Interstitial fluid pressure
The hydrostatic pressure within
the interstitial fluid of solid
tissue. In tumours, disordered
vasculature and the absence of
functioning lymphatics is
associated with increased
interstitial fluid pressure
compared with normal tissues.

Extracellular matrix

The complex group of
molecules that exist in tissue
outside cells.

Clonogenic cell

A cell with the ability to
generate progeny that will form
a colony of a predetermined
minimum size when placed
under appropriate conditions.
Such cells might represent
tumour stem cells, which can
regenerate a tumour after
treatment.

*Department of Medical
Biophysics, British Columbia
Cancer Research Centre,
Vancouver, Canada.
*Departments of Medical
Biophysics and Medical
Oncology and Haematology,
Princess Margaret Hospital
and University of Toronto,
Toronto, Canada.
Correspondence to A.I.LM.
and I.FT

e-mails: aim@bccre.ca;
ian.tannock@uhn.on.ca
doi:10.1038/nrc1893

@ TUMOUR MICROENVIRONMENT

REVIEWS I

Drug penetration in solid tumours

Andrew . Minchinton* and lan F. Tannock?*

Abstract | To be most effective anticancer drugs must penetrate tissue efficiently, reaching all
the cancer cells that comprise the target population in a concentration sufficient to exert a
therapeutic effect. Most research into the resistance of cancers to chemotherapy has
concentrated on molecular mechanisms of resistance, whereas the role of limited drug
distribution within tumours has been neglected. We summarize the evidence that indicates
that the distribution of many anticancer drugs in tumour tissue is incomplete, and we
suggest strategies that might be used either to improve drug penetration through tumour
tissue or to select compounds based on their abilities to penetrate tissue, thereby increasing

the therapeutic index.

Most of the ~10** cells in the human body are within
a few cell diameters of a blood vessel. This remarkable
feat of organization facilitates the delivery of oxygen and
nutrients to the cells that form the tissues of the body.
It also enables the efficient delivery of most medicines.
However, the homeostatic regulation of tissue and the
growth of blood vessels break down in solid cancers.
Tumour cells often have the potential for more rapid
proliferation than the cells that form blood capillaries'?.
So, the proliferation of tumour cells forces vessels apart,
reducing vascular density and creating a population of
cells distant (>100pum) from blood vessels®, a process
that is exacerbated by a poorly organized vascular archi-
tecture*’, irregular blood flow®™ and the compression
of blood and lymphatic vessels by cancer cells®. The
resultant hypoxia is recognized as a hallmark of cancer,
and several strategies have been developed to target cells
that have compromised oxygen status''. In addition,
the disorganized vascular network and the absence of
functional lymphatics'>"® causes increased interstitial fluid
pressure (IFP)!¢. Finally, the composition and structure
of the extracellular matrix (ECM) can slow down the move-
ment of molecules within the tumour'’-*°. Overall, these
characteristics of the tumour microenvironment limit the
delivery of anticancer drugs to cells that are situated distal
from functioning blood vessels; this delivery problem is
the subject of this Review.

If anticancer drugs are unable to access all of the
cells within a tumour that are capable of regenerat-
ing it (that is, clonogenic cells or tumour stem cells),
then whatever their mode of action or potency, their
effectiveness will be compromised. Perhaps more
importantly, the effectiveness of new molecular medi-
cines to treat cancer will be jeopardized if they cannot
efficiently penetrate tumour tissue to reach all of the

viable cells®. For a cancer treatment to be curative, it
must have access to all such tumour cells, as the sur-
vival of one cell could form the focus of tumour recur-
rence. Therefore, large distances between tumour cells
and functional blood vessels need only occur rarely in
tumours to be vitally important.

As a consequence of the poorly organized vascula-
ture in solid tumours, there is limited delivery of oxy-
gen and other nutrients to cells that are distant from
functional blood vessels. Poor vascular organization
also leads to the build-up of products of metabolism,
such as lactic and carbonic acid, which lower the
extracellular pH*'-?. The presence of hypoxic cells in
solid tumours has long been recognized?, and there is
a large body of evidence indicating that hypoxic cells
are relatively resistant to radiation treatment and can
repopulate the tumour after radiotherapy; that is, there
are stem cells in hypoxic regions of some tumours**2.
A gradient of decreasing tumour cell proliferation
forms with increasing distance from tumour blood
vessels?”?%, in parallel with decreasing nutrient and
oxygen concentration. There are at least three poten-
tial reasons why cells that are distant from blood ves-
sels might be resistant to conventional chemotherapy
(FIG. 1): first, most anticancer drugs exert selective
toxicity on cycling cells, so that non-proliferating or
slowly proliferating cells are resistant®; second, some
drugs might be less active in hypoxic, acidic or nutri-
ent-deprived microenvironments>*; and third, cells
distant from blood vessels might be exposed to low
concentrations of drug because of limited drug access,
as is reviewed here.

