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Abstract-TCNLI is highb active against a panel of three histologically distinct transplantable 
murine adenocarcinomas of the colon (MAC turnours). Signtjicant reductions in colony formation 
(>70%) were observed in vitro in all three cell lines following a 1 h exposure to TGVL~ at 
experimentally achievable drug C X t values. A good correlation exists betmeen in vivo tumour 
responses and in vitro cell responses in all cases. Dose-response curves generated at increasing 
exposure times suggest that no active or long lived products of TCNL’ are formed as a result of 
the drug’s spontaneous breakdown in vitro (rate of breakdown was 0.078 pg min-’ at 37°C). 
Preliminary studies with the HT.29 h uman colon cell line have demonstrated that multi-cellular 
spheroids are more responsive to TCNC: (2 X) than the same cells cultured as monolqen. 

INTRODUCTION 
l-(2-CHLOROETHYL)3-[2-(dimethylaminosul- 
phonyl)ethyl]-1-nitrosourea (TCNU) is a novel 
anti-cancer agent. In Phase I clinical trials, objec- 
tive responses were noted in squamous cell aden- 
ocarcinoma and large cell carcinoma of the lung as 
well as mesothelioma and breast cancer. TCNU 
was well tolerated with thrombocytopenia being the 
dose limiting toxicity [l]. Phase II evaluation in 
non-small cell lung cancer, melanoma, breast cancer 
and colorectal carcinoma are now in progress. 

Studies in this laboratory have shown that TCNU 
is highly active against a panel of transplantable 
murine adenocarcinomas of the colon (MAC 
turnours). This model has been extensively charac- 
terized and is similar in terms of cell kinetics, 
histology and chemosensitivity to tumours of the 
human colon [2]. The panel of tumours studied 
included two solid tumours grown intraperitoneally 
(MAC 26 and MAC 13) and one ascitic tumour 
grown intraperitoneally (MAC 15A) and system- 
ically (MAC 15A i.v.-induced by the intravenous 
inoculation of MAC 15A cells via the tail vein). In 
uiuo responses to TCNU at the maximum tolerated 
dose of 30 mg kg-’ administered intrapcritoneally 
are described in detail elsewhere [3] and arc summa- 
rized in Table 1. Briefly, all three MAC tumours 
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are sensitive to TCNU with MAC 15A i.v. tumours 
being more responsive (9/10 cures) than the same 
cells grown intraperitoneally. This spectrum of 
activity represents an improvement over standard 
nitrosoureas, particularly in the case of MAC 26 
which is generally unresponsive to nitrosoureas. 

Predictive chemosensitivity testing on human 
tumours has demonstrated that the tumour colony 
forming assay described by Hamburger and Salmon 
[4] predicts for tumour resistance with a greater 
degree of accuracy (97%) than tumour sensitivity 
(64%) [5]. In the clinic, however, pharmacokinetic 
variations in drug exposure parameters between 
individual patients with different physical and 
physiological characteristics are known to be 
extreme [6] and may account for the inconsistent 
response of tumours designated as sensitive in vitro. 
A more accurate test of a clonogenic assay’s ability 
to predict tumour responses may be obtained in an 
experimental model where both pharmacokinetic 
variations in drug exposures are reduced and where 
a more objective assessment of tumour responses 
in previously untreated tumours is possible. The 
extraction, detection and quantification of TCNU 
in biological fluids together with in vivo plasma and 
peritoneal clearance curves for TCNU following the 
administration of therapeutic doses of TCNU to 
non-tumour bearing mice has been described else- 
where [7]. No metabolites of TCNU were detected 
and the areas under the plasma and peritoneal 
curves (drug C x 1 values) were 6.6 and 17.2 pg 
h ml-’ respectively. As TCNU is reported to be 
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Table 1. In vitro and in vivo r@onses of MAC tumours to TCNU 

Cell 
line 

Turnour 
description 

Percentage reduction 
in colony formation 

in uitro at 
achievable drug 

C X t values 

Percentage 
tumour 

inhibition 

MAC 13 Solid, poorly 
differentiated, anaplastic 
adenocarcinoma grown 
subcutaneously 

