective tissue. BM cells were collected by flushing the femora and tibiae with 2% FBS/PBS using a 26-gauge needle, filtered, and washed twice. Peripheral blood cells were collected by heart puncture. For flow cytometric analyses, contaminating red blood cells were lysed with BD Pharm Lyse Lysing Buffer (BD Biosciences Pharmingen) and washed with 2% FBS/PBS. These cells were then double-stained with anti-human CD45 (#0452 or #0454, Exalpha Biologicals, Inc., Watertown, MA, USA) and anti-human CD14, CD19 (#302205, BioLegend, San Diego, CA, USA), CD34, CD41 or CD235a monoclonal antibodies or with anti-human CD34 and anti-human CD38 monoclonal antibodies. The stained cells were analyzed by a FACScan.
Polymerase chain reaction (PCR) analysis using primers targeted to human specific DNA 17-α satellite gene was also performed to confirm the engraftment of human cells into the BM of the SCID mice. The sequences of the human-specific DNA 17-α satellite gene are as follows: Forward, gggATAATTTCAgCTgACTAAACAg; Reverse, TTCCgTTTAgTTAggTgCAgTTATC.
Non-contact culture of lineage-negative cord blood mononuclear cells on FMS/PA6-P cells
Confluent FMS/PA6-P monolayers were prepared in a 24-well plate and irradiated at a dose of 20 Gy. The LCBMC (2.5×10/well) were loaded directly on the stromal layer (contact culture) or loaded into a culture chamber insert (pore size: 0.45 μm, Intercell, Kurabo, Osaka, Japan) placed above the stromal layer (non-contact). The same number of LCBMC were cultured without the stromal layer. The culture medium consisted of 10% FBS/IMDM containing human cytokines [SCF, Flt3-L and TPO (20 ng/mL)]. After 2 weeks, all cells in the well were harvested, and flow cytometric analyses and clonal cell cultures were performed.
Addition of anti-neural cell adhesion molecule antibodies to co-culture of lineage-negative cord blood mononuclear cells and FMS/PA6-P cells
Confluent FMS/PA6-P monolayers prepared in a 24-well plate were irradiated at a dose of 20 Gy and the culture medium was replaced with fresh IMDM supplemented with 10% FBS and anti-mouse NCAM monoclonal antibody recognizing the three major isoforms (120, 140 and 180 kDa) (1 μg/mL, #556324, Clone: N-CAM 13, BD Bioscience Pharmingen) or corresponding isotype (mouse IgG2a)-matched monoclonal antibody. After 2 h, 3.4×10 LCBMC were added to the wells and co-cultured. On day 7, half of the medium in the wells containing non-adherent cells was removed and replaced with fresh medium with anti-NCAM or isotype monoclonal antibodies. Two weeks later, all cells were collected and analyzed as described above.
Statistics
The engraftment experiment was carried out twice and the in vitro culture experiments three or more times. Reproducible results were obtained. Representative data are shown in the figures. Statistical differences in all experiments were analyzed by a Student’s two-tailed t test.
Results
Expansion of human hematopoietic stem cells and progenitor cells on FMS/PA6-P cells in vitro
To examine the human hematopoiesis-supporting ability of the FMS/PA6-P cells, we purified a human HSC-enriched population (LCBMC) from a CB sample. May-Giemsa staining revealed that the LCBMC showed HSC-like features (Figure 1A). The proportions of CD34CD38and CD34CD56(NCAM) cells in the population were 23.8±3.8% and 4.2±0.6%, respectively. When the LCBMC were inoculated on the FMS/PA6-P cell layer (7×10/well), the LCBMC adhered rapidly to the stromal layer, and 2196.1±190.9 cells/well had adhered to the layer by 4 h after the inoculation. These cells then began to “crawl” under the stromal layer and 1880.2±242.6 cells/well showed pseudoemperipolesis to the FMS/PA6-P cells 18 h later. Cell division under the stromal layer was seen at and after 32 h. The proliferating cells demonstrated a cobblestone-like appearance on day 2–3 of culture and were referred to as “cobblestone area-forming” cells (CAFC) (Figure 1A).
