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ABSTRACT
Chemotherapy given sequentially or concurrently with

external beam radiation therapy has emerged as a standard
for the treatment of locally advanced lung cancer. Gene
therapy by adenovirus-mediated wild-type p53 gene transfer
has been shown to inhibit lung cancer growth in vitro, in
animal models, and in human clinical trials. However, no
information is available on the combined effects of p53 gene
transfer, chemotherapy, and radiation therapy on lung can-
cer growth in vitro and in vivo. Therefore, we developed
two-dimensional and three-dimensional isobologram model-
ing and statistical methods to evaluate the synergistic, addi-
tive, or antagonistic efficacy among these therapeutic agents
in human non-small cell lung cancer cell lines A549, H460,
H322, and H1299, at the ID50 and ID80 levels. The combi-
nation of these three therapeutic agents exhibited synergistic
inhibitory effects on tumor cell growth in all four cell lines at
both the ID50 and the ID80 levels in vitro. In mouse models
with H1299 and A549 xenografts, combined treatment syn-
ergistically inhibited tumor growth in the absence of any
apparent increase in toxicity, when compared with other

treatment and control groups. Together, our findings sug-
gest that a combination of gene therapy, chemotherapy, and
radiation therapy may be an effective strategy for human
cancer treatment.

INTRODUCTION
Lung cancer is a frequent cause of cancer deaths worldwide

(1). Yet, recent advances in understanding lung cancer biology
and genetics have suggested new treatment strategies. For ex-
ample, although the outcome is still poor, the management of
locally advanced NSCLC3 has progressed in recent years with
the use of combined modality therapies (2). Optimization of
combinations of standard and novel therapeutic agents may
improve the outcome of treatment. Synergism (or antagonism)
between multiple combined therapeutic agents is usually diffi-
cult to assess both experimentally and clinically. Although
mathematical synergism in cell lines and in animal models may
not directly correlate with clinical response, it could help select
combination treatments by predicating therapeutic synergy,
warn of the possibility of antagonism, and provide critical data
for the optimal timing of combined treatments in human clinical
trials.

Docetaxel, a derivative of taxane, is a highly active agent in
lung cancer. The taxanes mediate cytotoxicity by stabilizing the
microtubules of the cellular mitotic apparatus and preventing
their depolymerization into free tublin (3, 4). Docetaxel in
particular, has been shown to inhibit cell replication and be
cytotoxic in vitro to various tumor cell lines, to exhibit antitu-
mor activity in different animal tumor systems, and to be effec-
tive in the treatment of common human cancers (5–10). Che-
motherapeutic agents used as induction therapy may be effective
in treating systemic micrometastasis but may also have radio-
sensitizing effects that increase local tumor control. Improved
local tumor control can substantially increase long-term survival
in lung cancer (11). Because taxanes have been shown to arrest
cells in both G2 and M (the phases in the cell cycle most
sensitive to ionizing radiation) their radiosensitizing potential
has been explored both in vitro and in vivo, and in clinical trials
(12–15).

The tumor suppressor gene p53, which is frequently mu-
tated somatically or deleted in various human cancers, plays an
important role in tumorigenesis. The tumor suppressor activity
of the gene is mainly through its ability to induce cell growth
arrest or apoptosis in response to a variety of stress signals,
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whereas a lack of functional p53 usually leads to increased
genomic instability, deregulated cell proliferation, accelerated
tumor progression, and elevated cellular resistance to anticancer
therapy (16–18). Gene therapy by adenovirus-mediated intro-
duction of the wild-type human p53 gene into tumors that are
deficient in functional p53 has shown a significant tumor-
suppressing efficacy both in animal systems and in human
clinical trials (19–25). Furthermore, the tumor-suppressing ac-
tivities of such therapy have been reported to be enhanced by
combination with many chemotherapeutic drugs or ionizing
radiation in various human tumors (26–28).

Gene replacement with Ad-p53 could potentially restore
chemotherapy and radiation therapy sensitivity to primary lung
cancers that lack p53 function. However, clinical trials of com-
bination therapy are frequently conducted empirically in the
absence of both in vitro and in vivo supporting data (29). A
model to investigate complex three-agent interactions may be
useful in designing clinical trials. No information is available on
the combined effects of the three therapeutic agents Ad-p53,
docetaxel, and radiation on tumor growth in vitro and in vivo.

