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Summary. Cell lines derived from three histologically dif- 
ferent murine colon tumours (MAC) were used to assess 
whether or not a tumour colony-forming assay could have 
retrospectively predicted the wide range of  in vivo re- 
sponses to the alkylating agent, ThioTEPA. Tumour re- 
sponses ranged from sensitive (MAC 26) to resistant 
(MAC 15A), with MAC 13 showing only moderate sensi- 
tivity. In vitro chemosensitivity studies, in conjunction 
with pharmacokinetic data, suggest that plasma levels of  
the drug's primary metabolite, TEPA, should be sufficient 
to induce significant cell kills in all three tumour lines in 
vivo. Preliminary studies on the effect of  pH on the cyto- 
toxic properties of  ThioTEPA in vitro have demonstrated 
an improved cell kill when cells were exposed to the drug 
under acidic conditions. As these tumours differ histologi- 
cally in terms of  vascularisation, tumoural pH may play an 
important  part in determining drug efficacy and go some 
way towards explaining the poor  in vitro/in vivo correla- 
tion in this model. 

study. These tumours have been extensively characterised 
and are similar in terms of  histology, cell kinetics and 
chemosensitivity to tumours of  the human colon [9]. A 
panel of  three histologically different solid MAC tumours 
(grown subcutaneously) were used to assess the anti-tu- 
mour  activity of  triethylenethiophosphoramide (ThioTE- 
PA). ThioTEPA is a polyfunctional alkylating agent that is 
widely used in installations for superficial bladder carci- 
noma [18] and is currently employed in combination re- 
gimes for advanced ovarian and breast cancers [20]. Che- 
motherapy and assessment protocols have previously been 
described [10], and in vivo responses to ThioTEPA, which 
have also been described elsewhere [5], are summarised in 
Table 1. Briefly, a broad spectrum of activity was noted, 
with the well-differentiated, cystic MAC 26 being most re- 
sponsive, the anaplastic MAC 13 showing only moderate 
sensitivity and MAC 15A being unresponsive to ThioTE- 
PA at the maximum tolerated dose (20 mg/kg  i.p.). 

Cell lines derived from these tumours were used to 
assess whether or not a clonogenic assay could have retro- 

Introduction 

Clinical trials have shown that the tumour colony-forming 
assays described by Hamburger  and Salmon [12] and 
Courtney and Mills [8] correctly predict drug resistance 
(96% true negative) but have a lower true positive rate of  
61% for tumours that are sensitive in vitro [17]. However, 
these trials were carried out on a wide variety of  patients, 
most of  whom had been heavily pretreated with cytotoxic 
drugs, had different physical characteristics (i.e. age, sex, 
weight etc.) and were at various stages of  illness. Pharma- 
cokinetic variations in drug exposure parameters between 
individual patients in such a population are known to be 
extreme [6] and may account for the inconsistant response 
of  tumours designated as sensitive in vitro. The aim of  this 
study was to assess the relationship between in vitro and in 
vivo responses in an experimental model. In this way, a 
better correlation with tumour sensitivity may be obtained 
as variations in drug exposure conditions can be mini- 
raised and a more objective assessment of  tumour response 
on previously untreated tumours can be made, 

The mouse adenocarcinoma of  the colon (MAC) series 
of  transplantable tumours in N M R I  mice were used in this 
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Table l. Comparison of in vitro and in vivo responses to Thio- 
TEPA and TEPA 

Description In vivo [51 
chemo- 
sensitivity 
(% tumor 
inhibition) 

ThioTEPA 
(20 mg kg -I) 

In vitro chemo- 
sensitivity 
(% Reduction 
in colony 
formation at 
experimentally 
achievable drug 
c x t  and 1 h 
exposure time) 

ThioTEPA TEPA 

MAC 26 Well-differenti- 
ated cystic 
adenocarcinoma 

98% 11% 99% 

MAC 13 Poorly differenti- 58% 
ated anaplastic 
adenocarcinoma 

30% 95% 

MAC 15A 
(s .c.) 

