Further Studies on the Mechanism of Radiation Induced Thymic Lymphoma Prevention
by Bone Marrow Transplantation in C57 BL. Mice

C. Humbilet, M. P. Defresne, R. Greimers, A. M. Rongy, and J. Boniver

Laboratory of Pathological Anatomy and Cytopathology, Department of Pathology, University Hospital of Liege,
Liege, Belgium

Whole body fractionated irradiation induces thymic lymphomas
in C57BL/Ka mice atter a latent period during which intrathymic
lymphopoiesls is modified; thymocyte numbers are subnormal
and the epithelial component of thymic nurse cells {TNCs} is
altered as estimated by the number of TNCs in vivo and by its
ability to interact with immature thymocytes in vitro. A graft of
normal bone marrow cells immediately after the last irradiation
prevents the development of iymphomas; but when such a graft
is performed 1 month later, it does not Inhibit the emergence
of tumors. In both cases the grafted precursors home and re-
populate the thymus. However, the delayed graft does not exert
any effect upon the altered epithelial component of TNCs, whereas
the early one restores the numbers of TNCs and the function
of their epithelial component. The results thus demonstrate that
lymphoid thymic repopulation by a bone matrow graft is not
sufficlent to prevent the development of lymphomas and that
there is an intimate relationship between tumor development
and alterations of nurse cellis microenvironment.

INTRODUGTION

IN CS7BL/KA micc, whole body fractionated irradiation (4 X
1.75Gy) induces thymic lymphomas in more than 90% of
the animals after a latency period of 6—12 months (1), During
this latency, called ‘‘preleukemic period,” potentially neo-
plastic {(preleukemic) cells are first detected in the thymus (as
carly as 2 days after the last dose of x-rays) and later in the
hone marrow. By contrast, with the [ymphoma cells, whose
growth Is autonomous, the prclecukemic cells require thymic
microenvironment for their survival and their full neoplastic
transformation (1-5).

The factors involved are still unknown. Several alterations
of thymic lymphopoiesis have been identified during the pre-
leukemic period, but their contribution to the oncegenic process
has not yet been defined. Let us mention the decreasc of pro-
thymocyte activity in bone marrow (4, 6—8), the modifications
of thymocyte subpopulations (9; Rongy et al., in preparation),
and the alterations of some functions of thymic epithelium (5,
10). A reduction of natural killer (NK) cell activity in the spleen
has also been described (11-13).

] In order to definc which of these parameters, if any, is
% important for the induction of [ymphomas, we have studied
*mice that received a graft of normal bone marrow cclls within
lours after the last dose of the lymphomagenic x-ray regimen
(“*earty bone marrow gralt’”).
Indeed, under these circumstances, preleukemic cells are still
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induced, but they disappcar from the thymus and the bone
marrow after a short time (5).

Consequently, the mice do not develop lymphomas (14).
Thus, carly bone marrow grafting obviously prevents the pro-
motion of preleukemic cells towards lymphoma growth. One
can ask whether this prevention is due to a direct cytotoxic
effect of grafted marrow derived cells on the preleukemic cells
or, alternatively, to the suppression of factors which usually
contribute to the aforementioned progression. Several effects
of the early bone marrow graft have already been documented,
such as restoration of bone marrow prothymocyte activity (6),
improvement of thymus repopulation (15), recovery of thymic
epithelium (5, 10), and spleen NK cell activity (11-13}); but
their role in lymphoma prevention is still unknown.

Intercstingly, when the bone marrow graft is given scveral
weeks after completion of the irradiation regimen (*‘delayed
bonc marrow graft’’}, there is no inhibition of radiation induced
lymphomagenesis (16). Comparing the effects of a delayed
bonc marrow graft with those of an carly graft might provide
some clues on thc micchanism involved in lymphoma preven-
tion.

In the present work, we report our observations on the ca-
pacitics of grafted marrow cells to migrate into the thymus and
to repopulate it, as well as their effects on thymic epithelium
in4 x 1.75 Gy irradiated mice. We have compared the results
obtaincd after an early graft with those of a delayed bone
marrow graft.

We have shown that the delayed bone marrow grafted cells
can home in the thymus and repopulate it as well as early
grafted celis. However, they do not display any cffcct upon
the thymic epithelial cells. These results strongly suggest that
the restoration of thymic epithelium by early marrow graiting
might be the critical event for the prevention of radiation in-
duced thymic lymphomas.

