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Design of DNA Nanoparticulates for Convection Enhanced
Delivery to the Brain

by John Andrew MacKay
ABSTRACT

Novel treatments, such as gene therapy, are urgently needed for patients with primary
brain tumors. My hypothesis is that barriers to gene therapy using nanoparticles in the
central nervous system (CNS) can be overcome by a combination of nanoparticle

optimization and delivery directly into the brain.

To test this hypothesis I synthesized and characterized molecules to increase nanoparticle
binding to cells and enhance DNA escape from the endosome. I also characterized CNS
barriers to nanoparticle distribution infused by a procedure called convection enhanced
delivery (CED). To enhance non-viral gene delivery, low pH sensitive PEG lipids that
stabilize fusogenic liposomes were characterized. The kinetics of pH-triggered collapse
of PODS2000 (PEG=2000Da) and PODS750 (PEG=750Da) phosphatidylethanolamine
liposomes conform to a “minimum surface shielding” model, whereby a critical PEG
surface coverage stabilizes the bilayer. Below about 2.5% POD, the exposure of a PE
surface induces particle collapse and promotes transfection. To increase cell
internalization, a peptide (TATp) was attached to liposomes, either at the phospholipid-
aqueous interface or separated by a PEG linker. Both TATp lipids promote cell surface

binding and internalization.
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When infused by CED, liposome distribution depends upon diameter and surface charge.
Neutral liposomes accumulate in perivascular cells within the brain. These cells eliminate
neutral liposomes from the interstitial fluid with a 9.9 + 2.0 hr half-life as determined by
elimination of a degradable radiolabeled lipid and by analysis of the time dependent
distribution of fluorescence. A non-biodegradable lipid remains within these cells for at
least two days. Positive surface charge (10% by mole lipid) dramatically reduces
nanoparticle distribution from the infusion site. Incorporation of TATp-PEG-lipid into
nanolipoparticles containing DNA, increased binding to and transfection of tumor cells
following CED to an intracranial tumor. These results support my hypothesis that better
designed non-viral gene vectors will overcome limitations to distribution and transfection
within the CNS and suggest that optimization of CED using nanoparticulates will require

a strategy to control particle binding and clearance by cells within the CNS.
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CHAPTER1:
Design of DNA Nanoparticulates for Improved Intracellular Transport for Use in

Convection Enhanced Delivery to the Brain

1.1  Introduction

The hypothesis of my research is that biological barriers to nucleic acid delivery in the
central nervous system (CNS) can be overcome by local delivery directly into the brain
(Chapters 3,4) and by design of molecules that exploit aspects of cellular trafficking
pathways (Chapters 2,5). This goal required the determination of distribution barriers and
elimination properties when nanoparticles are infused directly into the CNS. It also
required the synthesis and characterization of small molecules designed to increase

binding to cells and enhance escape from the endosome subsequent to internalization.

Primary brain tumors affect 17,000 patients a year in the United States alone [American
Cancer Society 2002]. The mortality rate for those diagnosed with brain tumors is high,
so there is a strong need for improved treatments. The clinical goal of this research is to
develop a non-viral gene therapy for primary brain tumors, which may also have
application to many other types of metastatic cancer found in the brain [Kaye and Laws
1995]. Proposed non-viral gene therapies involve expressing a ‘suicide’ gene within the
tumor. Such therapies include cytokines (example: IL-12), inducers of apoptosis
(example: BAX), or enzymes capable of converting non-toxic drug to chemotherapeutic
drug (example: cytosine deaminase converts 5-fluorocytosine to S5-fluorouracil).

Additionally, the use of tumor specific promoters may enable gene therapy to kill only
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tumor cells, without affecting normal tissue. As an example, the uncontrolled growth of
tumor creates poorly oxygenated regions within the tumor. Cells under low oxygen up-
regulate DNA sequences with hypoxia response elements (HRE) before the promoter. In
gene therapy studies, the incorporation of HRE into the promoter of a suicide gene
enables tumor specific expression [Ruan et al. 2001]. While many suicide gene
approaches have shown promise, the therapeutic applications of gene therapy remain
limited by the inability to safely deliver and express the gene within a tumor. Thus, the
goal of this thesis was to develop techniques that enable efficient and widespread non-

viral gene delivery.

1.2  Overcoming barriers for non-viral gene therapy in the CNS

Cationic DNA lipoplex, a commonly used in vitro non-viral vector, has not been
designed to enable in vivo transfection. The high density positive charge (50% by mole
lipid) on cationic lipoplexes that makes them effective in vitro, causes rapid elimination
from systemic circulation and local toxicity in vivo. Recent efforts to boost non-viral
transfection have been driven by the view that viral behaviors can be imitated by a DNA-
containing liposome [Kaneda 2000]. Viruses have evolved optimized strategies for
overcoming the barriers to transfection. Thus, by mimicking specific viral properties,
including cell-surface binding and endosomal escape, it may be possible to boost the

efficiency of non-viral DNA particles.

Within this section, the main barriers to in vivo non-viral gene therapy have been

organized as follows: 1. The DNA must be formulated into a protected particle prior to
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delivery; 2. The particle must target/localize within the CNS; 3. The particle must bind
and internalize into a target cell within the CNS; 4. The particle must release its DNA to
the cytoplasm and bypass DNAse degradation in a lysosome; and 5. The DNA must be

trafficked into the nucleus to enable gene expression.

1.2.1 Barrier 1: Protection of the DNA

In vivo non-viral DNA delivery requires the formulation of a small particle, not unlike a
virus, with a protective coat around a plasmid. The purpose of the coat is to protect the
DNA from both intracellular and extracellular DNAse activity. In this project, liposomes
have been used as the platform for coating DNA. Liposomes are self-assembling vesicles
that can be modified simply by mixing in other lipidated molecules. The DNA containing
nanolipoparticles (NLP) discussed in this thesis, are composed primarily of phospholipids
similar to those found in biological membranes and are relatively non-toxic and non-
immunogenic when administered into patients. To encapsulate DNA, modifications were
made to a detergent dialysis technique based upon the Stabilized Plasmid Lipid Particle
(SPLP) [Mok et al. 1999, Tam et al. 2000]. SPLP are small, PEG-shielded particles.
SPLP circulate for a prolonged period in the body and do not induce an inflammatory
response [Tam et al. 2000]. SPLP have not produced robust transfection in vivo, but the

addition of functionalized molecules may improve this formulation greatly.

1.2.2 Barrier 2: Localize delivery to the CNS
In order to transfect, non-viral vectors must be delivered to the in vivo site of action. One

approach is systemic administration, which requires that the particle circulate for long
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times in the blood before binding to a target site via a targeting ligand. There are
obstacles associated with this type of administration, including clearance to the liver and
penetration of the blood brain barrier. For this research project, I chose to bypass the
difficulties associated with targeting the CNS via systemic administration. Instead I
focused on a more straightforward, localized approach, a technique called convection

enhanced delivery (CED).

CED therapy consists of an infusion cannula placed stereotactically in the parenchyma
and a pump that pushes solutions through the tissue for an extended period. Unlike
systemic administration, CED enables control over drug location, concentration, and
delivery duration. CED is potentially superior to direct injection in small volumes
(diffusion controlled) because macromolecules and nanoparticles placed in a dense tissue,
such as the brain or solid tumor, tend to diffuse only short distances, on the order of
millimeters [Bobo et al. 1994, Lonser et al. 2002]. Thus, direct injection has a poor
chance of being scaled up for humans where drug must travel at least several centimeters
to cover a tumor. Alternatively, CED appears highly scalable because the volume of

distribution is limited only by the duration of flow and the flowrate.

Within animal models, CED has been successful at delivering a variety of compounds.
Low flowrates, from 0.1 to 0.5 pL per min, can deliver proteins to greater than 30% of
the brain volume in rats [Chen et al. 1999, Groothuis ef al. 1999], cats [Bobo et al. 1994]
and monkeys [Lieberman et al. 1995, Lonser et al. 1999 and 2002]. Recently, CED has

been successfully used to distribute adeno-associated virus (30 nm in diameter) into
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similar volumes of the brain [Bankiewicz ez al. 2000, Hamilton et al. 2000, Nguyen et al.
2001]. In addition, liposomes have been delivered by CED [Mamot et al. 2004, Saito et
al. 2004]. So it appears that prolonged infusion should enable the distribution of non-viral
DNA particles throughout large volumes of brain and tumor. Thus, to overcome the
targeted delivery barrier, I have investigated CED of liposomes (Chapter 3,4) and DNA

NLP (Chapter 5) in hopes of optimizing a new gene therapy treatment for brain tumors.

1.2.3 Barrier 3: Cell-binding and internalization

In order to gain entry to a target cell, a non-viral vector must have a mechanism for
binding and internalization. PEG shielded NLP have been specifically designed to
prevent cell binding; furthermore, without cell-surface binding, transfection is
impossible. So 1 prepared a peptide cell-binding ligand, based on a human
immunodeficiency virus (HIV) protein, called trans-acting transcriptional activator
(TAT). This peptide, RKKRRQRRR (TATp), has been successfully linked to a wide
array of molecular and nanoparticulate cargo in order to enable nonspecific cell
internalization. For an extensive review of TATp modified nanoparticulates refer to
Appendix A. In Chapter 5, I synthesized and characterized two cell-binding ligands,
based on TATp, incorporated these into NLP, and delivered these to rat intracranial
tumors. The TATp ligand was remarkably efficient at promoting cell binding and

internalization both in vitro and in vivo.
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1.2.4 Barrier 4: Endosomal escape

Non-viral access to the cytosol is mediated by the endosome membrane, the typical
downstream path of internalization for cell-surface bound particles. This occurs as the
cell membrane pinches inward to surround the particle and create a vesicle, the
endosome. In the early endosome, the pH rapidly drops 1-2 units within 10 min
[Sonawane et al. 2002] prior to further trafficking of the endosome to the lysosome, so
escape must occur soon after internalization. Many of the details that enable a liposome
to escape from the endosome have been discussed in detail [Drummond et al. 2000]. To
use this pH drop as a trigger for particle collapse, Guo and Szoka [2001] introduced a pH
sensitive ortho ester PEG-lipid (POD) (Fig. 1-1) that stabilizes a naturally unstable
phosphatidylethanolamine bilayer. The ortho ester chemistry employed to prepare POD is
well suited for in vivo applications because it can stabilize liposomes for hours at neutral
pH; however, at pH 5.0 acid hydrolysis removes the PEG shield and promotes particle
collapse within minutes, enabling gene transfer in cell culture [Choi et al. 2003). These
kinetics are ideal for creating a particle that can remain stable during convection through
the brain for several hours at pH 7.4, but collapses rapidly following internalization to a
cell via an endosome with low pH. Thus, to maintain stability and overcome the barrier
of endosomal escape, I characterized the collapse properties of liposomes stabilized by

POD (Chapter 2).
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Figure 1-1. Structure of POD. To the left is a polyethyleneglycol polymer (n=43) and to
the right is a distearoyl glycerol lipid anchor. These two pieces are linked by an acid
labile diorthoester linker. Cleavage of one orthoester removes the PEG, allowing
phosphatidylethanolamine bilayers to change phase to a hexagonal aggregate.

1.2.5 Barrier 5: DNA transport to the nucleus

The fifth barrier to non-viral DNA delivery is transporting DNA into the nucleus, for
expression. This barrier is beyond the scope of these studies; although, it is possible that
the great increase in efficiency of cell internalization and endosomal rupture will produce

enhancement of transfection even without optimizing a solution for this barrier.

1.3  Formulation of the ideal non-viral particle

Figure 1-2 illustrates the formulation of a nanolipoparticle (NLP), containing plasmid
DNA. The NLP is formed by dissolving both lipid and DNA components in either a
detergent or alcohol:water mixture. A fraction of the lipid is cationic, so these lipids bind
to the anionic phosphate backbone of the DNA. To initiate particle formation, the
detergent or alcohol is removed by dialysis. During this process, the cationic lipids
remain bound to the DNA by electrostatic interactions. Hydrophobic interactions hold

together the lipids, and bilayers form around the DNA. This process forms liposomes



with a minimum diameter of 60 nm, determined empirically. The optimized process is

more than 90% efficient at encapsulating the DNA.

Prior to particle formation (Fig. 1-2), PEG lipids can be incorporated into the lipid
mixture, sterically preventing cell-membrane binding. Alternatively, POD (Chapters 2,5)
can be incorporated to yield a pH sensitive NLP. For a reduction sensitive NLP, a
disulfide reducible cationic lipid can be employed. Incorporation of a disulfide reducible
cationic lipid allows removal of surface positive charge after particle formation. Disulfide
reducible cationic lipid could also enhance transfection by releasing DNA once access to
the cytosol is achieved (Chapter 5). Finally, DNA can be functionalized with a peptide
sequence, such as a motor protein or nuclear localization sequence, which will eventually

carry the DNA from the cytoplasm to the nucleus.

After particle formation (Fig. 1-2), the surface of the particle has residual cationic charge.
This cationic charge can contribute to cell binding and internalization, even when
shielded by PEG lipids (Chapter 3). If a disulfide reducible cationic lipid is used, then the
surface positive charge can be replaced by disulfide exchange to neutral or negatively
charged headgroups. To re-initiate particle binding, a targeting ligand can be incorporated
by attaching it first to the end of a PEG-lipid. These PEG-lipids form micelles that can
insert into the bilayer of previously formed particles. This ligand can be either receptor

specific or nonspecific, such as TATp (Chapter 5).
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14 Summary

The goal of this project has been to investigate in vivo the transfection efficiency of DNA
containing nanolipoparticles (NLP) following convection enhanced delivery (CED). To
do so, I made use of both a cell binding ligand (TATp) to gain entry to the cell and a pH
sensitive lipid (POD) to release DNA from the endosome. By using CED, I was able to
sidestep the problem of systemic clearance following intravenous injection. For
therapeutic use, this vector could carry one of several suicide genes that could potentially
target and kill tumor cells, such as cytosine deaminase, thymidine kinase, or Bax. Success
in developing a vector that can be infused throughout brain tumors could have an

immediate clinical impact.
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CHAPTER 2:

Optimization of Nanoparticulates: The Kinetic Characterization of a pH Sensitive

Lipid (POD)

2.1  Introduction

In this study, I have mathematically characterized a series of novel pH sensitive lipids,
polyethyleneglycol-orthoester-distearoylglycerol lipid (POD). These lipids contain
polyethyleneglycol (PEG) chains (MW = 750, 2000, and 5000 Da) that stabilize
phosphatidylethanolamine (PE) in a bilayer. Under physiological conditions, unsaturated
PE ensembles prefer a hexagonal phase and cannot maintain a stable bilayer; however,
the presence of small fractions of PEG lipids can stabilize PE in a bilayer. Here I
characterize liposomes loaded with an aqueous space marker ANTS/DPX and assay for
content release as a function of pH, buffering agent, PEG molecular weight, and the

presence of a pH insensitive PEG lipid [Guo et al. 2003, Li et al. 2005].

When acid-catalyzed hydrolysis lowers the mole percentage of POD on the liposome
surface to a critical level, the liposomes destabilize and transition to hexagonal phase
aggregates. The instability of these liposomes occurs in 2 phases: a lag phase and a burst
phase. During the lag phase, few of the liposomal contents are released. The burst phase
occurs when the surface density of the PEG lipid has reached a critically low level, and
the bilayer to hexagonal phase conversion occurs with concomitant liposome content
release. I further developed a kinetic “minimum surface shielding” model that can fit

liposome content release profiles and used the model to predict the behavior of POD
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functionalized liposomes. The burst phase occurs when the surface density of the PEG
lipid has reached a critically low level. Using nonlinear regression, this level was
estimated to be 2.3 + 0.6 mole% for PODS2000 (2000 Da PEG) and 2.8 + 0.7 mole % for
PODS750 (750 Da PEG). Liposomes formed with PODS5000, (5000 Da PEG) lipids
could not be analyzed by the model because they did not have distinct lag and burst
phases, presumably because 5000 Da PEG lipids induce nonspecific leakage of contents.
This kinetic model can be used to predict the bioresponsive properties of POD modified

liposomes in vivo.

I then investigated whether pH-insensitive PEG lipid was capable of preventing POD
induced leakage. Interestingly, vesicles containing 4 mole % of a pH-insensitive PEG-
lipid conjugate and 10% POD did not leak contents or collapse at any pH. Vesicles
containing 3 mole % of a pH-insensitive PEG-lipid only released about half of their
contents and then stopped leaking. Also investigated was the impact of membrane
permeability of the buffer on burst kinetics. It was found that a membrane permeable
acetate buffer had only a minor impact on the lag time before burst phase compared to

membrane impermeable phosphate, glucuronate, and citrate buffers at pH 6.0.

2.2  Methods
2.2.1 Materials
The pH sensitive PEG-lipid conjugates (PODS750, PODS20000, and PODS5000) were
synthesized within our group as previously described [Guo et al. 2001, Li et al. 2005],

using PEG of 750 Da, 2000 Da, and 5000 Da respectively. Briefly, 2 mmole of
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polyethyleneglycol monomethyl ether was dried by azeotropic distillation with 50 ml
anhydrous toluene under argon. A small amount of toluene was left with the residue, which
was then cooled to 50°C, followed by the addition of 2 mmole diacyl glycerol in 20 ml
anhydrous tetrahydrofuran (THF). 3,9- bisethylidene-2,4,8,10-tetraoxaspiro[5,5] undecane (2
mmol) was melted by heat gun and transferred into the THF solution. Then, 50 pl anhydrous
THF solution of p-toluenesulfonic acid (0.6 mg/ml) was added and the reaction mixture was

stirred at 40°C under argon for 2 hrs. The reaction was stopped by adding 0.5 ml

triethylamine and 20 ml methanol. The final product was purified with a silica gel flash et
column. Yields after purification ranged from 15% to 33.3%. Structures were confirmed by f, N
mass spectrometry and 'H-NMR analysis [Guo et al. 2004]. .
'K'A"‘ -
F Al .
&b‘. ‘., .
PEG-distearoyl glycerol conjugate (PEG-DSG) [Shimada et al, 1995] was a generous gift e
'-‘.‘
from Dr. A. Suginaka (NOF Corp., Tokyo, Japan). Dioleoylphosphatidylethanolamine
1. F
(DOPE), 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE), and dipalmitoyl- P -
AN
phosphatidylethanolamine-lissamine rhodamine B (Rh-PE) were purchased from Avanti C e
- T
Polar Lipids (Birmingham, AL). 8-Aminonaphthalene-1,2,3-trisulfonic acid (ANTS) and - .

p-Xylenebis(pyridinium) bromide (DPX) were purchased from Molecular Probes, Inc.
(Junction City, OR). MilliQ water (Millipore Inc, Bedford, MA) was used to prepare all
the aqueous buffers. All other chemical reagents and solvents were purchased from

Sigma (St. Louis, MO) or Fisher (Tustin, CA).

2.2.2 Formation of liposomes
Liposomes were prepared by the freeze-thawing method based on the procedure of

Monnard and coworkers [1997]. A chloroform solution of POD, PEG-DSG, POPE
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and/or DOPE in desired molar ratio (10 pmole total lipid) was added to a clean glass
tube. Chloroform was evaporated under reduced pressure (27 mm Hg) at room
temperature to form a lipid film and then placed under high vacuum for 1 hr to remove
residual chloroform. Liposomes for leakage assays were hydrated in a pH 8.5 buffer
including the ANTS fluorophore (50 mM), a DPX quencher (50 mM), and HEPES buffer
(5 mM). To detach lipid from the glass the film was agitated intermittently with a vortex
for about 20 min. Hydrated liposomes were sealed under argon and frozen in liquid
nitrogen. The solution was melted in a water bath at room temperature. This freeze
thawing cycle was repeated 10 times. The solution was then extruded S times through a
0.2 pm polycarbonate membrane (Nucleopore Corp., Pleasanton, CA) with a hand-held
extruder (Avestin, Ottawa, Canada). The extruded vesicles were separated from the
unencapsulated material using a Sephadex G-75 column with a pH 8.5 elution buffer
composed of HEPES (5 mM) and NaCl (145 mM), pH 8.5. All liposomes had zeta
average diameters ranging from 170 to 200 nm and a polydispersity index of less than
0.2, as measured by a Malvern Zetal000 Dynamic Light Scattering Instrument
(Southborough, MA). There was no significant difference in the encapsulation volume

among vesicles prepared with POD, PEG-DSG or a mixture of the two.

2.2.3 Liposome leakage assay

The ANTS/DPX fluorescence assay [Ellens et al., 1984] was used to measure the content
release of the liposomes. Measurements were made using a Spex Fluorolog fluorometer
(Model FL1/2, Jobin Yvon, Inc., Edison, NJ, USA). Excitation was at 370 nm (4.5 nm

bandpass) and the 90° emission signal was recorded at 520 nm (18 nm bandpass). At time
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zero, G-75 purified liposomes (10-20 pl) were injected into a cuvette containing 2-3 mL
of stirred buffer at 37 °C. Leakage assays were carried out with a cuvette concentration of
1 to 25 puM lipid, as required for assay sensitivity. The time to burst phase is not
dependent upon lipid concentration (Figure 2-6B). One data point of fluorescence
intensity was collected each second except for pH 7.0 and 7.4, where measurements were
taken every 30 min and the samples were incubated in dark between the measurements to
minimize the exposure of the sample to the excitation light source. The initial intensity
was defined as 0% contents leakage. To define 100% contents leakage, 50-200 pL of 1%
Ci2E;s detergent was added to the cuvette at the termination of the experiment to release
all of the dye. Several buffers were utilized at different pH, acetate (50 mM sodium
acetate, 100 mM NaCl), phosphate (50 mM sodium phosphate, 100 mM NaCl),
glucuronate (50 mM glucuronic acid, 100 mM NacCl), and citrate (50 mM citric acid, 100
mM NaCl). Buffers were titrated by the addition of NaOH or HCI. The pH and buffering
agent are indicated on each figure. Data are plotted as a percentage of content released,
calculated using the following equation:

Content Leakage = 100% * [(Fiime — Foackground)/(Fmaximum — Foackground)] Eq. 2-1
Where Fiine is fluorescence as a function of time, Fyackground i determined immediately
after the injection of liposomes into the cuvette, and Faximum is determined at the end of

each assay following lysis with detergent.

2.2.4 Determination of the duration of lag phase

In previous studies on POD/DOPE vesicles [Guo et al. 2001], the duration of the lag

phase (t,,) for each leakage assay was determined by a visual estimation of the
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intersection point of two lines: a line tangent to the trace of the lag phase and a line
tangent to the steepest slope of the burst phase. For this analysis, I developed a
mathematical derivation method to reduce bias. Since slow leakage during the lag phase
and fast leakage during the burst phase are reflected, respectively, by a shallow slope and
a steep slope of the fluorescent trace, the transition point between the two phases can be
considered as the point when the change of the leakage rate, or the change of the slope of
the fluorescent trace, reaches the maximum. Mathematically, this maximum point is

equivalent to the maximum point of the secondary derivative of the fluorescent trace.

To obtain the first and second derivatives from raw fluorescence data (Fig. 2-1A), a
window of width (t,) was centered on each time point (t). Assuming the data within the
window is linear, the derivative was determined for this point by linear regression. At
time points later than 0.5 X t,, the derivative was obtained for each time point to obtain
the first derivative curve (Fig. 2-1B). To account for different leakage kinetics at
different pH, the linear window time (t,) was defined as 20% of the time required for
50% leakage. This method scales t, between experiments and computes a smooth
derivative trace with sharp peaks for all data sets. The analogous method was used to
obtain second derivative (Fig. 2-1C) curves from the first derivative curves, using the
same t,, for obtaining the corresponding first derivative curves. The time point where the
second derivative reached a maximum was taken as the transition point between the lag
phase and the burst phase; the elapsed time between the transition point and t, is taken as

the lag time (¢45).
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Figure 2-1. Determination of lag time (#,) by the derivation method. As an
example, the data processing of the leakage of POD/POPE/DOPE (10/50/40, 25 uM
total lipid concentration) liposome at pH 5.5 is shown. [A] The fluorescent intensity F
(counts per sec) over incubation time. [B] and [C] The first and the second derivatives
of the fluorescent trace in [A], respectively. The maximum of d’F/dt’ is 2.133 cps/sec’
at 214 sec and this is defined as #4,.