Poorly differenti- 
ated anaplastic 
adenocarcinoma 

0% 35% 99% 



spectively predicted in vivo responses to ThioTEPA. The 
primary metabolite, tr iethylenephosphoramide (TEPA), 
was also included in this study as the initial studies de- 
scribing this subclass of  compounds  have shown that 
TEPA is a more potent cytotoxic agent than ThioTEPA 
[16] and possesses significant anti-tumour activity against a 
variety of  experimental tumours [19]. The plasma clear- 
ance of  TEPA is slower than that of  ThioTEPA [7, 13], and 
several authors have suggested that pharmacological  ef- 
fects might relate more closely to circulating levels of  the 
metabolite [7, 14]. A range of  therapeutically relevant drug 
and metabolite concentrations for use in vitro were select- 
ed on the basis of  previous pharmacokinetic studies per- 
formed in this laboratory [14]. The plasma clearance of  
TEPA was slower than that of  ThioTEPA, with area under 
the curve (AUC) values of  41.7 and 14.1 lxg-h per milliliter 
respectively (calculated at 9 h after injection). Finally, a 
preliminary investigation into the effects of  pH on the cy- 
totoxic potency of  ThioTEPA is described. Groos et al. [11] 
have demonstrated a significant reduction in cell survival 
following exposure o f  RT 112 bladder carcinoma cells to 
ThioTEPA in relatively acidic conditions (pH 6.0). Similar 
results in MAC cell lines would significantly alter chemo- 
sensitivity profiles in vitro and, hence, the predictive val- 
ues of  these results. 

Mater ia ls  and methods 

Culture conditions. Cell lines were derived by mechanical 
disaggregation of  the solid tumour  mass and were rou- 
tinely maintained as monolayer  cultures at 37 ° C in RPMI  
1640 tissue-culture medium supplemented with 10% foetal 
calf serum (heat inactivated at 56 ° C for 20 min), penicil- 
l in/s treptomycin (50 IU/ml ,  50 ~g/ml),  sodium pyruvate 
(1 raM) and buffered using HEPES (25 raM). Chemosensi- 
tivity studies were restricted to cultures of  ~< 10 passages in 
age, and cells in the exponential phase of  growth were 
used throughout. 
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curves for both compounds,  i.e. 14.1 ,ag.h per milliliter 
and 41.7 gg.  h per milliliter, respectively. 

pH studies. ThioTEPA concentrations of  5 gg /ml  and an 
exposure time of  1 h were used throughout. Alterations in 
pH  were achieved by adding small aliquots of  1 N HC1, 
N a O H  to complete RPMI  1640. Each point was appropri- 
ately controlled and chemosensitivity was assessed as de- 
scribed above. 

Drug stability in vitro. The extraction, detection and 
quantification of  both compounds  in biological fluids has 
been described elsewhere [14]. Stability studies were per- 
formed over a 24-h period in complete RPMI  1640 medi- 
um at 37 ° C. 

Results 

The relationship between the number of  cells plated and 
the number of  colonies produced was linear for all the cell 
lines tested, and plating efficiencies were below 10% 
(Fig. 1). 

There was no evidence of  ThioTEPA or TEPA break- 
down in vitro following a 24-h incubation at 37 ° C in com- 
plete RPMI  1640. Both compounds  were cytotoxic to all 
three cell lines, and the extent of  cell kill produced was de- 
pendent  on both drug concentration and the duration of  
exposure (Figs. 2 and 3). Increasing the duration of  drug 
exposure resulted in increased cytotoxicity for all time 
points studied. ID70 values were consistently lower for 
TEPA than for ThioTEPA (Table 2), reflecting the greater 
cytotoxic potency of  TEPA over ThioTEPA. However, 
there were no significant differences in both ID70 values or 
chemosensitivity profiles (Figs. 4 and 5) for each cell line 
exposed to either compound.  No inherent differences in 

12 

11 Chemosensitivity studies. The colony-forming ability of  tu- 
mour  cells surviving drug treatment was assessed using a 
slightly modified version of  the Hamburger  and Salmon 10 
[12] clonogenic assay. In this assay, no soft agar was used, g" 9 
as fibroblastic contamination was minimal. Single-cell sus- 
pensions derived from monolayer  cultures (Trypsin v 8 
0.25%), were exposed to a range of  experimentally achiev- 
able drug concentrations in "complete" RPMI  1640 and 2 7 

