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Abstract. Radiation accidents associated with the use of nuclear power, radiation
devices and industrial applications have resulted in a number of individuals with
significant partial or total body exposures, in a limited number with lethal outcome.
Such exposures generally result in life-threatening suppression of bone marrow and
immune functions and may be accompanied by high doses to the skin and
underlying tissues. In recent years, new methods of diagnosis and treatment of such
patients have entered development, while experience with relatively large-scale
accidents, such as the Chernobyl cases, have clearly demonstrated the limitations of
previous approaches. In particular bone marrow transplantation has met with limited
success, mostly due to the inhomogeneous nature of accidental exposures as well as
the frequent occurrence of other injuries other than bone marrow damage. Present day
technology allows for direct estimates of the number of residual bone marrow stem
cells to enable a rapid decision on the type of treatment indicated, while some
twenty-five recombinant hemopoietic growth factors are under investigation to
accelerate the recovery of white blood cells and platelets, as well as immune
functions. If applied appropriately, such growth factor treatment will successfully
replace bone marrow transplantation in the majority of accident cases. Advances in
hemopoietic stem cell biology, both in terms of source of stem cells as well as their
isolation, will on the other hand make stem cell infusion a much less risky
operation than bone marrow transplantation has been in the past.

1. Introduction

Radiation accidents, which have occurred during the last half century associated with the use of
nuclear power, radiation devices and industrial applications of ionizing radiation, have resulted
in significant partial or total body exposures with lethal outcome in a number of individuals.
Exposures resulting from these and similar accidents are usually associated with non-
homogenous or partial body irradiation, resulting in suppression of bone marrow and immune
functions and with high, sometimes extreme, doses to parts of the skin. Bone marrow and
immune functions are the most radiation sensitive vital functions of a mammalian organism and
diagnostic procedures must be rapidly deployed, followed by a detailed plan of treatment in
conjunction with the treatment of other injury.

A number of radiation accident victims have been treated with bone marrow
transplantation, originally thought to be a life-saving therapy for severe radiation bone marrow
damage. Although this may be a valid and successful approach in modern cancer treatment, it
has met with only limited success for radiation accident victims. This failure is due to the
inhomogeneous nature of accidental exposures, resulting mostly in insufficient
immunosuppression for graft acceptance, as well as to the frequent other injuries, either or not
radiation inflicted, characteristic for the accident situation. The emergence and large-scale
availability of recombinant cytokines, in particular the hemopoietic growth factors, which
stimulate the recovery of bone marrow hemopoietic of stem cells and the production of mature
blood cells, have conceptually largely replaced bone marrow transplantation in the treatment

- 589 -



regimens for radiation accident victims, although only very limited experience exists. In
particular, the optimal combination of hemopoietic growth factors required has not been
worked out in detail and has neither been tested for efficacy nor for risks in large outbread
experimental animal models. However, it is certain that at relatively high exposures to radiation
the number of residual hemopoietic cells will be insufficient for an adequate growth factor
response, indicating that following high doses of irradiation only transplantation of hemopoietic
cells would be life-saving.

2. Radiation sensitivity of hemopoietic stem cells

It has been recognized that immature hemopoietic stem cells are heterogenous with respect to
radiation sensitivity, the most immature stem cells, which are responsible for long-term
hemopoietic and immune reconstitution, being less sensitive to radiation than previously
thought on the basis of LD50 data and the classical spleen colony test. (1,2). Using the LD50
for total body irradiation X-rays, autologous or syngeneic bone marrow rescue numbers and
estimates of total bone marrow cell numbers in different species, Do values between 0.5 and
0.75 Gy were derived (3). Although this approach may still be valid to characterize the
radiation sensitivity of hemopoietic cells required for rescue from radiation induced bone
marrow failure in an untreated patient, more recent evidence has accumulated to demonstrate
that the heterogeneity of immature hemopoietic cells is also reflected by a heterogeneity in
radiation sensitivity with practical consequences for the treatment of radiation accident victims.
In rhesus monkeys (4,5), we noted some ten years ago survival from "lethal" total body
irradiation without or with very small numbers of autologous bone marrow grafts, provided
adequate supportive care was given, consisting of gastrointestinal decontamination, fluid and
electrolyte substitution, treatment of infectious complications and (irradiated) thrombocyte and
whole blood transfusions (6). In monkeys which had not received autologous bone marrow
grafts, hemopoietic reconstitution occurred within 6 weeks to 2-3 months. Although some of
these monkeys died eventually from infectious complications and interstitial pneumonitis, all
reached normal values of granulocytes, lymphocytes, monocytes and red cells.
Characteristically, in some of these monkeys, similar to those which rejected allogeneic grafts
and recovered from endogenous hemopoietic stem cells, longstanding thrombopenia was
observed. Thus, the effect of supportive care on 100-day mortality of rhesus monkeys is
virtually indistinguishable from that of autologous bone marrow grafts.