2.2.5 Statistical analysis using the “minimum surface shielding” model

The hydrolysis of POD on liposome surfaces at a constant pH can be described by the

following rate equation:

dA/dt=-k[H"] Eq. 2-2
Where A is the mole percent of intact POD on the liposome surface, k& is a hydrolysis rate
constant, and [H'] is the concentration of protons. Integrating this equation fromt=0to t
and A = A, to A,, I obtain the following exponential solution:

A= AEXP(-K[H't) Eq. 2-3
Where A, is the percentage of POD on liposome surface at the incubation time t and A, is
the percentage of POD at the starting time of incubation. At the transition point between
the lag phase and the burst phase, the equation can be written as:

Ac = AEXP(-k[H " )t14g) Eq. 2-4
where A is the minimum percentage of POD required on liposome surface to stabilize
the bilayer structures, t,, is the duration of lag phase. Solving for #4,:

tiag = INA/(K{H'])- InA/(K{H"]) Eq. 2-5
By substituting the [H'] = 10™" into the equation and rearranging slightly I get:

tig = IN(AJA;) 1071/ k Eq. 2-6
This form of the equation was used to obtain estimates for the parameters of the
“minimum surface shielding” Model, i.e., POD hydrolysis rate constant (k) and critical
percentage of POD (A.). For the PODS750 these parameters were obtained by fitting the
observed #,, in phosphate buffer at pH 5.0, 6.0, and 7.0 (Table 2-1) using nonlinear

regression, performed by SPSS™ version 11.5 (Chicago, IL, USA). For PODS2000,
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these parameters were obtained by fitting #,,; using the pH 5.0 acetate buffer (Table 2-2).

To fit the complete set of data for PODS750 simultaneously requires a nonlinear multiple
regression, so it was important to carefully choose how to fit the data. The error was a
strong function of the magnitude of #,,; therefore, to prevent the excessive weighting of
larger lag times, the regressions were performed using a relative variance model. This is
achieved in SPSS™ by minimizing the following user defined loss function:

Loss Function = (RESID_/ #;,,)* Eq. 2-7
Within the SPSS™ software RESID  is defined the residual difference between the
predicted lag time and the observed lag time, #4,. The loss function was minimized using
the sequential quadratic programming method, which allowed bootstrap estimation of the

standard errors for A; and k.

2.3  Results

POD stabilized liposomes are pH sensitive in a unique manner that is well tuned for use
in biological systems. Using an aqueous content release assay, I investigated the pH
dependent collapse properties of these liposomes in order to better engineer them into a
therapeutic tool for drug and gene delivery. In this process, I developed a “minimum
surface shielding model” that explains the observed kinetics of POD liposome collapse.
The content released from POD/PE liposomes consists of 2 phases, a lag phase and a
burst phase (Fig. 2-1 A). During the lag phase, the liposomes leak only marginal amounts
of their encapsulated dye. The length of the lag phase, f,,, drops dramatically with a

decrease in the pH. Presumably, as the POD is cleaved by acid hydrolysis, PEG is
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released from the liposome surface. Eventually, there is not enough PEG to stabilize the
liposome, resulting in a burst of liposome leakage until all the contents have been
released. During the burst phase, the vesicles coalesce into large aggregates that

precipitate out of solution.

I prepared lipid films composed of 50% of POPE, (50-A,)% of DOPE, and (A,)% of
PODS750, PODS2000, PODS5000, or PEG-DSG for our studies. These lipid films were
easily hydrated and large unilamellar vesicles (LUV) were prepared by freeze-thawing
and extrusion. Freeze-thawed POD/POPE/DOPE liposomes possess large encapsulated
volumes in the range of 2.5~3.5 pul/umole lipid [Guo et al. 2003]. There were 2 reasons to
use LUV in these studies: the encapsulation of larger volumes enabled greater sensitivity
of fluorescence, and the existence of multilamellar structures within a particle could
complicate the analysis of transition to hexagonal phase. For example, a liposome could
collapse because of bilayer-bilayer contact between two of its own lamellae. Thus, these
studies reflect the kinetics of collapse for POD liposomes consisting primarily of

unilamellar vesicles, and may or may not reflect how multilamellar structures collapse.

2.3.1 Effect of PEG chain length on Leakage

The presence of PEG is a critical parameter in the stabilization of PE bilayers; therefore, I
was interested in determining if PEG length affects the collapse properties of POD
stabilized liposomes. Figure 2-2 shows a comparison of POD liposomes injected into pH
6.0 buffer at time zero. The 10% PODS2000 liposome burst occurs at a later time than

then the 10% PODS750 and 9% PODS5000, suggesting that these liposomes are less
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stable than PODS2000 (Figure 2-2). On a per mole basis, the PODS750 should be
expected to provide less steric shielding than the PODS2000. This supports the
“minimum surface shielding” model; the PODS750 should have a larger A than the
PODS2000. If the lipids are hydrolyzing at the same rate, then the model predicts that the
PODS750 liposomes burst first. According to the model, the PODS5000 liposomes
should wait even longer that PODS2000 until entering the burst phase. Interestingly, it
was possible to form liposomes containing 9% PODSS5000, but these particles were
unable to retain aqueous contents for any period of time (Fig. 2-2), and since these
liposomes did not exhibit a lag time their release kinetics could not be analyzed using the

model.
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Figure 2-2. POD liposome leakage is PEG chain length dependent. Conforming to
the minimum shielding model, the PODS750 (A, = 10%) burst faster than PODS2000
(A, = 10%). Note that PODS5000 (A, = 9%) liposomes display excessive nonspecific
leakage and t;,, could not be identified using this lipid formulation. Phosphate buffer
pH 6.0 at 37°C.
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2.3.2 Effect of pH on content leakage

The “minimum surface shielding” model predicts a 10-fold increase in the #,,; for every 1
pH unit shift (Eq. 2-5), and this is clearly observed for PODS750 (Fig. 2-3A) and
PODS2000 (Fig. 2-3B). The x-axes in these figures have been plotted in Logo scale so
that all of the data can be viewed together. Additionally, the impressive pH sensitivity of
the POD compounds and their utility in biological systems is evident. Even at 37°C, in
neutral pH, POD liposomes are stable over an hour; however, at pH 5 and below, these
liposomes collapse within minutes. Thus, these liposomes can circulate for a long time
following i.v. administration. For the purpose of carrying DNA or drugs, these liposomes
are naturally suited for targeted collapse in acidic environments such as the interstitial

space within a tumor or a cellular endosome.
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Figure 2-3. pH-dependent leakage of POD liposomes at 37°C.
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2.3.3 Stabilization of POD liposomes with near-critical amount of pH insensitive lipids

To confirm an estimate of the critical mole percent, A., of POD required to stabilize the
vesicles and to eliminate the possibility that hydrolysis products from the POD (the PEG,
linker, or distearoyl glyceride) were responsible for the leakage or collapse, I examined
the pH release profile in vesicles composed of POPE/DOPE, containing either the pH-
sensitive POD or a pH-insensitive PEG-DSG derivative. The PEG-DSG had a similar Da
PEG (2000) as POD, the same hydrophobic anchor distearoyl glycerol and, like POD,
had no charge. Thus, PEG-DSG has physical-chemical properties that are analogous to

PODS2000.

Liposomes with 10% PODS2000 collapsed efficiently at pH 5.0 either in a membrane
permeant acetate buffer (Fig. 2-4A) or a membrane impermeant citrate buffer (Fig. 2-4B).
Vesicles composed of 10% PEG-DSG neither leaked contents (Fig. 2-4F) nor collapsed
with any buffer tested. In addition, PE vesicles stabilized by 4% PEG-DSG and 10%
POD did not leak contents (Figure 2-4E) or collapse at any pH tested. This control was
included because one of the breakdown products from POD is distearoyl glyceride. These
results confirm that the PE vesicles are stabilized by the PEG coat at all pH values and

that hydrolysis products from POD do not cause content release.
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Figure 2-4. pH-insensitive PEG-lipid stabilizes POD liposomes. Percentage of
leakage over time at pH 5.0 and S uM lipid. [A] and [B] POD/POPE/DOPE
(10/50/40); [C] and [D] PEG-DSG/POD/POPE/DOPE (3/10/50/36); [E] PEG-
DSG/POD/POPE/DOPE (4/10/50/36); [F] PEG-DSG/POPE/DOPE (10/50/40); [A],
[C],[E],and [F] in acetate buffer; [B]and [D] in citrate buffer.
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Interestingly, vesicles stabilized with 3% PEG-DSG and 10% POD did collapse and
display burst kinetics in either acetate buffer (Fig. 2-4C) or citrate buffer (Fig.2-4D);
however, these 3% PEG-DSG stabilized liposomes only released about 40% of their
contents, even after long periods of time. These burst kinetics also scaled with pH as the
same effect was found to be true over much longer time periods (#,, ~ 12,600 sec in pH
7.0 citrate buffer), and even at pH 7.0, only 40% of the contents were released before the
addition of detergent. This suggests that 4% of 2000 Da PEG is a sufficient lower bound
to stabilize the liposomes; however, 3% PEG is extremely close to the critical minimum

shielding level, A.. Thus, I would expect to calculate an A close to 3% PODS2000.

2.3.4 Determination of t,g for PODS750 and PODS2000

Eq. 2-5 also predicts that the change of 4, in response to A, is relatively small; therefore,
a precise determination of #,,, values is needed in order to obtain reasonable estimations
of k and A;. Two approaches were taken to improve the data quality for £, values. First,
all the leakage data in this report were processed by an automated derivation method to
remove bias from the determination of #,, values from the fluorescent traces. Second,
concentrated liposome samples were utilized for leakage assays (25 puM here versus 5
MM in Fig. 2-4) to obtain smoother traces with sharper increase of the fluorescent signal
at the burst phase. Thus, POD/POPE/DOPE liposomes containing different mole
percentages of POD were prepared by freeze-thawing and their leakage measured at
multiple pH. Using the second derivative method, the lag times of POD/POPE/DOPE
liposomes with different A, are listed for PODS750 in Table 2-1 and and PODS2000 in

Table 2-2.
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Table 2-1. PODS750: Comparison of predicted and observed lag time tiag, (S€C).

*hdd

Initial Percentage of PODS750, A, (mole %)

pH 5 15 10 15 20
5.0 57 102 129 174 209
(104) (135) (149) (228) (298)
6.0 562 977 1,262 1,664 1,905
(535) (698) (899) (1,362) (1,895)
7.0 6,021 10,231 13,219 17,429 20,417

(11,170) (17,090) (20,850) (25,300)

* Predicted by the “minimum surface shielding” model; £ = 963 + 183 sec'M! and A, =

2.8+0.7%.
mThe predicted lag times are presented with the observed lag time below in parenthesis. nee
... Obtained from the maximum of the second derivative plot of the ANTS/DPX leakage. ot
POD/POPE/DOPE (A,/50/(50-A,)) liposomes were incubated in phosphate buffer at Y
37°C for t),, sec until the burst phase was observed. .
.
r
-
-
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.
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Table 2-2. PODS2000: Comparison of predicted and observed lag times , #,,
(sec).
Initial Percentage of PODS2000, A, (mole %)
pH™™ 7 8 9 10 12 14
45 26 29 31 34 38 41
- - - (63) - (74)
4.7 41 45 50 53 60 66
- - - (63) - (84)
5.0 81 90 99 106 120 131
(85) (94) (96) 97) (117) (138)
5.5 256 286 313 337 378 413
(176) (211) (223) (220) (287) (332)
6.0 808 904 989 1,065 1,196 1,307
- - - (1,603) - (1,819)
6.3 1,613 1,804 1,974 2,125 2,387 2,608
- - - (1,645) - (2,222)
7.0 8,083 9,044 9,891 10,650 11,962 13,071
- - - (11,700) - (16,560)
7.4 20,303 22,717 24,846 26,750 30,046 32,833
- (21,600) (37,800)

* Predicted by the “minimum surface shielding” model; k=1,390 + 232 s'M", A:=2.3 +
0.6%.
The predicted lag times are presented with the observed lag time below in parenthesis..
** Obtained from the maximum of the second derivative plot of the ANTS/DPX leakage
**** POD/POPE/DOPE (A,/50/(50-A,)) liposomes were incubated in acetate buffer (pH
<= 5.5) or phosphate buffer (pH >= 6.0) at the specified pH for #,, sec until the burst
phase was observed.

2.3.5 POD Derivatives follow the “minimum surface shielding " model

Having collected ¢, data for a number of initial percentage PEG, A,, over a range of pH
(Tables 2-1, 2-2), I must prove that the data fits to the predictions of the model. Eq. 2-5
shows that the length of lag time, #,,,, should have a linear relationship with the natural
logarithm of the initial percentage of POD on liposome surface. Furthermore, the
equation predicts that, by measuring the #,,; of POD/POPE/DOPE liposomes comprising

of different A, at known pHs, followed by an appropriate regression of the data, one can
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deduce the rate constant of POD hydrolysis (k), as well as the minimum percentage of
POD (A,), that is required to stabilize the liposome. As shown in Figure 2-5, the lag time
versus In(A,) (following Eq. 2-5) gives a linear plot, where the slope contains the kinetic
rate constant, &, and the x-intercept contains an approximation of A.. Buffered at pH 5.0,

ti,g data from initial POD percentages of 7, 8, 9, 10, 12, and 14% were fit to Eq. 2-6.

As shown in Figure 2-5, the duration of the lag time shows a linear relationship with the
natural logarithm of the starting POD mole percentage at pH 5.0 (* = 0.945, P = 0.001,
n=6), demonstrating that the “minimum surface shielding” model adequately describes
pH-triggered content release of POD/PE liposomes. To estimate the kinetic parameters
(k and A.), nonlinear regression was performed to fit the #,,, data in Figure 2-5 to Eq. 2-6.
The parameters derived were k = 1,390 + 232 sec'M" and A. = 2.3 + 0.6%. The
parameters obtained, A. and k, were successfully used to predict the length of the lag

phase for PODS2000 liposomes, as shown in Table 2-2.
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Figure 2-5. Lag time is a function of the initial percent POD. Dependence of lag
time (f,;) of PODS2000/POPE/DOPE (A,/50/(50- A,)) liposomes on the natural
logarithm of initial mole % of POD, A,, in pH 5.0 acetate buffer . Model: #;,; = In(A,)
10°1 / k - In(A) 10°1 / k; Observed: k = 1,390 + 232 s'M, Ac=2.3 + 0.6%, I* =
0.949, P = 0.001.
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Additional confirmation that the data fits the “minimum surface shielding” model can be
determined by plotting the Logio(tise) vs. the pH. This is based upon another
rearrangement of Eq. 2-6 that gives:

Logio(fiag) = pH — Logio( In (AJ/AL) k) Eq. 2-8
The data in Fig. 2-6A has been plotted according to this transformation so that the
relationship between the pH and the 7,,; is obvious. Eq. 2-8 predicts that the slope of the
regression line fit to this data should be 1, and in Fig. 2-6A, the observed slope was 0.819
with ¥ = 0.88. Thus, I conclude that the data obtained from PODS2000 liposomes are

well described by the model, both with respect to pH and with respect to A,.

2.3.6 Effect of membrane permeability of buffer on content release

Vesicles composed of 10% PODS2000/POPE/DOPE underwent a pH-dependent leakage,
which was slightly faster in acetate buffer (Figure 2-4 A) than in citrate buffer, a
relatively membrane-impermeant buffer (Figure 2-4 B). The data shown in Figure 2-3B
at pH 4.5 was generated in both acetate buffer and phosphate buffer, and phosphate
buffer was used for the rest of the traces in Figure 2-3B. Because of these slight
discrepancies, I decided to investigate the importance of membrane permeability of the
chosen buffer. I used a membrane permeable buffer (acetate), and compared this collapse

with membrane impermeant buffers (citrate, glucuronate, and phosphate) (Fig. 2-6).
The lag time for content release measured in acetate buffer was consistently shorter,

albeit slightly, than the lag time measured in the less membrane-permeant buffers

(Figures 2-6A); furthermore, this was not a function of lipid concentration (Fig. 2-6B).
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This suggests that either acetate buffer is more effective at reducing the pH in the
immediate vicinity of the ortho ester linkage, causing collapse from inter-vesicular
bilayer contact on a faster time scale, or acetate, as acetic acid, crosses the bilayer and
leads to hydrolysis of POD on the inside monolayer. Removal of PEG by hydrolysis of
POD on the inside of the vesicles might lead to more rapid content release. Alternatively,
hydrolysis of POD on the inside of oligolamellar vesicles could result in more rapid
contents leakage due to membrane contact between the exterior bilayer and interior
bilayers (i.e. collapse from within). At present I cannot differentiate between these

possibilities.
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Figure 2-6. Effect of buffer on PODS2000 pH-dependent leakage. [A] logarithm of
lag time (#q, in sec) of POD/POPE/DOPE (10/50/40) vesicles at various pH in acetate
(©), citrate (#), glucuronate (o), and phosphate (m) buffers. Model: Logio(tisg) = pH —
Logo( In (AJ/A.) k); Observed: Logio(tisg) = (0.819+0.067) x pH — (1.881+0.395), r*
= 0.88. [B] duration of lag phase (#,,) of POD/POPE/DOPE (10/50/40) vesicles of
different lipid concentrations in pH 5.0 acetate (0) and phosphate (m) buffer.
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2.3.7 Determination of hydrolysis rate and minimum stabilization percentage

Initial study of PODS2000 was performed by nonlinear regression using a single
independent variable, A,, taken while holding the pH constant at 5.0 (Fig. 2-5). The
resulting parameters, k = 1,390 + 232 sec'M™ and A = 2.3 + 0.6%, were successfully
used to predict #,, over a wide range of pH and A, (Table 2-2). In order to fit the data
from PODS750, a more sophisticated method based upon multiple nonlinear regression
was used. Two independent variables, A, and pH, were varied to determine the best fit to

predict 4.

To perform this type of fit, it was necessary to obtain a balanced data set that uniformly
covered both variables. Thus, for PODS750, data (Table 2-1) was collected at every
measurable pH and A, without taking extra measurements in any one direction as was
performed for the PODS2000 liposomes (Table 2-2). This data set was then fit using
nonlinear regression. The magnitude of fitted #,,; varied greatly, and the errors increased
dramatically as #,,, increased. To reduce this weighting problem and effectively fit all of
the data, I defined a ‘relative residual’. In this model (Eq. 2-7), the squared standard
residual (Observed Value — Predicted Value)® is divided by the (Observed value)? . The
sum of squared relative residuals was then minimized iteratively to obtain an estimate for
k and A.. For PODS750 liposomes k = 963 + 183 sec'M™ and A. = 2.8 + 0.7%. The
dataset for the PODS2000 liposomes was not balanced appropriately, so this method of

fitting could not be applied.
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24  Discussion

The goal for these studies was to mathematically characterize the collapse of liposomes
stabilized by a novel pH sensitive lipid based upon a polyethylene glycol polymer
conjugated to a diacyl lipid anchor via a diorthoester group (POD). pH insensitive PEG
lipids are already important chemicals for the formulation of stable liposomes for
therapy, such as Doxil™. The incorporation of PEG lipids provides a steric hindrance
that prevents rapid elimination of liposomes given intravenously. The Doxil™
formulation of the chemotherapeutic drug Doxorubicin consists of a liposome tightly
packed with drug. Upon administration, the liposomes are cleared from the blood with a
long half-life of about a day. POD liposomes also have a long elimination half-life [Guo
et al. 2001]. Because the pH is lower in the tumor environment, it is plausible that these
pH sensitive liposomes could be formulated to burst preferentially within tumor

vasculature while remaining stable at pH 7.4 in the blood for many hours.

Another opportunity for the use of POD is in the formulation of pH sensitive non-viral
DNA delivery systems. Our lab has taken a strong interest in creating a particle that can
overcome multiple barriers to DNA delivery, and one of these barriers is entrapment
within a cellular endosome following particle uptake into the cell. In the early endosome,
the pH rapidly drops 1-2 units within 10 min [Sonawane et al. 2002] prior to further
trafficking of the endosome to the lysosome -- hence escape must occur soon after
internalization. Many of the details that enable a liposome to escape from the endosome

have been explicated [Drummond et al. 2000]. Thus, DNA loaded nanoparticles
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consisting of PE bilayers stabilized by POD make an attractive platform on which to

build other functionalities required for in vivo non-viral cell transfection.

I have sufficiently characterized the behavior of POD in PE bilayers in the form of an
easily understood mathematical model (Eq. 2-6). The model is based on the observation
that PE bilayers can be stabilized only under the presence of steric or electrostatic
repulsion between adjacent bilayers [Ellens et al. 1984, Cullis et al. 1991]. PEG polymer
can provide this steric force preventing the liposomes from collapsing; however, if not
enough PEGe-lipid is incorporated, then a stable liposome cannot be formed. Here I start
with larger than required amounts of PEG-lipid, POD, and acid hydrolysis cleaved PEG
from the bilayer surface until a critical point of no return is reached. At this point, there is
a rapid increase in the collapse of the liposomes by particle size measurements [Guo et al.
2001], aqueous content release, and lipid mixing [Guo et al. 2003]. To characterize this
process, I developed a second derivative method for identifying the time until particle
collapse, f,. Finally, I obtained sufficient data points to estimate the kinetic rate

constant, k, and critical percentage, A, of POD that coincides with the point of collapse.

In Tables 2-1 and 2-2, all the experimentally observed t,,; values of POD/POPE/DOPE
vesicles under different conditions are compared with their corresponding predicted
values based on the “minimum surface shielding” model, using the estimated k and A..
Given the large ranges of pH and t,,, values, the model provides satisfactory predictions
of the experimental data. The relatively poor predictions of ¢, values at pHs lower than 5

.0 may be attributed to the following two factors. First, the POD hydrolysis at these low
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pHs is so rapid that it is no longer the rate limiting step of liposomal leakage. The
membrane mixing and collapse of the PE bilayers may instead be the major factors that
control the content release of the vesicles. Second, the low ¢, values at these pHs may
induce additional errors in using the second derivative method to determine the lag time.
On this spectrophotometer, data could only be collected once every second. An
instrument with a faster acquisition time could acquire more data points during the lag
time, and this may help to smooth out noise during the assay. Regardless, this existing

data successfully predicts all contents leakage at pH 5.0 and above.

During the fitting process, it was observed that small errors in the measurement of the pH
induced large errors in the assumed proton concentration. This had a major impact on
fitting datasets where data were taken at many different pH. To reduce this source of
variability, it became important to only fit sets of data for which a complete set of A, had
been surveyed at a given pH. For PODS750 this included all the data at pH 5.0, pH 6.0,
and pH 7.0, and for PODS2000 this included the dataset at pH 5.0 and pH 5.5. The
parameters obtained from fitting these balanced datasets do an excellent job of predicting

other data.

While the model and parameters do a good job of predicting the time to burst for both
PODS750 and PODS2000, it was not possible to detect a significant difference between
the parameters A. and k. Having used Eq. 2-6 and 2-8 to prove that both A, and pH
separately impact #,,,, according to the “minimum surface shielding” model, I wanted to

collapse all the data to a single plot so I could visually determine sources of error in this
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experiment. To make this illustration, Eq. 2-6 was manipulated to the following form
whereby the #,,, was normalized by the 10°":

tiag/ 10°" = [In(A,,) - In(Ac) )k Eq. 29
Thus, plotting t,g/ 10° vs. In(A,) should give a linear plot with the slope equal to k' and
the x-intercept equal to In(A.). The PODS750 data from Table 2-1 are summarized in this
linearized plot (Fig. 2-7). The predicted values for PODS750 liposomes are indicated by
a dashed line (Fig. 2-7). Additionally, data collected from PODS2000 liposomes (Table

2-2) are presented on this plot along with a best-fit prediction indicated by a solid line.

The fits to these two lines provide information that is hard to visualize during a nonlinear
multiple regression (Fig. 2-7). The x-intercept appears to be slightly higher for PODS750
than PODS2000. This is consistent with the thinking that fewer mole percent of a larger
polymer are required to achieve the same steric stabilization. The slope of the line for the
PODS750 is steeper than the PODS2000, suggesting that the PODS2000 does indeed
have a slightly faster hydrolysis rate constant, k. For a perfect fit to the model, the data
from both PODS750 and PODS2000 should lie close to their respective best-fit lines;
however, there was clearly some variation around the line. There was no clear trend to
these variations though, and I concluded that the error in Fig. 2-7 is associated with small
errors in the measurement of the pH that contribute to large deviations when taken to the
tenth power and placed in the denominator. An error of 0.1 pH units contributes to about
30% error in the estimate of #,5/10°". This is on the order of the error observed around

the best-fit lines for both PODS750 and PODS2000 (Fig. 2-7). Thus, to make the best-fit
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possible it would be helpful to determine the exact pH of the prepared buffer at 37°C to

an accuracy of several decimal places.

