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Compartments of Leukaemogenic Response to Radiation!

P.L.T. Ilbery?
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Abstract

By cytogenetic methods 88 of 100 radiation induced mouse leukaemias were seen to be composed of
significant numbers of cells carrying abnormalities of chromosome number and/or form. The incidence
of leukaemia following the leukaemogenic schedule of radiation was lowered by grafting bone marrow or
foetal liver. When these grafts, suitably labelled chromosomally, were used post radiation to impede the
onset of radioleukaemia, neoplasia supervened only in irradiated cells. The finding is in contrast to the
incidence from either irradiated or unirradiated cells in thymic grafts after thymectorny and fractionated
radiation. Thymic cells in association with irradiated bone marrow cells colonising the thymus became
neoplastic but non-irradiated bone marrow cells colonising an irradiated thymus were not rendered neo-
plastic and indeed had an inhibitory effect in the incidence of leukaemia. The findings are discussed in
terms of somatic mutation, immunological suppression and clonal explosion, and transformation elimina-
tion; and orientated to prevention of radiation induced leukacmia through a bone marrow factor in

restoration of thymic competence.

‘Read at the XIIth International Congress of Radiology, Tokyo, 1969.
*School of Public Health and Tropical Medicine, University of Sydney, New South Wales, Australia.
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Introduction

C57BL mice have a high incidence of radiation induced leukaemia with a relatively low incidence of
spontaneous leukaemia. Wallis et al. (1966) showed an incidence of about 70 per cent in the (C57BL x
CBA) F; hybrid. Ilbery and Barnes (1969) using 4 fractions of 200 rad #Co gamma radiation at inter-
vals of 4 days achieved an incidence of 67 per cent in (C57BL x CBA. T6T6) F, and (C57BL x CBA/H)
F, hybrids. Female mice were used because of the greater susceptibility of their sex to radiation induced
leukaemia. The leukaemia induced in this hybrid makes its appearance in the thymus. Animals sacri-
ficed in extremis with respiratory distress sometimes only show macroscopic involvernent of the thymus.
Nevertheless it is usual at this stage to obtain passage of the leukaemia by using either blood, lymph node,
bone marrow, liver or spleen as well as thymoma.

Thymectomy abolishes the leukaemic response to radiation. Subcutaneous implantation of a thymic
graft restores leukaemia induction in the thymectomized mouse exposed to a leukaemogenic schedule of
radiation (Law and Potter, 1956; Kaplan et al., 1956). In this thymectomized irradiated thymic grafted
mouse leukaemia model it has been shown that when host and donor are distinguished by means of a chro-
mosome label that in about half the resulting leukaemias the malignant cell can be demonstrated to have
arisen from the thymic graft (Ilbery, 1958; Barnes et al., 1959). The thymic graft has not been exposed
directly to the effects of radiation and this fact is used as a keystone for an indirect viral causation hypothesis
in leukaemogenesis.

A series of 100 radiation induced mouse leukaemias have been exarnined cytogenetically. The in-
fluence of somatic mutation, immunological suppression and clonal explosion, and elimination of cells

capable of neoplastic transformation is discussed in the light of the following results.

Materials and Methods

Gamma rays from radiocobalt were the source of radiation. The dose rate from the Royal Prince
Alfred Hospital Theratron Unit varied from 48 to 83 rads/rain. at 75 cm source/target distance.

The cytogenetic technique employed was a modification of the hypotonic, fixative, air-drying se-
quence making use of different stains but lately using lacto-acetic-orcein (Barnes and Ilbery, 1968).

Female mice either (C57BL x CBA/H) F, or (C57BL x CBA.T6T6) F, were subjected to radiation
at the age of 30 to 40 days. CBA/H and CBA.T6T6 are syngeneic and skin grafts have been made down
the breeding lines with compatible results. Thus the hybrids (C57BL x CBA /H)F, and (C57BL » CBA.

T6T6) F, can also be regarded as syngeneic.

