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Introduction

Vladimif Torchilin

To effectively treat cancer, we have to be able to selectively attack the tumor
and individual cancer cells, while effectively protect normal tissue from
possible toxicity and other side effects of anti cancer drugs. It is not an
easy task, since systemically administered drugs may rapidly metabolize
in the blood or be cleared from the body before reaching the tumor cells. In
addition, on its way to the target, it has to overcome multiple physiological
barriers, such as irregularities in the tumor blood flow, the high interstitial
pressure, and the absence of a lymphatic drainage in tumors (Campbeli,
Chapter 2). Many drugs have also been found to perform their action inside
the cells which requires their intracellular delivery through low permeable
cell membranes. All these obstacles are especially pronounced in the case
‘of protein and peptide drugs, whose successful application needs effec-
tive means of drug delivery into tumors. This book will consider various
problems associated with tumor delivery of protein and peptide drugs and
some of the current strategies to solve these problems.

It is well known that any proteins and peptides possess biological
activity that makes them therapeutically potent, in particular, anticancer
agents. Advances in solid-phase peptide synthesis and recombinant DNA

- and hybridoma technology.allow for production of unlimited quantities
of clinical grade protein and peptides. The use of proteins and peptides

1
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as therapeutic agents is hampered, however, by their fast elimination from
circulation mostly because of renal filtration, fast enzymatic degradation,
uptake by the reticuloendothelial system (RES) and accumulation in non-
targeted organs and tissues. Fast elimination and distribution into non-
targeted organs and tissues cause the need to administer a drug in large
- quantities, which is often uneconomical and sometimes impossible due
to non-specific toxicity. Low permeability of cell membranes for macro-
molecules often represents an additional obstacle for the development of
protein and peptide based anticancer formulations. Numerous approaches
to overcome fast elimination and non-specific biodistribution of conven-
tional drugs have been developed and can be adapted for the delivery. of
anticancer protein and peptides. This book focuses on injectable micro-
scopic systems for the delivery of protein and peptide anticancer agents
to and into tumors. Main advantages of these systems over macroscopic
devices include greater convenience and less invasive administration, the
ability to reach delocalized targets and a lower manufacturing cost.

One of the reasons for fast clearance from systemic circulation of pro-
teins and peptides with molecular weight of 40 kDa or lower is renal fil-
tration. This issue may be addressed by conjugation of the biomolecules
with water-soluble polymers, which results in a complex with high enough
molecular weight.! Additional benefits of protein (peptide)-polymer con-
jugation are increased resistance against enzyme degradation and low-
ered immunogenicity. Both enzymatic degradation and immune response
against a protein cause its fast elimination from the systemic circulation.
The developing of the immune response, in addition, is potentially danger-
ous because of the possibility of allergic reactions and anaphylactic shock
upon repetitive administrations. Polymer molecules attached to the pro-
tein globule create steric hindrances, which interfere with active sites of
proteases,’ opsonins or antigen-processing cell.> Currently, poly(ethylene
glycol) (PEG) is the most popular polymer for modification of proteins with
therapeutic potential®™ (Veronese, Chapter 4; Eliason, Chapter 6). PEG
modified L-asparaginase has been proposed as an anticancer agent as early
as in 1984.° This formulation (Oncospar® from Enzon) was approved as an
orphan drug in the US for use in lymphoma and leukemia treatments.® It
has a longer circulation time than the original enzyme and does not induce
hypersensitivity reaction in patients with such reaction to the non-modified
enzyme.”® In some cases, drugs are conjugated with polymers that can
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attach themselves and conjugated drug to natural long-circulating blood
plasma components, like serum albumin or lipoproteins. Thus, the conjuga-
tion of proteins and peptides with poly(styrene-co-maleic acid /anhydride)
(SMA)? increases the circulation time of anticancer proteins and peptides
via the binding of the conjugates to plasma albumin.!® The conjugation with
SMA also protects proteins from enzymatic degradation, and decreases
immunogenicity of modified proteins.” SMA-modified neocarzinostatin is
currently approved in Japan for hepatoma treatment.™
High molecular weight (40kDa or higher), long-circulating macro-
molecules, including proteins and peptides conjugated with water-soluble
polymers, are capable of spontaneous accumulations in solid tumors via
the enhanced permeability and retention effect (EPR).!! This effect is based
on the fact that tumor vasculature, unlike vasculature of healthy tissues,
is “leaky”, i.e. penetrable for macromolecules and nanoparticulates, which
allows macromolecules to accumulate in the interstitial tumor space (see
Maeda, Chapter 3). Such accumulation is also facilitated by the fact that
lymphatic system, responsible for the drainage of macromolecules from
normal tlssues, is virtually not working in case of many tumors as a result
of the disease.!