Regardless, the kinetic parameters derived from fitting #,, data to the model permit
prediction of the lag time for POD/POPE/DOPE liposome preparations as a function of
pH. Moreover, at any pH, the lag time can be adjusted by altering the initial percentage
of POD in the lipid composition. A phase diagram of the iso-time to burst has been
prepared in Fig. 2-8. This diagram predicts that a 20% PODS2000 particle kept at 37°C
in pH 8.5 should be stable for about 3 days. Thus, these particles may lend themselves to
being delivered by implantable pumps without fear of collapse over several days of
pumping. Furthermore, a particle given by i.v. administration should also be stable for at
least 5 hrs at pH 7.4, whereas a particle depleted of POD in vivo, under an environment of

pH 5.0 will be stable for only minutes.
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Figure 2-7. PODS750 and PODS2000 follow the “minimum surface shielding”
model. The lag time, t,,;, was determined over a range of pH and initial percentages,
A,, for both PODS750 and PODS2000. Data from Table 2-1 are plotted for PODS750
liposomes at pH 5, pH 6, and pH 7. The dashed line indicates the best-fit prediction for
PODS750 using k = 963+183 sec'M™' and A. = 2.8+0.7%. Data from Table 2-2 are
plotted for PODS2000 liposomes at pH S5, pH 5.5, pH 6, pH 6.3, pH 7, pH 7.4. The
solid line indicates the best-fit prediction for PODS2000 given by k = 1,390+232 sec”
'M"! and A; = 2.3+0.6%. This linearized form of the model is as follows: #,,,/10°" =
(1/k)*(In(A,)) — (1/k)*(In(A,)). The slope equals k' and the x-intercept equals In(A.).

+ PODS2000 pH7.4
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Figure 2-8. Prediction of time to burst for PODS2000 liposomes. Phase diagram
showing the order of magnitude for the length of time until particle destabilization as a
function of pH and initial percentage PODS2000, A,. These lines between shaded
regions indicate ‘iso-times’ where it takes the liposomes 1, 10, 100, or 1000 min to
burst as indicated at the top of the graph. Data are based upon the “minimum surface
shielding” model with A. = 2.3 + 0.6 mole % and £ = 1,390 + 232 sec’ M.
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Lastly, based upon the observation that stable PEG lipids can stabilize all or just a
fraction of the ANTS/DPX release (Fig. 2-4), it remains possible that by judiciously
mixing the POD with a pH-insensitive lipid and then removing the POD lipid at low pH,
it might be possible to trap the system in a metastable state where the early collapse
intermediates have formed, but are unable to coalesce. This system might be unable to
progress into the hexagonal phase. Thus, one might observe only outer monolayer mixing

with little change in vesicle diameter and less than 100% content release.

25  Conclusions

The kinetics of pH-triggered collapse of PODS2000 and PODS750 PE liposomes have
been studied with the ANTS/DPX leakage assay and found to conform to the “minimum
surface shielding” model. A second derivative method was developed to determine the
lag time until content release. Reduction of the PEG chain length or the use of a
membrane permeable buffer both caused a slight decrease in the lag time. The presence
of near critical amounts of a stable PEG-lipid partially prevented leakage of PODS2000
liposomes. Nonlinear regression was used to determine parameters of the model whereby
a critical PEG surface coverage of A; = 2.3 + 0.6 mole % PODS2000 or 2.8 + 0.7 mole %
PODS750 is required to stabilize the PE bilayer. The rate of hydrolysis, &, for PODS2000
is 1,390 + 232 sec'M! and 963 + 183 sec'M™ for PODS750. These values can be used
to predict liposome stability as a function of the environmental pH and the initial mole %

of POD in the lipid composition.
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CHAPTER 3:
Convection Enhanced Delivery: Liposome Distribution in Brain after Modulation of

Particle Charge, Particle Diameter, and Presence of Steric Coating

3.1  Abstract

We have investigated the role of diameter, charge, and steric shielding on the brain
distribution of liposomes infused by convection enhanced delivery (CED) using both
radiolabeled and fluorescent-labeled particles. Liposomes of 40 nm and 80 nm diameter
traveled the same distance but penetrated significantly less than a 10 kD dextran; whereas
200 nm diameter liposomes penetrated less than 80 nm liposomes. A neutral liposome
shielded by polyethylene glycol (PEG; 2 kD; 10% by mole) penetrated significantly
farther than an unshielded liposome. Even when shielded with PEG, positive surface
charge (10% by mole) significantly reduced the penetration radius compared to a neutral
or negatively charged liposome (10% by mole). During CED, liposomes accumulated in a
subpopulation of perivascular cells within the brain. A non-degradable lipid radiolabel
showed that lipid components remained within these perivascular brain cells for at least 2
days. In contrast, a degradable lipid radiolabel was eliminated from the brain with a 9.9 +
2.0 hr half-life that may reflect the rate of binding and degradation. To decrease binding,
100-fold molar excess of non-labeled liposomes were co-infused with labeled liposomes,
which significantly increased liposome penetration. These studies suggest that
optimization of therapeutic CED using particles such as drug-loaded liposomes,
polymeric nanoparticles, non-viral DNA complexes, and viruses will require a strategy to

overcome particle binding and clearance by cells within the CNS.
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3.2  Introduction

For many compounds, the blood brain barrier impedes drug delivery to the brain
parenchyma so that systemic drug administration is ineffective for treating diseases of the
CNS. For life-threatening or highly debilitating diseases, a drug infusion directly into the
brain (intra cranial) may be the only feasible route of administration; however, agents
directly infused into the brain in a small volume do not readily disperse from their
infusion site. Diffusion coefficients are typically too low to allow even small molecule
drugs to move more than a few millimeters. Additionally, diffusion requires a high
concentration gradient to drive effective drug concentrations over a large distance
[Saltzman et al. 1999]. Such high drug concentrations often lead to dose limiting neuro-
toxicity. A straightforward solution is to provide bulk convective flow at the site of
infusion, a technique called convection enhanced delivery (CED) [Bobo et al. 1994,
Groothuis 2000]. Small molecule agents have been administered using CED for the past 5
years [Viola et al. 1999, Lonser et al. 1999, Groothuis et al. 1999, Groothuis et al. 2000,
Kaiser et al. 2000, Mardor et al. 2001, Levy et al. 2001, Carson ef al. 2002]. Convective
flow is also effective for distributing large macromolecules (MW > 500 Da) [Bobo et al.
1994, Lieberman et al. 1995, Chen et al. 1999, Hamilton et al. 2001, Bruce et al. 2000,
Lonser et al. 2002, Sandberg et al. 2002a, Sandberg et al. 2002b] and nanoparticles,
including viruses [Betz et al. 1998, Bankiewicz et al. 2000, Cunningham et al. 2000,
Nguyen et al. 2001, Hirko et al. 2002], magnetic nanoparticles [Kroll ez al. 1996],
liposomes [Polfliet et al. 2001, Silva-Barcellos et al. 2004, Mamot et al. 2004, Saito ef al.

2004), and non-viral DNA complexes [Ono et al. 1990, Roessler et al. 1994, Imaoka et
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al. 1998, Thorsell et al. 1999, Leone et al. 2000, Cao et al. 2002, Hirko et al. 2002].
Research into CED has progressed such that clinical trials have been initiated for
treatment of brain tumors with conventional chemotherapeutic drugs, such as taxol

[Mardor ez al. 2001], and with DNA lipoplex [Voges et al. 2003, Voges et al. 2004].

A phase III clinical trial using CED of cationic DNA lipoplexes was completed with the
recommendation that basic research needs to address the interaction between nanoparticle

composition and brain/tumor tissue [Voges et al. 2003, Voges et al. 2004]. This research

is a response, in part, to such recommendations [Weyerbrock et al. 1999, Voges et al.
2004). Here we show that the ability of liposomes to flow by bulk fluid through living
brain tissue is highly dependent upon their physical-chemical characteristics including
size, charge, and steric coating. Additionally, a subset of cells in the brain accumulate N .
neutral liposomes and necessitates a strategy to saturate liposome binding if CED is to B

reach its full potential for disseminating nanoparticle drug carriers through the brain.
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33 Methods
3.3.1 Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-glycero-3-

————y 0t IS

phosphoethanolamine (DOPE), 1,2-distearoyl-3-trimethylammonium-propane (DSTAP),
1,2-dioleoyl-3-trimethylammonium-propane  (DOTAP), 1,2-distearoyl-sn-glycero-3-
phosphoglycerol (DSPG), and cholesterol were obtained from Avanti Polar Lipids
(Alabaster, AL). 10 kD FITC-dextran-lysine and fluorescent lipid tracers DiO (D-275), -

Dil (D-282), and DiD (D-307) were purchased from Molecular Probes (Eugene, OR).
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1,2-distearoyl-sn-glycero-3-monomethoxy-ether-poly-ethylene ~ glycol  (PEG-DSG,
Sunbright DSG-20H) was a generous gift from A. Suginaka (NOF Corp., Tokyo, Japan).
POD was synthesized in our lab as described elsewhere [Guo ef al. 2003]. Alzet™
osmotic pumps (200 pL/day) and the Brain Infusion Kit II were purchased from Durect
(Cupertino, CA). Green fluorescent protein (GFP) encoding plasmid was a generous gift

from Valentis (Burlingame, CA).

3.3.2 Preparation of liposomes

For the preparation of liposomes, 10 umole total lipid was mixed in chloroform and dried
in a glass test tube by rotary evaporation under reduced pressure. The lipid film was
placed under high vacuum for 4 hrs to remove residual solvent. Liposomes were formed
in pH 8.5 Tris-acetate buffered saline (150 mM NaCl, 5 mM Tris base / acetate). The
lipid (10 mM) was hydrated at 70°C with intermittent vortexing. ~80 nm liposomes were
formed by extrusion (11x) through 80 nm pores in polycarbonate membranes at 60°C.
~200 nm diameter liposomes were formed by (3x) freeze (-20°C)/ thaw (70°C) cycles
followed by extrusion (3x) through a 400 nm polycarbonate membrane at 60°C. To
prepare ~40 nm small unilamellar vesicles (SUV), hydrated liposomes were sonicated for
1 hr at 65°C in the dark under argon. SUV were separated from larger particles by
centrifugation at 20°C for 1 hr at 50,000 RPM in a Beckman Rotor TLA100.3. The
supernatant was collected and sterile filtered through 0.45 um to further remove larger
aggregates. After particle formation, the concentration of lipid phosphate was determined
by the method of Bartlett [Bartlett 1959]. Particle size and zeta potential, a method for

estimating the amount of surface charge, were determined using a Malvern
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(Southborough, MA) Zeta3000 Dynamic Light Scattering Instrument and are presented in

Table 3-1.

3.3.3 Preparation of nanolipoparticles

DNA was encapsulated into a pH-sensitive nanolipoparticle (NLP) using a detergent
dialysis method, as described [Li er al. 2005], using a pH-sensitive polyethylene glycol
di-orthoester (POD) lipid [Guo et al. 2003]. Briefly, 200 pg of plasmid DNA encoding
GFP was dissolved in 1.5 mL of 5 mM Tris-acetate pH 8.3 and 28 mM n-
octylglucopyranoside. Separately, 2.5 umole of total lipid was dissolved in 1.5 mL of the
same buffer, with a lipid composition of DOTAP:DOPE:POD:Dil [50:40:10:0.1]. The
DNA solution was added to the lipid solution under stirring, giving a positive / negative
charge ratio of 2. The solution was dialyzed against 4 liters of Tris-acetate buffer pH 8.5
for 6 hrs at 20°C with a 10 kD MWCO. The solution was further dialyzed against 3
additional changes (4 L) of Tris-acetate pH 8.5 at 4°C over 2 days. The picogreen assay

was used to confirm DNA encapsulation efficiency [Choi et al. 2003].
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3.3.4 Preparation of radiolabeled liposomes

For radiolabeled liposome biodistribution experiments we synthesized a headgroup
iodinated benzamidine phospholipid ('*’I-BPE), as described previously [Abra et al.
1982]. Tritiated liposomes were prepared using cholesteryl hexadecyl ether (*H-Chol)
purchased from Perkin Elmer (Boston, MA). Radiolabeled lipids (less than 0.01% mole
percent of the total lipid) were deposited as a film with other lipid components from a
chloroform solution before hydration. Gamma radiation activity was determined using a
Perkin Elmer Wizard Gamma Counter (Boston, MA). Tritium radiation activity was
measured after solublizing tissues with Perkin Elmer Solvable and diluting into Perkin
Elmer liquid scintillation cocktail Ultima Gold, according to the recommendations of the
manufacturer. Tritium disintegrations per min were obtained on a Beckman Liquid

Scintillation Counter (Fullerton, CA).

3.3.5 Osmotic pump infusion

Before implantation, each liposome preparation was diluted to a concentration of 1 mM
lipid in TBS. Dextran was diluted to 1 mg/mL. Nanolipoparticles (NLP) were diluted to a
DNA concentration of 50 pg/mL. Infusions were loaded into 200 pL / day Alzet™
pumps and delivered by a brain infusion cannula with an outer diameter of 0.36 mm
(Durect; Cupertino, CA). It was important to determine what fraction of the 200 pL dose
was actually delivered to the parenchyma vs. leaked up the cannula. Leakage along the
cannula track is a common problem encountered in small animal models of CED, and
large diameter cannula and high flowrate are the two main variables that cause leakage

[Chen et al. 1999]. Thus, to determine the true flowrate into the brain, both non-
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degradable *H-Chol and '’I-BPE labeled liposomes were infused using the osmotic

pump.

Athymic rats were purchased from the National Cancer Institute and cared for at the
UCSF Laboratory Animal Resource Center. We adhered to strict protocols as
recommended by the National Institute of Health Guide for the Care and Use of
Laboratory Animals and as approved by the UCSF Institutional Animal Care and Use
Committee. To minimize pain and discomfort, animals were sedated with an
intraperitoneal injection of Ketamine (60 mg / kg body weight) and Xylazine (7.5 mg / kg
body weight). After anesthesia was attained, an incision was made in the scalp above the
bregma and the animal was mounted in a stereotactic frame (Stoelting, Wood Dale IL). A
hole was drilled in the skull 3 mm right of the bregma. The S mm long infusion cannula
was attached to the top of the skull by dental cement and an anchoring screw, and the tip
of the cannula was centered within the caudate putamen [Paxinos and Watson 1982]. The
loaded pump was inserted into a subcutaneous pocket on the back of the animal. To
relieve pain following surgery, animals were given a subcutaneous injection of
Buprenophine (0.05 mg / kg body weight). 24 hrs following pump implantation, animals
were sedated and sacrificed. After sedation, animals with fluorescent markers were
prepared by perfusion fixation with 200 mL of phosphate buffered saline PBS (100 mM
phosphate, 150 mM NaCl, pH 7.4) and 200 mL of 4% paraformaldehyde in PBS. Brains

were removed and post-fixed overnight in 4% paraformaldehyde at 4°C.
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3.3.6 Acute stereotactic infusion

To determine the elimination rate of liposomes from the brain, animals were given an
acute infusion of radiolabeled liposomes at a peak flowrate of 0.8 puL / min. Animals
were sedated and mounted on a stereotactic frame. To prevent backflow at this higher
flowrate [Chen et al. 1999] a narrow cannula was prepared from fused silica tubing with
an outer diameter of 0.16 mm (Polymicro Technologies, Phoenix, AZ) extending 3 mm
from the tip of a 24 gauge needle used for support. This cannula was inserted into the
same stereotactic coordinates used for the osmotic pumps. A syringe pump was used to
infuse solutions into the brain at an increasing flowrate as follows: 0.1 uL /min for 5 min,
0.2 pL /min for 5 min, 0.5 pL /min for 5 min, 0.8 uL /min for 30 min for a total volume
of 28 pL infused over 45 min [Mamot el al. 2004, Saito et al. 2004]. The volume infused
into the brain was assessed by subtracting the recovered radiolabel in the syringe at the
end of the infusion from the amount initially added to the syringe. The infusion cannula
was withdrawn over a 5 min period following cessation of infusion. Post infusion,
animals were sacrificed at 1, 6, 24, or 48 hrs. Cerebrospinal fluid was sampled in
anesthetized animals by surgically exposing and piercing the cisterna magna with a

micropipette.

3.3.7 Section preparation and macroscopic imaging
Fixed brains were suspended in 7% low melting point agarose immediately before
sectioning. The entire brain was sliced into 200 um axial sections using a Vibratome (St.

Louis, MO). A cooling stage was used to keep the brain and sections immersed in 4°C
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PBS during sectioning. These sections were imaged macroscopically using a fluorescence
scanner, the Molecular Dynamics Storm™ (Amersham Biosciences; Piscataway, NJ) for
both blue fluorescence (excitation = 450 nm; emission > 520 nm) and red fluorescence
(excitation = 640 nm; emission > 650 nm). Images (16 bit) were saved as TIFF files for

analysis.

3.3.8 Confocal microscopy

Confocal images were obtained on axial sections of brain that cross the tip of the infusion
cannula. All images were taken using LaserSharpe Software on a Biorad 1024 Confocal
Scanning Laser Microscope (Hercules, CA) mounted on a Nikon Diaphot 200
microscope. The Dil signal was acquired in photomultiplier 1 with excitation from the
568 nm line of a krypton-argon laser. The DiO or FITC signals were acquired in
photomultiplier 2 with excitation from the 488 nm line of a krypton-argon laser, and the
DiD signals were acquired in photomultiplier 3 with excitation from the 633 nm line of a
helium-neon laser. To allow quantitative image processing, the gain on the
photomultiplier signal was set low enough to prevent pixel overexposure in the images.
Multiple regions of interest were imaged using a 4x objective lens and saved as 8 bit PIC
files at a resolution of 2.5 pum per pixel. Using Image J version 1.3.1 03
(http://rsb.info.nih.gov/ij/), the PIC files were converted to 24 bit RGB TIFF images. The
FITC or DiO fluorescence was depicted by the green channel and the DiD or Dil
fluorescence was depicted by red. These images were then imported into Adobe

Photoshop Version 7.0 (San Jose, CA), overlaid with adjacent images, and saved to a
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single 24 bit RGB TIFF file for analysis. Similarly, higher resolution images were

acquired using a 40x oil objective at a resolution of 0.25 um per pixel.

3.3.9 Data analysis

A radially directed profile in a region extending from the tip of the cannula outward was
extracted from either the confocal microscopy or fluorescence macroscopy images using
Image J. When the liposomes reached a ventricle or white matter track, there was often
leakage around the periphery of the caudate. For this reason, radial profiles were obtained
only in regions of convection through gray matter where staining was uninterrupted. In
all cases, the profile was obtained by taking a box of 0.5 mm in height and extending
away from the center of the infusion 2-6 mm, based on the distance of particle
penetration. This RGB image was separated into both red and green 8 bit TIFFs. For each
color box, the plot profile was obtained and the raw data were saved to a Microsoft

Excel™ (Redmond, WA) spreadsheet for further analysis.

To characterize the extent of particle penetration, two radii were calculated for each
profile, the half maximum radius, 750s max, and the radius of 50% area under the curve
(AUCQ), 750+ 4uc- The half maximum radius is an estimate of the farthest extent of particle
distribution from the cannula, the radius, 7509 mar, Where:

I 750% max = 0.5 (I maximum = I minimum ) + I minimum Eq. 3-1
Where I 7504 max is the intensity halfway between the maximum signal, I maximum, and the
background signal, I minimum. The radius of 50% area under the curve, 754 4uc, €stimates

where half of the fluorescent signal has been deposited. 7594, 40c Was calculated for each
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profile by first subtracting the background signal in unstained gray matter, and then
integrating using the trapezoidal rule to obtain the AUC as a function of radius. The
maximum AUC near the end of the plot was used to normalize the profile. This
normalized percentage AUC and the corresponding raw data are shown for the same
brain sections observed either macroscopically by the fluorescence scanner (Fig. 3-2A) or

microscopically by the confocal microscope (Fig. 3-2B).

3.3.10 Statistical analysis

Statistical analysis was performed using SPSS version 11.5 (Chicago, IL). Average radii
of distribution (both 754, max and rsgps 4uc) and standard deviations are provided in Table
3-3. ANOVA was performed using SPSS to identify significant variations in the 7594 4uc..
For all profiles without excess liposomes, a two-way ANOVA was performed on the Log
(rs0% auc) wWith two independent variables: with variable 1 as animal identification and
variable 2 as particle type (7 subgroups: dextran, 40 nm, 80 nm, 200 nm, positive,
negative, no PEG). To identify significant differences, a two-tailed Dunnett’s test was
used to compare each particle to 80 nm control liposomes and the resulting p value for
each particle is indicated in Table 3-3. There was no way to provide an internal control
for animals that were given excess liposomes; therefore, to compare the effect of excess
liposomes a one-way ANOVA (3 groups: 80 nm without excess liposomes, 80 nm with
excess liposomes, dextran with excess liposomes) was performed on the Log (7504 suc)-
To determine significant comparisons the ANOVA was followed by a two-tailed

Dunnett’s test to compare against 80 nm control liposomes without excess lipid.
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3.4 Results

We have used both radioisotopes and fluorescent labels to better understand the fate of
nanoparticulates following convection enhanced delivery (CED) to the rat brain.
Confocal imaging immediately revealed that a subset of brain cells rapidly accumulates
liposomes (Fig. 3-1). To investigate the effect of these cells following CED, we infused
two types of radiolabeled liposomes. The first probe was a headgroup labeled
phospholipid '*I-BPE that is susceptible to degradation [Abra et al. 1982], and the
second probe was a non-exchangeable, metabolically stable, tritium labeled cholesteryl
hexadecyl ether ((H-Chol). One hr after the start of infusion both probes gave identical
biodistribution (Table 3-2). Liposomes labeled with the non-degradable 3H-Chol
radioactive tracer remained in the brain at least two days without a reduction of signal
(Table 3-2); however, the '*’I-BPE liposomes rapidly lost signal in the brain with a 9.9 +
2.0 hr half-life. This indicates that liposome components remained in the brain but

underwent degradation.

In addition to acute infusion (Table 3-2), we wanted to deliver particles over longer
periods (24 hrs) using an implantable pump. Due to the relatively large diameter of the
brain infusion cannula (0.36 mm, 28 Gauge) we became concerned that a significant
fraction of the dose was leaking up the cannula tract. It has been reported that 28 Gauge
infusion cannula can have extensive leakback [Chen et al. 1999]. For this reason we
infused radiolabeled liposomes with this pump to validate the efficiency of delivery to the
brain. The non-exchangeable *H-Chol labeled liposomes were infused using the 24 hr

Alzet™ pump, giving 3.07 + 1.04% (n=3) of the infused dose in the brain. By the same
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method, the '“I-BPE labeled liposomes were also infused, giving a similar value of 4.4 +
3.8% (n=4) of the infused dose in the brain. This delivery was confirmed with the
generous assistance of Dr. Tomoko Ozawa, an expert at the surgical implantation of
pumps for brain infusion. Dr. Ozawa performed the implantation in one animal, and after
24 hrs of infusion, 4.0% of the '’I-BPE labeled liposomes were in the brain. We
conclude that this delivery was a function of the Alzet™ Brain Infusion Cannula itself,
and not the surgeon. With the understanding that leakage would be an unpredictable
source of error with the implantable pump, all the fluorescent experimental particles were
co-infused with a control liposome. Thus all fluorescent observations were normalized to
the distribution of a standard control particle, delivered by an osmotic pump at 0.14 pL /

min for 24 hrs.

