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Abstract Effective adjunctive therapies for colorectal 
carcinoma are clearly needed. We evaluated the 
cytotoxic responses in vitro of human colon carcinoma 
cell lines to combined modalities: 5-fluorouracil/leuco- 
vorin (5-FU/LV), carboplatin (CP)~ tumor necrosis fac- 
tor (TNF) and hyperthermia (HTX). Cytotoxicity was 
evaluated in a cell proliferation assay using crystal 
violet staining. 5-FU/LV was administered 2 3 days 
before TNF and CP, followed 1 h later by HTX. These 
cell lines were relatively resistant to HTX alone (42~ 
for 2 h), but were heterogeneous in their responses to 
various doses of the other single agents. This hetero- 
geneity was also evident for combined modalities: the 
HCT-15 cell line exhibited significant supra-additivity 
for selected doses of CP, TNF and 5-FU/LV, which 
was further enhanced by hyperthermia. In contrast, the 
HT-29 cell line did not demonstrate a strong pattern 
for supra-additivity, whereas the DLD-1 cell line had 
an intermediate response. Thus, our results suggest one 
approach to develop effective and dose-sparing multi- 
modality therapeutic regimens for colon adenocar- 
cinoma. 
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Introduction 

Colorectal carcinoma is an increasingly devastating 
disease, with over 138,000 new cases diagnosed an- 
nually in the US [2]. Despite locally effective surgical 
intervention for primary and known metastatic disease 
sites, the prognosis is dismayingly poor [2, 5, 6, 18]. 
Most chemotherapeutic regimens directed at residual 
disease have involved 5-fluorouracil (5-FU) combined 
with leucovorin (LV) which has in some cases resulted 
in improved response rates compared to 5-FU alone [7, 
18, 21-23, 28]. A number of other agents have also been 
used in combination with 5-FU, including interferon- 
alpha [19, 24], tumor necrosis factor (TNF) [19] and 
platinum drugs [3, 9, 13, 15, 20, 29]. 

TNF has been evaluated clinically in colorectal car- 
cinoma, including phase II trials [17, 25]. Systemic 
routes of administration have yielded disappointing 
results including toxicities evident in numerous other 
phase I/phase II trials [25, 27]. However, regional 
administration of TNF via hepatic arterial infusion to 
colorectal carcinoma patients with chemotherapy- 
resistant hepatic metastases [17] has resulted in 
encouraging response rates (5 of 14). Moreover, the 
tolerated doses using this route have been found to be 
sixfold higher than with systemic administration. Thus, 
current evidence from this trial and from others [14, 
30] strongly suggests that TNF needs to be re-evalu- 
ated for regional rather than systemic administration. 
The possibility of using TNF in combination with 
5-FU/LV in this setting should be considered. 

We have previously reported that TNF, carboplatin 
(CP) and hyperthermia (HTX) interact strongly to gen- 
erate supra-additive cytotoxicity against human colon 
carcinoma cell lines in vitro [11]. Only recently has 
5-FU been shown to be a heat-interactive drug in vitro 
and in vivo [10, 16, 26]. Given the current clinical 
evaluation of combined 5-FU/LV and platinum, an 
established heat-interactive drug, in colorectal cancer 
trials [3, 9, 13, 15, 20, 29], we sought in this study to 
define cytotoxic interactions between 5-FU/LV, CP, 
TNF, and HTX against a panel of human colon tumor 
cell lines in vitro. 
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Materials and methods 

Target cells and cell culture 

The target cells were human colon adenocarcinoma cell lines D L D -  
1, HCT-15 and HT-29, with epithelial-like morphology and which 
display tumorigenicity in nude mice. These were purchased from the 
A T C C  (Rockville, Md.). Their maintenance has been described pre- 
viously [11]. 

