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In this perspective, the authors summarise some properties of the solid tumour micro-environment that have been explored during
the last 55 years. It is well established that the concentrations of nutrients, including oxygen, decrease with increasing distance
from tumour blood vessels, and that low extracellular pH is found in nutrient-poor regions. Cell proliferation is dependent on
nutrient metabolites and decreases in regions distal from patent blood vessels. Proliferating cells cause migration of neighbouring
cells further from blood vessels where they may die, and their breakdown products pass into regions of necrosis. Anticancer drugs
reach solid tumours via the vascular system and establish concentration gradients such that drug concentration within tumours
may be quite variable. Treatment with chemotherapy such as doxorubicin or docetaxel can kill well-nourished proliferating cells
close to blood vessels, thereby interrupting migration toward necrotic regions and lead to re-oxygenation and renewed
proliferation of distal cells, as can occur with radiotherapy. This effect leads to the paradox that cancer treatment can rescue cells
that were destined to die in the untreated tumour. Renewed and sometimes accelerated repopulation of surviving tumour cells can
counter the effects of cell killing from repeated treatments, leading to tumour shrinkage and regrowth without changes in the
intrinsic sensitivity of cells to the administered treatment. Strategies to prevent these effects include the combined use of
chemotherapy with agents that selectively kill hypoxic tumour cells, including inhibitors of autophagy, since this is a process that

may allow recycling of cellular macromolecules from dying cells and improve their survival.
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CELL PROLIFERATION IN RELATION TO TUMOUR BLOOD
VESSELS

Dr Tannock joined the Institute of Cancer Research as a PhD
student in the Department of Biophysics in 1965 at a time when
cell proliferation in tumours and normal tissues was being
studied by using thymidine autoradiography. Seminal work had
been undertaken by his mentor, Dr Gordon Steel, whose
contributions had established that tumours did not grow
because of the uniform proliferation of cancer cells within them:
rather there were non-dividing tumour cells and often a high
rate of cell loss [1, 2]. It was known that tumours developed a
limited vascular supply [3] although factors that induced
angiogenesis were characterised later, and that they often
contained regions of necrosis. It seemed probable that the
proliferation of cancer cells might relate to nutrient concentra-
tion, although the Warburg hypothesis had posited that
anaerobic glycolysis was a key driving event in tumour
formation and progression [4]. From this background knowl-
edge, a study of cell proliferation in relation to the vascular
system seemed important and was facilitated by the availability
of an experimental tumour that had cords of viable cells around
blood vessels, as described in human tumours by Thomlinson

and Gray [5]. This led to the study published in BJC in 1968,
where tumour cell proliferation was characterised in relation to
the central blood vessel of cords in a murine tumour using
thymidine autoradiography [6]. These experiments established
that there was a gradient of cell proliferation in the tumour, and
that there was a dynamic process of proliferation in perivascular
tumour regions that caused migration of cells away from blood
vessels, with death occurring distally and movement of cell
residua into necrotic regions. There is a clear analogy with
patterns of proliferation and death in normal renewing tissues
such as the bone marrow and gut, although there is no evidence
of differentiation in the tumour that was studied.

It is not surprising that there is a gradient from high to low
proliferation with increasing distance from patent blood vessels,
because other studies have demonstrated gradients in oxygen
and other nutrients within solid tumours [7, 8]. If cells have less
nutrients available, they are less likely to be able to produce the
energy (i.e, ATP) necessary for the synthesis of macromolecules
that are necessary for cell division. However, an amusing
anecdote stems from a meeting in Lindau, Germany in 1966 at
which graduate students were invited to listen to presentations
by, and to meet with, Nobel prize winners in physiology and
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Fig. 1 Schematic representation of a functional blood vessel and its surrounding cells. Cells that are closest to the blood vessel are richly

nourished with oxygen and other nutrients and therefore proliferate rapidly. Cells that are farther away are nutrient-deprived and may
become hypoxic and have an acidic microenvironment; they tend to proliferate slowly. Modified from Tan et al. [10]. ECM extracellular matrix.

medicine [https://www.mediatheque.lindau-nobel.org/meetings/
1966]. A very nervous Tannock summarised his early results at a
round table hosted by Otto Warburg and asked why, if hypoxic
cells were responsible for tumour formation and progression,
the well-oxygenated tumour cells close to blood vessels had the
highest rate of cell proliferation. This was met with curt disbelief
by the Nobel laureate.