This observation prompted questioning of the values reached for the radiation
sensitivity of hemopoeietic stem cells calculated on the basis of the LD50 for the bone marrow
syndrome and autologous rescue numbers of bone marrow cells, as the DO values derived on
this basis would require that a rhesus monkey has at least a log more bone marrow cells than
could possibly be contained in a 3 kg monkey, Indeed, when, following graded doses of TBI,
the endogenous regeneration time of reticulocytes, found to be the most reliable cell type for
quantitative for evaluation of hemopoietic reconstitution (6), was compared with that following
transplantation of graded numbers of bone marrow cells in lethally irradiated monkeys, we
could establish a dose-effect relationship in the dose range of 5 - 10 Gy and calculate a DO
value, which was estimated to be approximately 1.3 Gy for 6 MV X-rays and 1.1 Gy for 300
kV X-rays (7). However, the extrapolated No was significantly lower than the most reliable
estimates for the total number of rhesus monkey bone marrow cells, on which basis we had to
assume that in the lower dose range of 1 to 5 Gy, hemopoietic reconstitution is mainly derived
from a more radiosensitive cell type. In fact, such a cell type is perfectly in agreement with the
LD50 for the untreated bone marrow syndrome and the Do value of 0.5 - 0.75 Gy reported
earlier (3). We concluded that, even following doses of TBI which are lethal due to
gastrointestinal damage, sufficient protracted hemopoietic stem cells survived for ultimate
hemopoietic reconstitution, be it at the expense of a prolonged period of profound pancytopenia
in addition to longstanding immunodeficiency.

Several murine studies, which enabled cell separation and syngeneic transplantation
experiments with congenic markers, have established the cellular basis for these findings, in
that level and kinetics of peripheral blood reconstitution following total body irradiation
appeared to be dependent on functionally distinct stem cell subsets (8-11) with differential
sensitivity to ionizing radiation.. Cells with marrow repopulating ability which generate many
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secondary spleen colony-forming cells, appeared to be considerably less sensitive to X-rays
than the more mature colony-forming cells (12). The Do value derived for the MRA cells ranged
between 1.1 and 1.2 Gy, strikingly similar to the independently derived Do value for cells from
which hemopoietic reconstitution originated in rhesus monkeys exposed to 5-9 Gy X-rays.
This was similarly shown for long-term repopulating cells in comparison to spleen colony-
forming cells (13) and confirmed by transplantation in mice in which donor and recipient cells
could be distinguished by a congenic marker (14). In the latter studies, the ratio a/fi of the linear
quadric (LQ) radiation response model (15) demonstrated that the radiation sensitivity of the
more immature, long-term repopulating cells are characterized by a low a/6. This indicates that
these immature stem cells have a considerable capacity to repair radiation damage, which was
confirmed by fractionated irradiation (14), in contrast to the spleen colony-forming cells, which
are characterized by a high a/8.