MATERIALS AND METHODS

Mice. One- to two-month-old C57BL/Ka mice of both sexes were
used. Four-week-old congenic Thy 1.1 C57BL/Ka mice (calted BL/
1.1 for conventenee) which were developed by M. Licberman at Stan-
ford University were used as donors of bone marrow cells.

Irradiation. For the induction of lymphomas mice were given four
whole body irradiattons of 1.75 Gy applied at weekly intervals. The
irradiation was delivered by an x-ray apparatus (Stabilivolt Siemens,
190 KV, 18 mA, HVL ; 0.5 mm Cu) at a dose rate of [.60 Gy/min.

Bone Marrow Cell Suspensions and Grafting. Bone marrow cells
from normal [-month-old mice were suspeaded in phosphate buffered
saline (PBS) supplemented with 5% fetal calf serum (FCS). Aliquots
(200 pl) containing [07 cells were injecled intravenously within 3 hr
after the last irrachation for the ‘‘early”’ graft, and | month after the
last irradiation for the *‘delayed’ graft.

In Vivo Thymus Howming Assay. The bone marrow cells were in-
cubated for 20 min at 37°C in a solution of 30 wg/ml of fluorcsecin
isathiocyanate (FITC) in PBS (17, 18). They were then washed in
FCS and PBS before being injected. Aliquots of 107 cells were injected
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intravenouslty within 2 hr following x-ray cxposure; 2472 hr later,
recipients were kitled, and the percentage of FITC labeled thymocytes
was determined in cell suspensions treated with propidium icdide to
exclude death cells. To evaluate the number of migrants, the number
of total thymocytes per thymus was also calculated.

The Thymus Repopulation Assay. As previously described (19), ali-
quots of 107 bone marrow cells collected in BL/1.1 mice (Thy 1.1}
were injected intravenously into C57BL/Ka mice (Thy 1.2). Recipients
were killed 15, 20, 30, and 56 days later. Thymus cell suspensions
were treated with monoclonal anti-Thy 1.1 clone HO-22-1 {20) and
anti-Thy 1.2 clone HO-13-49 (2[) antibodics, followed by a FITC
labeled second stage antibody (goat anti-mouse IgM, Nordic, Lenven,
Belgium).

Fluorescence Analyses. Cell suspensions were analyzed on a flu-
orescence activated cell sorter (FACS IV, Becton Dickinson, Sun-
nyvale, California). Only the fluorescence of viable cells (discriminaled
on the basis of labeling with propidium iodide) was considered.

Thymus Dissociation and Thymic Nurse Cells (TNCs) Isolation. In
thesc experiments, TNCs were isolated from 10 thymuscs. The tissues
were minced with scissors and washed for 10 min in PBS. The frag-
ments were dissociated by repeated incubations in the presence of
dispase, collagenase, and Dnasc (Bochringer Mannheim, Brussels,
Belgium). TNCs were isolated from the resulting suspension by suc-
cessive runs of 1-g sedimentation by using a slight modification (22)
of the method originally described by Wekerle and Ketelsen (23).
After the isclation procedure cell numbers were scored in cach fraction,
the percentage of TNCs was defined in the last cell suspension, and
the number of TNCs per thymus was then calculated.

In Vitro Reconstitution of Lymphoepithelial Complexes. To evaluale
the capacity of epithelial TNCs to form complexes with immature
thymocytes, we used a method developed by Nakayama and Wekerle
(personal communication) and adapted by the authors (10). Isolated
TNCs were suspended in RPMI 1640 culture medium (Gibco Bio-
cullure Ltd., Belgium), supplemented with 10% of heat inactivated
FCS, 2 mm L-ghutamine, 1% of nonessential amino acids, | mm of
sodium pyruvate, |30 U/ml of penicillin, and 75 pg/ml of strepto-
mycin. After a 24-hr incubation in Petri dishes (Lux Scientific Cor-
poration, The Netherlands) at 37°C in a 5% CO, atmosphere, the
cpithelial cells were adherent to the plastic surface; the lymphocytes
which had been released from TNCs were discarded. The remaining
epithelial cells werc incubated for an additional period of 2 days.

