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Abstract

We have used the combination of pimonidazole labeling of hypoxic
cells, bromodeoxyuridine labeling of proliferating cells, and cell sorting
based on Hoechst 33342 perfusion to directly study hypoxia and prolifer
ation in human tumor xenografts and transplantable murine tumors in
vivo. Hypoxia was largely confined to cells in regions with the least
perfusion, although in tumors exhibiting transient blood flow, hypoxic
cells were not as highly localized. Similarly, proliferation and hypoxia
were mutually exclusive except in areas of a tumor subjected to transient
changes in perfusion. By determining the clonogenic potential, pimonida
zole labeling intensity, and radiosensitivity of sorted tumor cell subpopu
lations, we have provided direct evidence that pimonidazole identifies
hypoxic tumor cells of therapeutic relevance in vivo. Given that pimonida
zole exhibits few diffusion or delivery problems and no apparent cytotox-

icity, it appears to be a versatile and useful label for hypoxic cells in solid
tumors.

Introduction

Tumor hypoxia has long been implicated as a limiting factor for
effective radiotherapy (1, 2). Recent reports correlating hypoxic re
gions in human tumors with poorer outcome after radiotherapy, chem
otherapy, and surgery further strengthen the hypothesis (3, 4). How
ever, despite the sustained interest in the hypoxic cell problem,
methods for reliably and conveniently identifying and quantifying
hypoxic, viable tumor cells in cancer patients have remained elusive.
Presently, only two possibilities exist. The first of these, the comet
assay, measures the radioresponsiveness (and therefore the oxygÃ©n
ation status) of individual tumor cells biopsied immediately after a
radiation treatment (5). Unfortunately, the unequivocal information
resulting from that assay is often outweighed by the fact that the
procedure is necessarily invasive and inevitably can be questioned as
to whether the recovered cells are representative. A different ap
proach, the use of tracer compounds that are selectively reduced and
bound in hypoxic cells (6-8), has been adapted to nonradioactive,
immunohistochemical assays (9-12), and pimonidazole has now been

applied to human tumors (13). However, the utility of such probes has
been restricted by the inferential nature of the data that can be
acquired; no reports have yet appeared in which the labeled cell
population was independently assessed for its oxygÃ©nationstatus and
viability. In this article, we addressed that issue by combining our
established technique of perfusion-based cell sorting (14, 15) with

pimonidazole labeling and immunofluorescent techniques for analysis
of hypoxic and/or proliferating cells. Coupling these techniques al
lows direct assessment of both the functional and physiological status
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of recovered tumor cell subpopulations. Using a variety of human and
murine tumors grown in murine hosts, our results suggest that pi
monidazole can be a very useful probe for solid tumor hypoxia.

Materials and Methods

Reagents. Pimonidazole hydrochloride was supplied by Natural Pharma
ceuticals International. Inc. (Research Triangle Park, NC). Pimonidazole ad-
ducts were visualized using a FITC-conjugated IgGl monoclonal antibody

(FITC 3.44.6.7) or with a two-step approach using an IgGl monoclonal
antibody (4.3.11.3; Rets. 11 and 13) and a conjugated rabbit anti-mouse
secondary. BrdUrd'-labeled cells were identified with the B-44 antibody

(Becton Dickinson Immunocytometry Systems, San Jose, CA) at a 1:50

dilution.
Tumors. Human tumor cell lines grown as xenografts included WiDr. an

adenocarcinoma of the colon, SiHa, a squamous cell carcinoma of the uterine
cervix, and DU-145, a prostate carcinoma. All were implanted s.c. on the tlank

of severe combined immunodeficient mice and studied when 200-300 mg in

weight. The murine SCCVII squamous cell carcinoma was similarly grown on
C3H/HeJ hosts. Irrespective of tumor type, single-cell suspensions were pre

pared by excising the tumor, then finely mincing with crossed scalpels and

agitating the resulting brie for 40 min in an enzyme suspension containing
0.5% trypsin and 0.08% collagenase. After incubation. 0.06% DNase was
added, and the cell suspension gently vortexed and filtered through 30-/Min
nylon mesh to remove clumps. Monodispersed cells were washed by centrif-
ugation and then cultured for clonogenicity measurements (using Eagle's

minimal essential medium supplemented with 10% PCS and antibiotics) or
fixed in chilled 70% ethanol.