Table 1. Radiation sensitivity of hemopoietic stem cell subsets

stem cell type

short-term, rapidly regenerating

long-term, slowly regenerating

Thus, these results demonstrate that the heterogeneity of immature stem cells is also
reflected in a heterogeneity of radiation sensitivity among the subsets, the most immature
hemopoietic stem cells, from which long-term hemopoietic reconstitution originates following
cytotoxic reduction of bone marrow cells, being considerably less sensitive to radiation and
characterized by a much greater repair capacity than assumed until recently (Table 1). The
reappraisal of the radiation sensitivity of immature hemopoietic stem cells may have several
consequences for the future of whole body irradiation accident victims. It is likely that even
following doses of exposure approaching lethally from gastrointestinal damage, sufficient
numbers of hemopoietic stem cells will remain available for endogenous hemopoietic recovery.
Treatment by allogeneic bone marrow grafts may therefore aim more at temporarily abridging
pancytopenia than a replacement of damaged endogenous bone marrow. This may also very
well mean, that in the high dose range of exposures just compatible with survival, hemopoietic
growth factor treatment should aim at acceleration of stem cell regeneration rather than at an
accelerated production of peripheral blood cells, which may in this situation have adverse rather
than beneficial effects.

3. Transplantation of hemopoietic cells: identification of stem cells

Bone marrow transplantation finds wide-spread application as a routine procedure in
hematology/oncology centers as treatment for a variety of acquired and hereditary diseases,
although the majority of transplant recipients are leukemia patients. Basic to the further
progress and saftely of bone marrow transplantation is the analysis and identification of the
cells exclusively responsible for hemopoietic reconstitution, i.e., the hemopoietic stem cells.
Immature hemopoietic stem cells are known to be heterogenous in repopulating capacity,
physical properties, hemopoietic growth factor receptor expression and responsiveness, and
sensitivity to ionizing radiation (9-13, 16-22). It has become well established that among
immature stem cells, a subset is capable of rapid, but transient repopulation following high
dose total body irradiation and another subset appears to be responsible for sustained
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hemopoietic reconstitution. For the future development of the diagnosis of stem cell damage
following whole body exposure to ionizing radiation, it is of importance to establish methods
that directly measure the extent of cell reduction and damage at the level of the most immature
stem cell subsets, in particular those that have the life-saving rapid reconstitution capacity. For
this purpose, methods need to be developed that distinguish immature stem cell subsets and
identify those which have rapid and those with sustained repopulating capacity. In addition,
effective and safe hemopoietic growth factor therapy is probably not only dependent on growth
factors that stimulate the reconstitution of granulocytes and thrombocytes, such as G-CSF and
thrombopoietin, but also on those growth factors which influence reconstitution of
hemopoietic stem cell numbers, in particular the type of stem cells required for sustained
hemopoietic reconstitution.

Our preclinical studies in subhuman primates are directed at identification of immature
stem cells by surface antigens and growth factor receptors in an attempt to identify those cells
that are best suitable tor rapid reconstitution, as well as the design of optimal hemopoietic
growth factor combination therapy to be used in case of accidental over-exposure to ionizing
radiation. Although much of such analyses can be done by in vitro methodology, the ultimate
test for pluripotent stem cell capacities, as has been well established by mouse studies, can only
be provided by transplantation experiments, preferably in so called competition assays, in
which transplanted cells compete with residual endogenous hemopoietic stem cells following
TBI (19). If such an approach is combined with selection on the basis of surface hemopoietic
growth factor receptors, it would in principle be possible to establish which growth factors are
relevant to accelerate reconstitution of hemopoietic stem cells.

The heterogeneity of hemopoietic stem cells has been best studied in mice, although the
results have not been unambiguous between laboratories (23-28). We demonstrated recently,
that stable multilineage hemopoietic chimerism, using sublethally irradiated a-thalassemic
recipient mice for easy longitudinal monitoring of donor-type red cells, originated from a stem
cell subpopulation devoid of the majority of CFU-S-12 (19). It was simultaneously shown that
the highly purified day-12 CFU-s have only short term (i.e. weeks to a few months)
repopulating capacity. Following accidental high dose whole body exposure to ionizing
radiation, one might argue that the latter, more mature stem cell population, might be more
important for rescue from bone marrow failure than the former, which, either by their low
numbers or by their slow activation, gave rise to sustained regeneration only after months.
Obviously, damage to both subsets should be assessed in case of accidental whole body
exposures. If similar subsets can be isolated from human donor bone marrow, one may
contemplate to transplant allogeneic short term repopulating stem cells to abridge a period of
prolonged pancytopenia in cases of accidental high dose exposure.