After this time interval, they were treated twice with trypsin ((0.25%
in PBS) for 20 min at 37°C and resuspended in culture mediem sup-
plemented with 10% of hcat inactivated FCS. The epithelial cells were
then mixed with thymocytes obfained from thymuses recovered from
16—17-day-old embryos in a ratio of one epithelial cell to 10 thymo-
cytes; 20 pl aliquots of this cell suspension were incubated for 6 hr
in an inverted Terasaki plate. The percentage of cpithelial cells forming
lymphoepithelial complexes in such experimental conditions was then
estimated.

RESULTS

All the observations were done in the following four groups
of mice;

4 x 1.75 Gy irradiated.

4 % 1.75 Gy irradiated and grafted with normal bonc mar-
row cells within the first 3 hr following the last irradiation
(early bone marrow graft).

4 X 175 Gy irradiated and grafted with normal bone marrow
cclls 1 month after the last dose of 1.75 Gy (delayed bone
marrow graft).

4 x 1.75 Gy irradiated and 1 month later irradiatcd with
4 Gy and grafted with normal bone marrow cells (4 Gy irra-
diatcd and delayed bone marrow graft). This last group was
designed because it could be expected that the thymus, 1 month
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after the last 1.75 Gy irradiation, would be refractory to the
grafted bone marrow cells homing.

Survival and Lymphoma Incidence. As shown in Figure 1,
the survival of the mice which received an early bone marrow
transplantation after irradiation was similar to that observed in
control nonirradiated mice. At the opposite, the survival curve
of mice which were grafted with bone marrow cells 1 month
after the end of the irradiation regimen {with or without a further
4 Gy irradiation) was very close to that seen in the ungrafted
irradiated animals. The dead mice have developed a thymic
lymphoma. The tumors were of the recipient phenotype (data
not shown).

Thus, the data confirm previous studies (16) that a delayed
bone marrow graft after fractionated irradiation, whether the
mice receive an additional 4 Gy dose or not, does not prevent
the development of 4 X 1.75 Gy induced thymic lymphomas.

Thymus Homing. The next series of experiments were per- -

formed to test whether the inability of a delayed bone marrow
graft to prevent radiation induced lymphomas, was correlated
with insufficient thymus seeding by grafted marrow. FITC la-
beled normal bone marrow cells were intravenously injected
into 4 X 1.75 Gy irradiated mice, either immediately after the
last irradiation (early graft) or 1 month later (delayed graft).
The numbers of migrants in the thymus were determined 24,
48, or 72 hr thereafter. The results were compared with thosc
observed in unirradiated 3-month-old micc that received an
intravenous injection of FITC labeled marrow cells and in 1nice
that had been 4 or 9 Gy irradiated immediately before FITC
stained marrow inoculation. These two latter groups of mice
were uscd as positive controls (24).

The relative and absolute numbers of thymus homing cells
were rather similar in the threc groups of mice which had been
grafted immediately after irradiation (Table 1). They were higher
than in grafted unirradiated control mice. The number of mi-
grants were 10-20-fold lower in the mice which were inocu-
lated with bone marrow cells 1 month after the last 1.75 Gy
irradiation, suggesting that the 30-day preleukemic thymus was
partially nonreceptive to the immigration of bone marrow cclls.
As shown in Table 1, this limited susceptibility to homing was
radiosensitive since the frequency of thymus migrants was re-
stored to normal values when a 4 Gy irradiation was given just
before marrow grafting in those 30-day prelevkemic mice.

These data indicate the lack of correlation between lymphoma
prevention and the rate of thymus homing by grafted bone
marrow cells.
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Figure 1. Etfects of an early—or a delayed—bone marrow graft on
the survival of C57BL/Ka mice after a split dose leukemogenic Irradiation.
Controls (— —); 4 X 1.75 Gy ( }; 4 % 1.75 Gy + early bone marrow
(BMO} graft (— -}; 4 X 1.75 Gy + 1 month delayed bone marrow (BM
30) graft (-~ )i 4 x 1.75 Gy + one month delayed bone marrow (BM
30} graft with a prior 4 Gy irradiation (-~ ---- 1
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Table 1. Thymus Homing: FITC Labeled Cells in the Thymus