A review of published studies about the resistance
of cancers to chemotherapy shows that most address
cellular and genetic mechanisms of resistance, whereas
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At a glance

* Most studies of tumour resistance to anticancer drugs consider only cellular and/or
genetic causes operative at the level of a single cell.

e Many anticancer drugs have limited distribution from blood vessels in solid tumours,
which limits their effectiveness.

e Large distances between blood vessels in solid tumours, the composition of the
extracellular matrix, cell-cell adhesion, high interstitial fluid pressure, lack of
convection, drug metabolism and binding contribute to limited drug distribution.

* New in vitro and in vivo techniques enable quantitative assessment of drug
penetration.

® Several strategies have the potential to improve the distribution of anticancer drugs
in tumours, and thereby improve their therapeutic index.

® Drug development strategies where molecules are designed or libraries screened
for optimal drug penetration would aid the development of more effective
anticancer drugs.

only a small fraction describe the role of the tumour
microenvironment. This bias in support of cellular and
genetic mechanisms as the dominant influences that
affect drug resistance reflects the overwhelming use
of monolayer culture as a model in cancer research, a
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Figure 1| Potential reasons why cells distant from blood vessels might be
resistant to treatment. a| Cords of cells surrounding a blood vessel in a xenograft of a
cervix cancer. b | Cords of cells surrounding a blood vessel in a xenograft of colon cancer.
More cells are proliferating (bromodeoxyuridine-labelled black cells) close to the blood
vessel. Green staining indicates hypoxic regions identified by pimonidazole. Proliferation
occurs primarily close to blood vessels. Endothelial cells are coloured blue.

c | A diagrammatic representation illustrating the gradients in oxygen, nutrients and
energy, and drug concentration.

model that does not reflect the microenvironment of
solid tumours. Cells in solid tumours are exposed to
various microenvironments and to a large gradient of
concentration as the drug diffuses from blood vessels.
By contrast, cells in monolayer culture are generally
exposed to a uniform environment and to a uniform
concentration of a drug. The slow accrual of new anti-
cancer drugs has questions about the strategy used to
develop them®*', which depends on in vitro screens that
do not model the complex pathophysiology of cancers,
including the large intervascular distances that are
encountered in many tumours.

Properties that influence drug distribution

Before drugs can be introduced into clinical practice their
pharmacokinetic properties are studied in animals and in
early-phase clinical trials. The mean drug concentration
is determined in plasma and in various tissues of the body,
including tumours, as a function of time after adminis-
tration. Drug behaviour is described by parameters such
as volume of distribution (V,), half-lives for disappearance
from plasma and clearance from the body*?. Although
these parameters are important for determining over-
all drug disposition, which might relate to toxicity for
certain body organs, and for devising a logical schedule
of administration, they give limited information about
access to target tumour cells. For example, mitoxantrone
has a high V, because of sequestration within cells caused
by DNA binding and entrapment in acid vesicles®, but
has poor penetration into tissue. An anticancer drug
might even show an average concentration that is higher
in the tumour than in normal tissues, but if tissue pen-
etration is poor only cells close to blood vessels will be
exposed to an effective concentration.

As anticancer drugs distribute within tumours they
form gradients from tumour blood vessels that change
with time as the drug is cleared from the body. The per-
meability of vessel walls influences drug penetration, but
is thought to be insignificant in many tumours where
blood-vessel fenestrations have been observed!***¢.
Drugs penetrate normal tissues by both diffusion and
convection, with a net flow of fluid from blood ves-
sels balanced by resorption into lymphatics. However,
tumours often lack functional lymphatics'>*?, which can
lead to increased levels of IFP in tumours'*¢, which in
turn is likely to reduce convection and thereby inhibit
the distribution of macromolecules®*.

The physicochemical properties of drugs (for
example, molecular weight, shape, charge and aque-
ous solubility) determine the rate of diffusion through
tissue. The penetration of a drug is also dependent on
its consumption, which functions to remove free drug,
thereby inhibiting further permeation’ (FIG. 2). Water-
soluble drugs distribute most readily in the ECM, and
therefore efficiently diffuse around and between cells.
Lipid-soluble drugs penetrate lipid membranes, and
so can be transported through cells. Consumption
includes the effects of metabolism, binding to tissue
elements (both specific to the target receptor and
nonspecific), and uptake and retention in tumour
cells. Retention in tumour cells can be due to binding
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Tumour stem cell

A tumour cell that has the
capacity to regenerate the
tumour after treatment. Such
cells must be eradicated if
tumour therapy is to be
curative. Stem cells in some
tumours can have surface
markers that facilitate their
identification.