Nanoparticulate drug delivery systems may represent a Vahd alter-
native to soluble polymeric carriers. This type of systems includes lipo-
somes, micelles, polymer microparticles, etc. The use of this type of carriers
allows achieving much higher active moiety/carrier material ratio com-
pared with “direct” molecular conjugates. They also provide better protec-
tion of protein and peptide drugs against enzymatic degradation and other
destructive factors upon parenteral administration because the carrier wall
completely isolates drug molecules from the environment. All nanoopartic-
‘ulate carriers have the size, which excludes a possibility of renal filtration.
The main disadvantage of microreservoir carriers is their tendencies to be
taken up by the RES cells primary in liver and spleen.> Among particulate
drug carriers, liposomes are the most extensively studied and poses the
most suitable characteristics for protein (peptide) encapsulation (Torchilin,
Chapter 8). Similar to macromolecules, liposomes are capable of accumu-
lating in tumors of various origins viz the EPR effect.”®!* In some cases,
however, the liposome size is too large to provide an efficient accumulation
via the EPR effect presumably due to relatively small tumor vasculature cut
off size.!>® In such cases, alternative delivery systems with smaller sizes
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such as micelles (prepared, for example, from PEG-phospholipid conju-
gates) can be used. These particleé lack the internal aqueous space and are
smaller than liposomes. Protein or peptide pharmaceutical agent can be
covalently attached to the surface of these particles or incorporated into
them via chemically attached hydrophobic group (“anchor”).!®
The use of vector molecules can further enhance tumor targeting of pro-
tein/peptide drugs or protein/peptide-loaded nanocarries or make them
EPR effect independent. The latter is especially important for the cases of
tumors with immature vasculature, such as tumors on the earlier stages of
their development, and delocalized tumors. Vector molecules (those having
affinity toward ligands characteristic for target tissues) capable of recog-
nizing tumors were found among antibodies, peptides, lectines, saccha-
rides, hormones, and some low molecular weight compounds!” (Reddy,
Chapter 9; Ogris, Chapter 10). From this list, antibodies and their frag-
ments provide the most universal opportunity to target various targets
and have the highest potential specificity. Antibodies capable of recogniz-
ing specific antigens were derived for the majority of known tumors.!®
Recent advances in recombinant engineering make it possible to produce
anticancer antibodies on industrial scale at relatively low cost. Humanized
versions of antibodies and their fragments in which rodent-derived bind-
ing sites and human conservative regions are combined using recombinant
technology became available. %2
~ The successful delivery of anticancer drugs, proteins and peptides
among them, into tumors does, however, solve only a part of a general effi-
ciency problem. The followihg task is to achieve their intracellular deliv-
ery, since many targets for anticancer drugs are located inside cells (e.g.
the surface of mitochondria may serve as a promising target for apop-
tosis-inducing drugs). A huge body of available information about cel-
lular metabolic and signaling pathways essential for tumorogenesis and
tumor cell development allows for identifying protein targets for interfer-
ence with the tumor growth. Quite a few molecular targets have already
been identified.?' The creation of a working draft of the human genome
sequence®> in combination with high-throughput methods of molecular
biology prbmises continued rapid growth in identifying such targets.?#?
Sometimes tumor results from the malfunctions of tumor suppressor genes,
“as well as the lack of activity of the proteins they encode.?>?° In this case,
the delivery into tumor cells of working copies of proteins obtained by
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recombinant methods would provide indispensable tools for the validation
of gene functions and potential development of protein or gene therapy-
based methods of treatment (Chada, Chapter 15; Cromme}in, Chapter 7).

Generally, the use of peptides and proteins for molecular target val-
idation and eventual development of anticancer drugs is hampered by
the low permeability of cell membranes. The very nature of cell mem-
branes prevents protein/ peptide entering unless thereis anactive transport
mechanism, which is usually the case for very short peptides.”” As men-
tioned above, vector molecules promote the delivery of associated drug-
carriers inside the cells via receptor-mediated endocytosis.”® An efficient
cellular uptake via endocytosis is generally observed, but the delivery of
intact proteins and peptides is compromised by an insufficient endosomal
escape and lysosomal degradation. An enhanced endosomal escape can be
achieved through the use of, for example, lytic peptides, pH-sensitive
polymers®® or swellable dendritic polymers.*> Although these agents have
provided encouraging results in overcoming limitations of endocytosis-
based cytoplasmic delivery, there is still a need for further improvements
or alternative delivery strategies. An approach recently emerged, which
provides for a much more straightforward and efficient way for deliv-
ery of proteins and peptides to the cytoplasm. This approach is based
on the phenomenon called transduction (Dowdy, Chaptér 11), and uses
the ability of certain peptides to ferry conjugated macromolecules, such
as proteins®® and DNA, and even particles as large as 40nm iron oxide
colloidal particles®*®> and 200 nm liposomes,**?” across cell membranes
directly into cytoplasm. Peptides that cause transduction (PTDs, protein
transduction domains, or CPPs, cell-penetrating peptides) can be as short
as 10-to-16-mer.33383% Several proteins including those involved in oncoge-
nesis, cancer-related signal transductuction and cell proliferation pathways
have been delivered in active form into various human cells in vitro using
fused PTD peptides.®** It has also been shown that TAT PTD allows deliv-
ery of biologically active proteins into various cells in vivo.** These results
open new avenues in the development of protein and peptide-based anti-
cancer therapeutics with intracellular molecular targets.

Thus, current knowledge provides some promising approaches how
to.deliver protein and/or peptide-based anticancer drugs into tumors
(see also Wasan, Chapter 13) and further inside tumor cells. This opens
new opportunities for improved therapy of various cancers (see Ruegg,
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Chapter 12, Newton, Chapter 14). This book certainly covers only a fraction
of issues related to the use of protein and peptide drugs in cancer therapy.
Still, we hope that the information it contains will be useful for academics
and clinicians involved in related research.
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Influence of Tumor Phy§i0|ogy on
Delivery of Therapeutics

Robert B. Campbell

1. Introduction

The concept of delivering therapeutic peptides and larger sized proteins to
tumors has developed rapidly over the last few decades. The goal is to max-
imize delivery of therapeutics to tumor targets while minimizing effects on
healthy organ tissues. Current approaches aim to selectively target cancer
cells that have invaded host tissues, or to attack tumor vessels in order to
arrest neovascularization or abolish mature vascular function. In view of
spectacular advances, it is no surprise that drug delivery has achieved such
prominence and has now emerged at the forefront of biomedical research
and in many clinical environments.