Therefore, in the study described here, we developed math-
ematical modeling and statistical analysis methods for evaluat-
ing (in terms of synergism or antagonism) the therapeutic effi-
cacy of the combination treatment with these three therapeutic
agents in vitro and in vivo. Our methodology will provide a
valuable tool for presenting critical supporting data for human
clinical trials. We also demonstrated for the first time that
combination treatment with docetaxel, Ad-p53, and radiation
synergistically inhibited the growth of human NSCLC cells in
vitro and in vivo (in animal models), which suggests that this
three-modality combination treatment may constitute an effec-
tive approach to human cancer therapy.

MATERIALS AND METHODS
Cell Lines and Cell Culture. Four human NSCLC cell

lines, A549, H1299, H322, and H460, of varying p53 gene
status were used for in vitro and in vivo experiments. The A549
line, which contains wild-type p53, was maintained in Ham’s
F12 medium supplemented with 10% FCS. The H1299, H322,
and H460 lines, which have an internal homozygous deletion of
the p53 gene, a mutated p53 gene, or the wild-type p53 gene,
respectively, were maintained in RPMI 1640 supplemented with
10% FCS and 5% glutamine. All of the cells were incubated in
a humidified incubator supplied with 5% carbon dioxide. All of
the cell cultures were tested regularly for the presence of My-
coplasma.

Agents. Docetaxel (Taxotere) was obtained from Rhône-
Poulenc Aventis Pharma (Frankfurt, Germany). Three recombi-
nant adenoviral vectors were used: Ad-p53, which contains a
wild-type p53 gene, was used as a gene therapy agent; Ad-Luc,
which contains a luciferase gene, was used as a nonspecific
negative control; Ad-EV, an empty vector with no transgene
insert, was used as a negative control. All three were made
replication-deficient by deleting the E1 and E3 regions from the
viral genome (30). All three recombinant adenoviral vectors
were constructed as described previously (31, 32). Viral stocks
were prepared by the Vector Core Facility at M. D. Anderson
Cancer Center (Houston, TX). Viral titers were determined by

absorbance measurement (vp/ml) and plaque assay (plaque-
forming units/ml). Potential contamination of the viral prepara-
tions by wild-type virus was monitored by PCR analysis.

Growth Inhibition and XTT Assay. Inhibition of tumor
cell growth by combination treatment with docetaxel, Ad-p53,
and radiation were analyzed by quantitatively determining cell
viability using an improved XTT assay (Roche Molecular Bio-
chemicals, Indianapolis, IN; Ref. 33). The XTT assay is based
on the cleavage of the yellow tetrazolium salt XTT {sodium
3�-[1-(phenylamino-carbonyl)-3,4-tetrazolium]-bis(4-methoxy-
6-nitro) benzene sulfonic acid hydrate} by mitochondrial dehy-
drogenases of viable cells, which results in the formation of an
orange formazan dye. Briefly, cells were plated in 96-well
microtiter plates at 1 � 103 cells/well in 100 �l of medium. One
day after the cells were plated, 25-�l aliquots of media contain-
ing varying concentrations of docetaxel were added into each
well. After 24 h of exposure to docetaxel, the medium was
removed from each well and replaced with a 100-�l aliquot of
medium containing Ad-p53 or Ad-Luc vector at various MOI in
units of vp/cell. After 4 h of incubation with adenoviral vectors,
cells in 96-well plates were irradiated with various doses of
�-radiation in a 137Cs unit at room temperature. Cells were then
incubated at 37°C in a humidified atmosphere under 5% CO2.
Five days after incubation, cell growth and viability were quan-
tified by XTT assay. Briefly, the culture medium was removed,
and 50 �l of XTT reaction mixtures were added into each well
with fresh medium at a final concentration of 0.3 mg/ml/well.
Cells were then incubated for 2 h at 37°C. The absorbance was
measured at a wavelength of 450 nm against a reference wave-
length of 630 nm in a microplate reader (Model MRX; Dynatech
Laboratories, Chantilly, Virginia). Percentage cell viability was
calculated in terms of the absorbency in treated cells relative to
the absorbency in the untreated control cells. Experiments were
repeated at least three times with quadruplicate samples for each
treatment in each individual experiment.