Pharmacokinetics

The time course of drug
absorption, distribution,
metabolism and excretion
within the body.

Volume of distribution

A hypothetical volume
calculated by extrapolating the
plasma concentration—time
curve back to time zero, which
represents the volume at which
the administered drug seems
to have been distributed. Large
volumes of distribution imply
efficient extravasation, but not
necessarily complete
distribution in tumour tissue.

Spheroids

Spherical aggregates of tumour
cells, grown in tissue culture,
which reflect many of the
properties of solid tumours.
Spheroids have been used for
studying the penetration of
anticancer drugs into tumour
tissue.

Cell contact effect

The growth of tumour cells that
are in contact with each other
leads to changes in the
expression of some genes, and
has been shown to influence
cellular properties, including
response to therapeutic
agents, compared with single
cellsin culture.
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Figure 2 | Drug distribution in tissue. a | Supply. The
supply of a drug to the tissue will depend on its dose and
pharmacokinetics (PK). b | Flux. After leaving the
vasculature, flux through tissue can occur through
extracellular or trans-cellular pathways, depending on
relative solubility in water and lipids. Although diffusion
through water will vary with size or molecular weight (mw),
movement will be hindered by interactions with
extracellular and cellular components, and the barrier
posed by the cell membrane. ¢ | Consumption. Tissue
penetration will be determined by the balance between
delivery (supply and flux) and consumption. Cellular
metabolism will reduce drug penetration and build-up
within the tissue, and binding and sequestration can
increase net tissue levels of a drug but limit its penetration.

at the site of lethal activity (usually DNA), although
basic drugs can be sequestered in acidic organelles
such as perinuclear endosomes**. For example, the
poor penetration through tissue of doxorubicin (see
below) is due to avid binding to DNA and sequestra-
tion in acidic endosomes of cells that are proximal to
the vasculature.

Experimental drugs have been developed to target
hypoxic cells in tumours that are resistant to radia-
tion; they also have considerable potential to increase
the effects of conventional chemotherapy, to which
hypoxic cells are often resistant. Most of these agents
(tirapazamine, AQ4N and PR-104) are pro-drugs,
which are reduced under hypoxic conditions to an
active form that is cytotoxic. These agents must be
able to penetrate tissue efficiently to reach the target
hypoxic cells, but as these molecules diffuse from the
well-oxygenated cells that surround a blood vessel,
the decreasing pO, results in increasing metabolism.
There is therefore a balance between metabolism (a
form of consumption) and efficient penetration. Too
much metabolism and no drug will remain to diffuse;
too little metabolism of the pro-drug and hypoxic cells
will not be killed.

Although physicochemical parameters influence
the ability of a drug to penetrate the extravascular com-
partment of tumours, accurately modelling the many
relevant factors is so complex that the measurement

REVIEWS

of drug distribution using model systems is a more
practical method of determining how efficiently a drug
penetrates tissue.

Methods for studying drug penetration

In vitro multicellular models have become the most
commonly used tools to qualitatively and quantitatively
assess drug penetration. Although direct in vivo assess-
ment, when feasible, has the advantage of duplicating
the clinical environment most closely, in vitro techniques
offer the advantage of being able to examine the distribu-
tion of drugs in the absence of complicating factors such
as pharmacokinetics and hepatic metabolism, which
often differ between mice and humans. This ability to
evaluate drug penetration should give such models an
important role in drug discovery and development.
Features of solid cancers that are not modelled by
multicellular models are variable IFP, the influence of
convection® (which commonly occurs in the periphery
of tumours and might have particular significance for
large molecular weight therapeutics) and the influence
of stromal cells’®.