After 1 or 2 weeks of culture, adherent and non-adherent cells in the co-culture with the FMS/PA6-P cells were collected (the former by typsin-EDTA treatment) and assessed for cellularity and differentiation capacity. There were only non-adherent cells in the culture without the FMS/PA6-P cells, and these cells were, therefore, collected without trypsin-EDTA treatment. In the co-culture of LCBMC with FMS/PA6-P cells, a significantly higher production of hematopoietic progenitor cells (CD34 cells) as well as HSC-enriched population (CD34CD38 cells) was observed at both 1 and 2 weeks (Figure 1B) than in the culture without FMS/PA6-P cells. The numbers of total hematopoietic cells, CD34 cells and CD34CD38 cells increased by 51-, 27-, and 25-fold of the original cell input in the co-cultures with the FMS/PA6-P cells at 1 week, whereas only 19-, 9- or 8-fold increases were found in the culture without FMS/PA6-P cells. An even more remarkable difference was observed at 2 weeks; total cells, CD34 cells and CD34CD38 cells increased by 526-, 205- and 189-fold, respectively, in the co-cultures with FMS/PA6-P cells and by 107-, 30- and 26-fold in the cultures without FMS/PA6-P cells.
The culture-expanded cells were then examined for their ability to form clonal hematopoietic colonies (CFU-C) using MethoCult GF H3434. Significantly higher CFU-C counts were observed at 1 week in co-cultures with FMS/PA6-P cells than in the cultures without FMS/PA6-P cells (Figure 1B). Although there was no evident difference in the total CFU-C counts between the two culture conditions at 2 weeks, the cell components of the CFU-C differed; a higher number of lineage-committed CFU-C (CFU-G, CFU-M and BFU-E, but not CFU-GM and CFU-GEMM) was detected in the cultures without the FMS/PA6-P cells than in the co-cultures with the FMS/PA6-P cells. Adherent cells in the co-cultures were collected using trypsin-EDTA treatment. Our preliminary experiments showed that trypsin-EDTA treatment of freshly-isolated and cultured LCBMC did not affect the expression of cell surface markers (CD11b, CD14, CD15, CD34, CD38, CD41 and CD235a) or cell viability. In contrast, the total CFU-C counts were reduced to 73.2% in freshly-isolated LCBMC and 74.5% in the cultured LCBMC after the trypsin-EDTA treatment. There was no evident decrease in the CFU-M counts, but CFU-G, BFU-E, CFU-GM and CFU-GEMM counts were markedly reduced after the trypsin-EDTA treatment. Thus, the trypsin-EDTA treatment affects not only the total CFU-C count but also the cell components of CFU-C. It is, therefore, possible that the actual CFU-C counts in the co-culture with the FMS/PA6-P cells would have been much higher than the values shown in the present experiments. These findings suggest that FMS/PA6-P cells can support the proliferation of human HSC and progenitors in vitro.
Lineage-positive cells expressing CD11b, CD14, CD15, CD41 or CD235a molecules were also detected by flow-cytometric analysis in the co-culture of LCBMC with FMS/PA6-P cells (data not shown). The production of mature hematopoietic cells was further confirmed by May-Giemsa staining of the non-adherent cells recovered from the co-culture; normoblasts and megakaryocytes were seen in addition to many granulocytes and macrophages (Figure 1C). These findings suggest that the FMS/PA6-P cells facilitate the proliferation of human HSC and progenitors, resulting in the production of mature myeloid, erythroid and megakaryocytic cells. A slightly, but not statistically significantly higher percentage of lineage-positive (CD11b, CD14, CD15, CD41 or CD235a-positive) cells was also seen in the culture without FMS/PA6-P cells than in the culture with FMS/PA6-P cells (data not shown).
It is known that the murine BM stromal cell line MS-5 has hematopoiesis-supporting ability for human cells.15 We previously showed that NCAM is expressed at lower levels on MS-5 than on FMS/PA6-P cells.20 Here we co-cultured LCBMC on MS-5 cells and the hematopoiesis-supporting ability of these latter was compared with that of the FMS/PA6-P cells. At 1 week of culture, there was no significant difference in the number of total cells, CD34 cells, CD34CD38 cells or CFU-C per well between the two cultures. At 2 weeks, however, the number of CD34 cells and CD34CD38 cells per well was, respectively, 1.40 and 1.38 times higher in the culture on the FMS/PA6-P cells than in that on the MS-5 (both P<0.05). This finding indicates that the FMS/PA6-P cells have greater hematopoiesis-supporting ability than the MS-5 cells in the present experimental system.
