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It is now well accepted that the human body contains adult stem cells or in other words post-natal stem cells that are
capable of differentiating into other tissues and can regenerate or repair damaged tissues. Over the last decades, stem
cell hypothesis, the development of tissue deficits due to the inability of stem cells to replenish lost cells, has become a
reality. Stem cells were in a way studied by radiobiologists well before it was proposed as a hypothesis. In fact, the initial
theory of the development of radiation lesions’ “target cell theory” was based on radiation-induced cell loss. Target cell
theory introduced by Puck and Marcus considers cell loss as the cardinal cause of radiation induced normal tissue
damage or tumour ablation. In recent years, it has been shown that the process of development of radiation damage and
the damage itself starts by molecular changes long before denudation of target cells. However, one cannot deny the fact
that the ultimate lesions manifest as loss of functional cells. Most bodily tissues possess a pool of clonogenic cells that are
mobilised in response to assaults such as trauma or radiation. Damage to the tissue is repaired by proliferation of
clonogenic or tissue specific stem cells. Sterilisation of these clonogenic cells by radiation manifests as radiation damage.
In mild cases as the damage is sensed, these clonogenic cells migrate to the site of damage, and together with local
surviving clonogic cells, proliferate to repair the tissue. However, in severe cases of tissue repairs, there might not be
enough surviving clonogenic cells as the site of damage or sufficient number of mobilised cells to reach the site and repair
the damage. Thus, the damage gets established as a result of failure of endogenous stem cells to regenerate the
damaged tissue.
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| 1. Treatment of Radiation Lesions with Stem Cells

Radiation lesions is amenable to treatment by methods that result in repairing or regeneration of the damaged tissue. In
fact, stem cell transplantation in medical practice is not new and have been used for decades in bone marrow
transplantation [,

Stem cell treatment of radiation damage is based on the assumption that the transplanted cells integrate with the
damaged host tissue to replace the damaged/lost cells or stimulate the host cells to prevent the damage or regenerate the
damaged tissue. The later will obviously be more efficient before establishment of the radiation damage. Transplanting the
stem cells before the full establishment of radiation lesion can prevent the development of radiation damage or shorten
the duration of the manifestation of the lesion.

Bone marrow transplantation has been successfully used in the treatment of leukaemia, lymphoma, and certain types of
anaemia procedures. Initial efforts in this field were directed towards transplantation of pre-differentiated stem cells and a
good example of this is bone marrow transplantation that started as early as 1951 with the work of Lorenz & who found
that infusion of the spleen or marrow cells could protect the irradiated mice. Bone marrow transplantation is based on
allogenic use of stem cells. Whole marrow or stem cells of the marrow are extracted from a donor and transplanted to the
host to reconstruct the haemopoietic tissues of cancer patients. The patient, prior to bone-marrow transplantation, is
myeloablated by radiation or chemotherapy. The process of bone marrow transplantation is reviewed by [,

Later, non-tissue specific or naive stem cells were transplanted on the basis of the opinion that the niche, or local
microenvironment, consisting of surrounding cells, will define the fate of the transplanted cells and direct the administered
stem cells to lodge into target tissue and differentiate into the required cells to restore structural and functional deficits.

In this article, a number of papers indicating the application of stem cells in the treatment of radiation-induced lesions are
reviewed. It is also argued that the beneficial effect of transplanted stem cells in irradiated bodies is not necessarily due to
the lodging of the transplanted stem cells in the irradiated tissue to replace the lost/damaged cells. It is suggested that
perhaps the result is by paracrine effect; i.e., transplanted stem cells secrete bioactive substances that are capable of



stimulating the host cells to reproduce and repair the damaged tissue. This means that the transplanted stem cells,
besides integrating in the structure of damaged tissues, secrete biologically active factors, mainly in the form of
extracellular vesicles, such as exosomes and microvesicles, that stimulate and mobilise the endogenous stem cells to
repair the damage. Recently, it was shown by many researchers including ourselves, that the effect of stem cells is
exerted in a paracrine fashion B4 Transplanted stem cells, by integration with the host tissue, mobilisation of
endogenous stem cells, or a combination of both mechanisms, result in functional and structural improvements of injured
tissues. For a review on extracellular vesicles, see €2,

| 2. Types of Stem Cells

Stem cells are undifferentiated cells that are capable of dividing to produce more stem cells and/or differentiate
specialised cells. Stem cells are classified by their potentiality into three main types; multipotent, pluripotent, and
totipotent. Totipotent stem cells can generate an entire individual. Pluripotency is the ability of certain cells to differentiate
into the three embryonic layers (ectoderm, mesoderm, and endoderm). Multipotency is the ability of stem cells to
differentiate into one or two embryonic layers such as mesoderm and endoderm. In contrast, adult stem cells are
multipotent cells.The stem cells currently used in medical applications or studied in research can be divided into three
main types.