£Z  

incubated at 37°C at various time intervals. Following ~ 6 
drug exposure, the cells were washed twice in Hanks '  bal- ~ 5 
anced salt solution and between 2 - 5  x 104 viable cells (try- 7 ° 
pan blue exclusion) were plated into 25 cm 2 plastic culture 4 
flasks containing 10 ml complete RPMI  1640. After 5 - 7  
days'  incubation at 37 ° C, colonies of  > 50  cells were 3 
counted using an inverted microscope and plating efficien- 
cies calculated for each drug concentration. Cytotoxic ef- 2 
fects of  drug treatment were expressed in terms of  percen- 1 
tage survival, taking the control plating efficiencies to rep- 
resent 100% survival. Triplicate samples for each assay 0 
were done. 

In vitro sensitivity was defined as a 70% or greater re- 
duction in survival of  tumour  colony-forming units [21] 
following a 1-h exposure to drug and metabolite levels that 
represent the areas under the complete plasma clearance 

(38 ±035%)/A ( 56 __+.~/ 

I I I i l r [ i 
1 2 3 4 5 6 7 8 

No Cotomes (×10 ~) 

Fig. 1. Relationship between the number of tumour cells plated 
and the number of colonies produced by MAC 13 (A A), 
MAC 15A (0  0 )  and MAC 26 (11 II). Values in 
parentheses represent efficiency of colony formation _+ SD 
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Fig. 2. Dose-response curves for MAC 15A cells treated at various 
concentrations of TEPA for 1 h (O O), 3 h (11 II), 
6 h ( i  A) and 24 h (n  []). Values shown are the 
mean of 3 samples _ SD 

Table 2. ID70 values for three MAC cell lines exposed to Thio- 
TEPA or TEPA for I h 

ID70 values (p.g ml -]) 

MAC MAC MAC 
13 15A 26 

ThioTEPA 26 26 34 

TEPA 20 17 18 

the chemosensitivity of these cells to ThioTEPA or TEPA 
were observed. 

The reductions in colony formation following a 1-h ex- 
posure (Figs. 4 and 5) to corresponding c x t values for 
ThioTEPA (14.7 ~tg.h per milliliter) and TEPA (41.7 l.tg. h 
per milliliter) are presented in Table 1. For all three cell 
lines exposed to ThioTEPA, a maximum cell kill of 35% 
was produced, which under  the conditions previously stat- 
ed is too low to allow tumour  sensitivity to be predicted. 
Achievable plasma levels of TEPA, however, induced cell 
kills of greater than 95% in all three cell lines. All three tu- 
mour  lines should therefore respond to ThioTEPA admin-  
istration. When compared with in vivo responses (Table 
1), these results correlate well for MAC 26 but not  for 
MAC 13, which is only moderately responsive, or MAC 
15A, which is unresponsive. 

A reduction in cell survival was observed in two cell 
lines tested against ThioTEPA (5 gg/ml ,  1-h exposure) 
when the pH was decreased during drug exposure (Fig. 6). 
Cell survival fell from 90% to 35% and from 85% to 50% 
for MAC 26 and MAC 15A cell lines, respectively, when 
the pH was reduced from 8.0 to 6.0. 
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Fig. 3. Dose-response curves for MAC 15A cells treated with Thio- 
TEPA for 1 h (O O), 3 h (11 II), 6 h ( i  i )  
and 24 h ([] []). Values shown are the mean of 3 samples 
+ SD 
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Fig. 4. Dose-response curves for MAC 26 (It I ) ,  MAC 
15A (O O) and MAC 13 ( i  i ) ,  following a 1-h ex- 
posure to various concentrations of TEPA. Values shown are the 
mean of 3 samples ___ SD 

