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Abstract

This thesis investigated macromolecular and nanoparticle transvascular transport within
implanted tumors. The upper limit of the size of therapeutic agents that can traverse vessels of
different tumors and how this is regulated is not well understood. Here we analyze the functional
limits of transvascular transport and its modulation by the microenvironment. In situ studies of the
extravasation of fluorescently labeled liposomes or latex beads were conducted in both the dorsal
skin-fold chamber and the cranial window of immunodeficient mice. The pore cutoff size, a
functional measure of transvascular gap size, was determined for various tumors.

Tumors grown in the subcutaneous microenvironment (dorsal chamber) were found to
have tumor dependent pore cutoff sizes. The size of these pores (200 nm to 1.2 um) indicated that
the structures responsible for macromolecular or particulate extravasation are open gaps, either
widened interendothelial junctions or transendothelial gaps. The permeability of the tumor
microvessels to bovine serum albumin (= 7 nm) was not influenced by the pore cutoff size.

The microenvironment was modulated (i) temporally, by inducing vascular regression in
hormone dependent tumors, and (i) spatially, by growing tumors in subcutaneous or cranial
locations. The onset of tumor regression following testosterone withdrawal in male mice resulted
in an immediate and dramatic reduction in the pore cutoff size within 48 hours. Continuous
vascular remodeling with further tumor growth did not influence the pore cutoff size.

There are local tissue differences in receptor expression, factor secretion, chemotherapy
response, and metastatic potential of different tissues. One of the sites of most concern due to
differences in treatment response is the brain. To determine the effect of the cranial
microenvironment on the pore cutoff size, similar studies were performed on tumors grown in the
cranial window. The pore cutoff size in the cranial window was less than that found in the dorsal
chamber in three of the four tumor lines. However, the pore cutoff size was significantly greater
than that of the host microvasculature at the cranial site. There was no macromolecular
extravasation in a transplanted human glioma.

In an attempt to achieve a quantitative delivery system, we investigated the interaction of
bFGF with sepharose-immobilized heparin as a first step in the controlled release process from
calcium alginate gels. We found that a maximum of 80% of the initial bFGF was incorporated into
the heparin-sepharose microbeads when heparin was in large excess. Modulation of heparin
concentration, heparin immobilization, and accessibility did not increase the amount of bFGF
which could be bound to these microbeads.

Characterization of vascular response to continuous local delivery was investigated by
sucralfate-collagen system. Sustained delivery of growth factors released from sucralfate-collagen
gels implanted in the dorsal chamber of immunodeficient mice induced angiogenesis. We found
that bFGF containing gels induced an increased pore cutoff size on the order of tumor stimulated
pore cutoff size, whereas VEGF containing gels induced no significant increase in pore cutoff size
of the microvessels.

These results have major implications for the delivery of therapeutic agents. An
understanding of the interaction of bFGF and immobilized heparin may improve the efficacy of



bFGF isolation and bFGF delivery from these devices. There are four major implications for the
delivery of therapeutic agents to solid tumors: (i) delivery may be less efficient in cranial tumors
than in subcutaneous tumors, (ii) delivery may be reduced during tumor regression induced by
hormonal ablation, (iif) permeability to a molecule is independeni of pore cutoff size as long as the
diameter of the molecule is much less than the pore diameter, and (iv) chronic exposure to bFGF
could affect the pore size in angiogenic and anti-angiogenic gel assays. Most encapsulated carriers
and viral vectors proposed for therapeutic use are between 100 and 300 nm. An understanding of
the limits and regulation of transvascular transport may offer modalities to increase the distribution
or size of the transvascular transport pathways from optimized delivery and design of these large
therapeutic agents.
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Thesis Supervisor: Rakesh K. Jain
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Chapter 1.
MOTIVATION

Cancer is second to heart disease as the cause of death and accounts for approximately 22%
of the mortality in the United States [1]. There are three established methods of cancer therapy:
surgery, radiation, and chemotherapy; and three experimental methods of cancer therapy:
immunotherapy, hyperthermia, and photodynamic therapy. The latter three treatment methods
have seen little clinical application. Surgery and radiation therapy are local treatment modalities.
Surgery, while it has the advantage of removing a local tumor mass at once, is limited by
anatomical and functional constraints. In approximately 50% of patients surgical excision of the
primary neoplasm is not curative because metastasis have already occurred [2]. Radiation therapy
has the capacity of dainaging infiltrating malignant cells. However, the effectiveness is limited by
dose-toxicity to normal tissue and the inherent kinetics of cell regrowth, as well as being a local
agent. Chemotherapy delivers the cytotoxic agent throughout the body via the bloodstream and
thus, it has the ability to reach disseminated cancer cells. The disadvantage is toxicity to high
perfusion organs such as the liver and kidney, or to rapidly dividing cells such as in bone marrow
and in the gestrointestinal system which limits the dose. In addition to the toxicity of the drugs, the
limitations to drug delivery include 1) decreased flow within the tumor, 2) increased plasma or
tissue clearance, 3) decreased transvascular transport.

Treatment choice is tumor dependent and not always successful. Molecular biology and
genetic engineering have led to the discovery and development of numerous molecules which could
aid in the detection and treatment of cancer. In parallel, encapsulated drug technology has the
potential to reduce drug toxicity in normal tissues. However, to achieve clinical success the
antibodies, macromolecules, or nanoparticles must be delivered selectively and at therapeutic levels
to the target tissue [3]. Transvascular transport is one of the physical barriers to delivery of intact
drug. Knowledge of the significant structures in the macromolecular or nanoparticle transvascular

passage is crucial for the potential use of antibodies, macromolecules, and particles in clinical
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detection of and treatment of cancer. The focus of this thesis is to elucidate the nature of the
microvascular barrier to delivery of nanoparticles utilizing sterically protected liposomes and latx

beads as representative delivery vehicles. A flow chart of the thesis is shown in Figure 1-1,
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Chapter 2.
TRANSVASCULAR TRANSPORT: STRUCTURE AND THEORY

2.1 Microcirculation

The microcirculation is a complex interacting unit that reacts to all variables of any
subcellular or tissue system. The vessels included in the microcirculation are the arteriole, terminal
arteriole, capillary, postcapillary venule and venule (Figure 2-1). Although lymphatic vessels are
intertwined with the blood vessels they are not classically included in the description of the
microcirculation. The arterioles, afferent vessels, control the inlets to the capillary bed. The
capillary is the site of nutrient and oxygen exchange for waste and carbon dioxide.

Macromolecular transport also occurs at this level.

Arteriole Venul
Capillary
— <
Terminal arteriole
Postcapillary venule

Figure 2-1. Components of the microcirculation

2.1.1 Endothelium

The endothelium forms the luminal lining of blood vessels (Figure 2-2). These cells are
differentiated to permit large-scale exchange of molecules between blood plasma and interstitial
fluid. The exchange of small molecules and water is via coated pits/vesicles, plasmalemmal
vesicles, caveolae, pinocytic transport vesicles, and other cell surface associated openings which
are characteristics of endothelial cells [1]. Transvascular exchange of macromolecules rarely
occurs in normal vessels. The endothelial cells form the most important barrier to macromolecular

leakage from the vessels into the interstitium.
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Endothelial Cell

Cellular Dimensions

Width: ~10 - 15 pm
Length: ~25 - 40 pm
Height: ~0.1 - 0.5 um

Basement Membrane
Figure 2-2. Schematic of the microvessel endothelium (adapted from [2])

Capillary endothelium have been classified into three categories: continuous, fenestrated,
and discontinuous. Continuous endothelium, the most common type, is found in skin, connective
tissue, skeletal and cardiac muscle, lun'g, and brain. Fenestrae are small attenuations of the
endothelial thickness (diameters in the range of 40-80 nm) which do not affect the continuity of the
cell membrane. The fenestrae can be open or covered by a thin diaphragm (60 -80 A thick)
composed of a radial array of fibers which meet in the center to form a knob-like structure and
carries a net négative charge. Fenestrated endothelium is found in intestinal mucosa, pancreas,
glomerulus, peritubular capillaries, endocrine glands, choroid plexus, and ciliary body of the eye.
These locations are associated with increased filtration or increased transendothelial transport.
Sinusoids or discontinuous capillaries contain wide openings between endothelial cells and
discontinuous or absent basal lamina. This type of endothelium is most commonly found in the

liver, spleen, and bone marrow.

2.1.2 Basement Membrane

The basement membrane to which endothelial cells are attached is a 40-80 nm thick matrix
of collagens, glycoproteins, laminin, and fibronectin (Figure 2-2). Its function is to maintain the
blood vessel shape, control cell configuration, liriit the flow of solutes across the wall, and
participate in local responsive reactions (i.e. inflammation). In normal microvasculature the

basement membrane does impart some inhibition to macromolecular transport.
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2.1.3 Angiogenesis and Tumor Microcirculation

Angiogenesis is the result of the release of several factors working in concert to cause
digestion of the extracellular matrix, endothelial cell migration, and endothelial cell differentiation
[3). This results in sprouting, anastamosis, and vascular remodeling. This process is fundamental
to reproduction, development, wound healing, and pathology. In adult tissues angiogenesis is
infrequent; occurring during wound healing or in pathology. Pathology includes but is not limited
to neoplasms, diabetic retinopathy, rheumatoid arthritis, and psoriasis.

The ability to induce expansion of the vascular network to provide nutrients is essential for
cellular proliferation [4]. The vasculature in a tumor may bear little resemblance to normal
vasculature. It is anatomically heterogeneous, characterized by a chaotic network of tortuous,
dilated vessels and sluggish blood flow. Due to release of various factors and cytokines, the
number of vesicles, fenestrae, and widened interendothelial junctions is increased. In addition
turor vessels exhibit transendothelial gaps similar to sinusoids found in the liver or spleen. The
basement membrane is discon‘inuous, absent, and the fiber structures may be disorganized when
compared to the normal basement membrane [5]. A common characteristic of tumor microvessels

is the vascular hyperpermeability to circulating macromolecules.

2.2 Macromolecular Transvascular Transport

2.2.1 Structural Barriers

The primary sites for transvascular exchange are capillaries and post-capillary venules
because of their large surface area and thin walls. In general, small hydrophilic molecules and
lipophilic substances readily pass through the endothelial cell from the circulation to the interstitial
space. The barriers to macromolecular transport from the blood vessel to the tissue site include the
endothelial cell layer, the basement membrane, the interstitial space, and the intervening
parenchyma (Figure 2-3). The normal microvasculature is composed of endothelial cells which act

as molecular sieves allowing passage of water, ions, and small hydrophilic molecules, but acting
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as a barrier to the passage of macromolecules. Endothelial impermeability maintains a protein
concentration difference across the vessel wall and results in differential fluid distribution in the
plasma and interstitial spaces. The prevalent model of transvascular transport consists of two
cylindrical pore populations; a small pore (effective radius 6 nm) for the transport of water and
small solutes up to the size of albumin and a large pore (effective radius 10 nm) for the passage of

macromolecules [6].
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Figure 2-3. Barriers to particulate or macromolecular transport. These inclnde transport in the
vessels, transport across the endothelium, transport across the basement mnembrane, transport
through the extracellular matrix, and transport across the target cell membrane.

Transport across the microvascular wall includes passage through the endothelial cell and
the basement membrane. On a more detailed scale, transport will depend on the microarchitecture
of the endothelial cell and the arrangement of fibers in the basement membrane. Five processes
found in the normal endothelium could be important in transcellular or paracellular macromolecular
(size >> 5 nm diameter) transport: interendothelial junctions, vesicles, transendothelial channels,
fenestrae, and phagocytosis (Figure 2-4).

The interendothelial junction or cleft is a 6-7 nm space between two adjacent endothelial
cells. Endothelial cells form adhering and occluding junctional complexes which serve as diffusive
pathways for small molecules [7]. Although these channels occupy less than one thousandth of the

surface area, it is thought that they are the primary pathways for hydrophilic molecules. This
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interendothelial junction may increase in size in response fo released cytokines. Vascular
endothelial growth factor (VEGF) has been shown to open endothelial junctions within 10 minutes
after topical administration [8]. The gaps can be up to 1 pm wide [9]. The enlargement is believed

to result from endothelial coatraction and junctional separation [9-12].

Transendothelial channel

: FY)
Fenestra Phagocytosis Endothelial cell

Figure 2-4. Microvascular transport processes. These are the processes which may be
important to macromolecular transport through the endothelium.

Endothelial cells contain numerous vesicles which may be responsible for transporting
particles and macromolecules back and forth (transcytosis) [13]. Since their discovery, they have
been the subject of much controversy concerning their function in macromolecular transport. In
1993, Predescu reported that particles of 12 - 14 nm did not permeate the interendothelial gaps but
were found in the plasmalemmal vesicles and in the pericapillary space near a discharging vesicle
[14]. The diameter of these vesicles was approximately 70 nm [13-18]. Vesicles do not appear to
contain surface anionic sites in contrast to fenestrae and coated pits. Initially, it was thought that
the vesicles operated like shuttles from the luminal side to the abluminal side of the endothelium
[18]. Later, it was proposed that repeated fusion and fission of a series of closely spaced vesicles
might be the transport mechanism [19].

Vesicles can remain fused together to form chains or transendothelial channels.
Bundegaard observed clusters of vesicles linked together with 20 - 40 nm strictures at the junction
between two vesicles in transmission electron micrographs [16]. These transendothelial channels

are proposed to be the large pore pathway. Recently, this stationary organelle was described in
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tumor microvessels and normal postcapillary venules as vesiculo-vacuolar organelles (VVOs) [15].
VVOs are clusters of vesicles and larger sized vacuoles interconnected by stomata which may be
open or closed by thin diaphragms. Serial tissue sections obtained after VEGF injection revealed
ferritin (~11 nm diameter) extravasation associated with the VVOs, and no observable ferritin
associated with the closed interendothelial junctions [20]. Unlike transendothelial channels, the
VVOs are composed of vesicles and vacuoles. On average the vesicles involved in VVOs are
larger than vesicle size (108 £32 nm inner diameter) [20].

The fourth important structure in macromolecular transvascular transport are fenestrae.
Normal fenestrated endothelium is found in the liver, spleen, and bone marrow. Endothelial cells
in the liver contain large fenestrae approximately 150-175 nm in diameter [21]. However,
fenestrae can be larger than this average; 10 pm liposomes extravasated through the liver
endothelium [22]. Fenestrae may be open or closed, and contain a high population of heparan
sulfate proteoglycans imparting a negative charge. Fenestrae have been shown to have an
increased frequency with the addition of VEGF [8, 23].

Phagocytosis comprises the final transport process. However, not much is known about
this pathway in vivo. Endothelial cells in cell culture are capable of phagocytosis in response to
perfusion of the lung with 5-10 pm beads [24].

The above discussion pertains to normal vasculature. The situation is more complex in
tumor microvasculature due to anatomical heterogeneity and heterogeneous hyperpermeability to
circulating macromolecules [25-29]. In addition, the tumor microenvironment contains various
growth factors [3, 25, 28, 30-33] which may influence the macromolecular transport. For
example, VEGF production is upregulated in tumors [8, 23, 29, 34-36], and has been shown to

induce increased fenestration [8, 23]; Dvorak, 1995 #49; Feng, 1996 #55].
2.2.2 Theoretical Description of Transvascular Transport

Starling's hypothesis of fluid transport between the plasma and the interstitium has

undergone significant modification since 1896. Starling proposed that the balance of hydrostatic
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pressure (P) difference between the capillary and interstitial space and colloid osmotic pressure (1)
difference between the plasma osmotic pressure and the interstitial osmotic pressure describes the
steady state transcapillary fluid balance [37]:

Pp = Bot =7 p = iy 2-1)

Landis modified the Starling hypothesis by introducing dynamic fluid flow [38]:
Jy =Kf[(Pp_Bm)_(7rp"7tint)] (2-2)

Jy represents the fluid volume flux (cm3/s), and Kf a proportionality constant. However, this
equation does not take into account the effect of membrane properties on fluid transport. The

influence of membrane permeability to a solute on its osmotic force was introduced by Kedem in

1958 [39]:

Ty = LpS|(Py — Bt) - (% = i ) (2-3)

where Kf is replaced by the product of hydraulic conductivity, Lp (cm3/s/dyne), and capillary
surface area, S (cm2). The solute reflection coefficient, G, ranges from permeability equal to water
(o = 0) to complete impermeability (6 = 1).

Transport of macromolecules is a function of coupled diffusion and convection described

by the Staverman-Kedem-Katchalsky equation [40]:

C,—C;
Js = PS(cp = Cing) + I (1= 0) -B—% (2-4)

c
]n(_p.)
Cint
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where P is the diffusive permeability of the membrane to the solute (cm/s), Cp and cjpt are the
plasma and interstitial solute concentrations (moles/cm3). This description of transport includes
the fact that the distribution of the extracellular fluid is governed by forces controlling interstitial
drainage and lymph flow. The lymphatics carry proteins and macromolecules in addition to excess
fluid away from the interstitial spaces. This movement continues the protein filtration loop which
begins with "leakage" of proteins from the circulation.

Another commonly used description of transport across a porous membrane, originally

described by Patlak, is the following [41]:

—Pe
Cp — Cint€
Jo=J,(1- os)[%] (2-5)

Pe is the Peclet number, a ratio of convective transport to diffusive transport:

Pe = J(1-0) (2-6)
PS

When the system is in steady state or the transcapillary transport is equal to transport into the

lymphatics, the above expression (2-5) can be separated into diffusive and convective terms:

PS\cp, —cin |Pe
J, = ( :P"—l) +J,(1-0)c, (2-7)

This equation provides a complete description of solute flux through a homoporous membrane. If
convection is assumed to be negligible, equation (2-7) can be simplified in terms of an effective

microvascular permeability coefficient:

Js = Pygr(cp = Cint) 2-8)
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It must be emphasized that the above equations of solute flux are valid for homoporous
membranes. In reality, microvascular membranes are not homoporous. There are many different
possible pathways as illustrated in Figure 2-3. The cylindrical two-pore theory postulates that
there are two populations of pores: small pores (5-6 nm) and large pores (20 - 35 nm) [42]. The
large pores allow bulk filtration of macromolecules due to the hydrostatic pressure gradient in the

pores. The general description for fluid transport in a multi-pore model is:
J, =310, = Za,.LPS(AP -Yo,,An j) (2-9)
i=1 i=1 j=1

where m is the number of pores of size i, n is the number of solutes in the system which exert an
osmotic pressure, ¢ is the fraction of hydraulic conductance attributed to pore type i.

The role of cytoplasmic vesicles as a prominent macromolecular transport mechanism is
under debate [13, 14, 16, 18-20, 43-46]. There are three contested mechanisms of action: 1)
shuttle hypothesis where a vesicle buds from one membrane surface and moves freely to fuse with
the opposite surface, 2) fusion-fission hypothesis where the vesicles move until they fuse with
another vesicle, transfer their contents and then move away, and 3) the vesicles form
transendothelial channels that are permanent structures. To incorporate these mechanisms in the
above transpoft descriptions the following equation has been used; (PS)iotal = (PS)vesicles +
(PS)pores [42].