Time Intervals after Bone Marrow Grafl

Expermental Groups

24 hr 48 hr 72 hr
Nonirradiated + graft 0.67 x 1074 (10.291 x 0% 052 x 107 ( 14951 x 10%) 034 x 107*( 8.604 x 10%)
4 x 1.75 Gy + early graft 29.3 x 1074 (23.273 x 10%) 291 x 1074( 22.497 % 10% 19.2 % 1074 (20,174 x 109)
4 x 1.75 Gy + delayed graft 03 % 1079( 2.851 x 10% 025 x 1074({ 112 x 10% 0.22 x 1071( 1.581 x 109)
4 x 175Gy + (4 Gy + delayed graft) 259 x 104 (27.434 x 109) 248 x 10 4{132.14 x 10%) 1.2 x 1074 (10.956 x 10%)
4 Gy + early grafl 28.7 x 10°°{20.664 x 107 324 x 1074 ( 49.532 x 109 157 x 1074{19.97 x 10%
9 Gy + early graft 351 x 1074 {27.389 x t0?) 329 x 1074 ( 42.597 x 109 427 x 1074 (39.275 % 107)

The resulls shown are the numbers ol fluorescent cefls per 10° Lhymocytes at various time intervals after intravencus grafting of 107 FITC-labeled bone marrow
cells in several experimental groups; Lhe numbers in parentheses represent the absolule numbers of labeled thymocyles in each condilion. “Early” refers lo a bone
marrow transplantation wilhin 3 hr after irradiation, whereas "delayed” means a grafl performed 30 days afler x-rays.

Thymus Repopulation. Next, we looked for the thymus re-
populating capacitics of marrow cells to sce whether they were
transplanted early or late after completion of the split dose
irradiation regimen. The percentages of marrow derived donor
type thymocytes were mcasured at various time intervals after
graft,

In all cases, the thymus was actively repopulated, but with
a dclay of several weeks when the graft was perforined 1 month
after irradiation, without 4 Gy irradiation.

Indeed, the percentages of donor type cells rcached about
80%, respectively, on day 16 after an early marrow graft (and
thus after the fourth 1.75 Gy irradiation), on day 53 after the
delayed graft (i.e., 85 days after the last 1.75 Gy irradiation),
and on day 20 in mice which received a late graft preceded by
a 4 Gy irradiation (and thus 50 days after the fourth 1.75 Gy
irradiation) (Fig. 2).

This experiment did not show any parallelism between thymic
repopulation by bone marrow cclls (Fig. 2) and lymphoma
development inhibition (Fig. 1).

Thymie Nurse Cells. Since neither differences in thymus
homing properties or in thymic repopulation activity could ex-
plain why a delayed bone marrow graft did not protect mice
against lymphoma devclopment, we investigated whether such
a graft could act upon thymic microenvironment in the same
way as an carly graft.

The numbers of TNCs per thymus were cvaluated in the
experimental groups and in controls. As shown in Figure 3,
the time course of TNCs number was similar in 4 X 1.75 Gy
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Figure 2. Thymic repopulation by grafted marrow cells. Evolution of
the percentage of donor type Thy-1.1 thymoeytes in Thy-1.2 mice irra-
diated at 4 x 1.75 Gy and grafted with normal bone marrow cells frem

(Thy-1.1) BL/1.1 mice: early bone marrow {BMC) graft (— - —-— ;1
month delayed bone marrow (BM30) graft (-~ ); 1 month delayed
bone marrow (BM30) graft with a prior 4 Gy Irradlation (- - - -- - - }.

LYMPHOMA PREVENTION BY BM GRAFT

jrradiated mice and in thosc one which further received a de-
layed bone marrow graft preceded or not by a 4 Gy irradiation.
Indeed, TNCs became scarcer with time and reach very low
values after 2 months. At the opposite, in mice which were
inoculated with bone marrow cells within the 3 hr after irra-
diation, therc was a progressive restoration of the number of
TNCs which even displayed an overshoot after 2 months.

Thus, by contrast with the carly marrow graft, the delayed
onc was not capablc to restore TNCs numbers after 4 X 1.75 Gy
irradiation.

