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Embryonic stem cells (ES cells) are capable of unlimited self-renewal and have the ability to give rise to all tissue types in the body. The use of human ES cells for tissue and cell therapeutics has been suggested but is limited by ethical concerns since these cells are derived from human embryos. A human embryo at the blastocyst stage must be destroyed by microsurgical or immunological dissection of the inner cell mass. The cells from the inner cell mass are subsequently plated on a fetal fibroblast layer for establishment of an embryonic stem cell line. To date, the process has involved a xeno-culture system including fetal calf serum and mouse fetal fibroblasts. For human ES cells to be used clinically, the derivation system needs to include only human materials, and such human systems are only now being developed. In addition, the efficacy of ES cell-line creation is quite low. This fact becomes apparent when one considers that approximately 30% of fertilized oocytes achieve the blastocyst stage and the best ones are generally transferred back to achieve a pregnancy. Of the remaining blastocysts, about one in 20 to 50 is successfully transformed into a viable ES cell line, depending on the experience of the laboratory. The percentage of success is probably considerably lower when using cryopreserved embryos. Since the need for HLA matching of ES cell-derived tissues for allogeneic transplantation would require a bank of several thousand ES cell lines to make tissue therapeutics feasible, it is obvious that hES cells for tissue therapeutics would not be practical without a technological breakthrough in the derivation process.

One suggestion to circumvent these problems with hES cells and to also solve the rejection issue, is the use of somatic cell nuclear transfer or cloning technology. The major ethical and practical problem with this process is the requirement for a supply of healthy donor oocytes from which the nucleus can be removed and a somatic cell nucleus from the patient inserted. In addition, so far, this process has been successful in lower animals but not in primates or humans, in which chaotic chromosomal organization leading to aneuploidy has been observed. More recently, a group of scientists from Korea reported the creation of a human embryo by transfer of a granulosa cell nucleus into an enucleated human egg, and subsequent derivation of an ES cell line from the cloned blastocyst. Initial reports suggest that the hES cell line has a normal karyotype and the ability to create teratomas in SCID mice. Therapeutic cloning should also be viewed as relatively inefficient at this stage since more than 240 oocytes were required to derive the single stem cell line.

Adult stem cells, of which those in bone marrow are the best studied, have been shown to be capable of multilineage differentiation into cells of various non-blood tissues. Umbilical cord blood hematopoietic stem cells have been shown to be equivalent to bone marrow stem cells for reconstitution of the hematopoietic system. Preliminary work has also demonstrated that umbilical cord blood hematopoietic stem cells are multipotent and capable of differentiating into non-blood cell types. This observation raises the exciting possibility of replacing human ES cells for tissue and cell therapeutics with umbilical cord blood hematopoietic stem cells that are normally discarded with the placenta after delivery. The key to the future utility of cord blood hematopoietic stem cells is ex vivo cell expansion to achieve adequate numbers of cells for tissue therapeutics. Expansion of slow growing stem cells is problematic since the cocktail of cytokines and growth factors usually required to stimulate proliferation generally also triggers differentiation with loss of the stem cell phenotype. To prevent this, our colleagues in the Bioengineering department at The University of Toronto developed a closed bioreactor system that uses a solid phase magnetic column and metallic antibodies to remove mature blood cells from the stem cell cultures every 3 to 4 days. Removing differentiated cells also removes the majority of cytokines and other factors that accelerate stem cell differentiation into more mature progenitor cells. This technology allows the stem cell component of the sample to continue to proliferate unchanged and so far has achieved a 6 to 10-fold expansion of long term repopulating hematopoietic stem cells based on a NOD-SCID transplantation assay.
Haematopoietic stem cells can be easily isolated from umbilical cord blood and transferred from the donor to a recipient with virtually no manipulation since the haematopoietic system has a high rate of renewal normally. Umbilical cord blood was first used for a successful bone marrow transplant in a patient with Fanconi’s anaemia in 1988. Umbilical cord blood has more haematopoietic stem cells per volume than peripheral blood or bone marrow. Non-invasive collection is another major advantage over bone marrow. The number of umbilical cord blood leukocytes per kilogram of recipient weight required to obtain a successful transplant is reported to be between 15 million and 50 million. However, the number of haematopoietic stem cells from a single cord is usually sufficient only to engraft children and small adults. We estimate that twenty-five percent of the samples stored with the Toronto Cord Blood programme have sufficient numbers of cells to merit use for adult transplantation.