Drug Administrations. Pimonidazole was administered i.p. from stock
solutions of 20 ing/ml in PBS, 1-3 h before tumor excision. For cell kinetics
studies, BrdUrd (90 mg/kg from a 6-mg/ml stock solution in PBS) was

delivered i.v. by the lateral tail vein. Cell sorting was based on the distribution
of 1.0 mg of Hoechst 33342 (0.05 ml from a 20-mg/ml stock prepared in

saline) injected i.v. 20 min before host sacrifice and tumor excision. Hoechst
33342 at this concentration was nontoxic to either host animals or tumor cells

for all host/tumor combinations used in these studies.
Cell Sorting and Flow Cytometry. Viable tumor cells, prepared as de

scribed above, were sorted with a dual-laser FACS 440 (Becton Dickinson,

Mountainview, CA) flow cytometer. Cells were defined on the basis of

forward scatter (cell size); sort windows were automatically set to subdivide
the cell population into the desired fractions of differing intracellular Hoechst
concentrations. The brightest Hoechst-stained cells, designated fraction 1, were
proximal to functional vasculature (14, 15). For analysis, ethanol-fixed cells

containing BrdUrd were denatured in 2N HC1 containing 0.5% Triton-X
detergent, and the DNA counterstained with 4,6-diamidino-2-phenylindole

dihydrochloride hydrate at 1.0 fig/ml. Standard flow cytometry techniques
were used (15, 16). List mode files were collected using a dual laser Epics
Elite-ESP flow cytometer (Coulter Corp.. Hialeah, FL) and subsequently

reprocessed for analysis. Doublet correction and bitmap gating were used to
select the cell populations of interest with the "WINLIST" software package

(Verity Software House. Inc.. Topsham. ME). Pimonida/ole-containing cells,

identified with the antibodies listed previously, were defined to be those
brighter than 98% of the unstained population; no special procedures were
required for dual-labeled samples.

3 The abbreviation used is: BrdUrd. bromodeoxyuridine.
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Results

The frequency and labeling intensity of pimonidazole-containing

cells is shown as a function of administered dose for a variety of
tumors in Fig. 1. Fig. la indicates the fraction of recovered cells
scored as positive for pimonidazole. Maximal staining was in very
good agreement with the known hypoxic fraction for each tumor type
in Fig. 1; even at lower administered concentrations, the average
labeling was in the proper rank order. Fig. \b shows the relative
fluorescence intensity of the pimonidazole-positive cells, expressed as

the ratio of the mean intensities of the labeled to unlabeled (presum
ably aerobic) cells within each tumor. Although the amount of bound
pimonidazole varied significantly from tumor to tumor, there was
nonetheless a linear increase in binding with administered concentra
tion for each tumor type. This suggests that the different tumors may
have different reductive rates or capacities, but that drug delivery was
not limiting, nor was the degree of hypoxia changed by administration
of the probe. These are essential features; one desires a hypoxic probe
to be "physiologically inert." to react rapidly with hypoxic cells, but

not to be so reactive that it cannot reach additional hypoxic cells more
distant from the vasculature.

We used the tumor system with the greatest fraction of hypoxic
cells, human WiDr xenograf'ts, to assess the cytotoxicity and radio-

sensitizing potential of the pimonidazole probe (Fig. 2). By combining
an assessment of pimonidazole labeling with our perfusion-based cell

sorting techniques, we selectively studied aerobic versus hypoxic cells
recovered from different regions of the same tumor. Importantly, no
pimonidazole toxicity was observed even for the cells with the least
perfusion (Fig. 2a). In contrast, the circulating (or bound) pimonida
zole at the time of radiation was sufficient to confer a modest degree
of radiosensitization in tumors exposed to 10 Gy (Fig. 2b). Given the
high clonogenicity of cells in each fraction recovered from the tumors,
Fig. 2 provides conclusive evidence that the pimonidazole adducts
were produced in viable, therapeutic-ally relevant cell subpopulations.
It does not, however, address the potential problem of "spurious"

binding in nonviable cells or debris that did not withstand the cell
separation/preparation procedures.

