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ABSTRACT

Paired mixtures of melphalan-sensitive and relatively insensitive tumor
cell subpopulation lines, originally derived from the same mammary
tumor, were injected s.c. into syngeneic mice. When tumors were palpa
ble, the mice were treated with melphalan at doses shown to be effective
against the melphalan-sensitive subpopulations. Sensitivity was assessed
by the loss of colony-forming ability of tumor cells harvested 1 to 14
days after treatment. When growing in tumors mixed with melphalan-
sensitive line 4TO7 cells, line 66 (less sensitive) appeared much more
sensitive than when it was grown alone. Line 66 tumors growing on the
opposite sides of mice bearing line 4TO7 tumors were not more sensitive
than when grown alone, indicating the lack of a systemic mechanism in
the transfer of sensitivity from 4TO7 to 66. Furthermore, line 66 was not
more sensitive when mixed with line 168TFAR (another melphalan-
sensitive subpopulation) than when alone. The "transfer of sensitivity"

from line 4TO7 to line 66 could be reproduced in collagen gel cultures
but not in monolayer. Interestingly, line 4TO7, unlike line 168TFAR, is
more sensitive to melphalan in collagen culture than in monolayer. This
difference in sensitivity does not appear to be influenced by differences
in cell density between the two culture systems. In collagen culture, the
increased sensitivity of line 66 in the presence of line 4TO7 did not
require cell contact and so appeared to act through diffusible factors(s).
Collectively, these data suggest that the transfer of sensitivity is not
dependent upon host factors or upon drug sensitivity per se but rather
upon some mechanism requiring tumor cell-tumor cell interaction between
specific subpopulation pairs. In additional studies, pH was ruled out as
a factor in the transfer of sensitivity.

INTRODUCTION

It is now widely accepted that multiple tumor cell subpopu
lations which differ in level of intrinsic resistance to chemo-
therapeutic drugs can exist in a single tumor (1-3). We are
investigating the effects of such heterogeneity and of interac
tions which can take place among tumor subpopulations on
tumor growth kinetics and response to treatment (4-10). We

have characterized several subpopulation lines derived from a
single mouse mammary tumor (11-16) and have developed
quantitative methods to determine the subpopulation compo
sition of mixed tumors (17-19). These methods, which depend
upon the use of selectable markers to detect clonogenic cells,
allow us to quantitate the individual growth and drug responses
of tumor subpopulations when they are growing as components
of heterogeneous tumors.

Our previous work has focused on early treatment with
methotrexate (within 2 days of cell injection) of tumors in vivo
(19). We now describe experiments utilizing a more clinically
realistic model in which the effects of melphalan on tumor
growth and subpopulation composition are tested on well-
established tumors that are palpable at the time of treatment.
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We also show that the effect of melphalan on mixtures of
subpopulations can be reproduced in vitro.

MATERIALS AND METHODS

Mice. Male BALB/c mice, 8 to 10 weeks old, were produced in our
animal colony, which was established by cesarean derivation of a litter
of mice from BALB/cfC3H parents obtained from the Cancer Research
Laboratory (Berkeley, CA).

Tumor Cell Lines. The three tumor subpopulation lines used in this
study, 66, 168TFAR, and 4TO7, were all derived from tumor subpop-
ulation lines isolated from a single, spontaneously arising mammary
tumor of a BALB/cfC3H mouse (11-13). Line 66 is one of the original
subpopulation lines. Line 168TFAR is a thioguanine- and diaminopu-
rine-resistant variant of another subpopulation line, line 168, and was
derived by selection in 60 uM 6-thioguanine from line 168FAR (a
diaminopurine-resistant variant of line 168) (8); line 4TO7 is a thiog
uanine- and ouabain-resistant variant of another subpopulation line,
line 410.4 (17, 18). Cell lines were tested and certified as Mycoplasma
free by Bionique Laboratories (Saranac Lake, NY). Doubling times in
monolayer culture are 12 h for line 66, 12 h for line 4TO7, and 16 h
for line 168TFAR. Plating efficiencies of approximately 80% are sim
ilar for all three cell lines.

Cell Culture. Cells were routinely cultured in monolayer in DME-
10,3 5% iron-supplemented calf serum (low-endotoxin serum; HyClone

Sterile Systems, Inc., Logan, UT), I mivi mixed nonessential amino
acids, and 2 HIML-glutamine. Medium used for low-pH experiments
(pH 6.6-6.7) consisted of DME-10 without bicarbonate, containing 20
mn A'-2-hydroethylpiperazine-A"-2-ethanesulfonic acid buffer. HC1 (0.1

N) was added dropwise to adjust the pH. Medium was preincubated at
37Â°Cin 10% CO2/air for at least l h before placing on cell cultures.

Medium used for high-pH (7.8-8.0) consisted of DME-10 with 18 mivi
NaHCO3 plus 10 mivi A/-2-hydroethylpiperazine-./V'-2-ethanesulfonic

acid buffer. NaOH (1 N) was added dropwise to adjust the pH. The
medium was preincubated for l h and used to treat cultures, which
were incubated at 37Â°Cin air. DME medium in powder form and other

culture supplements were from Grand Island Biological Co.
Tumors. Tumor cells were removed from monolayer culture flasks

with 0.25% trypsin in 0.05% EDTA, suspended in DME-10, passed 4
times through a 25-gauge needle to form a single-cell suspension,
counted with a hemocytometer, and diluted to 3 x IO6cells/ml. Cells
(3 x 105/mouse) were injected s.c. in a 0.1-ml volume into the right

flank. Tumors were measured from 2 to 5 times a week in two perpen
dicular dimensions with Vernier calipers. Tumor volume in mm3 was

calculated by the formula

a-b2

2

in which b is the smaller and a the larger of the two dimensions.
Tumor Volume Doubling Time. Tumor volume measurements for

each tumor obtained between the time of treatment (melphalan or
vehicle) and the time of sacrifice 7 to 15 days later were fitted to an
exponential growth curve, using regression analysis. The volume dou
bling time for each tumor was obtained from these curves.

'The abbreviations used are: DME-10, Dulbecco's modified Eagle's medium
with 10% serum; HAT medium, DME-10 containing 100 MMhypoxanthine, 0.4
(jMaminopterin, and 16 J/Mthymidine; CF, colony-forming; flâ€ž,the concentration
required to reduce colony formation to 37% of its previous value in the exponential
portion of the dose response curve; n, the extrapolation number, related to D0
and the quasi-threshold dose D, by the equation In n = />,/Â£>â€žâ€¢
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Melphalan Treatment. Melphalan (Sigma Chemical Co., St. Louis,
MO) was prepared immediately before use by dissolving in acid alcohol
(1 ml of 12 N HC1 in 120 ml 95% ethanol) to 40 mg/ml, diluting in
acid saline (0.05 N HC1 in 0.15 N NaCl) to 12 mg/ml, and then diluting
with 0.5% (w/v) carboxymethylcellulose (Sigma Chemical Co.) in phos
phate-buffered saline to a final concentration of 1.2 mg/ml. Mice were
weighed and received injections of 12 mg/kg melphalan i.p. (0.01 ml/
g body weight). Untreated control mice received 0.3 ml vehicle (acid
alcohol-acid saline-carboxymethylcellulose in phosphate-buffered sa
line mixture without melphalan). For treatment of cells in vitro, mel
phalan was dissolved in acid alcohol to 5 mg/ml. diluted in acid saline
to 1 mg/ml, diluted in DME-10 to 10-30 times the desired final
concentration, filter sterilized, and used immediately. Considerable care
was taken to closely control the pH of cultures during treatment.

