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human melanoma, but there was no correlation between
relative activities (17).

Cell culture has proved to be a useful adjunct to animal
and clinical studies and offers further the potential of deter
mining for each patient an individual treatment regimen
based on a comparison of the tumor and normal cells.
Although host factors such as drug metabolism and im
mune response will modify the effect of chemotherapy, in
vitro results have thus far correlated with in vivo survival in
several animal models (7, 23). Human melanoma cell lines
have already been used to study heterogeneity of response
to cytosine anabinoside (1).

We have compared the effects of heat and melphalan on
melanoma and normal cells (fibroblasts) in culture, as a 1st
step in assessing the predictive value of this system in the
design of melanoma chemotherapy. In 1 experiment it was
possible to strengthen this comparison by using normal and
tumor cells from the same patient.

MATERIALS AND METHODS

The fibroblast strains DJM and JHP were established from
skin biopsies of adult males. The fibroblast strain F253 was
obtained during culture of the melanoma tumor from which
the melanoma line MM253 was established. The HFL3strain
was obtained from the Commonwealth Serum Laboratories,
Melbourne, Australia. The establishment and general prop
erties of the human melanoma lines MM96, MM127, and
MM170 have been described (29). The line MM200 was
established from a primary tumor and all others from sec
ondary deposits. The tumor lines were free of fibroblasts,
and 100% of the cell populations showed the formaldehyde
induced fluorescence (9) typical of melanoma cells. All lines
except MM127 and MM253 produced melanin, as judged by
the Masson-Fontana silver stain. Further information ob
tamed from current passages is given in Table 1.

All lines were found to be free of Mycoplasma by cultiva
tion on agan medium (15) and by the unidine/unacil ratio
method (24). Cells were incubated in a humidified 5% CO2
atmosphere at the stated temperatures (Â±0.3Â°)in Roswell
Park Memorial Institute Medium 1640 (Commonwealth Se
rum Laboratories, Melbourne) containing 16% inactivated
fetal calf serum; penicillin, 100 IU pen ml; streptomycin, 100
@Lgper ml; and 14 mM N-2-hydroxyethylpiperazine-N'-2-eth

enesulfonic acid.
For visual determinations of colony formation, sufficient

cells (500 to 5 x 10@)were seeded in plastic dishes (60-mm

3 The abbreviation used is: HFL, human fetal lung.
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SUMMARY

The survival of four human fibroblast strains and seven
malignant melanoma cell lines was determined by the col
ony formation method following 4-hr treatment with various
concentrations of melphalan, with or without simultaneous
exposure to hyperthermia (42Â°).The two amelanotic mela
noma lines (MM127 and MM253) were 10 times more sensi
tive to melphalan at 36Â°than were the four fibroblast strains,
the five pigmented melanoma lines being of intermediate
sensitivity. Sensitivity to melphalan was usually accompa
nied by sensitivity to heat, while combined treatment was
not only synergistic in most lines but increased the differen
tial between fibroblasts and melanoma cells. Survival stud
ies carried out at 36Â°,4@O4@Oand 44Â°,using human fetal
lung fibroblasts and MM253 cells, showed that 42Â°gave the
greatest differential effect and allowed reasonable survival
of the normal cells. Time-survival comparison of the same
two lines demonstrated that there was no advantage in
prolonging hyperthermia unless melphalan was used. A
more convenient method for determination of survival was
developed based on thymidine uptake of colonies grown in
Linbro wells.