3.4.1 Liposome co-infusion into the rat brain

To determine the spatial distribution of liposomes, our approach was to co-infuse
fluorescent particles with different emission spectra (different colors). This experimental
design is helpful for overcoming variability between animals. The arrangement for pump
implantation and infusion is pictured in Fig. 3-1A. Following co-infusions, we imaged
sections of the brain macroscopically using a I fluorescence scanner (Fig. 3-1[B-C]), and
made more detailed inspections using fluorescence confocal microscopy. To determine
the radius of particle distribution, we performed image analysis within regions of
convective flow that were uninterrupted by white matter tracts. Thus, these studies are
representative of how nanoparticulates perfuse through gray matter. All comparisons

have been made against a standard liposome formulation, 80 nm neutral
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DSPC:Chol:PEG-DSG [50:40:10] with either 0.1% DiO (green) or 0.1% DiD (red) as
appropriate. While the analyzed direction of convective flow was subjective, each
particle was compared with an internal control liposome that allowed us to make

definitive statements about particle location as a function of particle characteristics.
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Figure 3-1. Comparison of the distribution of fluorescent liposomes to fluorescent 10 kD
dextran after co-infusion using CED. All images are taken from axial brain sections with either
neutral 80 nm PEG liposomes (red) or 10 kD dextran (green). [A] Animals are implanted with a
brain infusion cannula attached to a subcutaneous osmotic pump as delivered in [B-I]. [B-C] a
macroscopic fluorescence image of the brain slice imaged in [D-I]. [B] fluorescent liposomes. [C]
merged image of liposomes and dextran. [D-F] taken using confocal microscopy with a 4x
objective. [D] centers on the defect left by the tip of the infusion cannula. [E] cells containing
liposomes appear as small punctate objects surrounding the infusion site. [F] merged image of [D]
and [E] confirming that dextran penetrated beyond liposomes. [G-I] a z-projection through
confocal images taken with a 40x objective. [G] dextran primarily stained interstitial space;
however, the center of this panel shows that dextran also stained a branching capillary. [H] two
cells containing red liposomes. [I] a merged image of [G] and [H] showing that liposome-
containing cells are perivascular. The blue color depicts cells that excluded dextran. Two
perivascular cells (red) in panel [I] also show internalized dextran within vacuoles (yellow)
suggesting active phagocytosis.
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Fig. 3-1 [B-C] were taken with the macroscopic fluorescence scanner, and the entire
outer edge of the axial brain section was highlighted in white. All subsequent images in
this chapter were taken by confocal microscopy centered on the tip of the infusion
cannula within the region illuminated by particles in Fig. 3-1 [B-C]. Fig. 3-1B shows the
liposomes (red), and Fig. 3-1C contrasts the distribution of these liposomes with dextran
(green). Dextran (10 kD) approximates how a protein, such as albumin [Lieberman et al.
1995, Chen et al. 1999] or transferrin [Bobo et al. 1994], might distribute under CED and
covers a larger area than the 80 nm liposomes (Fig. 3-1C). Fig. 3-1[D-F] are confocal
images of this same section. The dextran (green) shows the defect left by the cannula tip
in the center of Fig. 3-1D. The liposomes (red) halted abruptly about 1 mm away from
the center of infusion and have a punctate distribution (Fig. 3-1E), suggesting that these
liposomes have been concentrated within a subpopulation of cells. The merged confocal
image confirms that the dextran distributed farther than the liposomes (Fig. 3-1F). Fig. 3-
1[G-I] are stacked confocal images at high magnification that center upon two liposome-
engulfing cells. Fig. 3-1G shows a branching capillary stained by dextran. Fig. 3-1H
shows a close up of two cells that have engulfed liposomes, leaving only low-level
fluorescence in the surrounding tissue. The merged image (Fig. 3-1I) shows that the cells
stained by the liposomes (red) also have vacuoles stained with dextran (yellow). At high
magnification, the dextran is excluded from most brain cell types and these regions (~10
pm in diameter) have been pseudo-colored blue in Fig. 3-11. Most of the cells in Fig. 3-11
have taken up neither the dextran nor the liposomes. Inspection of Fig. 3-11 reveals that
these phagocytic cells (red) are perivascular. Presumably, these cells are the primary

location of elimination/degradation of neutral liposomes within brain parenchyma.
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3.4.2 Elimination of liposomes from the brain

To learn more about the activity of the liposome engulfing cells imaged in Fig. 3-11, we
infused radiolabeled liposomes into the brain to quantitatively assess the rate of
elimination (Table 3-2). To determine the rate of probe elimination, we performed acute
infusion of liposomes at 0.8 puL/min directly to the brain. Animals were sacrificed at 1, 6,
24, and 48 hrs after the start of infusion and biodistribution was assessed. The *H-Chol
labeled liposomes showed no significant elimination from the brain parenchyma, with an
average of 49 + 13% (n=3) of the infused dose remaining in the brain at 48 hrs (Table 3-
2). A variable percent of liposomes were found in the cerebrospinal fluid (CSF)
immediately following the infusion at 1 hr, but the CSF at later time points contained
virtually no radiolabel (Table 3-2). '*’I-BPE labeled liposomes were eliminated from the
brain with a more rapid 9.9 + 2.0 hr half-life with 64 + 12% remaining at 1 hr, 49 + 8% at
6 hrs, and 10.9 £ 2.4% at 24 hrs. Thus, the bulk of the lipid components resided in the
brain for long periods of time as shown by the tritium labeled liposomes; however, the
liposomes were rapidly removed from extracellular space and subject to degradation by

the perivascular cells.
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At 24 hrs, both probes showed a sizable percentage (4.1% to 16.0%) of label circulating
within the blood. The level of label in the blood was higher for the '>’I-BPE labeled
liposomes (16.0%) probably because degradation in the brain released more label into the
bloodstream. The *H-Chol labeled liposomes were partially cleared from the blood at 48
hrs to only 1.0%, down from 4.1% at 24 hrs (Table 3-2). At 48 hrs 12.0 + 4.1% of the
infused dose was found in the liver, indicating that the liposomes underwent slow
elimination from the blood. At 24 hrs, 21 + 4% of the '*I label was in the urine,
indicating degradation of the '>I from the lipid anchor, possibly within the brain. Lipids
strongly bind into membranes and liposomes, forming large structures too large to be
filtered into the urine by the kidney. In contrast, The *H-Chol label cannot be degraded,
and only small amounts were found in the urine. For both labels, only low levels of dose
were found in the spleen; however, the 125 1abel was found to eliminate to the intestines
at 24 hrs, and both labels were then found in the feces at 24 - 48 hrs after infusion. High
levels of radioactivity of either label not were found in the thyroid, the stomach, the

kidneys, the gall bladder, the lungs, or the heart (data not shown).

3.4.3 Validation of co-infusion measurements

The radius of distribution for each curve was determined from a box of pixels extending
away from the tip of the cannula along the flow of convection. Fig. 3-2 [A-B] shows a
box of pixels that is 0.5 mm in height and 2 mm in length. Fig. 3-2A was derived from a
macroscopic scanner image. Fig. 3-2B was derived from a confocal microscopy image of
the same region. The profile of the image is plotted from left to right and indicated as red

fluorescence (Fig. 3-2[ A-B]). The percentage AUC was calculated from the raw data and
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plotted on Fig. 3-2[ A-B]. Inspection of the curves shows that the fluorescence falls off
dramatically at about 1 mm radius, which corresponds to the number determined by the
half maximal radius, rsg max- Importantly, the percentage AUC gives essentially the same
profile for data taken either macroscopically (Fig. 3-2A) or by confocal microscopy (Fig.

3-2B).

We further validated our co-infusion measurements by determining if either the
instrument of measurement or the color of measurement had a significant effect upon the
radius of distribution. To verify that the instrument of measurement (macroscopic
scanner vs. confocal microscopy) does not make a difference in the radius of distribution,
we compared two groups of measurements on 80 nm PEG shielded liposomes. Animals
in group 1 were measured on the macroscopic scanner and had an average distribution
(rs0% auc) of 0.95 £ 0.56 mm (n=7). Animals in group 2 were measured by confocal
microscopy and had an average distribution (7504 4vc) of 0.73 £ 0.25 mm (n=19). The
difference between the means of these two groups was very slight and not statistically

significant.
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Figure 3-2. Illustration of data analysis of fluorescence distribution in brain
sections. Panels [A] and [B] are 0.5 mm by 2 mm images of brain infused with 80 nm
liposomes (DiD stained). Both images are from the same section and radial direction
away from the cannula tip (r=0). An average intensity profile across the section is
plotted (black line). From the intensity profile, the percentage area under the curve
(AUC) was calculated and is plotted (gray line). The percentage AUC can be interpreted
as the radius where a given percentage of the signal has deposited. [A] was taken using
a macroscopic fluorescence scanner at a resolution of 10 pixels per mm. [B] was taken
using confocal microscopy at a resolution of 400 pixels per mm. The similarity between
[A] and [B] illustrates that on either instrument (Storm™ or confocal microscope),
image analysis gives similar radial distribution profiles for fluorescent liposomes
following CED.
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We also validated that the color of the fluorophore (green vs. red) did not affect the
measured distribution (rso«, auc) by comparing two groups of images. Group 1 consisted
of animals given the DiO labeled (green) 80 nm liposomes and had an average
distribution (rspv auc) of 0.82 + 0.41 mm (n=17). Group 2 animals were infused with DiD
labeled (red) 80 nm liposomes with an average distribution (rsee, auc) of 0.73 = 0.23 mm
(n=9). Again, the difference between these means is small, and a t test between these
groups showed no significant difference. These tests demonstrate that the observed radius
of distribution is independent of the detection instrument, the chemical structure of the

fluorescent probe, and detection color used to gather distribution data.

3.4.4 Comparing co-infused particle radii of distribution

To overcome animal variability within groups, direct comparison between particles was
made by co-infusion with a control liposome. The resulting distributions, 7s59¢ 4uc, for
these compositions were compared to the control liposome (Table 3-3). For statistical
comparison, the Log (rso«4uc) was defined as the dependent variable to make standard
deviations independent of radius. A two-way ANOVA model significantly explained
variation in the data (R=0.980, n=42, p <0.0005). The particle variable was a significant
component of the model (p<0.0005). Following ANOVA, multiple comparisons were
performed using Dunnett’s t test against the control liposomes and the associated p values

are indicated (Table 3-3).
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3.4.5 Positive surface charge restricts particle distribution by CED

DNA containing NLP were infused into an intracranial U251 human glioblastoma
xenograft (Fig. 3-3[A-D]). Fig. 3-3D shows a lower magnification view of the defect left
by the infusion cannula, a hole ~0.4 mm across. At the edge of the defect, particles can be
seen penetrating into tissue (Fig. 3-3D). The particles appear to transfect cells
immediately next to the defect left by the infusion cannula (green); however, the 50%
positively charged NLP (red) in Fig. 3-3A or transfection in Fig. 3-3B were unable to
penetrate more than 200 pum into either tumor or brain tissue (Fig. 3-3[C-D]). These NLP
were formulated with cationic lipid, DNA, and a pH sensitive PEG lipid; however, the

PEG shielding proved insufficient to permit extensive particle distribution into the tissue.
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Figure 3-3. Effect of surface charge on liposome distribution after CED. All images are
axial brain sections taken by confocal microscopy. [A-D] a pH sensitive NLP containing GFP
plasmid infused into a U251 (day 26) intra-cranial tumor following sacrifice (day 28). [A] Dil
labeled NLP (red). [B] GFP transfected cells (green) [C] merged high resolution image of [A]
and [B] showing transfected cells (yellow) and untransfected cells with NLP entrapped in
vacuoles (red). [D] low resolution merged image showing that NLP traveled only a short
distance from the cannula tip; furthermore, extensive transfection was limited by poor particle
penetration. [E-L] 4 mm by 4 mm images centered upon the tip of the infusion cannula. [E-H]
co-infusion of positive (red) and neutral (green) liposomes. [E] liposomes with 10% positive
surface charge under a 10% PEG coat. [F] neutral liposomes. [G] merged image of [E] and
[F]. [H] the AUC as a function of radius, calculated along the arrow in [G], shows that
positive charge restricts liposome penetration. [I-L] co-infusion of negative (red) and neutral
(green) liposomes. [I] liposomes with 10% negative surface charge under a 10% PEG coat. [J]
neutral liposomes. [K] merged image of [I] and [J]. [L] the AUC as a function of radius, along
the arrow in [K], shows no major difference between the liposomes.
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To determine how moderate amounts of positive charge affect CED distribution, we
prepared liposomes with 10% positive surface charge and shielded the charge with 10%
of a neutral PEG-DSG (Table 3-1). These particles were co-infused with a neutral
liposome, as summarized in Table 3-3. On average, positively charged particles
penetrated (750 4uc) 0.19 £ 0.05 mm, neutral liposomes penetrated (750 4u¢c) 0.79£0.36
mm, and this difference was significant with p<0.0005 (Table 3-3). Fig. 3-3[E-H] shows
a representative co-infusion, where positive charged liposomes (red) remained directly at
the site of infusion (Fig. 3-3E), but neutral liposomes (green) perfused outward easily
(Fig. 3-3F). A box extending radially outward from the cannula tip of the merged image
(Fig. 3-3G) was analyzed for the percentage AUC (Fig. 3-3H). At all points along the
curve the positive liposomes, were deposited more readily than the neutral liposomes
(Fig. 3-3H). We conclude that modest amounts (>10%) of positive charge severely

restrict distribution even when sterically shielded by PEG.

We also prepared liposomes with 10% negative charge buried under a 10% PEG-DSG
coat (Table 3-1) and co-infused these with neutral liposomes, as summarized in Table 3-
3. On average, negatively charged particles penetrated (7505 4v¢) 0.74 £ 0.42 mm. Fig. 3-
3[I-L] show a representative image of this condition. The negative liposomes (red) in Fig.
3-3I appear identical in distribution to neutral liposomes (green) in Fig. 3-3J. Again, a
radial profile of the merged image was taken in the direction indicated on Fig. 3-3K and
the percentage AUC was plotted. Fig. 3-3L shows that the neutral and negative charged
liposomes percentage AUC curves overlay very closely (Fig. 3-3L). We conclude that

modest amounts (10%) of negative charge did not reduce distribution by CED.
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3.4.6 Particle size restricts distribution by CED

Four sizes of particles were compared to determine their relative distribution. From
smallest to largest the particles were dextran (10 kD), 40 nm liposomes, 80 nm
liposomes, and 200 nm liposomes (Table 3-1). Dextran penetrated to an average radius
(7509 avc) of 0.97 = 0.11 mm, significantly (p=0.01) greater than the 80 nm liposomes
(Table 3-3). The 40 nm particles traveled an average radius (754 4vc) of 0.70 £ 0.33 mm
(Table 3-3). We conclude that in brain tissue, liposome distribution by CED is slightly
hindered compared to dextran, but liposome diameter was not a factor between 40 and 80

nm.

We also investigated larger particle diameters and compared 200 nm liposomes (red) and
80 nm liposomes (green) (Fig. 3-4[A-D]). On average, the 200 nm liposomes penetrated
(rs0% auc) 0.64 £ 0.18 mm, a number slightly less than that for the 80 nm liposomes
(Table 3-3). Fig. 3-4C is a merged image of the 80 nm and the 200 nm liposomes,
showing that the 200 nm liposomes deposit slightly closer to the infusion cannula.
Whereas the 80 nm liposomes have high concentrations out at one full mm, the 200 nm
liposomes appear to have more staining near the cannula than at the periphery. We
conclude that nanoparticles over a range of sizes can travel by convection through normal
brain; however, a threshold exists near a diameter of 200 nm where retention near the site

of infusion becomes more pronounced.
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Figure 3-4. Influence of particle diameter, PEG lipids, and excess lipid on liposome distribution
after CED. Images are axial brain sections taken by confocal microscopy using a 4x objective. Regions
shown are 4 mm by 4 mm centered upon the tip of the infusion cannula. [A-D] co-infusion of 200 nm
(red) and 80 nm (green) diameter liposomes. [A] 200 nm liposomes. [B] 80 nm liposomes. [C] merged
image of [A] and [B]. [D] the AUC as a function of radius, along the arrow in [C], shows that 80 nm
liposomes penetrate farther than 200 nm liposomes. [E-H] co-infusion of liposomes without PEG (red)
and with a PEG coat (green). [E] liposomes without PEG. [F] 10% PEG shielded liposomes. [G]
merged image of [E] and [F]. [H] the AUC as a function of radius, calculated along the arrow in [G],
showing that liposomes with PEG penetrate farther than without PEG. [I-L] co-infusion of dextran
(green) and liposomes (red) in the presence of 100 mM excess liposomes
(DSPG:DSPC:Chol:mPEGDSG [10:40:40:10]). [I] 10 kD dextran. [J] neutral PEG shielded liposomes.
[K] merged image of [I] and [J]. [L] the AUC as a function of radius, along the arrow in [K]. Note that

the presence of excess liposomes increases the penetration radius (7spe; 4uc) of the liposomes to a
distance similar to that of dextran.
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3.4.7 Effect of polyethylene glycol steric shielding

Polyethylene glycol (PEG) is used to sterically shield both drug-loaded and DNA-loaded
liposomes. In Fig. 3-4[E-H] we directly compared sterically shielded liposomes to
liposomes without PEG (Table 3-1). On average, the liposomes without PEG distributed
(7509 auc) 0.49 = 0.05 mm (Table 3-3), significantly less than the distribution for the
control PEG shielded liposomes (p=0.014). Fig. 3-4E shows a liposome with no PEG
(red) and Fig. 3-4F shows the co-infused 10% PEG liposomes (green). The merger of
these images (Fig. 3-4G) confirms that the PEG increased tissue penetration. A radial
directed profile was taken from the center of the infusion (Fig. 3-4G) and analyzed for the
percentage AUC (Fig. 3-4H). The presence of PEG significantly increased distribution by

CED.

3.4.8 Effect of excess liposomes

We hypothesized that liposome engulfing cells (Fig. 3-1H) could be responsible for
reducing the penetration of liposomes into the brain. This process would require particle
adsorption, and it should be possible to reduce this source of elimination by competing
for binding sites using excess unlabeled liposomes. We prepared concentrated unstained
10% negative PEG shielded liposomes using high-pressure extrusion through 80 nm
membranes, obtaining particles with a diameter of 108.3 + 0.8 nm (Table 3-1). These
liposomes (100 mM infusion concentration) were mixed into a co-infusion of dextran
(green) 1 mg / mL and control liposomes (red) at 1 mM lipid concentration, as depicted
in Fig. 3-4[I-L]. In the presence of excess liposomes, the dextran penetration (750 4uc)

was 1.27 + 0.21 mm, which was similar to the dextran penetration (rsp% 4vc) of 0.97
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0.11 mm in animals lacking the excess liposomes (Table 3-3). Most interesting, the
control liposomes in the presence of 100-fold excess liposomes had an average
penetration (754 4uc) of 1.37 £ 0.45 mm, significantly greater than without excess lipids
(p=0.037). The merged image in the presence of excess liposomes (Fig. 3-4K) was
analyzed for percentage AUC within the box shown in Fig. 3-4L. Fig. 3-4L shows that
the deposition line for the dextran (green) and the liposomes (red) actually cross over. For
comparison, Fig. 3-4[E-H] used the same infusion conditions of liposomes (red) and
dextran (green) without the excess liposomes. Excess liposomes increased liposome
penetration, possibly by preventing the adsorption of liposomes along the convection

pathway.

3.5 Discussion

Convection enhanced delivery (CED) relies upon neither diffusion nor active transport by
the circulatory system to carry drugs into the brain; it is suitable to deliver drugs with
short blood half-lives, proteins, DNA, viruses, and nanoparticles directly to their site of
action. The fate of nanoparticles infused into the brain is particularly important to the
field of gene therapy since DNA vectors are large compared to typical small molecule
drugs. Both viral and non-viral DNA particles span the range of sizes from 25 to 250 nm
in diameter and have various binding affinities, both specific and nonspecific. To better
understand the nanoparticle properties beneficial for CED, we have investigated
liposomes in the rat brain. This is a small animal model of CED, used under the
assumption that these effects will scale to larger infusion volumes required for human

therapies. By manipulating the physical-chemical properties of these liposomes, we have
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uncovered key factors including size, charge, and steric shielding that have strong effects

on particle distribution.

3.5.1 Effects of particle composition on CED

The effects of particle size, steric shielding, and charge on delivery by CED are compared
in Fig. 3-5. Liposomes readily penetrate through brain tissue, 1 mm for this infusion
model, up to about 200 nm diameter, at which point particles begin to be retained near the
site of infusion. This observation suggests that large viral particles, such as Herpesvirsus
or Baculovirus, will be restricted in their mobility when delivered by CED. Likewise,

stem cells are too large to be distributed by CED.

Steric shielding using polyethylene glycol lipids extends liposome systemic circulation
half-life from hours to days by reducing binding to the reticuloendothelial system and
clearance in the liver and spleen. Likewise, the liposomes used in these brain infusions
were sterically shielded by 10 mole percent (of total lipid) 2 kD PEG. When delivered by
CED, sterically shielded liposomes traveled for longer distances than non-shielded
liposomes, suggesting that steric shielding reduces the rate of liposome binding to cells in

the brain during CED.
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Figure 3-5. Comparison of particles co-infused by CED. The within animal
difference in penetration radius, 7sps 4uc, between the infused particle and the control
neutral liposomes are presented. Labels indicate the following: ‘dextran’ is a 10 kD
dextran (n=4); ‘40 nm’ diameter liposomes (n=3); ‘10% negative’ charged liposomes
(n=4), ‘dextran + XS’ include 100 mM excess (XS) liposomes (n=3); ‘no PEG’ are
liposomes lacking steric shielding (n=3); ‘200 nm’ diameter liposomes (n=3); and
‘10% positive’ charged liposomes (n=4). Error bars indicate the standard deviation.

76

m—y T






Cationic DNA lipoplexes, a common non-viral particle, are around 200 nm in diameter
[Xu et al. 1999], and hence less suitable for CED. Moreover, the highest transfection
efficiency for cationic lipoplexes in vitro is obtained when particles are formed with high
positive to negative charge ratios (+ / - above 2). Following i.v. administration, cationic
lipoplexes bind rapidly to negatively charged proteoglycans in the lung [Uyechi et al.

2001] and are rapidly eliminated from circulation into the lung and liver.

In the brain, nonspecific binding also limits CED distribution of positively charged
particles, even when the charge is moderate (10% by mole lipid) and shielded by PEG.
Recognizing this possibility, investigators have infused negatively charged DNA
lipoplexes by CED (+/ - = 0.5) in clinical studies [Voges et al. 2002, Voges et al. 2003];
however, these particles are larger than 200 nm in diameter [Xu et al. 1999] and will
display size-limited penetration. Indeed, Voges and coworkers [2003] found it difficult to
obtain uniform clinical distribution and transfection using these particles. To reduce non-
specific binding, cationic lipoplexes have been assembled with a PEG polymer coat
[Wheeler et al. 1999, Harvie et al. 2000, Fenske et al. 2001, Choi et al. 2003]; however,
we found that liposomes with 10% cationic charge and 10% PEG shiclded DNA
lipoplexes (NLP) bind at the tip of the infusion cannula. Thus cationic lipoplexes, even if
shielded by a steric stabilizer such as PEG, are inadequate to allow large volumes of

distribution by CED.

Neutral PEG coated liposomes target to a subpopulation of perivascular brain cells (Fig.

3-11I). Liposome targeting to a subset of cells in the brain has been previously observed
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[Polfliet et al. 2001]. Polfliet and coworkers infused mannosylated liposomes containing
clodronate directly to the fourth ventricle of the rat brain [2001]. In the brain, clodronate
containing liposomes selectively depleted ED2 positive perivascular macrophages
without impacting OX42 positive microglia [Polfliet et al. 2001]. Liposomes examined
here may also target perivascular macrophages even though they lack the mannosylated

targeting ligand (Fig. 3-1I).