Multicellular spheroids. Multicellular spheroids are
spherical aggregates of tumour cells that are usually
grown in spinner culture, and which reflect many of the
properties of solid tumours, including the development
of an ECM, tight junctions between epithelial cells and
gradients of nutrient concentration and cell prolifera-
tion from the exterior to the centre**(FIG. 3a). Spheroids
can grow to a diameter of about 1mm; larger spheroids
develop central necrosis and regions of hypoxia*. By
incubating spheroids in a medium that contains an
anticancer drug it is possible to examine the kinetics of
drug penetration in histological sections. Doxorubicin
and other anthracyclines are recognized by their
fluorescence* ¥, and the distribution of radio-labelled
drugs has been characterized by autoradiography**-'.
Although the geometry of drug penetration inwards
toward the centre of the spheroid is often not reflective
of the in vivo situation, spheroids have been very useful
in characterizing the distribution of several anticancer
drugs and macromolecules such as antibodies®*~*.
Techniques have also been developed that enable the
viability of cells to be assessed at different depths in sphe-
roids after their exposure to an anticancer drug. Spheroids
can be exposed to trypsin for sequential periods to remove
successive layers of cells, and the viability of these cells can
be assessed using a colony-forming assay®. Alternatively,
spheroids can be exposed to the fluorescent dye Hoechst
33342, which itself establishes a concentration gradient
from the outside to the centre of the spheroid. Hoechst
33342 binds to DNA, but is minimally toxic so that cells at
different depths in spheroids can be separated and sorted
by flow cytometry, based on their Hoechst 33342-derived
fluorescence, and then evaluated for survival using a
colony-forming assay***”. The response of spheroids to
drugs differs from that of cells in monolayer culture not
only because of limited drug penetration and differences
in hypoxia and proliferation status, but also because
of the cell contact effect. The growth of tumour cells in
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Figure 3 | Multicellular models and their use to study drug penetration.

a | Multicellular spheroids are grown in spinner culture to form spherical aggregates.

b | Multilayered cell cultures (MCCs) are grown on permeable support membranes;
proliferating cells are located predominantly close to the upper and lower surfaces.

c | Studies of drug penetration are usually performed by separating two reservoirs with
an MCC (left) or by floating an MCC on a medium with the drug of interest added to the
small compartment above the MCC, and sampling from the lower receiving reservoir
(right). d | The penetration of a drug through an MCC (lower curves) is usually compared
to penetration through the support membrane alone (upper curves), as shown for
doxorubicin (left), and 5-fluorouracil (right).

Multilayered cell culture
Also called a multicellular layer
or a multicellular membrane,
an MCC contains tumour cells
that grow on a permeable
plastic support membrane to
form a disc of tissue. MCCs
reflect many of the properties
of solid tumours, and are used
to study the penetration of
anticancer drugs through
tumour tissue.

Pharmacodynamics
The effects of a drug on the
cells and tissues of the body.

contact with each other leads to changes in the expres-
sion of some genes, and has been shown to influence the
response to therapeutic agents compared with single cells
in culture™?. This feature is common to other multicellular
cultures and to tumours in vivo™s'.

Multilayered cell cultures. Multilayered cell cultures
(MCCs), also called multicellular layers (MCLs) and
multicellular membranes, are comprised of tumour
cells grown on a permeable plastic support membrane
to form a disc of tissue; they are typically used when
they reach 200-250 um in thickness (~15-20 cell diam-
eters; FIC. 3b). The technique was pioneered by Wilson
and colleagues®?, who floated MCCs in a reservoir of
stirred media whilst semi-liquid media was placed in
the compartment above them. Drug passage from the
semi-liquid media through the MCC to the stirred
media below was measured with time to provide diffu-

sion coefficients of selected DNA intercalators® (FIC. 3c¢).
An alternative system whereby an MCC separates two
stirred compartments of liquid media was developed by
one of the authors® (FIC. 3¢): drugs of interest are added
to one reservoir, and transport through the culture is
measured by sampling from the reservoirs as a func-
tion of time. Like spheroids, MCCs have been shown to
reflect many of the properties of solid tumours, includ-
ing the generation of an ECM, gradients of nutrient con-
centration and cell proliferation, and regions of hypoxia
and necrosis in thicker layers®*=. Penetration through
MCCs can be studied for any drug for which there is an
available assay to quantify its concentration in media; the
use of radio-labelled drugs is convenient, but analytical
methods such as high-performance liquid chromatog-
raphy or mass spectrometry can also be used, and have
the advantage of being able to distinguish between the
parent compound and metabolic products, a feature not
possible with spheroids. Penetration through an MCC is
usually compared with penetration of the drug through
the microporous support membrane alone (FIC. 3d),
where unstirred boundary layers reduce the effective
porosity. MCCs have been used to quantify the penetra-
tion through tumour tissue of many anticancer drugs
that are in clinical use®-®, as well as experimental agents,
including those designed to kill hypoxic or nutrient-
deprived cells where good tissue penetration is essential
for activity®>*>*-7>, MCCs can also be sectioned and the
distribution of fluorescent or radio-labelled drugs can be
visualized directly, as with spheroids™.