INTRODUCTION

The outcome of chemotherapy of malignant melanoma
has been less successful than that of leukemia and certain
other solid tumors (17). Some response has been obtained
by using systemic agents such as 1,3-bis(2-chloroethyl)-1 -
nitrosourea, imidazole carboxamide, and cycbophospha
mide (3, 4, 10) and by using regional treatment with mel
phalan, commonly in conjunction with surgery (18, 25).
Hyperthermia, applied alone or with meiphalan perfusion
(2, 17, 19, 27), has induced remissions in a significant
proportion of the cases treated. In 1 recent study (27), the 5-
year survival rate of 30 patients with metastatic melanoma
of the extremities (Stage lIlA) was 3-fold higher than that
previously obtained by using melphalan alone. To allow
more rapid screening of the large number of possible treat
ment combinations, mouse melanomas are being used as
models (3, 13). However, the predictive value of these sys
tems concerning humans has not yet been verified; 11
chemicals were found to be active against both B16 and
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Effect of Heat and Melphalan on Melanoma Cells

Table 1
Cell survival following separate and combined treatment with melphalan and hyperthermia for 4 hr

a r, correlation coefficient for linear regression analysis of the dose-response curve.

Ia Value interpolated from the regression line.

eD0,doseincrementrequiredto reducecellsurvivalbya factorof 0.37.Calculatedfromthe regressionline.
d Ratio of the slopes of the regression lines obtained at 36Â° and 42â€•.

V. Mean Â± S.D.

I NT, not tested.

al Not significantly different from 1.0.

diameter) to yield 50 to 500 colonies per dish. The number
of cells required for each experiment was determined in
preliminary studies. On the following day, treatment with
heat and melphalan (Burroughs Wellcome, London, Eng
land) was carried out using quadnuplicate cultures. With the
fasten growing lines, a mixture of 1- and 2-cell colonies was
present at the time of treatment. To obtain the single-cell
response, the surviving fraction was corrected (26) for the
average number of cells per colony, determined immedi
ately before treatment. The medium was replaced in all
dishes at the end of the treatment period and at 3- to 4-day
intervals until colonies (of 50 cells or more) were counted 7
to 21 days after treatment. The reproducibility of the results
was confirmed in at least 2 experiments using every cell line
except F253. The poor growth of the F253 strain made it
necessary to count colonies of 5 cells on more.

For thymidine uptake studies, tniplicates were seeded in
Linbnoplates(16-mm-diameterwells,10@ cells/well)and
treated as above. After 8 days, cells were incubated for 4 hr
in medium containing [methyl-3H]thymidine, 5 @tCi/mI(18.4
Ci/mmole), from the Radiochemical Centre, Amensham,
England, trypsinized, and washed exhaustively on glass
fiber discs prior to liquid scintillation counting.

RESULTS

Definition of Additive and Synergistic Effects. A com
bined treatment was considered to have an additive lethal
effect on cells if the surviving fraction was equal to the
product of the surviving fractions obtained by using each
treatment separately. The effect was considered to be syn

engistic if survival was less than the product of the surviving
fractions from separate treatments.

Temperature-Survival Curves. The effect on cell survival
of 4 hr incubation at 36â€”44Â°was determined by using 2 cell
lines (Chart 1) with similar doubling times but widely differ
ent sensitivity to melphalan (determined by preliminary ex
peniments). The melphalan-nesistant line (HFL) was also
found to be resistant to heat up to 42Â°,above which a 100-
fold drop in survival occurred. Conversely, the melphalan
sensitive line (MM253) showed consecutive 10-fold losses at
40Â°and 42Â°followed by a 100-fold reduction at 44g. In both
lines, simultaneous treatment with melphalan and heat up
to 42Â°had a slightly synergistic effect which became more
marked at 44O@For expression of the differential effect of the
various treatments on the 2 cell lines, the ratio of HFL
survival to MM253 survival was plotted against temperature
(Chart 2A). The maximum difference in survival occurred in
the presence of melphalan and at 42Â°.This temperature was
also the upper limit for reasonable survival of HFL cells and
was therefore considered to be close to the optimum for
hyperthenmic treatments.

