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Abstract

Tirapazamine (TPZ) [3-amino-1,2,4-benzotriazine 1,4-
dioxide, SR4233, WIN 59075, and Tirazone®] is a novel
anticancer drug that is selectively activated by the low
oxygen environment in solid tumors. By killing the
radioresistant hypoxic cells, TPZ potentiates the anti-
tumor efficacy of fractionated irradiation of transplanted
tumors in mice. As this cell kill is closely correlated with
TPZ-induced DNA damage, we investigated whether
human head and neck cancers would show DNA
damage similar to that seen in mouse tumors following
TPZ administration. TPZ-induced DNA damage in both
transplanted tumors in mice and in neck nodes of 13
patients with head and neck cancer was assessed using
the alkaline comet assay on cells obtained from fine-
needle aspirates. The oxygen levels of the patients’
tumors were also measured using a polarographic
oxygen electrode. Cells from the patients’ tumors
showed DNA damage immediately following TPZ ad-
ministration that was comparable to, or greater than,
that seen with transplanted mouse tumors. The hetero-
geneity of DNA damage in the patients’ tumors was
greater than that of individual mouse tumors and
correlated with tumor hypoxia. The similarity of TPZ-
induced DNA damage in human and rodent tumors
suggests that tirapazamine should be effective when
added to radiotherapy or to cisplatin-based che-
motherapy in head and neck cancers.
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Introduction

Tirapazamine (TPZ) [3-amino-1,2,4-benzotriazine 1,4-
dioxide, SR4233, WIN 59075, and Tirazone® (Sanofi-
Winthrop, GreatValley, PA)] is currently in Phase Il and IlI
clinical trials as an adjunct to radiotherapy and to cisplatin-
based chemotherapy. The drug has a unique mechanism of
action that depends on its metabolism to an active species
that occurs only under low oxygenation [1]. Such low
oxygenation, or hypoxia, does not occur in tissues under
normal physiological conditions, but is common in mouse
and human solid tumors [2,3]. The hypoxia-dependent
metabolism of TPZ leads to two principal activities. First, it

increases the activity of platinum-based chemotherapy both
with experimental tumors transplanted into mice [4], and
with hypoxic cells in vitro [5]. Though this potentiation of
cisplatin cell kill depends on the TPZ exposure being under
hypoxia, it can occur in the absence of any cytototoxicity by
TPZ [5]. The clinical effectiveness of the drug in enhancing
the efficacy of cisplatin has recently been demonstrated in a
multicenter randomized Phase Ill study comparing cisplatin
plus TPZ with cisplatin alone in advanced nonsmall cell lung
cancer. In this trial, overall response rates were doubled and
survival time was significantly longer when TPZ was added to
cisplatin compared to cisplatin alone [6].

In addition to sensitizing tumors to cisplatin, TPZ is
preferentially cytotoxic to hypoxic cells both in vitro [7] and
in tumors in vivo [8,9]. Hypoxic cells are resistant to killing by
ionizing radiation [10] and are associated with lower local
control rates following radiotherapy [11—-13], as well as with
increased metastases [14,15]. Because of its selective
toxicity to the radiation - resistant hypoxic cells in tumors, TPZ
increases the efficacy of fractionated radiation to trans-
planted tumors in mice [16,17]. However, it has so far been
tested with radiotherapy of human cancers only in a small
Phase Il study with head and neck cancer [18], from which it
is not possible to conclude whether TPZ will be effective
when combined with radiotherapy. Though this question can
only be answered definitively with randomized clinical trials,
the expense and time involved in such investigations make it
attractive to ask whether a biologic endpoint could be used to
indicate whether TPZ might be effective in human tumors.

The present study was undertaken to determine whether
TPZ-induced DNA damage could be used as such an
endpoint for the activity of TPZ in human head and neck
tumors. The logic for using such an assay is based on two
findings. First, that potentiation of cell kill by fractionated
radiation of mouse tumors is the result of TPZ killing the
radioresistant hypoxic cells in the tumors [16]. Second, it is
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based on the finding that DNA damage measured by the
comet assay is an excellent predictor of cell killing produced
by TPZ both with cells in vitro [19], with spheroids in vitro
and with transplanted tumors in mice [20]. We have also
shown that DNA damage produced by TPZ in mouse tumors
correlates both with tumor oxygenation and with radiation
potentiation by TPZ [21]. Based on their data in mice, Olive
et al. have suggested that the comet assay could be used to
predict the efficacy of TPZ in clinical trials [20]. It was
therefore of interest to ask whether measurable DNA
damage would be produced by TPZ in human tumors,
whether it would be comparable to that seen in mouse
tumors, and whether it would show any relationship to tumor
hypoxia. To date there is no information on the effect of TPZ
on patients’ tumors. In fact some findings have suggested
that the efficacy of the drug might be less than that in mouse
tumors, first because some mouse cell lines are more
sensitive to TPZ-induced cell kill than human tumor cells
[7,19], and second because mouse tumors are on the whole
more hypoxic than human tumors [22]. This study therefore
provided a means of assessing whether the TPZ doses were
adequate, whether the human tumors were sufficiently
hypoxic, and whether the cells had sufficient of the relevant
reductive enzymes to metabolize TPZ to its DNA-damaging
species. If any one of these were inadequate we would
expect little or no DNA damage in the human tumors.
However, comparable DNA damage by TPZ in mouse and
human tumors would suggest that TPZ would be as effective
when combined with radiotherapy of human tumors as it is
with transplanted tumors in mice.

