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Introduction 

In 1903 , HElNECKE f irst d e m o n s t r a t e d t h a t t h e p r i n c i p a l c a u s e o f d e a t h a f t e r w h o l e b o d y 
i r r a d i a t i o n o f a n i m a l s , is gross injury t o t h e h a e m a t o p o i e t i c t issues . A f e w y e a r s la ter , BEN-
J A M I N a n d S L U K A ( 1 9 0 8 ) f o u n d t h a t t h e i m m u n e response o f a n a n i m a l a g a i n s t f o r e i g n tissue-
g r a f t s is s u p p r e s s e d b y X - r a y s . T h e s e w e r e i m p o r t a n t o b s e r v a t i o n s a t t h a t t i m e . S i n c e t h e n 
v e r y m u c h m o r e has b e e n l e a r n e d a b o u t t h e e f f e c t s o f r a d i a t i o n o n l i v i n g o r g a n i s m s . R e s e a r c h 
i n t o t h e c a u s e a n d r e m e d y o f r a d i a t i o n in jur ies h a v e b e e n p a r t i c u l a r l y i n t e n s i f i e d in recent 
years , as a result o f t h e d i s c o v e r y o f n u c l e a r f i s s i o n a n d its a p p l i c a t i o n in t h e d e v e l o p m e n t 
o f n e w w e a p o n s , in i n d u s t r y a n d in m e d i c i n e , c o n s e q u e n t l y i n c r e a s i n g t h e d a n g e r o f r a d i a t i o n 
h a z a r d s t o m a n . O n e o f t h e m o s t s p e c t a c u l a r t h e r a p e u t i c d e v e l o p m e n t s w a s t h e i n j e c t i o n o f 
b o n e m a r r o w c e l l s i n t o h e a v i l y i r r a d i a t e d o r g a n i s m s t o a m e l i o r a t e t h e e f f e c t o f in j u ry t o t h e 
h a e m a t o p o i e t i c s y s t e m . T h e presen t p a p e r is c o n c e r n e d w i t h s o m e o f the i m m u n o l o g i c a l p r o b -
l ems w h i c h arose as a resul t o f such r e p l a c e m e n t t h e r a p y . 

B o n e marrow injury and recovery , in the irradiated organisms 

I r radia t ion, given to the whole body of mice, produces damage to the 
blood forming tissues. T h e seriousness of such an injury is determined by the 
dose of radiat ion. The higher the radia t ion dose, the greater is the in ju ry , which 
very o f t en cannot be repaired by the organism's own resources and results in 
death. The dose which kills near ly all the i r radia ted mice or o ther animals 
within 30 days is referred to as the lethal dose (LD„„). In t ravenous injec-
tion of haematopoiet ic cells (bone m a r r o w , foetal liver or spleen) f r o m a non-
irradiated animal (called „ the donor" ' ) can restore haematopoiet ic func t ion in 
the i r radia ted animal (called „ the recipient or host") by recolonising the haema-
topoietic organs and mul t ip ly ing at these sites. Recovery f r o m radiat ion in jury 
is completed wi thout any immunological complication when the recipient and 
bone mar row donor are mice of the same strains, i. e. genetically identical (iso-
genic). 
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The rate of recovery f rom radiat ion injury is influenced by the number 
of haematopoie t ic cells injected as the rapy . By analysing the per ipheral blood 
of the recipient, the ra te of recovery can be fo l lowed. Figure 1 i l lustrates the 
e f fec t of donor cells on the mononuclear cells in the blood of i r radia ted mice 
which received 700 r ( L D W ) . I t can be seen tha t a f t e r the injection of 10' cells, 
the mononuclear cell count began to rise on the 6 th day and reached the nor-
mal level by the 20th day . Howeve r , when 105 or 10J donor cells were injec-
ted, the mononuclear count remained well below the normal level a t the 30th 
day. 

Radiat ion e f fect on the i m m u n e response 

O u r exper iments in which foreign tumours were implanted into i r radia ted 
mice conf i rmed the early results of B E N J A M I N and S L U K A ( 1 9 0 8 ) and of M U R P H Y 

(1914) t ha t the na tura l resistance of an adul t animal to heteroplast ic tissue 
graf t s can be suppressed by X-rays . We also demonst ra ted tha t the dura t ion 
of suppression depends on the radiat ion dose. This observation was m a d e by 
challenging the i r radia ted animal with foreign tissue at d i f fe ren t intervals a f t e r 
radiat ion. Figure 2 il lustrates the method employed and the results obtained. 
In these exper iments the i r radia ted Balb/c mice were challenged at 3, 5, 10, 15 
and 20 days a f t e r i r radia ted with Sarcoma 1 (Sa—1), a foreign t umour which 
arose in ano ther s t ra in (A.) The da t a show tha t a t about 15 days a f t e r 300r, a 
sub-lethal dose of i r radiat ion, the immune mechanism of the animal recovered. 
The arrest of t umour g rowth and its rejection indicate tha t antibodies are pro-
duced againts the foreign t umour antigens i. e. the lymphoid system is func-
tioning normal ly . 