Time-SurvivalCurves.The heat resistanceof HFL com
pared with MM253 cells was again apparent in a time study
(Chart 3); the latter cell line suffered the greatest drop in
survival during the 1st hr of separate treatments. Combined
treatment was synergistic in both lines after 4 hr and gave
an increasingly differential effect with time (Chart 2B).
Time-survival curves for DJM resembled those for HFL cells;
while the MM96, MM200, and MM229 lines gave results
qualitatively similar to those of MM253 except that no rapid
drop in survival occurred after 1 hr treatment with mel
phalan at 36Â°.
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similar resistance to melphalan, MM214 and MM229, the
latter had a nearly 10-fold greater loss at 42Â°.No correlation
could be found in Tabl@1 between the degree of cytotoxic
ity and chromosome number or cell-doubling time. The
latter, however, does not necessarily indicate the prolifera
tivestateofthecellpopulation,which isa majorfactorin
determining response to alkylating agents (28).

Combined treatment was considered to have an additive
effect when the dose-response curves at 36Â°and 42Â°were
parallel (ratio of slopes = 1), whereas diverging lines (ratio
> 1) indicated a synergistic effect. Seven of 1 1 lines studied

exhibited synergistic responses of statistical significance
(Table 1), the degree of synergism being indicated by
the ratio of the slopes. The differential between fibroblasts
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Chart 3. Effect of incubation time on survival of HFL (A) and MM253 (B).
0, incubation at 36Â°plus melphalan (1 pg/mI); x, incubation at 42Â°;â€¢,
incubation at 42Â°pIus melphalan (1 @.cg/ml).

( g/mI)

Chart 4. Effect of melphalan concentration (4 hr treatments) on cell sur
vival. 0, HFL at 36Â°;â€¢,HFL at 42Â°;0, MM96 at 36Â°; @,MM96 at 42Â°;L@,
MM253 at 36Â°,A MM253 at 42Â°.
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Chart 1. Effect on cell survival of 4 hr incubation at various temperatures,
expressed as a percentage of survival at 36Â°.0, HFL; â€¢,HFL plus melphalan
(0.5 pg/mI); L@,MM253, Â£,MM253 plus melphalan (0.5 pg/mI). Bar, SE. (not
shown when less than twice the symbol size).

Chart 2. Differential effect of treatments of HFL fibroblasts compared with
melanoma cells, expressed as the ratio of percentages of survivals. A, effect
of temperature (HFL/MM253); x , no melphalan; t@,plus melphalan (0.5 @&g/
ml). B. effect of incubation time (HFL/MM253). 0, 36Â°pIus melphalan; x,
42Â°;â€¢,42Â°pIus melphalan (1 j@g/ml).C, effect of melphalan concentration
(HFL/MM96). 0, 36Â°;I. 42Â°.

Dose-Survival Curves. The effect of melphalan concen
tration was determined at 36Â°and 42Â°,using 4 fibroblast
strains and 7 melanoma lines. The data shown in Chart 4 for
HFL, MM253, and a melphalan-resistant melanoma line,
MM96, were typical of the range of survivals encountered.
Except for the F253 fibroblasts, linear regression lines were
fitted satisfactorily (correlation coefficient < â€”0.89)to plots
of log percentage of survival against dose; results for all
lines are summarized in Table 1. The F253 fibroblasts
formed poorly defined colonies in the 1 experiment com
pleted and could not be passaged for further studies. For
comparison of the separate treatments, survival at 1-@g/ml
doses of melphalan is given in addition to the D0 values. At
36Â°,the 4 fibroblast strains (D03 and 6.4 pg/mI) and the 2
amelanotic melanoma lines (MM127 and MM253, D00.3 and
0.35 p.g/ml) formed 2 groups with high and low resistance
to melphalan, respectively. The resistance of the other 5
melanoma lines ranged between these extremes. Resist
ance on sensitivity to melphalan was usually accompanied
by a similar response to heat. However, of 2 lines with

TEMPERATURE HOURS MELPHALAN( iaojrnt)
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and MM127 and MM253 cells was increased approximately
10-fold by combined treatment, but lessen effects were ob
served when the other melanoma lines were used. A plot of
the differential between HFL and MM96 against melphalan
concentration, shown in Chart 2C, demonstrates the in
creased effect of combined treatment.