In rhesus monkeys, we established earlier that autologous, CD34 positive cells
reconstitute hemopoiesis as effectively as transplanted unfractionated bone marrow cells and
demonstrated quantitatively that the repopulation capacity of bone marrow grafts resides in
CD34 positive cells. CD34 positive cells are heterogenous and represent one to a few per cent
of bone marrow cells (29), whereas in mice the frequency of the long term repopulating stem
cell subset has been estimated at 1 to 2 per 105 bone marrow cells (19). Although
transplantation of CD34 positive cells in the present clinical practice may be considered as a
major advance, isolated CD34 positive cells are most likely still a factor 103 remote from pure
stem cells. Further subfractionation of CD34 positive cells is therefore necessary to establish
markers (i.e. the surface antigen and growth factor receptor phenotypes) for immature stem cell
subsets relevant for radiation protection.

A marker associated with activation and, thereby, with maturity of stem cells, is the
major histocompatibility antigen RhLA-DR. Three subsets of CD34 positive cell can be
distinguished on the basis of DR staining, of which the CD34 bright, DR dull cells contain,
apart from committed progenitor cells, immature multipotent cells as established by single cell
cultures (22) as well as transplantation experiments. Transplantation of limited numbers of the
latter fraction in lethally irradiated rhesus monkeys resulted in rapid hemopoietic reconstitution,
which quantitatively related very well to hemopoietic reconstitution following transplantation of
unfractionated bone marrow (unpublished observation). This finding might indicate that most,
if not all of the repopulating capacity of a bone marrow graft is contained within the tiny CD34
bright, DR dull fraction, which contains about 0.05% of all bone marrow cells. An experiment
in which CD34 bright, DR bright cells were transplanted, did not result in rapid hemopoietic
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reconstitution; instead, the monkey died aplastic. This preliminary experiment strongly
corroborated the notion, that the DR dull fraction among the CD34 positive cells contain both
the rapid as well as the long term repopulating stem cells, although the latter can formally only
be assessed in an autologous setting following gene marking. Further subfractionation
focussed therefore on the CD34 bright, DR dull cells.

Presently, we have assessed the growth factor receptor distribution of GM-CSF (21),
IL-3 (22, 30), 11-6 (20) and c-Kit. This was done by directly binding the biologically active,
biotinylated ligand to the functional, (hetero-)dimeric receptor, and subsequent binding of
fluorescently-labelled streptavidin. This enabled flow cytometric receptor detection with the
advantage of a simultaneous identification of subsets on the basis of more conventional
markers, and avoided detection of low-affinity or non-functional single receptor chains as
occurs with antibodies directed at individual receptor sub-units. In addition, the cells can be
sorted and analyzed for their capacities in vitro as well as following transplantation in irradiated
animals. The CD34 bright, DR dull fraction, which by all criteria contains the most immature
stem cells, hardly expressed the GM-CSF receptor, whereas the IL-3 and IL-6 receptor are
moderately expressed, most likely on the majority of the cells, and c-Kit expression appears to
be bright. The latter observation is in agreement with the finding in mice, that selection of bone
marrow cells for c-Kit expression selects for repopulating stem cells as assessed by
transplantation in irradiated recipients (31). In our hands, an at least 100-fold enrichment was
obtained for mouse stem cells, measured in competitive transplantation experiments, by
selecting for c-Kit alone (unpublished observations). Therefore, c-Kit would appear to be a
growth factor receptor marker for stem cells. IL-3 and IL-6 receptors would appear to be strong
candidates for expression on immature stem cell subsets, but formal proof by sorting cells
followed by transplantation will be difficult to achieve due to the low expression levels. Along
these lines we expect to identify a combination of surface antigens and growth receptors that
may serve as biological markers to detect immature stem cell subsets, which then may enable a
direct and quantitative analysis of residual stem cell numbers following whole body exposure to
ionizing radiation, provided these cells can be obtained from a representative and reproducible
site.