Tumor Cell Suspensions. Several mice were sacrificed by cervical
dislocation at days 1, 2. 7, and 14 or 15 after melphalan or vehicle
injection. Tumor cells were dispersed as previously described (20).
Briefly, each tumor was removed, weighed, minced, and soaked in 10
ml collagenase plus hyaluronidase solution in DME-10 for 1 h on ice.
Each tumor was then dispersed with two sequential 30-s agitations and
one 1-min agitation in the Stomacher blender (Tekmar Co.. Cincinnati,
OH). After each agitation, the remaining tumor pieces were allowed to
settle briefly. The supernatant fluid containing single cells and small
clumps was then removed to be kept on ice and was replaced by 5 ml
fresh DME-10. After the final agitation, cells in the pooled supernatant
fluids were passed 4 times through a 25-gauge needle, a portion was
counted after dilution with trypan blue, and cells were diluted and
assayed for colony formation. The syringe treatment broke up the small
clumps of cells very well; suspensions consisted entirely of single cells,
except for the very rare cell doublet. Cells were kept in serum-containing
medium throughout the dilution and plating process, which worked
very well in keeping the cells from reclumping. The yield of tumor cells
for untreated tumors averaged 9 x IO5CF cells/g tumor and 3.7 x IO8
total cells/g tumor for line 4TO7, 4.4 x IO6CF cells/g tumor and 6.7
x 10* total cells/g tumor for line 66, and 1.3 x IO6CF cells/g tumor
and 4 x IO8 total cells/g tumor for line 168TFAR. The yields for the

first two cell lines are similar to those previously described (20). Yield
of CF cells/g for line 168TFAR was considerably less than that of its
parent line, line 168 (20).

Colony-forming Assay. Single-cell suspensions were plated at several
dilutions of live (Trypan blue-excluding) cells per well in 6-well tissue
culture plates (9.6-cm2 area/well) at 3 replicates/dilution (for tumors,
7500, 1500, and 300/well; for cells from collagen cultures, 10", IO3,
and 102/well) in selective medium. Selective media used were HAT
medium, thioguanine medium (DME-10 containing 60 n\i 6-thioguan-
ine), and diaminopurine medium (DME-10 containing 333 MM2,6-
diaminopurine). Line 4TO7 will form colonies in medium containing
60 MM6-thioguanine with the same CF efficiency as in nonselective
medium, but it will not form colonies in medium containing HAT.

Table 1 Sensitivity of three sister subpopulation lines to melphalan in vitro
Cells from monolayer culture were suspended at 3 x 10*cells/0.2-ml piece of

collagen gel, or 3 x 10' cells/60-mm dish. Individual gels or dishes were incubated

for 24 to 48 h. Melphalan at 0, 10. IS, and 20 pM final concentration was added,
and after 2 h each collagen piece was rinsed, and cells were released with
collagenase and replated in monolayer for colony formation. Monolayer cultures
were similarly treated, but cells were released with trypsin-EDTA. In each
experiment. 1 or 2 collagen or monolayer cultures were treated at each melphalan
concentration, and 3 to 6 dishes were plated from each treated culture. These
data were used to construct a dose-response cune for each experiment. The D0
and n were obtained from each fitted cune.

Cellline4T07

monolayer
Collagen66

monolayer
CollagenI68TFAR

monolayer
CollagenZ>,(/iM)

for colony
formation3.4

Â±0.9(19)"

2.2 Â±0.6(13)4.0

Â±1.0(12)
4.6 Â±2.0(6)2.8

Â±0.8 (7)
3.3 Â±0.7 (9)n4.9

Â±5.8(19)Â°

22 Â±35(13)5.0

+ 3.8(12)
4.3 Â±2.3(6)3.4

Â±3.7(7)
1.4 Â±0.7(9)

Â°Numbers in parentheses, no. of experiments.

Line 168TFAR will form colonies in 333 MM2,6-diaminopurine as well
as in nonselective medium, but it has also been selected for resistance
to 6-thioguanine and will not form colonies in HAT. Line 66, since it
is wild-type at these loci, will not form colonies in either diaminopurine
or thioguanine but will form colonies in HAT as well as in nonselective
medium. We have shown previously that data obtained through the use
of these markers in CF assays to quantitate cells in tumors agrees fairly
well with an independent method of quantitation (analysis of DNA
content by fluorescent-activated cell sorter; Ref. 17). Plates containing
cells were incubated at 37Â°Cin 10% CU2/air. After 7-8 days of growth

for cells from culture or 9-10 days of growth of cells from tumors,
colonies were fixed with 1:2 acetic acid:methanol. stained with crystal
violet, and counted under a dissecting microscope. Only colonies of
>32 cells were counted. Wells containing >100 colonies were not
counted because the colonies tended to merge. Most counted wells
contained between 7 and 70 colonies. Colony-forming efficiency and
the numbers of CF cells per collagen culture or per g wet weight of
tumor were determined.

Collagen Cultures. Cells from monolayer cultures suspended at 1.5
x IO7live cells/ml in DME-10 were mixed at a 1:9 ratio with ice-cold

complete collagen mixture, consisting of 12 parts rat tail collagen, 2
parts 4.5-fold concentrated DME, and 1 part 0.34 N NaOH (16). This
suspension was placed in individual wells of a 96-welI plate at 0.2 ml/
well and allowed to gel by warming in a 37Â°Cincubator. Gelled collagen

pieces containing cells were immediately removed from the plate, and
each piece was suspended in 5 ml DME 10 in a 50-ml tube and allowed
to incubate at 37Â°Cin 10% CO2/air for 48 h. In these dense collagen

cultures, cells do not increase in number after the first 24-48 h of
preincubation. The live cell number remains fairly stable for an addi
tional 24 to 48 h and then decreases. After the preincubation phase,
cells in collagen were treated with melphalan for 2 h by addition of 1
ml of 6-fold concentrated melphalan to the media. The collagen pieces
were then removed from the melphalan-containing media and rinsed
for 15 to 30 min in 10 ml fresh DME-10 with agitation in a 37Â°Cwater

bath. Some pieces were then placed in fresh DME-10 for further
incubation, while others were digested with 2 mg/ml collagenase type
3 (Worthington Biochemical Corp., Freehold, NJ) in DME-10 at 2 ml/
collagen piece for approximately 30 min. Cells were recovered by
centrifugation, resuspended in fresh DME-10, and then pipeted up and
down and passed 2-4 times through a syringe to form a single cell
suspension. Dispersed cells were assayed for colony formation.