Crystal violet cytotoxicity assays 

Tumor  cells (750-1000) were seeded in 180 gl medium per well of 
replicate 96-well plates on day + 1. On  day 2, 20 gl LV (yielding 
a final concentration of l0 p.M) (Lederle Parenterals, Carolina, 
Puerto Rico) with or without three different doses of 5 -FU 
(Lyphomed, Deerfield, Ill.) was added to each well, except for control 
wells. On  day 4 or 5, 10 gl r H u T N F  (Genentech, South San Fran- 
cisco, Calif.) dissolved in medium was added at two different doses. 
Control  wells received medium only. Immediately thereafter, 10 gl 
CP (Bristol Myers-Squibb, Evansville, Ind.) dissolved in sterile water 
was added at two different doses to designated wells. Additional 
controls included cells treated with T N F  alone and those that 
received neither T N F  nor CP. These manipulations were made as 
rapidly as possible and then the plates were incubated at 37~ for 
l h .  

At that time, parallel sets of plates were removed, bagged in an 
atmosphere of 5 % CO2/air  and then immersed for 2 h in water baths 
either at 37~ (control) or 42~ At the end of the 2-h treatment, the 
plates were removed from the bags and incubated for 5 days at 37~ 
The remaining viable cells were fixed and stained with crystal violet 
(Sigma). Bound dye was solubilized by treatment with methanol,  
and the optical density at 590 nm was determined in an automated 
plate reader. The raw optical density values were normalized to 
a 100% survival value for normothermic control cells. Percent 
cytotoxicity was calculated as the ratio of the optical densities from 
experimental vs control cultures. 

Statistical methods 

The data were first analyzed by the Response Surface Analysis [4] in 
the SAS statistical package (SAS Institute, Cary, N.C.). The percent- 
age kill was transformed into a logistic response, i.e. for each per- 
centage kill, p, the quanti ty Logit = In [p/(1-p)] was regressed 
against logarithms of the combinat ion doses, except for the heat and 
platinum; for zero doses, a very small quantity was substituted 
before taking the logarithm. All the treatment modalities could be 
incorporated into a single response surface model. 

Since dose-response relationships based on the logarithms of the 
doses are not  appropriate to study the question of supra-additivity 
of the combinat ion of modalities, a second approach was used [1]. 
We assumed that the differing modalities acted independently and 
that only additive cytotoxicity would occur under the null hypothe- 
sis, i.e. Ho: l  - P = (1 - P1) (1 - P2) (1 - P3) . . . .  Then, if the mo- 
dalities did interact and result in supra-additivity, the following 
relation would hold: 

1 - P m  < (1 -- P1) (1 -- P2) (1 -- P3) ... 

where Pm is the percentage kill under the mult imodali ty treatment 
and P~ (i = 1, 2, 3, ... ) is the percentage kill by one drug used singly. 
The equation under the null hypothesis is equivalent to: 

log(1 - P m  ) = log(1 - P~) + log(1 - P2) -]- log(1 -- P3) + --- 

Thus, the logarithm of the survival can be analyzed by the analysis of 
variance for an additive model. The mean square error from the 
replicate samples was used to calculate the t-values in testing the 
hypothesis of independence of the modalities in combination treatment. 

Results 

The results shown in Tables 1-3 for the individual cell 
lines reflect observed cytotoxicity and values calculated 
based on pure additivity. The response surface analysis 
shown in Tables 4 -6  indicates the tendencies of the 
cytotoxic responses over the dose ranges for each mo- 
dality and also whether additional responses are evi- 
dent upon combination of modalities. The values in 
Tables 7 and 8 reflect the t-values from testing the null 
hypothesis for the independence of the modalities. 

DLD-1 cells 

Single treatments and dual combination with L V 

CP, added to LV-containing cultures at doses of 2.5 
and 5.0 gg/ml, demonstrated slight cytotoxicity (8.4%) 

Table 1 Percent cytotoxicity of individual and multiple modalities 
against DLD-1 cell line. Data  normalized to 0 for the normothermic,  
LV response (6.1% compared to untreated controls). Values are 
means: values in parentheses are the calculated percentage 
cytotoxicity for a purely additive response (H, M, L high, medium, 
and low doses, respectively; i.e. 312, 78, and 19.5 ng/ml 5-FU, and 
270, and 10 ng/ml TNF)  