99% 94% 

MAC 26 Solid, well 
differentiated, cystic 
adenocarcinoma grown 
subcutaneously 

72% 67% 

MAC 15A i.v. Small, spheroid-like 
nodules deposited in the 
lungs following the i.v. 
inoculation of MAC 15A cells 

96% 100% 
(9/10 cures) 

MAC l5A Ascitic tumour grown 
intraperitoneally 

99% 99% 

unstable in aqueous solutions [8], the pharmacoki- 
netics of TCNU in vitro are described. 

The aim of this study was to assess whether 
or not a clonogenic assay, in conjunction with 
pharmacokinetic studies, could retrospectively pre- 
dict the response of MAC tumours to TCNU. 

Finally, a preliminary investigation into the rela- 
tive cytotoxic effects of TCNU on HT-29 cells (an 
established human cell line derived from a primary 
adenocarcinoma ofthe colon [9]) grown as monolay- 
ers or spheroids is described with the aim of explain- 
ing the site dependent responses of MAC 15A 
tumours. HT-29 cells were employed as they readily 
formed spheroids unlike the MAC cell lines. 

MATERIALS AND METHODS 

Cell culture 
Cell lines were derived by mechanical disaggre- 

gation of the solid tumours and were routinely 
maintained as monolayer cultures in RPM1 1640 
tissue culture medium supplemented with foetal calf 
serum (IO%), sodium pyruvate (1 mM), penicillin/ 
streptomycin (50 IU ml-‘/50 kg ml-‘) and buff- 
ered with hepes (25 mM). HT-29 cells were main- 
tained as monolayers in RPM1 1640 as above. 

Spheroid formation of HT-29 cells was initiated 
by seeding approx. 10” cells into 75 cm2 tissue 
culture flasks that had previously been base coated 
with 1% agar. 

Chemosensitivity studies 
TCNU was a gift from Leo Laboratories, Helsing- 

borg, Sweden. 
The colony forming ability of tumour cells surviv- 

ing drug treatment was assessed using a slightly 
modified version of the Hamburger and Salmon 

clonogenic assay [4]. In this assay, no soft agar was 
used as fibroblastic contamination was minimal. 
Single cell suspensions, derived from monolayer 
cultures (Trypsin 0.25%) were exposed to a range 
of experimentally achievable drug concentrations 
(1.25-10 pg ml-‘) in complete RPM1 1640 and 
incubated at 37°C for various time intervals (1 
and 3 h). Following drug exposure, the cells were 
washed twice in Hank’s balanced salt solution and 
between 2-5 X lo4 viable cells (Trypan blue 
exclusion) were plated into 25 cm* plastic flasks 
containing 10 ml of complete RPM1 1640. After 
5-7 days incubation at 37°C colonies of 350 cells 
were counted using an inverted microscope and 
plating efficiencies calculated for each drug 
exposure. Cytotoxic effects of drug treatment were 
expressed in terms of percentage survival taking 
control plating efficiencies to represent 100% sur- 
vival. Triplicate samples for each assay were perfor- 
med. 

In vitro chemosensitivity studies were restricted to 
cultures of <lo passages in age (except HT-29 
cells) and cells in the exponential phase of growth 
were used throughout. 

In vitro sensitivity was defined as a 70% or greater 
reduction in colony formation following a 1 h 
exposure to in vivo drug C X t equivalents. 

Spheroids: Multicellular spheroids of approx. 
250 p.m in diameter were exposed to various concen- 
trations of TCNU. Initial concentration ranged 
from 10 to 1.25 p,g ml-‘. Following drug exposure, 
spheroids were washed in Hank’s balanced salt 
solution before being dissociated into a single cell 
suspension by Trypsin (2.5%). The resulting cell 
suspensions were washed in Hank’s balanced salt 
solution and assessed for clonogenic properties as 
described above. 