We have also shown that the addition of large excess of lipid increases the distribution of
liposomes by CED (Table 3-3). Presumably, this effect comes from saturating the binding
and uptake process responsible for liposome elimination; furthermore, we ruled out the
possibility that this lipid concentration creates a high osmotic pressure. Other
investigators [Sandberg et al. 2002, Mamot et al. 2004] have infused the brain with 25%
mannitol solutions (measured 1,900 + 36 mOsm) by CED and shown an increase in
penetration distance. The measured osmolality of the concentrated liposome solution
infused here was only 337 £+ 3 mOsm (TBS buffer alone measured 300 + 2 mOsm).
Because the osmolality of the liposome infusion was so far below that for a 25%
mannitol solution, the possibility that excess liposome increased the penetration radius by
an osmotic effect can be ruled out. So we conclude that the increased penetration distance
for liposomes in the presence of excess lipid is due to saturation of the mechanism of

elimination from interstitial space.
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3.5.2 Long duration CED in small animal models

In these studies, it was possible to draw definitive conclusions about the relative
distribution of liposomes because these particles were co-infused with a control liposome.
While this method enabled these scientific studies, the fact remains that delivery using a
Alzet™ Brain Infusion Kit with a flowrate of 0.14 mL/min is only about 3.1% efficient at
delivering a dose of a radiolabeled liposome into the rat brain. This surprising fact was
unanticipated from observing fluorescent microscopy images. For the purpose of
performing therapeutic and survival studies, this may not be an acceptable efficiency for
the following reasons: 1. Cytotoxic compounds that are not delivered to the brain may
cause peripheral toxicity; 2. The apparent dose tolerated by the brain may be on the order
of 10-fold higher than the actual dose delivered to the brain; and 3. A decrease in
flowrate into the brain will decrease the particle penetration distance and give poor
coverage of brain and tumor treatment areas. All three of these factors will complicate the

process of scaling up small animal results into successful human clinical trials.

Despite the poor performance of the Alzet™ Brain Infusion Cannula, there remains an
urgent need for long duration CED using small animal models. We verified that leakback
occurs with the 200 pL osmotic pump, at 0.14 pL/min. It is possible that at lower
flowrates the efficiency of delivery is much higher. In 1999, Chen and coworkers
discovered that significant leakback was caused by cannula diameters of 0.36 mm and
larger, the same diameter used for the commercially available Brain Infusion Cannula.
One obvious remedy would be to reduce the diameter of the cannula to the 0.16 mm

fused silica cannula. In this study, a 0.16 mm diameter cannula was used successfully to
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deliver (efficiency of 63%) acute infusions at 0.8 pL / min (Table 3-2). A final possibility
is that animal movement promotes leakage by slightly moving the cannula back and
forth. This could be improved by the use of alternatives to the cranioplastic (dental)
cement, such as the Loctite Prism™ adhesive. To successfully complete future small
animal studies using the Alzet™ system we recommend first optimizing the efficiency of

delivery using radiolabels or quantitative dyes.

3.5.3 Fate of nanoparticles infused into the human brain

Nanoparticles delivered by CED within the human brain will behave much differently
than small molecules or even proteins because of their intrinsic clearance to perivascular
cells, possibly perivascular macrophages. These cells sequester neutral liposomes with a
brain half-life of about 9.9 hrs (Table 3-2), and this will restrict the distribution of
liposome encapsulated drug. Based upon magnetic resonance imaging, shown by Saito
and coworkers, we estimated that aqueous contents entrapped within liposomes eliminate
with a half-life of about 60 hrs [Saito et al. 2004]. In the studies shown here, the lipid
components of 80 nm liposomes also remained within the brain for extended periods
(Table 3-2). Liposomes loaded with drug will tend to release that drug following cellular
internalization, presumably inside perivascular macrophages. This may cause toxicity to
perivascular macrophages, as previously observed with the clodronate containing
liposomes; furthermore, only a small percent of the drug may reach its intended target.
Neutral nonviral gene delivery systems may accumulate in these cells, thus jnvalidating
approaches to gene therapy directed towards other normal or malignant cell types in the

brain.
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These studies primarily characterize nanoparticle movement though normal brain. It is
equally important to examine the fate of nanoparticle CED in tumors where the hydraulic
conductivity and the extracellular fraction may change radically compared to normal
brain. Solid tumors partially exclude convective flow, as suggested by images of Mamot
and coworkers [Mamot et al. 2004, Saito et al. 2004]. Within tumors, penetration by 40
nm and 90 nm diameter liposomes differed dramatically [Mamot ef al. 2004]. In contrast,
our findings show that 40 nm and 80 nm diameter particles distribute similarly in normal
brain (Fig. 3-5). Due to dramatic variation between tumors in the clinic, we agree with
previous assessments [Voges et al. 2003, Saito et al. 2004] that it will be invaluable to
track these particles by magnetic resonance imaging or other suitable non-invasive
techniques following administration. Additionally, it will be important to directly label
the particles. Small molecule surrogate contrast agents used for MRI may not be
eliminated at the same rate as the therapeutic nanoparticle, and may give misleading

volumes of distribution.

This study suggests that liposome delivery by CED is a promising avenue for treating
human diseases of the brain. Similar to proteins and small molecules, CED can deliver
nanoparticulates to large volumes of brain with the following caveats: 1. the particle must
be on the order of 100 nm in diameter or smaller, 2. the particle must be neutral or
negatively charged, 3. the penetration distance may vary substantially between
formulations, 4. particles infused for longer than their elimination half-life will cease to

distribute to ever greater volumes, and 5. the source of elimination for particles with short
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interstitial half-lives must be blocked. In this study we have increased the apparent
penetration of particles both by shielding the particles with polyethylene glycol and by
adding excess liposomes to saturate binding sites. Both of these approaches increase the
apparent penetration distance, implying a decrease in the rate of particle removal from the
interstitial space. With reduced particle binding kinetics, particles can be infused to

greater volumes of distribution as required for clinical applications.

3.6 Conclusion

We have investigated convection enhanced delivery (CED) as a means to deliver
nanoparticulates through the brain by co-infusing differently labeled fluorescent and
radiolabeled liposomes in the rat brain. Implantable osmotic pumps showed only 3.1%
efficiency at delivering the dose of radiolabeled liposomes to the brain; however, this
limitation was overcome by the co-infusion of control liposomes. Neutral liposomes
target to perivascular cells with an elimination half-life of 9.9 hrs, and lipids from these
particles stay within the cell for an extended period. The penetration distance for
liposomes is less than that seen for 10 kD dextran. Liposomes with 10% positive charge
under a PEG steric coat were retained at the site of infusion. Particles without PEG or
larger than 200 nm in diameter did not penetrate as far as 80 nm liposomes. Based upon
these findings, the ideal nanoparticle for CED will be less than 100 nm in diameter,
shielded by PEG, have neutral or negative surface charge, and will need a targeting
ligand to adhere the particle to the target cell. It will also have to be infused at a high total
lipid concentration to minimize the fraction of the dose that is scavenged by perivascular

cells in the brain.
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CHAPTER 4:

Convection Enhanced Delivery: A Mathematical Model with First Order Binding

4.1  Abstract

In Chapter 3, I investigated the role of diameter, charge, and steric shielding on the brain
distribution of liposomes infused by convection enhanced delivery (CED) using both
radiolabeled and fluorescent-labeled particles. Here, data are interpreted using a
mathematical model of CED including a first order irreversible binding constant, k.
Neutral liposomes had a binding constant of k = 0.0010 + 0.0002 min™', whereas for
positive charged liposomes & increased 50-fold. The binding constant was independently
verified using a degradable lipid radiolabel that eliminated from the brain witha 9.9 + 2.0
hr half-life, equivalent to a first order elimination constant k = 0.0012 + 0.0002 min™. A
non-degradable lipid radiolabel showed that lipid components remained within these
perivascular brain cells for at least 2 days. To reduce uptake, a 100-fold molar excess of
non-labeled liposomes were co-infused with labeled liposomes, which reduced the
binding constant to that measured using 10 kD fluorescein dextran. This analysis further
supports the claim that optimization of therapeutic CED using nanoparticles will require a

strategy to overcome particle binding and clearance by cells within the CNS.

4.2  Introduction
As shown in Chapter 3, liposomes bind to a subpopulation of brain cells. These cells
presumably have a high rate of phagocytosis as they also ingested some quantities of

dextran; however, most of the dextran remains extracellular 24 hrs following infusion
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into the brain. This is in stark contrast to the nearly complete internalization of liposomes.
(Figure 3-1I). In this chapter, I investigate the ramifications of this rate of uptake and
consider one method for reducing the impact of the internalization rate. I use a
mathematical model of convection with a term for first order irreversible binding. This
model allows one to take fluorescent images of distribution and estimate a binding
constant. Additionally, the simplicity of a first order binding constant allows us to
evaluate uptake in terms of a half-life that we can compare to the half-life of elimination

for a enzymatically degradable radiolabel attached to a liposomes.

The first paper describing convection enhanced delivery includes a rigorous mathematical
model of the process [Morrison et al. 1994]. Contained within this paper are most of the
details needed to model almost any compound perfused through living brain tissue;
however, this requires the determination or assumption of a number of different
parameters. This model included terms both for the diffusive spread and convective
spread of compound. Additional terms were included for both reversible and irreversible
binding to tissue, as well as pressure driven losses to the brain vasculature.
Unfortunately, the complexity of the model makes it intractable for determining

parameters from experimental data.

For the purposes of this analysis, a simplification of the model was used that neglects
diffusion. The model is based upon convection from the tip of the infusion cannula
modeled in spherical coordinates [Morrison et al. 1994]. The radius of the convected

solvent wave, 7,,,.e, spreads outward by the following equation:
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Feave=[3qt/ (@47 $)]" Eq. 4-1
Where q is the volumetric flowrate into the tissue, ¢ is the time after the start of infusion,
and ¢ is the extracellular fraction volume. At the edge of the outward moving 7,qve,
liposomes are eliminated from solution to the tissue at a rate characterized by a first order

irreversible rate constant, &, given by :

EXP[-kr4n/(3q)] for O0<r <rume

Cir.ty / Cinfusion Eq. 4-2
=0 for r > Ieave
Where Ciqfusion 1s the free liposome concentration at the start of infusion. Cg, is the free
liposome concentration after infusion begins. In addition to the assumptions of Morrison
and coworkers [1994], this simplification assumes that compounds do not undergo
reversible binding to tissue, that no pressure driven elimination occurs though pores into
the vasculature, and that the tip of the cannula is infinitely small. As 7,,,,. moves outward,
it traces the steady state solution of compound being eliminated by a first order rate

constant in radial coordinates.

For the purpose interpreting CED data in the brain, a further simplification is often made
whereby the tissue binding constant, k, is dropped from Eq. 4-2. Without tissue binding,
the concentration is either zero before 7, has arrived or Cipfysion after 7,4 has passed. A
simplified equation can be derived by defining infusion volume, Vipfusion, and measured
volume of distribution (V gistribution) as follows:

Pwave = [3 Vaistibution / (4 1)]"” Eq. 4-3

q t = Vinfusion Eq. 4-4
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Then substitute Eq. 4-3 and 4-4 into Eq. 4-1 and obtain:

[3 Vaisrivution / (4 1)]"° = [3 Vintusion / (4 7 ¢)]'” Eq. 4-5
Solving for V gistribution:

Vdistribution = Vinfusion / ¢ Eq. 4-6
To obtain the equation typically used by investigators to describe CED data [Bobo et
al.1994, Kroll et al. 1996, Hamilton et al. 2000, Lonser et al. 2002, Saito et al. 2004], a
constant , ¢, has been defined such that:

c=1/¢ Eq. 4-7
Giving the a line with the constant, ¢, as the slope:

Vistribution = € Vinfusion Eq. 4-8
All but one parameter, ¢, are dropped from the model in Eq-4-8. The extracellular
fraction of the brain volume, ¢, is typically between 0.2 and 0.4 [Morrison et al. 1994].
Thus, under this simplification, investigators should find ¢ in the range of 5 to 2.5,
respectively. In practice this constant ranges about 3 to 10 [Jain 2001]. Eq. 4-8 is now
based on three main assumptions: 1. the compound does not bind tissue while moving
through brain, 2. the compound is not lost to the vasculature, and 3. the compound has

negligible diffusion.

Many CED experiments are done in small animals, with small infusion volumes; the
assumption is that the data can be scaled up to human volumes by applying Eq. 4-8. In
the absence of binding or diffusion, convection should be able to cover large volumes of
distribution in humans. However, complications arise when the assumptions for Eq. 4-8

are not met. If the drug or particle undergoes rapid binding to tissue then ¢ will fall near
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or below a value of 1, indicating that the compound is unsuitable for scaling up to large
volumes required for humans. Alternatively, if the drug has a high diffusion constant,
then the experimentally determined ¢ could be higher than 5 for small infusion volumes.
A compound may even have both high diffusion and tissue binding, giving an apparent ¢
between 5 and 2.5, in the range expected for successful convection. These values may
deceptively suggest that the compound will scale well to larger volumes of human brain
or tumor; however, in large volumes diffusion can only be expected to drive most drugs,
macromolecules, or nanoparticles several millimeters through tissue [Saltzman ez al.

1999].

For the purpose of modeling the convection of liposomes, diffusion is unlikely to play a
role in distribution because the diffusion coefficient is more than an order of magnitude
smaller than for a small molecule. Additionally, liposomes cannot diffuse through
membranes and are too large to pass through the tight junctions of the blood brain barrier.
This leaves tissue binding as the major factor that can affect the distribution of
nanoparticles. In Chapter 3, I showed that liposomes are bound and mostly internalized to
a subpopulation of brain cells at 24 hrs. Here 1 determine the rate of binding and
internalization of liposomes by fluorescence microscopy and compare this to the loss of

125I_BPE radiolabel from the brain (Table 3-2).
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43  Methods
4.3.1 Calculation of the Peclet number
The Peclet number is a ratio of the convective flux divided by the diffusive flux. This
number is a common engineering tool used to determine the relative importance of
diffusion vs. convection. For a Peclet number greater than 1, the flux of material will be
governed by convection and diffusion terms may be dropped. Calculation of the radial
Peclet number was performed as previously reported by Morrison and coworkers [1994].
The Peclet number is given by the following equation in radial coordinates:
Pe=[q/(3Dnr)"’ Eq. 4-9
Where ¢ is the volumetric flowrate into the brain (0.0043 uL /min for Alzet™ infusions)
and r is the radius. D is the diffusion coefficient for a liposome (10 cm?® / sec) in brain,
which is much slower than for a protein. No distribution radii were observed greater than
3 mm, where Pe = 2.8. This means that the convective driving force for slow-diffusing
liposomes is 2.8 times greater than diffusion and thus, we may neglect diffusion in a

simplified model of liposome CED.

4.3.2 Mathematical model of CED with first order elimination

The model is based upon convection from the tip of the infusion cannula, modeled in
spherical coordinates [Morrison er al. 1994]. The concentration of liposomes as a
function of radius and time is given by Eq. 4-2. We assumed an extracellular fraction for
brain, ¢, of 0.2, as reported elsewhere [Morrison et al. 1994]. As discussed in Chapter 3,
the percent dose delivered by the Alzet™ Brain Infusion Cannula was low, and a

significant portion of the dose flowed up the cannula track. To estimate the actual
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fraction of dose delivered to the brain, the non-exchangeable *H-Chol labeled liposomes
were infused using the 24 hr Alzet™ pump, giving 3.07 + 1.04% (n=3) of the infused
dose in the brain. To correct for flow leakage outside of the brain, g was determined from
the Alzet™ pump rate (0.14 pL /min) multiplied by the fraction of dose in the brain at the
end of the infusion. Thus, the flowrate, g, assumed for these calculations was 0.14 pL

/min * 0.0307 = 0.0043 pL /min.

4.3.3 Estimation of binding constant from fluorescence microscopy
If the length of time of the infusion is longer than one binding half-life, then the
following simplification of Eq. 4-2 can be derived as the radius of half maximum
intensity, 7502 max, by letting

Crs50% maxy | Ci0y=0.5= EXP [k Fsossmax” 4 7/ (3 q)] Eq. 4-10
then solving for & :

k=[In(2) 3 q]/ [4 T F50% mas ] Eq. 4-11
So for every animal infused with particles for 24 hrs, an estimate of the magnitude of &
can be determined from the radii of distribution, 7595 max, given in Table 3-3. These radii
were obtained using a 24-hr continuous infusion; therefore, this assay can only determine

half-lives below 24 hrs.

4.3.4 Estimation of elimination constant from radiolabel half-life
The '*’I-BPE degradable lipid was used to track elimination of label from the brain. The
half-life, ¢, of this elimination can be translated into a first order elimination constant, %,

using the following equation:
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k=1In(2)/t, Eq. 4-12
Operating on the assumption that the cellular degradation and release of this probe is rate
limited by binding and internalization, this analysis should give a k on the same order of

magnitude as the k derived from Eq. 4-11.

44  Results

4.4.1 Determination of a binding constant for neutral liposomes

To understand the rate of liposome elimination by the perivascular cells in the brain, I
utilized two methods to estimate an irreversible elimination constant, k, from the
interstitial space. The first elimination rate was obtained from the decay constant of the
'25I.BPE labeled liposomes after acute infusion (Table 3-2). From the data gathered using
*H-Chol labeled liposomes, all of the lipid components remained in the brain (half-life of
elimination > 48 hrs) (Table 3-2), so any removal of the 'L.BPE must be due to
degradation of the label by cells within the brain. The half-life of '*’I-BPE elimination
(t12 = 9.9 £ 2.0 hrs) depends on one of two possible rate-limiting steps, either the rate of
binding/endocytosis from interstitial space or the rate of enzymatic processing. If this
half-life is interpreted as a first order elimination rate using Eq. 4-12 then k£ = 0.0012 £
0.0002 min”'. To determine if this k represents binding/endocytosis or enzymatic
processing, a second method was used to estimate & based upon a less readily

metabolized, fluorescent reporter group.

The second method for estimating the elimination of liposomes, %, is based upon the

distribution radius, 7505 max, Of particles obtained from fluorescent imaging (Table 3-3).
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Data were analyzed using a simplification of the model proposed by Morrison and
coworkers [1994]. Following this model, an illustration of the expected concentration
profile at the end of these CED experiments is provided in Fig. 4-1 at the flowrate (¢ =
0.0043 pL /min) and length of infusion (24 hrs) for the Alzet™ pump. Decreasing values
of k from 0.1 to 0.00001 min™' are shown (Fig. 4-1). The 80 nm control liposomes tend to

have a 759s; mar around 1 mm, visually corresponding to the curve labeled & = 0.001 min™.

If the CED infusion has run for greater than one elimination half-life for a given particle,
then the radius, 7502 max, Obtained from microscopy can be determined using Eq. 4-11 and
the data in Table 3-3 to estimate a value for k. The radius of distribution was determined
for the 80 nm liposomes because their penetration was employed as a control in many of
the animals. Eq. 4-11 was used to estimate a binding/endocytosis elimination constant &
for each animal; the average was 0.0010 + 0.0002 min™ (n=26), closely agreeing with the
k, 0.0012 + 0.0002 min™, determined from the degradable radiolabel, and suggesting that
the brain half-life of '*’I-BPE radiolabel was rate-limited by binding/endocytosis, and not
dependent upon the rate of enzymatic degradation. If enzymatic degradation were rate
limiting, then the elimination of radiolabel would give a much slower estimate of k than

the fluorescent binding constant.
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Figure 4-1. Prediction of liposome concentration profile. (black curves)
Mathematical model of the distribution profiles expected for particles delivered with
osmotic pump over 24 hours with ¢ = 0.0043 pL / min and ¢ = 0.2. Values of the
elimination constant k from 0.1 to 0.00001 (min™') are indicated. At low values of &,
the relative concentration is not significantly affected until the wave of the solvent
front is reached at a radius of ~2 mm. (gray curve) Distribution profile predicted for
particles delivered by acute infusion (Table 3-2) over a period of 30 min with g = 0.50
uL / min, ¢ = 0.2, and k = 0.001 min™. To correct for flow leakage outside the brain,
the flowrate, g, was calculated by multiylying the pump flowrate (0.8 pL / min) by the
fraction (0.63) of non-exchangeable “H-Chol radiolabel in the brain immediately
following infusion.
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4.4.2 Positive charge increases the binding constant of liposomes

It was shown in Chapter 3 that positive charge greatly restricts the penetration of
liposomes under CED. So it was expected that this would give a significantly higher
estimate of the rate constant, k. Analysis using Eq. 4-11 was applied to the images taken
with other types of particles and the resulting elimination constants, k, are summarized in
Fig. 4-2. The typical liposome has a k near 0.001 min™'. Indeed, the highest value of k
observed in this analysis is for positively charged liposomes. The constant k = 0.046 +
0.020 min™ for positive liposomes is approximately 50-fold higher than that of neutral
liposomes. This increase in k was significant (p<0.001), as determined with a two tailed t-
test used to compare the Log(k) obtained from animals given positive (n=4) and neutral

liposomes (n=26).
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Figure 4-2. Calculated elimination rate constants for different liposomes.
Calculated elimination rate constants k, based upon Table 5-2 and Table 5-3. Labels
indicate the following: ‘dextran’ is a 10 kD dextran (n=7); ‘dextran (XS)’ includes
100 mM excess liposomes (n=3); ‘40 nm’ diameter liposomes (n=5); ‘80 nm
(radiolabel)’ diameter liposomes determined from '>’I-BPE elimination (n=9); ‘80 nm’
diameter liposomes (n=26); ‘80 nm (XS)’ diameter liposomes with 100 mM excess
liposomes (n=3); ‘200 nm’ diameter liposomes (n=3); ‘no PEG’ are liposomes lacking
steric shielding (n=3); ‘10% negative’ charged liposomes (n=4); ‘10% positive’
charged liposomes (n=4). Error bars indicate the standard error.
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4.4.3 Enhancement of distribution by adding excess liposomes

I have shown that PEG shielded liposomes are rapidly entrapped into perivascular brain
cells with an interstitial brain half-life of 9.9 hrs. I attempted to increase the radius of
distribution for these particles by dramatically increasing the dose of liposomes from 1
mM to 100 mM total lipid by adding 100-fold excess unlabeled liposomes (Fig. 3-4[I-L]).
This significantly increased the penetration distance (Table 3-3) and caused a 7.6-fold
decrease in the apparent elimination constant to k = 0.00013 + 0.00010 min™ (Fig. 4-2).
This reduction in k was significant (p=0.001) using a t-test to compare the Log(k)
obtained for animals with (n=3) and without (n=26) excess liposomes. In terms of an
elimination half-life, the excess liposomes lengthened the elimination of liposomes to at
least ¢,,,= 24 hrs, a major improvement over the 9.9 hr half-life for liposomes at low
concentration. This suggests that the concentration of dose will play a major role in the

penetration distance of nanoparticles delivered by CED.

The addition of excess liposomes reduced the liposome elimination constant to a value
which is not significantly different than that observed for dextran. Without excess
liposomes, dextran had a low apparent elimination constant in the brain of k¥ = 0.00018 +
0.00002 min™' and the addition of excess liposomes did not alter this (Fig. 4-2). Because
these infusions lasted only 24 hrs, we are unable to use this method to accurately estimate
k less than about 0.00048 min™'. Thus all reported values of k below 0.0005 min™ are only

apparent values (Fig. 4-2) and fall below the true limit of detection.
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4.5 Discussion

In considering the use of CED for nanoparticles in human clinical trials, it is prudent to
assess the penetration distance for new nanoparticles within an animal model system to
assure that the elimination constant for the particle is not too rapid. As a useful rule of
thumb, nanoparticle penetration will never exceed the distance that it can travel during its
first half-life since diffusion cannot appreciably contribute to the movement of the
particle over the duration of time that CED is used. Thus, if a particle has an elimination
half-life of 15 min (k = 0.046 min™), such as the positively charged liposomes in this
study, then infusing for longer then 15 min will not increase the penetration distance
unless the elimination mechanism is saturated or otherwise circumvented. After 15 min, a
steady state ‘standing wave’ solution is obtained (Fig. 4-1, £k = 0.01). This situation is
akin to a standing salt gradient established within the filtrate of the kidney (Vander et al.

1994).

For small animals, CED can be performed in less than a half an hour to reach sizable
regions of brain; however, in humans, to reach large volumes, it is necessary to infuse for
longer periods of time, from hours to days. As the length of the infusion time surpasses
the half-life of nanoparticle elimination (9.9 hrs for a neutral liposome at low
concentration), it will become impossible to deliver the particle farther through tissue

using CED without addressing this source of the elimination.

We have shown that the tissue binding of neutral liposomes can be reduced by adding

excess liposomes. For slowly eliminated compounds such as dextran and sucrose, the
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concentration of the infusion should not significantly affect the penetration of particle by
CED. In contrast, the concentration of infused liposomes has a large effect on the
penetration distance. A related observation has been reported by Kroll ez al. [1996] where
the penetration distance of magnetic nanoparticles was increased by increasing the
concentration of the infusion. The authors were unable to explain this effect; however, it
is possible that all neutral nanoparticles suffer from binding and internalization by cells
active in phagocytosis within the brain. Thus, the concentration of the infusion can be
adjusted to saturate this binding and extend the penetration distance of the particle. For
particles with high toxicity, we would propose blocking uptake using non-toxic

liposomes that are easily tolerated in the brain at 100 mM lipid concentrations.