The transport of a macromolecule or nanoparticle may be affected by diffusion and
convection constraints through the pores. Hindered transport theory has been used to understand
the transvascular transport through capillaries [47]. If the size of the macromolecule is on the order
of magnitude of the pore structure, the diffusional transport is much slower than that in the bulk
solution. This can be explained by the steric and, in some cases, long-range interactions of the
macromolecule with the pore wall which prevents the free access of the macromolecule to the entire

pore fluid volume. Similar arguments are proposed for convective transport.
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The partitioning of the macromolecule into the pore is described by [48]:

2
¢=[ _’_s) (2-10)
p

where @ is the partitioning coefficient described as the ratio of rs, radius of the solute, and rp ,
radius of the pore. Solute flux of macromolecules will be modified by hindrance factors which
depend on the partitioning coefficient and the radial position within the pore. The hindrance factors
account for the effects of finite pore size. As discussed earlier, transvascular transport in tumor
microvessels appears to be dominated by diffusional transport, therefore, the permeability (Peff in

Equation 2-8) of the porous membrane is directly modified by the diffusional hindrance factor.
2.3 Summary

A blcod-borne cancer therapeutic agent must make its way into the tumor blood vessels,
cross the vessel wall, migrate through the interstitium to reach the target cell. Tumors have
developed means to hinder or halt this process. The goal of this thesis was to analyze the
macromolecular transvascular transport step experimentally. This will allow better understanding

in development and design of novel therapeutic agents.
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Chapter 3.
CHARACTERISTIC PORE CUTOFF SIZE IN TUMOR MICROVESSELS

3.1 Motivation and Background

Molecular biology and genetic engineering have led to the discovery and de?ciopment of
numerous molecules which could aid in the detection and treatment of cancer. In parallel,
encapsulated drug technology has the potential to reduce drug toxicity in normal tissues [1].
However, to achieve clinical success the antibodies, macromolecules, or particies must be
delivered selectively and at therapeutic levels to the target tissue. The hyperpermeability of tumor
microvessels to large molecules has been observed in numerous studies and it has been speculated
that large therapeutic agents could be selectively delivered to the tumor [2]. However, the upper
limit of the size of the therapeutic agent that can traverse vessels of different tumors and how this is
regulated is not well understood.

The barriers to transport from the blood vessel to the tissue site include the endothelial cell
layer, the basement membrane, the interstitial space, and the target cell (Figure 2-3). The normal
microvasculature is composed of endothelial cells which act as molecular sieves allowing passage
of water, ions, and small hydrophilic molecules, but acting as a barrier to passage of
macromolecules. Endothelial impermeability maintains a protein concentration difference across
the vessel wall and results in differential fluid distribution in the plasma and interstitial spaces. The
prevalent model of transvascular transport consists of two cylindrical pore populations; a small
pore (effective radius 6 nm) for the transport of water and small solutes up to the size of albumin
and a large pore (effective radius 10 nm) for the passage of macromolecules [3]. Due to
inconsistencies in both the model and experimental measurements, a thorough investigation into the
potential structural pathways is needed.

Numerous structural studies have been conducted to elucidate the transvascular pathway in

tumors (Table 3-1). The potential for artifacts as a result of various fixation techniques exists. It
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has been proposed that the physical characteristics of the tracer (colloidal carbon, ferritin,
monastral blue) may interact with the endothelium to induce gap formation [4]. Furthermore, these
studies describe various processes that are present but do not provide information on the modes of
macromolecular transport across the vessel wall.

In situ studies showing the diameters of tracer particles moving along a given pathway,
rather than studies of fixed tissue, may provide more reliable information about transvascular
transport in tumors [5]. Previous in vivo studies have demonstrated the extravasation of
macromolecules such as FITC-Dextrans (up to 150 kDa) [6], colloidal carbon (50 nm diameter)
[7], and liposomes of diameter 30 - 90 nm [8, 9]. In an in situ study using stealth liposomes, the
LS174T human colon adenocarcinoma implanted into the mouse dorsal skinfold chamber
exhibited a pore cutoff size between 400 and 600 nm [10].

The specific objective of the work presented in this chapter is to determine the characteristic
pore cutoff size, a functional description of the size of transvascular gaps, in a variety of tumors.
The in situ model chosen was the dorsal skinfold chamber implanted into SCID (Severe Combined
Immuno-Deficient) mice (Appendix A). The pore cutoff size was determined using stealth
liposomes or latex beads. Liposomes have been investigated as drug delivery devices due to the
decreased tissue toxicity with antitumor/antifungal drugs, the ability to target antiparasitic drugs to
the reticuloendothelial system (RES), and the enhancement of the immune response to encapsulated
antigens [11] (Further details of liposome properties are given in Appendix B). Our hypothesis is
that macromolecular transvascular transport in tumors is primarily due to widened interendothelial
junctions and transendothelial gaps (similar to sinusoids) and not due to vesicles, transendothelial

channels (or VVOs), fenestrae, or phagocytosis.
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Table 3-1a. Structural Studies of Tumor Vessels: Tumor Type and Host

Study # Host Tumor Control Tissue = Comments Reference
1 rat W256 [12]
2 rat astrocytoma brain [13]
3 human renal carcinoma  brain 1 case [14]
4 human  brain tumors brain [15]
5 guine.  line 1 bile duct ND [7]

pig carcinoma
6 guinea  line 2 bile duct ND [7]
pig carcinoma
7 mice Lewis Lung ND [7]
carcinoma
8 mice TA3/St ND [7]
9 mice Mouse ovarian ND (7]
tumor
10 human  glioblastoma brain more clustered [16]
multiforme (GM) vesicles, smaller
clusters
11 mice mammary [17]
carcinoma M1S
12 mice rhabdomyosarco [17]
ma
13 mice glioblastoma U87 [17]
14 human  astrocytoma brain attenuated or plump [18]
endothelial cells
15 human GM brain thickened and [18]
multilayered BM
16 human giant cell brain # vesicles varied [18]
glioblastoma
17 human  astrocytoma brain endothelial cell [19]
multilayers
18 human GM brain [19]
19 rat R175A brain microvilli, [20]
multilayers, and
nuclear pleomorphism
20  human astrocytoma brain hyperplastic cells, [21]
‘ elongated and tortuous
junctions
21 human glioma brain attenuated cells, [21]
elongated and tortuous
junctions
22 human  glioma brain elongated and tortuous [21]
junctions
23 human giant cell none extraluminal PMNs [22]
granuloma
24 rat C6 astrocytoma muscle tumor vessels did not [23]
(13 days) brain exhibit site differences
25 human  prolactinoma endothelial blebs and [24]
swelling
26 rat RD/2 Sarcoma [25]
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Table 3-1b. Structural Studies of Tumor Vessels

Study # Fenestrae Vesicles Transendo Basement Widened
-thelial Membrane Interendo-
Channels  Abnormalities thelial

Junctions

1 ++ ND ND ND ND
2 ++ ++ ND ND +
3 ++ ND ND ND ND
4 ++ ++ ND + +
5 ND ND ++ + +
6 ND ND ++ + +
7 ND ND ++ + +
8 ND ND ++ + +
9 ND ND ++ + +
10 - + ND ND ++
11 ++ ND ++ ++ ++
12 ++ ND ++ ++ ++
13 ++ ND ++ ++ ++
14 ND + ND ++ +
15 ND ++ ND ++ +
16 ND ++ ND ++ +
17 ++ ++ ND ++ +
18 ++ ++ ++ ++ +
19 ND ++ ND ++ ND
20 - ++ ND ++ ++
21 - ++ ND ++ ++
22 - + + + +
23 ND ND ND ++ +
24 - + ND ND ++
25 ++ ++ ND ++ ND
26 ND ND ND ND ++

++ greater than normal, + similar to normal, - not present, ND not determined
3.2 Materials and Methods

Dorsal Chamber Implantation. The method used was previously described in Leunig et al
[26]. Briefly, all experiments were performed in SCID mice, bred and maintained in a specific
pathogen germ free environment in the Steele Laboratory. For the surgical implantation of the
chamber, animals (25 - 30 g body weight) were anesthetized by intramuscular injection of 0.3 pl
of anesthesia (9 parts saline: 1 part ketamine: 0.1 parts Xylazine). Prior to chamber implantation,
the entire back of the animals was shaved and depilated and two symmetrical titanium frames

(weight 3.2 g) which are mirror images of each other (Radiation Oncology, MGH) were implanted
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so as to sandwich tt » extended double layer of skin. Cne layer of the skin was removed in a
circular area of approximately 15 mm in diameter, and the remaining layer, consisting of
epidermis, subcutaneous tissue, and striated skin muscle, was covered with a cover slip
incorporated into one of the frames (Figure 3-1). All surgical procedures were performed under
aseptic conditions. During surgery the body temperature of the animals was kept constant at 36 -
37 °C by means of a heating pad. Following implantation of the transparent access chamber, the
animals were allowed to recover for 24 hours from the microsurgery and anesthesia. Preparations

fulfilling the criteria of intact microcirculation were utilized as sites for tumor implantation.
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Figure 3-1. Cross-section through the tissue layers in the dorsal skinfold chamber

Tumor Implantation. The cell lines studied were LS174T (ATCC), MCa IV, HCa-1,
Shionogi (kindly provided by M. E. Gleaze, Division of Urology, University of British Columbia,
Vancouver, Canada), ST-8, and ST-12 (all ST-tumors were kindly provided by Dr. L. Gerweck
and T. Syed, Radiation Oncology, Massachusetts General Hospital, Boston). MCa IV tumors
were maintained by cell slurry injection into the thighs of C3H mice. HCa-1, Shionogi, ST-8, and
ST-12 were maintained by transplanting a tumor chunk into the flank of SCID mice. LS174T was
used as a dense cell suspension. Cultured cells were dispersed with Trypsin/EDTA and transferred
into Dulbecco’s Modified Eagles Medium (DMEM). They were centrifuged twice and resuspended
in DMEM to give a final concentration of 108 cells. Two microliters of this dense suspension
(containing ~2 X 105 cells) was inoculated onto the striated muscle layer of the subcutaneous tissue

in the chambers. A piece of tumor tissue, 1 mm in diameter (0.5 pul), was placed onto the striated
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muscle layer of the subcutaneous tissue in the chambers for ali other tumor types. This size was
selected on the basis that excessively small pieces delay the induction of vascularization and that
larger pieces develop necrotic centers [27]. The experiments were performed between 14 and 20
days after tumor implantation, dependent on the growth and vascularization of the tumor. Tumor

size was within 30 - 50% of chamber window size at the time of studies.

Liposome Preparation. Liposomes were prepared by Professor Vladimir P. Torchillin and
Dr. Vladimir Trubetskoy at the Center for Imaging and Pharmaceutical Research, MGH. The
liposomes were prepared according to Yuan et al [9]. Briefly, sterically protected liposomes were
prepared by octyl glycoside dialysis method and labeled with Rhodamine-
phosphatidylethanolamine (Rho-PE). The molar ratio of egg phosphatidylcholine:cholesterol:
polyethylene glycol conjugated with distearoylphosphatidylethanolamine (PEG-DSPE):Rho-PE
was 10:5:0.8:0.1. Liposomes obtained were sized by multiple passage through polycarbonate
filters with pore diameters dependent on the {arget size. All liposome preparations had a narrow
size distribution (95% of liposomes within a +15-nm interval for 100 and 200 nm and within a
+25 nm interval for 400 and 600 nm liposomes). In addition, surface modified polystyrene latex
beads (Sigma Chemical Co., St. Louis, MO)were used for the 600 nm and 800 nm sizes.
Latex:PEG-DSPE:Rho-PE were mixed together in a 1:10:0.1 weight ratio.

Microscopy. Animals bearing the dorsal chamber were anesthetized as described above. A
200 pl suspension of liposomes or latex beads was injected into the tail vein of the mouse. The
extent of particle extravasation was observed 24 hours after injection. For observation, the animals
were anesthetized as described above and immobilized in a polycarbonate tube. The animal was
mounted on the microscope stage (Axioplan, Zeiss) and observed using a 20x objective (LD
Achroplan, Zeiss). Transillumination was achieved with a 100 W halogen lamp (Zeiss).
Epiillumination was achieved with a 100 W mercury lamp (model 770; Opti-Quip, Inc., Highland

Mills, NY) with fluorescence filters for FITC (excitation, 450-490 nm; emission 515-545 nm) or
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Rhodamine (excitation, 525-550 nm; emission 580-635 nm). Images of the tumors were acquired

with a 35 mm camera (HFX-DX; Nikon, Melville, NY).

Particle extravasation. The entire area of the tumor was scanned for extravasation of stealth
liposomes or latex beads. The criteria for extravasation was the presence of fluorescence in the
interstitial space in 5 or more regions of the tumor 24 hours after injection. Normal tissue
surrounding the tumor implant was also examined for extravasation. Four animals bearing the
tumor of interest were injected with each size of liposome/latex bead. The pore cutoff size was
determined as the range between the largest particle size that could extravasate and the smallest size

that could not extravasate, as described previously [10].

3.3 Results and Discussion

Many tumor types were investigated for their capacity to grow in the dorsal chamber. Not
all tumors are capable of growing in this site even though they may grow subcutaneously. In most
cases, there was a palpable mass within 3 weeks of transplanting a tumor chunk into the flank of
SCID mice. The criteria for growth in the dorsal chamber were vascularization and increase in
tumor mass of the transplanted tumor piece within a 14 to 20 day period. Examples of tumor
growth are illustrated in Appendix C (Figures C-1, C-2, C-3). Twenty-one tumors were
investigated; of these 8 were found to grow in the dorsal chamber preparation (Table 3-2). The
results reveal that tumors of neuroectodermal glial cell origin do not grow in the dorsal chamber
even though they could be passaged subcutaneously.

The tumors investigated for pore cutoff size contained one human turnor and six murine
tumors. LS174T is the Trypsin variant of LS-180 which was isolated from a 58-year old woman
with Dukes' type B colon adenocarcinoma [28]. The other tumors are spontaneously derived
murine tumors. HCa-1 is a spontaneously developed hepatic carcinoma syngeneic to C3Hf/Kam

mice. MCa IV is a spontaneously developed mammary carcinoma syngeneic to C3Hf/Kam mice.
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Shionogi was a spontaneously developed mammary carcinoma initially androgen independent, but
when sequentially passaged in male and female mice it transformed into an androgen-dependent
tumor with similarities to other androgen target tissues [29]. The gross morphology of the

vasculature varied and was characteristic for a given tumor (Figure C-4).

Table 3-2. Tumor Growth in the Dorsal Chamber

Tumor Type N Growth Used for

MCa IV(mouse mammary carcinoma) --- 14 days dorsal chamber
cranial window

Shionogi (murine androgen dependent mammary --- 14 days dorsal chamber

carcinoma)

HCa I (murine hepatocarcinoma) 3 14 days dorsal chamber

LS174T (human colon adenocarcinoma) --- 14 days dorsal chamber
cranial window

ST-Melanoma 16 days dorsal chamber

24 days dorsal chamber
14 days dorsal chamber
cranial window
14 days dorsal chamber
no growth
no growth
no growth

ST-4 (anaplastic, murine origin)
ST-8 (anaplastic, murine origin)

2

3

2

ST-12 (anaplastic, murine origin) 3

Sa I (mouse sarcoma) 3

Sa Il (mouse sarcoma) 3

ST-1 (anaplastic, murine origin) 3

ST-2 (anaplastic, murine origin) 3  no growth

ST-10 (anaplastic, murine origin) 3  no growth

54A (human lung carcinoma) 4 no growth

OCa I (murine ovarian carcinoma) 2 no growth

OCa II (murine ovarian carcinorma) 2 no growth

ZR75 (human estrogen dependent adenocarcinoma) 6 no growth

PC-3 (human prostatic cancer) 4  no growth

FSa II (murine fibrosarcoma) 6 overgrowth

HGL21 (human glioblastoma) 4 nogrowth cranial window
4

U87 (human glioblastoma) no growth cranial window

Tumors were investigated for their exclusion size using different sized liposomes. The
criterion for extravasation was the presence of fluorescence in the interstitial space in 5 or more
regions of the tumor 24 hours after injection as discussed in the Methods. Four animals bearing
the tumor of interest were injected with each size of liposome/latex bead. It was previously shown
that extravasation of latex beads is similar to liposomes of the same size even though they are more

rigid [10]
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Figure C-5 is a representative series of images captured for the MCalV tumor showing
decreased extravasation with increased particle size. There was no extravasation in normal tissue
for any tumor at any liposome size. The majority of tumors exhibit a pore cutoff size between 400

and 780 nm (Figure 3-2). However, MCa IV had a pore cutoff size of between 1.2 and 2 pm.

~ 2000 4 O No Extrava_Lsation o
g - @  Extravasation
g X
S’
@ -
IE B
@ 15001
‘ -
g e
-] [ L
8 1000
= i
= - (o] o) o] ()
> i
E -
S 500_:_ (o] (o) (o] o o .
g O e g e o
- - o (] ()
C | L 1 I I ] ®
0 TR § =z 8 % 2
- T o P h
-y g p & = w @)
= 7)) = w E
2 et 2
= -
7)) 7)

Figure 3-2. Tumor pore cutoff sizes. The filled circles indicate that significant extravasation
was seen at those liposome/latex bead size. The open circles indicate no extravasation at those
liposome/latex bead size. Four animals were used for each data point. At least five locations in
each tumor were observed for fluorescence.

In 1986 Heuser et al found differential macromolecular leakage of FITC-rat serum
albumin (~7 nm diameter) in Walker 256 carcinoma and a rat chondrosarcoma [30]. We did not
specifically study the differential extravasation of the liposomes, but qualitatively noted that certain
areas within the tumor exhibited greater fluorescence than others. All vessels were perfused, and
there was no necrosis at sites of high fluorescence or low fluorescence.

All tumors exhibited extravasation of liposomes greater than 200 nm. This result provides

no insight into the physical nature of the structure. It is generally accepted that the vesicle diameter
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is between 50-70 nm [5, 31-36]. The size at which extravasation is seen is on the order of 10
times larger than the reported vesicle diameter. Transendothelial channel diameters are on the same
order of magnitude as vesicles, with VVOs being slightly larger at ~100 nm [4, 31, 32, 37, 38].
This is still 5 times smaller than the pore cutoff size for the majority of tumors studied. Observed
diameters of fenestrae are approximately 60 nm [17, 39].

As is seen for MCalV (Figure C-5), the extravasation pattern for small diameter liposomes
is very diffuse. As the particle size increases, the extravasation pattern becomes more focal until
there is no extravasation of latex beads. Confluent monolayers of wounded endothelial cells
showed enhanced uptake of 5 um polystyrene beads [40]. This is proposed to be the result of
increased proliferation and migration of endothelial cells at the wound edge. If phagocytosis were
the primary pathway we would expect to see extravasation independent of the particle size, a
diffuse pattern indicating random phagocytosis by endothelial cells, and more extravasation at the
outer periphery of the tumor where potentially more endothelial cells are proliferating and
migrating. We do not observe any of these patterns in the seven tumors studied.

