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Abstract Introduction: With the introduction of new
drugs, the e�cacy of chemotherapy in non-small-cell
lung cancer has been improving. The combination of
paclitaxel and carboplatin has shown activity in this
disease but is far from curative. Methods: The antian-
giogenic agent regimen of TNP-470/minocycline was
added to treatment with paclitaxel and carboplatin alone
and in combination in animals bearing the Lewis lung
carcinoma. Results: Administration of the antiangio-
genic regimen prior to, during and after the cytotoxic
therapy increased the tumor growth delay 1.6-fold and
decreased the number of lung metastases to 20% of the
number observed in the control animals. [14C]Paclitaxel,
platinum from carboplatin and [14C]albumin levels were
determined over a 24-h time course in tumors and nor-
mal tissues of animals bearing the Lewis lung carcinoma
and pretreated with TNP-470/minocycline or not pre-
treated. There were higher levels of [14C]paclitaxel,
platinum from carboplatin and [14C]albumin in the tu-
mors and some normal tissues of the animals that had
received TNP-470/minocycline compared with those
that had not received TNP-470/minocycline, especially
at the earlier time points. Administration of TNP-470/
minocycline to animals bearing the EMT-6 mammary
carcinoma increased the cytotoxicity of high-dose pac-
litaxel toward EMT-6 tumor cells and toward bone
marrow CFU-GM. Administration of TNP-470/mi-
nocycline to animals bearing the EMT-6 mammary
carcinoma also increased the cytotoxicity of carboplatin

toward the EMT-6 tumor cells but did not a�ect the
toxicity of carboplatin toward the bone marrow CFU-
GM. Conclusions: The addition of TNP-470/minocycline
to treatment with paclitaxel and carboplatin resulted in
increased antitumor activity and e�cacy and further
investigation of this combination is warranted.
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Introduction

Given the relatively modest impact of established com-
bination chemotherapy regimens on survival in ad-
vanced non-small-cell lung cancer, the development of
new treatments for this very common malignancy is
imperative. Among the newer chemotherapeutic agents,
the taxane paclitaxel has demonstrated signi®cant ac-
tivity against metastatic non-small-cell lung cancer as
a single agent with much improved median survival [6,
18]. Since platinum-based therapeutic combinations
have been historically important in the treatment of non-
small-cell lung cancer, several phase II studies have been
conducted combining administration of paclitaxel and
carboplatin [11, 16, 17, 20, 35]. These phase II studies
have produced promising results showing that the
combination of paclitaxel and carboplatin is an active
and generally well-tolerated regimen for non-small-cell
lung cancer. This two-drug regimen produces response
rates between 30% and 50% and prolonged median
survival of >1 year. Paclitaxel/carboplatin is not cura-
tive in advanced non-small-cell lung cancer and com-
plete responses are rare.

Potentiation of the e�cacy of cytotoxic anticancer
therapies by administration of antiangiogenic agents has
been demonstrated in several in vivo experimental sys-
tems [1, 27±31, 33]. Among the most promising of the
antiangiogenic agents is TNP-470, a synthetic analog of
the fungal antibiotic fumagillin. TNP-470 is a potent
inhibitor of endothelial cell migration [4], endothelial

Cancer Chemother Pharmacol (1998) 41: 497±504 Ó Springer-Verlag 1998

Supported in part by a gift from TAP Pharmaceuticals,
Deer®eld, IL 60025, USA

R.S. Herbst á H. Takeuchi á B.A. Teicher
Dana-Farber Cancer Institute, 44 Binney Street,
Boston, MA 02115, USA

B.A. Teicher (&)
Lilly Research Laboratories, Lilly Corporate Center,
DC 0540, Indianapolis, IN 46285, USA
Tel. +1-317-277-7808; Fax +1-317-277-3652;
E-mail TEICHER_BEVERLY_A@LILLY.COM



cell proliferation [2, 10, 15, 36] and capillary tube for-
mation [14]. TNP-470 also inhibits angiogenesis as
demonstrated in the chick chorioallantoic membrane
(CAM) assay, and the rabbit and the rodent cornea
assays [14]. TNP-470 has been shown to inhibit the
growth of certain primary and metastatic murine tumors
as well as human tumor xenografts [3, 5, 13, 22, 34, 37±
39]. TNP-470 undergoes a rapid metabolism in vivo [19].

The current study was undertaken to assess the e�-
cacy of TNP-470/minocycline in a treatment regimen
including paclitaxel and carboplatin.