4.6 Conclusion

Through analysis of fluorescent images, I have successfully used a mathematical model
to determine a first order irreversible rate constant that partially limits the distribution of
uncharged liposomes. The higher the rate constant, the shorter the penetration distance
for a particle infused by CED. The rate constant for uncharged liposomes was
independently validated using a radiolabel that degrades and eliminates from the brain
following cell internalization. The addition of 100-fold excess liposomes was then able to
decrease this rate constant 7.6-fold for neutral liposomes. When this analysis was applied
to liposomes with modest positive charge (10%), the rate constant rose 50-fold compared
to a neutral liposome. I conclude that in order to scale up the distribution of liposomes,
virus, and DNA lipoplex for human therapy;, it will be critical to overcome tissue binding

mediated by even modest amounts of positive charge.
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CHAPTER §:
HIV TAT protein transduction domain mediates cell binding and intracellular

delivery of liposomes and DNA nanolipoparticles

5.1  Abstract

A major barrier to effective non-viral transfection is that DNA has limited access to the
cytosol. pH sensitive PEG shielded nanolipoparticles (NLP) have proven useful for
stimulating content release upon particle internalization. Unfortunately, PEG shielding
also reduces the probability of cellular interactions. For this reason, it is beneficial to
incorporate a ligand into the vector that facilitates cell binding and internalization. The
HIV TAT peptide is a short cationic sequence that allows TAT protein to traffic between
the cytoplasm of adjacent cells. When the TAT sequence is attached to small molecules,
proteins, phages, liposomes, and nanoparticles, this peptide promotes cell binding and
internalization. 1 attached the TATp to the surface of a liposome, both at the
phospholipid-aqueous interface and separated by a PEG linker. I characterized the
kinetics of liposome binding. TATp attached directly to the liposome surface shows
saturable binding, but TATp attached by a PEG linker does not. The TATp PEG lipid
was incorporated into nanolipoparticles containing DNA using a micelle transfer method.
The TATp modified NLP had substantially increased binding to and transfection of tumor
cells following convection enhanced delivery to an intracranial tumor model. When
incorporated into a bioresponsive PEG shielded nanolipoparticle, the TATp substantially

increases transfection.
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5.2  Introduction

Gene therapy has been hampered by a lack of safe and efficient gene delivery vectors.
Nonviral cationic particles are effective but toxic; neutral particles are much better
tolerated but exhibit low levels of transfection in the absence of a ligand. Neutral lipids,
phosphatidylcholine and phosphatidylethanolamine, similar to those in the body are
relatively non-toxic and non-immunogenic; however, uncharged liposomes show poor
transfection efficiency [Huang ez al. 1999], especially when compared with viral vectors.
Recent efforts to boost transfection have been driven by the view that fundamental viral
behaviors can be imitated in a liposome [Kaneda 2000]. By mimicking viral activities,
such as cell surface binding, endosomal escape, and nuclear transport of DNA, it may be

possible to create a safe and efficient liposome vector.

The cytoplasmic delivery of liposome contents, or any PEG shielded nanoparticle,
depends upon the ability of the particle to interact with cells, which may require the use
of a cell binding ligand. A number of ligands have been proposed [Eliaz and Szoka 2001,
Torchilin et al. 2001, Hood ez al. 2002]. This study discusses the characterization of a
peptide ligand based upon a human immunodeficiency virus (HIV) peptide that induces
strong nonspecific binding and internalization of liposomes [Torchilin et al. 2001, Tseng
et al. 2002] to low pH compartments [Fretz et al. 2004]. The HIV genome contains a
protein called trans-acting transcriptional activator (TAT). This protein can rapidly enter
and exit the cytosol of cells. A short, arginine rich sequence on TAT is necessary and
sufficient for cell binding (TATp). We have synthesized and characterized the properties

of TATp(GRKKRRQRRRGYG) and attached it directly to a lipid anchor and indirectly
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via a PEG (MW=2000) anchor. We propose to use this TATp lipid conjugate to promote

particle cell binding and internalization for the purpose of drug and gene delivery.

The goal of this project is to use this ligand to deliver DNA directly to a rat brain tumor
model by convection enhanced delivery. To do so, we needed a platform for
encapsulating DNA into small, PEG shielded, bioresponsive particles. A detergent
dialysis technique has been introduced to form PEG lipid stabilized DNA-containing
particles (SPLP) [Mok et al. 1999, Tam et al. 2000]. The PEG lipid shields the positive
surface charge (cationic lipids) used to form a complex with DNA and provides a steric
hindrance to particle binding by the reticuloendothelial system. This nanoparticle evokes
a minimal immune response and circulates for a prolonged period in the body [Tam et al.
2000]; however, these properties also prevent binding and efficient transfection of target
cells. More recently this technique has been optimized within our group to formulate both
pH sensitive nanolipoparticles (NLP) [Choi et al. 2003, Li et al. 2005] and reduction
sensitive NLP [Huang er al. 2005]. Here, we focus upon improving the uptake of
bioresponsive NLP using rationally designed lipids that achieve both strong cell binding,

internalization, and transfection.

53  Methods
3.3.1 Materials
1-palmitoyl, 2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dipalmitoyl-3-trimethylammonium-propane

(DPTAP), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-distearoyl-sn-
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glycero-3-phosphoglycerol-N-(polyethyleneglycol)2000 (PEG-DSPE), cholesterol, and
fluorescent tracers 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine b sulfonyl) (Rh-PE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-
(carboxyfluorescein) (CF-PE) were obtained from Avanti Polar Lipids (Alabaster, AL).
Fluorescent lipid tracers DiO (D-275), Dil (D-282), and DiD (D-307) were purchased
from Molecular Probes (Eugene, OR). The pH sensitive PEG-lipid (POD) was
synthesized in our lab as described elsewhere [Guo et al. 2003]. A reduction sensitive
cationic cholesterol compound (317) was also synthesized in our lab as described
elsewhere [Huang et al. 2005]. Green fluorescent protein (GFP) encoding plasmid was a

generous gift from Valentis (Burlingame, CA).

5.3.2 Synthesis and purification of TATp and TATp lipids

The HIV TAT peptide (TATp), GRKKRRQRRRGYG, was synthesized by solid-phase
FMOC chemistry as described by Wyman et al. [1997]. ~300 mg of resin containing
either the peptide or peptide conjugates were cleaved from the resin by stirring 4 hrs at
room temperature in a 10 mL solution of 95% trifluoroacetic acid (TFA), 2.5% distilled
dionized water, and 2.5% triisopropylsilane. Resin was removed by filtration through a
bed of glass fibers, and deprotected material was precipitated into 80 mL of cold ether on
ice. The precipitate was centrifuged and the supernatant was discarded. The pellet was
dried and hydrated in 4 mL of distilled deionized water. The solution was frozen and
water was removed under high vacuum. Samples were purified by a high pressure liquid
chromatography (HPLC) (Dionex Sunnyvale, CA). The unmodified peptide was purified

using a semi-preparative scale C18 column at 10 mL /min with a 100 min gradient from
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0% to 100% acetonitrile with 0.1% TFA. The unmodified peptide eluted at 13%
acetonitrile (ACN) and the mass was confirmed by matrix assisted laser desorption

ionization (MALDI) mass spectroscopy (expected:1,672.9 g/mol; observed:1,673.04

g/mol).

The TATp-lipid (Fig. 5-1A) conjugate was prepared using 1,2 dipalmitoyl-sn-glycero-3
succinate (Avanti; Alabaster, AL). 50 pmoles of lipid were dissolved in 4 mL
dichloromethane (DCM): 7.5 mL n-methyl-2-pyrrolidone (NMP) in the presence of 400
umoles of n-methyl-morpholine and 120 pmoles of 1-H-Benzotriazolium, 1-
[bis(dimethylamino)methylene]-hexafluorophosphate(1-),3-oxide O-(Benzotriazol-1-yl)-
N,N,N',N' tetramethyluronium hexafluorophosphate (HBTU). 60 pmoles of protected
TATp on the resin were added to the reaction cocktail and stirred overnight at room
temperature. The reaction was stopped by washing the resin with 20 mL of DCM over a
bed of glass fibers. The resin was recovered, dried, and TATp-lipid was deprotected as
described above. TATp-lipid was dissolved in water: ACN:TFA [33:66:0.1] and purified
on a semipreparative C4 column at 4 mL/min using a 20 min gradient from 45 to 65%
ACN in the presence of 0.1% TFA. The TATp-lipid peak eluted at about 50% ACN and

was identified by MALDI (expected: 2,324.09g/mol; observed: 2,326.01g/mol).

The TATp-PEG-lipid (Fig. 5-1B) conjugate was prepared using 1,2, dipalmitoyl-sn-
glycero-3-phosphoethanolamine -N- amino(polyethylene glycol)2000 (Avanti; Alabaster,
AL) in a 2 step reaction. For reaction 1, in 4 mL of NMP, the unprotected amino-terminal

end of the peptide (60 umoles) was reacted for 4 hrs at room temperature under stirring
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with excess 180 pumoles of disuccinimidyl suberate (Pierce, Rockford, IL, USA) in the
presence of 160 umoles of n-methyl morpholine. The reaction was stopped by washing
with 20 mL of NMP over a bed of glass fibers. For reaction 2, the resin was stirred with
72 pmoles of lipid dissolved in 4 mL NMP in the presence of 360 pmoles of n-methyl
morpholine. The reaction proceeded for 4 hrs at room temperature and was stopped by
washing the resin with 20 mL of DCM over a bed of glass fibers. The resin was
recovered, dried, and TATp-PEG-lipid was deprotected as described above. TATp-PEG-
lipid was dissolved in water:ACN:TFA [50:50:0.1] and then purified on a
semipreparative C4 column at 4 mL/min using a 10 min gradient from 50 to 70% ACN in
the presence of 0.1% TFA. The TATp-PEG-lipid peak eluted at about 60% ACN and was
identified by MALDI (expected: 4,500 g/mole +44 PEG series; observed: 4,391g/mol).
Obtaining a successful MALDI spectra from the PEG lipid series was enabled by first
dissolving the TATp-PEG-lipid in water: ACN:TFA [50:50:0.1] and then mixing this 1:1

with ACN saturated with sinapinic acid.
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Figure 5-1. Structures of TATp ligands. [A] TATp-lipid: TATp is linked directly to
the surface of the liposome. [B] TATp-PEG-lipid: TATp is linked to a
phosphatidylethanolamine via a 2000 Da PEG polymer.
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5.3.3 Preparation of liposomes

For the preparation of liposomes, 5-10 umoles of total lipid was mixed in chloroform and
dried in a glass test tube by rotary evaporation under reduced pressure. The lipid film was
placed under high vacuum for 4 hrs to remove residual solvent. Liposomes were formed
either in pH 7.5 Hepes buffered saline (145 mM NaCl, 5 mM Hepes) or pH 8.5 Tris
buffered saline (150 mM NaCl, 5 mM Tris). The lipid (10 mM) was hydrated at 20°C
with intermittent vortexing. ~200 nm liposomes were formed by extrusion (41x) through
200 nm pores in polycarbonate membranes. ~100 nm liposomes were then formed
through extrusion through 80 nm pores (11x). ~50 nm liposomes were then extruded
(11x) through 50 nm pores. Particle size and zeta potential were determined using a
Malvern (Southborough, MA) Zeta3000 Dynamic Light Scattering Instrument and are

presented in Table 5-1.
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5.3.4 Invitro uptake of TATp modified radiolabeled liposomes

To quantitatively determine the kinetic uptake of TATp modified liposomes in cell
culture, we labeled liposomes with a headgroup iodinated benzamidine phospholipid
(‘PI-BPE), as described previously [Abra et al. 1982]. Radiolabeled lipid (less than
0.01% mole percent of the total lipid) were deposited as a film with other lipid
components from a chloroform solution before hydration. Gamma radiation activity was
determined using a Perkin Elmer Wizard Gamma Counter (Boston, MA). These
experiments were performed with B16F10 cells in a 96 well based assay as follows. Cells
were trypsinized and seeded into plates at 0.5 — 1 * 10* cells per well per 100 pL
Modified Eagle Media (UCSF Cell Culture Facility) supplemented with 10% Fetal
Bovine Serum (FBS) (UCSF Cell Culture Facility). Cells were allowed to grow for 24 hrs
prior to the assay. At the time of assay, 3 wells were trypsized into 50 uL and the cell
number per well was counted, typically containing 2 * 10 cells per well at the time of

assay.

During the assay, liquid manipulations were made gently using a multichannel pipettor.
At the start of each assay (t=0), the cells were washed once with 100 uL of media. During
the course of the assay, this wash was removed and replaced with 100 pL of media
containing radiolabeled liposomes (t=0, 60, 90, 105, 120 min). The media used for the
washing and binding assay was FBS free MEM supplemented with 10 mM Hepes buffer,
to maintain pH at neutral. All cells were incubated with liposomes either in a 4°C cold
room or in a 37°C incubator for 2 hrs under gentle orbital shaking. At the end of the 120

min, all cell incubations (t=0,15,30,60,120 min) were washed simultaneously to recover
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radioactive counts. For every well, 3 fractions were obtained. Fraction 1 included the
supernatant and unbound liposomes that washed off with 2 changes of PBS. Fraction 2
included surface bound liposomes that were washed off by 3 changes of 1.6M NaCl PBS.
Fraction 3 included cell-internalized liposomes obtained by solubilizing the cells in 0.5M
NaOH. All 3 fractions were measured on a gamma counter. Each data point was

performed in triplicate and the average recovery of radioactivity was typically 85%.

35.3.5 Formation of bioresponsive NLP

pH sensitive NLP (Fig. 5-5) were prepared as described by Choi et al. [2003]. Briefly, the
lipid components (POD:DOTAP:DOPE:Rh-Pe [20:12:68:0.2]) were dissolved in
chloroform, mixed, and dried in a glass vial. 10 umoles of total lipid were dissolved into
1.5 mL (5 mM Tris, 200 mM OGP, 145 mM NaCl, pH8.5) into micelles composed of a
detergent, n-octyl glucoside (OGP), and mixed with 200 pg DNA in 1.5 mL (5§ mM Tris,
200 mM OGP, 145 mM NaCl, pH 8.5). Only 12% of the lipid components were
positively charged, and these associate with the negatively charged phosphate DNA
backbone at a charge ratio of 2:1 (+:-). Detergent was dialyzed away at 20°C through a
10,000 MWCO membrane, allowing formation of lipid bilayers around the DNA. Particle
formation was confirmed by photon correlation spectroscopy. The resulting particles

were about 60 nm in diameter.

Reduction sensitive NLP (Fig. 5-6) were prepared as described by Huang et al. [2005].

Briefly, the lipid components (PEG-DSPE:317:DOPE:DiD [10:50:40:0.1]) were

dissolved in chloroform, mixed, and dried in a glass vial. Compound 317 is a reducible
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cationic lipid that can release DNA following internalization into a cell. 20 umoles of
total lipid were dissolved into 1.5 mL (5 mM Tris, pH8.5) and mixed with 1 mg DNA in
1.SmL ethanol:water [1:1] (5 mM Tris, pH8.5). 50% of the lipid components were
positively charged (Compound 317), and these associate with the negatively charged
phosphate DNA backbone at a charge ratio of 3:1 (+:-). Ethanol was dialyzed away at
20°C through a 10,000 MWCO membrane, allowing formation of lipid bilayers around
the DNA. Particle formation is confirmed by Photon correlation spectroscopy where a
diameter of 76 nm was observed. The salt concentration was adjusted to 150 mM NaCl

immediately before use.

5.3.6 Incorporation of TATp into NLP.

TATp linked to a lipid anchor via a PEG (2000 Da) can easily be incorporated into
liposomes or NLP after particle formation using a micelle transfer method [Tseng et al.
2002]. 0.3% by mole TATp-PEG-lipid was dried in a glass tube under high vacuum and
an appropriate amount of NLP were added to the tube, vortexed, and incubated for either
1 hr (60°C) or S hrs (20°C). Under these conditions, the TATp-PEG-lipid micelles
spontaneously insert into fluid bilayers. TATp incorporation was monitored by particle
binding to a cation exchange column. For this assay, NLP were washed through a CM-25
Sephadex bed (5 cm * 1 cm) in 150 mM NaCl Tris buffer pH 8.5. Unmodified NLP flow
through the column in the void volume. TATp-PEG-lipid modified NLP bind to the
column and can be eluted with the addition of 1M NaCl Tris buffer. Liposome
concentration was observed using the lipid label (Rh-PE) and observing the thodamine

fluorescence (arbitrary units).
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5.3.7 Implantation of U87-MG tumors in athymic rat brains

Athymic rats were purchased from the National Cancer Institute and cared for at the
UCSF Laboratory Animal Resource Center. We adhered to strict protocols as
recommended by the National Institute of Health Guide for the Care and Use of
Laboratory Animals and as approved by the UCSF Institutional Animal Care and Use
Committee. To minimize pain and discomfort, animals were sedated with an intra
peritoneal injection of Ketamine (60 mg / kg body weight) and Xylazine (7.5 mg / kg
body weight). After anesthesia was attained, an incision was made in the scalp above the
bregma and the animal was mounted in a stereotactic frame (Stoelting, Wood Dale IL). A
hole was drilled in the skull 3 mm right of the bregma and a guide screw was installed.
Subconfluent U87-MG cells were trypsinized on the day of implantation, washed once in
Hanks Balanced Salt Solution (UCSF Cell Culture Facility), stored on ice, and
centrifuged to obtain a cell pellet, which was then injected into the brain. Through the
guide screw, at a depth of 5 mm, a Hamilton syringe was used to inject 10 pL of
yovyevipated cells over a 1 min period of a U87-MG cell pellet. The stereotactic
coordinates of injection were centered within the caudate putamen [Paxinos and Watson
1982]. To relieve pain following surgery, animals were given a subcutaneous injection of

Buprenophine (0.05 mg / kg body weight).

5.3.8 Convection enhanced delivery by acute stereotactic infusion
Convection enhanced delivery (peak flowrate of 0.8 uL / min) of liposomes and NLP
were performed into both normal rat brains and U87-MG intracranial tumors

respectively. NLP infusions were performed at day 19-21 post implantation when the
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tumor was approximately 100-300 mg. Prior to infusion, liposomes were diluted to a
concentration of 1 mM lipid in TBS and NLP were diluted to a concentration of 4 mM
lipid. Animals were sedated and mounted on a stereotactic frame. To prevent backflow at
this flowrate, [Chen et al. 1999] a narrow cannula was prepared from fused silica tubing
with an outer diameter of 0.16 mm (Polymicro Technologies, Phoenix, AZ), extending 3
mm from the tip of a 24 gauge needle used for support. This cannula was inserted into the
same stereotactic coordinates used for tumor implantation except the cannula was
inserted only 4 mm rather than 5 mm. This was done to insure that the cannula was
positioned within the tumor mass rather than at the edge of or below the tumor. A syringe
pump was used to infuse solutions into the brain at an increasing flowrate as follows: 0.1
pL /min for 5 min, 0.2 puL /min for 5 min, 0.5 pL /min for 5 min, and 0.8 uL /min for 30
min for a total volume of 28 uL infused over 45 min [Mamot et al. 2004, Saito et al.
2004]. The infusion cannula was withdrawn over a 5§ min period following cessation of
infusion. Post infusion, animals were sacrificed at 1, 6, 24, or 48 hrs. After sedation,
animals were prepared by perfusion fixation with 200 mL of phosphate buffered saline
PBS (100 mM phosphate, 150 mM NaCl, pH 7.4) and 200 mL of 4% paraformaldehyde

in PBS. Brains were removed and post-fixed overnight in 4% paraformaldehyde at 4°C.

3.3.9 Macroscopic imaging

The entire brain was sliced into 1 mm axial sections and imaged macroscopically at a
resolution of 10 pixels per mm using a macroscopic fluorescence scanner, the Molecular
Dynamics Storm™ (Amersham Biosciences; Piscataway, NJ) for DiD far red

fluorescence (excitation = 640 nm; emission > 650 nm). 16 bit images were saved as
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TIFF files for analysis. For illustrative purposes, the images have been processed to show
3 edges. Edges were created using the threshold function and edge-detect function in
Image J version 1.34i (http://rsb.info.nih.gov/ij/). To define the brain background, a 1 mm
by 1 mm control box was drawn on the caudate putamen of the un-infused left side of the
brain. The average and standard deviation of the control box were calculated, and this
average was defined as the background intensity. The outermost edge (black) was
thresholded to show the outer edge of the brain slice. The middle edge (red) was
thresholded at a pixel intensity equal to the brain background plus 5 times the standard
deviation, defined as the outer limit of detection. The inner edge (yellow) was
thresholded at the half maximal intensity between the background and the maximum
pixel intensity for the section. Thus, the red edge gives the farthest detectable signal from
particles, and the yellow edge illustrates the area where half of the fluorescence intensity
had dissipated. The sections with the highest fluorescence intensity occur near the tip of
the infusion cannula, and these sections were used for confocal laser scanning

microscopy.

5.3.10 Fluorescence microscopy

Confocal images were obtained to observe the in vitro cellular distribution of liposome
uptake and the in vivo distribution of liposomes in brain sections. All images were taken
using LaserSharpe Software on a Biorad 1024 Confocal Scanning Laser Microscope
(Hercules, CA) mounted on a Nikon Diaphot 200 microscope. The Rh-PE or Dil signal
was acquired in photomultiplier 1 with excitation from the 568 nm line of a krypton-

argon laser. The CF-PE signal was acquired in photomultiplier 2 with excitation from the

112

P

e,

~ 1 T
. Lo :






488 nm line of a krypton-argon laser. DiD signals were acquired in photomultiplier 3
with excitation from the 633 nm line of a helium-neon laser. Cells were viewed using a
60x objective at a resolution of 3 pixels per um. Cell images were acquired as a stack of
10, separated by 2 pm per image. Images were processed and given scale bars using
Image J, and a z-projection was taken through the stacks using the maximum intensity
(Fig. 5-2). Brain sections were imaged using a 4x objective lens at a resolution of 2.5 um
per pixel. Within the figures, GFP is depicted in green color, Dil or Rh-PE are depicted in

red color, and DiD is depicted in blue color.

In Figure 5-5 only, cells were viewed with epifluorescence microscopy performed on a
Nikon Eclipse TS1000 fluorescence microscope and images were taken using a SPOT
version 3.5 (Diagnostic Instruments Inc.; Kanagawa, Japan). Rh-PE signal was imaged
using a 532-587 nm excitation filter, a 608-683 nm emission filter, and a 30 msec
exposure. GFP signal was imaged using a 460-500 nm excitation filter, a 510-560 nm

emission filter, and a 1.4 sec exposure. Images were merged using Image J.

5S4  Results

Two TATp ligands (Fig. 5-1) were successfully synthesized and mediated liposome
uptake into both B16F10 and MDA-MB-435 (Fig. 5-2). Using confocal microscopy we
observed that TATp modified liposomes do indeed internalize into cells; however, it is
difficult to quantitatively distinguish between surface bound and internalized liposomes.
For this reason, we developed a radiolabel assay that separated surface bound and

internalized liposomes using washes of high salt concentration. It was confirmed by
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fluorescence microscopy that high salt removes cell-surface associated fluorescence, but
leaves punctate signals that appear to be liposomes entrapped in endosomal
compartments. Encouraged by these results, I then modified DNA containing NLP with
the TATp ligand and observed an increase for in vitro particle binding and transfection.
Lastly, I tested TATp modified liposomes and NLP in vivo, utilizing a convection
enhanced delivery model to normal and tumored rat brains. In the brain, the TATp ligand
has strong binding capabilities, which successfully increased transfection of NLP within

the tumor.