[image: ]

Figure 1.Human hemopoiesis-supporting capacity of FMS/PA6-P cells in vitro. (A) Morphology of L−CBMC and formation of cobblestone colonies in the co-culture of L−CBMC with FMS/PA6-P cells. The purified L−CBMC were stained with May-Giemsa reagent (left photograph). The L−CBMC (7×103/well) were inoculated to the monolayers of confluent FMS/PA6-P cells (20 Gy-irradiated) and the formation of cobblestone areas was observed on day 2–3 of culture (middle and right photographs). Phase-contrast images (B) Expansion of L−CBMC on the monolayer of FMS/PA6-P cells. The L−CBMC (7×103/well) were cultured with or without the FMS/PA6-P cells (20 Gy-irradiated). At 1 and 2 weeks, all cells in the well were collected by trypsin-EDTA treatment and the number of hematopoietic cells was counted. The number of CD34+ cells and CD34+CD38−cells per well was calculated from the hematopoietic cell number per well and the percentages of these populations obtained by flow cytometric analyses. The number of CFU-C per well was also calculated from the hematopoietic cell number per well and the number of CFU-C/104 cells obtained by clonal cell culture assay. Fold Increase = the number of hematopoietic cells per well after culture/the number of hematopoietic cells per well before culture. The fold increases of CD34+ cells, CD34+CD38− cells and CFU-C counts were also calculated from the number of these populations before and after culture, respectively. Each sample was run in triplicate. Representative data from three independent experiments. **P<0.01; *P<0.05. (C) Multi-lineage differentiation of L−CBMC in co-culture with FMS/PA6-P cells. At 2 weeks of culture, non-adherent cells were collected from the co-culture of the L−CBMC and FMS/PA6-P cells, and were stained with May-Giemsa reagent.
Engraftment of ex vivo-expanded human hematopoietic stem cells and progenitor cells into SCID mice
To investigate whether the HSC and progenitor cells produced in the co-culture system with FMS/PA6-P cells are able to proliferate and differentiate in vivo, we injected the culture-expanded cells into sublethally-irradiated SCID mice. All cells in each culture well, including the expanded cells and FMS/PA6-P cells, were harvested using trypsin-EDTA treatment and injected intravenously into a single SCID mouse. Eight weeks after the transplantation, there was no significant difference in survival rates between the mice which had received the cells co-cultured with the FMS/PA6-P cells (hereafter described as the co-cultured group) (5/6) and those which had received cells cultured without the FMS/PA6-P cells (the non-co-cultured group) (6/6). However, as shown in Figure 2A, the proportion of human CD45 cells, CD34 cells and CD34CD38cells was significantly higher in the BM of the co-cultured group than in the BM of the non-co-cultured group. In the BM of the co-cultured group, mature human myeloid cells (CD14: 0.57%), B cells (CD19: 0.18%), erythroid cells (CD235a: 3.31%) and megakaryocytic cells (CD41: 0.21%) were also detected. A clear difference between both groups was also seen in human CD45 cells in the peripheral blood (Figure 2A). Figure 2B shows a representative flow cytometric pattern (CD45/CD34 and CD38/CD34 stains) of BM cells from the SCID mice that received LCBMC cultured with or without FMS/PA6-P cells.