DNA Synthesis in Colonies. In preliminary studies of
alternative methods for the determination of cell survival,
cells were scored by phase contrast and trypan blue exclu
sion 24 hr after treatment, but both approaches greatly
overestimated survival compared with the colony formation
method. The inadequacy of dye exclusion in predicting
long-term cell survival has been reported previously (8, 20).
A modification of the colony formation method, using cells
seeded in Linbro plates, was found to be more successful.
Pulse-labeling of the cultures with thymidine was used to
determine survival and was more rapid than visual counting
of colonies. Correlation of results from the 2 methods using
6 cell lines is shown in Chart 5. Although the data satisfacto
nily fitted a regression line (r = 0.95), the slope of this line
(0.79) suggests that the thymidine uptake underestimated
survival slightly compared with the visual counting method.

DISCUSSION

An ideal in vitro system for chemotherapeutic studies
should be able to quantify the cytotoxic effects of a large
number of treatment combinations, determine the diffenen
tial effect between normal and tumor cells, and give results
consistent with clinical trials in humans. The approach used
in this work has thus far appeared to meet these require
ments and has given additional information suggesting fur
then avenues of investigation. In agreement with previous
clinical (21) and experimental (6, 20) studies, we found that
42Â°was near the optimal temperature for hyperthenmia. The
selective lethal effect of hyperthermia has been demon
strated by comparison of 2 human melanoma cell lines with
embryonic melanocytes (27) and by comparison of a num
ben of mouse sarcoma cell lines with normal strains (11). We
observed a marked differential in only 2 of 7 human mela
noma lines when compared with adult and fetal fibroblasts,
suggesting that at least some tumors may be heat resistant.
As in the earlier studies (11, 27), there appeared to be no
correlation of sensitivity with cell pboidy, growth rate, or
passage level. The time study comparing MM253 with HFL
cells showed that there was no advantage in prolonging
hyperthenmia unless melphalan was also used. Although
the rapid killing of MM253 cells during the 1st hr of mel
phalan treatment at 36Â°could be accounted for by the short
half-life of the drug, hyperthenmia alone had a similar effect.
This suggests that approximately 10% of the MM253 cell
population is somewhat resistant to hyperthermia, if not to
melphalan as well.

The melphalan dose-response experiments carried out
using a fixed time and hyperthermic temperature provided
for the 1st time a direct comparison of normal human cell
strains with a significant number of tumor lines and in
cluded a pair derived from the same patient. It should be
possible to carry out more autochthonous comparisons and
include other normal cell types such as Ieukocytes. Al

SURVIVALâ€”COLONY COUNTING

Chart 5. Correlation of survivals determined by 2 different methods. 0,00
at 36Â°;â€¢,Do at 42Â°;x , percentage of survival at 42Â°without melphalan (x
10').

though synergism is considered to be a desirable effect in
combination chemotherapy and was observed with most of
the cell lines studied here, it would be expected to have less
predictive value than the differential between normal and
tumor cells. Consideration of the latter effect shows that
survival of the melanoma lines following combined treat
ment varied from 1 to 50 times less than the fibroblast
values. This finding is consistent with, but not necessarily
validated by, the clinical responses obtained by using these
treatments (17-19, 25, 27) and the variable biochemical
properties of melanomas as judged by enzyme levels, resist
ance to cytosine arabinoside (14, 22), and heat sensitivity of
DNA excision repair (12). Thus, although the in vitro model
appears to be a suitable system for evaluation of melanoma
chemotherapy, further confirmation by way of parallel clini
cal and in vitro studies of the same individuals would be
desirable. The latter approach has already been applied to a
small number of tumor cases, using the dye exclusion
method to determine cell survival in primary cultures of the
tumor biopsy (16).

The identification of melphalan-sensitive and melphalan
resistant melanoma lines will now permit comparative stud
ies concerned with the mechanism of toxicity and its nela
tionship, if any, with pigmentation. Additionally, we have
found that thymidine uptake by cells appeared to be repre
sentative of long-term cell survival and may offer a conven
ient, semimicro method suitable fonevaluating chemothema
peutic hypotheses at the cell level.
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