Materials and Methods

Patient Protocol

As part of an NCI-sponsored Phase Il clinical trial for
locally advanced squamous cell head and neck cancer,
previously untreated patients with stage IV tumors and
pathologically proven positive lymph node(s) were rando-
mized to treatment with or without TPZ in combination with
cisplatin-based induction chemotherapy followed by con-
current chemo-radiotherapy (Trial NCI-T94-01190). Be-
fore patient randomization, tissue oxygenation in the largest
palpable lymph node was measured using the commercially
available “pO, Histograph” (Eppendorf, Hamburg, Ger-
many). For these measurements, a stepper-motor-driven
steel probe containing a glass-insulated micro-cathode (12
um diameter) was inserted into the node along three tracks
as previously described [23,24]. Approximately 60 indivi-
dual oxygen measurements in the tumor were taken for each
patient, from which median pO, values and other estimates
of tumor oxygenation were calculated. Those patients
randomized to TPZ treatment also had fine - needle aspirates
of the involved node both before and immediately after the
first TPZ infusion (300 to 330 mg/m?) which was performed
before any other treatment. Single - strand DNA breaks in the
tumor cells from the aspirates were quantified with the comet
assay (see below). The levels of single-strand DNA

damage before and after TPZ in the same patients were
compared to assess the tumor response to this drug. The
patients described in this report represent the first 13 patients
randomized into the TPZ-treatment arm. The Stanford
University Institutional Review Board approved all the
studies, and informed consent was obtained according to
the Helsinki Declaration II.

Animals and Tumors

C3H/Km and immunodeficient (SCID) mice were bred
and housed under specific pathogen-free conditions in the
Stanford University Research Animal Facility. All experi-
ments were conducted according to the guidelines and
directives set forth by the Stanford University Administrative
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Figure 1. (A) Time course for TPZ - induced DNA damage in RIF - 1 tumors in
mice given a single intraperitoneal dose of 0.08 mmol/kg TPZ as measured
with the alkaline comet assay. The data show the mean and standard errors
for groups of three mice per time point. (B) Dose response for TPZ - induced
DNA damage in RIF-1 tumors as measured with the alkaline comet assay.
Fine-needle aspirates were taken from tumors 45 minutes after intrape-
ritoneal injection of different TPZ doses. Means and standard errors for three
to five tumors treated per point are shown.
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Panel on Laboratory Animal Care. The human tumor cell
lines used were the human HT1080 fibrosarcoma, obtained
from the American Type Culture Collection, and the colon
adenocarcinoma HT29 cells, obtained from Dr. R. M.
Sutherland (SRl International, Menlo Park, CA). The mouse
tumor lines used were the RIF-1 fibrosarcoma and SCCVII
squamous cell carcinoma, details of the derivation of which
have been published [25,26]. Each tumor cell line was
maintained in accordance with a strict in vitro/ in vivo protocol
to prevent any genetic drift over time [25]. From monolayer
cultures, single-cell suspensions (human cells per injection:
1x10% and mouse cells per injection: 2x10°) were inocu-
lated intradermally in the lower back of each mouse
approximately 2 cm from the tail. Experiments were
conducted approximately 2 weeks later when the tumor
volumes were 100 to 150 mm?.

Mouse Tirapazamine Studies

TPZ was kindly supplied by Sanofi-Winthrop (Great
Valley, PA). The drug was dissolved in physiological saline
at a concentration of 1 mg/ml and injected intraperitoneally
according to body weight. Fine -needle aspirates were taken
from the tumors to assess TPZ-induced DNA damage by the
alkaline comet assay. Preliminary dose-response and time -
course studies with the comet assay were conducted using
the RIF-1 tumor. Based on these data and on previous

Tumor Oxygenation

DNA damage pre-TPZ

experiments with the SCCVII tumor [21], further studies
were conducted at a TPZ dose of 0.08 mmol/kg (=14.4 mg/
kg), with fine-needle aspirates taken 45 minutes after TPZ
injection to compare the DNA damage induced by TPZ in the
HT1080, HT29, SCCVII, and RIF-1 tumors.