Materials and methods

Drugs

TNP-470 (AGM-1470) was a gift from Dr. Deborah Milkowski,
TAP Pharmaceuticals (Deer®eld, Ill). Carboplatin and paclitaxel,
and [14C]paclitaxel (2-benzoyl-ring-UL-14C; 40±60 mCi/mmol) and
[14C]albumin (14C-methylated bovine albumin; 40 lCi/mg protein)
were purchased from Sigma Chemical Co. (St. Louis, Mo.).

Tumor

The Lewis lung tumor [7, 8, 21] was carried in male C57BL mice
(Taconic Laboratories, Germantown, N.Y.). For the experiments,
2 ´ 106 tumor cells prepared from a brei of several stock tumors
were implanted subcutaneously into the legs of male mice aged 8±
10 weeks. Tumors reach a volume of 100 mm3 by day 7 after tumor
cell implantation.

Tissue distribution

Animals bearing Lewis lung tumors were treated on alternate days
by subcutaneous injection of TNP-470 (30 mg/kg) days 4±8 and
daily by intraperitoneal injection of minocycline (10 mg/kg) on
days 4±8 following tumor implantation. On day 8 these pretreated
animals and other tumor-bearing animals that were not pretreated
were injected intravenously with 3.1 lCi of [14C]paclitaxel (36 mg/
kg), 0.65 lCi of [14C]albumin (10 mg/kg) or carboplatin (300 mg/
kg). At 1 min, 15 min, 30 min, 1 h, 3 h, 6 h, 15 h and 24 h after
administration of each agent two animals were killed. Known wet
weights of tumor, liver, kidney, brain, heart, gut, lung, skin, skel-
etal muscle, and blood from the animals injected with [14C]paclit-
axel or [14C]albumin were dissolved in a tissue solubilizer (Protosol;
DuPont Biotechnology Systems), then counted by liquid scintilla-
tion in Aquasol (DuPont Biotechnology Systems) [26]. Known wet
weights of the same tissues from the animals injected with carbo-
platin were dissolved in the protosol tissue solubilizer, then ana-
lyzed by ¯ameless atomic absorption spectroscopy. Platinum from
a 15-ll sample injection volume was atomized from the walls of
pyrolytically coated graphite tubes. A Perkin-Elmer Model 2380
atomic absorption spectrophotometer was used in conjunction with
a Perkin-Elmer Model 400 graphite furnace to measure the absol-
ute mass of platinum in the cell samples. Each measurement was
made in triplicate [9, 26].

Tumor cell-survival assay

The EMT-6/Parent mouse mammary carcinoma grown as a solid
tumor subcutaneously in the ¯anks of female Balb/C mice (Taconic
Farms, Germantown, N.Y.) has been used widely in radiobiology
and chemotherapy studies. The EMT-6 murine mammary carci-
noma is an in vivo±in vitro tumor system [26]. The EMT-6/Parent
and alkylating agent-resistant tumors were grown in female Balb/C

mice. For the experiments, 2 ´ 106 tumor cells prepared from a brei
of several stock tumors were implanted subcutaneously into the
hind legs of Balb/C mice aged 8±10 weeks. Tumor cell survival was
performed when the tumors had reached a volume of approxi-
mately 150 mm3 (day 9 after tumor implantation). On day 8 the
animals were treated with single doses of paclitaxel (24, 36 or
48 mg/kg) by intravenous injection or with carboplatin (100, 300 or
500 mg/kg) by intraperitoneal injection alone or following pre-
treatment with TNP-470 (30 mg/kg) administered by subcutaneous
injection and minocycline (10 mg/kg) administered by intraperito-
neal injection on days 4 through 8.

A 24-h interval was incorporated before the mice were killed to
allow for the full expression of drug cytotoxicity and repair of
potentially lethal damage. Mice were immersed brie¯y in 95%
ethanol and the tumors were excised under sterile conditions in
a laminar ¯ow hood and minced to a ®ne brei with two scalpels.
Four tumors were pooled to make each treatment group. Ap-
proximately 400 mg tumor brei was used to make each single-cell
suspension. All reagents were sterilized with 0.22 lm Millipore
®lters and were added aseptically to the tumor cells.

Each sample was washed in 20 ml Waymouth's medium (Me-
diatech, Pittsburgh, Pa.) after which the liquid was gently decanted
and discarded. The samples were resuspended in 450 U collagen-
ase/ml (Sigma, St. Louis, Mo.) and 0.1 DNase/ml (Sigma) and
incubated for 10 min at 37 °C in a shaking water bath. The samples
were resuspended as described above and incubated for another
15 min at 37 °C. Next, 1 ml of l mg/ml DNase was added and
incubation was continued for 5 min at 37 °C. The samples were
then ®ltered through a 70-lm cell strainer (Fisher, Pittsburgh, Pa.).
The samples were washed twice, then resuspended in Waymouth's
medium supplemented with 15% newborn calf serum. These single-
cell suspensions were counted and plated at six di�erent cell con-
centrations for the colony-forming assay. No signi®cant di�erence
was observed in the total cell yield from the pooled tumors in any
treatment group. After 1 week, the plates were stained with crystal
violet and colonies of more than 50 cells were counted. The un-
treated tumor cell suspensions had a plating e�ciency of 8±14%.
The results are expressed as the surviving fraction (�SE) of cells
from the untreated groups as compared with untreated controls.