RESULTS

Melphalan Response of Individual Subpopulations. To model
the response of a heterogeneous tumor to melphalan, we se
lected and mixed sister subpopulations with different intrinsic
responses to that drug. For these experiments we used mixtures
of line 66 and line 4TO7 and mixtures of line 66 and line
168TFAR. As detailed in "Materials and Methods," these cell

lines contain selectable markers which allow us to identify and
quantitate each line in mixtures. We have previously shown
that line 66 is relatively resistant to melphalan compared to its
sister subpopulations, lines 168 and 410.4, parental lines of
lines 168TFAR and 4TO7, respectively, as assayed both by
colony formation in monolayer cultures (10, 16) and by cell
bolus expansion in collagen cultures (16). As shown in Table 1,
lines 4TO7 and 168TFAR are also more sensitive to melphalan
than is line 66. For these assays, cells embedded at high density
in collagen or at moderate density in monolayer were treated
for 2 h with melphalan and then suspended and replated at low
density in monolayer to assess CF ability. Line 66 was very
similar in sensitivity to melphalan whether treated in monolayer
or collagen cultures, as was line 168TFAR. Line 4TO7 was not
significantly more sensitive to melphalan than was line 66 in
monolayer culture, although line 168TFAR was more sensitive
than was line 66 (for D0, P < 0.03 by t test and by Wilcoxon 2-
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Fig. 1. Response of line 4TO7 cells in s.c. tumors to melphalan treatment.
Mice received s.c. injections of 3 x 10' line 4TO7 cells. When tumors averaged
350 Â±180 mm3, they were treated with 12 mg/kg melphalan or vehicle, i.p., and
the tumors were removed at various times after treatment. Tumor cells were
suspended and assayed for colony-forming ability in medium containing 60 />\i
thioguanine as described in "Materials and Methods." The ability of each tumor
suspension to form colonies was expressed as the number of colony-forming cells/
g wet Â»eightof tumor. Pooled data from two experiments which yielded similar
results are shown for vehicle administered on day 0 (â€¢)and melphalan adminis
tered on day 0 (O) (7-10 tumors/group/time point). Data from day 1 and day 2
tumor harvests after vehicle treatment were pooled as well. In one of the two
experiments, melphalan was administered on day 0 and again on day 4 (A) (4
tumors/group/time point). Points, means; bars, SE.

sample test). However, line 4TO7 was more sensitive in colla
gen than in monolayer (for Â£>0,P < 0.001) and was more
sensitive in collagen than line 66 was in collagen (for D0, P <
0.04). There was a wide range in values for n in most groups,
so differences in the mean or median n between groups were
not significant, except that dose-response curves of 168TFAR
tested in collagen had significantly lower values for n than the
other cell lines in collagen (P < 0.04). As documented below,
both lines 168TFAR and 4TO7 are more sensitive than line 66
to melphalan treatment in vivo.

Melphalan Response of Cell Mixtures in Vivo. The responses
to melphalan of line 4TO7 cells growing alone and line 66 cells
growing alone in palpable tumors are shown in Figs. 1 and 2,
respectively. These data are pooled from two experiments with
similar results. In these experiments, mice bearing either tumor
received 1 or 2 injections of melphalan, tumors were removed
at various times afterward and suspended, and cells were as
sayed for CF ability in either thioguanine medium (line 4TO7)
or HAT medium (line 66). There was a significant loss of CF
ability in treated 4TO7 tumors after one injection (Fig. 1,
dashed line); at day 1, CF ability was reduced 63-fold (from 1.2
x 10" CF cells/g tumor to 1.9 x IO4 CF cells/g tumor). CF

ability recovered gradually thereafter and was not significantly
different from that of controls (solid line) on days 14/15. In
contrast, line 66 tumors showed no significant loss of CF ability
after a single melphalan treatment (Fig. 2). Also shown in Figs.
1 and 2 are the effects on CF of two 12 mg/kg boluses of
melphalan, administered on days 0 and 4, on lines 4TO7 or 66
(dotted lines). As shown in Fig. 1, line 4TO7 alone was reduced
123-fold, from 5.2 x IO5to 4.2 x 10' CF cells/g tumor, on day

7, the first day the line was assayed. Line 66 alone was signifi
cantly affected by this double dose of melphalan; CF cells/g
tumor on day 7 were reduced 9-fold, from 3.2 x IO6 to 3.7 x
105(Fig. 2).

Tumors which arose from injection of a mixture of line 66
and line 4TO7 cells were treated with melphalan in parallel
with the homogeneous tumors of Figs. 1 and 2. We injected a
5:1 ratio of line 66:line 4TO7 cells in order to obtain com
parable numbers of CF cells of each cell line at the time of
tumor harvest. By using selective medium in CF assays, we
were able to determine the number of CF cells of each cell line
in each tumor at harvest and the response of each of the two
lines in the mixture to melphalan. We previously have shown
that very few colonies (none detected in 70 tumors, and 1 to 2
colonies detected in 3 tumors, representing 0.007-0.014% CF
efficiency compared to 11% CF efficiency in thioguanine me
dium on average) are formed from line 4TO7 tumor cells plated
in HAT medium, and even fewer colonies (none detected in 29
tumor suspensions) are formed from line 66 tumor cells plated
in thioguanine medium (19). On the other hand, line 4TO7
forms colonies in thioguanine medium as well as in DME-10,
and line 66 forms colonies in HAT medium as well as in DME-
10. Thus we were able to identify all colonies growing in
thioguanine medium as line 4TO7 and all colonies growing in
HAT medium as line 66. Untreated tumors which arose from
the injection of a 5:1 mixture of line 66 eclissine 4TO7 cells (3
x IO5cells total) averaged 4.3 x 10s CF cells/g line 66 plus 1.6
x IO6 CF cells/g line 4TO7. In the tumors treated once with

melphalan, the line 4TO7 cells responded strongly (Fig. 3A),
just as they had in homogeneous tumors; on day 1, CF ability
was reduced 94-fold, to 1.7 x IO4CF cells/g tumor. However,

in contrast to the response in homogeneous tumors, line 66
cells in the mixtures also responded significantly to one treat
ment of melphalan (Fig. 3Ã„);on day 1 CF ability was reduced
8-fold, to 5.2 x IO4 CF cells/g tumor. With two doses of

I IO6
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IO9

!"â€¢
u
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Y
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2 4 6 8 IO 12
Days after First Treatment

14

Fig. 2. Response of line 66 cells in tumors to melphalan treatment. In parallel
with the mice of Fig. 1, other mice received injections of 3 x 10* line 66 cells,
treated with melphalan and assayed for colony-forming ability in HAT medium.
Symbols are as noted in Fig. 1. Four to 10 tumors/group were used at each time
point for the vehicle and single melphalan treatment groups; 2 tumors/group
were used at each time point for the group receiving two melphalan treatments.
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Fig. 3. Response to melphalan of 4TO7 and 66 cells in tumors containing
their mixtures. In parallel with the mice of Figs. 1 and 2. other mice received
injections of 3 x 10*cells of a 5:1 mixture of 66:4TO7. treated with melphalan.
and assayed for colony-forming ability in both thioguanine and HAT. Symbols
are as noted in Fig. 1. Eight to 15 tumors/group were used at each time point for
the vehicle and single melphalan treatment groups; 6 tumors/group were used at
each time point for the group receiving two melphalan treatments. A. colony-
forming ability of line 4TO7 cells from mixtures as determined by colony
formation in thioguanine: B, colony-forming ability of line 66 cells from mixtures
as determined by colony formation in HAT.

Table 2 Composition of tumors determined by measuring CF cells in HAT and
thioguanine media for tumors arising from line 66/4T07 mixtures

Tumors were those described in Fig. 3.