[image: ]

Figure 2.Reconstitution of human cells in SCID mice that received culture-expanded L−CBMC. (A) Higher engraftment of human cells in SCID mice that received L−CBMC co-cultured with FMS/PA6-P cells. The L−CBMC were cultured in a 12-well plate with the FMS/PA6-P cells for 2 weeks and all cells in one well, including the FMS/PA6-P cells and hematopoietic cells, were harvested and injected into a single SCID mouse via the intravenous route. All cells in one well, cultured without the FMS/PA6-P cells, were also collected and injected into a single SCID mouse. Eight weeks after the transplantation, BM and peripheral blood cells were collected and the percentages of human CD45+ cells, CD34+ cells and CD34+CD38− cells were measured using FACScan. **P<0.01; *P<0.05. (B) Representative flow cytometric pattern of BM cells from SCID mice that received L−CBMC cultured with or without FMS/PA6-P cells. BM cells collected from the SCID mice were double-stained with anti-human CD45 and anti-human CD34 monoclonal antibodies or with anti-human CD38 and anti-human CD34 monoclonal antibodies and analyzed by a FACScan. The values indicate the percentages of the population in whole BM cells. (C) Detection of human DNA in SCID mice that received L−CBMC co-cultured with FMS/PA6-P cells. Four of five mice, transplanted with the expanded cells produced in the co-culture of L−CBMC with FMS/PA6-P cells, contained human DNA in the BM, whereas no human DNA was detected in the BM of six mice transplanted with the expanded cells produced in culture of L−CBMC without FMS/PA6-P cells.
The presence of human cells was further proven in the SCID mice of the co-cultured group by PCR analysis using the human-specific DNA 17α-satellite gene; four out of five mice showed human DNA in their BM (Figure 2C). In contrast, no human DNA was detected in the non-co-cultured group. Even in those mice showing human DNA in their BM, we failed to detect human DNA in the peripheral blood of the animals, implying that human-type cells were under the detection level of PCR in the peripheral blood in contrast to the BM.
These findings indicate that HSC and progenitor cells contained in the culture-expanded cells homed to the BM, where they proliferated and differentiated into multi-lineage mature blood cells, suggesting that the FMS/PA6-P cells provide a suitable microenvironment for the proliferation of functional HSC and progenitor cells.
As mentioned above, we observed a decline in CFU-C counts after trypsin-EDTA treatment. The cells transplanted into the SCID mice were collected from the co-culture using trypsin-EDTA treatment, and it is possible that this treatment might damage the in vivo proliferation and differentiation activity of the transplanted cells.
Contribution of neural cell adhesion molecules to the human hematopoiesis-supporting ability of FMS/PA6-P cells
Since many studies have demonstrated that stromal cell-hematopoietic cell interactions in the marrow microenvironment are crucial for physiological hematopoiesis, we next investigated, using a culture chamber system, whether direct cell-to-cell interactions between human LCBMC and FMS/PA6-P cells are also crucial for the expansion of human hematopoietic cells. As shown in Figure 3, the numbers of CD34cells, CD34CD38 cells and CFU-C were significantly lower in non-contact cultures than in contact cultures: LCBMC in contact cultures showed approximately 98-, 92- and 2.6-fold increases in CD34 cells, CD34CD38 cells and total CFU-C, respectively, whereas LCBMC in non-contact cultures showed 62-, 58- and 0.72-fold increases in CD34 cells, CD34 CD38 cells and CFU-C, respectively. However, there were no differences in CD34 cells, CD34CD38 cells and CFU-C counts between the non-contact culture and the culture without the FMS/PA6-P cells. These findings suggest that direct cell-to-cell contact between human HSC/progenitor cells and FMS/PA6-P cells is essential for the maximum expansion of human cells, and that the adhesion molecules mediating cell-to-cell contact may be crucial for this maximum expansion.
We have previously shown that FMS/PA6-P cells express a high level of NCAM, and that NCAM contributes greatly to murine hematopoiesis.20 It can, therefore, be speculated that NCAM may play a crucial role in the human hematopoiesis-supporting capacity of FMS/PA6-P cells. To address this, we examined whether the expansion of the LCBMC on the FMS/PA6-P cells was inhibited by anti-mouse NCAM monoclonal antibody. The FMS/PA6-P cell layer was pre-incubated with the anti-mouse NCAM monoclonal antibody or an isotype control for 2 h and the LCBMC were then added to the wells (3.4×10 cells/well). The number of LCBMC adhering to the FMS/PA6-P cell layer was significantly lower (394.0±8.3 cells/well) in the co-cultures to which the anti-mouse NCAM monoclonal antibody had been added than in the co-cultures to which isotype control had been added (1078.3±315.4 cells/well) (P<0.005) (4 h after inoculation of the LCBMC on the FMS/PA6-P cells). Two weeks later, the numbers of CD34 cells, CD34CD38cells and CFU-C were markedly suppressed, in contrast to the numbers in the co-cultures to which isotype control was added (Figure 4). This finding clearly shows that NCAM on the FMS/PA6-P cells plays an important part in supporting human hematopoiesis.