A recent modification enables MCCs to be used
for the direct evaluation of drug distribution in tissue
without the need to visualize the drug. Rather than
measuring drug flux through the cultures, one side
of the MCC is temporarily closed off during expo-
sure, and drug concentration gradients are allowed to
form as they would in a tumour. The technique then
exploits the unique property of symmetrical growth
patterns on the two sides of the culture, which enables
the penetration of the drug to be evaluated on the
basis of a comparison of the drug’s effect on either
side of the culture. Using this simple pharmacodynamic
model enables drug penetration to be evaluated with-
out the need for detailed information on drug-cell
interactions (such as cellular uptake, metabolism and
binding), which is required when using flux data to
mathematically predict drug penetration®.

In vivo methods. Studies of the distribution of injected
coloured dyes such as lissamine green in sections of
animal tumours were made nearly 50 years ago. The
heterogeneous staining prompted the authors to
state that the vascular architecture of tumours would
“affect attempts at immunotherapy and chemother-
apy”7>7¢. Early studies of the distribution of drugs in
tissue, such as doxorubicin”-"° or etoposide®, either
by direct fluorescence or immunohistochemistry,
showed considerable heterogeneity, and uptake into
tumour tissue was observed to be poor compared
with normal tissues. Without information about the
location of blood vessels the conclusions regarding
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100 micron

Figure 4 | Distribution of doxorubicin in vivo. A Section
from a mouse mammary tumour showing the distribution
of doxorubicin (blue) in relation to tumour blood vessels
(red) and regions of hypoxia (green). Note that doxorubicin
is distributed around tumour blood vessels. Bar = 100pum.
Reproduced with permission from REF. 102.

micro-regional distribution were limited. Despite this,
Jain and Simpson-Herren championed the view that
variations in drug penetration were responsible for
heterogeneity in tumour response®-®, and suggested
that adjuvant chemotherapy might be effective in some
patients where very small micro-metastases would be
sterilized, whereas in patients with larger metastases
limited drug penetration would result in tumour
progression.

The technique described of using Hoechst 33342 to
establish a concentration gradient in spheroids, followed
by fluorescence-activated cell sorting and assessment of
cell survival in a colony-forming assay has also been
applied to tumours in mice, where the Hoechst dye was
injected intravenously following treatment with an anti-
cancer drug®. This method showed that doxorubicin
activity decreased with an increasing distance from
tumour blood vessels, but the technical complexity of
the method limits its widespread utility.

Direct assessment of the distribution of drugs in
tumour tissue is technically challenging, and requires
the quantification of drug exposure to cells at specific
locations relative to blood vessels. Window prepara-
tions, with which growing tumours are observed
directly in the living animal under varying physical
conditions or during and after the administration
of various agents, including anticancer drugs, have
been used successfully to obtain information about
temporal changes in the vascular network, gradients
of metabolites and diffusion and convection of fluores-
cent or coloured molecules from tumour vessels into
the surrounding tumour tissue*>*”%-%, By applying
two-photon microscopy, it is possible to image sev-
eral hundreds of microns deep into tumours®, and
changes in the above parameters have been quantified
in response to various treatments’>®® and have been
validated in cancer patients®.

REVIEWS

Other than window preparations, only microscopy
applied to tissue sections can currently provide the micro-
regional resolution that is required to make quantitative
measurements of drug concentration. Unfortunately,
most drugs are not amenable to direct measurement
because they lack sufficient colour or fluorescent proper-
ties (the clinically-used drugs doxorubicin, mitoxantrone
and topotecan are exceptions). Autoradiography provides
sufficient resolution®, but the complexity of combining
autoradiography with immunohistochemical methods to
label tumour blood vessels limits the use of this technique.
Immunohistochemical labelling of drug adducts, such as
cisplatin with DNA, is promising, but has so far been lim-
ited by the available antibodies®**. Antibodies are avail-
able to bound markers of hypoxia, such as pimonidazole
and EF5, and have been used to show that these nitroimi-
dazoles penetrate tissue efficiently*>'®. Fluorescence-
labelled antibodies to human immunoglobulin can also
be used to study the distribution in tumour tissue of
therapeutic monoclonal antibodies such as cetuximab
or trastuzumab by immunohistochemistry.