Ratio of CF cells in HAT:
CF cells in thioguanine

GroupUntreatedMelphalan-treated''TimeaftertreatmentDays
1 and 2Â°

Days 14 and15"Day

1
Days 14 and 15Â°Range0.03-20(13)*

0.04->2500f(10)0.05-760'

(12)
0.11-66(15)Median0.14

0.546.20.85

" Data obtained from these two days were pooled.
* Numbers in parentheses, no. of tumors.
c No line 4T07 colonies were detected in the assays of two tumors. If one

colony had been detected in either assay, the calculated ratio would have been
2500 for one and 1500 for the other.

rfA single treatment of 12 mg/kg administered on day 0.
' No line 4T07 colonies were detected in the assay of one tumor. If one colony

had been detected, the calculated ratio would have been 28.

melphalan. the response of line 4TO7 in the mixtures was
similar to its response when it was alone; it was reduced 80-
fold on day 7 (8.8 x IO5 to 1.1 x 10" CF cells/g). As with a

single dose of melphalan, with two treatments, line 66 in
mixture with line 4TO7 was affected more strongly than was
line 66 alone; CF cells/g tumor on day 7 were reduced 109-
fold, from 1.2 x IO6to 1.1 x 10" (Fig. 3).

To determine the composition of each tumor in control and
treated groups, we calculated the ratios of the CF cells of each
cell line in the tumors arising from mixtures. These data are
shown in Table 2. The ratio of CF cells in HAT to CF cells in
thioguanine medium varied widely between individual tumors.
However, on day 1 after treatment, a single melphalan treat
ment caused a significant shift in the median ratio from 0.14
to 6.2, indicating a gain in line 66 CF cells over line 4TO7 (P
< 0.01 by Wilcoxon two-sample test). This is not surprising, in
that line 66 in mixed tumors did not respond as well to
melphalan as did line 4TO7, although it responded better than
predicted by its response when alone. These two cell lines do
not form a stable mixture in untreated tumors, in that line
4TO7, which tends to dominate the tumor early, is gradually

overtaken by line 66 (19). This tendency is confirmed in the
data of Table 2, in that untreated tumors on days 14/15 had a
significantly higher (P < 0.05) ratio of CF cells in HAT to CF
cells in thioguanine than on day 1, indicating a higher propor
tion of line 66 cells. A similar ratio was also seen on days 14/
15 in the melphalan-treated tumors, at which time there no
longer was a significant difference in composition between
treated and untreated tumors.

The loss in CF ability exhibited by melphalan-treated tumors
was paralleled by the overall in vivo response as measured by
an increase in tumor volume doubling time. Most of the rela
tively small tumors used in the experiments of Figs. 1-3 grew
exponentially up to the time of treatment. Therefore, their
growth rates could be expressed by a tumor volume doubling
time. For tumors which were not harvested until days 7 to 14
after treatment, we continued to measure the tumor volume 3
to 5 times a week in order to quantitate the effect of treatment
on tumor growth. Most tumors in most groups continued to
grow exponentially during this period (although at a different
rate in many cases); we therefore calculated the tumor volume
doubling time for both melphalan-treated and vehicle-treated
tumors. These data are shown in Table 3. As shown, doubling
times of both line 4TO7 tumors and mixtures, but not line 66
tumors, were significantly longer in melphalan-treated tumors
than in controls during the 7 to 15 days following a single
course of treatment. The doubling time of vehicle-treated con
trol tumors during this time period was not significantly differ
ent from that measured before treatment (not shown). The
doubling times of tumors after two injections of melphalan are
also shown in Table 3. These times were calculated from tumor
measurements taken starting at the time of the second injection
and continuing for 7 to 10 days. Line 66 tumors and the
majority of mixed cell tumors continued to grow exponentially
after two treatments, but their growth was significantly slower
(Table 3). Line 4TO7 responded very strongly to two melphalan
treatments; the majority of tumors had zero growth or shrank
during the 7- to 10-day observation period after the second
treatment. For the purpose of statistical comparison, we as-

Table3 Doublingtimeoftumorsaftermelphalantreatment
Tumors were those described in Figs. 1-3.

Doublingtime"Cell

line4T0766MixtureTreatmentVehicleMelphalanfMelphalan'VehicleMelphalan'Melphalan'VehicleMelphalan'Melphalan'No.
of

tumors1517811144182512Median(days)5.58.3>956.38.2345.41127Range(days)3.0-124.9->95'i9.0->952.6-9.14.0-2023-943.5-134.1->954.7->95Statistical
analysis
</>)*<0.01<0.001NS'â€¢cO.002<0.05<0.001

Â°Measurements taken 2 to 5 times a week for 7 to 14 days after treatment

were converted to volume and fitted to an exponential growth curve to obtain a
doubling time for each tumor.

* The Wilcoxon two-sample test was used for each cell line or mixture to

compare each melphalan treatment group to vehicle controls.
c Melphalan ( 12 mg/kg) was administered i.p. on the first day of measurement

(dav 0).
The slowest-growing tumor in any group was calculated to have a doubling

time of 94 days. Therefore, tumors which had no growth or had shrunk after
treatment (negative growth) were assigned an arbitrary value of >95 days of
doubling time for statistical analysis.

' Melphalan ( 12 mg/kg) was administered i.p. on days 0 and 4. Measurements

were begun on day 4.
^NS. not significantly different.
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signed those tumors a tumor volume doubling time of >95 days
(Table 3).

In order to address the role of a systemic mechanism in the
melphalan response of line 66 cells growing in the presence of
4TO7 cells, we compared the response of line 66 and line 4TO7
tumor cells to melphalan in mice bearing those tumors alone
versus mice bearing one tumor of each cell line on opposite
flanks (Table 4). We also compared this response to a third test
of the effect of melphalan on these cell lines in tumors arising
from injection of 5:1 mixtures (Table 4). All tumors were
harvested and assayed on day 1 after a single melphalan injec
tion. CF ability of line 4TO7 cells when grown alone was
reduced 30-fold by melphalan treatment (from 1.4 x IO6to 4.6
x IO4 CF cells/g tumor). This is a somewhat lower response

than that seen in the pooled data of Fig 1. In mice bearing line
4TO7 and line 66 tumors on opposite flanks, both the untreated
and melphalan-treated line 4TO7 tumors contained similar
numbers of CF cells/g tumor when compared to their respective
counterparts in mice bearing line 4TO7 alone. In this experi
ment, in the tumors arising from mixtures, line 4TO7 cells
responded slightly better to melphalan (104-fold reduction)
than did line 4TO7 when alone. This changed ratio resulted
because untreated mixed tumors contained significantly more
line 4TO7 CF cells/g (3.2 x IO*1)than did tumors arising from
line 4TO7 alone (1.4 x IO6; P < 0.03): line 4TO7 tumors and

mixed tumors contained similar numbers of line 4TO7 CF cells

after melphalan treatment. In this experiment, the CF ability
of line 66 cells when grown alone was reduced 4.7-fold by
melphalan treatment (from 5.6 x IO6 to 1.2 x IO6 CF cells/g

tumor; P < 0.02). In this experiment, as well as in those
described previously, line 66 cells grown in a mixed tumor with
line 4TO7 responded more strongly to melphalan than when
alone; CF ability of line 66 cells in the mixed tumors was
reduced 12-fold by melphalan treatment. However, a line 4TO7
tumor on the opposite flank appeared to have no effect on line
66 tumor cells' response to melphalan; in these tumors, line 66

was reduced 3.8-fold by melphalan treatment, similar to the
4.7-fold response of line 66 alone (Table 4).