Results and Discussion

Somatic mutation

88 out of the first one hundred radiation induced mouse leukaernias, examined cytogenetically in this
laboratory, have revealed abnormal classes of chromosome sets as defined. The laboratory has considered
an hyperdiploid class to be present if more than 5 per cent of the total cells examined belong to it, and the
presence of an hypodiploid class is inferred by the presence of 10 per cent of cells carrying the abnormal
number. The findings shown graphically in Figure 1 probably represent merely the visible structurally
altered moiety of massive genetic variation under these experimental conditions. The figure does not allow

for superimposition of the further variation seen as structural alteration of the chromosomes (examples
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Fig. 1. Log. frequency per thousand cells of chromosome counts of various
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Fig. 2. Complement of 42 chromosomes in a Fig. 3. Complement of 43 chromosomes from an-
cell from a thymoma induced following the other thyrmoma cell. A heterchromatic mark-
leukaemogenic radiation schedule.  Three er chromosome is seen towards the periph-
abnormally small chromosomes are present ery of the spread at the left and an abnor-
in addition to the T6 marker seen near the mally large chromosome towards the lower

centre of the spread. right.

of such aberrations of form are given in Figures 2 and 3). Not only does the leukaemia seem to arise macro-
scopically within the thymus but there is a more consistent variation from the normal mode within the cells
of the thymus than in the other lymphoid and haemopoietic organs. The usual range of the variation

within thymoma material is near diploid (39-44). When the results of the cytogenetic findings of all the
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tissues from the propositi of radiation induced leukaemia are lumped together the near diploid distribution
is seen to be spread and a lesser peak of variability is observed in the hypo-tetraploid range (70-80).
Whenever distinctive classes or clones were seen in any of the tissues routinely examined (thymus, lymph
node, bone marrow, spleen or blood), the thymus was abnormal in containing such aberrations. Inspec-
tion of the aberrations of chromosome number and form within the thymus and the distribution of distinc-
tive clones and classes within the other tissues are consistent with an origin of the radiation induced neo-
plasms within the thymus (Ilbery et al., 1968).

Even in the preleukaemic phase of the disease there are observable variations in chromosome number
and form (Ilbery et al., 1963; Joneja and Stich, 1965). The former serially sacrificed mice exposed to the
leukaemogenic schedule of radiation and classified those mice as preleukaemic in which the thymic weight
was less than 70 mg and when transplantation of half the thymus gland did not yield passage leukaemia.
Of 19 mice satisfying these criteria cytogenetic examination of the other half of the thymus revealed 9 with
an increased chromosome number either as the mode or as the presence of significant classes as defined while
4 of these thymic samples contained chromosome complements with a mode of greater than 40 chromo-
somes. A further 3 thymic samples showed the presence of clones with apparently unbalanced structural
anomalies.

Immunological suppression and clonal explosion.

It is possible in R mice, in terms of their ability to withstand challenge with Sarcoma 1, to titrate their
immunological suppression to graded doses of whole body radiation (Ilbery, Koller and Loutit, 1958).
When challenged one week after 250 w.b.r., 90 per cent of the mice succumbed and even after 30 days 20
per cent failed to withstand the challenge of foreign tumour cells. In the immunological hiatus following
4 fractions of 200 rads w.b.r. it is readily understandable that a mutant cell could outgrow the immuno-
logical capability of the host.

The incidence of radiation induced leukaemia has been lowered by post radiation treatment with
bone marrow (Kaplan et al., 1953) and spleen (Lorenz et al., 1953). Using the syngeneic mice hybrids
(C57BL % CBA/H) F, and (C57BL < CBA.T6T6) F,, in which no proliferative advantage should be
present in transplantation experiments, Ilbery (1965) found the appearance of dividing cells having the
chromosome characteristic of the donor almost exclusively, following administration of foetal liver cells
to mice receiving a leukaemogenic schedule of radiation, in the first month post treatment. The ensuing
lowered incidence of radiation induced leukaemia could be attributed simply to displacement of the radia-
tion damaged and potentially neoplastic cells of the host by unirradiated graft cells. However the pattern
of repopulation suggested otherwise.. The order of appearance of the dividing cells within the hosts’
tissues showed there was a delay of some three to four weeks before a rising mitotic rate was seen in the thy-
mus. The situation was not changed by supplerienting, at the time of the foetal liver administration,
with immature thymocytes free or as whole organ graft, nor with adult lymphoid material. Gowans and
Knight (1964) concluded that failure of intravenously given lymphoid cells to enter the thymus was 2
function of the homing of these cells into lymph nodes because of the special affinity of small lymphocytes
for the endothelium of the postcapillary venules, It was postulated that it was a cell derived from the re-

colonized haemopoietic stores that gains entry to the thymus rather than a thymocyte introduced at the
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time of chimaerism by simple population pressures. The cells of the regenerated thymus appear histo-
logically to be typical thymocytes. This being so, it appears that stem cells from foetal liver (or bone
marrow) mature in the lymphoid direction on entry into, and presumably under the control of the thymus.
The mitotic rate in lymph nodes remained low throughout the experiment. Increase in lymph node
weight was concurrent with decrease in mitosis in the thymus. However the mitotic rate in the bone mar-
row was consistently high so that the inference of the origin of the lymphocytes from thymus with distribu-
tion centrifugally to lymph nodes could not be linked as in the findings of Good et 2l. (1962) and Porter
and Cooper (1962). Further Harris and Ford (1964) have shown conclusively that cells derived from a
primary host that had sojourned in a thymic graft had acquired the capacity to migrate to the lymph nodes
of a new host.