1) Embryonic stem cells (ES): these are pluripotent cells located at the inner cell mass of blastocysts. Embryonic
stem cells are usually harvested around four days after fertilisation when the embryo is in its blastula phase &l. Embryonic
stem cells can be differentiated into any one of the three germ layers; endoderm, mesoderm, or ectoderm.

2) Induced pluripotent stem cells (iPCs): these cells, as indicated by their name are pluripotent that are generated
from mature somatic cells, like skin or blood cells, by introduction of transcription factors for encoding certain genes. This
is in fact back reprogramming of mature cells to embryonic stem cell state. The classic mixture of transcriptions factors to
produce iPSCs consist of Oct3/4, Sox2, KIf4, and c-Myc &I,

3) Adult stem cells: This is another group of stem cells that are multipotent. Adult stem cells or adult progenitor cells
are tissue-specific stem cells are available almost in all body tissuesi® such as epidermal stem cells of skin, stem cells of
human hair follicles, cardiac stem cells of heart, neural stem cells of the brain, hepatic stem cells, intestinal stem cells,
dental pulp stem cells, ovarian epithelial stem cells, mammary stem cells, testicular stem cells, and satellite
cells/myogenic stem cells of the skeletal muscle. Hemopoietic stem cells and mesenchymal stem cells are other groups of
adult stem cells. Hemopoietic stem cells are derived from blood vessels and bone marrow. Mesenchymal stromal cells
(MSCs) are another type of multipoint adult cells L2 found in bone marrow, adipose tissue415l and almost all
postnatal tissuesi8l, MSCs are non-hematopoietic stem cell-like cells first identified by Friedenstein LAR8 and their
characteristics are described 2. In bone marrow, MSCs have a supportive role for hematopoietic stem progenitor cells
(HSPCs) that is also involved in the maintenance of marrow microenvironment by secreting bioactive factors 24, MSCs of
adipose tissue are termed Adipose Tissue-derived Stem cells (ADSCs), which, like other MSCs are spindle-shaped plastic
adherent cells, capable of differentiating to other cells [2Z122 Another source of MSCs (UC-MSCs) is umbilical cord
blood23! or Wharton jelly of umbilical cord 2425 UC-MSCs like other MSCs differentiate into three germ layers and
contribute to tissue repair and regeneration 28!,

ES and IPS cells have the advantage of indefinite renewal and the ability to differentiate into all cell types. This property
gives them a role in replacing damaged cells by direct differentiation. On the other hand, adult stem cells are limited in
their proliferation. Adult stem cells can either differentiate to replace specialized cells but in a limited number of cases.
This is the case, for example, with MSCs that differentiate into osteoblasts. On the other hand, when adult stem cells
come to repairing tissue from which they did not originate, they preferentially act by trophic effect, such as MSCs to allow
intestinal regeneration.

The Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy?dstates three
conditions as the minimal criteria for definition of human MSC. (1) MSC must be plastic-adherent, (2) express CD105,
CD73, and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79alpha or CD19 and HLA-DR surface
molecules, and (3) differentiate into osteoblasts, adipocytes, and chondroblasts in vitro. MSCs has been shown to
differentiate into endodermal lineage such as hepatocytes 28, cardiomyocytes 29, and ectodermal lineage neurons32,

MSCs are the most extensively studied adult stem cells and BM-MSCs are the first to be transplanted and used in
regenerative medicine, including treatment of radiation lesions. Alternatively, ADSCs appear to be a better kind of
MSCsB. Furthermore, ADSCs can be obtained by lipoaspiration, which is much less invasive than obtaining BM-MSCs



by bone marrow aspiration. ADSCs exhibit intermediate radiation sensitivity2 and it appears that irradiation of human
ADSCs with low-level laser changes their morphology and enhances their proliferation and therapeutic potential B3l The
potential of mesenchymal stem cell therapy in the treatment of radiation-induced lesions has been reviewed[24,