The interendothelial junction may become larger in response to released cytokines. The
gaps can be up to 1 um wide [41]. Widened interendothelial junctions have been found in tumor
endothelium [17, 39, 42-44]. Our results indicate that the macromolecular pathway is not via
vesicles, transendothelial channels (VVOs), fenestrae or phagocytosis in the tumors studied. The
pore cutoff size in this study can only be due to the widened interendothelial junctions or

transendothelial open gaps due to the size and pattern of extravasation observed.

3.4. Conclusion

The hyperpermeable nature of tumor microcirculation is well-documented [7, 26, 45]. This

study demonstrated that tumors pore cutoff sizes are tumor dependent, and that the majority of

tumors exhibited a pore cutoff size between 380 and 780 nm. The primary mechanism for particle
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transvascular transport based on the observed pore cutoff size in this functional assay is via
widened interendothelial junctions or transendothelial open junctions.

'This work provides a fundamental basis for the subsequent studies on the modulation of
the pore cutoff size. The structural morphology of tumor microvessels can be modulated by a wide
variety of cytokines, angiogenic growth factors, and enzymes. Any change in the host Jocal
microenvionrment or the tumor milieu may affect the permeability or the characteristic pore cutoff

size of the tumor.
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Chapter 4.
PORE CUTOFF SIZE CORRELATION WITH MICROVESSEL PERMEABILITY
TO BOVINE SERUM ALBUMIN

4.1 Motivation and Background

Permeability depends on the physicochemical properties of the molecule being studied as
well as the physiological and physicochemical properties of the barrier under study. For example,
properties which influence the uptake of nanoparticles or macromolecules include tumor vascular
volume, vascular permeability, and blood flow rate. Tumor microvessels are less permselective
than normal tissue vessels [1-7]; known exceptions to this include certain brain tumors [4].
Vascular permeability may depend on the following: 1) tumor type [4, 8], 2) tumor size [9] or
growth rate of the tumor, 3) vessel location within the tumor, 4) tumor's mechanism for
maintaining its vascular wall structure, and 5) release and circulation of various cytokines, growth
factors, and other controls of tumor microenvironment.

Previous measurement in LS174T implanted in the dorsal chamber of permeability to 90
nm liposomes indicated that it was 16% of that of Rho-BSA [5]. In a later study it was shown that
the effective vascular permeability does not depend on molecular weight of the test molecule [6]
which is in contrast to what is found in normal microvessels. Previous results (Chapter 3) indicate
that the maximal sized particle that a vessel will allow to extravasate varies across a series of tumor
types, evidence that each tumor has a characteristic pore cutoff size.

In this study, permeability measurements were performed on tumors with a range of pore
cutoff sizes implanted into SCID mice. We measured the average effective vascular permeability to
bovine serum albumin (BSA) using quantitative fluorescent microscopy. The objective of this
study was to investigate whether the pore cutoff size influences transport of a test molecule. We
hypothesize that there will be no difference in the permeability across tumor microvessels because

the radius of albumin is much less than the radius of the pores.
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4.2 Materials and Methods
Dorsal Chamber Implantation. The method used is described in Chapter 3.

Tumor Implantation. The cell lines studied were MCalV, HCa-1, and ST-8. Tumor

implantation is described in Chapter 3.
Liposome Preparation. Liposomes were prepared as described in Chapter 3.

Microscopy. The experimental procedure was previously described [3]. Briefly, animals
bearing the dorsal chamber were anesthetized by intramuscular injection of 0.3 pl of anesthesia (9
parts saline: 1 part ketamine: 0.1 parts Xylazine). The tail vein of the animal was cannulated with a
30G needle catheter connected to a syringe containing 0.15 ml of Tetramethylrhodamine-labeled
bovine serum albumin (Rho-BSA; Molecular Probes, Eugene OR). Rho-BSA was prepared as in
Fukumura [10]. The animal was mounted on the microscope stage (Axioplan, Zeiss) and observed
using a 20x objective (LD Achroplan, Zeiss) and an intravital fluorescence microscope ( Axioplan,
Zeiss, Oberkochen, Germany) equipped with a ﬂuorescencc’filter for Rhodamine (excitation, 525-
550 nm; emission 580-635 nm), an intensified CCD video camera (C2400-88, Hamamatsu
Photonics K.K., Hamamatsu, Japan), a photomultiplier (9203B; EMI, Rockaway, NJ), and a S-
VHS videocassette recorder (SVO-9500MD, Sony).

In each animal, an image of the vasculature was recorded on video tape for off-line analysis
of vessel diameter and length, and the background intensity was measured under epifluorescence
illumination (100 W mercury lamp, model 770; Opti-Quip, Inc., Highland Mills, NY). A bolus
injection of Rho-BSA was given via the tail vein (0.15 ml over 20 seconds). The fluorescence
intensity was measured intermittently for 20 minutes, the time interval for each observation was 10

seconds. This was to avoid any photochemical toxicity to the endothelial cells by the Rho-BSA

[3].
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Microvascular Permeability Estimation. The complete derivation is provided in Yuan et al

[3] and in Appendix D. The equation to estimate the effective microvascular permeability (P) is:

p=(1-H,m)l’v-=i( ‘ ‘”+i)

S IO - Ib :1; K (4_1)

where I is the average fluorescence intensity of the entire image, I is the fluorescence intensity
immediately after the filling of all vessels with the fluorescent tracer, Ip is the background tissue
fluorescence intensity. HTm is the average hematocrit of microvessels and was assumed to be
19% [11]. The time constant of plasma clearance, K, was 9.1 x 103 seconds [5]. Vyes and S are

the total volume and surface area of vessels within the volume of measurement respectively. The

ratio is determined by:

S M M
=Y4d L /Y dL,
Vve.v n=1 n=1 (4'2)

where dp and L, are the diameter and length of the nth vessel, and M is the total number of vessels

on the tumor surface within the image before injection of Rho-BSA.

4.3 Results and Discussion

The transvascular transport of macromolecules is a combination of diffusive and convective

forces which can be described by the Patlek equation [1]:

' -P
Js=zv(1—os)[cp‘ci2‘§e ] (43
I-e
7y = LyS|(By — But) ~ (0 = i) (4-4)
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pe = Jv(1=9%) (4-5)
PS

Where Jg is the solute flux (moles/s), Jy is the fluid volume flux (cm3/s), Os is the solute reflection
coefficient, cp, Cint are the plasma concentration and interstitial concentration of solute
respectively. The expression in brackets is a ratio of convective to diffusional transport. The fluid
flux (equation 4-4) is described by a balance of hydrostatic (P) difference between the capillary
(Pp) and interstitial space(Pjnt) and colioid osmotic () difference between the plasma osmotic
pressure (Ttp) and the interstitial osmotic pressure (Tint) modified by the hydraulic conductivity, Lp
(cm3/s/dyne), and capillary surface area, S (cm2). The reflection coefficient, , ranges from
permeability equal to water (G = 0) to complete impermeability (6 = 1). The Peclet number (Pe) is
ratio of convective transport of the solute and diffusive transport of the solute.

When diffusive transport dominates the Pe number becomes small and the solute flux
reduces to

Js = PS(Cp~ Cim) (4-6)

Convection may be the dominant transvascular transport mechanism in normal microvessels, but
within tumors, diffusion remains dominant transport mechanism [12-14]. This is due to the high
interstitial fluid pressures [13] and the low oncotic pressures [15]. In addition, convection is
expected to contribute minimally to the transport in these experiments because the tumor is
sandwiched between the host striated skin muscle layer and the coverslip [6]. Therefore, the
effective microvascular permeability (P) measured depends primarily on diffusive transport but
also incorporates the insignificant component of convection.

The effective microvascular permeability (P) to Rho-BSA was measured in 3 tumor cell
lines transplanted in SCID mice, HCa-I, MCa IV, and ST-8. The tumors selected for this study

spanned the entire range of pore cutoff sizes (Figure 3-2). HCa-I was specifically chosen because
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its pore cutoff size was identical to LS174T (pore cutoff size is between 400 and 600 nm). The
permeability of LS174T was determined in a previous study [5]. All tumors showed
hyperpermeability to Rho-BSA (Table 4-1). The permeabilities were not statistically different from
each other (ANOVA). This implies that Rho-BSA transport through microvessel walls is
independent of the pore cutoff size.

Table 4-1. Mean Effective Microvascular Permeability to BSA
Tumor Cell Line (N)2 __ Pore Cutoff Size (nm)  Permeability (x 10/ cm/s)

HCa-I (5) 400 - 550 2.069 + 1.44 (1.60 - 3.99)b
LS174T (6)C 400 - 600 1.24 £ 0.45 (0.56 - 1.67)
ST-8 (5) 550 - 780 3.73 £ 3.34 (1.67 - 9.28)
MCalV (8)d 1200 - 2000 25+15(1.2-5.1)

a N, the number of animals

b Mean +SD (range)

¢[s]

d[10]

The effective microvascular permeability minimizes intratumor vascular heterogeneity.
There was significant heterogeneity among individual microvessels within the tissue volume. For
example, a permeable vessel could be next to an impermeable vessel. In addition to site
heterogeneity, there is also temporal heterogeneity in the permeability of a microvessel. Single
vessel perfusion measurement of permeability is more direct and accurate. This technique was
utilized on LS174T tumors implanted into dorsal chambers of SCID mice [12]. This study
reported that the convective transport contribution to vascular permeability is unlikely to be a
dominant mode of transport.

Normal tissue microvessel permeability was not measured because 1) the pernieability of
normal tissues is at the limit of resolution of the effective microvascular permeability technique,
and 2) the permeability would be a sum of the various tissues in the chamber (dermis, epidermis,
subcutaneous, and striated muscle tissues) with different vascular patterns and thus would not be a

meaningful parameter.
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The primary factor governing transcapillary transport is the molecular size of the solvent
filled channel. Additional factors important to transcapillary transport are the molecular shape,
flexibility, and charge of the molecule and the pore. The partitioning coefficient of the
macromolecule into the pore depends on the ratio of the particle radius to pore radius. For a

spherical particle in a cylindrical pore, the partitioning is described by [16]:

2
¢=( —i] 4-7)
T,

P

where @ is the partitioning coefficient, rs and rp are the solute radius and pore radius respectively.
BSA is assumed to have the hydrodynamic characteristics of a solid particle. We assume a radius
of 3.5 nm for albumin [6]. The rs/rp for the four tumors above ranged from 0.0035 - 0.035.

The following equation was used to estimate the diffusional hindrance factor, Kd for BSA [17]:

_ 3
K, =1-2.10444 +2.0894° — 0.9481’ (4-8)
where
A’ = r.rolule (4-9)
,

pore

Utilizing A = 0.035, pore theory predicts that the effectivie diffusivity is 86% of the value in free
solution. Thus, there was no significant hindrance to diffusion of BSA through the pores.

Serum albumin plays an important role in maintaining the oncotic pressure difference
between the vascular and interstitial compartments. Serum albumin may enhance or inhibit
transcapillary exchange. Albumin binds to the endothelial surface and reduces the transvascular
flux of water, solutes, and macromolecules and it acts as a carrier protein for transport of many

small ligands [18]. The mechanism of i's transport through the vessel wall remains controversial,
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Inflammation increases microvascular permeability. Most chemical mediators of inflammation
cause increased vascular permeability by widening the intercellular junctions [19-21]. Thus, the
primary pathway for macromolecules was thought to be through the interendothelial junctions.
However, recent work suggests that vesicles play a crucial role in albumin transport [22, 23].
Recently, the protein responsible, albondin, was isolated [18]. This protein is thought to be
responsible for about 50% of the transvascular transport of albumin [18]. We know of no studies
elucidating the presence of albondin in tumor endothelium, but this could play a role in the tumor
setting.

VEGF is secreted by a wide variety of cultured, transplanted, and primary human tumors
[24-26]. VEGEF is thought to aid the angiogenic process by inducing endothelial proliferation [27-
30]. The same molecule is also known as VPF (vascular permeability factor) [28, 30]. On a molar
basis it increases the vascular permeability 50,000 times that of histamine [28, 30, 31]. This
transient hyperpermeability is not blocked by antihistamines or other inhibitors of inflammatory
mediators [24].

Tumors secrete VEGF [24, 32] which has been shown to increase the number of
transendothelial channels (or VVOs) [33], induce fenestrations and widen interendothelial junctions
[34, 35]. Treatment of established tumors with anti-VEGF antibody lowers their vascular
permeability [36], implicating the important influence of VEGF on tumor microvascular
permeability.

Previous studies indicate that acute treatment with bFGF does not modify vascular
permeability, whereas topical treatment with VEGF does transiently increase vascular permeability
within 10 minutes [34]. Elvex pellets containing more than 50 ng of VEGF led to angiogenesis
and these vessels had open junctions and fenestrations (~60 nm) when implanted subcutaneously
[35]. Even VEGF pellets which did not induce vessel growth produced fenestrae and open
interendothelial junctions in adjacent tissue and increased permeability as suggested by the leakage
of carbon black. Elvax pellets containing 0.5-2 ug bFGF pellets also stimulated fenestrae and

open interendothelial junctions. In contrast, VEGF and bFGF collagen gels (containing 60 ug
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growth factor ) implanted in the cranial window and dorsal chamber did not show increased
permeability to albumin over matched controls [37].

Naturally-occurring fenestrated endothelium does not demonstrate increased albumin
permeability over continuous endothelium [38]. However, the glycocalyx or the basement
membrane structure may contribute to the permselectivity of the fenestrated endothelium [38]. Itis
well known that the basement membrane is either absent or discontinuous in tumors (Chapter 2).
Whether VEGF modifies the glycocalyx is unknown.

In the present study, we found that the pore cutoff size of MCalV is much larger than that
of U87 in the cranial window (to be discussed in Chapter 6). The permeability to BSA of U87
(3.8 x 107 cm/s) is roughly 3 times that of MCaIV (1.9 x 10”7 cm/s) in thf: cranial window [4].
This discrepancy could be explained by the presence of receptor-mediated transport of albumin in

U87.
4.4 Conclusions

In conclusion, we found no correlation of the tumor microvessel pore cutoff size using
permeability te Rho-BSA as a probe. The transport of Rho-BSA is not hindered because Is/rp <<I
in the tumors studied. This result does not exclude the possibility that albumin is transported by

other methods, such as vesicles and receptor-mediated transport.
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Chapter 5.
MODULATION OF THE PORE CUTOFF SIZE VIA HORMONE WITHDRAWAL

5.1 Motivation and Background

New blood vessel growth in the microcirculation of the tumor is required if the tumor is to
grow beyond a few millimeters. Angiogenesis is a complex biological process which is
fundamental to reproduction, development, and tissue repair. It is commonly thought to occur as a
result of endothelial sprouting, involving the release of several growth factors working in concert
to cause digestion of the extracellular matrix, endothelial cell proliferation, endothelial cell
migration, and endothelial cell differentiation [1]. Another mode of tumor angiogenesis is
intussusceptive microvascular growth. This process is characterized by the formation of small
intervascular tissue structures inside the blood vessels that subsequently grow [2].

The normal turnover rate of the endothelium is relatively low [3]. The factors that permit
the disturbance of the quiescent state are not clearly delineated. In certain normal conditions,
proliferation is halted (i.e. wound healing, corpus luteum formation) at the appropriate time. This
is also not understood. It is well understood that in the development of a tumor mass,
neovascularization is the result of angiogenic factors secreted by the tumor cells ‘and host cells [4].
These angiogenic factors may have independent, synergistic, stimulatory, or inhibitory effects {5,
6]. In addition, different tumors induce angiogenesis via different growth factors [7, 8]

Vascular targeting, which would damage the vessels feeding the tumor, could potentially
reduce the tumor burden indirectly by starving it or leading to cellular states which are more
responsive to current treatments. Very few studies have been conducted which look at vascular
changes after treatment.

One could study growth and regression in the same tumor cell line with a hormone-
dependent tumor, in which regression can be achieved by hormone ablation. This is a relevant

model because 1) breast cancer is the most frequent malignancy among women, with an estimated
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422,000 new cases annually in developed countries and more than 60% of human breast cancers
are estrogen responsive {9], and 2) in 1994, prostate cancer became the most common cancer in
males in the United States; more prevalent than lung cancer. Androgen deprivation leads to
remission in approximately 50% of prostatic cancer patients. Remission lasts for a median time
period of 1 year in metastatic disease and is followed by progression of the disease.

The role of hormones in the growth process of tumors is complex. It is hypothesized that
the actions of steroids are modulated by locally acting peptides. Growth stimulation by estrogen in
vitro is accompanied by an increase in growth stimulatory TGFo. and IGF-II production [10]. The
production of bFGF in prostate cancer cell lines is variable [10]. Hormone independent tumors
constitutively produce growth factors. It has been suggested that either the increased production of
growth factors or the decreased production of inhibitory factors may be indirectly associated with
transformation from normal to malignant states.

Studies on the quantification of angiogenesis in breast cancer have shown that levels of
growth factor can be used as an independent prognostic factor [11]. VEGF, bFGF, TGF-f1,
PDGF, and placenta growth factor were found to be expressed within human primary breast
cancers [11-13]. In addition, it was found that VEGF and VEGF receptor expression is spatially
and temporally correlated with hormonally regulated tissues which stimulate angiogenesis [13].
Treatment of tumors with anti-VEGF antibody resulted in time-dependent decreased permeability
[14]. These same tumors also demonstrated vessel regression after treatment with the antibody
[14].

Similar to tumor microvessel permeability, we hypothesize that the pore cutoff size is
altered during growth and regression of tumors with concurrent microvascular remodeling and
differential expression of various growth factors. Implantation of a hormone-dependent tumor
provides the opportunity to conduct an in situ investigation into the changes in the functional

transvascular gaps during tumor growth and hormone-ablation induced regression.
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5.2 Materials and Methods

Dorsal Chamber Implantation. The method used is described in Chapter 3.

Tumor Implantation. Shionogi cells were kindly provided by M. E. Gleaze, Division of
Urology, University of British Columbia, Vancouver, Canada and passaged in vivo in our
laboratory. Implantation is described in Chapter 3. All experiments were performed within 10 to

20 days after implantation.

Orchiectomy. Animals in a given cohort were divided into two groups. Half of the
animals were orchiectomized, the other half underwent sham operations. Animals were
anesthetized with 0.25 ml of anesthesia (9 parts saline: 1 part ketamine: 0.1 parts Xylazine)
intramuscularly. Prior to surgery the scrotumn was shaved, and a 1 mm vertical incision was made
across the scrotum. The testes were exposed by blunt dissection of the superficial fascia. The
testis and epididymis were removed bilaterally and the incision was closed with 3 interrupted
sutures (5-0 nylon). Sham operated animals underwent the same procedure except for removal of
the testis and epididymis. All surgical procedures were performed under aseptic conditions in a
specific germ free environment. During surgery the body temperature of the animals was kept

constant at 36 - 37 °C by means of a heating pad.