Treatment  CP  dose 

0 gg/ml 2.5 gg/ml 5 lag/ml 

37~ 
LV 0.0 - 2.4 8.4 
5 -FU-H 30.8 36.7 (29.1) 46.3 (36.6) 
5 -FU-M - 6.1 - 0.7 ( - 8.6) 6.8 (2.8) 
5-FU-L - 6.7 - 4.4 ( - 9.3) 0.4 (2.3) 
T N F - H  5.1 7.3 (2.8) 15.8 (13.1) 
T N F - L  1.8 2.2 ( - 0.6) 8.6 (10.0) 
5 - F U - H / T N F - H  48.4 (34.3) 58.3 (32.7) 67.0 (39.8) 
5 - F U - H / T N F - L  32.3 (32.0) 45.5 (30.4) 56.9 (37.8) 
5 - F U - M / T N F - H  10.9 ( - 0.7) 10.4 ( - 3.1) 25.6 (7.8) 
5 - F U - M / T N F - L  - 7.6 ( - 4.2) 1.1 ( - 6.7) 12.3 (4.6) 
5 F U - L / T N F - H  1.0 ( - 1.3) 2.1 ( - 3.7) 13.1 (7.2) 
5 -FU-L /TNE-L  - 3.4 ( - 4.8) - 4.1 ( - 7.3) 5.6 (4.0) 

42~ 
LV 0.5 8.1 (1.9) 15.I (8.9) 
5 -FU-H 34.9 (31.1) 46.6 (29.5) 52.0 (36.9) 
5 -FU-M 8.1 ( - 5.6) 20.0 ( - 8.1) 20.0 ( - 3.3) 
5-VU-L 3.2 ( - 6.2) 8.0 ( - 8.8) 15.9 (2.8) 
T N F - H  12.9 (5.6) 17.9 (3.3) 31.4 (13.5) 
T N F - L  4.3 (2.3) 12.2 ( - 0.1) 23.6 (10.5) 
5 - F U - H / T N F - H  56.6 (34.6) 65.7 (33.0) 71.0 (40.1) 
5 - F U - H / T N F - L  48.5 (32.3) 59.2 (30.7) 65.0 (38.1) 
5 - F U - M / T N F - H  20.5 ( - 0.2) 29.5 ( - 2.6) 42.7 (8.3) 
5 - F U - M / T N F - L  9.7 ( - 3.7) 18.6 ( - 6.2) 28.9 (5.1) 
5 - F U - L / T N F - H  22.0 ( - 0.8) 21.9 ( - 3.2) 31.3 (7.7) 
5 - F U - L / T N F - L  5.9 ( - 4.3) 14.6 ( - 6.8) 21.3 (4.5) 



Table 2 Percent cytotoxicity of individual and multiple modalities 
against HCT-15 cell line. Data normalized to 0 for the normother- 
mic, LV response ( - 0.7% compared to untreated controls). Values 
are means: values in parentheses are the calculated percentage 
cytotoxicity for a purely additive response (H, M, L high, medium, 
and low doses, respectively; i.e. 78, 9.6, and 1.2 ng/ml 5-FU, and 30, 
and 1.1 ng/ml TNF) 

CP dose 

Treatment 0 gg/ml 2.5 lag/ml 5 txg/ml 

37~ 
LV 0.0 0.6 27.5 
5-FU-H - 0.4 3.9 (0.2) 39.0 (27.2) 
5-FU-M 5.2 10.6 (5.8) 30.7 (31.3) 
5-FU-L 1.1 6.4 (1.7) 29.4 (28.3) 
TNF-H 42.0 63.8 (42.3) 85.0 (58.0) 
TNF-L 1.6 8.3 (2.2) 48.4 (28.7) 
5-FU-H/TNF-H 55.9 (41.8) 68.7 (42.1) 90.2 (57.8) 
5-FU-H/TNF-L 4.0 (1.2) 17.3 (1.8) 65.0 (28.1) 
5-FU-M/TNF-H 53.5 (45.0) 73.4 (45.3) 87.8 (60.1) 
5-FU-M/TNF-L 23.4 (6.7) 15.6 (7.3) 51.0 (32.2) 
5FU-L/TNF-H 45.9 (42.6) 65.9 (43.0) 91.0 (58.4) 
5-FU-L/TNF-L 15.1 (2.7) 18.0 (3.3) 50.4 (29.4) 