A similar experiment was carried out with another mel-
phalan-sensitive cell line, 168TFAR, mixed with line 66 cells.
In contrast to the results with line 4TO7, line 66 was not more
sensitive to melphalan in the presence of line 168TFAR than
when alone (Table 5). We treated mice bearing palpable tumors
of line 66 and line 168TFAR and tumors arising from two
different injected ratios of these cell lines, with 12 mg/kg
melphalan. Because line 168TFAR tends to be overgrown by
line 66 in mixtures, we chose to inject mixtures which contained
a high starting proportion of line 168TFAR; both 1:5 and 1:99
ratios of 66:168TFAR mixtures were used. Tumors were har
vested and cell suspensions were assayed for CF ability with
melphalan or vehicle in selective media (HAT medium and
diaminopurine medium) on days 1 and 7 after treatment.

Table 4 Response lo melphalan treatment of Line 66 and 4T07 cells in mice bearing one homogeneous tumor, one heterogeneous tumor, or one tumor of each cell line
on opposite flanks

Mice received s.c. injections on the right flank of 3 x 10' tumor cells from culture, of either line 66. line 4T07, or a 5:1 mixture of the two. Other mice received
s.c. injections on the right flank of 3 x 10* line 66 cells and on the left flank they received injections of 3 x 10s line 4T07 cells. When tumors averaged 0.8 g, mice

were injected i.p. with melphalan or vehicle, and 24 h later mice were sacrificed, and tumor cells were suspended and assayed for CF ability in selective medium.

Cellline4T07661:5

4T07:66mixture4T07

(66opposite)66

(4T07 opposite)TreatmentVehicle

Melphalan'Vehicle

MelphalanVehicle

MelphalanVehicle

MelphalanVehicle

MelphalanThioguanine

medium(1.4Â±0.6)x
10" (6)*

(4.6 Â±5.3) x104(7)(3.2

Â±1.7)x 10* (7)
(3.1 Â±3.8)x 10*(7)(1.4

Â±1.2) x 10' (7)
(3.0 Â±2.0) x IO4(7)No.

of colony-forming cells/gtumorSignificance

(/>)Â° HATmedium<0.005(5.6

Â±3.3) x 10' (7)
(1.2 Â±0.8) x 10'(8)(3.4

Â±2.1) x 10' (7)
<0.003 (2.8 Â±2.5) x104(5)<0.03(8.4

Â±6.1) x 10' (7)
(2.2 Â±2.3) x lO'f?)Significance

(P)Â°<0.02<0.01<0.04

" Comparison of melphalan-treated tumors versus control tumors of the same cell types by t test.
4 Mean Â±SE (number of tumors).
' 12 mg/kg Â¡.p.,24 h prior to tumor harvest.

Table 5 Response of lines 168TFAR and 66 and their mixture to melphalan in vivo
Cells from culture were suspended, mixed thoroughly, and injected s.c. at 3 x IO5 cells/0.1 ml volume. When tumors averaged 550 mm3, mice received i.p.

injections of melphalan or vehicle, and 24 h later mice were sacrificed, and tumor cells were suspended and assayed for colony-forming ability in selective medium.

Cell line

" Mean Â±SE (no. of tumors).
* 12 mg/kg.

No. of colony-forming cells/g tumor

Treatment Diaminopurine medium

4382

HAT medium

168TFAR661:99

66:168TFARmixture1:5

66:168TFAR mixtureVehicle

Melphalan*Vehicle

MelphalanVehicle

MelphalanVehicle

Melphalan(9.1

Â±4.0)x 10* (2)Â°
(<3Â± l)x 10'(4)(1.6

Â±0.8) x 10' (2)
(<3.4Â±0.7)x103(6)(9.4

Â±4.6) x IO4(2)
(<6.7 Â±1.3)x 10' (4)(3.0

Â±0.3) x 10' (3)
(2.9 Â±0.8) x10!(5)(2.4

Â±0.6) x 105(2)
(3.1 Â±2.8)x 10'(2)(3.8

Â±2.8) x 10* (2)
(7.1 Â±1.6) x 10' (4)
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INTRATUMOR TRANSFER OF MELPHALAN SENSITIVITY

As shown in Table 5, the number of 168TFAR cells/g tumor
dropped 300-fold in 168TFAR tumors at day 1 after treatment.
There was a similarly large drop in CF ability of 168TFAR
cells in tumors arising from the injection of 1:99 mixtures.
Clearly, 168TFAR cells are very sensitive to melphalan. In fact,
on day 1 after treatment, the CF ability in diaminopurine
medium of 3 of 4 168TFAR tumors and 2 of 6 1:99 mixed
tumors was below the limit of detection (CF efficiency of
<0.0045%, corresponding to <3 x 10' CF cells/g tumor on

average), so the reduction of CF ability after melphalan treat
ment was probably underestimated in both groups of tumors.
In tumors arising from 1:5 mixtures, melphalan treatment also
resulted in a large reduction in the number of 168TFAR cells/
g tumor on day 1 after treatment; in 2 of 4 tumors, the number
of CF cells/g tumor was below the detectable limit. However,
at this injected ratio, the number of 168TFAR cells in untreated
tumors was so small that the fold loss of CF ability after
treatment could not be compared to the loss in other groups.

In the experiment of Table 5, cells from homogeneous line
66 tumors responded to melphalan treatment more strongly
than in the experiments of Fig. 2 and Table 3; loss of CF ability
was about 10-fold on day 1 after treatment (Table 5). Neverthe
less, the loss of CF line 66 cells was less in both groups of
mixed tumors; the loss was 5-fold in 1:5 mixtures, and there
was no loss in 1:99 mixtures. Thus, even though 168TFAR is
very sensitive to melphalan, there was no transfer of sensitivity
from line 168TFAR to line 66.

Despite their strong response to melphalan measured on day
1 after treatment, line 168TFAR cells were not entirely killed;
in all treated groups, the number of CF 168TFAR cells/g tumor
increased at least 20-fold by day 7 after treatment, while there
was little change in untreated tumors (not shown). Likewise,
the number of line 66 CF cells/g tumor in treated tumors had
recovered to be not significantly different from controls by day
7 (not shown). Thus, the loss of CF ability in these tumors after
melphalan treatment, as in the tumors of Figs. 1-3, was
transient.

Melphalan Response of Cell Mixtures in Vitro. To assess the
potential role of host mechanisms in the "transfer of melphalan
sensitivity" to line 66, we treated mixtures of 4TO7 and 66

cells cultured in collagen gel. As shown in Table 6, we found a

small (5-fold) yet significant increase in sensitivity to 15 MM
melphalan of line 66 in mixtures, compared to that of line 66
alone, when all values from eight separate experiments were
averaged. The variability in this effect was high among experi
ments. For the individual experiments, the fold increases in
sensitivity were 1.0, 2.3, 3.1, 6.2, 1.0, 7.2, 1.2, and 11.9. Line
4TO7 was slightly less sensitive in mixtures than when alone.
No differences were found which could be correlated with the
amount of time collagen pieces were preincubated before mel
phalan treatment.