In Vitro, In Vivo Correlation of TCNU 1367 

Comparative studies between the effects of 
TCNU on spheroids and monolayers were run 
simultaneously using the same stock solution of 
TCNU. 

In vitro pharmacokinetics 
The stability of TCNU in complete RPM1 1640 

tissue culture medium at 37°C in the dark was 
determined by the analytical methods described 
previously [7]. Areas under the TCNU stability 
curve were calculated by the trapezoid rule. 

RESULTS 
TCNU breaks down at a rate of 0.078 pg min-’ 

in ‘complete’ RPM1 1640 at 37°C in the dark 
(Fig. 1). No TCNU could be detected after 3 h and 
no breakdown products were detected. The unstable 
nature of TCNU is reflected in a series of 
dose-response curves generated at various exposure 
times (Fig. 2). Increasing the duration of exposure 
beyond 3 h resulted in no further increase in cyto- 
toxicity. The correction of in vitro drug concen- 
trations for the breakdown of TCNU shifts the 
dose-response curve to the left (Fig. 3). In the case 
of MAC 26 (Fig. 3) the differences in the reduction 
in colony formation at in vivo drug C x t equivalents 
as a result of this shift (34% cell kill compared to 
72% cell kill for incorrected and corrected in vitro 
exposures, respectively) has a significant influence 
on the predictive value of this assay. 

There were marked differences in the inherent 
sensitivity of MAC cell lines following a 1 h 
exposure to TCNU with MAC 26 cells being more 
resistant than MAC 13 cells (Fig. 4). Reductions in 
colony formation in vitro following a 1 h exposure to 
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Fig. 1. TCNU stability in complete RPMI 1640 at 37°C (dark). 

TCNU (pg rnc’) 

Fig. 2. In vitro chemosensitiuity of MAC 15A cells exposed to TCNU 
@r 1 h (o-o), 3 h (A-A), 6 h (m-m) and24 h (0-o). 

TCNU (pg mC’) 

Fig. 3. MAC 26 dose-response curve corrected (o-0) and uncorrected 
(m-m) for TCNU breakdown in vitro. (Values inparentheses represent 
the percentage survival of colony forming units following o 1 h exposure 

to experimentally achievable plasma drug C X t dues.) 

TCNU at experimentally achievable drug C X 1 

values were, nevertheless, greater than 70% in all 
the cell lines tested (Table l), which under the 
criteria stated above is sufficient to allow sensitivity 
to be predicted. As all the MAC tumour lines are 
sensitive to TCNU in viuo (sensitivity in uivo was 
defined as a 70% or greater tumour inhibition) a 
good correlation exists between the in viuo and in 
vitro responses of MAC tumours to TCNU. 

HT-29 spheroids were more responsive to TCNU 
than the same cells cultured as monolayers (Fig. 5). 
MAC 15A (iv.) lung nodules resemble HT-29 
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TCNU Cpg ml? 

Fig. 4. In vitro chemosensitiuity of MAC cell lines following a 1 h 
exposure to TCNU. MAC26 (O-O), MAC 15A (m-m), MAC 13 

(A-A,. 

or 
TCNU (fig ml-‘) 

Fig. 5. 3 h exposure ofHT-29 cells [spheroids (m-m) and monolayers 
(.-.)I to TCNLJ. 

spheroids histologically (Plate 1). Both appear to 
have.peripheral proliferating cells with deeper lying 
viable but non-proliferating cells and necrotic 
centres. 