4. Transplantation of hemopoietic cells: alternative sources.

Alternative sources to bone marrow cells for transplantation have become available in various
stages of clinical development. There is a long-standing experience to establish the "blood stem
cell" as an alternative source to the use of bone marrow derived stem cells, which has been
tested in extensive canine studies and has been transferred to clinical practice some 10 years ago
(31a). In the meantime the use of mobilized peripheral blood stem cells in leukemic and cancer
patients has expanded tremendously, most recently supplemented with the introduction of the
use of blood stem cells for allogeneic transplantation. The use of blood derived stem cells as
part of the management of bone marrow failure seen after accidental whole body radiation
exposure and comparison of its effectiveness and efficiency with other stem cell sources such
as bone marrow and cord blood cells should receive priority. In addition, several studies have
shown that one single umbilical cord blood contains sufficient hematopoietic stem cells to fully
reconstitute myeloablated patients treated for malignant and nonmalignant disorders (32,33).
Following the analysis of the first 50 children treated by cord blood transplants, research has
expanded throughout the world on the properties of the immature hematopoietic stem cells and
the immune system in the new born, and on the standardization of methods of cord blood
banking for various therapeutic and epidemiological purposes. Both developments should lead
to the establishment of a "stem cell bank" for clinical availability, using stem cells of the blood
especially under allogeneic conditions and umbilical cord as an essential element for the
immuno-hemopoietic reconstitution of the accidentally high dose irradiated individual. In this
respect, its is of great priority to compare the properties of the hemopoietic stem cells of these
various sources, their engraftment potential and the risk of graft-versus-host disease in direct
experimental studies.
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Table 2. Sources of Hemopoietic Stem Cells

stem cell source advantages disadvantage(s)

bone marrow high concentration

well characterised

donor comfort and risks

relatively slow
reconstitution

mobilised in peripheral blood large numbers

donor comfort

relatively rapid reconstitution

experience rapidly accumulating

exposure of donors to
growth factors

umbilical cord blood readily available

banks feasible
cells

relatively small numbers

relatively immature stem

experience limited

5. Use of circulating CD34 positive cells to assess stem cell regeneration.

Bone marrow is dispersed over numerous sites in the body and its distribution within a single
site is not homogenous. Bone marrow aspirates are furthermore subject to variable admixture
with peripheral blood and, for these reasons, are not a very reliable source to measure the
residual number of stem cells and radiation damage of stem cell subsets. It is well known that
following cytotoxic insult to bone marrow, hemopoietic stem cells start to circulate during the
process of hemopoietic reconstitution. Taking the CD34 antigen as a marker for immature
hemopoietic cells, we investigated the numbers of these cells which appear in the circulation
and the relationship to numbers of bone marrow CD34 positive cells following total body
irradiation. Already on the first day after 5 Gy TBI (which eliminates approximately two logs
of bone marrow stem cells), measurable frequencies of CD34 positive cells enter the circulation
to reach a relatively high percentage within 5 days. The CD34 positive cells in the first days
after TBI reach numbers of 1-2 x 104 per ml, which means that, in principle, there are
sufficient numbers of cells in one ml blood for enumeration and further analysis. Weekly small
bone marrow punctures enabled us to relate the number of circulating CD34 positive cells to
those in the bone marrow. A clear, but complex relationship was observed during the first three
weeks after irradiation, which equals the pancytopenic period. Although it may be concluded,
that circulating CD34 positive cells reflect bone marrow regeneration, more data are needed to
investigate the predictive value of CD34 positive cells that appear early after TBI (i.e. within
the first three days) for endogenous hemopoietic recovery and to estimate stem cell reduction.
CD34 analysis is sufficiently simple to recommend measurement of circulating CD34 positive
cells in each case of accidental whole body exposure to high doses of ionizing radiation. We
noted that circulating CD34 positive cells can be readily detected in human bone marrow
transplant recipients.