Liposome Preparation. Liposomes were prepared as described in Chapter 3. In some

cases, the fluorescent label used was fluorescein isothiocyanate (FITC).

Microscopy. The experimental setup is described in Chapter 3.

Particle Extravasation. This procedure is described in Chapter 3.
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5.3 Results and Discussion

Shionogi Carcinoma 115 (Shionogi) is an androgen-dependent mouse mammary tumor,
which was established in 1964 [15]. Shionogi cells have androgen receptors, exhibit androgen
responsiveness, and secrete androgen-induced growth factor (AIGF), a member of the fibroblast
growth factor family. Androgen removal results in complete tumor regression if androgen ablation
is initiated while the tumor is small. Partial size decrease results when androgen is cut off in
medium to large size tumors. Results of DNA studies show fragmented DNA characteristic of
apoptosis after 96 hours and decreased expression of G}-specific genes 3 to 4 days after androgen
ablation. Apoptosis, or programmed cell death, involves a cascade in which the cells undergo an
epigenetic reprogramming, which leads to double-strand fragmentation of their DNA followed by
cellular fragmentation into apoptic bodies. There is a decreased production of secreted proteins and
an increase of a variety of new gene products which leads ultimately to DNA fragmentation. The
cell itself is fragmented into apoptic bodies after DNA fragmentation [16].

Shionogi tumors exhibit differential levels of androgen responsiveness; androgen-
dependent, -independent, and -suppressed. This heterogeneity is even more complicated in situ,
Recently; it was shown that Shionogi tumors exhibit variable proliferation response to various
growth factors such as bFGF, aFGF, EGF, and TGFp [17]. All of the above studies were
conducted in tissue culture which would not yield any information on the local concentration of the
secreted gene products and other events that arise in situ after hormone ablation. Furthermore,
vascular changes could not be s:udied.

In this study, microvascular growth and regression were followed for a maximum of 27
days. Initial vascularization was vigorous and occurred within ten days. Prior to 7 days the
vascular pattern was composed of very thin spidery vessels. Orchiectomy was performed on days
10 or 12, determined by the rate of vascularization of the cohort. All animals within a cohort

underwent surgery on the same day. Figure F-1 shows the differing size of tumor mass and
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vascular pattern of growing and regressing tumors. The tumor tissue regression correlated well
with in vitro results [16-19]. Vessel rarefaction is evident in the regressing tumors.

The pore cutoff size range determined for this tumor was between 200 and 380 nm on day
12 (Chapter 3). Pore cutoff size measurements were made 2 days prior to surgery, the day of
surgery, 2 days after surgery, 4 days after surgery, and 6 days after surgery (different cohorts of
animals were used for each time point and each particle size). It was determined that the growth of
the tumor had no effect on the pore cutoff size once the tumor was vascularized (Figure 5-1A). An
immediate and significant impact on the pore cutoff size was observed 48 hours after orchiectomy.
The pore cutoff size within 48 hours was less than 100 nm (Figure 5-1B). FITC-Bovine Serum

Albumin (FITC-BSA) did not extravasate in orchiectomized animals after 48 hours.

B. Regression
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Figure 5-1. The Modulation of the Tumor Pore Cutoff Size with Growth and Regression. A:
The growth response of Shionogi tumor in the dorsal chamber; Day O indicates the day of sham
operation B: The regression response of Shionogi tumor in the dorsal chamber; Day 0 indicates
the day of orchiectomy
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The results for growth are interesting due to the fact that throughout the 20 day period the
tumor mass is growing and the vasculature is continuously modified (Figure F-1). Data could not
be collected prior to 8 days because there was no flow in a sufficient number of capillary sprouts to
perform the experiments. This is in agreement with previous studies investiéating the changing
vascular microarchitecture in LS174T tumors transplanted in the dorsal chamber [20]. The
continuous rearrangement of the blood vessels does not lead to any change in the pore cutoff size.

We observed subsequent changes in the va cular pattern after androgen ablation (Figure F-
1). Vascular regression was observed concomitant with androgen ablation. Whether this is a
direct effect of androgen on the endothelial cells, or an indirect effect resulting from reduced levels
of VEGF remains unclear. Shionogi cells undergo apoptosis with androgen withdrawal
(unpublished data). Furthermore, VEGF has been shown to be regulated by hormonal levels [13].
The treatment of tumors with anti-VEGF antibody induces regression of preformed vessels in
solid tumors [14] similar to what we found with hormone withdrawal. This indicates that hormone
ablation may be an anti-vascular therapy.

The treatment of tumors with anti-VEGF antibody induces decreased vascular permeability
of preformed vessels in solid tumors [14]. The hormonal milieu as a specific component of the
microenvironment, has been shown to regulate angiogenesis in hormone dependent mammary
carcinomas [21]. We show here that the hormone milieu has a significant affect on the functional

structure of the tumor microvascular endothelium,

5.4 Conclusions

The study indicates that changes in the local microenvironment lead to a dramatic change in
the one vascular parameter studied. The growth and maintenance of tumor vasculature requires the
constant stimulation of the necessary factors. Inhibiting one stimulatory factor (testosterone in this
study) can significantly affect the continued stability of the entire tumor mass. Investigation of
other morphological parameters such as vascular density, tumor size, and permeability changes

with growth and regression are necessary. In addition, measurement of time course of change in
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mRNA and protein levels of VEGF and testosterone may prove useful in understanding the
underlying mechanism for the observed vascular and tumor regression.

Importantly, we show that hormone ablation significantly decreased the transvascular
transport of other therapeutic agents one might want to deliver in combined or subsequent
therapies. Thus, strategies utilizing chemotherapy, immunotherapy, and gene therapy may need to

be used prior to initiating hormone ablation or other forms of antiangiogenic therapies.
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Chapter 6.
MODULATION OF THE PORE CUTOFF SIZE BY THE HOST
MICROENVIRONMENT

6.1 Motivation and Background

Most cancer deaths are due to metastases that are resistant to conventional therapy [1]. A
better understanding of the complex interactions between metastatic cells and host factors can
provide a biological foundation for the design of more effective therapy and optimized delivery of
existing agents. Recent evidence indicates that the organ microenvironment can influence the
biology of cancer growth and metastasis in the following ways:

1) Degradation of the collagen matrix: Cancer cells produce various collagenases and
glycosidases that degrade the extracellular matrix [2-6]. The expression and level of these
proteases are influenced by cytokines produced by various tissues [4].

2) Growth factors: Autocrine or paracrine growth factors that control repair of tissues are
tissue specific. Metastatic cells may usurp these for use to allow them to survive and grow
preferentially within a particular tissue environment. Alternatively, organ specific growth factors
may suppress growth of implanted tumors [7]. In addition, the influence of the local
microenvironment may alter tumor cell regulation of various growth factors [7, 8].

3) Response to chemotherapy: It is a well-known clinical experience that metastases in
different tissues exhibit different responses to chemotherapeutic agents [9]. Lymph node and skin
metastases are more sensitive to chemotherapy than lung and bone metastases in women with
breast cancer [10]. In addition, various murine models indicate that the tumor transplant site
influences the tumor response to chemotherapeutics [9, 11-14].

4) Angiogenesis: Numerous known factors affect the initiation, rate, and maintenance of
tumor vascularization [15, 16]. The extent of vascularization in and around tumors is dependent
on the balance of the endogenous stimulating (e.g. bFGF) and inhibiting molecules (e.g.

angiostatin). The level of growth factor and the level of growth factor receptor expression are both
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important. For example, levels of bFGF expression are modulated by the organ site in human
renal cell carcinoma transplants [8]. Murine experiments corroborate this data [12, 17-20]. The
organ microenvironment, with its native inhibitors and inducers of angiogenesis, can profoundly
affect angiogenesis.

The objective of this study was to investigate to what extent the local microenvironment
affects the tumor pore cutoff size. The two sites chosen were striated skin muscle and pia mater.
We hypothesize that the pore cutoff size in these two tumors will reflect the different characteristics
of the host microvasculature. Chapter 3 established that each tumor had a characteristic pore cutoff
size in the dorsal chamber. In Chapter 5 we showed that the removal of a growth stimulant caused
a rapid and significant change in the pore cutoff size. Here, we extend those findings to implicate

modulation of the pore cutoft size by the host microenvironment.
6.2 Materials and Methods
Dorsal Chamber Implantation. The method of implantation is described in Chapter 3.

Cranial Window Implantation. The method was previously described in Yuan et al [21].
Briefly, all experiments were performed in SCID mice, bred and maintained in a specific pathogen
germ free environment in the Steele Laboratory. For the surgical implantation of the window,
animals (25 - 30 g body weight) were anesthetized by intramuscular injection of 0.3 ul of
anesthesia (9 parts saline: 1 part ketamine: 0.1 parts Xylazine). Prior to window implantation, the
frontal and parietal region of the skull was shaved and washed with ethanol. The head of the
animals was fixed by a stereotactic apparatus. A longitudinal incision of the skin was made
between the occiput and forehead. This cut was enlarged by two half circular cuts to reveal the
bony skull. The periosteum was carefully removed to the temporal crests. A 7-mm circle was
drawn over the frontal and parietal regions of the skull (Figure 6-1). A groove was made in the

circle with a high-speed air-turbine drill (CH4201S; Champion Dental Products, Placentia, CA)
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with a 0.5 mm diameter burr tip. The groove depth was increased by cautious and continuous
drilling. Cold saline was applied during the drilling process to avoid thermal injury of the cortical
regions. Once the bone flap appeared loose, it was separated from the dura mater with a blunt
microblade. After removal of the bone flap, the dura mater underneath was kept moist with saline-
soaked pieces of gelfoam. All superficial bleeding was stopped before proceeding. A nick in the
dura mater was made above a relatively avascular area of the brain. Iris microscissors were passed
through the nick. The dura and arachnoid membranes were completely removed from the surface
of both hemispheres, leaving the saggital sinus intact (Figure 6-2). The window was closed with a
8-mm coverslip by adhering it to the bone with a histocompatible cyanoacrylate glue. The total
time for the surgical procedure was 45 minutes. All surgical procedures were performed under
aseptic conditions in a specific germ free environment. During surgery the body temperature of the
animals was kept constant at 36 - 37°C by means of a heating pad. Animals were observed for

recurrent bleeding for a period of 24 hours.

Tumor Implantation. The cell lines studied were MCa IV, HCa-1, Shionogi (kindly
provided by M. E. Gleaze, Division of Urology, University of British Columbia, Vancouver,
Canada), ST-8 (kindly provided by Dr. L. Gerweck and T. Syed, Radiation Oncology,
Massachusetts General Hospital, Boston), and U87. The implantation into the dorsal chamber was
described in Chapter 3. The glass coverslip of the cranial window was carefully removed after 24
hours and a piece of tumor was placed at the center of the window. The window was closed again
with a new S-mm coverslip by adhering it to the bone with a histocompatible cyanoacrylate glue.
Experiments were performed 7 days after implantation in the cranial window for all tumors but

U87. U87 required a 14 -20 day growth period before significant vasculature appeared.

Liposome Preparation. Liposomes were prepared as described in Chapter 3.
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Figure 6-2 Tissue structures within the cranial window

Microscopy. Animals bearing a dorsal chamber or cranial window were anesthetized as
described above. Liposomes or latex beads (2 ul) were injected into the tail vein of the mouse.
The extravasation of the particles was observed 24 hours after injection. For observation, the
animals were anesthetized as described above and immobilized in a polycarbonate tube (dorsal
chamber) or stereotactic apparatus (cranial window). The rest of the experimental setup is the same

as described in Chapter 3.

Particle Extravasation. This procedure is described in Chapter 3.
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6.3 Results and Discussion

All of the tumors transplanted grew in the cranial window. These growth results are in
contrast to the results from transplantation into the dorsal chamber where we found that some
tumors will not grow in the dorsal chamber even though they do grow subcutaneously (Table 3-2).
All the tumors examined grew twice as fast in the cranial window compared to the dorsal chamber.
Figure G-1 shows an overview of the cranial window preparation with both normal tissue and
transplanted U87. FITC-dextran (2 million MW) was injected IV at the time of observation in
order to visualize the vessels under epiillumination to ensure good perfusion of the tumor. Due to
technical constraints the vessels could not be observed under transillumination. The presence of
FITC-dextran did not interfere with the determination of extravasation. Animals injected with
FITC-liposomes did not receive an injection of FITC-dextran.

Figure G-2 is a representative series of images captured for HCa I and MCa IV tumors
illustrating extravasation of different particle sizes. Healing of the BBB following surgical
manipulation was expected to occur within 7 -10 days [22]. The development of intact perfused
vessels was expected to occur within 7 days [22]. There was no extravasation in normal tissue for
any tumor and any liposome size. We saw vascular sprouts within the tumors early with maximal
angiogenic response around day 7 for all tumors but U87.

All of the tumors exhibited microvessel hyperpermeability to nanoparticles in the cranial
window (Figure 6-3). The microvessel endothelium within the tumors did not have the BBB
endothelium characteristics. Widened interendothelial junctions have been observed in conditions
such as brain trauma, osmotic stress, and hydrocephalus [23]. Fenestrations and widened
interendothelial junctions have been observed under electron microscope [23, 24].

The microvasculature of the brain is lined by continuous nonfenestrated endothelium with
tight junctions and little pinocytic vesicle activity [25]. This structure is called the blood-brain-

barrier (BBB). While this barrier is assumed to be extremely impermeable it does nct seem to be
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impervious to invading tumor cells migrating into the brain parenchyma. Brain metastases develop

in 10 - 40 % of all patients with solid tumors [26].
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Figure 6-3. Tumor pore cutoff sizes in the cranial window. The permeability of U87 to BSA
was established previously [21].

Metastasis to the central nervous system develop vasculature that mimics that of the tissue
of origin [24]. The vasculature in the brain is impermeable to circulating macromolecules. Tumor
invasion often leads to the breakdown of this barrier with a resultant cerebral edema which is
extremely difficult to treat. Despite the proposed breakdown of the BBB, treatment of brain
metastasis is much less effective than treatment of metastasis from the same tumor elsewhere [23].

Primary brain tumors and brain metastasis are resistant to most chemotherapeutic treatments
[25]. It is thought that the BBB restricts the ability of the drugs to reach the interstitium. The
integrity of the BBB is retained in some brain tumors [25] and altered in others [27, 28]. The
discrepancies were thought to be due to different tumor types and different model systems. A

more recent study indicates that the alterations to the BBB are due to location of the tumor lesions,
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size of the lesion, and pattern of growth [29]. It has been shown that the blood-tumor barrier
(BTB) is less selective than the BBB exhibiting differential areas of increase permeability and areas
of impermeability [29, 30].

One of the more controversial regions in which to transplant tissue is in the brain due to the
issue of maintenance of the BBB. CNS graft tissue suggests that the graft tissue determines the
morphological and permeability characteristics of the newly developed blood vessels [22].
However, other experiments have demonstrated that it is the local host microenvironment that
determines the transport barrier properties of the vasculature not the tissue of origin [31, 32]. This
is an ongoing debate.

Because the host microenvironment varies among different organs [33], we expected to see
a difference in the pore cutoff size at the two locations. The tumor pore cutoff sizes observed in the
cranial window were smaller than those of the same tumor transplanted into the dorsal chamber
(Figure 6-4). The cerebral microenvironment is continuing to form and regulate the BBB by
secretion of various factors [31, 32]. The tumor is secreting specific cytokines, growth factors,
and enzymes [34]. From our results we postulate that it is the balance between these two local
tissue mechanisms that may lead to the observed pore cutoff sizc within the tumor microvessels.
The normal striated skin muscle endothelium does not establish an extremely tight barrier as the
BBB, therefore, it is possible that the lack of barrier forming factors leads to the formation of the
larger pores in the dorsal chamber.

In a previous study the permeability of the microvasculature to BSA of various tumors
implanted within the cranial window revealed hyperpermeability except for 1 tumor, HGL21 [35]
(Table 6-1). In addition, the permeability of collagen gels containing VEGF or bFGF implanted in
the dorsal chamber and the cranial window was investigated. It was found that the permeability in
the cranial window was four times higher than in the dorsal chamber [36]. We found that U87 did
not exhibit any significant increase in pore cutoff size whereas MCa IV did exhibit increased pore
cutoff size. However, the permeability of U87 to BSA is greater than that found for MCa IV.

This non-intuitive result accentuates the difference between the mechanisms contributing to the
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permeability and the pore cutoff size of tumor microvessels. Therefore, a different balance may

exist between host and tumor contribute to maintenance and induction of increased permeability

and pore cutoff size.
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Figure 6-4. Modulation of tumor pore cutoff size with microenvironment. The cranial window
result are plotted to the left of those obtained from dorsal chamber experiments.

Table 6-1. Vascular Permeability to BSA2

Tumor line Permeability
MCalV 1.9 + 0.5 (1.9)P
(1.3 -2.5)¢
u87 3.8 1.2 (4.3)
(2.4-5.0)
HGL21 0.11 + 0.05 (0.09)
(0.05 - 0.19)

4 from Yuan et al [35]
b mean + SD (median)
C range
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Only one tumor, ST-8, had a pore cutoff size on the same order of magnitude as that within
the dorsal chamber. The competitive environment hypothesis may explain the lack of pore cutoff
size difference in this tumor. Future studies into mRNA and protein levels of VEGF and its

receptors in both locations may be useful in determining a potential mechanism.

6.4 Conclusions

This study showed that the local host microenvironment does play a role in determining
tumor pore cutoff sizes. Both sites exhibit higher pore cutoff sizes than local host normal tissue
microvessels. However, tumors implanted in the dorsal skinfold chamber had larger pore cutoff
sizes than the same tumor implanted into the cranial window. The competitive environment
hypothesis proposes that the host microenvironment and the tumor microenvironment compete in
the establishment of the barrier structure of the tumor vessels. This seems to be rarely an all or
none response as previously postulated with CNS graft studies [22, 31, 32]. The difference in the
pore cutoff size is most likely due to the differential expression of various growth factors,
upregulation or down regulation of their receptors, differential levels of various inhibitors, and the
impoﬁancc of degradative enzymes.