Bone marrow toxicity

Bone marrow was taken from the same animals used for the tumor
excision assay. A pool of marrow from the femurs of two animals
was obtained by gently ¯ushing the marrow through a 23-gauge
needle and the granulocyte-macrophage colony-forming unit
(CFU-GM) assay was carried out as described previously [25].
Bone marrow cells were suspended in supplemented McCoy's 5A
medium containing 15% fetal bovine serum (FBS), 0.3% agar
(Difco, Detroit, Mich.), and 10% conditioned medium as a source
of colony-stimulating activity. The colony-stimulating activity
supplement was prepared by incubating L-929 mouse ®broblasts
(2500 cells/ml; Microbiological Associates, Bethesda, Md.) with
30% FBS in McCoy's 5A medium for 7 days at 37 °C in a hu-
midi®ed atmosphere containing 5% CO2. The supernatant con-
taining the colony-stimulating activity was obtained by
centrifugation of the medium at 10 000 g for 10 min at 4 °C fol-
lowed by ®ltration under sterile conditions. The bone marrow cell
cultures were incubated for 7 days at 37 °C and were ®xed with
10% glutaraldehyde. Colonies of at least 50 cells were scored. The
results of three experiments, in which each group was measured at
six cell concentrations, were averaged. The results are expressed as
the surviving fraction (�SE) of treated groups as compared with
untreated controls.

Tumor growth delay experiments

By day 4 after tumor-cell implantation, Lewis lung tumors had
begun neovascularization. Animals bearing Lewis lung tumors
were injected subcutaneously with TNP-470 (30 mg/kg) on
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alternate days for eight injections, beginning on day 4, and/or were
treated with minocycline (10 mg/kg) by intraperitoneal injection
daily on days 4 through 18 after tumor implantation. When the
Lewis lung tumors were approximately 100 mm3 in volume on day
7 after tumor cell implantation, cytotoxic therapy was initiated.
Paclitaxel (36 mg/kg) was administered by intravenous injection on
days 7 through 11. Carboplatin (50 mg/kg) was administered by
intraperitoneal injection on day 7.

The progress of each tumor was measured thrice weekly until it
reached a volume of 500 mm3. Tumor growth delay was calculated
as the days taken by each individual tumor to reach 500 mm3 as
compared with the untreated controls. Each treatment group
consisted of ®ve animals, and the experiment was repeated three
times. Days of tumor growth delay are the mean � SE for the
treatment group compared with the control [29].

Lung metastases

The external lung metastases from animals treated as described
above on day 20 after tumor implantation were counted manually
and scored as ³3 mm in diameter. The data shown are the means
from 6 to 12 pairs of lungs. Untreated control animals died from
lung metastases on days 21 to 25 [29].

Results

The Lewis lung carcinoma growing in C57BL mice was
chosen for these studies because it is a syngeneic model
of non-small-cell lung cancer, it is relatively resistant to
many cancer therapies and it metastasizes avidly to the
lungs of the animals from subcutaneously implanted
primary tumors. Treatment of Lewis lung carcinoma-
bearing mice with TNP-470 (30 mg/kg) administered
subcutaneously on alternate days for eight injections
beginning on day 4 after tumor cell implantation and
with minocycline (10 mg/kg) administered intraperito-
neally daily for 15 injections beginning on day 4 after
tumor cell implantation did not alter the tumor growth
compared with untreated tumors (Table 1). Paclitaxel
(36 mg/kg) administered by intravenous injection on
days 7 through 11 after tumor cell implantation pro-
duced 4.6 days of tumor growth delay which was in-
creased 1.4-fold to 6.4 days of tumor growth delay when
administered along with TNP-470 and minocycline. A
single intraperitoneal injection of carboplatin (50 mg/kg)

on day 7 after tumor cell implantation produced a tumor
growth delay of 4.2 days. When carboplatin was ad-
ministered along with TNP-470 and minocycline a tumor
growth delay of 7.8 days resulted, a 1.9-fold increase
compared with carboplatin alone. The combination of
the cytotoxic anticancer drugs, paclitaxel and carbo-
platin, was well tolerated by the animals and produced a
tumor growth delay of 6.6 days. The complete regimen
including TNP-470 and minocycline along with paclit-
axel and carboplatin produced a tumor growth delay of
10.5 days, a 1.6-fold increase compared with the cyto-
toxic drug combination alone.