Fluorescence microscopy has been used to generate
distributions of the fluorescent drug doxorubicin in rela-
tion to tumour blood vessels, recognized by an antibody
to the endothelial cell marker CD31, in cryosections of
human and animal tumours'"'?>. Computerized image
analysis allows tumour sections to be scanned at high
resolution, and thereby enables the fluorescence of
doxorubicin to be related to distance from the nearest
blood vessel in the section. Hypoxia markers, such as
pimonidazole® or EF5 (REF. 103), can also be injected to
enable the recognition of hypoxic regions using a fluo-
rescent-labelled antibody in the same sections'® (FICS 1b
and 4). These studies show steep doxorubicin gradients
around blood vessels in mouse tumours and human
breast cancer'®1,

An alternative to directly detecting the presence of a
drug in tissue is to use fluorescent-labelled antibodies to
detect an effect that the drug has on cells. An example of
this pharmacodynamic approach is to identify effects on
cell proliferation, recognized by antibodies to prolifera-
tive markers such as MKI67 or cyclin D1, or following
uptake of bromodeoxyuridine (BrdU) into cells during S
phase!®*1% (FIG. 5). Similarly, apoptosis can be recognized
by antibodies to caspases or other markers of apoptosis.
This approach has the advantages that cells exposed to a
sufficient concentration of a drug to bring about the cel-
lular effect will be selectively recognized, and that it can
be applied to study combinations of agents. However,
assessing the effect of drugs on cells that reside distant
to blood vessels is complicated by inherent differences
in cell sensitivity within the tumour microenvironment,
such as those caused by the gradient in proliferation
kinetics that occurs as a function of distance from blood
vessels'®. Modelling is required to account for this'®.

Considerable effort is being made to investigate the
use of non-invasive imaging techniques such as mag-
netic resonance imaging (MRI) and positron emission
tomography (PET) to evaluate drug distribution in
tumours. However, at present the sub-mm resolution
of MRI and mm resolution of PET is insufficient to
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Figure 5| Tissue mapping of a human colorectal cancer xenograft. Sequentially
stained and overlaid sections of an HCT116 tumour from untreated (a) and gemcitabine-
treated (b) mice. S-phase cells (black) are distributed around blood vessels (blue) in
untreated tumours, but are confined to areas distal to blood vessels and close to hypoxic
cells (green) 48 hours after gemcitabine treatment.

detect the microregional variations in drug concentra-
tion that occur within tumours'”'%, Although such
techniques could give information about average drug
disposition in tumours compared with normal tissues,
they will require some 100-fold improvement in resolu-
tion before they can be used to study the variation in
drug concentration within the microenvironment of
tumours.

Distribution of anticancer drugs in tissue

The methods described above have generated substan-
tial information about the penetration of various drugs
through tissue, about their distribution in tissue and/or
about their activity as a function of depth in tissue. More
information is available for doxorubicin than for any
other drug, because its fluorescence has facilitated direct
detection. Experimental results with doxorubicin are
consistent in showing limited penetration into spheroids
(and consequent reduced activity against centrally located
cells)##547:545557.109 " and this is confirmed in MCCs®-%
(FIC. 3d) and tumours'®'*? (FIG. 4). Related drugs that also
bind avidly to DNA, such as mitoxantrone, also have
limited penetration through MCCs®. Radio-labelled
methotrexate and vincristine have also been found
to have limited penetration into spheroids***’. The

anti-metabolite gemcitabine showed a clear dose-depend-
ent ability to penetrate MCCs*'*, and caused almost
complete cessation of proliferation throughout a tumour
in vivo at clinical doses. However cells that were distal
to tumour blood vessels soon resumed proliferation,
indicating that the effectiveness of cell-cycle inhibition
was related to the proximity of the cells to tumour blood
vessels and, by extrapolation, to drug exposure'™ (FIC. 5).

Given the uniform results, which show limited
distribution of doxorubicin in solid tumours, it is
legitimate to ask why this drug has been useful for
treating solid tumours. Possible explanations include:
first, that the efficient killing and removal of proximal
cells releases drug that can penetrate to deeper layers
of cells and, coupled with the slow clearance of drug
from the tissue®, leads to the effective exposure of cells
distal from blood vessels (although it seems probable
that rapid clearance from plasma limits the amount
of drug that penetrates into tumour tissue); second,
sequential cycles of doxorubicin-based chemotherapy
lead to the sequential killing of cells at increasing
distances from tumour blood vessels, similar to peel-
ing an onion inside-out (although repopulation from
surviving distal cells is likely to re-establish tissue
architecture between courses of treatment)!!% third,
like many anticancer drugs, doxorubicin is much
more toxic to proliferating cells, which are known to
be located selectively close to tumour blood vessels?”%;
and fourth, similar to proliferating tumour cells, stem
cells in some tumours can be located close to tumour
blood vessels, and could therefore be killed despite
limited penetration of the drug. Even if any or all of
these explanations are relevant, it is probable that the
therapeutic effect of doxorubicin is reduced because
of limited penetration, and that improved penetration
would increase its efficacy.