The laborious methods for studying cell proliferation using
thymidine autoradiography and microscopy have long been
replaced by methods amenable to automation, such as separation
by flow cytometry of tumour cells at different distances from
patent tumour blood vessels using gradients of injected markers
such as Hoechst 33342 and studying markers of cell proliferation
such as Ki67 that can be recognised by fluorescence-labelled
antibodies [9]. These methods have confirmed the general
property that tumour cells are less likely to proliferate in regions
that have low concentrations of nutrient metabolites (such as
oxygen and glucose) and high concentrations of breakdown
products of dying cells that may diffuse from necrotic regions, and
consequent low extracellular pH (Fig. 1) [10].

TUMOUR MICROENVIRONMENT AND CANCER TREATMENT

It was known that solid tumours contained hypoxic cells that were
resistant to radiation, and that following radiation treatment
hypoxic cells could reoxygenate and repopulate tumours [11-13].
This effect presumably occurred because radiation killed the more
sensitive aerobic cells close to tumour blood vessels, leading to
improved diffusion of oxygen and other nutrients to more distant
cells. Indeed, subsequent experiments showed that one effect of
radiation was the narrowing of the cords of apparently viable cells
within corded tumours, as surviving tumour cells migrated closer
to the vascular source of nutrition [14].

The tumour microanatomy and resulting nutritional microenvir-
onment is equally important for understanding the effects of drug
treatment. Almost all chemotherapy drugs, and many molecular
targeted agents, are more active against rapidly proliferating
cancer cells, and will therefore tend to kill cells closer to tumour

blood vessels. In addition, drugs reach tumours via the blood-
stream, and several studies have shown that following injection of
most anticancer drugs, gradients of drug concentration are
established such that tumour cells distant from blood vessels
are exposed to low drug concentrations (Fig. 2) [15-17]. Hence,
poorly nourished cells in solid tumours are resistant to many
anticancer drugs, both because they are slowly proliferating, and
because they are exposed to lower drug concentrations. By
injecting into mice two markers of hypoxic cells (EF5 and
pimonidazole) that could be recognised by fluorescence-tagged
monoclonal antibodies, with an interval between them that
allowed changes in oxygenation to be studied, the following
events were shown to occur following treatment of tumours in
mice with the anticancer drugs doxorubicin or docetaxel [18]:

1. In the absence of treatment, tumour cells die, and their
breakdown products pass into regions of necrosis; this is
due to the proliferation of cells proximal to blood vessels
forcing the migration of more distant cells into regions of
hypoxia and poor nutrition.

2. Following treatment with the anticancer drugs doxorubi-
cin or docetaxel (and presumably many others), the
process of natural cell death is interrupted as cells
proximal to blood vessels are killed or inhibited from
cycling. This leads to the paradoxical finding that
chemotherapy can rescue tumour cells that were destined
to die in untreated tumours.

3. Some of the previously hypoxic cells are no longer hypoxic
following drug treatment (i.e., there is reoxygenation, as
occurs after radiation treatment)

4. Injection of Ki67 also showed that the “rescued” surviving
cells increase their rate of proliferation.

These events are shown diagrammatically in Fig. 3. Responses to
fractionated radiotherapy have been characterised by “five R's™
radiosensitivity (or its opposite, resistance), repair, reoxygenation,
repopulation and redistribution around the cell cycle [19]. The five
R’s apply also to the response of tumours after drug treatment [20].
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Fig. 2 Distribution of doxorubicin in solid tumours. a Distribution of fluorescent doxorubicin (false-colour blue) around blood vessels
(recognised by CD31 on endothelial cells: false-colour red) in a mouse mammary tumour. Hypoxic areas are recognised by binding to EF5
(false-colour green). b Doxorubicin fluorescence as a function of distance from the nearest blood vessel in sections from three mouse