We have found by flow cytometoric analyses that anti-mouse NCAM monoclonal antibody does not react with LCBMC (data not shown), indicating that the monoclonal antibody reacted with murine NCAM expressed on the FMS/PA6-P cells but not with human NCAM expressed on the LCBMC in the present co-culture system. It is, therefore, conceivable that the monoclonal antibody, which had reacted to mouse NCAM on the FMS/PA6-P cells during the pre-incubation, inhibited the contact between the LCBMC and NCAM on the FMS/PA6-P cells, and resulted in the low proliferation of the LCBMC.
Discussion
There is a clear need for ex vivo expansion of CB HSC and progenitor cells for successful CB transplantation. However, in vitro, it is difficult to enhance the self-renewal and/or expansion of HSC without stromal cells, even if all known exogenous growth factors and other materials are added to the cultures.23–26 In the present study, we found that mouse mesenchymal stem cells (FMS/PA6-P) show human hematopoiesis-supporting capacity.
[image: ]

Figure 3.Higher proliferation and differentiation of L−CBMC in contact culture with FMS/PA6-P cells. The monolayer of FMS/PA6-P cells was prepared in a 24-well plate and the L−CBMC were loaded into the culture chamber inserts or directly into the FMS/PA6-P cell monolayer. As a negative control, L−CBMC were cultured without FMS/PA6-P cells. Two weeks later, all cells in the well were collected by trypsin-EDTA treatment, and the fold increases of total cells, CD34+ cells, CD34+CD38− cells and CFU-C counts were calculated, as mentioned in Figure 1B. Each sample was run in triplicate. Representative data from three independent experiments. ** P<0.01; *P<0.05, N.S.: not significant.
When LCBMC were co-cultured with FMS/PA6-P cells, significantly higher numbers of HSC-enriched population (CD34CD38) and progenitor cells (CD34 cells and CFU-C) were obtained than when they were cultured without FMS/PA6-P cells (Figure 1B). Moreover, significantly higher percentages of human CD45 cells and CD34CD38cells were detected in the BM of the SCID mice that had received the LCBMC cultured with FMS/PA6-P cells than in the BM of SCID mice that had received Lin-CBMC cultured without FMS/PA6-P cells (Figure 2A). These findings suggest that FMS/PA6-P cells provide a microenvironment that promotes the proliferation of functional human HSC and progenitor cells. However, we cannot exclude the possibility that some multipotent HSC, which had been contained in the inoculated LCBMC, were induced to differentiate into their progenitor cells under the influence of exogenous cytokines.
Stromal cells promote the growth, survival and differentiation of HSC and progenitor cells by expressing cell adhesion molecules in addition to producing various growth factors and matrix proteins.27–30 In the present experiments, we found that there were no differences in CD34 cells, CD34CD38 cells and CFU-C between the non-contact culture of LCBMC with FMS/PA6-P cells and the culture of LCBMC without FMS/PA6-P cells (Figure 3). However, in the contact culture, much higher numbers of CD34 cells, CD34CD38 cells and CFU-C counts were obtained. These findings clearly show that direct cell-to-cell contact between LCBMC and FMS/PA6-P cells is essential for the maximum expansion of the LCBMC.
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Figure 4.Inhibitory effect of anti-NCAM monoclonal antibody on the proliferation of L−CBMC. The L−CBMC were cultured on the FMS/PA6-P cells in the presence of anti-mouse NCAM monoclonal antibody (5 wells/sample). As a control, the same concentration of isotype control (mouse IgG2a) was added to the culture. Two weeks later, all cells in the well were collected by trypsin-EDTA treatment, and the fold increases of total cells, CD34+ cells, CD34+CD38− cells and CFU-C counts were calculated, as mentioned in Figure 1B. Mean ± SD of five wells. Representative data from three independent experiments. *P<0.05, N.S.: not significant.