At the present time, over 2000 cord blood transplantations have been performed to treat patients with malignant and non-malignant diseases. Most of these have been from sibling donors with partial or complete HLA matching. The incidence of acute GVHD has been lower than the expected rate in a paediatric population receiving transplants of bone marrow. Interestingly acute GVHD has not been linked to the degree of HLA matching, suggesting that the use of cord blood itself is responsible for the reduced risk As a result of tolerance of cord blood transplants to more HLA mismatches, fewer cord blood stem cell donors should be required to meet worldwide needs than with bone marrow. In addition, in contrast to bone marrow transplants in which general anaesthesia and surgical transfer of the donor marrow to the recipient is needed, umbilical cord blood stem cell transplantation involves simple intravenous infusion of the haematopoietic stem cells, which find their way to the bone marrow for engraftment.

For any type of stem cell transplant, several factors must be taken into account in order to obtain a successful graft. These factors include matching the HLA type of the donor with the recipient, determining the critical numbers of stem cells required, the use of accessory cells or factors, the extent and the type of tissue specific injury, and the required rate of engraftment in order to successfully repair the injury. These considerations apply to all tissue specific stem cell therapies, although some take on a different importance in relation to the type of stem cell being considered for transplant. Using the haematopoietic system as an example, the number of cells infused correlates directly with the success of the transplant as measured by platelet and neutrophil counts at two to three weeks post-infusion. The time element is an important consideration because, as shown experimentally, a small number of cells is able to engraft and produce a full haematopoietic system but will require a greater length of time than a larger cell number. Therefore, although a sample with low cell number can be used, too much time may elapse and the patient may die due to secondary factors (infection or bleeding) related to the lack of a functional haematopoietic system. Furthermore, the length of the hospital stay and medication or accessory therapies that may be required to keep the patient alive during a prolonged recovery must be factored in. Hematopoietic stem cell expansion, as described above, can markedly improve engraftment success and shorten the time to engraftment by increasing the number of stem cells transplanted. Additionally, increasing the stem cell number could improve the likelihood of success in an adult recipient or for multiple recipients.

Another major focus of our laboratory is to determine whether cells from umbilical cord blood have similar properties to human ES cells with respect to transdifferentiation into other tissue types. In preliminary experiments, human umbilical cord blood CD34+ cells grown in vitro with various growth factors and cytokines showed mesenchymal cell morphology, and were positive by PCR for bone (TRAP), muscle (desmin), neural (nestin), endothelial (CD31) and astrocyte (Gfap) markers. The cells also had positive staining for the vimentin antibody confirming their mesenchymal morphology. These results demonstrate the multiple cell potential of umbilical cord blood cells and confirm previously reported findings. 

In summary, studies by our laboratory demonstrate that human umbilical cord blood hematopoietic stem cells appear to have the capacity to proliferate in vitro without differentiation, to acquire markers consistent with an ES cell phenotype, and to transdifferentiate into nonblood cell types. This observation raises the exciting possibility of replacing human ES cells for some types of tissue and cell therapeutics with umbilical cord blood hematopoietic stem cells that are normally discarded with the placenta after delivery. In addition, the ease of creating umbilical cord blood banks containing tens of thousands of samples realistically ensures the ability to achieve appropriate HLA matching for recipients of such therapy. This possibility contrasts with the practical and ethical concerns of creating sufficient ES cell lines or the use of therapeutic cloning for proper HLA matching.  We anticipate that future studies will confirm the clinical usefulness of umbilical cord blood stem cells in tissue therapeutics and gene therapy.
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