mammary tumours. Modified from Primeau et al. [16].
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Fig. 3 Time-dependent changes in hypoxic cells, and in their proliferation, in doxorubicin-treated and control mice bearing MCF-7
xenografts. Mice were injected with 2 hypoxic cell markers (pimonidazole and EF5) with a variable interval between. a Percent of tumour cells
that were originally hypoxic (pimo + ) as a function of time. b Percent of hypoxic tumour cells that are newly hypoxic (pimo—/EF5 + ) as a function
of time. There is dynamic flux of cells through the hypoxic compartment. ¢ Percent of originally hypoxic cells that are no longer hypoxic (pimo + /
EF5—) at 24 h after injection of saline or doxorubicin. d Percent of reoxygenated cells that are Ki67 positive at 24 h after injection of saline or
doxorubicin. Reoxygenation and repopulation of hypoxic cells occur after treatment with doxorubicin. Similar results were obtained after
treatment of prostate cancer PC3 xenografts with docetaxel. Adapted from Saggar and Tannock [18].

DRUG RESISTANCE

A review of publications relating to the resistance of anticancer
drugs would reveal many thousands of papers that investigate
molecular causes of resistance. This is important, but not the only
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cause of resistance. Far less appreciated is the effect of limited
drug distribution in tumours (as shown in Fig. 2): if drugs do not
reach some of the tumour cells in a lethal concentration, then
there will be resistance to therapy—regardless of the sensitivity of
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Fig. 4 Schematic diagram to illustrate how accelerating repopulation of tumours (that may occur with improving nutrition) can overcome
the killing effects of repeated doses of drugs or radiation. It is assumed that 70% of tumour cells are killed after each administration of
chemotherapy, which is given at 3-week intervals. a Assumes a constant rate of repopulation of surviving tumour cells between treatments,
characterised by a doubling time of either 10 days or 2 months. b Assumes accelerating repopulation of surviving tumour cells between
successive courses of chemotherapy, characterised by the indicated doubling times. ¢ Assumes a delay in onset of repopulation after each
cycle of chemotherapy, followed by accelerating repopulation of surviving tumour cells with the indicated doubling times. Note that
accelerated repopulation can lead to the remission and regrowth of tumours during chemotherapy, as is commonly observed in clinical
practice, without any change in the intrinsic chemosensitivity of the tumour cells. TD cell doubling time. Adapted from Kim and Tannock [22].

constituent cells when exposed to the drug at a uniform
concentration in tissue culture. Pharmacokinetic studies may
report drug concentration in tumour, blood, and normal tissues as
a function of time after drug administration, and investigators may
talk about the “tumour drug concentration”. However, the average
drug concentration in a tumour has very little meaning if the
concentration varies from high levels to close to zero in
microanatomical regions—for example, from regions bordering
patent blood vessels to regions that are nutrient-deprived.

A second neglected cause of drug resistance relates to
repopulation. Cells surviving initial drug treatment may increase
their proliferation after chemotherapy, so that if drug treatments are
given at intervals (typically 3 weeks for chemotherapy), the
increasing rate of repopulation between times of drug administra-
tion may eventually overcome the killing effect of the applied
therapy (Fig. 4) [21, 22]. A similar effect has been described for
radiotherapy with greater repopulation towards the end of a
fractionated course leading to decreasing benefit [23]. The priming
of repopulation by chemotherapy might also explain the absence of
benefit for some types of human tumour when neoadjuvant
chemotherapy is given prior to initiating radiotherapy [24].