Treatment with the antiangiogenic agent combina-
tion decreased the number of lung metastases on day 20
to 68% of the number found in untreated control ani-
mals (Table 1). Both of the cytotoxic chemotherapeutic
agents also decreased the number of lung metastases on
day 20. Paclitaxel administration decreased the number
of lung metastases to 55% of the number in the un-
treated control animals, which was not signi®cantly al-
tered by the coadministration of TNP-470/minocycline.
Treatment with carboplatin decreased the number of
lung metastases to 63% of the number in the control
animals. Addition of TNP-470/minocycline administra-
tion to treatment with carboplatin did not signi®cantly
alter the number of lung metastases compared with
carboplatin alone. The combination of the cytotoxic
drugs reduced the number of lung metastases to 33% of
the number in the control animals. With the addition of
TNP-470/minocycline to the combination of cytotoxic
anticancer drugs the number of lung metastases was
reduced to 20% of the number in the control animals.

[14C]Paclitaxel was administered to Lewis lung car-
cinoma-bearing animals pretreated with TNP-470/mi-
nocycline or not pretreated on day 8 after tumor
implantation and tissues were collected over a 24-h time
course (Fig. 1). At early time points (1 min and 15 min)
after intravenous administration of the [14C]paclitaxel
there was a ®vefold higher concentration of the drug in
the tumors of animals that had been pretreated with
TNP-470/minocycline. At the intermediate time points
the [14C]paclitaxel levels were similar in both the pre-
treated animals and those that had not been treated with

Table 1 Growth delay of the
Lewis lung carcinoma and
number of lung metastases on
day 20 after treatment of the
animals with paclitaxel and/or
carboplatin with or without
antiangiogenic agents. Values
are means � SE of 15 animals

Treatment group Tumor growth
delay a (days)

Number of lung
metastases

Controls ± 40 � 7
TNP-470 (30 mg/kg) s.c., alternate days
4±18 + minocycline (10 mg/kg) i.p., days 4±18

1.0 � 0.3 27 � 5#

Paclitaxel (36 mg/kg) i.v. days 7±11 4.6 � 0.3 22 � 4#

TNP/minocycline/paclitaxel 6.4 � 0.4* 20 � 4#

Carboplatin (50 mg/kg) i.p., day 7 4.2 � 0.3 25 � 4#

TNP/minocycline/carboplatin 7.8 � 0.5** 21 � 3#

Paclitaxel/carboplatin 6.6 � 0.4 13 � 2##

TNP/minocycline/paclitaxel/carboplatin 10.5 � 0.6* 8 � 1##

*P < 0.01, ** P < 0.005, vs cytotoxic therapy alone
#P < 0.01, ##P < 0.005, vs controls
a Tumor growth delay is the di�erence in days for treated tumors to reach 500 mm3 compared with
untreated control tumors. Untreated control tumors reach 500 mm3 in about 12.4 � 0.3 days
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TNP-470/minocycline; however, by 24 h there was a
twofold greater concentration of [14C]paclitaxel in the
tumors of the animals pretreated with TNP-470/mi-
nocycline compared with those that had not received the
antiangiogenic therapy. The pattern of [14C]paclitaxel
distribution into the other tissues was similar with
greater peak levels of [14C]paclitaxel in the tissues of
animals pretreated with TNP-470/minocycline. In the
liver, however, there was a prolonged increased level of
[14C]paclitaxel of the pretreated animals. By far the
highest levels of [14C]paclitaxel were found in the lungs
of the animals where the peak level in the pretreated
animals reached 4800 lg/g tissue. Other tissues with
relatively high paclitaxel concentrations were gut and
heart.

Concentrations of platinum from carboplatin were
two- and threefold higher in the tumors of animals
pretreated with TNP-470/minocycline at 15 min and
30 min after drug administration than in the tumors of
animals that had not received the antiangiogenic thera-
py, respectively (Fig. 2). Between 6 h and 24 h after
carboplatin administration, platinum levels in the tu-
mors of pretreated animals remained about twofold
higher than in animals that did not receive the antian-
giogenic therapy. Overall the tissues of the animals
pretreated with TNP-470/minocycline had higher plati-
num levels with the greatest di�erentials being in kidney,
brain, muscle and liver. The highest platinum levels
overall were in kidney, gut, liver and brain.

