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Abstract Clonogenic cell survival curves were constructed for melphalan treatment of 
prima~y and secondary tumours of a human xenograft in immune deprived mice. The 
small metastases were shown to be more sensitive to melphalan than the larger primary 
tumours. Experiments with radiolabelled melphalan suggested that the greater sensitivity 
of the small turnouts was due to better drug penetration. 

I N T R O D U C T I O N  

THE RELATIONSHIP between the size of a tu- 
mour and its sensitivity to chemotherapy is of 
critical importance in devising a rational strat- 
egy for cancer therapy. It is generally held 
that tumours of small bulk will be more 
readily cured by a given chemotherapeutic 
schedule and it is argued that smaller tumours 
have a higher fraction of actively proliferating 
cells and, therefore, are likely to be more 
sensitive to proliferation dependent cytotoxic 
drugs [1,2]. 

Experimental animal tumours have been 
used to investigate this relationship an¢l. in 
general, small metastases have been observed 
to have steeper cell survival curves than the 
primary tumours from which they are derived 
[3-5]. This may be due to greater sensitivity 
resulting from a more rapid proliferative rate 
but correlations between cell kinetics and 
chemosensitivity of tumours of different sizes 
have not been convincingly shown [5]. 
Alternatively, changes in the metabolic status 
of tumour cells related, for example, to vas- 
cular insufficiency, are known to modify 
chemosensitivity [6]. Finally, reduced drug 
induced cell kill may be due to the inability 
of drugs to penetrate larger tumours [7,8], 
due to poor blood supply [9]. 

We have investigated the relationship be- 

Accepted 9 July 1979. 
Address tbr correspondence: Dr. Peter  Selby, 
Department of Medicine, Royal Marsden Hospital, 
])owns Road, Sutton, Surrey, United Kingdom. 

tween size and chemosensitivity of a human 
tumour growing in immune deprived mice. 
Reports of metastases occurring consistently in 
serial passage of human tumours as xenografts 
are unusual [10], but, using an improved 
method of immune-suppression [ 11], an anap- 
lastic human tumour growing intramuscularly 
in the hind legs of mice has been found to 
metastasise reproducably to the aorto-iliac 
lymph nodes of a high proportion of animals in 
each passage. 

M A TER IA LS  A N D  M E T H O D S  

The human tumour xenograft used in these 
studies (designated HX32) was derived from a 
biopsy of a peritoneal deposit of a presumed 
carcinoma of the pancreas [12, 13]. It has 
been maintained in immune-deprived 
CBA/lac mice and the experiments described 
in this report were carried out in passages 20- 
25 during which time it was shown to have 
retained a human karyotype. 

CBA/lac mice were immune-deprived by 
thymectomy and treatment with cytosine 
arabinoside (200mg/kg) followed two days 
later by 900rad of whole body irradiation, a 
non-lethal combination [11]. Tumours were 
passaged by i.m. injection of approximately 
105 tumour cells into the hind legs. 

Mice bearing i.m. and metastatic tumours 
were treated with doses of melphalan by i.p. 
injection and the tumours removed 18hr la- 
ter. Three or four mice were used for each 
dose point in each experiment and lymph 
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nodes from all animals pooled to provide 
sufficient tumour material. 

Single cell suspensions were prepared by 
mechanical disaggregation and enzymatic dig- 
estion with collagenase and trypsin, according 
to the method of Courtenay et al. [113]. Cells 
were counted in a haemocytometer using 
lissamine green dye under phase contrast mic- 
roscopy. Bright cells which excluded dye were 
regarded as viable. Non-tumour cells were 
excluded by size and morphology only. Cell 
suspensions were mixed with soft agar and 
introduced into Millipore" agar difl'usion 
chambers which were incul)ated in the peri- 
toneal cavities of i)rc-irradiated C57 mice 
according to the method of Smith el al. 112]. 
The surviving fractions of the colony forming 
cells were calculated fi'nm the ratio of the 
plating efficiency of lreated cell suspensions to 
that of control cell suspensions. 

Drug uptake into the primary and metas- 
tatic tumours was investigated using 14C- 
labelled melphalan (Radiochemicals, 
Amersham, spec. act. 3.6 mCi/mM ). 
Approximately 7.5Ci of labelled mclphalan 
were added to unlabelled melphalan 
(Alkaran, Wellcome) to a total dose of 15rag 
melphalan/kg. The solution was injected into 
tumour bearing mice, either i.p. or i.x. 
Samples of nodes, primary tumours, necrotic 
centrcs of primary tumours and the periphery 
of primary tulnours were taken at speciticd 
times after treatment and immediately fiozen 
at -20~:C. Samples were sut)sequently com- 
pletely oxidiscd using an Oxymat electric 
furnace (lntertechnique Limited) and the 1,*C 
labelled carbon dioxide collected in alkaline 
scintillant. This was counted in an automated 
scintillation counter (Intertechniquc Limited). 