Itis important that investigators developing new treatment approaches
against cancer both understand and safeguard against the many barriers
impeding the optimal delivery of peptides, proteins and other therapeutics
to solid tumors. In this chapter, we highlight the obstacles confronted today
by drug delivery experts in their efforts to streamline global research in
the fight against cancer and progression of disease. More specifically, we
discuss the physiology of tumors in terms of the structure and function
of vessels in normal and tumor tissues and in exploitable tumor targets to

9
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improve drug-target recognition. The role of physiological factors will be
evaluated, including ways to exploit specialized features of solid tumors
and reduce the influence they have on drug delivery and transport.

2. Blood Vessels: Modulation of Normal and
Pathologic Function

2.1. General features of blood vessels in biological systems

The endothelium is a structural barrier separating the intravascular com-
partment from the interstitial environment. Because of wide variability
in anatomical structure, the vascular compartment is further grouped into
three different subcategories. The subcategories are continuous, fenestrated
or discontinuous endothelia.

Continuous endothelia are the most common type and found most fre-
quently in blood vessels lining chambers of the heart, walls of capillaries
and arterioles in skeletal, skin, cardiac muscle, and connective tissue and are
well known for their relatively tight cellular junctions.! This particular cat-
egory of vessels is also critical in the regulation and rapid exchange of ions
and solutes.!? Plasmalemmal vesicles involved in endothelial transport are

——_abundant in myocardial endothelia but are far less frequently observed in
capillaries of the brain.? The actual number of plasmalemmal vesicles exist-
ing along the continuous endothelium is thus heterogeneous, varying as a
function of organ and tissue environment. These vesicular structures are
also highly sensitive to charge characteristics, favoring associations with
anionic over cationic proteins and other small circulating molecules.*

- Fenestrated vessels are normally found in vessels of organs that secrete
(or excrete) biological fluids as in the gastrointestinal mucosa and in the
‘glomerular capillaries of the kidneys. Fenestrae are usually between 50
‘and 80nm in size and appear either as individual gap openings in the
wall of functional vessels or as clusters. Similar to plasmalemmal vesicles,
their frequency of occurrence along vessels depends on organ type and
microenvironment. ,

Often two or more capillaries may join to form post-capillary venules.
These newly formed networks are composed of a single lining of endothe-
lial cells with a basement membrane with no smooth muscle cell attach-
ment. These vessels are heavily involved in exchange of molecules and are
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preferential sites of plasma extravasation as a result of the actions of vasoac-
tive and humoral factors. Fenestrae possess a negatively charged surface
density due to high heparin sulfate proteoglycan content, and unlike plas-
malemmal vesicles of continuous endothelia, they favor interaction with
cationic over anionic molecules.”

Discontinuous endothelia are found primarily in the liver, spleen and
bone marrow organs.1 In the liver sinusoids, the endothelia are not con-
tinuous and possess an average fenestrae size between 100 and 150 nm in
diameter, with the size of the fenestrate often changing in response to local
mediators. These changes include, but are not limited to, response to lumi-
nal pressures and potent vasodilators such as histamine and bradykinin.5™
An investigation into the size of vascular pore openings of tumors revealed
gap openings that are significantly larger than those observed along ves-
sels in normal tissues, around 4 microns (4000 nm) in at least one tumor
type, but normally falling within the range of 0.4 to 0.6 microns (400 to
600 nm) in others studied.!%!! Nonetheless, the evidence is overwhelm-
ingly in favor of the development of tumor targeted delivery of therapeutic
carrier molecules that are small enough to enter through tumor vascular
pores without passing through openings in normal healthy organ tissues.

The endothelium is responsible for synthesizing a variety of molecules
regulating endothelial cell migration, proliferation, blood vessel matura-
tion and function. It has been shown to synthesize vascular growth factors,
nitric oxide, collagen IV, laminin, glycosaminoglycans and proteoglycans -
to highlight several proven functions.®!?7'® The physical barrier organizes
very rapidly to form monolayers, reassembles to form vascular tubes, !’
and can change specific inter- and intracellular signaling patterns to meet
highly specialized needs of the host. Additionally, endogenous and exoge-
nous mediators of immune and inflammatory response regulate special-
ized functions at the surface of the endothelium. The endothelium can
thus be considered an effective mediator of organ homeostasis.*?

In many ways, the vascular networks found in solid tumors poorly
resemble the more regular, well-defined vascular structure observed in
disease-free tissues. Tumors, for example, have a highly chaotic arrange-
ment of vessels compared with vessels in normal tissues. Tumor vessels also
have an overabundance of anionic phospholipids in addition toa number of
other riegatively charged functional groups.? * In view of the negatively
charged molecules, glycosaminoglycans carry out important functions in
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the metastatic disease process, and much like phospholipids, can serve as
useful targets of peptide and protein therapeutics. Evaluation of altered
proteoglycan expression in human breast tissue revealed a total proteo-
glycan content that was significantly increased in comparison with that in
healthy tissues.” Proteoglycans isolated from malignant breast tissue have
been shown to stimulate endothelial cell proliferation, and the total glyco-
protein content in tumors is produced by many cell types, including cancer
and tumor endothelial cells alike.