COMBATING MICROENVIRONMENTAL DRUG RESISTANCE
There are potential strategies to overcome drug resistance due to
microenvironmental and/or proliferative factors, whereas increas-
ing the sensitivity of cells that are intrinsically drug-resistant is
difficult. Strategies to combat resistance of cancer cells that are
situated in a nutrient-derived microenvironment include:

1. Improving the distribution of anticancer drugs within solid
tumours.

2. Combining conventional drug therapy with agents that
have selective toxicity for hypoxic or nutrient-deprived cells.

3. Inhibiting cell survival mechanisms for nutrient-
deprived cells.

Improving the tumour distribution of drugs that have a short
half-life in blood is difficult because better distribution to cells

distal from blood vessels is only likely to be achieved by inhibiting
uptake in proximal cells, which may decrease the effectiveness of
such treatment. Administering drugs by chronic infusion may
establish a more uniform distribution, although multiple factors
influence the efficacy of variant schedules. Drugs with a long half-
life in the blood (e.g., monoclonal antibodies) are likely to reach
equilibrium and establish a more uniform concentration in
tumours.

Pro-drugs that require bio-reduction to a toxic form may have
selective activity for hypoxic cells, and the toxic products may also
diffuse to kill cells that are not themselves hypoxic [25]. Agents of
this type include tirapazamine and evofosfamide (TH-302). These
agents are effective in augmenting the effects of chemotherapy
drugs against tumours that contain hypoxic cells in experimental
animals [26-28]. Both agents have been evaluated in large Phase 3
clinical trials together with standard chemotherapy but did not
significantly improve the survival of treated patients [29-32].
These trials have been criticised because no effort was made to
select patients with tumours that contained a substantial
proportion of hypoxic cells [33]; this is unfortunate because the
negative results of the trials have discouraged further research
into a strategy that retains the potential for improving clinical
outcomes.

Autophagy (or self-eating) is a well-characterised mechanism in
which macromolecular fragments from damaged cells are
processed into autophagosomes that fuse with acidic lysosomes,
where there is further breakdown under the action of cathepsins
and other enzymes that are active under acidic conditions. In
some circumstances, this leads to cell death, but autophagy can
also promote the survival of poorly nourished or damaged tumour
cells by acting as a recycling mechanism for the breakdown
products of macromolecules. Experiments in animal models have
shown that markers of autophagy (such as LC3B) co-localise with
hypoxia in tumours [34], and knockout cells that are autophagy-
deficient have poor survival under hypoxic conditions [34, 35].
Treatment of cultured cells with different chemotherapy drugs
induces autophagy [36], and inhibition of autophagy by drugs that
inhibit the acidification of endosomes, such as pantoprazole, have
been shown to augment the activity of chemotherapy in
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Fig. 5 Inhibition of Autophagy can increase the effectiveness of
anticancer drugs. a Growth curves of PC3 prostate cancer
xenografts following treatment with docetaxel (DOC), pantoprazole
(PTP), or both drugs. b Staining of YH2AX (a marker of DNA damage)
as a function of distance from the nearest tumour blood vessel at
10 min after treatment of PC3 xenografts with saline, docetaxel,
pantoprazole or both drugs. Note that PTP, an inhibitor of
autophagy, has no effect alone but augments the activity of
docetaxel. Adapted from Tan et al. [37].

experimental models by increasing cell death in regions distal
from tumour blood vessels (Fig. 5) [37]. Agents used to inhibit
autophagy have this far been repurposed from other uses:
chloroquine and hydroxychloroquine used to treat malaria and
autoimmune diseases, and drugs that inhibit acidification of cells
lining the stomach such as omeprazole and pantoprazole that are
used to treat or prevent stomach ulcers. The development of more
specific inhibitors of autophagy via mechanisms other than
inhibition of endosomal acidification deserves high priority for
clinical evaluation.

CONCLUSION

In this brief perspective, we have outlined research which relates
to the broad theme of nutritional heterogeneity in the micro-
environment of solid tumours that has taken place in the 50+
years since the publication of the original article relating cell
proliferation to the vascular system in an experimental solid
tumour [6]. During that period, various strategies have led to
profound improvements in cancer treatment, but there remains
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considerable potential for further improvements that are directed
to overcoming resistance to both radiation and drug therapy that
require a thorough understanding of the microanatomy of solid
tumours.
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