To determine whether pretreatment with TNP-470/
minocycline might also alter the tissue distribution of
large molecules into tumors and tissues, [14C]albumin
was administered to TNP-470/minocycline pretreated
and non-pretreated animals (Fig. 3). There was a two- to
threefold higher concentration of [14C]albumin in the
tumor over the ®rst hour after protein injection and a
concentration di�erential with higher concentrations in
the tumors of the pretreated animals persisting over the
24 h examined. A similar pattern pertained for the other
tissues, with TNP-470/minocycline-pretreated animals
having higher tissue concentrations of [14C]albumin than
the tissues of non-pretreated animals. The highest peak
levels of [14C]albumin were in liver and lung.

In animals bearing the EMT-6 mammary carcinoma,
treatment with TNP-470/minocycline for 4 days prior to
and at the time of a single dose of paclitaxel increased
the tumor cell killing by the drug only at the highest dose
of paclitaxel tested where there was a ®vefold increase in
tumor cell killing in animals receiving TNP-470/mi-
nocycline (Fig. 4). The survival of bone marrow CFU-
GM was used as a representative sensitive normal tissue.
At the highest dose of paclitaxel tested, there was
a twofold diminution in the killing of bone marrow
CFU-GM when the animals received TNP-470/mi-
nocycline. Therefore, the therapeutic index as deter-
mined by the ratio of tumor cell killing to bone marrow
CFU-GM killing of paclitaxel was improved by the
administration of TNP-470/minocycline.

Fig. 1 Tissue levels of 14C from [14C]paclitaxel in C57BL mice
bearing Lewis lung tumors subcutaneously in the hind leg over time
after intravenous injection of 36 mg/kg of the drug alone on day 8
(s) or after administration of the drug to animals treated with
TNP-470 (30 mg/kg, s.c.) days 4, 6 and 8 and minocycline (10 mg/
kg, i.p.) daily days 4±8 after tumor cell implantation (d)
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Fig. 2 Tissue levels of platinum from carboplatin in C57BL mice
bearing Lewis lung tumors subcutaneously in the hind leg over time
after intravenous injection of 300 mg/kg of the drug alone on day 8
(s) or after administration of TNP-470 (30 mg/kg, s.c.) days 4, 6
and 8 and minocycline (10 mg/kg, i.p.) daily days 4±8 after tumor
cell implantation (d)

Fig. 3 Tissue levels of 14C from [14C]albumin in C57BL mice
bearing Lewis lung tumors subcutaneously in the hind leg over time
after intravenous injection of 10 mg/kg of the protein alone on
day 8 (s) or after administration of the protein to animals treated
with TNP-470 (30 mg/kg, s.c.) days 4, 6 and 8 and minocycline
(10 mg/kg, i.p.) daily days 4±8 after tumor cell implantation (d)
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Administration of TNP-470/minocycline on days 4
through 8 along with single doses of carboplatin on day 8
resulted in increased EMT-6 tumor cell killing in ani-
mals receiving the lower two doses of carboplatin but
not the highest dose of the drug (Fig. 5). There was 5.5-
fold and 3.8-fold greater killing of EMT-6 tumor cells in
animals pretreated with TNP-470/minocycline along
with carboplatin at doses of 100 mg/kg and 300 mg/kg
compared with animals receiving carboplatin alone,
respectively. Pretreatment with TNP-470/minocycline
had no e�ect on the toxicity of carboplatin toward the
bone marrow CFU-GM.

Discussion

Despite numerous e�orts to produce e�cacious treat-
ments, the outcome for patients with advanced non-
small-cell lung cancer remains poor. Based on positive
phase II clinical data the combination of paclitaxel and
carboplatin has quickly become one of the most com-
monly used chemotherapeutic regimens for treatment of
this disease. With this new therapy, clinical outcomes
have clearly improved, but median survival in metastatic
disease is still only approximately 12 months; without
question a paradigm shift is needed.

Tumors are dynamic, complex, living tissues under-
going the varied processes of tissue growth under the
guidance of aberrant malignant cells. Cytotoxic anti-
cancer therapies have focused solely on the eradication
of the malignant cell which is an absolute necessity in
cancer therapy. The growth processes of tumors are
normal processes; the invasion processes of tumors are
normal processes; it is the inappropriate activation of

these processes that comprises the morbidity of malig-
nant disease. These normal processes involving normal
cells are valid therapeutic targets. A systems approach to
cancer therapy involves choosing multiple targets in
malignant and normal cells for therapeutic attack to
develop more e�ective therapeutic regimens [24].