42~ 
LV 2.4 14.0 (3.0) 62.1 (29.2) 
5-FU-H 21.3 (2.0) 28.2 (2.6) 69.2 (28.9) 
5-FU-M 10.1 (7.5) 41.2 (7.1) 76.6 (32.9) 
5-FU-L 16.8 (3.5) 40.3 (4.1) 71.3 (30.0) 
TNF-H 71.9 (43.4) 87.8 (43.7) 94.3 (59.0) 
TNF-L 12.6 (4.0) 39.9 (4.5) 71.1 (30.4) 
5-FU-H/TNF-H 78.3 (43.2) 91.0 (43.5) 94.9 (58.8) 
5-FU-H/TNF-L 37.0 (3.6) 54.6 (4.2) 79.9 (29.8) 
5-FU-M/TNF-H 83.0 (46.3) 93.0 (46.6) 96.6 (61.1) 
5-FU-M/TNF-L 38.6 (8.9) 64.8 (9.5) 91.7 (33.8) 
5-FU-L/TNF-H 82.3 (44.0) 94.7 (44.4) 96.6 (59.4) 
5-FU-L/TNF-L 41.7 (5.0) 65.6 (5.6) 90.2 (31.1) 
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Table 3 Percent cytotoxicity of individual and multiple modalities 
against HT-29 cell line. Data normalized to 0 for the normothermic, 
LV response ( - 0.7% compared to untreated controls). Values are 
means: values in parentheses are the calculated percentage 
cytotoxicity for a purely additive response (H, M, L high, medium, 
and low doses, respectively; i.e. 312, 39 and 5 ng/ml 5-FU, and 30, 
and 1.1 ng/ml TNF) 

CP dose 

Treatment 0 lag/ml 2.5 lag/ml 5 gg/ml 

37~ 
LV 0.0 5.6 15.3 
5-FU-H 51.8 55.8 (54.5) 58.2 (59.2) 
5-FU-M 6.0 11.7 (11.3) 23.2 (20.4) 
5-FU-L 3.6 6.3 (9.0) 16.8 (18.3) 
TNF-H 24.7 32.9 (28.9) 54.0 (36.2) 
TNF-L 3.6 4.1 (9.0) 15.7 (18.3) 
5-FV-H/TNF-H 79.1 (63.7) 82.4 (65.7) 83.3 (69.3) 
5-FU-H/TNF-L 52.9 (53.5) 55.2 (56.1) 62.3 (60.6) 
5-FU-M/TNF-H 41.2 (29.2) 53.6 (32.5) 63.3 (40.0) 
5-FU-M/TNF-L 13.2 (9.4) 14.1 (14.5) 29.8 (23.2) 
5FU-L/TNF-H 30.6 (27.4) 38.0 (31.5) 56.5 (38.5) 
5-FU-L/TNF-L 7.6 (7.1) 8.7 (12.3) 24.5 (21.3) 

42~ 
LV 5.3 13.0 (10.6) 30.3 (19.8) 
5-FU-H 62.1 (54.4) 64.5 (56.9) 70.0 (61.4) 
5-FU-M 8.0 (11.0) 11.5 (16.0) 32.1 (24.6) 
5-FU-L 3.8 (8.7) 8.2 (13.8) 28.5 (22.6) 
TNF-H 40.9 (28.7) 52.7 (32.7) 67.9 (39.6) 
TNF-L 9.4 (8.7) 15.0 (13.8) 39.9 (22.6) 
5-FU-H/TNF-H 87.6 (65.6) 87.8 (71.0) 89.7 (70.9) 
5-FU-H/TNF-L 68.2 (56.0) 65.9 (58.4) 73.6 (62.7) 
5-FU-M/TNF-H 44.4 (33.0) 50.8 (36.1) 65.3 (43.2) 
5-FU-M/TNF-L 13.7 (14.2) 14.2 (19.0) 39.6 (27.3) 
5-FU-L/TNF-H 34.3 (31.2) 42.6 (35.1) 57.5 (41.8) 
5-FU-L/TNF-L 9.9 (12.0) 11.9 (16.9) 33.4 (25.5) 

only at the higher dose (Table 1). Likewise, when 5-FU 
was added to LV-containing cultures over a dose-range 
from 19.5 to 312ng/ml, only the highest dose was 
markedly cytotoxic (30.8%, Table 1). DLD-1 cells were 
highly resistant to even the high dose level of TNF 
(270 ng/ml; 5.1% cytotoxicity; Table 1). By the response 
surface analysis, all single modatities (HTX, CP, TNF, 
5FU) achieved significant responses (P < 0.001). 