The presented data demonstrate that immature hemopoietic cell analysis combined with
transplantation assays may eventually yield information on characteristics of stem cells, such as
surface antigens and growth factor receptors, which allow for rapid enumeration of residual
numbers of cells. By the same token, sufficient information on the growth factor
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responsiveness of the immature stem cell subsets required for rescue from bone marrow
insufficiency following whole body irradiation may be obtained to design rational growth factor
regimens to stimulate reconstitution of stem cells. In addition, we demonstrated a quantitative
relationship between numbers of circulating CD34 positive cells and bone marrow regeneration
of such cells, which may eventually lead to an early, predictive test for residual numbers of
stem cells. The ready accessibility of those residual immature cells may also allow for clonal
expansion in vitro and cytogenetic analysis to assess stochastic radiation effects of the
hemopoietic system directly at the stem cell level.

6. Growth factor therapy

In the area of growth factor therapy, several new developments have occurred recently. The
long search for thrombopoietin has met with success in 1994 The identification of
thrombopoietin is perhaps the most important event in the growth factor arena of the last few
years. Thrombopoietin appeared to be the ligand for c-mpl and its gene has been cloned as
such(34-39). The gene product has been produced by recombinant DNA technology under
various names, i.e., c-Mpl ligand, MGDF and thrombopoietin (TPO). Thrombopoietin is the
first unique and potent stimulator of megakaryocytopoiesis presently known: it specifically
stimulates megakaryocytopoiesis in vivo and in vitro and improves platelet production (34-41),
while c-Mpl deficient mice are thrombopenic (42). It is conceivable that thrombopoietin will
play an important role in the future in the treatment of thrombocytopenia, for instance after high
dose radio-/chemotherapy and following stem cell transplantation (39). Preliminary results have
demonstrated that TPO is more effective in stimulating platelet production following radiation-
induced myelosuppression than any other growth factor thus far studied (Table 3). It was
highly effective in rhesus monkeys at the LD50 dose of 5 Gy X-Rays, and stimulated platelet
produuction recovery far above the level where transfusions become necesary. Similar to all
other growth factors, however, TPO was not effective at doses greater than 7 Gy TBI due to
limited numbers of progenitor cells available for stimulation. As such, TPO can be expected to
be a highly effective agent in the mitigation of thrombopenia following radiation accidents,
although in the higher dose range still hemopoietic cell infusions should be considered as life-
saving. It remains to be investigated as to whether thrombopoietin treatment will alleviate the
long-standing thrombopenia that frequently occurs following hemopoietic reconstitution from
limited numbers of stem cells.

Table 3. Effectiveness of hemopoietic growth factors

stem cell reconstitution in vivo (only partly explored):

IL-6 » IL-3 > placebo

platelets:

TPO > IL-6 > IL-3 > GM-CSF = GCSF

neutrophils:

G-CSF = GM-CSF » I L - 3 > IL-6 = placebo

immune system (unexplored)

T cells IL-2
B cells IL-3 (early), IL-6 (late)
various candidate growth factor untested

The number of identified growth factors, besides the established growth factors G-CSF
andGM-CSF to stimulate reconstitution of neutrophilic grnaulocytes, and erythropoietin, has
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been extended to a total of some twenty-five known to influence stem cell proliferation and/or
the production of mature blood cells, and the search for suitable combinations of growth
factors, guided by in vitro studies at the level of immature stem cells, to be used for radiation
accident victims should receive high priority. To date, its is known that growth factors such as
IL-3 and IL-6 will stimulate stem cell regeneration, but in vivo acceleration of stem cell
reconstitution is largely an unexplored area. The posssibility to monitor immature stem cell
regeneration by assessing peripheral blood CD34 poitive cells might change this in the near
future. Also growth factor stimulated immune reconstitution in humans and primates is largely
unexplored; scanty data suggest that IL-3 and IL-6 may promote B cell recovery, and it has
been known for some time that IL-2 will stimuate T lymphocytes. Whether such growth factors
may improve the fate of radiation accident patients, however, remains to be investigated.
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