The capacity of epithelial nursc cells to establish interaction
with immature thymocytes in vitro was tested. Epithelial cells
were preparcd from TNCs of the four experimental groups and
controls. The animals were killed on day 30 after the bone
martow graft. The capacity of epithelial cells to build up new
nurse cells in vitro after contact with immature thymocytes is
shown in Figure 4. Again, a delayed marrow graft, preceded
or not by a 4 Gy irradiation, by contrast with an early graft,
did not restore the capacity of thymic epithelial cclls te recon-
stitute lymphocpithelial complexes in vitro.

These experiments indicate that the development of lympho-
mas is always preceded by imeversible functional alterations
of epithelial TNCs, as estimated by thc number of TNCs in
vivo and by the ability of their epithelial component to cstablish
interactions with immature thymocytes in vitro.

DISCUSSION

The experiments reported in this paper were performed in
an attempt to understand the mechanisms by which a bone
marrow graft inhibits the development of radiation induced
thymic lymphomas. For that purposc, several paramelers re-
lated to thymic lymphopoiesis were comparcd after an early
bone marrow graft (which prevents the onset of lymphomas)
and a delayed graft (which does not display any inhibitory effect
on lymphoma development) (1).

We first looked for thymus homing and thymus repopulating
activity of bone marrow grafted cells. We observed a clear
correlation between these two parameters: bone marrow cells
home to the thymus and repopulate it as well when they are
grafted immediatety after the last 1.75 Gy irradiation or when
they are injected 1 month thereafter, providing that a 4 Gy
irradiation was given before the graft. In contrast, the frequency
of thymus homing cells was low, and the speed of thymus
repopulation slow in mice which received a delayed bone mar-
row graft without any 4 Gy irradiation. This phenomenon is
most likely due to a *‘space’’ competition within the thymus;
in fact, when the bone marrow graft is realized within the first
hours after a whole body irradiation of cither 1.75 Gy or 4 Gy,
there is an immediate, very intecnse lymphocyte depletion in
the thymus, due to the cytotoxic effects of ionizing radiation
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Figure 3, Effects of bone marrow grafting on TNCs affer a split dose
leukemogenic irradiation: the figure shows the number of TNCs, which
were isolated from thymuses in the following experimental groups: con-
trols (——); 4 x 1.75 Gy ( )i 4 x 1.75Gy + early bone marrow
(BMO) graft (— -);4 x 1.75 Gy + 1 month delayed bone marrow (BM30)
graft (-----ooe );4 x 1.75 Gy + 1 month delayed bone marrow (BM30) graft
with a prior 4 Gy irradiation (-- - -).

(25). However, the obstacle to thymus rcpopulation in late
grafted animals was only transient since the frequency of donor
cells in the thymus eventually reached the highest values ( >80%)
after 50-60 days.

By contrast, the rather efficient thymus seeding (as measured
by absolute numbers of homing cells) in unirradiated mice
grafted with normal bone marrow cells was not followed by
the proliferation of the inoculated cells within the thymus.

In this case, however, no damage to the thymic populations,
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Figure 4. Effects of bone marrow grafting on the capacity of TNC

derived epithelial cells o form complexes with immature thymocytes in

vitro. The figure shows the resuits observed with epithelial cells prepared

1month after 4 x 1.75 Gy or after an early (BMO)—or a delayed (BMIN—

bone marrow grafting. The reported values are the percentages of cul-

tured TNC derived epithelial cells, which reconstitute lymphoepithelial

complexes with 17-day-old fetus thymocytes after a 4-hr incubation in
vitro.
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either lymphoid or stromal, had been induced; hence, no con-
ditions for proliferation of grafied marrow cells were cncoun-
tered. The active, though slow, repopulation observed in the
4 x 1.75 Gy irradiated mice, which were grafted | month
later with normal marrow, might be cxplained by the deep
alterations, at the quantitative and qualitative levels, of marrow
prothymocytes and thymocyte subpopulations in the preleu-
kemic irradiatcd mice, eventually allowing the proliferation of
donor type cells. Taken together, the obscrved differences in
thymus homing and repopulating capacities of the grafted mar-
row cells in the various experimental groups thus cannot explain
the lack of lymphoma prevention by a delayed graft.