CP (5 lag/ml) and high-dose 5-FU (312 ng/ml) at nor- 
mothermic or hyperthermic temperatures, the t-values 
of 2.33 and 2.51, respectively, indicated significant 
supra-additivity (P < 0.05; Table 7). Similarly, strong 
supra-additive responses were observed with high-dose 
TNF and 5-FU combined with low-dose CP 
(2.5 p~g/ml) and HTX (t = 2.29) or low-dose TNF 
(10 ng/ml) combined with high doses of 5-FU and CP 
along with hyperthermia (t = 1.98). 

Multiple combinations 

The analysis of variance of the log-linear model 
did not reveal significant multiple-modality interac- 
tions (no F-value > 3.00) when evaluated over 
the full dose ranges (Table 4); only TNF combined 
with 5-FU resulted in marginal significance (F = 1.41; 
p = 0.21). However, at selected doses, DLD-1 cells 
demonstrated substantial supraadditivity (t values 
> 1.96) in their response to the chemotherapeutic 

agents and TNF (Tables 1 and 7). When the highest 
dose of TNF (270 ng/ml) was combined with high dose 

HCT-15 cells 

Single treatments and dual combination with LV  

CP was cytotoxic at the higher dose (5 gg/ml; 27.5% 
cytotoxicity), but not at the lower dose (Table 2). HCT- 
15 cells were resistant to even the highest dose of 5-FU 
(78 ng/ml) examined (Table 2). However, they were the 
most sensitive of the three lines to TNF, with a 
dose of 30 ng/ml causing 42.0% cytotoxicity (Table 2). 
In the response surface analysis, all single modalities 
achieved significant responses (P < 0.001-0.003). 
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Table 4 Analysis of 
variance of log-linear model of 
DLD-1 cell response to multiple 
modalities 

Degrees of Type I Mean F- 
Source Freedom Sum of Squares Square value S P value 

HTX 1 2.7728 2,7728 28.15 0.0001 
CP 2 3.1796 1.5898 16.14 0.0001 
HTX/CP 2 0.1036 0,0518 0.53 0.5918 
TNF 2 3.1385 1.5692 15.93 0.0001 
HTX/TNF 2 0.1156 0.0578 0.59 0.5570 
CP/TNF 4 0,1628 0.0407 0.41 0.7990 
HTX/CP/TNF 4 0.0119 0.0030 0.03 0.9982 
5-FU 3 29.6865 9.8955 100.45 0.0001 
HTX/5-FU 3 0.1468 0.0489 0.50 0.6850 
CP/5-FU 6 0.4703 0.0784 0,80 0.5742 
HTX/CP/5-FU 6 0.0554 0.0092 0.09 0.9969 
TNF/5-FU 6 0.8361 0,1393 1.41 0.2102 
HTX/TNF/5-FU 6 0.0547 0.0091 0.09 0.9970 
CP/TNF/5-FU 12 0.0537 0.0045 0.05 1.0000 
HTX/CP/TNF/5-FU 12 0.0376 0.0031 0.03 1.0000 
Error 216 21.2792 0.0985 

"F-values > 3,00 for multiple interactions would be considered to demonstrate interaction 

Table 5 Analysis of 
variance of log-linear model of 
HCT-15 cell response to 
multiple modalities 