Comet Assay

Fine-needle aspirates from tumors in human patients and
from mice were treated in the same manner. Single-cell
suspensions were prepared by mixing the aspirates into
calcium- and magnesium-free phosphate-buffered saline.
A mixture of 0.5 ml cell suspension and 1.5 ml of a 1%
solution of agarose containing 2% dimethyl sulfoxide was
layered onto a microscope slide and allowed to cool on a cold
block. For the comet assay [27], slides were placed in a lysis
buffer consisting of 30 mM NaOH, 1 M NaCl and 0.1% N-
lauroylsarcosine for 60 minutes. After three 20-minute
washes in a buffer containing 30 mM NaOH and 2 mM
EDTA, the slides were placed in a fresh solution of the same
buffer for electrophoresis at 0.6 V/cm for 22 minutes.
Thereafter, the slides were rinsed in distilled water for 15
minutes and then stained with propidium iodide (2.5 ug/ml)
for 15 minutes. Slides were analyzed with a Nikon Optiphot
microscope attached to an lkegami 4612 CCD camera and
fluorescence image analysis system. DNA single-strand
breaks were measured using the tail moment parameter, the

DNA damage post-TPZ
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Figure 2. Histograms from two patients (top and bottom rows) showing their tumor oxygen profiles (A and D) and TPZ-induced DNA damage measured by tail
moments obtained from fine - needle aspirates taken immediately before (B and E) and after (C and F) the TPZ infusion. The data show that the more hypoxic
tumor has the higher level of TPZ-induced DNA damage.
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product of the percentage of DNA in the comet tail and the
mean tail length, using specially designed software [28]. A
total of 300 cells were scored per sample.

Results

TPZ-Induced DNA Damage in Mouse Tumors

Because we wished to use the alkaline comet assay to
compare DNA damage induced by TPZ in transplanted
tumors in mice with that induced in tumors in patients, we first
obtained preliminary data on the time and dose needed to
obtain maximum response in the mouse studies. As can be
seen from Figure 1, maximum DNA damage, as assessed by
median tail moment, is obtained roughly 30 to 45 minutes
after a single intraperitoneal dose of 0.08 mmol/kg TPZ
(Figure 1A). We also show that in these RIF-1 tumors DNA
damage tends to plateau at doses above 0.08 mmol/kg
(Figure 1B), as we previously observed with the SCCVII
tumor [21].

Based on these data we chose 45 minutes after a single
intraperitoneal dose of 0.08 mmol/kg as the dose and time to
measure DNA damage in the four different transplanted
tumors chosen for this study. These tumors were selected
because we have previously shown that TPZ (0.08 to 0.12
mmol/kg per injection), when combined with each dose of a
fractionated irradiation regimen (8x2.5 Gy), produced
significant potentiation in all tumors except the human colon
carcinoma HT-1080 [16,21]. The extent of potentiation of
the two mouse (SCCVII and RIF-1), and the human colon
carcinoma HT-29, was by dose modification factors of 1.5 to
1.7 (i.e., equivalent to giving 50% to 70% more radiation
dose to the tumors) [21]. However we found no potentiation
of the antitumor efficacy of fractionated radiation in the HT -
1080 tumors by TPZ [21].

Oxygenation and TPZ-Induced DNA Damage in Human
Tumors

Figure 2 shows the data obtained on tumor oxygenation
and on TPZ-induced DNA damage from two patients to
illustrate the type of data and the range of the values
obtained. We calculated median pO, for each tumor as well
as the median tail moment and 20th and 80th percentile
values from the fine-needle aspirates taken immediately
before and after the TPZ infusion. We found extensive
heterogeneity both in oxygenation within a single tumor as
well as between tumors, with median pO, values for
individual tumors varying from 0.8 to 45.2 mm Hg in this
series. This variation is much greater than that of
transplanted mouse tumors, including those used in this
study [22].

Figure 3 shows a summary of the median tail moments
obtained from the four different transplanted tumors following
a bolus injection of 0.08 mmol/kg TPZ and from the patients
following an infusion of 300 to 330 mg/m? TPZ. According to
a recent analysis of total drug exposure in mice and humans
[29] these clinical doses should give TPZ exposures
approximately double those of the mice. In the case of the

mice, a fine-needle aspirate from each of the tumors was
taken immediately before and 45 minutes after the TPZ
injection. For the patients, DNA damage was measured in
aspirates taken immediately before and at the end of the
infusion of TPZ given over a 1.5- to 2-hour period.