| 3. Homing of Transplanted Stem cells

MSCs, for regenerative purposes, can be transplanted directly into the site of damage or introduced systemically. In the
latter, it is assumed that homing of the transplanted cells is regulated by the local microenvironment and they are directed
to the site of injury by cues from damaged tissues of the host through a series of signals. Furthermore, the transplanted
cells secrete diverse trophic factors and immunomodulatory substances that contribute to the process of regeneration by
stimulating the endogenic stem cells. In majority of the studies of the distribution of transplanted cells in irradiated
animals, it has been shown that the transplanted cells home to the radiation-damaged tissues. MSCs intravenously
transplanted to rats with myocardial lesions home to the infarct region of the heart, while in uninjured control animals, the
transplanted cells migrated to the bone marrow B2, In the treatment of radiation-induced multi-organ failure in non-human
primates, transplanted MSCs home to injured tissues 8. Human MSCs were systemically transplanted into total body or
abdominal irradiated NOD/SCID mice B4[E8l, |t was reported that the transplanted cells home to the irradiated organs and
were found three months post irradiation. These observations support the hypothesis that transplanted stem cells migrate
to radiation-induced injury sites in irradiated animals. However, this does not seem to be specific to radiation lesions as
migration of transplanted stem cells to non-radiation damaged tissues has been reported too. In an acute nontransmural
myocardial infarct model 2, it was shown that transplanted MSCs mainly home to the infarct myocardial region observed
24 h after intravenous transplantation that lasted for 7 days after transplantation. However, these authors observed some
migration to non-target organs as well but the main concentration was in the infarct region.

Homing factors are crucial in the delivery of stem cells to damaged tissues. Some homing factors have been identified.
For example stromal cell-derived factor-1 (SDF-1) is known to allow the targeting of hematopoietic stem cells to the
marrow when it needs to be recolonized by hematopoietic stem cells. The secretion of SDF-1 similarly allows the homing
of MSCs that express the C-X-C Motif Chemochine Receptor-4 (CXCR4) molecule, which is the receptor for the SDF-1
molecule. Another chemokine, Monocyte Chemotactic Protein-1 (MCP-1), was found to be a key regulator for stem cell
recruitment to the myocardium in or cochlear tissue.

| 4. Stem Cell Treatment of Radiation Lesions

Interest in the application of mesenchymal cells as therapeutics has increased recently. A few early stage clinical trials
have also been reported “A4LI42]43] bt jn general one can say that treatment with MSCs is still in an experimental phase
and larger clinical trials are needed before its clinical use. Safety of MSCs in clinical trials have been reviewed and
adverse effects listed 24, The safety of MSCs for the treatment of radiation lesions has also been reported!42],

Like other cells, irradiation of MSCs induces senescence and/or apoptosis 48l This has been shown in MSCs isolated
from irradiated human skin, where colony formation, proliferation, and differentiation capacity are reducedZ.

MSCs have been shown not to give rise to tumours 8l as they are non-tumourgenic 2.

| 5. Studies on Hematopoietic System

Although interest in stem cell treatment increased over the last two decades, stem cell transplantation started more than
half a century ago with bone marrow transplantation by Lorenz et al. Efollowed by Barnes et al. BY. These authors
demonstrated that transplantation of bone marrow cells could protect mice against ionising radiation. This was the
pioneering process of bone marrow transplantation that developed as a routine clinical procedure, where whole marrow or
marrow cells extracted from bone marrow are transplanted into myeloablated host in the treatment of both malignant and
non-malignant diseases such as leukaemia, lymphoma, and certain types of anaemia (211,

The effect of transplantation of bone marrow-derived mononuclear cells in non-human primates were studied by Bertho et
al. B2, These authors demonstrated that cell transplantation 24 h after 8 Gy total body irradiation shortened the period
and severity of pancytopenia. Acute radiation syndrome (ARS), besides multi-organ failure, causes pancytopenia too. The
efficacy of transplantation of human UC-MSCs to combat the effects of ARS was also studied 531, However, in this study,
UC-MSCs were modified to to express human extracellular superoxide dismutase. The regenerative potential of MSCs
combined with the antioxidant effect of human extracellular superoxide dismutase was intended to produce a rapid and
effective strategy for the treatment of radiation accident victims.



The protective effects of allogenic stem cell transplantation against acute radiation syndrome was demonstrated by

transplantation of human umbilical cord-derived MSCs in mice 4],
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