The combination of TNP-470 and minocycline along
with cytotoxic anticancer therapies forms a particularly
e�ective treatment for the Lewis lung carcinoma [29].
Minocycline is a tetracycline and a matrix metallopro-
teinase inhibitor, speci®cally a collagenase inhibitor,
which has demonstrated antiangiogenic activity [1, 23,
28±31, 33]. The characteristics of minocycline as a
modulator of cytotoxic therapies in Lewis lung carci-
noma have been described [1, 28]. Although exposure to
TNP-470/minocycline along with cytotoxic anticancer
agents in cell culture does not markedly increase cell
killing by the cytotoxic agents [31], treatment of tumor-
bearing animals with the same combination regimens
markedly increases tumor growth delay and when Lewis
lung carcinoma-bearing mice are treated with TNP-470/
minocycline and cyclophosphamide, 40% to 50% of the
animals are cured [29]. In vivo increased levels of drugs,
cyclophosphamide and cisplatin are detected in the tu-
mors of animals treated with TNP-470/minocycline [31].

The successful treatment of cancer requires the
eradication of all malignant cells and, hence, treatment
with cytotoxic therapies. The compatibility of antian-
giogenic therapy with cytotoxic therapeutic treatments is
not obvious. If the angiogenic and invasive characteris-
tics of a tumor can be identi®ed, that is expression of
angiogenic factors and extracellular proteases, and the
molecular targets of antiangiogenic agents elucidated
then tumor-speci®c antiangiogenic therapeutic regimens

Fig. 4 Survival of EMT-6 tumor cells (d, j) and bone marrow
CFU-GM (s, h) from animals treated in vivo with single
intravenous doses of paclitaxel alone on day 8 (d, s) or after
pretreatment with TNP-470 (30 mg/kg) and minocycline (10 mg/
kg) on days 4 through 8 (j, h). Points are the means of three
independent determinations; bars are the SEM

Fig. 5 Survival of EMT-6 tumor cells (d, j) and bone marrow
CFU-GM (s, h) from animals treated in vivo with single
intraperitoneal doses of carboplatin alone on day 8 (d, s) or
after pretreatment with TNP-470 (30 mg/kg) and minocycline
(10 mg/kg) on days 4 through 8 (j, h). Points are the means of
three independent determinations; bars are the SEM
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could be developed. Northern blot analysis has shown
that Lewis lung carcinoma expresses high levels of basic
®broblast growth factor and low levels of vascular en-
dothelial cell growth factor (bFGF:VEGF 10:1) in the
absence of therapy [12]. After treatment with cytotoxic
therapy, production of VEGF and transforming growth
factor b (TGFb) is markedly induced. Although the
mechanism(s) of action of the antiangiogenic therapy,
TNP-470/minocycline, have not been fully elucidated, it
is most probable that each of these molecules has a
di�erent biologic target. As has been shown previously
[30, 31] for [14C]cyclophosphamide, cisplatin, Hoechst
33342 and molecular oxygen, administration of TNP-
470/minocycline for several days prior to paclitaxel,
carboplatin or labeled albumin results in higher con-
centrations of these molecules in the tumor. Unlike hu-
mans, rodents grow throughout their life and the 8- to
10-week-old animals used in these studies were rapidly
growing. It is likely that because of this higher concen-
trations of each of the three molecules tested were found
in other tissues in these animals.

The cytotoxic therapies, paclitaxel and carboplatin,
were active antitumor agents against the Lewis lung
carcinoma but were not highly e�ective. It is interesting
that although there was some variation in the distribu-
tion of carboplatin into the various tissues examined,
there was marked variation in the distribution of pac-
litaxel into the various tissues with the highest levels of
that drug being found in lung followed by the gut and
the heart. This tissue preference of the paclitaxel mole-
cule may, in part, re¯ect its e�cacy as an antitumor
agent. Addition of the antiangiogenic therapy to each of
the cytotoxic drugs alone and in combination improved
the activity of the regimen. Perhaps the important factor
in translating these ®ndings to clinical studies is that the
addition of antiangiogenic agents to treatment is most
likely to make very good therapeutic regimens better.

The focus of this study has been on the therapeutic
application of antiangiogenic agents to the treatment of
non-small-cell lung cancer. The results in this in vivo
model of an established solid tumor, as well as results
from other systems including EMT-6 mammary carci-
noma [33], the 9L gliosarcoma [32] and the FSaII ®b-
rosarcoma [29], have shown that TNP-470/minocycline
can interact in a very positive way with a variety of
cytotoxic anticancer therapies and provide direction for
future clinical trials.