In four of the experiments we also examined the CF ability
of these cell lines and their mixtures 24 h after melphalan
treatment in collagen. In these experimental groups, cells were
embedded in collagen, incubated 48 h, and then treated for 2 h
with melphalan and rinsed. Collagen pieces containing cells
were then reincubated 24 h in DME-10 to allow time for
recovery from drug-induced damage before suspending and
assaying cells for CF ability. These results are shown in Table
7. A small (3.6-fold) increase in sensitivity to 15 MMmelphalan

of line 66 in mixture versus alone persisted for 24 h after
treatment. In individual experiments, the fold increases in
sensitivity were 2.3, 2.5, 1.2, and 3.1.

To address the necessity for contact with 4TO7 cells for line
66 to become more sensitive to melphalan, we constructed
three-layer collagen cultures, consisting of 0.1 ml collagen
containing 1.5 x 10s line 4TO7 cells, overlaid with 0.05 ml

collagen without cells, followed by O.I ml collagen containing
1.5 x 10s line 66 cells. In five experiments, we preincubated

these collagen cultures for 48 h, treated them for 2 h with 15
MMmelphalan, digested the collagen to suspend the cell mix
ture, and assayed for CF ability in selective media in parallel
with other gels containing either cell line alone or the two lines
mixed together. In two experiments (not shown) there was no
change in sensitivity of line 66 in either the layered gels or the
mixed gels, when compared to its sensitivity when alone. Data
from the other three experiments are shown in Table 8. Al
though these experiments varied considerably in the degree of
sensitivity of the lines when alone, in all three there was an
increased sensitivity of line 66 to melphalan in the layered gels,
as well as in the gels in which line 66 was mixed with line
4TO7. In these three experiments, as well as those of Table 5,

Table 6 Effect of 15 H.Mmelphalan on colony-forming efficiency of lines 4T07 and 66 and their mixture in collagen, measured immediately after treatment
Cells (3 x 10*) of line 4T07. line 66. or a 1:1 mixture were embedded in 0.2-ml collagen pieces and incubated 24-72 h. Some pieces were treated for 2 h with 15

/IM melphalan, collagen pieces were rinsed and digested with collagenase. and cells were suspended and assayed for colony-forming ability in selective medium (in
HAT and in thioguanine). Results from 8 experiments, each with 1 to 4 collagen pieces/group, were pooled.

Colony-forming cells/collagenpieceCells4T07

alone
4T07 in mixture
66 alone
66 in mixtureUntreated(17

Â±10) x 10" (16)Â°
(8.7 Â±5.5) x 104(21)

(10.0 Â±8.7) x 104(16)
(8.7 Â±9.0) x 10' (21)Melphalan

treated(2.3
Â±3.7) x 103(19)

(1.9 Â±3.5) x 103(24)
(23 Â±21) x 103(18)

(4.2 Â±4.1)x 10' (24)*Fold

loss of colony-
formingability74

46
4.3

21
" Mean Â±SD. Number in parentheses, no. of collagen pieces.
* Significantly different from melphalan-treated 66 alone by t test (P < 0.002).

Table 7 Effect of 15 Â¡Ã•Mmelphalan on colony-forming efficiency of lines 4T07 and 66 and their mixture in collagen, measured 24 h after treatment

In parallel with the collagen pieces containing embedded cells described in Table 6, other collagen pieces with cells were similarly treated Â±melphalan and then
rinsed and reincubated in medium for 24 h before being harvested and assayed for colony-forming ability. Results from 4 experiments, each with 1-2 collagen pieces/
group, were pooled.

Colony-forming cells/collagen piece

Cells Untreated Melphalan-treated
Fold loss of colony-

forming ability

4T07 alone
4T07 in mixture
66 alone
66 in mixture

(3.8 Â±2.2) x 10'(4)
(2.4 Â±0.3) x 10' (6)
(1.6 Â±0.2) x 10'(4)
(1.3 Â±0.2) x 10'(6)

(4.2 Â±4.6) x 103(5)
(2.8 Â±5.1) x 103(7)
(3.4 Â±4.2) x 104(5)

(7.7 Â±10.3) x 103(7)

90
86

4.7
17
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Table 8 Effect ofmelphalan on lines 4T07 and 66 in collagen, comparing mixtures and layered gels.
Methods were those described in Table 6, with additional gels formed of 1.5 x 10* cells of each cell type poured as separate layers in gels.

CellsExperiment4T07

alone 1
2

34T07

in layered gel 1
2

34T07

in mixture 1
2

366

alone 1
2

366

in layered gel 1
2

366

in mixture 1
2
3Colony-forming

cells/collagenpieceUntreated

Melphalan-treated1.2
X IO50

2.0 x 10*
1.7 x10'5.8

x 10"
1.2 x10'9.7

xIO46.4

x10"8.4
x 10"

7.9 x10"1.1

x 10'
2.5 x 10'
2.3 x10*7.2

x IO4
2.1 x 10'
2.0 x10*3.2

x IO4
1.4 x 10s
1.2 x 10*1.1

x IO3
1.3 x IO4
9.8 xIO31.6

x IO3
1.4 x IO4
1.1 xIO46.8

x IO2
1.9 x 10"
1.7 xIO44.5

x IO4
1.8 x 10*
1.5 x10*1.6

xIO49.4
x IO3

7.8 xIO33.4

x IO3
1.5 x IO4
1.4 x IO4Fold

loss of colony-
formingability109

15
1736

8.6
8.894

4.4
4.62.4

1.4
1.54.5

22
269.4

9.38.6

1Means of two replicates. Within any experiment, the two replicate values showed very much less variation than values between experiments.

line 4TO7 appeared somewhat less sensitive in both layered
and mixed gels than when alone.

To further investigate the degree of contact or proximity
between lines 66 and 4TO7 required for line 66 to become
sensitized to melphalan, we carried out three additional exper
iments using a slightly different format. Collagen pieces (0.2
ml), embedded as before with 3x10' cells, were placed in 100-
mm culture dishes with 10 ml DME-10 for a 24-48-h prein-
cubation at 37Â°Cbefore 2 h of treatment with 15 juMmelphalan.

Some dishes contained two collagen pieces, one embedded with
line 66 and one with line 4TO7, while other dishes contained
only one collagen piece, embedded either with 66 alone, 4TO7
alone, or their mixture. The dishes were rocked gently during
both the preincubation and treatment times, to ensure constant
mixing of the medium and to prevent gels from remaining in
close contact. In the three experiments, the response of line 66
to 15 UM melphalan in the mixed gels was 1.5-, 2.2-, and 3.7-
fold greater, respectively, than when alone. In comparison, the
response of line 66 in gels incubated in 2-gel cultures with line
4TO7 was 1.0-, 1.7-, and 2.8-fold greater than when alone.
(The response of line 4TO7 in both the mixed gel and 2-gel
cultures was somewhat less than when alone, as before.) It
appears that the increased melphalan sensitivity of line 66 in
the presence of line 4TO7 does not require close proximity of
the cells in culture; rather, it appears to act through a diffusible
factor or factors. The smaller shift in response in the 2-gel
system may be due to dilution of these diffusible factors.