To further assess the spatial and functional nature of hypoxia in
these tumors, BrdUrd, an established probe that labels cells actively
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Fig. 1. Percentage of tumor cells positive after a 3-h exposure to increasing pimonida

zole doses in a variety of tumors {</) and the staining intensity of those positive cells
relative to unstained controls (h). For reference, the radiobiologically hypoxic fraction of
the tumors in our laboratory is typically 60Â» for WiDr. 40% for SiHa, 15% for SCCVII,
and 10% for DU-145. Note thai in h. the hypoxic cells of each tumor displayed a linear

increase in staining intensity with dose, but that the binding rates were quite different, as
might be expected for cells with different enzyme levels and activities.
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Fig. 2. Viability of WiDr tumor cells sorted on the basis of Hoechst dye delivery after
treatment with pimonidazole and radiation as single (open symbols) or combined (closed
s\mhols} treatments. No observable toxicity of pimonidazole was produced, even with 3-h

exposures to high doses (<i); preferential radiosensitization of the hypoxic subpopulations
was. however, evident at l h at lower treatment concentrations (h). Uncertainties are hurs
(SE) for three or more independent determinations: to indicate the relatively high plating
efficiency of the cells recovered from the WiDr tumors, the data are presented as the "raw"

clonogenic fraction without normalizing for the control plating efficiency.

synthesizing DNA, was also introduced. Tumors were labeled by
administering BrdUrd; 20 min later, pimonidazole hydrochloride was
injected, and the tumors were excised for assay 3 h later. Fig. 3 shows
representative data for the SiHa xenograft system, chosen for display
because SiHa tumors, in our hands, show little evidence of transient
changes in perfusion. The bivariate plots illustrate the patterns of
BrdUrd and pimonidazole-positive cells as a function of perfusion

status. These plots clearly demonstrate that the populations of prolif
erating and hypoxic cells were usually distinct; only fractions 4-6 had
dual-labeled cells, and those constituted <2% of the tumor.

The fraction of positive cells and their relative staining intensities
for the experiment shown in Fig. 3 are quantified in Fig. 4, indicating
that pimonidazole binding was largely confined to the poorly perfused
cell populations. DNA synthesis was more widely distributed through
out the tumor. Interestingly, the relative incorporation of pimonida
zole was quite constant for hypoxic cells throughout the tumor (al
though slightly elevated in the fraction with the least perfusion),
suggesting that there were not large populations of cells at interme
diate levels of hypoxia in this system. This was expected, because the
SiHa tumors show few short-term perfusion changes. Also of interest,

BrdUrd delivery and uptake was relatively constant for those cells
synthesizing DNA in any region of the tumor, as indicated by the
consistency of the BrdUrd staining intensity.

Discussion

Development of the pimonidazole probe and other comparable
markers for tumor hypoxia have permitted a variety of novel and
informative studies to be undertaken in solid tumors. A limitation of
these studies in the past has been the necessary extrapolation from the
known oxygen dependence of binding of these probes in tissue culture
to the more complex tumor situation. Our data in this manuscript
provide the first direct in vivo confirmation that pimonidazole indeed
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targets hypoxic, clonogenic tumor cells. The differences in the rates of
pimonidazole adduci formation among tumors (Fig. Ib), unlike probes
reported to be invariant (12), seems to further substantiate our con
clusion that pimonidazole is labeling metabolically active, viable
cells.