DISCUSSION 
The main conclusion of this study is that the 

clonogenic assay is capable of predicting the 
response of a panel of murine colon tumours to 
TCNU when in vitro and in vivo drug C X t par- 
ameters arc considered. Other studies using human 
tumour xenografts have also demonstrated that a 
good correlation exists between in vitro and in vivo 
responses to cytotoxic drugs when plasma drug 

C X t and peak drug concentrations are utilized 
[ lO-121. These results emphasize the importance 
of including drug exposure parameters in the analy- 
sis ofa ‘predictive’ chemosensitivity test and suggest 
that large variations in drug C X t values between 
individual patients may account for the poor predic- 
tion of tumour sensitivity witnessed in the clinic. 
Similar studies in this laboratory, however, have 
demonstrated poor in vitro/in uiuo correlations despite 
the inclusion of drug exposure parameters and 
have suggested that other factors have a significant 
influence on the final outcome of chemotherapy 

[131. 
One potential source of error in chemosensitivity 

testing is the failure to acknowledge the anti-tumour 
effects of metabolites of cytotoxic drugs. For a 
number of anti-cancer drugs, e.g. cyclophospham- 
ide, metabolites make a significant contribution to 
anti-tumour effects and their omission from chemo- 
sensitivity tests in vitro will introduce inaccuracies 
in the prediction of tumour responses. There is, 
however, no evidence for the presence of long lived 
active metabolites of TCNU in this or previous 
studies [7] although recent results have indicated 
the presence oftwo TCNU metabolites in vivo [Hartl- 
ey-Asp, personal communication]. In vitro studies 
have shown that the cytotoxic effects of TCNU do 
not increase when exposure times are extended 
beyond 3 h. This result first of all reflects the 
unstable nature of TCNU in vitro and secondly 
suggests that no active products of TCNU are 
formed as a result of the drug’s spontaneous break- 
down in vitro. 

The three-dimensional structure of solid tumours 
also introduces additional factors which have a 
significant bearing on the final outcome of chemo- 
therapy such as problems with drug penetration, 
proliferation gradients and differences in the micro- 
environment (i.e. pH, pop, nutrients etc.) as a 
function ofdistance from a supporting blood vessel. 
These properties can to some extent be imitated in 
vitro by the use of multicellular spheroids [ 141 and 
several studies have documented significant drug 
resistance in spheroids (lo-100 X more resistant 
[ 151) compared to monolayer cultures of the same 
cell type [15-171. As th cse factors arc not included 

in the design of a clonogenic assay, the influence of 
the three-dimensional structure of solid tumours on 
the cytotoxic potency of certain anti-cancer drugs 
will make the prediction of tumour responses uncer- 
tain. In this study HT-29 cells cultured as spheroids 
were more responsive to TCNU (approx. 2 X) than 
monolayer cultures of HT-29 cells. The cytotoxic 
potency of TCNU is therefore not adversely influ- 
enced by environmental conditions within the sphe- 
roid. These results arc consistent with those ofDeen 
et al. [ 181 where BCNU was found to be more potent 
(approx. 2 X) against 9L rat brain tumour cell 
spheroids than the same cells cultured as monolay- 
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Plate I. (a) Cross-section through an HT.29 multi-cellular 
spheroid; (b) Cross-Jection through .ZlilC 15. I i.z,. lung nodule. 
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ers. Although an explanation for these observations 

is not clear, the improved response ofspheroids may 
be the result of greater drug stability within the 
acidic interior of the spheroid thereby prolonging 
drug exposures in vitro. This result nevertheless 
suggests that the response of a tumour to TCNU 
closely reflects the inherent chemosensitivity of 
tumour cells as assessed by the clonogenic assay. 

These properties, in conjunction with the deter- 
mination of in vitro and in uivo drug C X 1 values, 
may explain the good correlation between the in 
vitro and in vivo responses ofMAC tumours to TCNU 
and suggest that the clonogenic assay may be of 
value in predicting responses to TCNU in the clinic. 

On a more cautious note, however, although the 
clonogenic assay correctly predicts the response 
of both MAC 15A tumours as sensitive, the site 
dependent response of MAC 15A tumours could 
not have been foreseen on the basis of differences in 
the inherent sensitivity of these cells to TCNU. 
Although the increased sensitivity of HT-29 sphe- 
roids to TCNU provides a possible explanation for 
the increased response of the histologically similar 
MAC 15A i.v. nodules, the results of a clonogenic 
assay on tissue taken from one site may not be a 
good indicator of the sensitivity of metastases at 
different sites throughout the body. 
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