Along with the delay in the repair of the thymus there is considerable delay in the restoration of the
peripheral blood count. In this laboratory it has been clearly seen that following resuscitation of the le-
thally irradiated mouse with haemopoietic material, one month elapses before the white count has assumed
normal levels. However it is usually two months or more before it resumes the normal proportion of the
Iymphocyte/neutrophil ratio and this is true whether there has been supplementation with adult or new
born thymocytes or lymphocytes.

The immunological impairment in this period, it is assumed, enables classes or clones of cells normally
subject to control by the host to multiply to levels where they can be recognized in the preleukaemic stage
by the rather gross method of cytogenetic examination. Yet as has been shown, these cellular enclaves
are not capable at this stage of initiating growth on passage to intact, susceptible mice. The explanation
for the varying period over which induction of this radiation induced leukaemia spreads may be that al-
though such enclaves are tolerated because of disruption of the hosts’ immune mechanisms, the time to
switch over to neoplastic clonal explosion of their inherent potential is as varied as their cytogenetic ap-
pearance. Nevertheless within the induction period there are two well defined peaks, one at about 200
days and a lesser one at about 300 days post radiation. This unexplained pattern remains regardless of
whether leukaemia follows post radiation treatment with haemopoietic or lymphoid material.

Post radiation treatment with lymphoid material appears to be without effect on the incidence of ra-
diation induced leukaemia. Even whole lymph node graft made beneath the kidney capsule was ineffec-
tive. On the contrary preservation of a small amount of lymphoid material by shielding of the lower
abdominal wall node during radiation was effective (Ilbery, 1967).

Transformation elimination

A question in leukaemogenesis that needs an answer is the reason for the failure to devise schedules of
radiation uniformly leukaemogenic to all mice at risk,. Kaplan and Brown (1952) despite much experi-
mentation with dose and dose fractionation were not able to achieve total leukaeria induction. In this
laboratory the final fraction of the schedule of 200 rad on each of 4 occasions at 4 day intervals was increased
in 100 rad steps to assess dose-response relationships. It was found with increasingly larger final incre-
ments of whole body radiation the incidence of leukaecmia diminished (Table 1). Figure 4 shows the
increasing incidence of death from aplastic anaemia with loading of the final increment and the relation-

ship between a decreasing incidence of leukaemia and increasing numbers of deaths from aplastic anaemia.
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Table 1. Mortality Following Leukaemogenic Schedule of Radiation with Increasing
Final Increment

Final radiation No. of Dead from Dead from
increment (rad) mice leukaemia aplastic anaemia
200 100 66 i
300 6 4 -
400 10 4 1
500 6 2 -
600 5 2 -
700 5 1 1
800 5 - =
900 9 - :
1000 7 - 7
1100 5 - )

Mole (1958) had drawn attention to the inhibition in development of leukaemia if whole body radiation of
mice was followed by a single large though sub-lethal dose of whole body radiation and the effect is visible
in these results at about 800 rad. Ten mice received a final fraction of 1000 rad and were then resuscitated
with an intravenous injection of foetal liver. Four out of ten surviving aplastic anaemia and living for a
year did not develop leukaemia.

It seems clear in this final compartment in the leukaemogenic response to radiation that there is a di-
minishing return in leukaemia induction as the population of cells capable of transformation to neoplasia
falls.

Of course thymectomy by eliminating the cells at risk abolishes the leukaemic response to radiation.
Ito et al. (1969) reported that induction of leukaemia by #0Sr was not inhibited by thymectomy. They
postulated that X-irradiation produces progenitors of leukaemic cells in bone marrow and these cells mig-
rate into the injured thymus where they proliferate, while the similar progenitor cells can be produced in
bone marrow by direct effects of 908r,