Degrees of Type I Mean F- 
Source Freedom Sum of Squares Square Value a P value 

HTX 1 45.1510 45,1510 1 5 7 , 8 3  0.0001 
CP 2 98.9347 49.4673 172.91 0.0001 
HTX/CP 2 3.3736 1.6868 5.90* 0.0030 
TNF 2 203.2017 101.6009 355.15 0.0001 
HTX/TNF 2 2.5454 1.2727 4,45* 0.0124 
C P / T N F  4 11.3393 2.8348 9,91" 0.0001 
HTX/CP/TNF 4 4,5523 1.1381 3.98* 0.0036 
5-FU 3 5.6168 1.8723 6.54 0.0003 
HTX/5-FU 3 2.8175 0.9392 3.28* 0.0211 
CP/5-FU 6 0.1467 0.0244 0.09 0.9976 
HTX/CP/5-FU 6 0.8279 0.1380 0.48 0.8215 
TNF/5-FU 6 0.5710 0.0952 0.33 0.9195 
HTX/TNF/5-FU 6 0,3880 0.0647 0.23 0.9682 
CP/TNF/5-FU 12 0.3509 0.0292 0.10 1.0000 
HTX/CP/TNF/5-FU 12 0.4819 0.0401 0.14 0.9997 
Error 344 98.4113 0.2861 

* F-values >_ 3.00 for multiple interactions would be considered to demonstrate interaction 

Multiple combinations 

5-FU had little effect over the dose range used when 
combined with other modalities except for HTX. When 
high-dose 5FU (78 ng/ml) was combined with HTX, 
21.3% cytotoxicity was observed, whereas a purely 
additive response would have given only 2.0% 
cytotoxicity (Table 2). This interaction was also reflec- 
ted in a significant F-value (3.28; P < 0.022; Table 5). 
High-dose CP combined with high-dose TNF  exerted 
the greatest cytotoxic effect of any dual combination 
(85.0%; Table 2), which could be enhanced by HTX 
(94.3% observed, 59.0% calculated; Table 2). Thermal 
enhancement was also observed for CP (27.5% to 
62.1%) and for TNF  (42.0% to 71.9%) alone compared 
with the normothermic responses to these agents 
(Table 2). This was also born out by response surface 

analysis, which demonstrated supra-additivity between 
CP and HTX (P < 0.003), TNF and HTX (P < 0.013), 
and in the triple combination (P < 0.004). As seen in 
lines 9, 11, 13, 15, 17, 19 and 21 of Table 8, 7 of 36 
possible combinations of CP (three levels), TNF  (three 
levels) and 5-FU (four levels) at 37~ exhibited supra- 
additivity (t > 1.96; P < 0.05). This proportion rose to 
21 of 36 combinations with hyperthermia (lines 10, 12, 
14, 16, 18, 20, 22-30, Table 8). 

HT-29 cells 

Single treatments and dual combination with L V 

CP exhibited a dose-dependent cytotoxic effect on 
these cells under normothermic conditions (5.6% 



Table 6 Analysis of variance of 
log-linear model of HT-29 cell 
response to multiple modalities 

Degrees of Type I Mean F- 
Source freedom sum of squares square value" P value 

HTX 1 2.9088 2.9088 8.19 0.0046 
CP 2 5.2990 2.6495 7.46 0.0007 
HTX/CP 2 0.2575 0.12878 0.36 0.6962 
TNF 2 24.1892 12.0946 34.07 0.000t 
HTX/TNF 2 0.2712 0.1356 0.38 0.6830 
CP/TNF 4 0.4015 0.1004 0.28 0.8890 
HTX/CP/TNF 4 0.0262 0.0066 0.02 0.9993 
5-FU 3 57.2646 19.0882 53.77 0.0001 
HTX/5-FU 3 0.9223 0.3074 0.87 0.4595 
CP/5-FU 6 0.4789 0.0798 0.22 0.9684 
HTX/CP/5-FU 6 0.0711 0.0118 0.03 0.9998 
TNF/5-FU 6 0.9994 0.t666 0.47 0.8307 
HTX/TNF/5-FU 6 0.2140 0.0357 0.10 0.9963 
CP/TNF/5-FU 12 0.1551 0.0129 0.04 1.0000 
tlTX/CP/TNF/5-FU 12 0.0486 0.0040 0.01 1.0000 
Error 216 76.6798 0.3540 

~F-values > 3.00 for multiple interactions would be considered to demonstrate interaction 
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Table 7 Supra-additive interactions of CP, TNF, 5-FU and HTX 
against the DLD-1 CELL line 