Similarly in mice, given a lethal dose of i r radia t ion and also therapeut i -
cally injected with bone mar row cells f rom mice of the same strain as the re-
cipient, the immune response recovers a f t e r some delay. By using the same me-
thods as were fol lowed above, in which sub-lethal radia t ion was given, it was 
found tha t the immunological reactivity of the heavi ly i rradiated animal is fu l -
ly opera t ive again at 25 days (Figure 3). 

Restorat ion of immunolog ica l funct ion by donor cel ls 

The respective role of the recipient host and donor components in the 
immunological response of the lethally i r radia ted and bone m a r r o w treated 
mice could not be defini te ly ascertained in the experiments described above 
because the i r radia ted host and m a r r o w donor were genetically identical (iso-
genic). Such a s tudy can only be m a d e when the host and donor animals a r t 
genetically d i f fe ren t . Organisms housing mixtures of genetically d i f f e r en t cells 
or tissues are referred to as C H I M A E R A S . Thus mice in which the haematopoiet ic 
tissues are destroyed by radiat ion and replaced f rom a „fore ign" donor , can 
be rightly called „radiation chimaeras". 

The par t played by the donor component in the immunological funct ion 
of chimaeras can be revealed by t ransp lan ta t ion of skin or t umour graf t s of 
d i f fe ren t origin. Such an experiment is to be described. Mice of CBA strain 
were i r radia ted with a lethal dose of X- ray and given bone m a r r o w cell sus-
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pensions p repared f r o m the femur of mice of Balb/c s t ra in . Five d a y s a f t e r 
i r rad ia t ion and m a r r o w t h e r a p y , a number of the cbimaeras were g r a f t e d wi th 
skins f rom C B A (host) , and with Balb 'c (donor ) s trains. I t was f o u n d tha t 
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U n t r e a t e d 

C o r . r r c l s 
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hgurc 2 H i s t o g r a m s h o w i n g the g r o w t h of fore ign t u m o u r graf t s i n o c u l a t e d at v a r y i n g t i m e s 
a f t er 300r t o u I b o d y radiat ion . (The str iped areas ind ica te progress ive g r o w t h ; the-
shaded areas ind ica te progress ive rejection.) 

nearly all the cbimaeras rejected the host type skin and kept the s k i n g r a f t of 
the d o n o r s t ra in . W h e n skin g r a f t i n g was carr ied ou t 50 d a y s a f t e r i r r ad ia t ion 
and m a r r o w the rapy , t h e result was nearly the same as can be seen in T a b l e I. 
Ihese f ind ings show t h a t the restorat ion of the i m m u n e response in the 
cbimaeras was achieved by the cells in t roduced in to the i r rad ia ted host w i th 
the donor inoculum. 
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Bv using o ther strain combina t i ons and testing the i r immunologica l s tatus 
by the above method , it was f o u n d again tha t the tissues of the d o n o r were 
accepted in the ma jo r i t y of cases, whi le those of the host were rejected. Th is 

C o n t r o l s 
" ime o f f u T O u r i n j e c t i o n days 

p o s t - i r r a d i a t i o n 

Figure 3 His togram showing the recovery o f immune response in mice which received 850r 
(LD» 9 ) irradiated and g iven bone marrow. Mice were grafted with foreign tumour 
at varying intervals a f ter irradiat ion, and marrow therapy. N o t e the s imilarity of 
the 'spontaneous' (Fig. 2) and 'assisted' restoration of immune response. 

behaviour indicates tha t in such an imals the immune reaction is d i rec ted aga-
inst the ant igens of the recipient . T h e ant i -host reaction results in a chronic-
pathological condi t ion, described as „the wasting syndrome" or „secondary di-
sease"-, mice suf fe r ing f r o m this cond i t ion , lose weight, their f u r becomes r u f f -
led, and the skin d isp lays dermatitis. Diarrhoea of va ry ing degrees of seve-
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TABLE I 
1 he response of radiat ion mouse ch imaeras of C B A (host) a n d Balb c ( d o n o r ) 

cons t i tu t ion 10 skin graf t s of host and d o n o r or ig in 

D a y s b e t w e e n 
irradiat ion Marrow N u m b e r 

of 
ch imaeras 

S k i n graf t s 
A c c e p t e d , T o t a l n u m b e r 

and 
g r a f t i n g 

d o n o r 

N u m b e r 
of 

ch imaeras C B A 
(hos t ) 

B a l b / c 
( d o n o r ) 

5 B a l b / c 7 s 0 /7 7/7 

50 B a l b / c 24 1 5 / 2 0 

D o u b l e g r a f t e d 
G r a f t smal l w i thout fur g r o w i n g . 