The results arc expressed as the content of 
melphalan plus metabolites per gm of tumour. 
These values were derived from comparison of 
the radioactivity of tumour specimens to that 
of standards of known melphalan content ob- 
tained by oxidising a measured volume of 
the radiolabelled melphalan solution. This 
method makes no allowance tor metabolism 
of mclphalan in the test samples. 

RESULTS 

Metastases were noted in the aorto-iliac 
lymphnodes of about 7()"{, of the animals in 
each passage, at a time when the primary 
tumours were approximately 2cm in dia- 
meter, the maximum size tolerated by the 
mice. Nodes ranged from 1 to 3mm in dia- 
meter and were usually bilateral. 

Cell suspensions were readily prepared ti'om 
the primary turnouts and from the lymph 
nodes. Cell yields were about 106 viable cells 
per gm of tumour. Cell c o u n t s  were perfof  
mcd in duplicate and did not differ by more 
than I(P 0 even for low cell yields fi'om the 
small lymph nodes. Plating etficiencies were 
between 20 and 30~'i, and there was no 
significant difl'erence between those of the 
primary and secondary tumours. 

Figure l shows clonogenic cell survival 
curves tbr the large i.m. h'g tumours (2 cm) and 
the small metastatic tulnours in the aorto-iliac 
nodes (2ram). The accumulated resuhs of 
three experiments are shown. Inspection of 
the dala suggests that the small metastatic 
tumours were more sensitive to melphalan. 
The shapes of the dose response curves were 
not precisely defined by the data. However, 
tiffs work was part of a larger unpublished 
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study in which wc have accumulated a sub- 
stantial amount of data on clonogcnic cell 
survival in xenografts treated with melphalan. 
These data indicate an exponential dose 
response relationship and we have, theretbre, 
fitted exponential curves to the data in Fig. 1. 
1,ines were drawn by linear regression analysis 
including the origin as a date point and the 
slopes of the curves compared using Student's 
l-test. The calculations were pertbrmed using 
a computer programme kindly made availabh~ 
to us by D r . . l . L .  Millar. This comparison 
confirms a signiticanl difference between the 
two curves (P < 0.02). 
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T h e  uptake of  melpha lan  plus metaboli tes 
by the small metastat ic  tumours  and the large 
in t ramuscular  tumours  at a dose of  15mg/kg 
to the mouse is shown in Fig. 2. T h e  accumu-  
lated da ta  from three experiments  in which 
the drug  was given by the i.p. route are 
shown. The re  was a wide scatter in the da ta  
in each exper iment .  Despite this scatter, a 
clear difference was shown between the up- 
take into the small metastat ic tumours  and 
into the large tumours.  In other  experiments,  
this diflkrence was also apparen t  when  the 
drug was given i.v. In Fig. 3, the drug  uptake 
into the per iphery  and necrotic  centre of  the 
p r imary  tumours  is shown. T h e  uptake into 
the per iphery  is higher  than that  into the 
necrotic  centre,  a l though it is still less than 
that  into the nodal  tumours.  

Histological examinat ion  of  the tumours  in 
the aorto-il iac nodes show no areas of  central  
necrosis in marked contrast  to extensive nec- 
rosis seen in the pr imary  in t ramuscular  
t u m o u r s .  
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D I S C U S S I O N  

These  exper iments  indicate that  small meta-  
static deposits of  this h u m a n  tumour  xeno- 
graft are more  sensitive to melpha lan  than 
large i.m. p r imary  tumours,  a l though the dif- 
ference is small. The  slope of  the survival 
curve is increased by a factor of  about  1.4. 
This difference in sensitivity could be due 
ei ther to bet ter  d rug  penet ra t ion  or to a 
higher  rate of  cellular proliferat ion in the 
smaller tumours.  The  statistical analysis of  the 
difference between the two curves assumed 
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exponent ia l  cell survival based upon our  ex- 
perience with melpha lan  and the other  xeno- 
graft lines (unpublished observations).  Th e  'fit' 
of  these lines to the da ta  in the present study 
was only approximate  and we feel that no 
more detailed in terpreta t ion of  the shapes of 
the curves is justified. 