We have previously demonstrated that NCAM is highly expressed by FMS/PA6-P cells and contributes greatly to the murine hematopoiesis-supporting capacity of the stromal cells; hematopoiesis was markedly suppressed when anti-mouse NCAM monoclonal antibody was added to the co-culture system of mouse HSC and FMS/PA6-P cells.21 In the present study, we also observed that the addition of anti-mouse NCAM monoclonal antibody to the culture significantly inhibited their contact and the proliferation of LCBMC (Figure 4), suggesting the importance of the NCAM expressed on the FMS/PA6-P cells for human hematopoiesis. The fact that the cDNA sequence of murine NCAM exhibits 94% homology with that of human NCAM22 may be a reasonable explanation of why murine NCAM on the FMS/PA6-P cells can contribute to human hematopoiesis.
NCAM is known to interact with cell surface molecules by homophilic or heterophilic binding.31 N-syndecan,32 heparin sulphate,33 and fibroblast growth factor-receptor34 are proposed as ligands of the heterophilic binding. Recently, we found that NCAM is expressed on both a HSC-enriched population (lineage-negative, CD34-positive and blast-gated cells) and BM stromal cells (containing mesenchymal stem cells) in monkeys, and contribute greatly to monkey hematopoiesis.35 Although the expression of NCAM or its ligand on human HSC has not been well-elucidated, it is possible that NCAM may support human hematopoiesis through homophilic interaction. Our preliminary study showed that commercially-available human mesenchymal stem cells line (#PT-2501, Cambrex Bio Science, Walkersville, MD, USA and #Yub636, Human Science Research Resources Bank, Osaka, Japan) expressed NCAM molecules. The NCAM expression level on these human mesenchymal stem cell lines declined rapidly with the increase of cell passages, whereas there was no decline in other mesenchymal stem cell markers such as CD29, CD73 and CD105. In parallel with the decline in NCAM expression, the cell lines’ hematopoiesis-supporting ability was also reduced (unpublished data). We observed this phenomenon in the FMS/PA6-P cell line, although the decline in NCAM expression was much more moderate than that of the human mesenchymal stem cell lines.20 Our further investigation will focus on the molecular mechanisms underlying the interaction between HSC and stromal cells via NCAM in human and mouse hematopoietic systems.
So far, several murine stromal cell lines (e.g. MS-5 cells derived from the BM of adult mouse15 and embryonic stromal cell lines derived from the aorta-gonad-mesonephros region36,37) have been reported to have the ability to support human hematopoiesis. The embryonic stromal cell line expresses Sca-1, VCAM-1 and CD13 [but not PECAM-1, c-kit, CD49d (VLA4α) and CD34] and the VCAM-1/VLA4 pathway has been considered to be one of the most important interactions between HSC/progenitor cells and these stromal cell lines.37 Although the importance of direct interaction of human HSC and the MS-5 cells was demonstrated by Issaad et al.,15 Nishi et al. suggested that cytokines produced by MS-5 cells (granulocyte-colony stimulating factor and stem cell factor) contribute to the human hematopoiesis-supporting activity of the cell line.38 Here, for the first time, we have shown the importance of NCAM in the interaction between human HSC and the murine stromal cell line.
Multipotent HSC need to interact directly with niche cells in order to maintain their ‘stemness’. It has been reported that, in in vitro co-culture systems, a higher number of HSC and progenitor cells localize in the stromal cell layer than in the non-adherent cell population.12,15 Therefore, enzymatic digestion of the adherent cell layer is necessary to collect sufficient numbers of HSC and progenitor cells. However, this treatment is thought to damage these cells. Indeed, we observed decreases in the CFU-C counts after the trypsin-EDTA treatment in the present study. Recently, a unique culture system using temperature-sensitive dishes (RepCell), in which cell detachment is induced by a change in temperature, has been developed. This culture system might be useful for collecting culture-expanded cells from stromal cell layers.
In conclusion, we have shown that the FMS/PA6-P cells can support human hematopoiesis, and that NCAM plays a crucial role in the human hematopoiesis-supporting capacity of these cells. This finding will be of great advantage in improving the clinical application of CB transplantation and other human stem cell transplants. It is also of great importance in further understanding the mechanisms underlying the interaction between human HSC and stromal cells and the regulation of human hematopoiesis.
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