References

1. Alvarez Sotomayor E, Teicher BA, Schwartz GN, Holden SA,
Menon K, Herman TS, Frei E III (1992) Minocycline in
combination with chemotherapy or radiation therapy in vitro
and in vivo. Cancer Chemother Pharmacol 30: 377

2. Antoine N, Greimers R, De Roanne C, Kusaka M, Heinen E,
Simar LJ, Castronovo V (1994) AGM-1470, a potent angio-
genesis inhibitor, prevents the entry of normal but not trans-
formed endothelial cells into the G1 phase of the cell cycle.
Cancer Res 54: 2073

3. Brem H, Folkman J (1993) Analysis of experimental antian-
giogenic therapy. J Pediatr Surg 28: 445

4. Brem H, Ingber D, Blood CH, Bradley D, Urioste S, Folkman
J (1991) Suppression of tumor metastasis by angiogenesis in-
hibition. Surg Forum 42: 439

5. Brem H, Gresser I, Grossfeld J, Folkman J (1993) The com-
bination of antiangiogenic agents to inhibit primary tumor
growth and metastasis. J Pediatr Surg 28: 445

6. Chang A, Garrow G (1995) Pilot study of vinorelbine
(Navelbine) and paclitaxel (Taxol) in patients with refrac-
tory breast cancer and lung cancer. Semin Oncol 22 [Suppl 5]:
66

7. DeWys W (1972) Studies correlating the growth rate of a tumor
and its metastases and providing evidence for tumor-related
systemic growth-retarding factors. Cancer Res 32: 374

8. DyWys W (1972) Quantitative model for the study of the
growth and treatment of a tumor and its metastases with cor-
relation between proliferative state and sensitivity to cyclo-
phosphamide. Cancer Res 32: 367

9. Herman TS, Teicher BA, Cathcart KNS, Kaufmann ME, Lee
JB, Lee M (1988) E�ect of hyperthermia on cis-diamminedi-
chloroplatinum(II)(Rhodamine 123)2[tetrachloroplatinum(II)]
in a human squamous carcinoma cell line and a cis-diam-
minedichloroplatinum(II)-resistant subline. Cancer Res 48:
5101

10. Ingber D, Fujita T, Kishimoto S, Sudo K, Kanamaru T, Brem
H, Folkman J (1990) Synthetic analogues of fumagillin that
inhibit angiogenesis and suppress tumour growth. Nature 348:
555

11. Johnson D, Paul D, Hande K (1996) Paclitaxel plus carbo-
platin in advanced non-small cell lung cancer. J Clin Oncol 14:
2054

12. Kakeji Y, Teicher B (1997) Preclinical studies of the combi-
nation of angiogenic inhibitors with cytotoxic agents. Invest
New Drugs 15: 39

13. Kamei S, Okada H, Inoue Y, Yoshioka T, Ogawa Y, Toguchi
H (1993) Antitumor e�ects of angiogenesis inhibitor TNP-470
in rabbits bearing VX-2 carcinoma by arterial administration
of microspheres and oil solution. J Pharmacol Exp Ther 264:
469

14. Kusaka M, Sudo K, Fujita T, Marui S, Itoh F, Ingber D,
Folkman J (1991) Potent anti-angiogenic action of AGM-1470:
comparison to the fumagillin parent. Biochem Biophys Res
Commun 174: 1070

15. Kusaka M, Sudo K, Matsutani E, Kozai Y, Marui S, Fujita T,
Ingber D, Folkman J (1994) Cytostatic inhibition of endothe-
lial cell growth by the angiogenesis inhibitor TNP-470 (AGM-
1470). Br J Cancer 69: 212

16. Langer C, Leighton J, Comis R (1994) Taxol and carboplatin
in combination in stage IV and IIIB non-small cell lung cancer
(NSCLC): a phase II trial. Proc Am Soc Clin Oncol 13: abstract
338

17. Langer C, Leighton J, Comis R (1995) Paclitaxel and carbo-
platin in combination in the treatment of advanced non-small
cell lung cancer: a phase II toxicity, response and survival
analysis. J Clin Oncol 12: 1860

18. Murphy W, Fossella F, Winn R (1993) Phase II study of taxol
in patients with untreated advanced non-small cell lung cancer.
J Natl Cancer Inst 8: 384

19. Placidi L, Cretton-Scott E, de Sousa G, Rahmani R, Placidi M,
Sommadossi J-P (1995) Disposition and metabolism of the
angiogenic moderator O-(chloroacetyl-carbamoyl) fumagillol
(TNP-470; AGM-1470) in human hepatocytes and tissue mic-
rosomes. Cancer Res 55: 3036

20. Rowinsky E, Sartorious, Bowling M (1995) Paclitaxel on a
3-hour schedule and carboplatin in non-small cell lung cancer,
use of maximally tolerated and clinically relevant single-agent
doses in combination is feasible. Proc Am Soc Clin Oncol 14:
abstract 1075

21. Sugiura K, Stock C (1955) Studies in a tumor spectrum III. The
e�ect of phosphoramides on the growth of a variety of mouse
and rat tumors. Cancer Res 15: 38