The vascular networks of tumors have an increased permeability for
macromolecules and a higher proliferation rate of endothelial cells com-
pared with vessels in quiescent tissues.26% An estimated 30- to 40-fold
increase in the growth rate of endothelial cells lining vessels in tumors
compared with that in normal tissues has been demonstrated.?®

Direct access to intravenously administered agents, rapid proliferation
rate of endothelial cells and over-expression of negatively charged func-
tional groups along vessels are potentially exploitable features of tumors.
Peptide-free or endothelium-specific drug carrier molecules conjugated to

- potent peptide therapeutics can impede tumor growth on molecular and
pharmacological levels.

2.2. The tumor vasculature: Specialized features and
angiogenesis

The basic structure of a solid tumor, including the existence of its blood
supply and some other important structural-related features, were first dis-
covered by Rudolph Virchow during the 1860s.28 During the early 1900s,
Goldman® investigated the increased vascular supply in malignant dis-
eases and the disorganized growth patterns of tumor vessels. Roughly
40 years later, it was confirmed that the growth of a transplanted tumor
was connected to its ability to induce continuous endothelial cell growth.*
The most relevant contribution to the study of tumor vasculature was made’
around the early 1970s when Gimbrone and Folkman first discovered that
solid tumors require the development of new blood vessels to reach matu-
rity, and that when tumor vascular growth was prevented, tumor dormancy
was observed.’'”? Today, nearly 35 years later the vast majority of new
treatments are developed with the understanding that neovascularization
is absolutely essential for malignant transformation.
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Under normal circumstances the process of forming new blood vessels
from pre-existing vessel networks (aka ~ angiogenesis) is observed dur-
ing embryonic development and wound healing.®! Angiogenesis is more
commonly associated with pathological diseases involved in tissue regen-
eration; some other conditions include diabetic retinopathy, rheumatoid
arthritis, chronic inflammatory diseases and cancer.® Microvascular net-
works are a vital component in the development of solid tumors. Efficient
gas exchange, waste removal and delivery of nutrients to tissue-invading
cancer cells depend on angiogenesis, without which the maximum size
a tumor can reach is ~1-2mm.3! Until a new blood supply is recruited,
tumors obtain the oxygen and nutrients they need for survival through pas-
sive diffusion. Once angiogenesis has begun, it remains as an active partof a
tumor’s life. Angiogenesis is not very active near the center of the tumor, but
isaroutineand highly efficient process near the tumor periphery. Given that
angiogenesis does not occur with the same efficiency in all tumor regions,
peptide and protein based therapeutics should be applied accordingly.

As tumors develop, a region deprived of oxygen and nutrients near
the center of the tumor is formed. Many cells then die due to the severe
hypoxic conditions. Tumor ischemic necrosis is therefore apparent in many
solid tumors. Hypoxic conditions are probably linked to an insufficient
number of blood vessels that undoubtedly influence the cells bélonging to
this hostile environment. For this reason, differential growth kinetics exists
between cancer cells in well-oxygenated tumor regions, and neoplastic cells
in regions that possess an inadequate blood supply. Assuming both cellular
populations have found a way to adapt to their respective environments,
all cells of a particular tumor region must thus share region-specific cell
survival mechanisms that ensure adaptation of cells to a particular envi-
ronment. Regardless of the tumor regions selecting for particular cellular
characteristics (or expressed features), angiogenesis is absolutely essential
for sustaining and maintaining the life of all solid tumors. Furthermore,
the endothelial cells recruited by a developing tumor mass during angio-
genesis are useful targets of peptide and protein therapeutics.3*%

As a tumor grows, it soon develops a nutrient-deprived tumor cen-
ter. The poor-nutrient environment leads to dead cells due to hypoxia.
Tumor vessels are either recruited from pre-existing vessels of the host
or develop as a result of neovascularization.® Small venules and cap-
illaries are involved in these processes. The formation of arteries and
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arterioles in tumors and the invasion of cancer cells in these vascular
types are not unprecedented, but rarely observed. Furthermore, vessels
possessing layers of smooth muscle do not respond to the instructional call
of proangiogenic stimuli, i.e. vascular endothelial growth factor (VEGF),
to form new vessels. Regardless of the angiogenic stimulus and the mech-
anism(s) corresponding to the initiation signaling event, some important
steps are commonly associated with the development of a new blood ves-
sel. First, once an angiogenic stimulus has been recognized by the recruited
venule or capillary, the basement membrane surrounding this vessel begins
to degrade. Ausprunk and Folkman confirmed that this process is con-
trolled by endothelial cells, and that the migration of endothelial cells
approaches from the direction of the host vessel to the tumor.>® A new cap-
illary sprout next forms through openings created in the basement mem-
brane 3% The cytoskeleton of endothelial cells (lining the sprout) begins to
curve and a lumen is formed. This event was first witnessed in vivo and later
longitudinal vacuole formation was demonstrated in cultures of endothe-
lial cells derived from bovine and human tissues.!® The exact location and
orientation of each endothelial cell with respect to the developing sprout
will determine its overall role in this process. In general, the endothelial cells
located at the tip and middle sections of the sprout perform highly special-
ized roles related to cell migration and mitosis, respectively. Once an indi-
vidual sprout has formed, the same process continues to occur elsewhere in
the vicinity of the new sprout, and two or more sprouts will frequently join
together. Blood flows through the lumen; pericytes (or mural cells) arrange
along the sprout; and a new basement membrane is constructed soon after
the lumen forms.*®* The more often this process occurs, the more likely
the tumor expands its vascular bed and increases in overall size.