T A B L E II 

I m m u n o l o g i c a l response of ch imaeras to t u m o u r graf t s 

T u m o u r s p e c i f i c i t y : BPS 
Sa-1 
C + leuk: 
EL4 

C B A strain 
A strain 
Ba lb c strain 
C 5 7 B L strain 

Chimaera T u m o u r cha l lenge 

C o n s t i t u t i o n 
H o s t D o n o r 

Age in 
d a y s T y p e N o . of 

takes 

N o . o f 
ch imaeras 
cha l lenged 

T y p e of reac t ion 
to gra f t 

A ; B a l b c 5 0 
Sa-1 
C + leuk. 
B P 8 

3 / 3 
0 / 3 
0 / 4 

H o s t 

C 5 7 B L Balb c 5 2 — 6 9 
EL4 
C + leuk. 
BP8 

4 4 
0 / 9 
0 / 6 

H o s t 

C B A Balb c 5 0 
BPS 
C + lcuk. 
EL4 

5 5 
5 / 5 

II 14 

H o s t 
D o n o r 
N e u t r a l 

A / C B A 51 
Sa-1 
BP8 
EL4 

4/4 
4 / 4 

8 / 1 0 

H o s t 
D o n o r 
N e u t r a l 

C B A A 5 7 — 6 4 
BP8 
Sa-1 
F.L4 

2 / 3 
5 5 
1/9 

„ I l l - d e f i n e d " 
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r i ty is usually present and there is a generalised a t rophy of the lymph nodes. 
It is now accepted tha t wasting syndrome, which usually causes the death of 
the animals between 30 and 50 days, in d u e to the immunological reaction of 
the foreign donor tissue against the recipient host, whose own immune mecha-
nism has been destroyed by the i r radiat ion (cf. K O L L E R , D A V I E S & D O A C K 1 9 6 1 ) . 

Radia t ion mouse chimaeras, however , h a v e been observed in experiments 
which had survived or completely escaped the „was t ing disease". These ani-
mals are of special interest because their survival suggests the successful co-
existence of host and donor tissues. When the immunological behaviour of 
such chimaeras were tested by skin or t umour graf t s , it was found tha t they 
displayed var iable immunological responses. The results are given in Table I I . 
Three pa t te rns of behaviour have been observed: (i) chimaeras exhibit ing the 
host's immunological characteristics, (ii) chimaeras with mixed and (iii) chi-
maeras with p redominan t ly donor characterist ics. The da ta strongly suggests 
that in these par t i cu la r radia t ion chimaeras, the lymphoid component of the 
donor tissue has been al tered. 

Immunologica l s tatus of chimaeric state 

In order to obtain fu r the r in fo rma t ion about the nature of the change 
which must have taken place in the radiat ion chimaeras, experiments were de-
signed in which bone mar row of 50-day-o ld chimaeras was t ransfer red into 
newly i r radia ted mice of the host or donor s trains with a view to analysing the 
immunological behaviour of the new hosts. 

Chimaeras of C57BL/Balb /c (hos t /donor) consti tut ion were m a d e which 
will be referred to as PRIMARY C H I M A E R A S . Most of these chimaeras succumb 
to the chronic wasting syndrome. From the survivors of pr imary chimaeras, the 
bone m a r r o w was t ransplanted into newly i r rad ia ted C57BL and Balb/c hosts, 
to give S E C O N D A R Y C H I M A E R A S . A th i rd t r ans fe r , 50 days later, f rom the 'se-

T A B l . f c III 

S u r v i v a l o f p r i m a r y , s e c o n d a r y a n d t e r t i a r y c h i m a e r a s 

P r i m a r \ 
d o n o ' 

m a r r o w 

H o s t s 
N u m b e r o f 
c h i m a e r a s 

S u r v i v o r s P r i m a r \ 
d o n o ' 

m a r r o w P r i m a r y S e c o n d a r y T e r t i a r y 

N u m b e r o f 
c h i m a e r a s t o 5 0 d a y s 

(per c e n t ) 