Comment on compartmental response

It has been suggested that somatic mutation was of primary importance in the onset of neoplasia(FEo-
veri, 1914)., More probably there is an association for such changes with tumour progression (Hauschka,
1961). Nevertheless in the cytogenetic studies of the thymus in radiation induced leukaemia and in its
preleukaemic phase as outlined here, it seems that observable variations in chromosome number and form
accompany an carly stage of leukaemia induction. Are these changes sufficient in thermselves to initiate
leukaemia induction? If neoplastic transformation is essentially at gene level then these relatively gross
cytogenetic changes must reflect a neoplastic potential. The first compartment shows therefore a linear
response at a low probability level to increasing radiation exposure. Once the immune mechanisms fails
as indicated schematically in Figure 5, there is a release of variant cells from restraint. Clonal explosion
(Fig. 2 and 3) under these circumstances is to be expected of cells with greater growth potentials and is an

observed fact seen through the eyes of the cytogeneticist classifying the flood of near diploid cells containing

distinctive clones and classes in leukaemogenesis.
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Viral activatigg._ Activation of latent virus might well determine the previously indicated unex-
plained peaking of leukaemia induction at about 200 days post radiation. Some features of such a virus
have been described by Hoffinan and Darveniza (1961). There is support for virus being an initiating
agent, for Lieberman and Kaplan (1959) were able to produce leukaemia with extracts from thymus pre-
pared only 68 days after irradiation. Ilbery and Winn (1964) obtained an incidence of 22 per cent gene-
ralized leukaemia in (C57BL x T6T6) F, hybrids inoculated neonatally with cell free extracts of C57BL.
radiation-induced leukaemias, The chromosome marker denied origin form cellular transfer, Chromo-
some aberrations of number and form of the type seen in radiogenic leukaemia were also observed in the
leukaemas which followed inoculation with cell-free extracts. The mean time to development of this
leukaemia (600 days) suggests that a lower concentration of the leukaemogenic agent can be obtained by
preparing cell-free extracts from leukaemic tissues than that which is present following whole body radia-
tion.

The presence of virus following whole body radiation is an explanation for the origin of the neoplastic
cell in some cases from host type cells and in other cases from the cells of the thymic graft in the thymecto-
mized, irradiated, thymic grafted mouse leukaemia model. Otherwise an explanation has to be advanced.
for leukaemia induction in the graft cells which had not been exposed to radiation. Miller (1961) using
the same technique as Barnes et al. (1959) but replacing radiation with inoculation of leukaemic filtrate

passage A of Gross, showed that in four out of five thymic graft neoplasms the cells of origin were of host
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type. Since these mice were inoculated at birth with the sub-cellular agent, the leukaemogenic influence
has been present in the host cells longer than in the radiation experiment where the latent virus, it is argu-
ed, is not activated until 30-40 days after birth at the time the first fraction of radiation is commenced.
Since the thymus is grafted immediately following the last fraction of radiation there is an almost equal tem-
poral influence on host and graft type cells commensurate with the incidence of host and graft type tumours.

How does the virus achieve neoplastic response among the massive genetic variation (of which the cy-
togenetic aberrations represent the portion of the iceberg raerely above water) within the thymus? Does
it increase the variation until the neopiastic response is clicited, is it the essential factor in leukaemogenesis
(some would have that leukaemogenesis and viral induction are synonemous), or does it act by further
lowering the immune response (perhaps by blocking immunological processes) ?

Bone marrow factor.  The origin of neoplastic cells following prophylaxis of radiation induced mouse
leukaemia with haemopoietic material is invariably from the irradiated tissues of the host (Ilbery and
Barries, 1969). What is the explanation for neoplastic chromosomally altered cells of host and donor origin
in the thymectomized, irradiated, thymic grafted situation and of host only in the irradiated, bone marrow
grafied situation? A simple explanation would be to assume the presence in bone marrow of some factor
:able to suppress the proliferation of altered cells multiplying within the thymic environment. The factor
might be subcellular or deficiency of a particular bone marrow cell. It is clear from our experiments that
colonization of the thymus is effected by a cell derived from the bone marrow. Since there is a delay of
some weeks before bone marrow grafted cells colonise and actively divide within the thymus, in the case of
the irradiated bone marrow grafted rice abnormal clones of thymic cells may have already arisen. In
the case of the thymic grafted mice the irradiated bone marrow cells, deficient in the factor following ra-
diation exposure, not only fail to suppress the development of abnormal thymus derived clones but also
alter themselves without restraint in the thymic environment.

Orientation towards a bone marrow factor rationalizes the comparison of the findings in the thymec-
tomized, irradiated, thymic grafted model and the intact, irradiated, bone marrow grafted rmouse leukae-
mia model. Irradiated bone marrow cells colonizing the thymus and the unirradiated thymus cells them-
selves become neoplastic but non-irradiated bone marrow cells colonising an irradiated thymus do not
undergo neoplastic transformation and indeed exert an inhibitory effect on leukaemia induction.

It appears that prevention of radiation induced leukaemia depends on the availability of a cell derived

from bone marrow in restoration of thymic competence.
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