3. Transport of Peptide and Protein Molecules across
Tumor Capillary Networks

3.1. Barriers limiting drug transport

Suboptimal expression of tumor-associated antigens, multi-drug resis-
tance, and insufficient binding of therapeutics to intended cellular targets
cannot explain all the problems associated with delivery of therapeutics to
solid tumors. It is generally understood that several physiological barriers
also contribute to this problem. These barriers collectively represent some
of the most serious issues facing formulation experts today.
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The first barrier is the structural arrangement of tumor vessels. Vas-
cular networks of tumors are structurally and functionally unique. The
formation of loops and trifurcations clearly distinguish them from vessels
in normal tissues.2%384041 There is insufficient evidence to relate the aver-
age number of vessels in a tumor to its size. Some reports suggest a constant
vascular fraction over the lifespan of a tumor, while others report an actual
reduction in vascular volume over a similar period.*? Other factors include
tumor type and microenvironment. This barrier is importarit given that
the total vascular volume, the organization of tumor vessels, and irregular
blood flow velocities all contribute as one unit to limit optimal delivery of
macromolecules. '

The second barrier involves issues related to tumor vascular per-
meability. Permeability to therapeutics is also a function of tumor type
and anatomical location, and tumor vessels are therefore heterogeneous
in terms of their permeability to circulating therapies.'®? In this
regard, it is not uncommon to observe two tumor vessels in different
microenvironments (or two vessels in a similar environment within the
same tumor) exhibiting markedly different levels of vascular leakiness.
Interstitial drug delivery is often unpredictable due to this structural
feature.

Once a therapeutic agent has entered the tissue compartment, it must
fight against other physiological factors. The third barrier is the actual jour-
ney therapeutic molecules must take to selectively target and eradicate can-
cer cells. This prbcess is otherwise known as “interstitial transport”. The
ability of the tumor interstitial matrix to limit transport of a desired agent
possessing single or multiple physiochemical features (such as charge,
size and shape of molecule) is a significant problem.*'#™* These factors
must be taken into account whenever possible. To date, cationic liposomes
(positively charged drug carrier molecules) have beén used to selectively
deliver therapeutic molecules to target, e.g. the p53 and interferon-beta
genes, and to deliver antisense oligonucleotides and other therapies to
tumors.**™ An issue of particular concern is when therapies are deliv-
ered by the intravenous route of administration and the intended tar-
get is located within the tumor interstitial matrix. Studies have shown
that cationic liposomes (approx. ~150 nm in size) preferentially target the
intravascular compartment of tumors and are not as likely to peneirate
the interstitial matrix as their similarly sized anionic and electroneutral
counterparts.* ! The same issue holds true for micelles, nanoparticles
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and other potential carriers of peptide and protein therapeutics of a similar
size and charge.

The next barrier limits the extent to which drugs can penetrate the
tumor interstitium and thus reach their intended cellular targets. Barrier
#4 is elevated, interstitial fluid pressure (IFP) also known as interstitial
hypertension. An increase in tumor IFP reduces the transcapillary pressure
gradient and drives an outward pressure gradient (or fluid flux) over the
capillary wall.>> An IFP gradient from the tumor center to the periphery is
responsible for the characteristic outward convection tissue gradient com-
monly linking elevated IFP with limited delivery and transport.1*2 I, vivo
investigations involving the use of isolated tumor preparations revealed
significant fluid in areas surrounding the tumor periphery as a result of
elevated tumor pressures. In these studies, mammary carcinomas MTW9
and Walker 256 were transplanted in rats, and the net fluid loss was esti-
mated at around 0.14 to 0.22ml/hr per gram of tissue. A highly repro-
ducible measure of increased hydrostatic pressure was the main reason for
the significant loss of fluid.>3>

In areas near the tumor periphery bordering the interface of normal
host tissues, the IFP was estimated at near 0 mm Hg.%**® Tumor interstitial
pressure is, however, quite variable and region-dependent; IFP is closer to
zero near the tumor periphery but near the center of the tumor, it is signif-
icantly higher and more uniform.® A “wick-in-needle” (WIN) technique
(see Ref. 56 for a full description of the technigue) was used to evaluate IFP
in skin (melanoma) and cervical carcinomas and values were estimated
around 45 and 36 mm Hg, respectively. In another study, the average IFP
values ranged between 5.8 to 22.8 mm Hg.52% A strong correlation exists
between IFP and tumor size: the larger the tumor the higher IFP values in
human and animal tumors.>® Another report showed that the mean IFP for
human breast and liver tumors derived from a primary colorectal tumor
was estimated at around 33 and 21 mm Hg, respectively.’*” No matter the
experimental tumor model used to investigate IFP, it is clearly evident that
the interstitial fluid pressure is significantly higher in tumors compared
with normal tissues and is associated with poor prognosis.