The treatment schedule and experimental design were cho-
sen and optimized based on: (a) experimental observations that
docetaxel could reduce the number of clonogenic cells in tumors
undergoing radiotherapy by its own cytotoxic action and its
radiosensitizing ability and that docetaxel given within 24–48 h
before irradiation acted as a potent enhancer of tumor radiore-
sponse and increased the therapeutic gain of irradiation (14, 34);
(b) the clinically relevant treatment schedule in which a single
bolus of docetaxel (30–40 mg/kg i.v.) was usually given 24 h
before 3–5 daily fractions of radiation (14, 34); and (c) the facts
that p53-deficent cells were usually shown to be resistant to
radiation therapy and wild-type p53 expression could sensitize
the response of tumor cells to irradiation and enhance p-53-
induced apoptosis through the mechanism of irradiation-induced
DNA-damaging repair (28). This schedule takes advantage of
reoxygenation of hypoxic tumor cells during the interval be-
tween drug treatment, exogenous wild-type p53 gene expres-
sion, and radiation delivery, and is in the closest relevance to
clinical practice.

Isobolograms Analysis of Two- and Three-Agent
Combinations. The effects of two-agent combinations and
three-agent combinations on tumor cell growth of four human
NSCLC cells (H1299, H460, H322, and A549) in vitro were
respectively analyzed by two-dimensional and three-dimen-
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sional isobolograms originally described by Steel and Peckham
(35) and improved by us. The schematic representations of the
two-dimensional and three-dimensional isobologram methods
are illustrated in Fig. 1.

The effects of the combined therapeutic agents on tumor
cell growth were analyzed quantitatively and statistically by
plotting the observed experimental data onto the corresponding
isobolograms according to methods described by Kano et al.
(36). When the observed data points for a combination fell
mainly within the envelope of additivity, the effect of the
combination was considered as having an additive effect (Fig. 1,
A and D). When the observed data points for a combination fell
into the area below the envelope of additivity, the combination
effect was regarded as supra-additive (synergism). When the
observed data points for a combination fell above the envelope
but within the square (Fig. 1A) or the cube (Fig. 1D), the
combination’s effect was considered as subadditive. When the
observed data points for a combination fell outside the square or
the cube, the effect of the combination was considered protec-

tive. Both subadditive and protective interactions were consid-
ered as antagonistic.

To determine the significance of synergism in a combina-
tion, Wilcoxon’s signed-rank tests were performed to compare
the mean values of the observed data with the predicted mini-
mum or maximum values for the additivity. If the mean value of
the observed data was equal to, or smaller than, the predicted
maximum value but equal to, or larger than, the predicted
minimum value, the effect of the combination was considered
additive. If the mean value of the observed data was smaller than
the predicted minimum value, the effect of the combination was
considered synergistic; if larger than the predicted maximum
value, antagonistic, P � 0.05 was considered significant. All of
the statistical analyses were performed using Statistica software
(StatSoft Inc., Tulsa, Oklahoma).

Efficacy of Combination Treatments in Animal Models.
All of the animals were maintained, and animal experiments
were performed, under NIH and institutional guidelines estab-
lished for the Animal Core Facility at M. D. Anderson Cancer