We utilize the collagen culture system because it simulates
the cell density and architecture of in vivo tumors. We would
have liked to address the importance of these factors in the
"transfer of sensitivity" by comparing the results in collagen

with those of monolayer cultures in which these variables are
altered. We thought it unlikely, however, that we could detect
any changes in the sensitivity of line 66 in the presence of line
4TO7 in monolayer cultures, since the two lines are so similar
in sensitivity in that culture system (that is, 4TO7 is more
sensitive in collagen than in monolayer, as shown in Table 1).
However, to determine whether unexpected interactions might
exist, we tested mixtures grown in monolayer for sensitivity to
15 UM melphalan and then assayed for CF ability in two

selective media by methods similar to those used for collagen
cultures. As expected, in three experiments, there was no change
in sensitivity of either cell line in mixtures compared to its
sensitivity when alone (not shown).

It is known that solid tumors often develop an acid pH as
compared to normal tissue (21). One possible hypothesis for
the greater sensitivity of line 66 in the presence of line 4TO7
in solid tumors and in collagen cultures is that line 4TO7
tumors and mixed tumors are more acidic than line 66 tumors
and that melphalan is more toxic in the acid microenvironment
of these tumors. If so, acidification of monolayer cultures would
be expected to enhance the melphalan sensitivity of line 66
cells. However, as shown in Fig. 4, melphalan appeared slightly
less, rather than more toxic at acid pH (6.6-6.7) than at
standard pH (7.3-7.4) for both line 66 and line 4TO7 as
measured by concentration-response curves to 2 h ofmelphalan
treatment. An additional experiment comparing the time-re
sponse curves of line 66 at the two pHs confirmed this result
(Fig. 5).

An alternative possibility is that line 4TO7 tumors and mixed
tumors contain areas which are of higher pH due to necrosis
(22). In fact, 4TO7 tumors do develop necrotic cores at rela
tively small tumor volumes in comparison to line 66 tumors.4

This possibility cannot account for the greater sensitivity of line
66 to melphalan when in the presence of line 4TO7, however,
because melphalan is considerably less toxic to line 66 and line
4TO7 at higher pH (7.8-8.0) than at standard pH (Fig. 6).

Whatever the mechanism by which line 66 is sensitized to
melphalan by the presence of line 4TO7 in vitro, it may be
related to the heightened sensitivity of line 4TO7 seen in vivo
and in collagen cultures versus monolayer cultures, since line
168TFAR, which is incapable of transferring sensitivity to line
66, is similarly sensitive to melphalan relative to line 66 in all
three circumstances. We investigated whether the greater sen
sitivity of line 4TO7 to melphalan in collagen cultures com
pared to monolayer was an effect of cell density by comparing
the response of these cells plated at different densities in the
two culture systems. As shown in Table 9, we found that cells

4 F. R. Miller, personal communication.
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of cells in collagen were only slightly more sensitive than both
groups of cells in monolayer. Within each culture system, there
is much greater probability that cells are in close contact in the
cultures that are plated more densely; however, this did not
appear to affect melphalan sensitivity. It is difficult to compare
cell density in 2-dimensional versus 3-dimensionaI culture sys
tems. However, from the size and shape of the 1-ml (less dense)
collagen gels, we can calculate that cell density would be 1.5 x
IO4 cells/cm2 if all cells were on a single plane. Their actual

density in 3 dimensions would be much less. This value may be
compared to the density in monolayer of 3.4 x 103-2.7 x 10"
cells/cm2. Thus, it appears that cells in the less dense collagen

cultures had less opportunity for cell contact than cells in the
more dense monolayer. Microscopically, cells in the 1-ml col
lagen gels appeared to have formed small clusters or colonies
in the gel. Cells in the most densely plated collagen cultures
appeared to be very closely packed; the collagen shrank and
deformed as cells grew during the pretreatment period, and the

Melphalan

Fig. 4. Response to melphalan of cells in monolayer culture at acid and normal
pH. Cell line 66 (A), line 4TO7 (A), and line 168TFAR (C) were plated in
monolayer at 3 x 10*cells/60-mm dish. After 16-20 h, the medium was changed
to 4.5 ml fresh DME-10 (pH 7.3-7.4; â€¢)or low-pH medium (pH 6.6-6.7; O).
After l h of preincubation, melphalan was added (0.5 ml of 10-fold final concen
tration). Cell monolayers were incubated for 2 h with melphalan, and then cells
from each dish were rinsed, removed with trypsin, syringed to form a single-cell
suspension, counted with trypan blue, diluted, and replated at low density in order
to assess colony-forming ability. The number of colony-forming cells/3 x 10*
cells plated was calculated by multiplying the colony-forming efficiency of each
suspension times the number of cells counted in each suspension after treatment.
The pH of the melphalan-containing medium was checked after removing it from
the culture dishes; it remained at the desired pH. Points, individual dishes of cells.

io6 r
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Time of Treatment (hr)

Fig. 5. Time course of response to melphalan of line 66 cells in monolayer
culture at acid and normal pH. Methods were as described for Fig. 4, except that
cells were treated with 15 IÂ¿Mmelphalan for various times, as shown. â€¢,pH 7.3-
7.4; O, pH 6.6-6.7. Points, mean of two dishes of cells; bars, range.

in high-density (nearly confluent) monolayers and monolayers
with approximately 12% of that density had very similar sen
sitivities. Likewise, cells densely packed in collagen boluses and
cells in boluses of approximately 7% as many cells/ml collagen
also had the same sensitivity. In these experiments, both groups

C
JO"o
o

Melphalan Concentration (uM)

Fig. 6. Response to melphalan of cells in monolayer culture at basic and
normal pH. Cell lines 66 (A) and 4TO7 (B) were treated as described for Fig. 4,
except that media used were fresh DME-10, pH 7.3-7.4 (â€¢)or high-pH medium,
pH 7.8-7.9 (O).

Table 9 Sensitivity of line 4T07 to melphalan under various culture conditions
Line 4T07 cells from monolayer culture were plated at 3 x 10* cells/60-mm

dish (high density), 3 x IO4cells/60-mm dish (low density), 3x10* cells/0.2-ml
collagen piece (high density), or 10* cells/1.0-ml collagen piece (low density) for

48 h prior to treatment. Melphalan treatment and assay were as described for
Table 1.

A,(MM)High-density
monolayer0 2.9 Â±1.1 (4)*

Low-density monolayerc 2.7 Â±1.3(3)
High-density collagen culture1' 2.5 Â±0.3 (4)
Low-density collagen culture' 2.5 Â±0.2(3)"

Cultures at the time of treatment averaged 5.4 xn12

Â±11 (4)
16 Â±17(3)

8.3 Â±9 (4)
8.4 Â±11(3)10*
live (trypan blue-

excluding) cells/60-mm dish.
* Mean Â±SD. (no. of experiments).
c Cultures at the time of treatment averaged 6.7 x IO4live cells/60-mm dish.
d Cultures at the time of treatment averaged 4.4 x 10*live cells/0.2-ml collagen

piece (2.2 x IO6live cells/ml collagen).
' Cultures at the time of treatment averaged 1.5 x 10*live cells/1.0-ml collagen

piece.
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cells formed a very dense, small bolus. It is likely that some
aspect of collagen culture other than cell density per se is
responsible for the heightened sensitivity of line 4TO7 to mel-
phalan in collagen gels and, perhaps, the ability of this line to
transfer that sensitivity to line 66.