Due to significant vascular permeability and insufficient lymphatic
drainage, the sum accumulation of fluid pressure in the vascular com-
partment (~aka microvascular pressure (MVP)) directly influences IFP.58%
MVP is dependent on differences in both arteriovenous pressure and



- Case 1:05-cv-12237-WGY  Document 323-12  Filed 03/19/2007 Page 33 of 40

Influence of Tumor Physiology on Delivery of Therapeutics 17

“geometeric and viscous resistance” to blood flow; experimental evidence
supports higher geometric and viscous resistance in tumors, estimated
to be 1-2 magnitudes higher than in healthy tissues.**%7%0 To date, a
mechanism-based understanding of elevated IFP is not completely mapped
out. A combination of factors such as increased vessel permeability, dys-
functional lymph vessels and structural alternations in the basic design
and composition of the interstitial matrix compared with normal tissues
are likely contributing factors.

Clinical investigations support a relationship between IFP and patient
survival that is seemingly independent of prognostic factors. Cervical can-
cer patients treated with radiotherapy with relatively high IFP tumors
were more likely to present within the pelvis and at untreated anatomi-
cal locations, compared with those with tumors with lower IFP.%! More-
over, disease-free survival for patients with low and relatively high IFP
(>19 mm Hg) was 68% and 34%, respectively.®! The relationship between
IFP and angiogenesis was investigated in studies involving the use of
intravital microscopy. Tumor IFP was found to be highly dependent on neo-
vascularization. Immature tumors without a developed vascular supply
(stage 1 of development) had reportedly lower IFP values compared with
the same tumors at a more established stage of physiological development
(stages 2 and 3).°° One cannot rule out the possibility that other inactive
tumor stage-dependent factors might turn on later during stages 2 and 3 of
the tumor development, contributing at least in part to interstitial hyper-
tension. Elevated IFP is thus an important factor impeding effective pene-
tration and distribution of therapeutics, including peptides and proteins.

How efficiently peptide and protein therapeutics travel through leaky
blood vessels to desired target locations is regulated by the extent to which

- these barriers influence the process. In order to improve delivery, we seek
to understand how experimental agents affect the density and diameter of
tumor vessels, volume surface area, and blood flow. Highly sophisticated
in vivo imaging techniques now offer ways to investigate effects of thera-
peutics on the structure and function of tumor-associated blood vessels.>%3
An intravascular compartment and a formidable interstitial matrix may
represent common features of all solid tumors, but tumors are unique in
that they all possess a different microvessel structure and organization.

Comprehensive perfusion rate studies revealed the existence of at least
three separate tumor zones. Starting from the outermost region of the tumor
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and working towards the central core, the periphery is the most vascu-
larized region (zone 1) and is often the intended target of most peptide
therapeutics. Zone 2 represents the semi-necrotic region and is character-
ized by relatively lower perfusion rates compared with zone 1. The poorly
perfused, highly necrotic zone 3 is devoid of blood vessels (avascular).

Tumor cells within approximately 110 um of the vasculature are viable,
and necrosis due to prolonged hypoxia is observed in regions exceeding
this critical limit of nutritional support.%* In this way, geometric organiza-
tion and location of neoplastic cells in relation to the blood supply is critical
for tumor progression.®$5 It would also stand to reason that an increase
in necrotic tissue mass results in limited perfusion of oxygen, nutrients,
and therapies to these tumor areas. Several lines of evidence suggest that
hypoxic conditions give rise to the potent upregulation of VEGF (vascu-
lar endothelial growth factor). Upregulation results in higher expression
levels in areas deprived of oxygen compared with more highly vascular-
ized, okygen—rich regions. In this regard, it is not difficult to understand
why tumors are difficult to treat. The extent to which a particular agent can
exert a desired therapeutic effect is determined by the extent to which the
intended target zone is affected by treatment.

Three main parameters are generally used to define dynamics involved
in the transport of all circulating therapeutics. These are blood flow rate,
transport across the vascular wall, and transport within the interstitial
matrix. The rate of blood flow is proportional to the drop in blood pressure
across a vascular bed.*?”” The drop in pressure is inversely proportional to
“geometric and viscous resistance”. Rate of blood flow, therefore, depends
on these specialized features of blood vessels, including the number of
blood vessels, patterns of their branching, vessel length, and diameter. The
most effective approachés to date take one or more of these parameters into
account.

Unlike normal tissues, tumor vessels do not respond as well to vasoac-
tive agents (i.e. histamine, bradykinin, and serotonin) normally used
to regulate blood flow resulting from injuries or inflammatory stimuli.
How then do blood vessels become leaky? Tumors secrete a multifunc-
tional cytokine called VPF/VEGF (vascular permeability factor/vascular
endothelial growth factor).®® VEGF induces rapid and reversible increases
in extravasation of proteins (a function discovered by Dvorak’s group with
underlying mechanisms by Ferrara and colleagues).®™% Relatively wide
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inter-endothelial spaces are created, thus allowing for extravasation of pro-
teins. It is important to note that not all tumor vessels are leaky; therefore,
tumors exhibit spatial heterogeneity. Upon intravenous administration of
stealth liposomes, perivascular localization of liposomes in tumor tissue
~ was observed. This further supports the notion of heterogeneous distribu-
tion of hyperpermeable regions along the length of a single vessel.!?
VEGF can exert an effect on tumor vessels that is 50000 times more
potent than histamine, and a number of significant physiological effects can
result from the influence of VEGF on vascular permeability.”® Some changes
include extravasation of plasma proteins in tissue and elevated levels of
cytoplasmic calcium. Specific changes to endothelial cells are alterations in
cell morphology, patterns of migration, and gene expression. All of these
changes are essential to the functional development of tumors. Since the
lining of tumor vessels possesses relatively high affinity VEGF receptors
(VEGF1 and VEGF2), over-expression of VEGF in tumors has formed the
basis of many rational peptide and protein therapies against cancer.””°