To an extent, a "time factor" remains problematic in the interpre

tation of our data. The radiosensitivity of tumor cells, a direct indi
cator of intracellular oxygÃ©nationlevels, is assessed over a very short
time period (a 3-min exposure). In contrast, the perfusion staining

used for our sorting techniques has a longer time constant, on the
order of 5-10 min. Longer still is the hypoxia probe, which was
metabolized and bound over the course of 1-3 h in these studies.

Consequently, all assays of hypoxia would be expected to have given
identical information only if blood flow had remained constant over
the longest time frame evaluated, i.e., that for pimonidazole binding.
Accumulating evidence now suggests, however, that constancy of
blood flow is unlikely in most tumor systems or, for that matter, in
some normal tissues (17, 18). The result is that the rather slow-acting
hypoxia probes give information on the "average" oxygÃ©nationstate,
whereas irradiation is more like a "snapshot" in time. Irrespective of

the timing issue, however, the principle remains that greater pi-
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Fig. 4. Quantitalion of the data shown in Fig. 3. demonstrating a progressive increase
in pimonidazole binding (â€¢)and decrease in BrdUrd uptake (â€¢)with decreasing perfusion
(a), b shows that pimonidazole binding was approximately the same in labeled cells in any
fraction, and that the cells with the least perfusion still received adequate levels of the
drug. Similarly, those cells that incorporated BrdUrd did so at about the same rate
irrespective of their proximity to tumor vasculature that was functional just before tumor
excision. Each dashed, horizontal line shows the average value for the data set with the
same symbol.
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Fig. 3. Uncompensated bivariate flow cytometry histograms showing the relative
staining intensity of SiHa tumor cells from hosts receiving i.v. BrdUrd. then pimonida
zole. and excised for analysis 3 h thereafter. Cells were analyzed in a two-slep procedure,

where they were first sorted on the basis of Hoechst perfusion (fraction I is again the
brightest cells), then processed and reanalyzed for the incorporated BrdUrd and pimonida
zole. Each dot represents a single cell, demonstrating that proliferation and hypoxia were
quite exclusive events.

monidazole labeling necessarily indicates that greater numbers of
cells can be expected to be hypoxic during radiotherapy.

Whether any individual pimonidazole-labeled cell continuously

remains hypoxic is of similar importance in the case of the BrdUrd
versus pimonidazole studies. BrdUrd has a short half-life in the

circulation and is rapidly incorporated into DNA. Consequently, in a
tumor with reasonably stable blood flow, one would expect the pattern
of fairly exclusive staining seen in Figs. 3 and 4 (13), whereas with
tumors subject to considerable transient blood flow, dual-labeled cells

might be common (19).
Pimonidazole has been reported, at larger administered doses, to

decrease tumor blood flow in other murine systems (20). This is
clearly a concern. Our data, however, argue against any consistent
effects on tumor blood flow. Fig. 1 would have been expected to show
progressively higher fractions of labeled cells as more label was
administered, and Fig. 2 should have shown curves shifted to the left
if blood flow had been decreased at higher pimonidazole concentra
tions (interestingly, however, greater tumor-to-tumor variability in

radiosensitivity was seen at the higher drug doses). A potentially
greater limitation is the rather heterogeneous staining seen for pi
monidazole with single-cell based flow cytometry (Fig. 3). Clearly,

the criteria for separating positive and negative tumor cells must be
carefully defined and reproduced for accurate quantitation of the
hypoxic fraction in flow assays. Immunohistochemical assays are not
constrained to the same degree, because positional information (clus
tering of hypoxic cells) not only compensates for labeling heteroge
neity but also ensures that tumor cells are indeed being scored.

In summary, pimonidazole can be a useful indicator of the relative
oxygÃ©nationstatus of viable tumor cells. Our data provide direct
evidence that pimonidazole accumulates in viable hypoxic cells, and
that the staining gradients reflect the relative oxygÃ©nationin situ.
Although our data do not suggest that staining intensity per se can be
directly related to the level of oxygÃ©nationacross tumor types, the
differential staining pattern nonetheless provides qualitative and quan
titative information for fundamental tumor biology and for therapy.
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