Discuss ion 

The selection of therapeutically relevant drug concentra- 
tions for use in vitro is an essential component  in the de- 
sign of any in vitro test aimed at predicting tumour  re- 
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Fig. 5. Dose-response curves for MAC 26 ( I  I ) ,  MAC 
15A (0  0 )  and MAC 13 (A A), following a 1-h 
exposure to ThioTEPA. Values shown are the mean of 3 samples 
+ SD 
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Fig. 6. The effect of pH on the cytotoxic properties of ThioTEPA 
(5ggml l, lhexposure) onMAC 15A(O S)  andMAC 
26 ( I  I ) .  Values shown are the mean of 3 samples _+ SD 

sponses in vivo. Plasma drug c x t values and peak plas- 
ma concentrations are considered to be the two most rele- 
vant parameters for use in vitro [1], and Bateman et al. 
have demonstrated that these two parameters, when used 
in vitro, correlated well with cytotoxicity in human xeno- 
grafts in mice [3, 4]. In this study plasma c x t values, in 
conjunction with chemosensitivity data, have shown that 
the metabolite may significantly contribute to anti-tumour 
effects, as plasma TEPA equivalents induce large cell kills 
( > 95%) in all tumour  lines in vitro. The correlation with in 
vivo responses is, however, only good for one tumour line 
(MAC 26). Some other factor(s), specific to the individual 
tumour  line, must therefore have a significant bearing on 
the final outcome of  chemotherapy in these tumours, parti- 
cularly in MAC 15A, which is resistant to ThioTEPA. 

The three-dimensional structure of  a solid tumour  in- 
troduces additional factors that may modify the effective- 
ness of  chemotherapy. Problems with drug penetration, 
proliferation gradients and differences in the microenvi- 
ronment  (i. e., pH, pO2 nutrients etc.) as a function of  dis- 
tance from a supporting blood vessel exist in a solid tu- 
mour. There are many examples in the literature where 
these factors significantly alter chemosensitivity profiles in 
vitro and hence the predictive value of  these tests. 

Differences in drug bioavailability between the tumour 
lines is unlikely to account  for the spectrum of in vivo ac- 
tivity, as previous studies in this laboratory have demon- 
strated a poor  correlation between tumour levels of  Thio- 
TEPA or TEPA and chemotherapeutic response [5]. Dif- 
ferences in microenvironmental  conditions at the time of  
chemotherapy, however, could affect chemosensitivity in 
vivo as preliminary studies have shown that the cytotoxic 
potency of  ThioTEPA is enhanced under acidic condi- 
tions. These results are consistent with those reported by 

Groos et al. [11] and highlight one physiological variable 
which could have a significant effect on tumour response 
to these compounds.  

Tumour  pH can be measured directly by the use of  
microelectrodes, and several authors have demonstrated 
that the pH of  malignant tumours is considerably lower 
than the pH of normal tissues in both humans [2] (pH 6.8 
to 7.45, respectively) and mice [15] (pH 6.9 to 7.65, respec- 
tively). Considerable heterogenity in pH was also found 
between areas within the tumour mass. Furthermore, these 
authors have described a further reduction in tumour pH 
following the i.v. administration of  dextrose, and have 
suggested that a possible therapeutic advantage may be 
achieved for drugs that are cytotoxically more potent un- 
der acidic conditions. As the three tumour lines in this 
study are histologically distinct with different degrees of  
vascularisation at the time of  chemotherapy (unpublished 
results), differences in tumour pH may exist, resulting in 
altered drug potency and chemosensitivity. Further stu- 
dies on the effects of  pH on the cytotoxic potency of  
TEPA, the measurement of  tumour pH in vivo and the 
response of  multi-cellular spheroids (known to contain a 
central core of  low pH) to ThioTEPA are currently being 
evaluated. 

In conclusion, this study has shown that differences in 
the inherent chemosensitivity of  cells derived from three 
histologically different MAC tumour  lines, as assessed by 
a clonogenic assay, could not account for the broad range 
of  in vivo responses to ThioTEPA, even when pharmaco- 
kinetic exposure parameters are taken into consideration. 
Other factors, i. e. pH, may significantly affect chemosensi- 
tivity and would need to be considered in the design of  an 
in vitro test for the assay to be predictive of  tumour re- 
sponse. 
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