3.2. The interstitial matrix: MMPs, collagen, invasion and
metastasis

In order for a primary tumor to expand beyond its local environment,
cancer cells must first detach and migrate to (and establish growth at) a
secondary tumor site. A successful journey involves degrading the base-
ment membrane and invading the surrounding region to gain access to
the intravascular compartment for the purpose of traveling to a favorable
distant location. This process has been described elsewhere as the “three-
step theory of invasion”.”! The first phase describes cellular attachment to
the interstitial matrix through interactions with extracellular glycoproteins
(i.e. laminin and fibronectin). The second step involves local proteolysis
resulting from the release of specific hydrolytic enzymes synthesized by
cancer cells, or generated by host cells which have been instructed by can-
cer cells to synthesize them. The third step involves the actual migration
(or locomotion) of cells into areas structurally rearranged by hydrolytic
enzymes.”! |

The tumor interstitial matrix is composed of multiple proteins involved
inintercellular communication and in interactions of cells with components
of the interstitial matrix. Cadherins, integrins, laminin, fibronectin, and
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matrix metalloproteinases (MMPs) are but a few of the proteins shown

to play a role in the functional regulation of invasion and metastasis.” "¢

These specialized components of the interstitial matrix perform important

roles in both health and disease. It is, however, beyond the scope of this

chapter to discuss each in detail. Due to the steady increase in the number

of publications relating MMP and collagen function to tumor invasion and
- metastasis, some attention will be focused on these components.

The field of cancer research has benefited enormously from investiga-
tions into the structural and functional relationships of MMPs and can-
cer. MMPs are the interstitial enzymes that degrade collagen, but require
Ca** and Zn** to exert function.”’”® Of note is the regulation of MMP
synthesis and functional action in tissues by the specific local action of
MMP-inhibitors, without which the functional activity of MMPs might go
unregulated in host tissues.

MMPs are involved in physiological processes, including bone remod-
eling and embryogenesis, and in pathological conditions such as tissue
destruction, arthritis, cancer and other diseases.”>”* MMPs degrade col-
lagen in pathological tissues. The turnover rate of interstitial collagen in
normal tissues is relatively slow compared with that of tumors, with an
estimated half-life in years. Two types of MMPs involved in metastasis
and in the rapid breakdown of collagen in tumors are MMP-2 and MMP-9;
digestion of collagen type IV and type V have been reported for each,
respectively.”* Type IV collagen is the main component of the basement
membrane, whereas type V is found in areas located between the base-
ment membrane and interstitial stroma 37777

The role of MMP-2 in angiogenesis and cancer has been investigated.”®
In one study, MMP-2 knockout mice demonstrated a reduced response

‘to B16-BL6 and Lewis lung carcinoma cells when implanted intradermally.
MMP-2 deficient mice exhibited significantly lower tumor growth, demon-
strating 39 and 24% reduced growth in comparison with MMP-2 competent
mice, respectively.”® Subsequent studies later linked MMP-9 activity with
invasion of high grade gliomas, and to effective therapeutic action of Inter-
feron §-1b.8081

A fragment of collagen IV a3 chain generated by MMP-9 proteolysis
(aka ~ tumstatin) inhibited angiogenesis associated with tumor progres-
sion, without exerting effects on the physiology of normal tissues. This
is possible due to the over-expression of 83 integrin in tumors compared
with normal tissues, and because tumstatin requires 83 integrin to exert its



Case 1:05-cv-12237-WGY Document 323-12  Filed 03/19/2007 Page 37 of 40

Influence of Tumor Physiology on Delivery of Therapeutics 21

therapeutic effect.®2 Mice deficient in MMP-9 were shown to have lower cir-
 culating levels of tumstatin linking MMP-9 with integrin-mediated tumor
suppression. The product of MMP-9 proteolysis was later demonstrated to
~ inhibit invasive properties of metastatic melanoma in vivo by triggering an
intracellular signaling cascade.®® Altogether, these data supportan endoge-
nous role of MMP-9 in tumor biology, including regulation, invasion and
metastasis. |
A number of additional components of the interstitial matrix offer ben-
efits in terms of tissue organization and structure, many of which limit
optimal delivery of larger protein therapeutics to tumors due to unfavor-
able physicochemical characteristics. These are glycosaminoglycans, pro-
teoglycans, and highi collagen content in stroma; several studies have inves-
tigated their structural and functional significance in normal and tumor
tissues.1>15254384 [t was recently shown (with the use of noninvasive tech-
niques) that successful modification of the tumor interstitial matrix can
result in improved diffusive transport. In this study, the pregnancy hor-
mone relaxin was administered to HST26T containing SCID mice and
a significant increase in diffusion coefficients of IgG and dextran was
observed.® The effect of relaxin on diffusive properties of IgG and dex-
tran is likely due to upregulated functional effects of MMPs.% Elevated
levels of relaxin associated with tissue remodeling in breast cancer patients
have since been discovered.®® Important findings resulted from a study
of the effects of extracellular matrix composition, structure, and distri-
bution of molecules in tumors. Investigations confirmed that diffusion of
small proteins was not af_fected by tumor location; however, tumor location
was an important consideration for diffusion of significantly larger protein
molecules of a similar chemical composition. The diffusional hindrance of
larger molecules correlated with relatively high collagen type I and fibrillar
collagen content in the diffusion limiting site.*> The design of the interstitial
matrix, including the role of various protein components, is thus critical in
the regulation of cancer and progression of disease.