The flux through MCCs has been evaluated for
agents that are designed to either sensitize hypoxic
cells to radiation (such as misonidazole and pimo-
nidazole)®, or which have direct toxicity to hypoxic
cells (such as tirapazamine). In these cases, hypoxic
cells located at the diffusion distance of oxygen are the
target cells, so it is essential that these drugs penetrate
efficiently. Despite compelling preclinical'!! and prom-
ising clinical results''>!"3, tirapazamine does not seem
to penetrate efficiently though tumour tissue®>77>!4,
A pharmacodynamic and pharmacokinetic model has
shown that the oxygen dependence of metabolism of
tirapazamine to its active form enables optimal activ-
ity against cells at intermediate oxygen tension'', and
other mechanisms, such as anti-vascular effects, might
also contribute to the activity of this drug'®.

An increasing array of molecularly-targeted agents
have been shown to have clinical activity, including
small-molecule inhibitors of growth-factor receptors
such as imatinib, erlotinib and gefitinib, and monoclonal
antibodies such as cetuximab and trastuzumab. Some
studies have indicated limited penetration of mono-
clonal antibodies from the surface of spheroids®, and
limited distribution from blood vessels in 2-dimensional
window chambers'”. As yet, there is little information
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Partition coefficient

The ratio of the solubility of a
drug in two solvents, usually
octanol and water. The
logarithm of this number (logP)
is commonly used to describe
relative hydrophobicity or
hydrophilicity.

about the ability of these molecularly-targeted agents to
penetrate tumour tissue. Recently, adjuvant trastuzumab
has been reported to have the remarkable effect of reduc-
ing early recurrences in women with ERBB2 (also known
as HER2)-positive breast cancer'®'” by ~50%, despite
the fact that it leads to tumour response in only ~25% of
women with advanced metastatic disease'®. The appar-
ent ability of this monoclonal antibody to sterilize micro-
metastases might be due to the exposure of the target
cells to trastuzumab when the drug is used as adjuvant
therapy, compared with restricted drug distribution in
large tumours, although its anti-angiogenic activity could
also contribute to effects against small metastases'".

Methods for modifying drug distribution

A better understanding of the factors that determine
drug penetration will enable the structural modification
of existing drugs or the development of new agents so
that they will more effectively penetrate the extravascular
compartment. In addition, aspects of the tumour micro-
environment that might also be modified to improve
drug distribution include cellular biochemistry, blood
vessel architecture, haemodynamics and the ECM.

An important opportunity now exists to use these
new tools and techniques of assessing tissue penetra-
tion and the emerging understanding of extravascular
transport to develop agents on the basis of their ability
to penetrate tissue. The first examples of drug develop-
ment efforts based on this approach studied the effect of
lipophilicity'?*'!, represented by the partition coefficient,
and hydrogen bond donors' on the diffusion of tirapa-
zamine analogues'?. A recent report further shows how
measurements of extravascular diffusion can improve the
ability of a 3-dimensional pharmacokinetic and pharma-
codynamic model to predict the activity of tirapazamine
analogues against hypoxic cells in tumours'.

Intermittent or erratic flow through blood vessels
is well established in animal tumour models, and gives
rise to micro-regions of tumour tissue temporarily
deprived of blood flow*'*'?3, This results in cells, albeit
temporally, that reside at long distances from the near-
est functioning blood vessel. There is little information
as to whether the micro-regional cessation of blood
flow also occurs in human tumours, although this
seems probable'?!. Some human tumours are known to
have increased IFP'*"%, which is also known to occur in
animal tumours where there is vascular disorganization
and aberrant or absent lymphatics'®!>16125126,

It was expected that inhibiting angiogenesis in tumours
would decrease the effectiveness of chemotherapy, because
vascular access of anticancer drugs to tumours would
be inhibited, and of radiotherapy, because of increasing
hypoxia. However, agents that inhibit angiogenesis, such
as the monoclonal antibody bevacizumab that is directed
against vascular endothelial growth factor (VEGF), seem
to enhance the effects of chemotherapy when used to treat
some human cancers'””. Recent experimental work has
shed light on this apparent paradox. The administration
of the agent DC101, a monoclonal antibody against the
VEGEF receptor 2 in mice, has been shown to normalize
vascular architecture in tumours, improve blood flow to
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them and reduce IFP?>**'% The proposed mechanism
of action includes the ‘pruning’ of immature vessels and
the improvement of the perivascular cell coverage and
structure of the basement membrane, which leads to the
normalization of the tumour vessels. This effect seems to
be temporary, so there might be a window of opportunity
after the administration of anti-angiogenic agents when
radiotherapy can be given to a better oxygenated tumour,
and perhaps when the access of a drug to tumour tissue
might be improved®. The effect also seems to depend on
the tumour model and the anti-angiogenic agents that are
used, because other authors have reported a consistent
increase in tumour hypoxia after such treatment without
a window of improved oxygenation'*'*.