The data show three important points. First, they show
that the one tumor, HT 1080, that shows no potentiation of
antitumor efficacy of fractionated radiation by TPZ also has
very low levels of TPZ-induced DNA damage. The other
three tumors show extensive DNA damage produced by
TPZ. Second, all the patients’ tumors show TPZ-induced
DNA damage that is either comparable to, or greater than,
that seen in the mouse tumors. Third, there is much greater
interpatient variation in DNA damage induced by TPZ than
between individual mouse tumors.

Because oxygen levels of all of the tumors in the clinical
trial were measured using the Eppendorf pO, electrode
before randomization (and infusion of TPZ), we were able
to test whether the variation in TPZ-induced DNA damage
related to tumor oxygenation as has been seen for mouse
tumors [21]. We found this to be the case. Patients in the
lower half of the range of median tail moments of TPZ
damage (i.e., below a median tail moment of 32) had
better oxygenated tumors than those with higher levels of
damage (mean+SE of median pO, values=22.5+5.6 mm
Hg, n=7, and 5.6+2.3 mm Hg, n=6, for the low-and high-
damage groups respectively). The difference between the
oxygen levels in the two groups is significant (P=0.02,
two-tailed Student’s t-test). Figure 4 shows the median
tail moment of each tumor following TPZ as a function of
the fraction of pO, values less than 5 mm Hg (the pO,
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Figure 3. Comparison of TPZ - induced DNA damage, measured by the comet
assay, in patients’ tumors and in human and murine tumors implanted in mice.
Closed symbols show pretreatment median comet tail moments. In patients,
open symbols indicate median comet tail moments immediately after the 1.5-
to 2-hour intravenous infusion of TPZ (300 to 330 mg/ m? ). In mice, open
symbols indicate median comet tail moments 45 minutes after a bolus
injection of 0.08 mmol/kg TPZ.
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Figure 4. The median tail moments after TPZ in the 13 human tumors in this
investigation as a function of the fraction of pO2 values less than 5 mm Hg.
The mean tail moment as well as the 20th and 80th percentile values of
individual tumor cells are shown as an indication of the heterogeneity of the
distribution of tail moments within each tumor.

value below which TPZ cell kill is close to maximum
[30]). Although there is considerable scatter in the data
(r?=0.32), the trend of increasing DNA damage as a
function of tumor hypoxia is significant (P=0.04). A
similar level of significance is obtained if the DNA damage
data are plotted against median tumor pO,. Because of
the extensive heterogeneity in the DNA damage from
individual tumors we also analyzed the comet data by
percentage of values with a tail moment of >20 because
this criterion has been shown by Olive et al. to correlate
best with the extent of TPZ-induced cell kill in mouse
tumors [20]. However, although this also showed a trend
with tumor hypoxia, the correlation was not significant,
possibly because this artificially truncates the data at
values more than 85% to 90% of values >20.

Discussion

In this study we show that DNA damage induced in human
head and neck tumors by the new anticancer drug
tirapazamine is similar to, or greater than, that produced in
human and murine tumors transplanted in mice. We have
previously shown with these transplanted tumor models that
TPZ, at drug and radiation doses comparable to those given
clinically, produces a significant tumor-specific enhance-
ment of radiation damage [16,21,31]. This potentiation of
radiation damage is the result of TPZ killing the hypoxic (and
therefore radiation - resistant) cells in the tumor [16,32]. We
and Olive et al. have also shown that TPZ-induced DNA
damage measured by the comet assay is closely correlated
with TPZ-induced cell kill [19,20], and is therefore a
possible surrogate assay for its ability to enhance the
efficacy of radiotherapy.

In order for TPZ to improve the outcome of radiotherapy
three important criteria must be met. First, the dose of TPZ
must be sufficient. Previous measurements of the total drug
exposure (area under the curve) for TPZ obtained from
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Phase | studies have suggested that dose levels predicted to
be active in potentiating radiation are reached in the clinic
[29,33]. Second, levels of the intranuclear enzyme(s) that
metabolize TPZ to produce the DNA damage leading to
hypoxic cell kill [34] must be adequate. Up to the present
study there have been comparisons of DNA damage and
cytotoxicity of human and mouse tumors only with esta-
blished cell lines in vitro [1,7,19,21]. These studies have
suggested that human cells may not be as sensitive to killing
by TPZ under hypoxia as are rodent cells [7,19]. Third,
human tumors must be sufficiently hypoxic for TPZ activa-
tion. Although there is abundant evidence from oxygen
electrode measurements that many human tumors have
hypoxic regions [3,24,35], we have recently shown, using
electrode measurements, that transplanted mouse tumors
are significantly more hypoxic than human tumors [22].
Thus, until the present study there was reason to suspect
that TPZ might not be as active in human tumors as in mouse
tumors.