5.4.1 Properties of liposomes for radiolabel assays

Liposomes were prepared with and without the TATp ligands by extrusion to a size of
about 200 nm (Table 5-1). Because TATp has a slight amount of positive charge (8 per
peptide) it was important to include a control liposome with a conventional cationic lipid,
DPTAP. Most of the TATp liposomes were prepared at a mole percent ligand of 0.3%
and thus have a 2.4% by mole positive charge, so 2.4% by mole DPTAP liposome were
prepared as a control for charge induced liposome uptake. Both liposomes with 2.4%
DPTAP and 0.3% TATp ligand were confirmed to have a similar amount of positive
surface charge using zeta potential measurements (Table 5-1). Both the DSTAP control
(2.2 £ 0.4 mV) and the TATp-lipid liposomes (1.9 £ 0.8 mV) had detectably higher
surface charge than did neutral POPC liposomes (-5.7 £ 0.6 mV), but neither formulation
was as high as a 10% DOTAP liposome (31.9 + 0.8 mV). I concluded that the 2.4%
DPTAP liposomes have a similar surface charge to the 0.3% TATp-lipid liposomes and

proceeded to use these as controls for the kinetic uptake of radiolabeled liposomes.
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5.4.2 Validation of high salt washing

TATp-lipid successfully induced cell surface binding and internalization to MDA-MB-
435 cells after a 1-hr incubation (Fig. 5-2A). Using confocal microscopy, the difference
between the cell inside and outside is difficult to determine quantitatively; however,
cross-sections through the cell suggested that most of the signal in Fig. 5-2A is surface
bound. To investigate this further, high salt washes were used to displace the
electrostatically bound TATp from cell surface proteoglycans [Tyagi et al. 2001]. 1M
NaCl in PBS was sufficient to displace much, but not the all, of the cell associated
fluorescence (Fig. 5-2B); this removable fraction is defined as “surface bound”
liposomes. There was also a good amount of internalized fluorescence that could not be
removed by high salt washes. This amount (Fig. 5-2B) of fluorescence is significantly
higher than unmodified liposomes also washed with high salt (Fig. 5-2C). We conclude
that TATp-lipid enhances liposome internalization, and we decided to develop a more

quantitative method for determining the kinetics of internalization.

This high salt wash method was used to quantify the kinetics of TATp liposome uptake in
conjunction with radiolabeled liposomes (Table 5-1). Before proceeding with the assay,
the number of washes needed to remove all surface bound liposomes was validated (Fig.
5-2G). A 96 well plate assay was performed on B16F10 cells incubated for 1 hr with
0.3% TATp-lipid or 2.4% DPTAP liposomes. At the end of the incubation period,
radioactive liposomes and media were removed. Wells were washed 0 to 4 times with 1.6

M NaCl PBS, dissolved, and counted for radioactivity. The percent of counts per well
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that remained in the cells is plotted (Fig. 5-2G), showing that 10% of the TATp modified
liposomes have bound to the cells, but only 1% of the dose was actually internalized. The
amount of liposomes remaining in the cells stabilized after 3 washes for both DPTAP and
TATp liposomes. It was observed that after 3 high salt washes, no additional radiolabel
from either formulation was removed from the cell bound material. Thus, 3 high salt

washes are sufficient to distinguish between surface bound and internalized liposomes.

Using this validated assay, a number of liposomes were prepared (Table 5-1) and assayed
for their binding kinetics to a model tumor cell line, BI6F10. TATp ligands appear to
bind to a variety of cell types via cell surface proteoglycans, and binding is not thought to
be cell type dependent (for more information see Appendix A). B16F10 cells are of
mouse melanoma origin; however, due to the non-specificity of TATp ligands, trends in
binding kinetics are assumed to be representative of many cell lines, including human

brain tumor cells.
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Figure 5-2. High salt washes remove surface bound TATp liposomes. [A-F] MDA-MB-
435 cells incubated with 50 uM lipid (0.1% CF-PE) 1 hour 37°C. (green) stained liposomes on
cells, stack of 10 confocal images taken using identical settings. (gray) transmitted light image
of corresponding cells. [A,D] TATp liposomes TATp-lipid:POPC:Chol:CF-PE [0.5:70:30:0.1]
washed twice with PBS. [B,E] TATp liposomes TATp-lipid:POPC:Chol:CF-PE
[0.5:70:30:0.1] washed twice with 1M NaCl in PBS. [C,F] control liposomes POPC:Chol:CF-
PE [70:30:0.1] washed twice with 1M NaCl in PBS. [G] Fraction of liposomes remaining
bound as a function of the number of high salt (1.6 M NaCl) PBS washes. 96 well assay with
B16F10 cells incubated at 50 uM lipid of '*I-BPE labeled liposomes for 1 hr. (gray bars)
TATp liposomes TATp-lipid:POPC:Chol [0.3:60:40]. (black bars) DPTAP liposomes
DPTAP:POPC:Chol [2.4:60:40]. Error bars indicate the standard error (n=3).
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5.4.3 Liposome binding is dependent upon method of chemical attachment

Two TATp lipid conjugates were prepared. One ligand consisted of a TATp directly
linked to a lipid anchor on the surface of the liposome, TATp-lipid (Fig. 5-1A). The
second ligand was prepared by linking the TATp peptide to the end of a flexible 2000 Da
PEG linked to a phospholipid anchor. At 37 °C, both these ligands showed strong
evidence of rapid binding kinetics followed by a quick internalization (Fig. 5-3A) and the
amount of cell surface lipid quickly reached a steady state (Fig. 5-3B). At a density of
0.3% by mole, surface density is 0.005 ligands / nm?, the TATp-PEG-lipid performed the
best, with 24 + 1% of liposomes internalized after only a 120 min incubation. This uptake
was steady and did not level off. The 0.3% TATp-lipid liposomes internalized only 6 +
1% of the liposomes in the cells. Additionally, this internalization reached a plateau at 60
min, suggesting that TATp-lipid uptake saturated the cellular capacity for uptake, which
did not regenerate in this period. Both the neutral control liposome and the 2.4% DPTAP
control liposome showed less than 0.5% uptake over the course of this assay. We
conclude that the TATp-PEG-lipid is the most attractive ligand for sustainable rapid

uptake.
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Figure 5-3. Effect of temperature and concentration on the binding kinetics of
TATp liposomes. TATp-lipid, TATp-PEG-lipid, DPTAP, and neutral control
liposomes POPC:Chol [6:4] interaction with B16F10 cells. [A-D] 30 uM lipid
concentration. [A] 37°C, internalized liposomes. [B] 37°C, surface bound liposomes.
[C] 4°C, internalized liposomes. [D] 4°C, surface bound liposomes. [E-F] 60 min
incubation of liposomes as a function of concentration [E] 37°C, internalized
liposomes. [F] 37°C, surface bound liposomes. Data are plotted as nanomoles total
lipid per 10° cells for clarity. Average recovery per well was 85 + 10%. Errors bars

indicate the standard error of the mean (n=3).
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All of the kinetics experiments were performed at a 30 uM lipid concentration. To verify
that this concentration was acceptable for performing this assay, a range of
concentrations were observed from 3 to 100 uM. The results are shown in log scale to
allow all of the data to be visualized simultaneously. At every concentration, all 4
liposome compositions maintain the same relationship for internalization (Fig. 5-3E) and
surface binding (Fig. 5-3F). Interestingly, this range of concentration does not saturate
the binding sites on the cell surface or the internalization process into the cell for the
0.3% TATp-PEG-lipid. In this range of concentrations, the amount of lipid bound to the

cells is a concentration driven process that has not been saturated.

5.4.4 TATp modified liposomes internalize at low temperature

Reports in the literature conflict as to whether TATp uptake is ATP energy dependent or
dependent upon some other undetermined property of the cell or both. To investigate the
effect of temperature on cell association a similar kinetic experiments was performed at
4°C to determine if TATp can lead to internalization at this temperature. Figure 5-3C
shows that 0.3% TATp-PEG-lipid internalizes at 4°C more rapidly than at 37°C;
however, this binding attains a plateau, suggesting that the method of entry is saturated.
Furthermore, uptake proceeded without causing an increase in surface binding by TATp-
PEG-lipid (Fig. 5-3D). The 0.3% TATp-lipid particles have nearly the same
internalization profile at 37°C and 4°C. The neutral control liposomes do not bind nor are
they internalized into the cells; however, the 2.4% DPTAP liposomes do bind (Fig. 5-3D)

and internalize (Fig. 5-3C) more significantly at 4°C than at 37°C. The fact that such a
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small amount of positive charge induces uptake at low temperatures is very interesting

and the reason for this behavior is not known.

5.4.5 Effect of TATp surface density on liposome binding

Liposomes were prepared with surface densities of the TATp-lipid ranging from 0.03 to
1.0% (Table 5-1). As expected, the extent and rate of internalization (Fig. 5-4A) was
dependent upon the surface density of ligand; however, there was very little difference in
liposome binding to the cell surface (Fig. 5-4B). The 1% condition gave the most
favorable binding kinetics seen for the TATp-lipid, with 8.3 + 0.9% of the liposomes
bound after 2 hrs of incubation. The fact that surface binding was not substantially
increased for the 1% TATp-lipid liposomes suggests that the increase in surface density
has an effect only upon the transfer rate of liposomes from the surface to the cellular

interior.

5.4.6 2000 Da PEG can shield binding and uptake of TATp liposomes

In contrast to the increased internalization rate of the 1% TATp-lipid, the presence of 5%
PEG-DSPE caused a dramatic reduction in the rate of cell surface binding (Fig. 5-4D).
This reduction in the surface binding of liposomes translated to less liposome
internalization (Fig. 5-4C). We conclude that the presence of this particular PEG lipid can

hinder the binding of TATp.
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Figure 5-4. Effect of TATp density, PEG shielding, and particle diameter on |
binding kinetics. All liposomes were incubated, at 37°C, at a concentration of 30
uM lipid on B16F10 cells. [A-B] effect of TATp density: 1.0, 0.3, 0.1, and 0.03% S
TATp-lipid liposomes [A] internalized liposomes. [B] surface bound liposomes. [C- L
D] effect of PEG shielding: 0.3% TATp-lipid with and without 5% PEG(2000)- ro
DSPE and neutral control. [C] internalized liposomes. [D] surface bound liposomes. o
[E-F] effect of particle size: 77, 117, 162 nm diameter of 0.3% TATp-PEG-lipid i
liposomes and neutral control liposome (224 nm). [E] internalized liposomes. [F] o
surface bound liposomes. Errors bars indicate the standard error of the mean (n=3). “. )
{
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5.4.7 Liposome size does not affect kinetics of binding

Liposomes with 0.3% TATp-PEG-lipid were prepared with diameters of 77 nm, 117 nm
and 162 nm as measured in Table 5-1. All 3 sizes of liposomes showed similar
internalization (Fig. 5-4E) and surface binding (Fig. 5-4F) to that seen previously for
TATp-PEG-lipid; furthermore, there did not appear to be a relationship between particle
size and binding kinetics. A larger particle has many more TATp ligands per particle and
potential for higher avidity binding; however, this result suggests that only the by-mole-

percent surface density of TATp ligand moderates the extent of cell internalization.

5.4.8 DNA NLP bind and transfect more efficiently after TATp modification

TATp-PEG-lipid was the strongest binding reagent of the 2 ligands synthesized.
Additionally, the PEG-lipid portion of this ligand allows for the formation of micelles.
PEG micelles can insert into lipid bilayers above their phase transition temperature. For
these reasons, the TATp-PEG-lipid was pursued for the purposes of modifying
bioresponsive DNA containing nanolipoparticles (NLP) to enhance transfection. In
Figure 5-5, the micelle insertion method consisted of incubating 0.5% by mole lipid of
the TATp-PEG-lipid in the presence of RH-PE labeled pH sensitive NLP for 5 hrs at
20°C. To confirm the presence of TATp ligand, I assayed the formulation by passing it
down a cation exchange column, CM-25 Sephadex. Unmodified NLP elute in the void
volume in the presence of 150 mM NaCl and 5 mM Tris, pH 8.5, and the addition of 1M
NaCl did not elute additional fluorescence (Fig. 5-5A). In contrast, TATp modified NLP

are primarily retained by the resin and do not wash until the addition of 1M NaCl.
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Flgure 5-5. TATp- PEG—llpld enhances particle binding and transfectlon pH sensitive
DNA NLP (POD:DOTAP:DOPE:Rh-PE[20:12:68:0.1]) [A] 0.5% by mol lipid TATp-PEG-
lipid was inserted by micelle transfer and confirmed by cation exchange chromatography.
Unmodified NLP (diamonds) do not adhere to the resin. TATp NLP (squares) are retained on
the column and can be washed out by 1M NaCl. [B-E] U87-MG cells incubated 24 hrs with 2
ug DNA / 24 well plate. [B] Unmodified RH-PE labeled NLP (red) bound only slightly to
cells, but showed no transfected cells (green). [C] Using the same exposure settings for Rh-PE
and GFP, TATp NLP bind strongly to cells and show GFP transfection (green). [D,E] phase
contrast images of [B,C] respectively.
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NLP were prepared with a GFP reporter plasmid and incubated with human glioblastoma
cells, U87-MG. Incubation was at 2 ug DNA / 24 well for 24 hrs either with or without
0.5% TATp-PEG-lipid modification and imaged for Rh-PE (red) and GFP (green). These
2 colors have been merged in each of the images in Fig. 5-5A,B. The cells incubated with
unmodified NLP showed dramatically less red staining (Fig. 5-5B) than cells with the
TATp NLP (Fig. 5-5C). This is consistent with TATp studies of fluorescent and
radiolabeled liposomes, already discussed. The concentration of DNA used was
insufficient to observe strong GFP staining from the unmodified NLP; however, using the
same GFP exposure settings, it was easy to observe brightly stained GFP cells (Fig. 5-
5C). This result is likely because only a small fraction of the unmodified NLP associates

with the cells, whereas the 0.5% TATp modified NLP may exceed 25% cell association.

5.4.9 Convection enhanced delivery of TATp nanoparticles to the rat brain

Having shown that the TATp-PEG-lipid greatly enhances binding and transfection in
vitro, we moved to an in vivo model to look for a biological effect using convection
enhanced delivery. Empty liposomes were prepared and co-infused into normal rat brain
(Fig. 5-6[A-D]). Fig. 5-6A shows a macroscopic image of the axial brain section
illustrating the particle distribution for a 0.3% TATp-PEG-lipid liposome (TATp-PEG-
lipid:POPC:Chol:DiD [0.3:60:40:0.1], blue, 103.5 + 0.6 nm) and this same particle
distribution is imaged at higher magnification in Fig. 5-6B. For comparison, the 0.3%
TATp-PEG-lipid was co-infused with a 0.3% TATp-lipid liposome (TATp-
lipid:POPC:Chol:Dil [0.3:60:40:0.1], red, 100.5 + 0.7 nm). This observation was

representative of 3 animals. The TATp ligand linked by the PEG linker exhibited strong
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binding and retained the particles near the infusion cannula, whereas the weak binding
TATp-lipid particles perfused outward through the tissue, much like a neutral liposome
(Fig. 5-6D). Similar to in vitro assays, the TATp-PEG-lipid appears to have much

stronger binding affinity than the TATp-lipid in vivo.

Bioresponsive NLP, prepared with a reducible disulfide cationic lipid, were also modified
with 0.3% TATp-PEG-lipid. The encapsulated DNA encoded for a GFP reporter gene. A
fraction of these particles was modified with 0.3% by mole TATp-PEG-lipid using the
micelle transfer method, 1 hr incubation at 60°C. NLP were infused at a DNA
concentration of 0.22 pg /uL. 24 hrs after the infusion, animals were sacrificed and brains
were imaged for tumor distribution and GFP fluorescence. In Fig. 5-6[E-H], the
unmodified NLP (flowed partially through the tumor and then traversed around the
periphery of the tumor. Fluorescence imaging showed few particles were retained
immediately at the site of infusion (Fig. 5-6F). GFP imaging showed the presence of
some transfected cells within the tumor (Fig. 5-6G). These observations are

representative of 3 animals where the NLP were in contact with tumor.
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Figure 5-6. Convection enhanced delivery of TATp modified particles to the rat brain.
[top row] 2x2 cm DiD (blue signal) image, outer limit of detection (red edge), half maximal
intensity (yellow edge). [bottom three rows] 2.5x2.5 mm confocal images centered on the
infusion. [A-D] Co-infusion of 0.3% TATp-PEG-lipid (blue) and 0.3% TATp-lipid (red) into
rat brain. [E-H] infusion of NLP (blue) with 6 ug GFP plasmid (green) into U87-MG tumor.
[I-L] infusion of 0.3% TATp-PEG-lipid modified NLP (blue) with 6 ug GFP plasmid (green)
into U87-MG tumor. Yellow arrows indicate the tumor border. Images are representative of 3
animals.
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The TATp-PEG-lipid modified NLP behaved quite differently (Fig. 5-6[I-L]) than the
unmodified NLP. The TATp ligand allowed the distribution of detectable levels of
fluorescence throughout the tumor (Fig. 5-6I), but was also able to induce strong binding
near the tip of the infusion cannula. When the cannula was placed in or next to the tumor,
strong binding within a fraction of the tumor itself resulted (Fig. 5-6J). This binding is
similar to that for TATp-PEG-lipid liposomes in Fig. 5-6B and in complete contrast with
the lack of strong binding in Fig. 5-6F. This strong binding area is associated with a
strong GFP signal (Fig. 5-6K), and this was observed in 4 of 4 animals. We conclude that
TATp modification is beneficial for CED transfection and may aid in keeping the

particles from distributing widely outside the tumor and into normal brain.

5.5 Discussion

Intracellular delivery of non-transported therapeutic agents has traditionally been thought
possible only for low molecular weight (<500 Da) hydrophobic molecules. Higher
molecular weight agents including oligonucleotides, proteins, DNA, liposomes and
nanoparticles do not readily enter the cytoplasm. The human immunodeficiency virus
(HIV) trans acting transcriptional activator (TAT) protein enters the cytosol by way of an
11 amino acid cationic peptide (TATp). When this cationic sequence is attached to a
variety of small pharmacological agents including paramagnetic ions [Polyakov et al.
2000, Bhorade ef al. 2000] and proteins [Stein et al. 1999, Schwarze et al. 1999, Mi et al.
2000, Xia et al. 2001], they are delivered into cells. The size limitations for cargo
delivered by a single TATp are currently undetermined, but multiple TATp attached to

polymers, nanoparticles, liposomes, and phage mediate cell internalization.
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Torchilin and coworkers [2001] have shown that TATp (YGRKKRRQRRR) attached via
a PEG (MW = 3.0 kDa) polymer to a 200 nm diameter liposome results in improved
binding and internalization. These results have quantitatively demonstrated the claim that
TATp-PEG-lipid is an excellent binding ligand; however, these data also show that TATp
linked directly to the surface of a liposome significantly induces cellular uptake (Fig. 5-
3A), in contrast to previous reports [Torchilin ez al. 2001]. This may be due to the
chemistry of attachment, which is an amide bond between the primary amines either at
the nitrogen terminus or the lysine sidechains. This uncontrolled chemistry means that a
significant fraction of their TATp ligand may be conjugated in the middle of the peptide;
regardless, with 100 to 500 PEG-linked peptides per liposome, these particles were

internalized into cytoplasmic vesicles within an hour [Torchilin et al. 2001].

Torchilin and coworkers [2001] also claim that PEG lipids can be used to shield TATp
binding, and this was confirmed in the above kinetics studies (Fig. 5-4C). 5% PEG-DSPE
was successfully able to shield the binding of 0.3% TATp-lipid. There are 2 possible
reasons for this effect: the PEG provides a steric hindrance that prevents binding or the
negatively charged (5% by mol) phospholipid anchor for the PEG is binding the 2.4%
positive charge on the TATp ligand. We are unable to distinguish between these
possibilities; however, the ability to shield the effect of TATp ligands by either method
could prove useful. In the case that PEG provides steric shielding, a pH sensitive PEG
lipid (POD) could be employed to preferentially shield the TATp binding activity until

the liposome is in position near a target cell.
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Tseng and coworkers [2002] have studied the kinetics of TATp modified liposomes with
various numbers of peptides on the particle surface. They conjugated the TATp sequence
(CYGRKKRRQRRRPPQ) to a PEG (MW = 3.4 kD) phosphatidylethanolamine. The
chemistry of attachment was to the nitrogen terminal cysteine via a stable thio ether bond.
The TATp-PEG-lipid was inserted into preformed phosphatidylcholine: cholesterol (6:4)
100 nm liposomes using a micelle insertion method. Greater than 90% insertion of
TATp-PEG-lipid occurred in all preparations. Liposomes containing a pH sensitive dye,
8-hydroxypyrene-1,3,6-trisulfonic acid, were incubated with cells, and fluorescence was
assayed using FACS. Tseng and coworkers [2002] showed that increasing numbers of
peptides per particle raised the fluorescence substantially. Internalization was evident
with above 5 peptides per particle, surface density is 0.0002 ligands / nm’. This increase
in fluorescence began to saturate by 100 peptides per particle, surface density is 0.003
ligands / nm?, for HTB-9 cells but continued to increase linearly for A431 cells. The fact
that a pH sensitive dye greatly increases in fluorescence upon binding strongly suggests
that TATp labeled liposomes are entrapped separate from the cytoplasm, in a low pH

compartment.

The method of Tseng and coworkers [2002] for using micelle insertion of the ligand has
been adopted in these studies for the ability to enhance cell binding of DNA containing
NLP. Using a mild cation exchange column, it was possible to monitor the insertion of
TATp-PEG-lipid into preformed NLP (Fig. 5-5A). The modification of NLP by TATp

greatly increased the binding properties for the particle both in vitro (Fig. 5-5C) and in
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vivo (Fig. 5-6]). In fact, the TATp ligand induced so much binding that the particles
appear to be retained near the site of the cannula, similar to the effect of 10% positive
charged liposomes in Chapter 3. As expected, an increase in binding also increases the
level of transfection. Clearly, these CED studies show a trade-off between transfection
and distribution. Future studies should attempt to solve this problem by using a cleavable
PEG lipid shield. For example, during the distribution phase the TATp ligand could be
blocked by POD, and after several hours, the POD would hydrolyze enough to expose the

TATp ligands. This approach could enable both distribution and efficient transfection.

A point of contention in the literature is that TATp-PEG-lipids internalize liposomes even
below 4°C; however, it has been suggested that this is an artifact of fixation [Fretz et al.
2004]. In this radiolabel binding study there is no use of fixative, and thus the data
confirmed that TATp-PEG-lipids do indeed contribute to particle internalization at 4°C.
The relevance of this finding is uncertain, because the control 2.4% DPTAP liposomes
also dramatically increased their binding and internalization at 4°C. The possibility exists
that both DPTAP and TATp lipids internalize at low temperatures by undergoing a phase
change, or raft formation, that brings together many cationic moieties. This event,
coupled with other cellular mechanisms, may enable particle uptake even at low
temperatures where endosomal fusion is prevented. Indeed the apparent uptake by the

TATp liposomes may not be mediated by the same forces at 37°C and 4°C.

This study has expanded on previous work in three ways: optimized a radiolabel assay

that enables quantitative molar assessment of binding vs. internalization; characterized a

131

S aaae aeCY -

.....

-y~
'

Yo



structure activity relationship between 2 peptide lipid conjugates covalently bound only
at the N terminus; and as shown that this TATp can influence in vivo particle distribution
and enhance transfection when administered by CED. These results suggest that TATp is
an effective binding ligand and could have important therapeutic applications for the
development of non-viral DNA delivery. Additionally, for the purposes of liposomal drug
delivery, the presence of TATp lipids enables fine-tuning of the binding parameters

required for CED to brain tumors.

5.6  Conclusions

A peptide (TATp) that mediates strong binding and cell internalization was synthesized
and conjugated directly to a lipid or to a PEG(2000 Da) lipid. TATp was confirmed to
induce liposome binding and internalization using both fluorescence microscopy and a
quantitative radiolabel assay. TATp internalization, 24 + 1% of the lipid dose over 2 hrs,
was found to be greater than a control liposome with similar cationic charge. Uptake was
enhanced by having a PEG linker between the peptide and lipid. Alternatively, binding
was reduced by 5% of a PEG (2000 Da) phosphatidylethanolamine. TATp also enhanced
binding and transfection of DNA containing particles in vitro and in vivo. Data also
showed that TATp may provide an important method for modifying the cell binding
properties of particles delivered by convection enhanced delivery for the purpose of

treating brain tumors.