Percent Cytotoxicity Combined 

Modality Dose Single Expected Observed t-value 

CP 5 gg/ml 10.2 47.6 72.4 2.33* 
TNF 270 ng/ml 6.7 
5-FU 312 ng/ml 37.4 
CP 2.5 gg/rnl 3.3 44.1 71.2 2.29* 
TNF 270 ng/lnl 6.7 
5FU 312 ng/ml 37.4 
HTX 1.1 
CP 5 gg/ml 10.2 46.1 71.1 1.98" 
TNF 10 ng/ml 3.0 
5-FU 312 ng/ml 37.4 
HTX 1.1 
CP 5 gg/ml 10.2 48.1 76.4 2.51" 
TNF 270 ng/ml 6.7 
5-FU 312 ng/ml 37.4 
HTX 1.1 

* P < 0.05 (t = 1.96) 

cytotoxicity at 2.5 gg/ml and 15.3% at 5 gg/ml; Table 3). 
5-FU at the highest dose (312ng/ml) caused pro- 
nounced cytotoxicity (51.8%; Table 3) in the presence 
of LV. The response to TNF was intermediate for the 
three cell lines, with a dose of 30 ng/ml causing 24.7% 
cytotoxicity (Table 3). In the response surface analy- 
sis, all single agents induced significant responses 
(P < 0.0001 for 5-FU and for TNF; P < 0.0007 for CP; 
P < 0.005 for HTX). 

Multiple combinations 

Under normothermic conditions, while all the indi- 
vidual agents were effective (Table 3), there was no 

strong pattern of supra-additivity with combinations; 
no F-value exceeded 0.87 (Table 6), and no t-value 
exceeded 1.11 (data not shown). 

Discussion 

The current studies were motivated by the clinical 
reality of generally poor response rates and a lack 
of durable responses to 5-FU regimens currently 
employed as adjunctive therapies in colorectal 
adenocarcinoma. If combinations of cytotoxic 
modalities with both apparently distinct mechanisms 
of action and in vivo toxicities could achieve similar 
antitumor effects at reduced doses or greater antitumor 
effects with high (near MTD) doses [31], perhaps treat- 
ments could be repeated, tumor resistance reduced, 
response rates improved and/or responses made more 
durable. Hence, the motivation for the current studies. 

The three human colon tumor cell lines used exhib- 
ited heterogeneity in their responses to the individual 
modalities (Tables 1-3) as well as in their responses to 
the combined modalities (Tables 4 8). It is of interest 
that the responses to 5-FU and TNF appeared to be 
reciprocal; for example, HCT-15 cells were sensitive to 
TNF but resistant to 5-FU; DLD-1 cells were sensitive 
to 5-FU but highly resistant to TNF; HT-29 cells were 
sensitive to both. These findings suggest that the resist- 
ance mechanisms are likely distinct. We did not deter- 
mine whether the cytotoxic responses to TNF and/or 
5-FU were apoptotic, necrotic or mixed. If both agents 
induce the same pathway(s), future studies may be 
directed to ascertaining the molecular basis for their 
interaction. 

Furthermore, the sensitivity to 5-FU correlated in- 
versely with the response to HTX. For example, the 
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Table 8 Supra-additive interactions of CP, TNE, 5-FU and HTX 
against the HCT-15 cell line. CP doses are in gg/ml, and TNF and 
5-FU doses are in ng/ml 

Percent cytotoxicity 
(geometric mean) 

Modalit/dose t-value Expected Observed 

c p  (2.5) - -  - -  0.6 
CP (5.0) - -  32.5 
T N F  (1.1) - -  - -  1.7 
T N F  (30) - -  41.7 
5-FU (1.2) - -  - -  1.1 
5-FU (9.6) - -  - -  5.4 
5-VU (78) - -  0.0 
HTX - -  2.4 

CP(2.5); TNF(30); 2.61"* 41.8 80.3 
5-FU(78) 

CP (2.5); T N F  (30); 3.95** 43.2 91.4 
5 -FU (78); HTX 

CP(2.5); TNE(30); 2.47* 45.0 80.2 
5-FU(9.6) 