It is not unreasonable to expand this hypothesis to the differential response to
chemotherapeutics seen in different metastatic sites. The resultant tumor vessels may be more of a
mosaic in nature; exhibiting some of the characteristics of the site vessels and also some of the
characteristics of the origin tissue vasculature. In addition, all tumors were hyperpermeable in the
cranial window with the exception of a human glioma, HGL21 [35]. The BBE would not be
expected to be a significant barrier to macromolecular or nanoparticle transport in most solid

tumors.
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Chapter 7.
CHARACTERIZATION OF BASIC FIBROBLAST GROWTH FACTOR
INTERACTION WITH HEPARIN IMMOBILIZED TO SEPHAROSE

7.1 Motivation

Basic fibroblast growth factor (bFGF) is one of the most potent known angiogenic factors
[1-10]. Itis sequestered by the extracellular matrix (ECM) and is released by exposure to heparan
sulfate degrading enzymes, heparan sulfate, and heparin in active form [11] suggesting that the
ECM is the storage site and bFGF is released in response to injury. There are various clinical
settings in which vigorous revascularization is desired as well as those in which it is not. A
quantitative in situ assay to characterize vascular response to chronic, sustained release of
angiogenic factors is essential to understanding various angiogenic pathologies and fcr treatment in
tissues with decreased perfusion.

Matrices developed for in vivo delivery of other drugs and adapted for delivery of bFGF
(Table 7-1) fail because the polymer fabrication step significantly reduces the biological activity of
the polypeptide. bFGF is not stabilized by disulfide bonds and is very sensitive to alterations in
pH, temperature, and enzymatic cleavage.

Attempts to quantitate either the angiogenic or antiangiogenic response to a delivered agent
in vivo are phenomenological [1, 3, 12, 18-25]). Extrapolation of the resuits to the in situ situation
is not possible because quantitative information about release rates and transport resistances
between the device and the blood vessels are lacking.

One system which has been utilized in angiogenic assays is the sucralfate-collagen system.
This system immobilizes growth factors with affinity to heparin and provides a depot for sustained
release. Confounding issues to the delivery of heparin affinity growth factors with this device are
lack of knowledge of 1) the interaction of the growth factor with sucralfate, 2) the interaction of the

growth factor with collagen , 3) the effect of sucralfate on the native tissue, 4) the duration of
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growth factor activity, 5) the release rate of growth factor from device, 6) the transport of growth

factor within collagen, and 7) the transport of growth factor within the tissue.

Table 7-1. Basic Fibroblast Growth Factor Delivery Matrices
Delivery Vehicle Citation
Reconstituted Basement Membrane (Matrigel): consists [12]
of laminin, collagen IV, heparan sulfate, proteoglycan,
and nidogen/entactin, and other connective tissue

components

Alginate containing Heparin-Sepharose beads [4, 5, 13, 14]
Polytetrafluoroethylene coated with collagen I or IV [6]
Polytetrafluoroethylene (Gore Tex®) tubing with and [15]
without Hydroxypropylchitosan

Collagen gel containing Sucralfate (3]
EDC cross-linked gelatin hydrogels (2]
EVAc containing heparin-sepharose beads [16]
“Biodegradable pellets” [17]
Gelatin-Sepharose and Collagen IV-Sepharose [1]
Polyester sponges / [18]
Polyvinyl foam coated with Elvax in a polyvinyl foam [19]

disc sealed with nitrocellulose filters

The important steps involved in bFGF-induced angiogenesis via sustained release of bFGF
are 1) diffusion within and release from the device, 2) diffusion through peri-device acute or
chronic inflammation tissue, where degradation of bFGF may occur, 3) diffusion through local
tissue, where binding to ECM or cells, and/or degradation may occur, and 4) reaction with
endothelial cells.

The heparin-sepharose-alginate system shows much promise in quantitative angiogenic
inducement in vivo. This device consists of heparin-sepharose microbeads encapsulated in a
biologically inert alginate gel (Figure 7-1). bFGF purportedly freely diffuses through the alginate

and sepharose and becomes immobilized and stabilized by heparin. Advantages of this method are
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the exploitation of the heparin binding property of bFGF, the lack of extreme processing steps
[13], and the use of two materials that have been previously used in vivo. This system provides

prolonged storage of bFGF and controlled release to specific sites in vivo.

Sepharose Bead

Sepharose matrix

Bound bFGF
Free bFGF

Hepairn -Sepharose- Alginate Bea

Sepharose matrix _
Heparin molecule

Binding site

Site of heparin-bFGF interaction

Figure 7-1. Calcium alginate microspheres, The alginate gel encapsulates the heparin-sepharose
and sepharose microbeads.

The nature of the interaction between bFGF and immobilized heparin plays an important
role in the release of bFGF from these devices. The effects of 1) reaction time, 2) bFGF:heparin
ratios, and 3) bFGF affinity were investigated as a first step in the development of ta quantitative

description of the bFGF heparin-sepharose interaction.

7.2 Model Formulation of bFGF Diffusion and Binding in Heparin-Sepharose
Microbeads

bFGF incorporation into heparin-sepharose microbeads is achieved by movement from the
bulk solution into the sepharose gel, diffusion through the sepharose gel, and specific 'binding to
immobilized heparin within the gel. The expected behavior depends on the relative rates of
diffusion and reaction. The model developed assumed a uniform distribution of heparin

throughout a non-reactive sepharose gel. The sepharose microbeads were suspended in a well-
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mixed solution of bFGF. The bFGF diffuses through the sepharose network and reacts wtih the

heparin. The material balance within a homogeneous sphere is described by Fickian diffusion

incorporating a reaction, “binding”, term,

aoC 2 oS
e—=D,,/V°C-(1-¢)—
o gel ( ) o (7-1
where C is the pore fluid concentration, Dge] is the diffusion coefficient of bFGF in the gel, S is

the concentration of bound complex within the gel, and € is the void fraction of the sepharose gel.

The diffusivity in the gel was calculated as [26],

Dgel = DKd / 7 (7-2)

where D is the molecular diffusivity (cm2/sec) of the protein in water at 20 °C, v is the tortuosity

within the gel, and Kd accounts for the hindered diffusion effects. The following equation was

used to estimate Kd for bFGF [27]:

K, =1-2.10441 +2.0894 — 0.9481°

(7-3)
where
A = ol (7-4)
rpare
The following equation was used to estimate D for bFGF [28]:
D=3.6x10"(MW)™* (7-5)
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The radius of bFGF (MW 16,000) was estimated as 1.6 nm and the tortuosity was assumed to be
1 [26].

The equation for a reversible, rapid, monovalent linear reaction is:

os
= = konCR - koS (7-6)

where kop is the forward rate constant, koff is the reverse rate constant, R is the concentration of
binding sites in the gel.

The conservation equation describing the situation in the well-mixed fluid phase is:

Vbulk

dCyu — 3Vx¢l£ (—D E
dt r

gel
sphere E)r

= " sphere ) (7-7)
Initial and boundary conditions are:

t=.,S=C=0, Cpyk = Cpulko
r=0,dC/dr=0 (7-8)

aC C
r= rSphCl’C’ —eDgel ; = knl[a - Cbulk]

The ratios of the binding reaction to diffusion process, the volume of fluid within the pores
to the total volume of fluid, and the concentration within the pore to the bulk concentration provide
information on the rate limiting step of the system [29]. The reported forward reaction constant for
bFGF binding to heparin ranges from 1 x 106 M-1s-1 [30] to 0.9 x 108 M-ls-! [31]. The
diffusivity of bFGF in free solution is estimated to be on the order of 1.34 x 10-6 cm2/sec . For
most immobilization experiments the forward rate constants are large and the diffusivity is small,
therefore **-< process is diffusion controlled [29].

The reaction is assumed to be at equilibrium,
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_ CRr
KD+C

(7-9)

where Ry is the total concentration of binding sites in the device, Kp is the equilibrium dissociation
constant of bFGF and heparin. Rt is the number of binding sites for bFGF on a heparin molecule.

Substitution of equation (7-9) into equation (7-1) leads to the complete governing equation,

. _
€L _ Deel vic (7-10)
ot (1-€)RrKp

(KD + C) 1

The effective diffusivity is dependent on the total binding site concentration, the equilibrium

dissociation constant, and the bFGF concentration within the pores, in addition to characteristics of

the bFGF molecule itself:
D
Dy =— gel (7-11)
A E)RTKZD
(KD + C)

7.3 Background

The following sections describe the important characteristics uf the molecules and

structures involved in the bFGF-immobilized heparin interaction.

7.3.1 Basic Fibroblast Growth Factor
In 1974, Gospodarowicz [32] isolated from the pituitary and the brain a factor found to

stimulate 3T3 fibroblast proliferation, thus it was called fibroblast growth factor (FGF). It was not
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until 1984 when Shing [33] found that heparin-sepharose affinity chromatography isolated and
purified significant quantities of FGF. In 1985 Esch elucidated the primary protein structure of
bEGF, and in 1986 the primary gene structure was elucidated by Abraham [34, 35]. bFGF
belongs to the fibroblast growth factor family consisting of 8 structurally related proteins. These
include acidic FGF (FGF-1), basic FGF (FGF-2), Keratinocyte growth factor, int-2, hst-Kaposi
FGF, FGF-5, and FGF-6. aFGF and bFGF are the classical prototypes of this family. sharing
between 30 and 55% primary amino acid sequence [36]. bFGF is 45% homologous to /st, an
oncogene similar to Kaposi's sarcoma oncogene, and is 309% homologous to int-2, another
oncogene. bFGF is a 16-25 kDa basic protein. As with all fibroblast growth factors, it exhibits
unusually high affinity for heparin.

bFGF is found in a wide range of tissues (Table 7-2). It was hypothesized that bFGF
might be important in regulating cells of the vascular system as these organs are heavily
vascularized. It is found on cell surface membranes or in the ECM (Figure 7-2). Specific cell
surface receptors are located on the target cells that respond to bFGF. bFGF binds with high
affinity to these receptors. Once bound to these receptors bFGF can be dissociated by the addition
of polyanionic compounds such as heparin, protamine, and suramine. There is a lower association

with the ECM and with heparan sulfate proteoglycans (HSPGs) located on the surface of the cells.

Table 7-2. bFGF Location in Tissues and Cultured Cells

Tissues Cultured Normal Cells Cultured Tumor Cells
Brain Corneal endothelial cells Y-1 Adrenal cortex cells
Retina Capillary endothelial cells Osteosarcoma U20S
Pituitary Pituitary cells Ewing's sarcoma
Kidney Ovarian granulosa cells Rhabdomyosarcoma
Placenta Adrenal cortex cells Melanoma
Corpus Luteum Lens epithelial cells Hepatoma (Sk HP-1)
Adrenal Glands Uterine epithelial cells Retinoblastoma
Immune System Myoblasts and others
Prostate Retinal pigmented epithelial
Bone cells
Cartilage Vascular smooth muscle cells
Chondrosarcoma Astrocytes
Melanoma Osteoblasts




s/
Extracelldlar Matrix

@ bFGF

YHigh Affinity Receptor
Y Low Affinity Receptor

Figure 7-2. bFGF locations in situ

This binding leads to stabilization of the protein from the harsh environment of the
extracellular milieu, especially from protease degradation. Extracellular matrix binding also
provides an interesting method of stable storage of bFGF until the free form is required by cells.
In fact, the ECM with its high concentration of HSPG has been implicated as a source of bFGF
during inflammation [37]. bFGF also binds to sulfated GAGs in solution [38].

bFGF regulates a wide variety of physiological processes; development, regeneration,
wound healing, and pathogenesis. bFGF has a role in most instances of neovascularization [39].
It is a reported mitogen for a wide variety of cells in vitro including endothelial cells, vascular
smooth muscle cells, as well as neuronal cells (Table 7-3). bFGF acts on endothelial cells grown
on a collagen matrix to promote migration and synthesis of plasminogen activators [40]. Less is
known about its effects in vivo. It is one of the most potent angiogenic factors; picomolar

quantities induce angiogenesis in vivo [41, 42].
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Table 7-3. Cells with bFGF Modulated Proliferation

Endothelial cells-- Lens epithelial cells
capillary, large vessels, endocardium
Vascular smooth muscle cells Adrenal cortex cells
Fibroblasts Ovarian granulosa cells
Myoblasts Prostatic epithelial cells
Chondrocytes Melanocytes
Neuronal cells Mesothelial cells
Glial and astroglial cells Blastema cells
Corneal endothelial cells Osteoblasts

7.3.2 Heparin

Heparin belongs to the family of glycosaminoglycans (GAG). Glycosaminoglycans are

linear heteropolysaccharides possessing a characteristic repeating disaccharide unit usually

consisting of alternating uronic acid and amino sugar residues. L-iduronic acid (IdoA) is the

prevalent acid and N-sulfated D-glucosamine (GIcNSO3) is the major amino sugar in heparin.

Heparin is commonly represented by its major disaccharide units, a-1,4-linked L-iduronic acid 2-

sulfate--D-glucosamine N,6-disulfate (IdoA-2S--GIcNSO3-6S). (Figure 7-3). At physiological

pH the three acid functional groups in heparin are fully dissociated to yield -OSO3-, -NHSO3",

and -COO".

o)
(o}
R
D-glucuronic acid L-iduronic acid
Heparin proteoglycan

HOR H,0R
o iy iy
0 [ 0 \
Heparan Sulfate proteoglycan
NHSG HAC

N-sulfated D-glucosamine  N-acetylated D-gluosamine

Figure 7-3. Structure of heparin and heparan sulfate proteoglycan




GAG:s such as heparin bind to proteins to form proteoglycans and are integral components
of basement membrane. They act in mediating processes such as cell adhesion, cell migration, and
extracellular immobiiization of growth factors. HSPG is a complex polysaccharide, containing
many heparin-like residues. HSPG is implicated in retaining growth factors in the ECM, shuttling
growth factors during paracrine signaling, and acting as an accessory receptor to promote binding
of bFGF to high affinity receptors. Most of the extracellular bFGF is immobilized on HSPG and it
is thought that HSPG potentiates the mitogenic activity of bFGF.

Commercially available heparin chains are the result of depolymerization of long native
heparin chains. These chains are polydisperse in molecular weight (from 5000-25000 MW) due to
the uneven distribution of particular saccharide sequences along the heparin chain and the length of
the chain. Native heparin is composed of families of chains rather than a continuum of lengths
[43]. In addition, differences in the primary structure of heparin; i.e. the nature of the uronic acid,
the occurrence of substituted or unsubstituted glucosamine, the degree of sulfation, and the
position of sulfation contribute to the polydispersity [44]. This polydispersity leads to difficulty in

quantifying kinetic binding properties.

7.3.3 DbFGF-Heparin Interaction

The heparin bFGF interaction is thought to impart stabilization of the bFGF against
proteolytic, thermal, and pH-dependent degradation and denaturation [45-50]. The heparin
binding site on bFGF and the bFGF binding site has been much investigated. Various techniques
have been utilized; reductive methylation of aFGF lysine residues, bFGF deletion mutation
analysis, synthetic peptide studies[39], x-ray crystallography [46, 47], and site directed
mutagenesis [51]. The heparin binding sequence on bFGF is composed of 2 discontinuous
sequences of positively charge amino acids [39]. These sequences are in the region of amino acids
24-68 and 93 - 120. In addition, the basic amino acids in the region of 115 - 129 are important for

heparin affinity and receptor binding [39, 46, 47, 51].
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In contrast to the determination of the binding sites on bFGF, the binding site on heparin
has been much more elusive. Heparin is a strongly anionic polyelectrolyte molecule. Such
interactions are influenced by protein/polysaccharide concentration ratios, protein/polysaccharide
charge ratios, and the pH of the solution. Critical concentrations of sugar can lead to phase
separations, resulting in mechanisms of self-association of the protein. It is postulated that there
are three types of protein binding sites on the heparin molecule: 1) non-specific such as
interactions with fibronectin, 2) electrostatic, and 3) specific such as the anti-thrombin III binding
site (which is a hexasaccharide unit) and the linking sequence which links the glucosamine to a
serine residue. Anti-thrombin IIT binds with high specific affinity to a pentasaccharide heparin
sequence containing a 3-O-sulfate on the central glucosamine and several critical N- and O-sulfates
on the other saccharides. It was hoped that the bFGF binding site would be similar to the anti-
thrombin III site.

The goal of numerous studies was to elucidate the "minimal structural” requirements of
heparin needed to interact with bFGF. The important structural properties are the number of
saccharides, the saccharide sequence, and the sulfation pattern. There is some disagreement on the
minimal l:ngth required to bind bFGF. Octasaccharides [52-54], 7 disaccharide units [55],
decasaccharide [56], and tetrasaccharides [57] are all proposed. However, it is generally accepted
that the minimal length required to bind to bFGF and to maintain its mitogenic activity is between a
deca- and a dodecasaccharide. For example, 8-10 sugar residues are required to obtain 50 - 80%
high affinity binding to CHO cells [57].

A different approach is to calculate the molecular weight of the binding site. Arakawa et al
measured the bFGF binding site as approximately 2300 kDa, which is about equivalent to an
octasaccharide [58]. Arakawa, et al, found between 6 -7 binding sites on 15,000 Da heparin and 2
sites on 5000 Da heparin. This differs from the result found by Mach et al for aFGF of a 250 kDa
site [30]. Other investigators using site-directed mutagenesis of the bFGF molecule discovered a
4-5 monosaccharide binding site on 5000 MW heparin (~25 A in length) [59]. Ten bFGF
molecules bound to a 14-16 kDa heparin, which leads to a 1400 - 1600 kDa binding site [60].
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The sugars that comprise this length of binding region are also important. The dominant
structural unit (5 of 7 disaccharides) was IdoA(2-SO3)a1,4 GIcNSO3 [54, 55]. The clustering of
3-IdoA(2-SO4)-containing disaccharide units and an unsulfated unsaturated hexuronic acid
occupying the nonsaturated ends are important structural requirements [53, 54].

Sulfation patterns were investigated independently of the disaccharide structure. Initially, it
was found that desulfation of heparin prevents the interaction with FGF [11]. Further studies
revealed that the presence of N-sulfates is critical to the release of matrix-bound bFGF and that O-
sulfation facilitated release but was not an absolute requirement [52, 57]. Maccarana et al showed
that the GlcN 6-O-sulfate was not important [54]. The N- and the 2-O-sulfate groups were
relevant and essential for bFGF binding but that the 6-O-sulfate groups were irrelevant {38, 55,
61]. However, this was recently contradicted when it was found that bFGF will bind to
nonsulfated tetra- and tri- saccharide units [62]. bFGF can specifically recognize structural features
of the nonsulfated carbohydrate backbone of heparin/heparan sulfate independent of ionic
interactions with highly charged sulfate groups [62]. It is generally believed that the sulfate groups
are essential for mitogenic activity.