Fig. 1 Schematic representation of methods for producing two-dimensional (A–C) and three-dimensional (D–F) isobolograms. The envelope of
additivity for the two-dimensional isobologram (A) was defined by three isoeffect lines, Mode I (B) and two of Mode II (C), respectively. (C shows
Mode IIab represented of Mode IIs.) The envelope of additivity in the three-dimensional isobologram (D) was defined by innermost and outermost
surfaces constructed from seven isoeffect surfaces of Mode I (E) and six of Mode IIs (F). (F shows Mode IIabc represented of Mode IIs.)
Dose-response curves for single agents were replotted using a relative dose and logarithmic survival fraction where ID50 is taken as 1. Dose-response
curves for agents A, B, and C were generated using the median-effect equations, y � Fa(x) � 1/(1�xma), y � Fb(x) � 1/(1 � xmb), and y � Fc(x) �
1/(1 � xmc), where ma, mb, and mc are the coefficients of sigmoidicity of the dose-response curves of agent A, B, and C, respectively. Da, Db, and
Dc, the relative doses of agent A, B, and C, and the length a, b, and c are the fractional effect corresponding to Da, Db, and Dc, respectively. The
detailed mathematical operations and methods for generation of isoeffect lines and surfaces and for statistical analysis of the observed data will be
provided by request.
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Center. The animals used in this study; female Nu/nu mice (6–8
weeks of age), were purchased from Charles River Laboratories
(Wilmington, MA). Prior to tumor cell inoculation, mice were
subjected to 3.5 Gy of total body irradiation from a 137Cs
radiation source. Both H1299 and A549 cells were used to
establish s.c. tumors in mice. Briefly, 1 � 106 cells were
injected into the right flank of each mouse. When the average
size of tumors reached 50–100 mm3, mice were randomly
divided into treatment groups containing 5–10 mice each. Mice
were treated according to the following schedule: on day 0, mice
were i.v. injected with docetaxel diluted in 0.2 ml of PBS at a
dose of 30 mg/kg/mouse (PBS alone was used as a mock
treatment); on day 1, each mouse was intratumorally injected
with adenoviral vector Ad-p53, Ad-EV, or Ad-luc at a dose of
5 � 1010 vp/tumor in a volume of 0.2 ml; on day 2, tumors were
locally irradiated with a vertical 60Co-�-radiation beam from a
Theratron 780C Cobalt unit (Theratronics International, Ltd.,
Kanata, ON, Canada) at a dose of 5 Gy/tumor. Each mouse was
restrained in a custom-designed jig without anesthesia and po-
sitioned in the radiation field such that only the tumor xenograft
implanted on the hind flank was exposed to the radiation beam,
and the rest of the body was shielded by a lead block. Mice were
ear-tagged so that data obtained from individual animals could
be traced. Tumor dimensions were measured three times per
week using a digital caliper. Tumor volume was calculated
using the equation V (mm3) � a � b2/2, where a is the largest
diameter and b is the smallest diameter. Differences in tumor
volumes between treatment groups were analyzed using an
ANOVA test with the Statistica software. A difference was
considered to be statistically significant when P � 0.05.

A mathematical model and a statistical method were de-
veloped to analyze the effects of combination treatments in our
animal model. The log of tumor volume was fitted using a
quadratic model in time. To avoid numerical difficulties, 1.0
was added to each volume prior to analysis. Treatment and time
were entered as fixed effects, mouse as a random effect. Inter-
action terms were entered between the treatment term and both
the linear and quadratic terms in time. A number of covariance
structures were examined for each model. The final structure
was selected using the Akaike’s Information Criterion (37). For
data sets from A549 tumor models, an unstructured covariance
matrix was chosen; for H1299 models, a Toeplitz heterogeneous
structure was chosen. Interaction between two treatments (A and
B) was defined in the following way. Given time t, the mean
tumor volume in the control group is V0(t); in treatment group
A, VA(t); in treatment group B, VB(t); and in the combined
treatment group A�B, VAB(t). Let pA(t) � VA(t)/V0(t), where
pA(t) is the proportion in which the treatment A reduces tumor
volume at time t and thus VA(t) � pA(t) V0(t). Similarly, define
pB(t) and pAB(t). Then, if there is no synergy between treatments
A and B, pAB(t) � pA(t) pB(t). For example, if the tumor volume
in treatment group A falls to 80% and the tumor volume in
treatment group B falls to 70% of that in the control group at
time t, then, in the absence of synergy, the combined treatment
should reduce the tumor volume to 56% of that in the control
group. Under this definition, synergy may be present at one time
point (t) and not at others. Our hypothesis is that the equation
pAB(t) � pA(t) pB(t) may be reformulated as a linear hypothesis
suitable for testing by substituting for the definitions of PA, PB,

and PAB. Taking the logs of both sides of the equations yields
lnVAB � lnVA � lnVB � lnV0. This may be tested using an
appropriate contrast. All of the analyses were performed using
SAS procedure MIXED in SAS version 6.12 (SAS Institute Inc.,
Cary, NC).

RESULTS
Effect of a Single Therapeutic Agent on Tumor Cell

Growth. The dose responses of NSCLC cells to the individual
therapeutic agents, Ad-p53, docetaxel, and �-radiation, were
analyzed by determining the relative viability of the treated
cells. The cytotoxicity of each agent was assayed in vitro against
four NSCLC cell lines (A549, H460, H322, and H1299). Ad-
Luc was used as a nonspecific control agent for gene transfer.
The dose effect of each agent on tumor cell growth was sub-
jected to the median-effect plot (29, 38). The concentrations of
agents that caused 50 and 80% inhibition of growth (ID50 and
ID80) were determined (Table 1). Ad-p53, docetaxel, and radi-
ation were shown to be potently cytotoxic to all of the cell lines
tested. In terms of Ad-p53 treatment, H1299 cells (p53 null)
were the most sensitive and H460 cells (p53 wild type) were the
most resistant. In terms of docetaxel treatment, the relative
potency of docetaxel against tumor cell growth was (in order
from highest to lowest) H322�H460�H1299�A549. In terms
of radiation treatment, H460 were the most sensitive and H1299
cells the least sensitive. Ad-Luc was poorly cytotoxic to all of
the cell lines tested, at dose levels that transduce up to 80% of
cells (data not shown). The ID50 and ID80 for Ad-Luc could be
determined only at a very high dose.