CP (2.5); T N F  (30); 4.51"* 46.3 93.8 
5 -FU (9.6); HTX 

CP  (2.5); TNF(30); 2.29* 42.7 77.8 
5-FU(1.2) 
CP (2.5); T N F  (30); 4.87** 44.0 94.5 

5-FU (1.2); HTX 

CP (5); T N F  (30) 4.11"* 60.7 90.2 
CP (5);TNF (30); 4.62** 61.6 94.3 

HTX 
CP(5); T N F  (30); 4.05** 60.5 92.6 
5 -FU (78) 
CP (5); T N F  (30); 4.17"* 61.5 94.8 

5-FU (78); HTX 
CP (5); T N F  (30); 3.37** 62.7 90.8 
5 - F U  (9.6) 
CP (5); T N F  (30); 4.67** 63.6 96.1 

5-FU (9.6); HTX 
CP (5); T N F  (30); 3.79** 61.1 91.9 

5-FU (1.2) 
C P  (5); T N F  (30); 4.84** 62.0 96.2 

5-FU (1.2); HTX 
T N F  (30); HTX 2.18" 43.1 72.8 
T N F  (30); 5 -FU (78); 2.38* 42.9 78.7 

HTX 
T N F  (30); 5-FU (9.6); 2.74** 46.0 82.7 

HTX 
T N F  (30); 5-FU(1.2); 2.79** 43.7 82.3 

HTX 

CP  (2.5); T N F  (30); 4.04** 43.4 89.3 
HTX 

CP  (2.5); T N F  (1.1); 2.09* 9.5 66.7 
5 -FU (9.6); HTX 

CP  (2.5); T N F  (1.1); 2.12" 5.6 65.7 
5 -FU (1.2); HTX 

CP  (5); 5 -FU (78); 2.10'  33.9 72.3 
HTX 

CP (5); 5 -FU (9.6); 2.60** 37.6 78.8 
HTX 

CP (5); 5 -FU (1.2); 2.09* 34.9 72.6 
HTX 

CP (5); T N F  (1.1); 2.84* 35.2 80.0 
HTX 

CP (5); T N F  (1.1); 3.04** 34.9 84.8 
5-FU (78); HTX 

CP (5); T N F  (1.1); 4.12"* 38.6 91.4 
5-FU (9.6); HTX 

CP (5); T N F  (1.1); 4.23** 35.9 91.5 
5-FU (1.2); HTX 

*P < 0.05 (t = 1.96) **P < 0.01 (t = 2.58) 

5-FU-sensitive HT-29 cells did not show heat interac- 
tion (nor with other modalities); DLD-1 cells which 
were sensitive only to high-dose 5-FU also showed 
thermal sensitization to 5-FU-containing combina- 
tions; and HCT-15 cells demonstrated resistance to 
5-FU, but marked thermal enhancement, particularly 
with combinations including lower doses of 5-FU 
and CP. HTX could modulate the cellular uptake 
and/or metabolism of these drugs. Collectively, 
these findings indicate a strong role for HTX in 
overcoming tumor cell resistance or enhancing the 
response to chemotherapeutic or biological modalities 
or their combinations. 

The current studies use modalities in a clinically 
applicable fashion. Whole-body hyperthermia of 
colorectal carcinoma patients can be conducted at up 
to 41.8~ (J.M.C. Bull, personal communication). The 
doses of 5-FU and CP are within those levels reported 
from pharmacokinetics studies of these drugs [8, 12]. 
Hepatic arterial infusion of TNF [17] allows doses as 
high as 150 gg/m 2 to be administered for two weekly 
cycles of five doses per week. However, the phar- 
macokinetics of the infused TNF have not been estab- 
lished. It is not known whether the liver captures or 
inactivates the TNF, and certainly no direct measure- 
ment of intrahepatic TNF levels has been reported. 
Assuming a patient surface area of 1.5 m 2 and ~ 80% 
capture by the liver in a hepatic volume of distribution 
of 1 1, a peak intrahepatic level of 180 ng/ml could be 
achieved daily for up to 10 days, which is within the 
effective ranges for interactions demonstrated in our 
current studies. However, this simple model ignores the 
important indirect modes of antitumor action of TNF 
in vivo, which include modulation of blood flow and 
immune effector mechanisms. Therefore, the current in 
vitro studies can only be considered an initial step in 
developing a protocol based on the combination of 
these modalities. Future studies to evaluate such a pro- 
tocol for its in vivo efficacy and toxicity would appear 
to be warranted. 
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