The equilibrium binding constant for the bFGF-heparin interaction spans five orders of
magnitude (Table 7-4). A possible explanation for this large range could be due to different
experimental conditions. In conclusion, it is generally agreed that to obtain any biological activity
of the immobilized bFGF there must be a larger heparin sequence such as an octomer [62] or
dodecasaccharide [63]. The heparin must be sulfated to maintain activity but a specific

complementary epitope is not required.
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Table 7-4. Equilibrium Binding Constants for bFGF-HeEarin Interaction

Method Kp (nM) Citation

Light Scattering 50 [30]

Plasmon Resonance 140

Isothermal Titration Calorimetry 505 £227 [64]
461 + 357

Competitive Binding in Solution NA [62]

Fluorescence Spectroscopy 0.4 -0.7a [65]
0.8 - 1.8b

Light Scattering 10 [58]

Isothermal Titration Calorimetry 470 [59]
1300 £+ 280

Cell Binding (Bovine Capillary  0.013 (high affinity) [31]

Endothelial Cells) 0.76 (low affinity)

Cell Binding (Chinese Hamster NA [66]

Ovary Cells)

Endothelial Cell Membrane 610 [11]

"Cell"

Cell Binding (HOME) .0422 (high affinity) [67]

0.922 (low affinity
Light Scattering NA [50]
Isothermal Titration Calorimetry 470 + 20 [68]

2 acidic fibroblast growth factor
b basic fibroblast growth factor

7.3.4 Sepharose Gels

Cross-linked polysaccharides (such as agarose) are utilized extensively for gel filtration,
adsorbents, and affinity columns. Agarose is a polysaccharide with high gelling ability that
consists of alternating copolymer of 3-linked b-D-galactopyranose and 4-linked 3,6 - anhydro-o.-
L-galactopyranose residues [69]. Its physical stricture is composed of “junction zones” or non-
covalent cooperative binding of chains in an ordered conformation (Figure 7-4). The molecule
forms a double-helix with 0.95 axial periodicity, 1.90 nm pitch of left-handed 3-fold helix, axial
cavity of 0.45 nm (presumed to be occupied by water), chain density of 1.4 g/ml, mass/length
0.17¢-13 g/cm. The helices are an extensive laterally aggregated composition of many chains (10-
104) in a side-by -side assembly [70]. The chains are like long stiff rods. There are large voids,
that vary in diameter up to 0.3 wm in sepharose 4B. The assembly is between 20-300 A thick and

the helix diameter equals 15 A thick. Agarose activated with CNBr, then reacted with an excess of
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an a—-diaminoalkane and cross-linked with glutaraldehyde (cross-linked agarose) exhibited a
structure indistinguishable from those of uncross-linked agarose [69]. High salt increases the
probability of empty gel areas, and decreases the distribution of the number of intersections. 4%

agarose contains fibers of radius 1-15 nm with the number of helices/fiber approximately 1-200.

2%

RERIRER ST RO IRIANES ,, "%- h\? S {" . .~ ) 3
Figure 7-4. High magnification of sepharose 4B embedded in Epon. The circle s
by-side assembly of thin filaments in the matrix framework (from Amsterdam [69]).

ws the side-

7.4 Materials and Methods

Materials. The source of materials was as follows: Sepharose CL-6B, and heparin
immobilized on 4% agarose (heparin-agarose), heparin sodium salt Grade 1 from pig intestinal
mucosa, Sigma Chemical Company (St. Louis, MO); Heparin-sepharose CL-6B, Pharmacia
(Uppsala, Sweder); heparin sodium salt from porcine intestinal mucosa, Hepar Industries
(Franklin, OH); Glycine, Mallinckrodt (Paris, KY); 1,9-Dimethyl-Methylene Blue (DMB), Aldrich
Chemical Company (Milwaukee, WI); bFGF, R&D Systems (Minneapolis, MN); 125]-bFGF
(provided by Dr. M. Nugent); CNBr, Tris, NaHCO3, sigmacote, Sigma Chemical Company (St.
Louis, MO).
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Binding assay. Heparin-sepharose, heparin-agarose, and sepharose microbeads were
incubated with bFGF and !25I-bFGF in siliconized (sigmacote) reaction vials pre-coated with
albumin (5% albumin in normal saline). The desired total amount of heparin in 100 pl total volume
was achieved by increasing the amount of heparin containing microbeads. In most of the
incubation set-ups the volume percentage of solids was less than 0.6%. 0.1 pug of bFGF/1231-
bFGF (in a solution composed of 50 mM Tris, 1 mM CaCl2, 0.5% BSA) was added to each vial.
The tubes were incubated at room temperature on an oscillating shaker to maintain gel suspension.
The well-mixed reaction proceeded at room temperature for 2 hours at which time a sample volume
of supernatant was removed for analysis (1272 CliniGamma gamma counter, LKB Nuclear). In
addition, all 1251-bFGF containing solutions were analyzed before and atter incubation for free and

protein associated radioactivity by trichloroacetic acid precipitation.

Trichloroacetic acid precipitation. For every microliter of sample, 1 microliter of a 10
mg/ml BSA solution, 2 microliters of KI (10 mM), 14 microliters of NaCl (150 mM), and 2.5
microliters of 100% TCA were added. The solution was vortexed, incubated at 4°C for 10
minutes, and then centrifuged for 3 minutes. The supernatant was removed and the rad oactivity
was assessed in the supernatant and the resuspended pellet (1272 Clinigamma gamma counter,

LKB Nuclear).

Heparin-sepharose fragmentation. Swelled heparin-sepharose microbeads were ground in
a volume of 1.5 ml of water for 3 minutes. Microscopically the majority of microbeads were in
fragments, a minority of microbeads contained rcugh edges, deep cracks, or missing fragments.

Heparin content was measured in the supernatant over the fragmented beads.
Sepharose activation. Sepharose activation by cyanogen bromide has been previously
described [71]). Briefly, 1 g of wet Sepharose CL-6B was placed in a volume of 5 M potassium

phosphate buffer (pH 11.9 at 10x dilution) dependent on the amount of activation desired (Table 7-
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5). All solutions were diluted up to 2 ml with water and maintained at 4°C. Cyanogen bromide (1
g/ml in acetonitrile) was added slowly to the slurry and the solutions were stirred gently for 10

minutes. The activated sepharose was washed with water to pH 7; washed and resuspended in 0.1

M NaHCQO:s.
Table 7-5. Activation Solution Volumes.
Activation SM Potassium CNBr solution
Phosphate Buffer
High Activation 1.5 ml 600 pl
Medium Activation 0.3 120

Weak Activation 0.072 30

Covalent linkage of heparin to activated sepharose. Heparin coupling to activated
sepharose has been previously described [72]. Suction dried activated gel was incubated with a
heparin concentration of 10 mg/ml gel. The total volume was increased with 1 ml of 0.1 M
NaHCOsj. The reaction mixture was stirred end-over-end for 16 hours at 4°C. A sample volume
of the supernatant was removed for heparin content analysis. The gel was then sequentially
washed with 0.01 M Tris-HCl in 0.15 M NaCl (pH 7.3), 1 M glycine (pH 8.5), and 0.01 M Tris-
HCl in 0.15 M NaCl (pH 7.5).

Heparin Content Analysis. Heparin content in the sepharose gels was determined by the
colorimetric DMB assay against a heparin standard [73]. Briefly 16 mg DMB was dissolved in 1 L
water containing 3.04 g glycine , 2.37 g NaCl, and 95 ml 0.1 M HCI (pH 3.0, A525 =0.31). The
DMB reagent was made up fresh each month and stored in a brown bottle at room temperature.
Two milliliters of DMB reagent was added to 100 pl of a standard heparin solution and the
absorbance at 526 nm was measured within 1 minute (Beckman DUG40 Spectrophotometer).
Permeabolization in 0.1 N NaOH at 100°C for 16 hours liberated heparin from the sepharose gels.
The resultant solution was neutralized to pH 7.0 by the addition of 0.1 N HCIL. 100 pl of this

solution was added to DMB reagent(2 ml) and the absorbance at 526 nm was measured.
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7.5 Results and Discussion

The time dependence of incorporation of bFGF inte heparin-sepharose microbeads is
shown in Figure 7-5. Heparin-sepharose microbeads were incubated with bFGF for the indicated
times. bFGF incorporation and release from heparin-sepharose microbeads is achieved by
movement from the bulk solution into the sepharose, diffusion through the sepharose gel, and
specific binding to immobilized heparin within the gel. The expected behavior depends on the

relative rates of diffusion and reaction.
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Figure 7-5. Equilibration of the bFGF-heparin-sepharose system. The total volume was 100
pl. Heparin-sepharose microbeads containing 2 mg/ml heparin were added such that the effective
heparin concentration in the solution is 556 nM. The initial concentration of bFGF in solution was
62.5 nM. Data points represent the mean of triplicate vials * standard deviations.

We can estimate the time for the diffusion process to reach equilibrium as t = r2/Dy. The
radius of a microbead is 45 |tm and Dy is on the order of 1.31 x 10-6 cm?/sec, thus the
characteristic timne for diffusion is on the order of 15 seconds. However, as was predicted for our
model, diffusion is also dependent on the total binding site concentration, the equilibrium

dissociation constant, and the bFGF concentration within the pores. The time required for the
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system to reach equilibrium was approximately 120 minutes. Based on this result, subsequent
incubations were for 2 hours. The observed lumped rate constant was 0.02/minute.

The total amount of heparin available is 0.11 nmole and assuming that there are 6 - 7
binding sites for bFGF per heparin molecule [58] we predict that the heparin binding sites to bFGF
ratio is approximately 100:1 in this experiment. If we assume that the concentration just within the
pore is equivalent to the bulk concentration and using reported Kps from the literature, then
Equation (7-9) predicts that 100% of the initial bFGF should be bound. A maximum of 50% of
the bFGF was bound under the conditions of this experiment.

The diffusivity of bFGF in sepharose gels is dependent on the size, charge, and affinity of
the bFGF molecule. The diffusivity in gels where the pore radius, the interfiber spacing, or other
dimensions of the microstructure are comparable to the radius of the solute molecule is decreased,
and the decrease is dependent on the molecular size. The exclusion size for sepharose microbeads
is reported to be on the order of 4,000 kDa globular protein. Utilizing albumin as a test globular
protein (MW 68,000 Da, Stokes-Einstein radius 3.5 nm) we obtain a pore radius of 206 nm
(exclusion size X ralbumin/MWalbumin). This is only slightly different from 0.3 pum interfiber
spacing reported by Amsterdam et al [69]. The Stokes-Einstein radius of bFGF was calculated by
assuming that the diffusion coefficient is inversely proportional to the cube root of the molecular
weight and the radius of albumin is 3.5 nm [28], is 1.6 nm. The potential decrease in pore size
due to the presence of heparin within the interfiber spaces might decrease the pore size. The
maximal attainable A would be if a monolayer of heparin molecules were stretched to their full

length of 30 nm. This is given by

! = 1[1—41(1—1)]-”2 (7_]2)

For the heparin-sepharose system thsi yeilds a Af of 0.20, which is sufficient to reduce the

diffusion coefficient but not to cause pore blockage. However, it is unlikely that the heparin
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molecules would be in the stretched out configuration. Thus, there should be no hindrance to
diffusion of bFGF within the sepharose microbeads because rpore>>TbFGF-

One possible explanation for the decreased amount bound is that the amount of heparin per
microbead is less than expected. Our own determination of the heparin in these microbeads using
the DMB assay was 2.1£.02 mg/ml which is similar to Pharmacia's measurement (2 mg/ml).

To assess whether the binding we observed in the first experiment was simply due to
nonspecific binding to sepharose we incubated bFGF with sepharose microbeads. Labeled bFGF
was incubated with increasing volumes of sepharose microbeads. The amount of bFGF that binds
to sepharose is negligible (Figure 7-6). Microbead volumes ranged from 10% to 42.5% and were
incubated with 25I-bFGF (no cold bFGF) for 1 hour. The amount of bFGF associated with
sepharose is obtained by assuming that 4% of the microbead volume is composed of sepharose.
The bound ratio for the highest concentration of microbeads was 1.7%. Nonspecific binding does

not account for the amount of bFGF bound to heparin-sepharose microbeads.
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Figure 7-6. Nonspecific binding of 12 hFGF to sepharose microbeads. Data points represent
the mean of triplicate vials * standard deviations.

To ass<=s the availability of heparin we investigated the binding of FGF to a known

volume of mechanically fragmented heparin-sepharose microbeads as compared to the same
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volume of intact heparin-sepharose microbeads. We were concerned that heparin may be released
from the sepharose as a result of the mechanical fragmentation. Heparin loss from the fragmented
beads was negligible as determined by DMB assay of the solution over the fragmented microbeads.
The concentration of heparin in this experiment was twice that of the initial experiment, but this did
not affect the fraction of bFGF bound to intact beads. The difference of bound bFGF between

fragmented and intact microbeads was not significant (Figure 7-7).
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Figure 7-7. Heparin availability. 1111 nM Heparin and 62.5 nM bFGF were incubated in
100 pl for 2 hours. Each bar represents the mean of triplicate vials + standard deviation.

There are four commonly used schemes for binding heparin to sepharose microbeads.
These are 1) Carbodiimide; average amounts of heparin bound are 0.12-0.6 mg/ml wet gel [74], 2)
Woodward's Reagent K; average amounts of heparin bound are 0.5 -3.1 mg/ml wet gel [75], 3)
Sodium cyanoborohydride; average amounts of heparin bound are 2.9 mg/g wet gel [76], and 4)
Cyanogen bromide; average amounts of heparin bound are 3.2 mg/ml wet gel [74].

The amount of heparin bound can be determined from a mass balance comparing the initial
concentration with the final concentration in the incubate. There are approximately 7 different
methods to test for glycosaminoglycan content (Table 7-6). This study utilized the DMB assay.

DMB is a strongly metachromatic dye for the detection of sulfated glycosaminoglycans [77].
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Table 7-6. Glycosaminoglycan (Heparin) Content Assays

Assay Citation
Glucosamine-Elson Morgan [78, 79]
Glucosamine-Ninhydrin |80]

Uronic acid-Carbazole reaction 79, 80]
Dye binding-Azure A |80]

Dye binding-Orcinol (81]

Dye binding-Toluidine Blue [82]

Dye binding-Dimethylmethylene Blue [73]
Elemental Analysis-Sulfur [79]
Radiolabelling- 14C [83]
Thrombin activity [72, 84, 85]

In addition, we attempted to produce heparin-sepharose beads with increased heparin
concentration within the beads themselves. Our results with preparing our heparin sepharose
beads as well as a comparison of the DMB assay to Pharmacia's analysis of their heparin-
sepharose product and Sigma's analysis of their heparin-agarose product is shown in Table 7-7. It
has been shown that only one third of the amount transferred from the liquid to the gel phase
remains bound after subsequent washes [79]. It is thought that this is due to heparin binding to
'brittle’ parts of the gel beads and are easily lost during washing [79]. Therefore, the concentration

of heparin in our microbeads, while low, is in agreement with prediriced results.

Table 7-7. Heparin content within Gels

Activation Method Heparin post-wash
incubation Heparin

(mg/ml gel) (mg/ml gel)

High Acuvation 12.81 3.63

(A)

Acetonitrile 11.08 1.07

Activation(Ac)

Low Activation (C) 10 2.35

Blocked 10 0
DMB Assay Company

Lite .

Heparin-Sepharose  2.64+0.98 AR

(Pharmacia)

Heparin-Agarose  1.11+0.06 0.3

(Sigma)




We performed the equilibrium binding experiment on the new heparin-sepharose
microbeads. The microbeads formulated in our laboratory bound less bFGF than those
microbeads supplied by Pharmacia (Figure 7-8). There appears to be no correlation between

heparin concentration within the microbeads and the amount of bFGF bound to the microbeads.
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Figure 7-8. Heparin content modification, Data inciuded are heparin-sepharose microbeads
from Pharmacia (HS), high activation (A), low activation (C), and acetonitrile activation (Ac)
heparin sepharose microbeads. Data points represent the mean of triplicate vials * standard
deviations. -

The effect of increasing the heparin concentration in the entire solution volume was
evaluated by increasing the total volume of heparin-sepharose microbeads. The volume of
microbeads was kept constant by the inclusion of sepharose microbeads. bFGF concentration was
kept constant at 62.5 nM. Each data point represents triplicate vials. The results were not similar
to the predicted equilibrium expression (Figure 7-9). Conservative estimates are given for Kp and
the number of bFGF binding sites on heparin (n). As the model predicts the fraction of bFGF

should approach unity as the heparin concentration is increased (Equation 7-9). Experimental limit

appears to be 80%.
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Figure 7-9. Saturation binding. Heparin concentration was increased by increasing the heparin
sepharose microbead population in the incubation mixture. bFGF remained constant at 62.5 nM,
total volume was 100 pl. The curves are the model predictions. Each data point represents the
mean of triplicate vials tstandard deviations.

A possible explanation for this could be that we have two populations of bFGF in solution
which exhibit different affinities for heparin. To evaluate this possibility we incubated 62.5 nM
bFGF with 55600 nM heparin (equivalent in solution) for 2 hours. A sample of the supernatant
was removed for counting. The remainder of the supernatant was incubated with fresh 55600 nM
heparin for 2 hours. A samplz of this supernatant showed that 15% of the bFGF remaining in

solution after the first incubation bound to fresh heparin-sepharose.
7.6 Conclusions
The heparin-sepharose-alginate release system has been proposed for use in the clinical

setting. Assumptions about the binding kinetics have been made based on results obtained in free

solution and on cell surfaces. The results from this study show that this leads to false
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interpretation of the data. In this study we investigated the kinetics of bFGF incorporation into the
beads, the diffusion limits, and the saturation binding properties of heparin-sepharose gels.

We have shown that the heparin binding capacity for bFGF is significantly less than that
predicted from previous experiments. We have shown that non-specific binding is not significant
in describing bFGF immobilization to heparin-sepharose microbeads. Increasing the avuilability
for bFGF binding to heparin by mechanical fragmentation does not increase the bound bFGF
fraction. Changing the concentration of heparin within the beads itself did not significantly change

the fraction of bFGF immobilized to the heparin-sepharose microbeads.
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Chapter 8:
CHARACTERISTIC PORE CUTOFF SIZE IN GROWTH FACTOR-INDUCED
VESSELS

8.1 Motivation and Background

Continued tumor growth is dependent on the induction of vasculature. The intensity of the
development of the network has been correlated with prognosis [1]. The induction and
maintenance of the tumor vascular network is thought to be dependent on tumor secreted factors
(growth factors, cytokines, inhibitors, and proteases) [2-6]. For example, vascular endothelial
growth factor (VEGF), a potent permeability factor and angiogenic factor, has been localized to the
plasma membrane of the mouse ovarian tumor microvessel endothelium [7], human hepatocellular
carcinoma [8], human breast cancer [9], and gastrointestinal adenocarcinoma [10].

As the number of identified factors which affect endothelial proliferation, migration and
tubulogenesis increases (Table 8.1), the complexity of the interactions among chemicals and cells
increases. Further understanding of these factors role in initiation and maintenance of vascular
tortuosity [11], chaotic flow [12], and hyperpermeability [13] is needed. A critical prerequisite to
further understanding of the actions of these factors in the in situ setting is a method to deliver them
directly to the tissue and study the resulting dynamic changes in situ. As discussed in the previous
chapter, we began to investigate a potential quantitative delivery system. However, as a first step
in this investigation, we utilized a qualitative delivery system. Nguyen et al developed an in situ
angiogenesis assay system which allows sustained release of a heparin-binding growth factors and
observation of the angiogenic vessels [14]. This assay was translated to the mammalian setting by
Dellian et al [15].