A more pronounced differcnce between the experimental
groups concerned the thymic nurse cells; in fact, the late grafted
mice, either treatcd with an additional 4 Gy irradiation or not,
never reconstituted their TNC population; furthermore, the cp-
ithelial components of these TNCs were never capable to re-
constitute lymphoepithelial complexes in vitro in the presence
of fctal thymocytes. This observation provides a further ar-
gument for the role of thymic epithelial cells in the pathogenesis
of thymic lymphomas. In fact, in the present cxperiments as
in others, there was an intimate correlation between the mod-
ifications of the nurse ccli epithelium and the development of
lymphomas. This was observed also after inoculation of radia-
tion leukemia virus (26) or trcatment with methylnitroso-
urea (27).

These correlations lead us to ask how the damages to thymic
epithelium ate induced by x-rays, and conversely, how they
are restored by an carly bone marrow graft. Since the damage
to epithelial cells can be reverted by an carly bone marrow
graft (5), it is probably not duc to a dircct effect of tonizing
radiations on the thymic epithelium,

In fact, previous ultrastructural studies never mentioned ob-
vious morphological alterations of these stromat cells (13, 28,
29). Fractionated irradiation might in fact destroy or inactivate
other radiosensitive thymic cells which are normaily required
for inducing and/or maintaining the physiological functions of
the thymic epithelium. This process is marrow dependent, as
suggested by the effects of an early bone marrow graft.

However, the mechanisms involved cannot relate to a pos-
sible replacement of radiation-damaged thymic epithelial cells,
and particularly the nursc cells, by grafted marrow cells. It has
been widely established from embryological studies that thymic
epithelium is derived from the endoderm, and pethaps partially
from the ectoderm (30}. Morcover, in radiochimeras, marny
thymic cell lineages, such as lymphocytes, macrephages, and
dendritic cells, are bone matrow derived, whercas thymic ep-
ithelial cells are always host derived (31).

In our experimental model the restoration of thymic nurse
cells in the carly marrow grafted animals was thus necessarily
due to an indirect mechanism; some marrow derived component
may act in resident thymic epithelial cells so as to make them
functionally normal again.

Several observations indicate indeed that marrow derived
cells can act on thymus epitbelium. As an example, a restored
thymulin secretion, a property of thymic epithelium, has becn
induced by bone marrow transplantation in children with severe
combined immunodeficiences (32). Furthermore, the expres-
sion of class Il MHC antigen in the epithclium of thymic organ
cultures is increased when marrow derived macrophages and
dendritic cells are added. The effect can be inhibited by anti-
interferon gamma (anti-IEN v) antibodies (33).
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A similar mechanism can be evoked about thymic nurse cells.
Let us recall that epithelial cells from early bone marrow grafted
animals can interact normally with immature thymocytes to
reconstitute nurse cells in vitro. Furthermore, interferon gamma
stimulates the capacity of epithelial cells from normal, or 4 X
1.75 Gy leukemic mice, to reconstitute nurse cells in vitro.
(M. P. Defresne et al., in preparation}. One may postulate that
early bone marrow grafting after a leukemogenic split dose
irradiation reconstitutes macrophages, dendritic cells, and thy-
mocytes, leading to the restoration of intrathymic cytokine pro-
duction and consequently of thymic epithelium functions. Qur
recent observations that inoculations of IFN-v or tumor necrosis
factor inhibit the development of radiation-induced lymphomas
{34) strikingly argue in favor of this hypothesis.

Why does the delayed bone marrow graft not result in the
restoration of thymic nursc cell epithclium? As mentioned above,
there was an active and fast homing and repopulation of the
thymus in mice transplanted with normal bone marrow 1 month
after the split dose irradiation with an additional 4 Gy irradia-
tion. Nevertheless, there was no restoration of the TNC pop-
ulation nor of their functional capacities. The observations suggest
that the prelcukemic epithelial ‘‘microenvironment’’ (one month
after the split dose irradiation) is refractory to the inductive
effects of marrow derived cells. This is presently under inves-
tigation.

The final question is to know why the delayed graft does
not prevent the onset of lymphomas. The observed correlation
between irreversible thymic epithelium alteration, with the sus-
ceptibility to Iymphoma development, suggests but does not
demonstrate that alterations to thymic epithelium are the most
critical factor of promotion in this oncogenic system. Alter-
natively, the preleukemic cells, at | month after irradiation,
might become insensitive to cytolytic factors produced by mar-
row derived cells, independently of thymic cpithelial influ-
ences, Solving this question requires further studics.
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