132

T i

RSN



APPENDIX A
Review: HIV TAT Protein Transduction Domain Mediated Cell Binding and

Intracellular Delivery of Nanoparticles

A.l1  Abstract

Intracellular delivery of non-transported therapeutic agents has traditionally been thought
possible only for low molecular weight (<500 Da) hydrophobic molecules. Higher
molecular weight agents, including oligonucleotides, proteins, DNA, liposomes and
nanoparticles do not readily enter the cytoplasm; however, the human immunodeficiency
virus (HIV) trans acting transcriptional activator (TAT) protein enters the cytosol by way
of an 11 amino acid cationic peptide (TATp). When this cationic sequence is attached to
a variety of small pharmacological agents including paramagnetic ions [Polyakov et al.
2000, Bhorade et al. 2000] and proteins [Stein et al. 1999, Schwarze et al. 1999, Mi et al.
2000, Xia et al. 2001], they are delivered into cells. Further, TATp modification of large
cargo, such as proteins, polymers, and nanoparticles, may enable them to internalize into
cells as well. The size limitations for cargo delivered by a single TATp are currently
undetermined, but multiple TATp attached to polymers, nanoparticles, liposomes, and
phage mediate their internalization. This latter process appears to follow an endocytotic
or potocytic pathway and does not directly transfer cargo into the cytoplasm of the cell.
Here I review recent publications in which multiple TATp have been attached and

resulted in successful intracellular delivery of nanoparticles.
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A.2  Introduction

Trans acting transcriptional activator (TAT) is a protein produced and secreted by HIV
infected cells. TAT then enters the cytosol of adjacent cells, traffics to the nucleus, and
directly participates in transcriptional regulation. The mechanism of TAT protein
internalization was first investigated by Mann and Frankel [1991] over a decade ago.
They concluded that a cationic peptide sequence (TATp) with 8 positively charged side
chains (RKKRRQRRR) binds nonspecifically to greater than 10’ binding sites per cell
and is required for transactivation activity. The peptide is short and highly charged,
suggesting that it functions through an electrostatic mechanism and not via a specific
protein-protein interface. The researchers hypothesized that TATp fusion proteins could
be tools for delivering active protein to the cytosol and nucleus. This discovery was not
widely applied to enhance the uptake of other cargo until the late 1990’s. The upsurge in
activity in this field is reviewed in a number of recent articles written on TATp and TAT-
like sequences and their putative uses [Schwarze et al. 2000, Morris et al. 2000]. I focus
here on reports in which multiple TATp sequences are attached to a nanoparticle (Table

A-1).
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A.3  Other peptides with properties similar to TATp

It is worth noting that the TAT peptide shares internalization characteristics with other
short cationic polymers, including poly arginine, the antennapedia peptide penetratin, and
the herpes virus peptide VP22. These peptides are all cationic, rich in arginine or lysine.
In fact, poly arginine has been shown similarly effective at delivering cargo [Futaki et al.
2002, Wender et al. 2000, Suzuki et al. 2002]. These peptides still function if their
sequence is reversed or if the d-isomer amino acids are used. Wender and coworkers
[2000] report similar activity using a peptoid backbone instead of the natural peptide
backbone. The peptides internalize by a common pathway that is reported to function at
4°C, where endosomal vesicles cannot fuse [Derossi et al. 1996, Vives et al. 1997];
however, this may be an artifact of fixation [Richard et al. 2003, Lundberg and Johansson

2001,2002, Leifert et al. 2002].

A4 Promising aspects of TATp research

Most importantly, these peptides can be used to ferry cargo across the membrane into the
cell and possibly into the cytosol. Cell penetrating peptides potentially offer a mechanism
to bind and internalize large molecules and nanoparticles rapidly into cells in vivo. This
would greatly benefit the fields of protein and gene delivery by allowing passage to
targets within the cytoplasm and nucleus [Schwarze et al. 2000, Morris et al. 2000].
These peptides may also divert the cargo to an alternative trafficking pathway and permit

the particle to avoid the lysosomal route, hence exposure to degrading enzymes.
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A5 Mechanism

Despite the proliferation of new applications for these peptides, the mechanism by which
they cross cell membrane remains uncertain. TATp, antennapedia, poly arginine, VP22,
and similar cationic peptides convey similar internalization properties when attached to
cargo due to their high linear density of flexible, cationic side chains. The TAT protein
interacts strongly with heparin oligosaccharides [Rusnati et al. 1997, 1999]. In fact
heparan sulfated proteoglycans (HSPG) are critical for TATp internalization [Chang e al.
1997, Watson et al. 1999, Tyagi et al. 2001]. Negatively charged lipids [Derossi et al.
1996] and sialic acids are other possible cell-surface attachment sites for TATp. Thus,
TATp binds its cargo nonspecifically to negatively charged cell-surface molecules via
electrostatic forces. This interaction of TATp with negatively charged heparan is similar
to what occurs when certain viruses bind to mammalian cells [Shukla et al. 2001].
Cationic polymers and cationic liposomes also interact with negatively charged
glycosaminoglycans [Barron and Szoka 1999]. Thus, the mechanism of TATp
internalization should be considered in the larger context of the biology of

glycosaminoglycans.

Three modes of internalization have been proposed for cationic peptide mediated
internalization: endocytosis [Mann and Frankel 1991], potocytosis [Eguchi et al. 2001],
and direct membrane destabilization [Derossi et al. 1996]. Endocytosis and potocytosis
are both mechanisms for entrapping surface bound particles within a cellular membrane,

whereas membrane destabilization would allow direct access to the cytosol.
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The initial mechanistic study of TAT protein internalization by Mann and Frankel [1991]
suggested adsorptive endocytosis. That is, TAT binds to the cell-surface and is
internalized into a clathrin-coated pit. Subsequent publications reported that TATp does
not internalize by classical endocytotic mechanisms because it has the ability to
internalize at 4°C or in the presence of inhibitors of endocytosis [Vives et al. 1997,
Suzuki et al. 2002]. Recent reports indicate that data collected showing rapid uptake of
TATp were obtained under fixation conditions that permeablize the cell membrane
sufficiently to allow nuclear localization of TATp and VP22 [Lundberg et al. 2001,2002
Leifert et al. 2002, Richard et al. 2003]. Thus, one cannot consider the rapid uptake of

TATp at 4°C to be convincingly established.

In an effort to explain rapid TATp internalization at low temperatures, potocytosis was
investigated [Eguchi er al. 2001]. Potocytosis is an alternative internalization method,
similar to endocytosis. Unlike endocytosis, potocytosis internalizes surface bound
cholesterol rich membrane into pits coated with caveolin proteins. Lending credibility to
this hypothesis, the addition of molecular blockers of potocytosis reduced the

internalization of TATp coated phage by about 50% [Eguchi ef al. 2001].

Alternative explanations of the rapid antennapedia peptide internalization suggested that
the antennapedia peptide interacts directly with negatively charged lipids on the outer
surface of the cell to form inverted micelles [Derossi et al. 1996]. These inverted micelles
then open inward and allow the cationic peptide and cargo direct access to the cytosol;

however, this mechanism does not easily explain the observation that TATp mediated

138

X

———



internalization is saturable [Mi ez al. 2000]. Additionally, evidence of contents leakage

induced by TATp from model phospholipid vesicles has not been reported.

The size of the attached cargo has a very significant effect upon the mechanism of
internalization. Silhol and coworkers [2002] showed that TATp carrying a low-molecular
weight fluorescent molecule are not dependent upon HSPG for internalization and uptake
is not blocked at low temperatures. Uptake of the low molecular weight peptides are
however, easily saturated at about 1 uM. When TATp is attached to the green fluorescent
protein (GFP) the results are strikingly different; GFP-TATp uptake exhibits strong
temperature dependence and strong HSPG dependence. Without HSPG or at low
temperatures, internalization is essentially abolished. Clearly the mechanism of

internalization for the peptide may be very different than for proteins and larger particles.

In light of recently reported fixation artifacts, it scems most likely that the mechanism of
TATp mediated internalization of nanoparticulates is via adsorptive endocytosis.
Individual TATp and similar cationic peptides have both the flexibility to penetrate into
HSPG and a sufficient positive charge density to bind with moderate affinity. Multi-
valent TATp particles will therefore exhibit an even higher avidity for the cell-surface.
Surface binding becomes saturated as the HSPG are filled. Surface bound particles will
then be internalized into a low pH compartment [Tseng et al. 2002]. At this point, some
undetermined mechanism may allow for escape to the cytosol. Thus, the most recent
evidence suggests that TATp modified particles bind to the cell-surface through

negatively charged cell-surface molecules, principally heparan sulfate and possibly sialic
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acid. Subsequent to binding they are internalized either through endocytosis,

macropinocytosis, or via caveolae.

A.6.1 Applications: Polymers

Huang and coworkers [1998] synthesized a 12 repeat block copolymer of PEG and lysine
(MW = 26.9 kDa, 2.198 kDa/repeat). Lysine residues were incorporated as attachment
points for peptides. TATp (RKKRRQRRRK|[Biotin]C-amide) were attached at the
cysteine via a disulfide linkage to activated lysines on the PEG-lysine copolymer. The
carboxy terminal lysine sidechain was conjugated to biotin. The disulfide linkage was
designed to break upon exposure to the reducing cytoplasmic environment. The resulting
macromolecules had 8 TATp branches per macromolecule. The macromolecule was
stable under non-reducing conditions at physiological pH, but the addition of 3 mM
glutathione released the TATp within minutes. Peptide delivery was assessed by
inhibition of normal TAT transactivation as shown by the chloramphenicol
acetyltransferase assay (CAT). In the CAT assay, cells are stably transfected with a CAT
reporter gene under control of the HIV trans activator response element (TAR).
Subsequently, the cells are transfected with a plasmid that expresses a functional TAT
protein that up-regulates TAR elements. The peptide TATp binds the TAR element, but
does not induce transcription. Thus, TATp competes with TAT protein and reduces CAT
reporter expression. At similar peptide concentrations, both free TATp and the multi-
valent TATp macromolecule significantly reduced CAT activity. This indicates that when

initially bound to the polymer backbone, TATp successfully internalizes, traffics to the
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nucleus, and reduces transactivation; however, it remains unclear whether TATp detaches

from the PEG-lysine copolymer before or after internalization.

A.6.2 Applications: Complexes

Because TATp is highly cationic, it can condense anionic polymers, such as heparan
sulfate and DNA, into electrostatic stabilized complexes. Sandgren and coworkers [2002]
created such complexes by mixing poly-anion with TATp (GRKKRRQRRRPPQC-
amide) poly-cation using a 1:1 w/w ratio. For heparan sulfate this corresponded to a 1.4 :
1 positive to negative charge ratio. Both TATp and poly-anion were labeled with
fluorophores. The labeled complexes were incubated with cells and tracked by
fluorescence microscopy. Both heparan sulfate-TATp and DNA-TATp complexes
strongly bound on the cell-surface in a heparan sulfate dependent manner. Binding and
internalization were abolished in a proteoglycan deficient cell line. Chlorate treatment to
prevent sulfation also abolished uptake. Treatment with chondroitin ABC lyase or
heparitinase enzymes significantly reduced, but did not eliminate binding and
internalization. By fluorescence microscopy, the heparan sulfate — TATp complex
internalized to the cells and at 24 hrs heparan sulfate could be seen in the nucleus;
however, the fluorescence labeled TATp was retained in low pH vesicles that stained
with lysotracker. At no time did the TATp escape from the low pH compartments and it
was presumably degraded. Interestingly, this is in contrast to the observation that free
TATp localizes to the nucleus. This suggests that free TATp and multivalent particulate

TATp internalize by different mechanisms.
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Morris and coworkers [2001] synthesized a carboxy terminal cationic peptide with a
nitrogen terminal hydrophobic end (acetyl- KETWWETWWTEWSQPKKKRKYV -
Cysteamine). The cationic portion of this peptide was not derived from TAT, but instead
from the cationic SV-40 nuclear localization sequence. The peptide has a hydrophobic
sequence that associates with protein surfaces, presumably onto hydrophobic patches.
The peptide was mixed with green fluorescent protein at a ratio of 30 to 1 and formed a
complex consisting of 12-14 peptides per protein as assessed by gel filtration
chromatography. The complexes delivered both fluorescence labeled peptide and GFP
into up to 90% of the cells as indicated by fluorescence microscopy. Incubation in the
presence of serum or at 4 °C only slightly reduced the number of fluorescent cells. While
this was not a TAT derived particle, it may share a similar mechanism of entry into the
cell. That is, the high multi-valency of positive charge can induce similar particulate
binding to cell-surface proteoglycans and escape from endolysosomal degradation. The
authors proposed formation of these hydrophobic complexes as a means to deliver

otherwise unmodified proteins to the cell interior.

A.6.3 Applications: Shell Cross-Linked Nanoparticles

A stabilized micelle modified with TATp (GGGGYGRKKRRQRRR), attached by the
nitrogen terminus, was prepared from shell cross-linked (SCK) nanoparticles [Liu et al.
2001]). These 13 nm particles are formed around a micelle that is cross-linked at its
surface. The majority (68%) of particles were 13 nm in diameter as measured by dynamic
light scattering; however, a significant fraction of large aggregates (329 nm) were formed

(32%). It is not clear if the appearance of aggregates in the TATp modified nanoparticles
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is due to an intrinsic feature of TATp or to the method used to attach the TATp to the
particle surface. The fluorescent TATp nanoparticles were incubated with CHO cells and
shown using confocal microscopy to bind to the cell, whereas the unmodified
nanoparticles did not associate with cells; however, it was not determined if the 13 nm
particle or the 329 nm particle was responsible for the cell association, so conclusions
concerning the number of TATp per particle required for cell association or

internalization can not be drawn from this study.

A.6.4 Applications: Nanoparticles

Magnetic resonance imaging (MRI) can be used to track the location of cells loaded with
contrast enhancing agents. One such agent is a nanoparticle designated a cross-linked-
iron-oxide (CLIO) nanoparticle [Josephson et al. 1999]. A CLIO particle has an iron
oxide crystal core of about 5 nm in diameter. The iron core is covered with a
biocompatible, cross-linked dextran coat. This forms a particle 41 nm in diameter that
can be functionalized with different molecules and peptides at the surface. This type of
cell label is of interest because in vitro labeled cells can be followed in vivo by magnetic
resonance imaging. Josephson and coworkers [1999] first reported preparing TATp
labeled CLIO particles by attaching TATp (GGCGRKKRRQRRRGYK[FITC]-amide) at
the nitrogen terminal cysteine via a disulfide bond. These particles were determined to
have about 7 peptides each. This enhanced the cellular internalization of iron by greater
than 100-fold compared to non-modified particles. Over a concentration range of 1 to 100
pg of iron per million cells, the TATp CLIO particles did not show saturation.

Microscopy was employed to document that the particles had internalized. Additionally,
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TATp CLIO labeled cells could be isolated by passage over a magnetic chromatography
column [Josephson et al. 1999], permitting labeled cells to be recovered after injection

into animals.

A different variation of the TATp modified CLIO particles was later prepared using a
stable thio ether linkage to attach a slightly different peptide
(GRKKRRQRRRGYK[FITC]C-amide) at a cysteine located at the carboxy terminus (35-
36). These particles had 10 peptides each and were 65 nm in diameter. The direction of
attachment had no effect upon cellular internalization. Dodd and coworkers [2001]
showed that up to 30,000 particles per cell were internalized into 97% of lymphocytes
treated with the 8ug/ml TATp CLIO nanoparticles for 18 hrs. TATp CLIO labeling of T
cells also did not appear to affect cell behavior, including activation and activation-
induced cell death [Dodd et al. 2001]. Important to the in vivo use of TATp modified
nanoparticles, Wunderbaldinger and coworkers [2002] showed that addition of 10 TATp
per particle decreased the clearance half-life in blood from 682 to 42 min compared to
non-functionalized CLIO particles; however, biodistribution of the TATp functionalized
particles did not differ significantly from the unmodified CLIO particles. This rapid
elimination from the blood could be a troubling issue for the use of TATp modified
nanoparticles to distribute to regions of the body with a small fraction of the blood flow.
Most of the particles will be eliminated from the blood before a significant fraction of the

dose circulates through a small target site such as a metastasis.
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A third preparation of TATp modified CLIO particles was also examined [Lewin et al.
2000, Zhao et al. 2002] whereby the TATp sequence (GRKKRRQRRRGYKJFITC]C-
amide) was linked to the cysteine at the carboxy terminus by a degradable disulfide bond.
These particles were 45 nm in diameter. Again, the direction of attachment for the
peptide did not prevent the TATp CLIO particles from binding and internalizing. The
relationship between the number of TATp/particle and cell binding was examined by
Zhao and coworkers [2002], who reported the effect of varying the number of TATp per
particle between 1 and 15. The uptake of particles increased 100-fold when the number of
TATp per particle was increased from 1.2 to 15 TATp. Again, this illustrates the

cooperative nature of the binding observed with multivalent TATp particles.

A.6.5 Applications: Liposomes

Liposomes are synthetic vesicles consisting of bilayers of phospholipids similar to those
found in mammalian cell membranes. Liposomes have been extensively investigated as
platforms for drug, gene, and protein delivery. Neutrally charged liposomes interact
poorly with cells, and these interactions are further reduced when a polyethylene glycol
(PEG) polymer is attached to the surface. Such PEG shielded particles can circulate in the
blood for several days. Recently, Torchilin and coworkers [2001] showed that TATp
(YGRKKRRQRRR) attached via a PEG (MW = 3.0 kDa) polymer to a 200 nm diameter
liposome results in improved binding and internalization. The chemistry of attachment
formed an amide bond between the primary amines either at the nitrogen terminus or the
lysine sidechains. With 100 to 500 peptides per liposome the particles were internalized

into cytoplasmic vesicles within 1 hr. The attachment of 4.5% of 3000 Da PEG polymer
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to the surface of the liposome had little effect on binding and internalization, whereas the
addition of 4.5% 5000 Da PEG polymer to the liposome surface blocked binding and
internalization. In contrast to the TATp modified CLIO, the direct attachment of TATp to
the liposome surface did not mediate association with cells. Torchilin [2001] proposed a
steric hindrance model to explain the lack of binding when TATp was attached directly to
the liposome surface and to explain the ability of the 5000 Da PEG to interfere with cell

association mediated by TATp coupled to the 3000 Da PEG.

In a short communication, Torchilin and colleagues reported that in addition to delivering
the polyanion dextran [2002], these TATp liposomes also deliver and express DNA
[2002]. Reportedly, TATp liposomes containing dextran show punctate staining within
the cytoplasm within 1 hr of incubation. From 2 to 4 hrs, the staining appears near the
nucleus. Between 9 and 24 hrs, released dextran becomes visible throughout the cell.
Torchilin also reported the transfection of cells with TATp liposomes [Torchilin 2002].
TATp labeled liposomes were prepared with less than 10% of the positively charged lipid
DOTAP, needed to form a complex with DNA. The liposomes and DNA were mixed
together and placed on cells. Torchilin reports that TATp enabled this complex to
transfect a high percentage of cells while TATp deficient complexes could not [2002]. No

obvious signs of cytotoxicity were reported.

Tseng and coworkers [2002] have studied the kinetics of TATp modified liposomes with

varied numbers of peptides on the particle surface. They conjugated the TATp sequence

(CYGRKKRRQRRRPPQ) to a PEG (MW = 3.4 kDa) phosphatidylethanolamine. The
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chemistry of attachment was to the nitrogen terminal cysteine via a stable thio ether bond.
The TATp-PEG-lipid was inserted into preformed phosphatidylcholine: cholesterol (6:4)
100 nm liposomes using a micelle insertion method. Greater than 90% insertion of
TATp-PEG-lipid occurred in all preparations. Liposomes containing a pH sensitive dye,
8-hydroxypyrene-1,3,6-trisulfonic acid, were incubated with cells, and fluorescence was
assayed using FACS. Tseng and coworkers [2002] showed that increasing numbers of
peptides per particle raised the fluorescence substantially. Internalization was evident
with above S peptides per particle. This increase in fluorescence began to saturate by 50
to 100 peptides per particle for HTB-9 cells, but continued to increase linearly for A431
cells. The fact that a pH sensitive dye greatly increases in fluorescence upon binding
strongly suggests that TATp labeled liposomes are entrapped separate from the

cytoplasm, in a low pH compartment.

Additionally, Tseng and coworkers [2002] used Doxorubicin (Dox) loaded TATp
modified liposomes and measured cell proliferation and tumor killing. In vitro cell assays
showed that TATp modified Dox loaded liposomes delivered 12-fold more Dox than
unmodified Dox loaded liposomes at 2 hrs incubation with 1 ug Dox / ml. Still, the TATp
modified Dox liposomes delivered about half as much Dox as that delivered by free drug.
Cell proliferation assays revealed that TATp modified Dox loaded liposomes were only
slightly more effective at reducing cell growth than were the unmodified liposomes. In
summary, free Dox had the most antiproliferative activity, while liposomal entrapped

Dox reduced cellular exposure, with or without TATp modification.
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Having shown a 12-fold improvement in delivery of Dox by TATp modification of the
liposomes, Tseng and coworkers [2002] presented data from an in vivo test. They
monitored tumor size as a function of time after treatment in a BALB/c mouse C26 hind
limb tumor model. Both liposomal Dox formulations reduced tumor growth rate better
than treatment with free drug; however, for the Dox loaded liposomes, there was no
significant difference between the groups treated with or without TATp modification. A
likely explanation is that the presence of TATp on the liposome surface enhanced their
elimination from circulation as was observed with the CLIO nanoparticles. This result

illustrates a potential pitfall of TATp modified particles in vivo.

A.6.6 Applications: Phage

TATp has also been used to modify biological viral particles for improved transfection.
Eguchi and coworkers [2001] created a variant of the lambda bacteriophage that
expresses TATp on its capsid. They engineered a fusion protein of the TATp sequence
(MLGISYGRKKRRQRRRPPPPQT) connected at the carboxy terminal residue to the D
coat protein. A single Lambda phage, 55 nm in diameter, would express 420 TATp - D
fusion proteins. Interestingly, these bacteriophage were able to transfect mammalian
cells. Eguchi and coworkers [2001] compared the TATp phage both with normal phage
and phage modified with an integrin binding RGD sequence. The unmodified phage
showed minimal cellular binding, while both the RGD and TATp modified phage showed

strong cellular binding.

In vitro, the TATp modified phage showed the most significant transfection with 30% of
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the cells transfected with 10° particles/cell [Eguchi et al. 2001]. Interestingly, the
presence of serum in the media significantly accelerated the kinetics of transfection in
COS-1 cells. Typically, serum proteins interfere with cationic transfection regents, but
this is not the case for TATp modified phage. The authors also investigated the
possibility that potocytosis is involved with the uptake of TATp phage. COS-1 cells were
incubated with TATp phage with or without the presence of filipin and nystatin,
inhibitors of caveolae internalization. Both filipin and nystatin caused a 50% decrease in
luciferase transfection compared to a control with no inhibitor. This result suggests that
potocytosis may play a role in TATp mediated internalization of nanoparticles. In vivo,
TATp phage mediated GFP transfection of mouse liver, as observed by microscopy. The
authors concluded that the binding and internalization seen in the TAT phage were
dependent upon a low affinity absorption process and that internalization may be partly

due to potocytosis.

A.7  Conclusions

The HIV TAT peptide can effectively increase the binding and internalization to a wide
array of cells both in vivo and in vitro. Nanoparticles between 13 and 200 nm in diameter
with between 5 and 500 TAT peptides per particle show high avidity for poly-anions on
the cell-surface such as heparan sulfate proteoglycans. As evidenced by pH sensitive
dyes, TATp modified particles are targeted to low pH compartments, which may be
independent from the classical lysosomal degradation pathway. This precludes the
possibility that TATp nanoparticles have direct access to the cytosol, but instead must

traffic through a vesicle, such as a caveolae or endosome. The true mechanism of
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internalization has been difficult to determine, especially in light of recently described
fixation artifacts; however, some of the internalized cargo must reach the cytoplasm and
nucleus because of the expression of proteins from delivered DNA. Lastly, the presence
of unshielded TATp on a nanoparticle surface may greatly hinder its usefulness for
intravenous administration. Without blocking TATp activity, injected nanoparticles may
be rapidly cleared from the bloodstream. Regardless, the use of TATp for delivering
therapeutic cargo is not restricted to small molecules and proteins, but extends to a

variety of large polymers and nanoparticles.
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