The basis of both assays was the use of sucralfate as a heparin analog to bind heparin-
binding growth factors. Sucralfate (aluminum sucrose octasulfate) is a cyclodextrin which is a
nonreducing, water soluble oligosaccharide [17] with high affinity for heparin binding growth

factors [18). The sucralfate provides a method of sustained heparin binding growth factor release,
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and a low background vessel formation. The assay allows for continuous observation of the

process of vascularization, non-invasive measurements of vascular parameters, and vertical

stimulation of vessels as a result of delivery of a single heparin-binding growth factor.

Table 8-1. Initiators and Inhibitors of Angiogenesis and Endothelial Cell Growth

Angiogenic Factors/Mitogens Inhibitors of Angiogenesis/Mitogenesis
Angiotropin Angiogenin Angiostatin Platelet Factor-4
B61 Angiotensin Angioinhibin IL-1
Copper (Cu) FGF family Gold Thiomalate IL-6
TGFp EGF/TGF-a TNF-a TGF-$
Soluble E-selectin PDEGF bFGF soluble Interferons o and B
receptor
Heparinase VEGF Collagenase TIMP-1, TIMP-2,
inhibitors TIMP-3
Hyaluronic Acid Substance P Heparinase D-Penicillamine
Integrins: oiyB3, G-CSF Hyaluronic Acid ~ Thrombospondin-1
ayfs
IL-8 GM-CSF Platelet Factor 4 Prolactin fragment
Fibrin IL-4 Protamine Ganglioside GM3
Gangliosides GD3, Proliferin Placental proliferin-  Cartilage-derived
GM1, GM2 related protein inhibitor
Macrophage-derived  Prostaglandins Ej, Bacterial-derived Fungal-derived
factor Ep angiogenesis angiogenesis
inhibitors inhibitors
Pleotropin Nicotinamide Suramin
Erythropoitin Endothelin

adapted from Jain et al and Bicknell [2, 16]

In the study desribed in this chapter we will focus on just twn of the angiogenic factors

listed in Table 8-1.

bFGF and VEGF may directly or indirectly influence the tumor

microvasculature morphology. bFGF is one of the most potent known angiogenic factor [4, 14,
19-26]. Picomolar quantities can induce angiogenesis in vivo [27]. bFGF belongs to the
fibroblast growth factor family consisting of eight structurally related proteins. These include
acidic FGF (FGF-1), basic FGF (FGF-2), keratinocyte growth factor, int-2, hst-Kaposi FGF,
FGF-5, and FGF-6. bFGF is 45% homologous to hst, an oncogene similar to Kaposi's sarcoma
oncogene. It is 30% homologous to int-2, another oncogene. bFGF is a 16-25 kDa basic protein.

As with all fibroblast growth factors, it exhibits unusually high affinity for heparin. bFGF acts on
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endothelial cells grown on a collagen matrix to promote migration and synthesis of plasminogen
activator [28]. (A more detailed discussion of bFGF's chemical properties can be found in Chapter
7.

VEGEF is secreted by a wide variety of cultured, transplanted, and primary human tumors
[29-31]. VEGEF is thought to aid the angiogenic process by inducing endothelial proliferation [6,
13, 32, 33]. The same molecule is also known as VPF (vascular permeability factor) [6, 13]. On
a molar basis VEGF increases the vascular permeability 50,000 times that of histamine [6, 13,
34]. This hyperpermeability aids in extravasation of fibrinogen into the interstitium which may
result in the formation of an extravascular fibrin gel, a substrate for endothelial and tumor cell
growth [35, 36]. This transient hyperpermeability is not blocked by antihistamines or other
inhibitors of inflammatory mediators [30].

VEGF is a 34,000-42,000 kDa protein [30, 31, 34]. It is a dimeric, disulfide-bonded
protein, the two polypeptides contain identical N-termini but with chain heterogeneity [34]. VEGF
is homologous to placenta growth factor and platelet-derived growth factor [37, 38]. It interacts
with two specific tyrosine kinases, fit-1 and KDR, that are predominantly expressed on endothelial
cell surfaces. VEGF is a heparin binding growth factor, although its affinity is much lower than
that of the fibroblast growth factor family. |

In situ hybridization has demonstrated upregulation of VEGF mRMA in numerous human
tumors: lung, thyroid, breast, gastrointestinal, kidney, bladder, ovary, uterine cervix, and
glioblastoma multiforme [36]. In addition to neoplasms, increased vascularization plays a role in
other diseases such as diabetic retinopathy, psoriasis, endometriosis, and rheumatoid arthritis.
Increased VEGF levels have been reported in all of these disease processes. bFGF has not been
reproducibly found to be elevated in these diseases. Yuan et al showed that neutralization of
endogenous VEGEF results in decreased microvascular permeability, diameter, and tortuosity and
eventually to vascular regression [39].

In addition to the effect growth factors, cytokines, inhibitors, proteases, and many other

factors have within tumors; there are many clinical situations in which vigorous vascularization is
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desired. These include disorders of impaired perfusion such as chronic wound healing in the
diabetic patient and burn trauma. The therapeutic value of local induction and maintainence of
vascularization would decrease the morbidity and mortality of these disorders. Some studies have
illustrated the benefit of local injection of VEGF in improvement of perfusion of ischemic limbs in
rabbits [36]. As was discussed in the previous chapter researchers have also been investigating
methods of bFGF delivery to induce angiogenesis in ischemic myocardium [40].

The importance of VEGF and bFGF in initiating and maintaining increased vasculature in
certain tumors and in other pathologies has been firmly established. The complex milieu of the
tumor microenvironment does not enable us to make conclusions about the biological effect of an
individual cytokine. Utilizing the chronic angiogenic assay described above allows us to
investigate the effect on the pore cutoff size of factor-derived microvessels. We tested the
hypothesis that the action of a single growth factor would exhibit less of an effect on the

microvessel pore cutoff size than the action of the tumors on the microvessel pore cutoff size.

8.2 Materials and Methods

Dorsal Chamber Implantation. The method used is described in Chapter 3.

Collagen Gel Implantation. The procedure utilized was described previously [15]. Briefly,
human recombinant bFGF (Gibco BRL, Gaithersberg MD) or human recombinant VEGF (Pepro
Tech, Rocky Hill, NJ) was suspended in aluminum sucrose octasulfate (sucralfate; courtesy of
Bukh Meditec, Copenhagen, Denmark), and collagen type I (Vitrogen 100, Celtrix, Santa Clara,
CA) in the following ratios: 600 ng of bFGF or 600 ng of VEGF dissolved in 24 pl of 0.1% BSA
(Sigma, St. Louis MO), 176 pl of collagen, plus 6.5 mg of sucralfate. Collagen was previously
neutralized to pH 7.4 by the addition of 1 part sodium bicarbonate solution (11.76 g/1) and 1 part
10x Minimal Essential Medium (MEM, Gibco BRL), to 8 parts collagen. A 20 ul volume of the
growth factor suspension was placed on a2 3 mm x 3 mm square of nylon mesh (Tetko, Briarcliff

Manor, NY). The suspension was allowed to gel for approximately 20 minutes at 35°C in a humid

103



environment. A second nylon mesh was placed on top of the gelled solution. This unit was then
transferred to the tissue in the dorsal chamber. The chambers were closed again with a clean glass
coverslip. Care was taken to assure avoidance of air bubbles in the preparation. All preparations

and implantations were performed under sterile conditions.

Liposome Preparation. Liposomes were prepared as described in Chapter 3

Microscopy. The experimental setup is described in Chapter 3.

Particle extravasation. The procedure is the same as that described in Chapter 3.

8.3 Results and Discussion

Dellian et al determined that peak response to high dose growth factor (3000 ng/ml) was
seen on the 25th day in the dorsal chamber [15]. In their study they obtained dose dependent
blood vessels formation which was significant over controls. A higher dose (30,000 ng/ml) of
bFGF did not result in an enhanced vascularization response. All experiments were performed at
3000 ng/ml of bFGF or VEGF. Each gel contained 60 ng of bFGF or VEGF. Previously it was
shown that at concentrations a low as 10-100 ng/day bFGF induced massive capillary formation in
the chorioallantoic membrane assay [27]. Qualitatively, we did not see such a vigorous response.
This is likely due to the differences in the assay preparation. In addition, as discussed in Chapter
6, different sites exhibit different rates of angiogenesis as well as different pore cutoff sizes.

Angiogenic vessels were initially observed after 4 days, but maximal response was
observed at 25 days. Images of the time course of vascularization in VEGF gels is shown in
Appendix I (Figure I-1). Maximal vascular growth was observed within 14 days with the CAM
assay [14]. This further illustrates the differences in the models. The tissue within the CAM assay

is being stimulated by a number of unidentified factors as it is basically a developing embryo. In
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the dorsal chamber there is no tissue stimulation except that induced by the gels. The time course
of maximal response to growth factor stimulation is longer than that seen for tumor stimulation of
an angiogenic response.

The time course of vascularization with the solitary growth factors (experiments conducted
on day 26 or 27) was much longer than vascularization withir tumors (experiments conducted on
day 15). This is most likely due to the fact that numerous cytokines are being released by the
tumors. In addition, it has been shown that bFGF and VEGF act synergistically [41].

~ The vessels considered to be induced by the growth factors were those that grew toward
the coverslip and that traversed the collagen gel and the 2 layers of mesh. The presence of the
growth factors induced angiogenesis over control gels containing collagen and sucralfate was
previously demonstrat:d [14, 15). Qualitative observation noted that there was increased
numbers of vessels in gels containing growth factor over controls, but we did not quantitate this
vascular response.

The number and morphology of vessels induced by the two growth factors were similar
(Figure 1-2). This is an intriguing result since VEGF is reportedly a more potent angiogenic
factor than bFGF. The vessel density and diameter in this experiment were uniformly less than
that of the tumors studied in the dorsal chamber on the sarﬁc day after implantation. Observations
indicated a similar tortuosity to the tumors.

The pore cutoff size in bFGF-induced vessels was between 200 nm and 380 nm (Figure
8-1). This is on the lower end of the tumor-induced vessel pore cutoff size. The bFGF amount
that is delivered locally may not be able overwhelm the host regulatory machinery as well as the
release of various cytokines by tumors. In addition, the release of one cytokine may not stimulate
the release of other cytokines in the local host tissue as the release of cytokines within the tumor

tissue may stimulate more tumor secreted cytokines.

105



2000 JE‘ O  No Extravasation (o}
B ® Extravasate
o —~ - v Albumin extravasation
& B 1500F
QK =2 E
ss o
§ v 1000 <~
=3 é C O O O
== 0 0 O o o o o o
O O o o e @ ®
E o e o ' o ' *
" [ L | | | | | [}
0 * 4 1 I 1 ! | L 1 1
Bk =BT o8%®
E & 6 = B 0 = %
o) S = = ° 9 v O
= »nn = =
2 - 2
o= -
w w

Figure 8-1. Growth factor-induced vessels in comparison with tumor-induced vessels

The pore cutoff size in VEGF-induced vessels was indistinguishable from normal
microvasculature. Recently it was shown that topical administration of VEGF rapidly and directly
induces formation of fenestrations and increased vesicle clustering and fusion in nonfenestrated
endothelium of skeletal muscle and skin [42]. Elvax pellets containing VEGF induced
microvessels containing fenestrations and open junctions [43]. Normal fenestral diaphragms
contain a luminal anionic glycocalyx, however the fenestrae induced by tumors and VEGF-
transfected cells was significantly less anionic than normal fenestral diaphragms in the intestine and
pancreas [43]. The increased number of fenestrations and the biochemical difference in the
fenestral diaphragm may account for the increased permeability of VEGF induced vessels. The
size of the observed fenestrations was around 60 nm. This indicates that the mechanism of
transvascular transport of nanoparticles is most likely not via the fenestrae. Our results indicate

that the increases in permeability seen with VEGF stimulation are independent of pore cutoff size.
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The vessels growing in from the side were also examined for extravasation. These may be
the result of inflammation due to irritation by the nylon mesh. Increase capillary permeability can
occur during wound healing and chronic inflammation. This is a rare occurrence unlike increased
permeability exhibited by post-capillary venules [42]. There was no extravasation in these vessels

or in the normal tissue surrounding the gel.

8.4 Conclusions

The results from this study and previous studies [15, 25, 26, 44] indicate that the delivery
of growth factors does impart some local tissue response. The previous studies of tumors
implanted in the dorsal chamber illustrated that the majority of the tumors that grew exhibited
significantly increased pore cutoff sizes. Collagen gels containing bFGF or VEGF were used to
study the influence of a specific angiogenic factor on the pore cutoff size. The pore cutoff size in
bFGF-induced vessels seems to be similar to that found in the tumors. The VEGF-induced vessels
exhibited no observable increase in pore cutoff size over normal vasculature. We postulated that
the tumor regulates the local microenvironment by overwhelming the hosts regulatory machinery.
In the studies illustrated here, while the growth factors do exert some effect on the local
microenvironment it is not as vigorous as that caused by tumors, possibly implicating an
incomplete stimulus for regulation of the microvascular pore cutoff size.

However, conclusions are difficult to make with the gel and the Elvax pellets because the
following important parameters are not known: 1) the total amount of growth factor in the device,
2) the amount of growth factor in the gel that is bound to sucralfate, 3) the interaction of these
growth factors with sucralfate, collagen, and Elvax, 4) the transport of ti.. erowth factors from the
device and the release rates, 5) the amount of biologically active growth factor re'eased, and 6) the
partitioning into the tissue space. In addition, these parameters may significantly differ between

VEGF and bFGF, thus comparisons between the two growth factors is not possible.
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Chapter 9.
CONCLUSIONS AND FUTURE WORK

This thesis characterized the transvascular transport of macromolecules and nanoparticles in
tumor microvessels. The initial studies identified the pore cutoff sizes and microvessel
permeability in a variety of tumors. Following this analysis, we investigated the effect on the pore
cutoff size of modulations within the tumor and host microenvironment. In a final analysis, we
investigated the controlled delivery of a growth factor and the pore cutoff sizes of growth factor
induced microvessels. The following conclusions were drawn from the work presented in this

thesis:

1) Every tumor studied has a characteristic pore cutoff size. This size ranged between 200 nm to
1.2 pm.

2, The majority of tumors have a pore cutoff size between 400 and 800 nm. This indicates that the
primary structure for macromolecular and particle diffusive transvascular transport in tumors is via
- opened gaps (widened interendothelial jurictions or transendothelial gaps).

3) The transvascular transport of BSA is not influenced by the pore cutoff size. There are two
possible explanations for this; transport can occur via 1) vesicles or receptor-mediated transport
(albondin), or 2) through the pores; there is no hindrance to transport through the pores because
rs/rp <<I.

4) Tumor growth and vascular modification do not modulate the pore cutoff size once the tumor
vasculature is established. This indicates that the balance of microenvironment regulation between
the tumor and the host occurs rapidly (within 7 days in these studies).

5) Tumor regression induced by hormone withdrawal in a hormone-responsive tumor had a
significant effect on the pore cutoff size. Within 48 hours after hormone ablation, the tumor

microvessels were impermeable to FITC-BSA.
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6) A decrease in the pore cutoff size was seen in 3 of 4 tumors transplanted in the brain as
compared with the striated skin muscle indicating that the host microenvironment plays a role in the
modulation of the vascular structure in tumors.

7) Less than 3% of the heparin in heparin-sepharose beads is available or active to bind bFGF.
This cannot be explained by diffusion limitations or differences in bFGF affinity for heparin.

8) The equilibrium binding characteristics are different than predicted from free solution
equilibrium binding theory. This indicates that assumptions about the behavior of immobilized
heparin (or other polysaccharides) cannot be extrapolated from that observed in solution.

9) Chronic application of bFGF induced vessels with pore cutoff sizes similar to tumor
microvessels. VEGF induced vessels did not exhibit an increased pore cutoff size as compared

with normal vessels.

The results of this work have lead to many questions, some of which are currently being
addressed. Future areas of research in the transvascular transport of macromolecules and particles
in tumors are listed below. Through these proposed studies, further knowledge of the structures
of transport pathways and mechanisms of transvascular transport may aid in improving cancer

treatment.

1) We initiated ultrastructural studies of MCa IV microvasculature. These electron microscopy
studies support the functional observations discussed in this thesis. Open endothelial gaps were of
a range of 100 - 1000 nm. Without serial sections we could not determine if these were
interendothelial or transendothelial. In addition, to observed tumor cell migration through open
gaps, 100 nm liposomes were also seen extravasating through open gaps [1]. Currently,
ultrastructural studies are underway to investigate the role of vascular endothelial cadherins, zonula
occludens and other cell adhesion molecules in maintained the open gaps seen in tumor

microvessels.
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2) Measurement of mRNA and protein levels of VEGF, bFGF, and their receptors in dorsal
chamber and cranial window tumors to investigate any correlation with pore cutoff size and further
investigation into the competitive microenvironment theory.

3) Investigate the hindrance to transvascular transport of larger particles. Current studies are
underway to augment the permeability of tumor microvessels by delivery of exogenous growth
factors.

4) Future growth and regression studies should include measurements of tumor size, vascular
density, permeability, along with the pore cutoff size. Also, include in this study measurement of
hormone levels and mRNA and protein levels of VEGF, bFGF, and their receptors. Current in
vitro studies are aimed at detecting local VEGF and VEGEF receptors in cells grown in conditioned
media from different in situ sites or over different aged cell cultures.

5) Expand the study initiated with Shionogi tumor to include other hormone-responsive tumors,
specifically a human estrogen dependent breast tumor cell line or androgen dependent prostatic
tumor cell line. (We initiated this study, however, the cell lines tried did not grow in the dorsal
chamber; refer to Chapter 3). An additional study should include studies on revascularization after
hormone ablation and the pore cutoff sizes in these tumors. Include in this study measurement of
hormone levels and mRNA and protein levels of VEGF, bFGF, and their receptors.

6) Investigate the effect on the pore cutoff size with various modes of cancer treatment, such as
angiogenesis inhibitors, radiation therapy, liposomal delivery of drugs, and conventional
chemotherapy.

7) Expand the bFGF-immobilized-heparin model to include transport through a support matrix
such as alginate. Utilizing the knowledge gained from the bFGF-immobilized-heparin study,
design a chronic, quantitative in vivo angiogenesis assay.

8) Compare the site differences of tumor microvessel pore cutoff size with expression of P-
glycoprotein. It is thought that expresion of the multidrug resistance gene can render the cells

resistant to cancer therapeutic drugs through upregulation of P-glycoprotein.
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In summary, this study demonstrates that tumors have characteristic pore cutoff sizes
which appears to be maintained by the tumor milieu and the local microenvironment. An
understanding of the limits and regulation of transvascular transport may offer modalities to
increase the distribution of size of the transvascular transport passageways for optimized delivery

of therapeutic agents.
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Appendix A. In Situ Chronic Animal Models: A Brief History

The native microvasculature, growth of new vasculature, and cellular growth is
observable with transparent chambers. A chamber makes possible the combination of
descriptive characterization and quantitative analysis in a chronic in situ setting.