503



22. Takayamiya Y, Friedlander RM, Brem H, Malick A, Martuza
RL (1993) Inhibition of angiogenesis and growth of human
nerve sheath tumors by AGM-1470. J Neurosurg 78: 470

23. Tamargo RJ, Bok RA, Brem H (1991) Angiogenesis inhibition
by minocycline. Cancer Res 51: 672

24. Teicher B (1996) A systems approach to cancer therapy (anti-
angiogenics + standard cytotoxics' mechanism(s) of interac-
tion). Cancer Metastasis Rev 15: 247

25. Teicher BA, Holden SA, Jacobs JL (1987) Approaches to de-
®ning the mechanism of enhancement by Fluosol-DA 20%with
carbogen of melphalan antitumor activity. Cancer Res 47: 513

26. Teicher BA, Herman TS, Holden SA, Wang Y, Pfe�er MR,
Crawford JM, Frei E III (1990) Tumor resistance to alkylating
agents conferred by mechanisms operative only in vivo. Science
247: 1457

27. Teicher BA, Alvarez Sotomayor E, Huang ZD (1992) Anti-
angiogenic agents potentiate cytotoxic cancer therapies against
primary and metastatic disease. Cancer Res 52: 6702

28. Teicher BA, Alvarez Sotomayor E, Huang ZD, Ara G, Holden
S, Khandekar V, Chen Y-N (1993) b-Cyclodextrin tetradeca-
sulfate/tetrahydrocortisol � minocycline as modulators of
cancer therapies in vitro and in vivo against primary and
metastatic Lewis lung carcinoma. Cancer Chemother Phar-
macol 33: 229

29. Teicher BA, Holden SA, Ara G, Alvarez Sotomayor E, Huang
ZD, Chen Y-N, Brem H (1994) Potentiation of cytotoxic
cancer therapies by TNP-470 alone and with other antiangio-
genic agents. Int J Cancer 57: 920

30. Teicher BA, Dupuis N, Kusumoto T, Robinson MF, Liu F,
Menon K, Coleman CN (1995) Antiangiogenic agents can in-
crease tumor oxygenation and response to radiation therapy.
Radiat Oncol Invest 2: 269

31. Teicher BA, Dupuis NP, Robinson M, Emi Y, Go� D (1995)
Antiangiogenic treatment (TNP-470/minocycline) increases

tissue levels of anticancer drugs in mice bearing Lewis lung
carcinoma. Oncol Res 7: 237

32. Teicher BA, Holden SA, Ara G, Dupuis N, Liu F, Yuan J,
Ikebe M, Kakeji Y (1995) In¯uence of an anti-angiogenic
treatment on 9L gliosarcoma: oxygenation and response to
cytotoxic therapy. Int J Cancer 61: 732

33. Teicher BA, Holden SA, Dupuis NP, Kakeji Y, Ikebe M, Emi
Y, Go� D (1995) Potentiation of cytotoxic therapies by TNP-
470 and minocycline in mice bearing EMT-6 mammary carci-
noma. Breast Cancer Res Treat 36: 227

34. Toi M, Yamamoto Y, Imazawa T, Takayanagi T, Akutsu K,
Tominaga T (1993) Antitumor e�ect of the angiogenesis in-
hibitor AGM-1470 and its combination e�ect with tamoxifen
in DMBA induced mammary tumors in rats. Int J Oncol 3: 525

35. Vafai D, Israel V, Zaretsky S (1995) Phase I/II trial of com-
bination carboplatin and taxol in non-small cell lung cancer
(NSCLC). Proc Natl Acad Sci USA 14: abstract 352

36. Yamamoto T, Sudo K, Fujita T (1994) Signi®cant inhibition of
endothelial cell growth in tumor vasculature by an angiogenesis
inhibitor, TNP-470 (AGM-1470). Anticancer Res 14: 1

37. Yamaoka M, Yamamoto T, Ikeyama S, Sudo K, Fujita T
(1993) Angiogenesis inhibitor TNP-470 (AGM-1470) potently
inhibits the tumor growth of hormone-independent human
breast and prostate carcinoma cell lines. Cancer Res 53: 5233

38. Yamaoka M, Yamamoto T, Masaki T, Ikeyama S, Sudo K,
Fujita T (1993) Inhibition of tumor growth and metastasis of
rodent tumors by the angiogenesis inhibitor O-(chloroacetyl-
carbamoyl)fumagillin (TNP-470; AGM-1470). Cancer Res 53:
4262

39. Yanase T, Tamura M, Fujita K, Kodama S, Tanaka K (1993)
Inhibitory e�ect of angiogenesis inhibitor TNP-470 in rabbits
bearing VX-2 carcinoma by arterial administration of micro-
spheres and oil solution. Cancer Res 53: 2566

504