The route that a drug takes as it traverses tissue
will depend on its physicochemical properties. The
penetration of methotrexate was increased by the
co-administration of folate or by reduced pH, both of
which decrease cellular uptake of the drug''. Similarly,
the penetration of doxorubicin was greater through
MCCs that were comprised of cells with a high level
of expression of P-glycoprotein, and was decreased by
inhibitors of P-glycoprotein, which is consistent with
increased penetration into tissue when the drug remains
in the ECM"™ this finding was confirmed recently in
tumours in animals (Patel, K. and I.ET, unpublished
observations). Indeed, the opposing effects of inhibitors
of P-glycoprotein to increase the uptake of substrate
drugs into cells close to blood vessels in solid tumours,
but to thereby decrease their penetration to more distal
cells, might explain in part the disappointing results of
clinical trials that have evaluated the concurrent use of
chemotherapy and inhibitors of P-glycoprotein'*>!3,

The ECM is known to have a rapid rate of turnover,
so modification of the ECM therefore has the potential
to alter the penetration of anticancer drugs through
tumour tissue. The ECM can bind some drugs, and
can therefore function as a sink to reduce penetra-
tion. The treatment of multicellular spheroids with
hyaluronidase increases their sensitivity to chemo-
therapy agents, although this is specific to certain
tumour cell lines*>'*. The presumed mechanism is an
anti-adhesive effect from the breakdown of hyaluronic
acid that enables drugs to permeate the extracellular
compartment more freely. The penetration of several
anticancer drugs was found to be better through MCCs
that were derived from an HCT-8 human colon cancer
cell sub-line. HCT-8 sub-line cells lack the cellular
adhesion molecule o-E catenin, and have a reduced
cellular packing density compared with parental cells,
which have a higher packing density’. High cellular
packing density has been associated with increased
IFP, and various strategies might be used to reduce
both packing density and IFP before other drugs are
administered, including anti-adhesive agents (although
there would be concern about stimulating metastasis)
and pre-treatment with low doses of anticancer agents
such as paclitaxel®>*”'%, In addition, the degradation
of fibrillar collagen with bacterial collagenases has
been shown to increase the transport of viral vectors
in human melanoma xenografts'.
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Basic drugs such as doxorubicin and mitoxantrone
have been shown to concentrate in perinuclear acidic
endosomes®! !, and it might be possible to decrease
the proton gradients that drive this sequestration by
loading cells with competing weak bases such as chlo-
roquine, as was first shown in MCCs by Hicks and col-
leagues®>'*?, or by inhibiting the ATPase proton pump
that establishes the pH gradient in endosomes with
drugs such as omeprazole'*’. Recent experiments that
have investigated these strategies have shown decreased
sequestration of doxorubicin in cells with maintained or
increased cellular toxicity, and improved penetration of
doxorubicin and mitoxantrone through MCCs*. These
approaches are being evaluated in mouse tumours by
studying the effect of these potential modifiers on
distribution of doxorubicin in relation to blood vessels.

Changes in drug formulation can also modify drug
penetration in tissue. Potential examples include for-
mulations of doxorubicin encapsulated in liposomes,
which effectively alter the pharmacokinetics of the free
drug and take advantage of the permeability of tumour
vessels to liposomal particles'*, and abraxane, a nano-
particle formulation of paclitaxel bound to albumin that
was developed to circumvent the need for cremaphor

as a solubilizing agent, but which will also have effects
on pharmacokinetics that could lead to improved tissue
penetration'®.

Concluding remarks
Advances in adjuvant therapy, where drugs are given to
treat residual micro-metastases after primary treatments
with surgery and/or radiation, have shown improve-
ments in survival. However, most cancers that recur are
ultimately fatal because systemic therapies do not eradi-
cate gross metastatic disease. The tacit assumption that
drugs distribute efficiently throughout the tissues of the
body does not hold for anticancer drugs. The intervessel
distances in tumours can often be large, and can result in
some cells receiving sub-therapeutic drug exposure.
Drug development has emphasized screening tech-
niques that are based on the responsiveness of single
cancer cells in monolayer culture, and has failed to con-
sider the importance of extravascular drug penetration.
The recent development of simple multicellular models,
and of quantitative image analysis, could facilitate the
measurement of drug penetration as a parameter that
could assist in the discovery of drugs that are effective
for the treatment of solid tumours.
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