Transparent chambers for microscopic observation have been used for over seven
decades. The first transparent chambers were implanted in the rabbit ear by Sandison in 1924
[1]. This chamber was used to study the development of granulation tissue. A major
disadvantage of the system was that allografts did not survive. In 1945 Algire adapted the
rabbit ear chamber for use in the dorsal skinfold of the mouse [2]. His initial interest was to
investigate developing microcirculation in transplanted tumors. Advantages of this system are
repeated observation and good optical clarity.

In the late 1970s these chambers were used for the direct, quantitative , study of
hemodynamics and morphologic parameters in the microcirculation in hamsters [3]. In 1992 the
chambers were adapted for use in SCID (Severe Combined Immunodeficient) mice [4], and in
1993 in nude mice [5]. The chambers have been used extensively to study microvasculature of
tumor implants [4, 6-14].

SCID mice lack both a functional immune system and mechanisms for DNA repair [15].
The absence of both T and B lymphocytes is due to a site-specific recombination pathway [16].
The use of immunocompromised mice increases the take rate of transplanted tumors and allows

for xenotransplantation.
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Appendix B. Stealth® Liposomes

Liposomes are multi-lamellar bilayers of lipids enclosing an aqueous phase (Figure B-1).
The hydrophilic head groups are always in contact with the aqueous phase. The lipid composition
varies but usually the predominant type is a phospholipid. The presence of cholesterol increases
the liposome stability. Negative charge prevents aggregation and increases encapsulation
efficiency [1]. An aqueous suspension of solutes is shaken over a dried lipid film to form

liposomes.

Liposome

\Phospholipid

Figure B-1. Schematic of liposome structure

It was hypothesized over thirty years ago that liposomes could be used as drug carriers.
The potential advantages are:

* Prolonged effect of the encapsulated drug

o Increased concentration at the site of action leading to amplification of effect

* Decreased tissue and systemic toxicity

* Increased protection from host response

* Increased uptake by phagocytic cells

* Local, directed, and selective drug release

* Delivery of drugs which are only activated in the cellular environment

* Transport across hydrophobic barriers

» No chemical modifications of drug necessary
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* Mimic certain cell functions

However, conventional liposomes when injected into the bloodstream are recognized as
foreign bodies by the host's immune system and rapidly cleared by the phagocytic cells within the
liver and spleen [1]. These conventional liposomes accumulate in the liver and spleen (90% of
injection) within a couple of hours. The rate of elimination depends on many parameters such as
size, charge, and fluidity of the liposome. - The circulation time increases with decreasing size,
negative charge density, and bilayer fluidity [2].

If the cells of the reticuloendothelial system (RES) are the targets then conventional
formulations are optimal. This clearance is significantly reduced by incorporating polyethylene
glycol-linked lipids (2000 - 5000 MW) [3]. These liposomes are termed Stealth® for their ability
to sustain their anonymity in the bloodstream. They exhibit first-order clearance rates independent
of dose. The circulation time is increased up to 48 hours and the tissue distribution is much
improved over conventional liposomes (Table B-1). In addition to the increased percentage of the
dose remaining in the circulation, there is also increased uptake in solid tumors, enhanced

antitumor activity of encapsulated drugs, and dose independent clearance kinetics [3, 4].

Table B-1. Tissue Distribution of Stealth® Liposomes

Tissue Localization (%)
Blood 29
Liver 18
Spleen 3
Heart 0.1
Skin 16
Elsewhere 21

[3]
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Appendix C. Intravital Fluorescent Microscopy Photographs for
Chapter 3
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Figure C-1. HCa I growth in the dorsal chamber.
Image of the same tumor at A) 6 days, B) 12 days,
and C) 15 days after tumor implantation
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Figure C-2. ST-8 growth in the dorsal chamber.
Image of the same tumor at A) 5 days, B) 10 days,
and C) 12 days after tumor implantation.
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Figure C-3. MCa IV growth in the dorsal chamber.
Image of the same tumor at A) 6 days, B) 9 days,
C) 15 days, and D) 20 days after tumor implantation.
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Figure C-4. Characteristic vascular patterns of tumors implanted in the dorsal chamber.
A) HCa I, 12 days after implantation

B) ST-8, 10 days after implantation

C) Shionogi, 11 days after implantation

D) MCa IV, 23 days after implantation
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2 pm latex beads [.2 -2 pm latex beads

780 nm latex beads 380 nm liposomes

233 am liposomes 94 nm liposomes

Figure C-5. Pore cutoff size for Mca IV in the dorsal chamber (25x)

131



132




Appendix D. Microvascular Permeability Derivation

The effective vascular permeability was derived in Yuan et al [1]. The volume of the
monitoring window (V) was equal to the area of the window multiplied by the thickness of the
tissue. The area of the monitoring window was 0.51 x 0.44 mm?2 (0.224 mm?2). The depth of the
tissue varied from 0.5 to 2.0 mm. The effective permeability of a single microvessel is related to
the diffusive permeability, the solute reflection coefficient, and the convective flux as discussed in

Chapter 4. The definition of average effective permeability is

J;=PSC, (D-1)

where Jg is the total solute flux across the total surface area within the volume, V. Cp, the plasma
concentration of solute is assumed to be much greater than the interstitial concentration of solute
(Cint) and also to be the same in all vessels. P represents the average effective permeability of
vessels in the monitoring volume.

The increase in macromolecules within the monitoring window is assumed to be due to
extravasation since the length of the window is much greater than the diameters of the vessels.

Therefore, the mass balance is given by

AN,y ANy

D-2
a7 dr (D-2)

where Nt is the total number of macromolecules in the volume. Nty is the number of

macromolecules in the intravascular space. Ny is related to the plasma concentration of solute by

Ny = Vvescp(1 - HTm) (D-3)
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Appendix D. Microvascular Permeability Derivation

where Vyes is the vessel volume within the monitoring volume, V. HTm is the average hematocrit
in the monitoring volume. Initially, there is no extravasation from the vessels, therefore Nt is
equivalent to Ny.
The average fluorescence intensity in the monitoring window is defined as
Y(h)k

1

where I is the total fluorescence intensity which is related to the total concentration of fluorescently
labeled molecules in the volume, the depth of light collection, the tissue attenuation of the light, and
the intensity of background tissue within the dorsal chamber. A is the area of the large monitoring
window, P is the optical correction function which is a function of the light attenuation from
excitation and emission, and the depth of the tissue.

The integrated intensity across a single vessel per unit length (Fp) is obtained by placing a
smaller window over a portion of the vessel. The amount of fluorescent molecules within the

vessels immediately after injection is much greater than the amount extravasated, therefore

L)
F,=—nd*kC,(1- H
p =™ *Cpl1~Hr) (D-5)

where d is the vessel diameter, HT is the local hematocrit. The average fluorescence intensity
before extravasation can be used to measure vascular volume (Vyes). As was stated above all the
fluorescent molecules are located intravascularly. Combining equations D-3 to D-5 leads to the

following expression for the vascular volume

Vves =£d2 Iimg I:I_HT ]

V 4 FE¥(h|1-Hy, D-6)
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Appendix D. Microvascular Permeability Derivation

The permeability -surface area product per unit volume is calculated by combining equations D-1
through D-6 ( Substitute D-1 into D-2, substitute D-3 and D-4 into the result and rearrange,

substitute D-6 into the result and rearrange, finally substitute D-5 into the result)

_&S_—Mz(l_HT)[ 1 dIm+Im0)

V' 4R¥(h) \Ino df K -7

where K = -Cp/(de/dt). From this we can calculate the average permeability of tumor vessels

V 1 dl 1
P=(1-H ves m mQ
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Appendix E. Microvascular Permeability Data

Table E-1. Microvascular Permeability Measurements
Animal Ipackround lo dI/dt (dI7dt)/T, S/Vyes 1/ P(cm/s)

(x10-4) (x10-4) (1/em) (1/s)  (x107)

hca-11 0.224 202  6.864 3.8218 2499 0.00011 1.5953
hca-12  0.281 1.91 2344 14.3892 3144 0.00011 3.9905
hca-13 0.3 2.38 12.27 5.899 34515 0.00011 0.16425
hca-21 0.223 0.57 3.217 9.4064 2984 0.00011 2.8519

hca-22  0.365 0.67  2.204 7.1558 3835 0.00011 1.7437
st8-21 0.1672 0.77 2.76 4.556 2743 0.00011 1.6702
st8-11 0.141 0.46  2.346 7.3542 1823 0.00011 3.7564
st8-12 0.121 0.23 02134 1.9225 3775 0.00011 0.64854
st8-13 0.18 0.19 04946 41.2167 3695 0.00011  9.2765

st8-22 0.149 0.52 2.41 6.4267 1856 0.00011 3.2848
mca-11 0.2 0.83 4.874 7.7984 3441 0.00011 2.0947
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Appendix F. Intravital Fluorescent Microscopy Photographs for
Chapter 5
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Chapter 5
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Figure F-1. Images of the same Shionogi tumor in the dorsal chamber.
A) 5 days before sham operation (5 days after implantation)

B) day of sham operation (10 days after implantation)

C) 5 days after sham operation (15 days after implantation)

D) 12 days after sham operation (22 days after implantation)
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Figure F-2. Images of the same Shionogi tumor in the dorsal chamber.
A) 5 days before orchiectomy (5 days after implantation)

B) day of orchiectomy (10 days after implantation)

C) 5 days after orchiectomy (15 days after implantation)

D) 12 days after orchiectomy (22 days after implantation)
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Appendix G. Intravital Fluorescent Microscopy Photographs for
Chapter 6




Appendix G. Intravital Fluorescent Microscopy Photographs for
Chapter 6
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Figure G-1. Overview of the cranial window.
A 15 day old U87 is located on the pial surface
of the upper hemisphere.
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Figure GG-2. Pore cutoff size representation in the cranial window.
A) HCa It no extravasation of 400 nm liposomes (2.5x magnification)
B) HCa I: extravasation of 210 nm liposomes (2.5x magnification)
C) MCa IV: vessel perfusion shown with FITC dextran,

there was no extravasation of 780 nm latex beads (1.6x magnification)
D) MCa IV: no extravasation of 550 nm liposomes (2.5x magnification)
k) MCa IV: extravasation of 400 nm liposomes (25x magnification)
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Appendix H. bFGF-Heparin Binding Data

TCA Precipitation Data

N1 N2
Preincubation fraction protein associatelereincubation fraction protein associated
Volume (ul) CPMppt CPM super FVqume (ul) CPM ppt CPM super
10 1093.8 485.8 5 370.8 207.8
To each vial 373.8 267.6
CPM total 3716.5]To each vial
Volume (ul) 2 5|CPM total 2917.8
FGF* (ng) 0.008|Volume (pl) 25
FGF (ng) 0.1|FGF* (ng) 0.008
Calculations FGF (ng) 0.1
%protein associated CPM 0.691Calculations
%free label CPM 0.31]%protein associated CPM 0.61
FGFtotal/FGF* 13.5[%free label CPM 0.39
FGF*/CPM 3.11E-06jFGFtotal/FGF* 13.5
F*/CPM 4.49E-06
N3 [
Preincubation fraction protein associated|Preincubation fraction protein assocuated
Volume (ul) CPMppt CPM super olume (pl) CPM ppt CPM super
5 5539.5 2047.9 3107.8 1450.8
4080.3 1705. 9[ 2843.9 1426.8
To each vial o each vial
CPM total 7441 8 PM total 13843.8
Volume (ul) olume (ul) 15
FGF* (ug) 0. 008 FGF* (ng) 0.008
FGF (ug) 0.1fFGF (ng) 0.1
Calculations alculations
%protein associated CPM %protein associated CPM 0.67
%free label CPM %free label CPM 0.33
FGFtotal/FGF* 13 5|FGFtotal/FGF* 13.5
FGF*/CPM 1.49E-06 FGF"/CPM 8.57E-07
N5
Preincubation fraction protein associated Prelncubatlon fraction protein associated
Volume (ul) CPMppt CPM super olume (pl) CPM ppt CPM super
5 1495.8 566.8 1647.3 702.7
1383.7 494.8 1657.7 544.8
To each vial o each vial
CPM total 3520 8 PM total 11288.8
Volume (ul) olume (ul) 25
FGF" (ng) 0. ooa FGF* (ug) 0.008
FGF (ng) 0|FGF (ng) 0.1
Calculations alculations
%protein associated CPM %protein associated CPM 0.73
%free label CPM %free label CPM 0.27
FGFtotal/FGF* 1 FGFtotal/FGF* 13.5
FGF*/CPM 3.11E-06JFGF*/CPM 9.76E-07
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Appendix H. bFGF-Heparin Binding Data

TCA Precipitation Data continued

N7
Preincubation fraction protein associated
Volume (ul) CPMppt CPM super

5 828.2 392.8

831.4 390

To each vial
CPM total 5862.8
Volume (ul) 20
FGF* (ng) 0.008
FGF (ng) 0.1
Calculations
%protein associated CPM 0.66|
%free label CPM 0.32
FGFtotal/FGF* 13.5
FGF"/CPM 2.01E-06

Heparin Content Determination in Activated and Coupled Sepharose Beads

A. Heparin Standards

Heparin (ug) Absorbance A-Backgd

50/100 0.995 0.6444
30/100 1.0014 0.6508
15/100 0.8564 0.5058
9.99/100 0.7758 0.4252
7.5/100 0.7261 0.3755
3/100 0.5037 0.1531
0/100 0.3506 0

B. Heparin Content over the Microbeads

Activation  Absorbance A-Backgrd dilution factor Hsample

Hsolution(ug)

A 0.463 0.1124 2.67E+03
0.5275 0.1769 1602
0.9628 0.6122 320.4
0.7861 0.4355 640.8
Ac 0.4897 0.1391 2827.232
0.5591 0.2085 1696
0.9946 0.644 339.2
0.8201 0.4695 678.4
C 0.4325 0.0819 2270.454
0.4673 0.1167 1362
0.8276 0.477 272.4
0.6138 0.2632 544.8

1.87718482
3.75300276
16.4125927

11.273724

2.6536862
4.67200814
17.3374146
12.2625273
0.99017013
2.00223935
12.4806456
6.26281809

5005.82618
6012.31043

5258.5947
7224.20234
7502.58654
7923.72581
5880.85102

8318.8985
2248.13574
2727.04999
3399.72787

3411.9833

ettt Pt —————— i —————— T ——————ve—
e e — T —————————
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Appendix H. bFGF- Heparm Binding Data

Heparin Content Determination in Activated and Coupled Sepharose Beads
continued

C. Heparin Content within the microbeads
Hsolution

Activation Ave (mg) Std.dev Hinit(mg) Hbead (mg) Vbead (ml) C (mg/ml)
A 5.875233 0.9958 8.2 2.32476659 0.64 3.632448
Ac 7.406515 1.0703 8.2 0.79348453 0.74 1.072276
C 2.946724 0.5651 3.85 0.90327578 0.385 2.346171
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Appendix I. Intravital Fluorescent Microscopy Photographs for
Chapter 8
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Figure I-1.Vascular growth into a coilagen gel containing VEGF
in the dorsal chamber.
A) 6 days, B) 11 days, and C) 20 days after gel implantation.
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Figure 1-2.Comparison of bFGF and VEGF induced vascular patterns.
A) Fluorescent image of bFGF gel (2.5x magnification)
B) Non-fluorescent image of VEGF gel (2.5x magnitication)
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Appendix J. Pore Cutoff Studies Data

Pore Cutoff Size Pore Cutoff Size
Determination in Dorsal Chambers Determination in Cranial
Window
Tumor line Extravasation  No extravasation | Extravasation No extravasation
size (nm) size (nm) size (nm) size (nm)
MCalV 100 2000 380 550
200 780
380
580
780
1200
ST-8 290 780 400 780
380
55C
LS174T 290 550
384
480
HCal 384 550 210 400
ST-12 380 780
550
ST-melanoma 380
550
Shionogi 1 200 780 100 400
380 550
Shionogi 2 200 380
550
VEGF 7 380
550
bFGF 200 380
550
Us87 7 100
370
Tumor Growth | Tumor Regression
Day Extravasation  No extravasation | Extravasation  No extravasation
size (nm) size (nm) size (nm) size (nm)
-2 200 550 200 550
0 200 400 200 400
2 200 400 7
100
200
400
550
4 200 400 200
400
6 200
) 400
550
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Appendix K. Nomenclature

BBB blood-brain barrier
bFGF basic fibroblast growth factor
BSA bovine serum albumin
BTB blood-tumor barrier
C pore fluid bFGF concentration
Chulk bulk fluid bFGF concentration
Cint interstitial solute concentration (moles/cm?3)
Cp plasma solute concentration (moles/cm3)
dn vessel diameter
D molecular diffusivity in water at 20°C
Defs effective diffusivity
Dge| diffusivity in the gel
EEM extracellular matrix
FITC fluorescein isothiocyanate
F integrated intensity across single vessel per unit length
Cal murine hepatocarcinoma
Ht local hematocrit
HTm average hematocrit of microvessels
I average fluorescence intensity
Ip background tissue fluorescence intensity
Im average fluorescence intensity in monitoring window
Iy initial average fluorescence intensity
I total fluorescent intensity
g solute flux (moles/s)
I fluid volume flux (cm3/s)
k proportionality constant
K plasma clearance
K4 hindered diffusion factor
Kp equilibrium dissociation constant
Kr fluorescence proportionality constant
Lp vessel length
LS174T human colon adenocarcinoma
M total number of vessels on the tumor surface
MCAIV murine mammary carcinoma
MW molecular weight
Nt total number of macromolecules per volume
Ny total number of macromolecules in intravascular space
Pp plasma hydrostatic pressure
Pint interstitial hydrostatic pressure
Pe Peclet number
partition coefficient
Rho rhodamine
PDGF platelet derived growth factor
Ip pore radius
I solute radius
Tsphere radius of sepharose microbead
RT number of binding sites for bFGF on heparin molecule
S bound complex concentration
SCID severe combined immunodeficiency
Shionogi murine androgen dependent mammary carcinoma
ST-8 anaplastic, murine origin

158




Appendix K. Nomenclature

Shionogi
ST-8
ST-12
TGF-p
uUg7
Vbulk
VEGF
VVCS
VVO

murine androgen dependent mammary carcinorna
anaplastic, murine origin

anaplastic, murine origin

transforming growth factor

human glioblastoma

volume of solution

vascular endothelial growth factor

total vessel volume

vesiculo-vacuolar organelles

void fraction of sepharose gel
tortuosity of sepharose gels

ratio of solute radius to pore radius
plasma oncotic pressure
interstitial oncotic pressure

partition coefficient
optical correction function
solute reflection coefficient

159