Isobolograms Analysis of Two-Agent Combination.
The effects of two-agent combinations docetaxel � Ad-p53,
Ad-p53 � radiation, docetaxel � radiation, docetaxel � Ad-
Luc, and Ad-Luc � radiation on four NSCLC cell lines (A549,
H460, H322, and H1299; Fig. 2) were analyzed. All of the
experiments were repeated at least three times, with quadrupli-
cate samples for each treatment in each experiment. The ob-
served data and the predicted outcomes of treatment with these
combinations are summarized in Table 2. The observed data and
the predicted minimum or maximum data were compared using
Wilcoxon’s signed-rank test; Ps smaller than 0.05 were consid-
ered significant (36, 39).

At the ID50 level, the combination of docetaxel � Ad-p53
produced a significant synergistic effect in H1299 cells (P �
0.046), but an additive effect in A549, H322, and H460 cells
(Fig. 2A, D�P). In contrast, at the ID80 level, the combination
of docetaxel � Ad-p53 produced a significant synergistic effect
in H460 (P � 0.0117), H322 (P � 0.0117), and H1299 (P �
0.028) cells, but an additive effect in A549 cells (Fig. 2B, D�P).
At both the ID50 and ID80 levels, the combination of Ad-p53 �
radiation was significantly synergistic in all of the cell lines
tested (P 	 0.05; Fig. 2A and B, P�R). At both ID50 and ID80

levels, the combination of docetaxel � radiation produced an
additive effect in H460, H322, and A549 cells with the observed
data points being distributed either within the additive envelop
or scattered around the boundary between the additive and the
synergistic area, whereas the synergistic effect was evident only
in H1299 cells (Fig. 2, A and B, D�R; Table 2). By comparison,
neither the docetaxel � Ad-Luc nor the Ad-Luc � radiation
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combination produced a significant synergistic effect in any cell
line regardless of ID level (Fig. 2, A and B, D�L and L�R;
Table 2). Together, these data suggested that the observed
synergism in tumor cells treated with Ad-p53 in combination
with either docetaxel or radiation was specific for the agents
tested.

Isobolograms Analysis of Three-Agent Combinations.
The effects of combinations of the three therapeutic agents
under study (Ad-p53, docetaxel, and radiation) on tumor cell
growth of four human NSCLC cells (H1299, H460, H322, and
A549) were analyzed quantitatively and statistically in vitro
(Fig. 3). The observed and predicated values for the combined
effects are summarized in Table 2. At both the ID50 and ID80

levels, the combination of docetaxel, Ad-p53, and radiation
showed synergistic cancer cell cytotoxicity (P 	 0.01 at ID50

and P 	 0.001 at ID80) in all four cell lines tested. In contrast,
the combination of docetaxel, Ad-Luc, and radiation produced
no synergistic effects in any of the cell lines tested at either the
ID50 or ID80 levels (Fig. 3, A and B, D�L�R). These observa-
tions were consistent with those plotted on the two-dimensional
isobolograms with Ad-Luc as a control and suggested that
Ad-p53 made an important contribution to the observed syner-
gistic inhibition of NSCLC cell growth by the three-agent com-
bination of docetaxel, Ad-p53, and radiation.