Assuming that DNA damage measured by the alkaline
comet assay correlates with hypoxic cell kill, our data
suggest that all three of the above criteria for killing of the
hypoxic cells in the tumor are met in these human tumors
from patients treated with 300 to 330 mg/m? of TPZ. These
data, therefore, provide support for the hypothesis that TPZ
will potentiate radiation therapy in these human head and
neck tumors.

The fact that nodes of human head and neck cancers
show a wide range of tumor oxygenation [13,24,35,36]
allowed us to make a further test of the hypothesis that
hypoxia is important for the activation of TPZ. We would
expect in our series that there would be a correlation
between TPZ damage and tumor hypoxia. This was the
case: we found a significant association of TPZ-induced
DNA damage with levels of tumor hypoxia. This is expected
from our earlier studies of mouse tumors in which we
modified tumor oxygenation by the mice breathing different
oxygen concentrations. We found that the level of TPZ-
induced DNA damage assayed by the alkaline comet assay
correlated closely with tumor hypoxia [21]. However, it
should be noted that Olive et al. found that with mouse
tumors there was too much heterogeneity of damage to
distinguish between hypoxic and aerobic cells in tumors on
the basis of TPZ-induced damage [20]. This is likely
because there is a continuous gradient of oxygen levels in
tumors [37] as well as the fact that cell killing by TPZ (and
probably DNA damage) is a continuous function of oxygen
concentration [30]. It is also apparent from the data of TPZ-
induced DNA damage as a function of tumor hypoxia (Figure
4) that, despite the significant trend, there is considerable
variability with only 32% of the variation in comet median tail
moment being attributable to measured tumor oxygenation.
There are multiple possible reasons for this, including the
fact that the pO, probe may overestimate cellular hypoxia by
measuring necrotic areas, contamination of the fine-needle
aspirates with leukocytes (see below), variable levels of
TPZ metabolizing enzymes in the individual tumors, and the
fact that DNA damage induced by TPZ could be low in
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transiently hypoxic cells, the numbers of which could vary
between tumors.

Despite these caveats, the present data suggest that the
alkaline comet assay has the potential of being a surrogate
endpoint for cell kill by agents that produce DNA single
strand breaks. The fact that such breaks can be measured
both in mouse and human tumors provides a means of
assessing whether a particular treatment, or a modifier of
treatment, is likely to be effective in human tumors. We
have previously demonstrated that stable translocations
determined by fluorescence in situ hybridization could be
used to predict the efficacy of a modifier of radiation
treatment in human tumor xenografts in mice [38]. In the
present study we show that DNA damage assessed by the
comet assay from a fine-needle aspirate may be able to
predict the efficacy of a cancer treatment that produces
DNA strand breaks. The assay is extremely useful in this
regard, first, because a fine-needle aspirate yields an
adequate number of cells for the assay, and second,
because by measuring DNA damage in individual cells,
heterogeneity in response can be evaluated [28]. Nor is the
comet assay limited to assessing anticancer agents that kill
cells by forming DNA strand breaks such as radiation or
topoisomerase inhibitors [39]. It could theoretically be used
for measuring the efficacy of agents that kill cells by forming
interstrand crosslinks such as bifunctional alkylating agents
or cisplatin [27,40].

One potential problem with the assay, however, is that
only in cases in which the DNA content of the tumor cells is
markedly different from diploid can normal cells within the
tumor be excluded from the analysis. This may not be a
problem with normal cells resident in the tumors as Olive et
al. have shown that tumor-associated macrophages have a
similar distribution of oxygen levels as do tumor cells [28].
However, fine-needle aspirates such as performed here
can be contaminated with circulating leukocytes that were
not in the tumor during all the time of exposure to TPZ.
These may be removed before analysis using magnetic
immunobeads coated with antibodies against leukocyte
surface antigens [41], but this was not done in the present
investigation.

In summary, we show using the alkaline comet assay,
which measures DNA single-strand breaks in individual
tumor cells, that tirapazamine produces comparable damage
in human tumors in patients given tolerated doses of drug as
it does with tumors transplanted into mice. This provides
encouragement that TPZ may be as effective in potentiating
the efficacy of radiotherapy of human head and neck cancers
as it is in potentiating fractionated radiation of the majority of
transplanted tumors in mice.
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