DISCUSSION

We have shown that line 4TO7, a mouse mammary tumor
line relatively sensitive to melphalan, can transfer that sensitiv
ity to its relatively insensitive sister subpopulation line 66 even
under circumstances in which treatment is not begun until after
the development of well-established, palpable tumors. This
extends our previous observations on the transfer of drug sen
sitivity between tumor subpopulations to another drug and to
a more clinically relevant and stringent treatment protocol. In
contrast, line 168TFAR, a third sister subpopulation line, also
sensitive to melphalan, does not cause line 66 to appear more
sensitive. Similarly, a shift in the sensitivity of line 66 toward
melphalan also takes place in collagen gel cultures in the
presence of line 4TO7 but not of line 168TFAR. In vitro studies
indicate that diffusible factors rather than cell contact are
important in the transfer of sensitivity. In vivo, a systemic effect
was not detectable; transfer of sensitivity was observed in mixed
tumors but not between tumors at different sites.

Line 168TFAR and line 66, although they differ in sensitivity
from each other, are both similarly sensitive (or insensitive) to
melphalan in vitro in monolayer and in collagen gel cultures.
Line 66 also retains its relative lack of sensitivity in comparison
to line 168TFAR in vivo. Thus, for these cell lines, melphalan
sensitivity appears to be unaffected by several factors which
may differ between the two culture systems and between culture
and in vivo. These factors include cell density, reduced growth
fraction seen in vivo and in collagen cultures (16), cell shape
changes associated with 3-dimensional growth (23), expression
of a differentiation-associated phenotype which may be associ
ated with growth in collagen (24-31) as well as in vivo, and
microenvironmental differences such as oxygen, nutrient levels,
and pH. However, for line 4TO7, one or several of these factors
may be responsible not only for that cell line's increased sensi

tivity in collagen gels compared to monolayer and for its
increased sensitivity compared to line 66 in vivo but also for its
ability to transfer sensitivity to line 66. (An aside: The collagen
assay is a better predictor overall for melphalan sensitivity of
tumors than is monolayer culture since the collagen assay
correctly identified both 4TO7 and 168TFAR as sensitive and
66 as insensitive tumors, whereas the monolayer assay incor
rectly classified 4TO7 as relatively insensitive.)

We have tested two factors, pH and cell density, for their
potential role in the 4TO7-66 interaction. One can hypothesize
that line 4TO7 tumors and collagen cultures develop areas of
either low pH due to metabolic processes associated with hy-
poxia or high pH due to necrosis. However, melphalan is less
cytotoxic to both 4TO7 cells and 66 cells in monolayer cultures
at either high or low pH than at pH 7.3-7.4; thus line 66 cannot
be more sensitive to melphalan in the presence of 4TO7 because
of changes in pH. Cell density cannot explain the increased
sensitivity of line 4TO7 to melphalan in collagen versus mono-
layer culture since line 4TO7 is equally sensitive in high- and
low-density collagen gels and equally (less) sensitive in highl
and low-density monolayers.

Of course, we do not know whether the same factor(s) re
sponsible for the increased sensitivity of line 4TO7 in collagen

gels compared to monolayer also are responsible for the ability
of line 4TO7 to increase the sensitivity of line 66. In vitro, at
least, conditions in which the sensitivity of line 4TO7 is lessened
so that it is indistinguishable from that of line 66 (monolayer
culture) also abolish the transfer. Line 4TO7 grown in collagen
(or in vivo) may sensitize both itself and line 66 cells to mel
phalan, either by increasing the effective concentration of mel
phalan at the cell surface through modulation of the microen-
vironment or by increasing the effective concentration of mel
phalan within the cells by changing melphalan transport/
metabolism. Further study will be required to examine these
possibilities.

Leith et al. (32) have performed a study similar to our in vivo
study in a different model system. They used two subpopula-
tions of a human colorectal tumor grown in nude mice to
examine the response to mitomycin C of the subpopulations
when alone and in mixtures. They observed that both subpop-
ulations in mixtures responded to mitomycin as expected based
on their different individual sensitivities, resulting in tumors
which contained a predictably altered composition enriched in
the less sensitive subpopulation. In contrast, mixtures of our
cell lines, although they did shift in composition in the predicted
direction within 24 h after treatment, did not maintain this
composition (Table 2). Treated and untreated tumors were
indistinguishable in regard to the ratio of cell types 2 weeks
after treatment. One of many differences between our model
systems which may explain these different results is that the
cell lines of Leith et al. tend to form stable mixtures over a
range of proportions, in contrast to the lines we have used here.
In our experiments, few line 66 cells are found in tumors arising
from line 66/4TO7 mixture early after injection, but line 66
eventually becomes the dominant cell line in mixed untreated
tumors. (This shifting balance between line 66 and line 4TO7
may help to explain the large range of tumor compositions
found after injecting their mixture, as seen in Table 2, since
individual tumors were unavoidably harvested at different
points in the process.) Although melphalan treatment appears
to speed up the process of line 66 becoming dominant in these
tumors, the shift in population is not as quick as might be
predicted because in mixture line 66 is less resistant to mel
phalan than expected. The result is that in 66/4TO7 mixtures,
resistance is "hidden" or "cryptic" for a time disproportionate

to the number of actually resistant cells. In such situations
recognition of pending treatment failure is delayed.

In several previous studies, we have described diverse means
by which tumor subpopulations, all derived from the same
mouse mammary tumor used in the present study, can interact
to affect each other's sensitivity to chemotherapeutic agents.

We have characterized a host-mediated interaction whereby cell
line 410 becomes more sensitive to cyclophosphamide in the
presence of cell line 168 (6). We have also described the in
creased sensitivity of line 67 to methotrexate in the presence of
line 410.4, as measured by inhibition of cell growth in vitro (6).
Thus, depending upon the drug and the interacting subpopula-
tions, the host may or may not contribute to the mechanism.
As we have seen in the present study, the host is not required
for transfer of sensitivity to melphalan. In all three of these
interactions, cell contact is not required. In the case of metho
trexate we have previously reported some recipient cell speci
ficity in that some resistant subpopulations are not changed in
sensitivity in the presence of a subpopulation that can affect the
sensitivity of another under the same conditions. In the present
study specificity was seen in the ability of one population, but
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not that of another, to effect increased sensitivity in the target
cells. Although in our examples the direction of interaction,
where present, was to increase sensitivity, Tofilon et al. (33)
have described an interaction between two related rat brain
tumor cell lines in which the cell line more sensitive to 1,3-
bis(2-chloroethyl)-l-nitrosourea became less sensitive in the
presence of the resistant line. Recently, Frankfurt et al. (34)
have demonstrated a transfer of resistance to melphalan by a
contact-mediated mechanism in human ovarian and lung car
cinoma lines, apparently through transfer of glutathione from
glutathione-rich resistant cells to sensitive cells. Clearly, many
interactions between tumor subpopulations which affect the
response to many different chemotherapeutic agents can occur,
and these interactions can take place by many mechanisms. We
have long argued that a tumor should be viewed as an ecological
system in which different cell populations interact, by whatever
mechanisms are appropriate and available, to achieve collective
behavior (35). In such a system, a profound environmental
insult, such as chemotherapeutic treatment, may have unfore
seen consequences both on the individual members and on the
whole society.
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