Effects of Combined Ad-p53, Docetaxel, and Radiation
Therapy on Tumor Growth in Vivo. To see whether the
synergistic effect of the combination of Ad-p53, docetaxel, and
radiation observed in vitro would result in a similar response in
vivo, we examined the combined effects of these three agents on
tumor growth in H1299 and A549 s.c. xenografts in nude mice
(Fig. 4). When the average size of xenografted tumors reached
5–8 mm in diameter, mice were first given a single i.v. do-
cetaxel (30 mg/kg); mock treatment with PBS was used as a
control. Twenty-four h after docetaxel injection, mice received
injections with Ad-p53, Ad-EV, or Ad-Luc vectors at a dose of
5 � 1010 vp/tumor; again, PBS was used as a control. Twenty-
four h after administration of adenoviral vectors, radiation ther-
apy was carried out by locally irradiating tumors with 5 Gy of
60Co-�-radiation. For each experiment, mice were divided into
10 treatment groups: four control groups (PBS, docetaxel alone,
Ad-p53 alone, and radiation alone); three groups treated with
two-agent combinations (docetaxel � Ad-p53, docetaxel �
radiation, and Ad-p53 � radiation); and three groups treated
with three-agent combinations of docetaxel � Ad-p53 � radi-
ation, docetaxel � Ad-Luc � radiation, and docetaxel � Ad-EV
� radiation). Each treatment group contained five mice, and all
experiments were repeated twice.

Statistical analysis using the ANOVA method revealed
that, as a whole, the combination of docetaxel � Ad5CMV-p53
� �-radiation significantly inhibited tumor growth in both the
H1299 (Fig. 4A) and A549 (Fig. 4B) tumor model (P 	 0.05),
when compared with other treatments and controls groups. We
also analyzed the existence of synergistic interaction of the
three-agent combinations in these tumors (see “Materials and
Methods”). When combined, docetaxel, Ad-p53, and radiation
produced significantly synergistic inhibitory effects on tumor
growth in both H1299 and A549 tumor models at day 20 (P 	
0.05). By comparison, combinations in which a control vector
(either Ad-EV or Ad-Luc) was used with docetaxel and radia-
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tion produced much less inhibition of tumor growth in both
tumor models (Fig. 4, A and B, DER and DLR), thus suggesting
that the synergistic effects of the three-agent combination of
docetaxel � Ad-p53 � radiation were specific to the inclusion
of Ad-p53 in the combination.

DISCUSSION
Although advances in combined chemoradiation therapy

have led to incremental improvements of survival in patients
with advanced NSCLC, most patients still succumb to their
disease (40). Recently, new chemotherapeutic agents such as the

taxanes (e.g., paclitaxel, docetaxel), topoisomerase inhibitors
(e.g., topotecan, irinotecan), and novel nucleotide analogues
(e.g., gemcitabine, vinorelbine) with different mechanisms of
action and cytotoxicity profiles have shown promising antitu-
mor activity in lung cancers and other cancers (41). Docetaxel
has been shown to be one of the most active single agents
against NSCLC in Phase I and II clinical trials (42). Many of
these new agents have been used in combined modality trials
with radiotherapy because of their different mechanisms of
interaction with ionizing radiation and radiosensitizing potential
(40). Several Phase II trials have demonstrated increased sur-

Fig. 2 Two-dimensional isobolograms of the
effects of two-agent combination treatments.
Isobolograms at ID50 (A) and ID80 (B) levels
were generated in human NSCLC cell lines
(A549, H460, H322, and H1299) treated with
the combinations of docetaxel � Ad-p53
(D�P), docetaxel � radiation (D�R), Ad-p53
� radiation (P�R), docetaxel � Ad-Luc
(D�L), and Ad-Luc � radiation (L�R). F, the
observed data. Statistical analysis was per-
formed using Wilcoxon’s signed-rank test;
P � 0.05 was considered significant (see “Ma-
terials and Methods”).
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vival and acceptable toxicity in NSCLC patients treated with
such combined regimens (40).

A major impediment to successful therapy, however, is the
high rate of local failure (�40%; Ref. 2). One possible solution
to this problem is to increase the radiation dose to the tumor by
using radiosensitizing agents and adding an additional local
treatment such as gene therapy. The potential radiation sensi-
tizing effects of certain genes that are inactivated during cancer
progression make this an attractive approach. Promising thera-
peutic responses have been demonstrated in advanced NSCLC
treated with wild- type p53 delivered locally with recombinant
adenoviral vectors alone or in combination with chemotherapy
such as the DNA-damaging agent cisplatin (20, 22, 24, 25).