B a l b / c 
C 5 7 B 1 . — — 

105 
2 1 6 

9 6 
2 3 

B a l b / c 

C 5 7 B L 
C 5 7 B L 

C 5 7 B L 
B a l b / c 

— 4 0 
35 

57 
2 8 

C 5 7 B L 
C 5 7 B 1 . 
C 5 7 B I . 
C 5 7 B L 

C 5 7 B L 
C 5 7 B L 
B a l b c 
B a l b / c 

C 5 7 B L 
B a l b / c 
C 5 7 B L 
B a l b / c 

3 0 
3 0 
2 0 
2 0 

9 6 
8 3 

0 
7 0 
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solidary' survivors gave T E R T I A R Y C H I M A E R A S . It was argued that if a change 
occurred in the donor tissue dur ing its sojourn in the foreign host a n d , as a 
result, it became adap ted t o the host 's ant igen, such a change would be revealed 
by an increase in the number of secondary hoste which survived the was t ing 
syndrome. The effect of serial t ransfer of chimaeric bone m a r r o w on the sur-
vival of the new hosts is shown in Table I I I . It can be seen that the t r ans fe r 
of Balb/c mar row into C57BL hosts has given a consistent increase in the per-
centage of survivors at 50 days ; it increased f rom 23 percent in the p r imary 
to 57 in the secondary and 96 percent in the te r t ia ry chimaeras. O n the o ther 
hand , when the Balb/c m a r r o w a f t e r 50 days in the C57BL host, was re turned 
to Balb/c mice, it failed t o give the normal survival values character is t ic of 
I S O G E N I C chimaeras (Balb/c m a r r o w into Balb/c i r radia ted host). 

These f indings indicate tha t al terat ion in the immunological competence 
of lymphoid tissue can be induced. But in order to t h r o w more light, on the 
nature of changes in the d o n o r tissue which might occur in a foreign and hos-
tile environment , f u r t h e r studies are requested, in which immunological , cytolo-
gical and serological methods should be combined. H o w e v e r , first of all, it is 
necessary to s tudy the e f fec t of i r radiat ion on the recovery of immune response 
in the absence of the thymus gland, which has been ident if ied as the p r imary 
organ conferr ing on the a p p r o p r i a t e cells the abil i ty to recognise foreign a n t i -
gens(MILLEK 1 9 6 1 ) . 

Role of t h y m u s in radiation ch imaeras 

Adult mice of CBA strain were thymectomized and 7 days later given a 
lethal dose of i r radia t ion (LD.,,, = 850r) and injected in t ravenously with 5 x 
10" haematopoiet ic cells f r o m CBA donor mice. The chimaeras were g ra f t ed 
28 days a f t e r i r radia t ion and bone m a r r o w therapy with t w o skins, both fo-

T A B L E I V 

T h e r e a c t i o n o f t h y m e c t o m i z e d a n d i r r a d i a t e d C B A m i c e t o f o r e i g n s k i n g r a f t s 

o f A K a n d C 5 7 B I . m i c e 

N o . o f 
m i c e 

s k i n g r a f t s u r v i v a l f o r N o . o f 
m i c e 

< 2 0 d a y s < 7 0 d a y s > 7 0 d a y s 

Control group 
T h y m e c t o m i z e d 
N o n - i r r a d i a t e d 
B o n e m a r r o w 

in jec ted 

2 3 2 3 — 

Experimental group 
T h y m e c t o m i z e d 
L D » 9 i r r a d i a i e d 
B o n e m a r r o w 

i n j e c t e d 

19 1 1 17 
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reign to the C B A host. N o r m a l , non- i r rad ia ted CBA mice rejected such g ra f t s 
within 12—14 days, due to the immunological response of the an imal against 
the foreign antigens. It was found tha t the non- thymectomized chimaeras rejec-
ted the skin g ra f t s of the foreign strains (Ak and C57BL) in less than 20 days, 
-while the thymectomized chimacras tolerated the g ra f t s longer than 70 days, 
some even keeping them permanen t ly . T h e da ta obtained in these exper iments 
are given in Table IV. . 

In mice the results s trongly suggest tha t for the restoration of immunolo-
gical func t ions which have been lost due to the destruction by i r radia t ion ot 
cells competent to react against foreign antigens, the thymus is an essential 
organ. It appears t ha t in the inoculum of the donor m a r r o w the immunological 
potential of the pr imi t ive stem cells can be realized only when the thymus 
is present. This is the organ which confers on the stem cells the abil i ty to 
recognise foreign antigens and to react against them. 

These f indings open u p a new approach to the control of the immunological 
reactivity of the organism. T h e thymus m a y be removed or g ra f ted in order t o 
mitigate or el iminate the serious consequences of bone m a r r o w the rapy . Investi-
gation in this direction is in progress. 
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