Clonogenic cell survival curves may  be sub- 
jec t  to a var ie ty  of well recognised artifacts. 
In part icular ,  the t iming of t umour  removal  
after t rea tment  must be chosen carefully to 
allow for complet ion of drug action but  to 
precede significant cell loss from the tumours  
or the beginning of cell repopulat ion.  In some 
tumour  systems there may  be an increase in 
surviving fraction with t ime after t rea tment ,  
believed to be due to the repair  in vivo of  
damage  to cells which is not repaired in the 
assay system [14]. In the xenografi  system 
employed in this study, no changes in surviv- 
ing fraction were observed between 3 and 
24hr ,  and so these artifacts are unlikely to 
have been significant when cell survival was 
est imated at 18 hr. 

A difference in slope between the cell sur- 
vival curves of  large and small tumours  has 
been described in exper imenta l  mur ine  tu- 
mours [4, 15]. T h e  difference may  be large as 
in the case of  BCN U  t rea tment  of  Lewis lung 
tumour  [4] or much smaller as was the case 
with cyclophosphamide  in the same tumour  
[15]. Whe the r  the size of the difference obser- 
ved depends upon the drug used, the tumour  
tested or a combinat ion  of  the two, is not 
known. We are unawai:e of  previous studies in 
which this question has been studied using 
melphalan.  

Th e  results of  the experiments  with radio- 
labelled melphalan  suggest that  d rug  penet- 
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rat ion was bet ter  into the smaller  tumours  
and this is likely to explain the diflbrence in 
sensitivity. T h c  absence of necrosis in the 
small tumours  supports  the bet ter  perfusion of  
these tumours .  Better d rug  pene t ra t ion  of  
small metastases has been demons t r a t ed  by 
1)onelli e! al. [8] in an exper imenta l  an imal  
tunlonr.  

La rge r  volumes of  the p r i m a ry  tumours  
than the lymph  nodes were used to est imatc 
m e l p h a l a n  content .  This  could have  p roduced  
errors by al lowing a grea ter  propor t ion  of 
con t amina t ing  normal  tissues to bc included 
with the nodes. However ,  content  of  radio-  
label in the p r i m a r y  turnouts was not 
dependen t  upon the mass of  t u m o u r  used and 
so it is unlikely that  this error  signit]cantly 
ahe red  the results. 

T h e  concentra t ions  of  me lpha l an  plus meta -  
bolites in the nodes are 3 -4  times higher  than 
those in the p r i m a r y  turnouts but  the da t a  are 
too scat tered to allow accura te  m e a s u r e m e n t  
of  pha rmacok ine t i c  pa r ame te r s  such as the 
area  under  the curves. T h e  difference would 
a p p e a r  to be grea ter  than  that  necessary to 
explain the small difference in cell survival 
but  this conclusion is unrel iable  in view of the 
wide scat ter  in the da ta  and the uncer ta in ty  
abou t  the degree  of  me tabo l i sm of me lpha l an  
in the tumours .  

T h e  growth ot" a h u m a n  t u m o u r  as a 
xenograf t  involves a complex  relat ionship be- 
tween the turnout  cells and the host. O n  the 
one hand,  the cells are p re sumab ly  subject to 
an i m m u n e  response directed against  t u m o u r  
and  species specific antigens and,  on the other  
hand,  the host is induced to provide  a s t roma  
and blood supply to the turnout.  T h e  lat ter  
im}\ision is quite r e m a r k a b l e  and implies that  

t u m o u r  angiogenic factors are not species spe- 
cific. O u r  present  s tudy suggests that  an ade- 
qua te  blood supply main ta ined  with t umou r  
growth is likely to be an i m p o r t a n t  deter-  
minan t  of" the relat ionship between t umour  
size and chemosensit ivi ty.  However ,  the study 
was per formed in a xenograf t  t u m o u r  and,  
while this has the advan tage  of demons t ra t ing  
t h e  re levance of the conclusions to h u m a n  
tumour  cells, the blood supply of  the t umou r  
is murinc.  T h e  system m a y  have few advan-  
tages over  exper imenta l  mur ine  tumours  tbr 
s tudying those aspects of  t umour  behav iour  
de te rmined  by blood supply.  In  general ,  the 
xenograf t  system m a y  have advan tages  tbr 
s tudying aspects of  chemosensi t ivi ty  of  tu- 
rnouts de te rmined  by cell type but  less for 
aspects de te rmined  by the hos t - tumour  
relationship. 

Ne\ 'crtheless, it seems reasonable  to con- 
elude that  these exper iments  suppor t  the sug- 
gestion that  t r ea tmen t  of  small xolume 
disease, as in the ad juvan t  c h e m o t h e r a p y  
situation, m a y  have  the advan tage  not only of 
a lower body  burden  of t umour  cells, but  also 
of  slightly grea ter  sensitivity of  the turnouts to 
some t reatments .  
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