An aggressive treatment approach combining new chemo-
therapeutic agents such as docetaxel, gene therapy with Ad-p53,
and radiotherapy may improve the outcome for patients with
advanced NSCLC. However, what is currently lacking is critical
information on the cytotoxicity and target response to such a
complicated combined-modality therapy. This study was in-
tended to help fill this gap. In brief, we have developed methods
for two- and three-dimensional isobologram modeling and for

statistical analysis to evaluate triple combined-modality therapy
in human NSCLC cell lines in vitro and in animal models in
vivo. We used the improved isobologram method of Steel and
Peckham for evaluating the interaction of combined treatments
in vitro (35). This method, generally, is much more stringent for
analyzing synergism or antagonism than other methods because
it coordinates a wider area of uncertainty (envelope of additiv-
ity) instead of an additive line. Thus, the possibility of predict-
ing false-positive synergistic or antagonistic interactions, a
problem inherent in other methods, was eliminated. The original
methods of constructing isobolograms were very complicated
and usually involved plotting by hand. We improved the method
for making isobolograms for this study by using computer-based
dose-response curves and fitting them with the median-effect
equation (43). This reduced the inaccuracy and inconvenience of
the conventional hand-plotting method. We also developed
mathematical and statistical analytical methods for producing
sophisticated three-dimensional isobolograms that could be used
to evaluate the interaction of the three-agent combinations.

In the present study, we evaluated the interaction of three
agents in either two-agent or three-agent combinations in four

Table 2 Combination effects of docetaxel, Ad-p53, and radiation in two- or three-agent combinations

Combination Cell line

ID50 ID80

Dataa Minib Maxc Effect Data Mini Max Effect

Dd�P A549 0.531 0.493 0.833 Additive 0.536 0.601 0.845 Additive
H460 0.511 0.486 0.814 Additive 0.522 0.65 0.877 Synergy (P � 0.0117)
H322 0.381 0.399 0.859 Additivee 0.432 0.476 0.831 Synergy (P � 0.0117)
H1299 0.506 0.552 0.85 Additivee 0.437 0.594 0.795 Synergy (P � 0.0280)

D�R A549 0.53 0.511 0.711 Additive 0.62 0.599 0.704 Additive
H460 0.558 0.493 0.821 Additive 0.583 0.594 0.802 Additivee

H322 0.457 0.351 0.827 Additive 0.603 0.437 0.815 Additive
H1299 0.527 0.728 0.814 Synergy (P � 0.0464) 0.552 0.651 0.768 Synergy (P � 0.0173)

P�R A549 0.498 0.562 0.879 Synergy (P � 0.0464) 0.449 0.578 0.801 Synergy (P � 0.0117)
H460 0.289 0.396 0.732 Synergy (P � 0.0431) 0.331 0.555 0.809 Synergy (P � 0.0117)
H322 0.426 0.519 0.777 Synergy (P � 0.0277) 0.395 0.601 0.743 Synergy (P � 0.0117)
H1299 0.411 0.66 0.81 Synergy (P � 0.0180) 0.426 0.638 0.829 Synergy (P � 0.0180)

D�P�R A549 0.299 0.344 0.798 Synergy (P � 0.0076) 0.31 0.459 0.771 Synergy (P 	 0.0001)
H460 0.276 0.311 0.836 Synergy (P � 0.0029) 0.243 0.39 0.776 Synergy (P 	 0.0001)
H322 0.166 0.241 0.865 Synergy (P � 0.0060) 0.217 0.288 0.767 Synergy (P 	 0.0001)
H1299 0.303 0.433 0.849 Synergy (P � 0.0046) 0.285 0.486 0.767 Synergy (P 	 0.0001)

D�L A549 0.656 0.576 0.723 Additive 0.814 0.78 0.815 Additive
H460 0.794 0.614 0.902 Additive 0.797 0.69 0.876 Additive
H322 0.731 0.405 0.871 Additive 0.777 0.433 0.918 Additive
H1299 0.521 0.37 0.707 Additive 0.63 0.555 0.833 Additive

L�R A549 0.688 0.547 0.753 Additive 0.713 0.669 0.766 Additive
H460 0.784 0.635 0.765 Additivef 0.823 0.774 0.807 Additivef