3.3. Overcoming barriers: Exploiting tumor physiology for
therapeutic gain

Depending on tumor type and the tumor-associated microenvironment,
optimizing delivery of peptides and protein therapeutics to tumors will
require success with at least one of two different approaches. The first
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-~ approach is to circumvent one or more tumor physiological barriers. The
second is to temporarily impair physiological barrier function(s) prior to
administering interstitial targeting agents. The realization of completely
eliminating or suppressing any one of these barriers is no easy task.

Tumor vascular targeting might represent a rational way to circum-
vent elevated tumor interstitial pressures and other impeding factors of the
interstitial matrix. However, for tumors to respond optimally to treatment,
sufficient access of therapeutics to the tumor blood supply is essential.
How can this be accomplished? In one study, Hong et al.¥ successfully
used adenosomes (adenovirus proteins combined with cationic lipo-
somes) to deliver AAV/CMV-LacZ to human endothelial cells. Peptide-
mediated therapy involving specific ligands has been used to deliver genes
to endothelial cells. In one study, two different derivatized RGD pep-
tides delivered cationic lipid-plasmid DNA to human umbilical derived

- endothelial cells (HEVEC), and a 4-fold increase in transfection efficiency
was reported.®® Several studies have reported successful efforts to deliver
peptide-based therapeutics to endothelial cells in vitro and in vivo. By way
of example, a lipid-mediated peptide nucleic acid (PNA) agent was used
to deliver peptide therapeutics to pulmonary endothelial cells in vivo.?
The peptide derived from the LDL receptor (LDLr) binding domain of
apolipoprotein E (apo E) improved the uptake of liposomes by endothelial
cells lining the brain. The authors note that non-protein coated liposomes
were not successfully taken up by the brain endothelial cells.”® Also note-
worthy is the opportunity to target therapeutics to the brain while avoiding
the highly elevated IFP normally associated with tumors in this anatomical
location.

Natural and synthetic sources of angiostatic proteins and peptides
have been evaluated and the majority of them demonstrate the ability
to inhibit neovascularization in vivo.*® Macromolecule-assisted delivery of
these agents to tumor vessels could improve vascular recognition and out-
comes associated with treatment.

Earlier in this chapter, the multicytokine function of VPF/VEGF in
tumors was discussed. It is reasonable to discuss using VEGF to induce
tumor vascular permeability to circulating therapies. The delivery of VEGF
in sufficient levels to endothelia could result in venules that are more
permeable to therapeutics. From this perspective both delivering VEGF
directly to tumor vessels, and delivering plasmids encoding for VEGF to
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this site as well, might represent equally effective approaches. To illustrate,
~when plasmid encoding for VEGF was injected as a VEGF-cationic lipo-
some complex, gene expression was detected after 1 to 3 weeks, with DNA
detected up to several months following the initial injection.”® An in vivo
quantitative measure of the effects of various growth factors (VEGF, PIGF-
1 and PIGF-2 (platelet growth factors), and bFGF (basic fibroblast growth
factor)) on the permeability of tumor vessels to circulating macromolecules
(dextran, liposomes, and albumin) demonstrated that only VEGF signifi-
cantly increased vascular permeability.”> Such studies have clinical impli-
cations for tumor and non-tumor vascular related diseases.
 In some situations a more practical approach could involve deliver-
ing therapeutic peptides or proteins directly to populations of neoplastic
cells invading the tumor matrix. In this approach some specialized feature
of neoplastic cells is usually exploited for therapeutic gain. These studies
are usually investigated with the use of human tumor xenograft models in
the presence of fully functioning physiological barriers; suboptimal to ade-
quate levels of success is commonly associated with treatment outcome.
Upon closer evaluation, better treatment outcomes would probably result
if more clinically relevant therapeutic concentrations were delivered to the
tumor interstitial compartment. Simply increasing the injected dose may
improve delivery of therapeutics to the intended target over normal tissues,
but the final dose should be optimized in relation to tumor and non-tumor
targets to maximize therapeutic effect. The aim, however, is to improve
drug location and duration of drug exposure at the intended site(s) of drug
action; increasing the ratio of drug to tumor as opposed to normal tissue is
a critical first step.

Over the last decade, several groups have investigated the use of agents
to lower tumor IFP with the aim of reducing the pressure long enough to
allow for better penetration of therapeutics into interstitial tumor areas.
The eventual hope is to treat regions that would otherwise go unaffected
by more conventional approaches. To summarize a few of these studies,
the following agents have demonstrated the ability to lower tumor IFP:
tumor necrosis factor-alpha (TNF-«); tumor necrosis factor-beta (Fc:TSRII);
dexamethasone; pentoxifylline (PTX); and taxol.®®*®7 In experimental ani-
mal models, several agents have been shown to lower tumor IFP.%3:94%67103
Table 1 shows a list of 10 agents that have been shown to lower tumor
interstitial fluid pressure, with a summary of the injected dose, route of
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