H322 0.776 0.656 0.797 Additive 0.784 0.741 0.783 Additivef

H1299 0.617 0.461 0.763 Additive 0.623 0.597 0.868 Additive

D�L�R A549 0.474 0.36 0.663 Additive 0.599 0.501 0.642 Additive
H460 0.462 0.313 0.738 Additive 0.595 0.453 0.712 Additive
H322 0.599 0.177 0.746 Additive 0.637 0.254 0.661 Additive
H1299 0.423 0.249 0.696 Additive 0.455 0.386 0.744 Additive

a Mean values of observed data points.
b Predicted minimum values.
c Predicted maximum values.
d D, docetaxel; P, Ad-p53; R, radiation; L, Ad-Luc.
e Mean value of observed data was less than predicted minimum data but not significantly different (P � 0.05).
f Mean value of observed data was larger than predicted maximum data but not significantly different (P � 0.05).
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NSCLC cell lines at both ID50 and ID80 levels. We used both ID
levels because, although isobologram analysis of combined ef-
fects is commonly done at the ID50 level, isobologram analysis
at the ID80 level is more relevant to clinical cancer treatment
settings. We found that the combination of Ad-p53 � radiation
produced significantly synergistic effects in all of the cell lines
tested at both the ID50 and ID80 levels, whereas the combina-
tions of docetaxel � Ad-p53 and docetaxel � radiation pro-
duced mixed effects ranging between additive and synergistic.
The three-agent combination also produced significantly syner-
gistic effects in all of the cell lines tested at both the ID50 and
ID80 levels. No antagonistic effects were observed for any two-
or three-agent combinations. On the other hand, the combina-
tions containing control vector (docetaxel � Ad-Luc, Ad-Luc �
radiation, and docetaxel � Ad-Luc � radiation) showed only
additive or additive-to-antagonistic effects in all of the cell lines
tested, and no synergistic effects, despite doses of Ad-Luc that
exceeded Ad-p53. Together, these findings suggest that the

adenoviral vector-mediated wild-type p53 gene therapy specif-
ically induced the observed suppression of NSCLC cell growth.
Interestingly, although H460 and A549 cells both contain the
wild-type p53 gene and showed resistance to single-agent Ad-
p53 treatment in our studies, they also showed a significant
response to combination treatments that included Ad-p53 with
docetaxel and radiation; moreover, the growth of both cell lines
was synergistically inhibited. Together, these results imply that
the application of this combined modality therapy might be
broadened to include cancers that show resistance to a single
therapeutic agent.

Cellular responses to ionizing radiation and to many
chemotherapeutics are frequently attributed to (a) the cyto-
toxicity of such agents to actively proliferating cells and (b)
the apoptosis they induce (44, 45). Because apoptosis is a
genetically programmed cellular response to environmental
stresses or stimuli, mutations in apoptotic pathways could
theoretically result in cellular resistance to therapeutic drugs

Fig. 3 Three-dimensional iso-
bolograms of the effects of three-
agent combination treatments.
Three-dimensional isobolograms
of effects at the ID50 (A) and ID80

(B) levels were generated in hu-
man NSCLC cell lines (A549,
H1299, H460, and H322)
treated with combinations of
docetaxel � Ad-p53 � radiation
(D�P�R) and docetaxel � Ad-
Luc � radiation (D�L�R). E,
the observed data lying inside the
surfaces of the envelope of addi-
tivity (subadditive area); F, the
observed data lying outside the
surface of the envelope of addi-
tivity (supra-additive area). Sta-
tistical analysis was performed
using Wilcoxon’s signed-rank
test; P � 0.05 was considered
significant (see “Materials and
Methods”).
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and radiation treatment. For example, the status of the p53
tumor suppressor gene in tumor cells has been shown to be a
strong determinant of cellular response to treatment with
either radiation or chemotherapy; the vulnerability of tumor
cells to radiation or chemotherapy is greatly reduced by
mutations that abolish p53-dependent apoptosis (17, 46 – 48).
These results suggested that the inactivation of p53 might
produce treatment-resistance of tumor cells to docetaxel
chemotherapy and radiotherapy. On the other hand, they
suggest that restoration of p53 function in p53-deficient cells
or overexpression of exogenous p53 in p53-wild type tumor
cells might overcome the cellular resistance and enhance the
cellular response to either chemotherapy or radiotherapy via
a mechanism leading to p53-dependent apoptosis. Together,
our results strongly suggest that the combined-modality ther-
apy studied here with docetaxel chemotherapy, Ad-p53 gene
therapy, and ionizing radiotherapy might be an effective
therapeutic option for patients with advanced NSCLC as well
as other types of cancers. In addition, our two- and three-
dimensional isobologram models could be useful for predict-
ing the outcomes of complicated therapeutic combinations in

vitro and in vivo and for providing critical supporting data for
clinical trials.
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