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Receptor-Mediated Uptake and Intracellular Sorting
of Multivalent Lipid Nanoparticles against the
Epidermal Growth Factor Receptor (EGFR) and the Human EGFR 2 (HER2)
by

David Tu Tran

Abstract

In the area of receptor-targeted lipid nanoparticles for drug delivery, efficiency
has been mainly focused on cell-specificity, endocytosis, and subsequently effects on
bioactivity such as cell growth inhibition. Aspects of targeted liposomal uptake and
intracellular sorting are not well defined. This dissertation assessed a series of ligands as
targeted functional groups against HER2 and EGFR for liposomal drug delivery.
Receptor-mediated uptake, both mono-targeted and dual-targeted to multiple receptors of
different ligand valence, and the intracellular sorting of lipid nanoparticles were
investigated to improve the delivery of drugs to cancer cells.

Lipid nanoparticles were functionalized through a new sequential micelle transfer
- conjugation method, while the micelle transfer method was extended to growth factors.
Through a combination of both techniques, anti-HER2 and anti-EGFR dual-targeted
immunoliposomes with different combinations of ligand valence were developed for
comparative studies. With the array of lipid nanoparticles, the uptake and cytotoxicity of
lipid nanoparticles in relationship to ligand valence, both mono-targeting and dual-
targeting, were evaluated on a small panel of breast cancer cell lines that express HER2

and EGFR of varying levels. Comparable uptake ratios of ligand to expressed receptor
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and apparent cooperativity were observed. For cell lines that express both receptors,
additive dose-uptake effects were also observed with dual-targeted immunoliposomes,
which translated to marginal improvements in cell growth inhibition with doxorubicin
delivery. Colocalization analysis revealed that ligand-conjugated lipid nanoparticles
settle to endosomal compartments similar to their attached ligands. Pathway
transregulation and pathway saturation were also observed to affect trafficking. In the
end, liposomes routed to the recycling endosomes were never observed to traffic beyond
the endosomes nor to be exocytose like recycled ligands.

Based on the experimental data, models were developed to help interpret and
predict the binding and trafficking of lipid nanoparticles. The crosslink multivalent
binding model of lipid nanoparticles to monovalent receptors was able to predict ligand
valence for optimum binding, cell association concentrations, offer explanations to the
antagonistic effects observed from high ligand valence, and predict the binding
limitations of both ligand valence and ligand affinity. Hopefully, the models will serve as

valuable tools for future optimizations in targeted liposomal drug delivery.
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Chapter 1: A Review of Lipid Nanoparticles for Targeted Drug

Delivery

1.1 Abstract

Recent advancements in the systemically administration of chemotherapeutic
agents for the treatment of cancer have benefited from the repackaging of the highly toxic
yet nonspecific small molecule drugs into more favorable distributing drug delivery
systems. Drugs tethered as conjugates or encapsulated into nanoparticles composed from
lipids, polymers, and peptides have significantly altered its delivery profile by taking on
the pharmacokinetics and drug delivery capabilities of the carrier and resulting often with
more efficient therapeutic effects. Lipid nanoparticles such as liposomes haven proven to
be a biocompatible delivery system with increased bioavailability due to prolonged
circulation times of drugs and high drug accumulation in pathological sites attributed to
the enhanced permeability and retention effect. In addition, lipid nanoparticles can
further target and be endocytosed into targeted tissues with the surface attachment of
ligands specific to overexpressed receptors displayed on the tissues. This chapter
describes the design and engineering challenges of drug delivery systems, the benefits of
liposomes as a drug delivery system, both passive and active targeting strategies, and

finally essential components of active targeting including uptake and intracellular sorting.



1.2 Design and Engineering Challenges of Drug Delivery Systems

The objective of drug delivery systems is to increase drug flux to cells of interest
for therapeutic effects while minimizing interaction with the rest of the body. To better
design such systems for the treatment of cancer, one must better understand the
shortcomings of current chemotherapy. The treatment of cancer still heavily relies on the
administration of chemotherapeutic agents with the intent of killing rapidly dividing cells.
The outcome may be curative, to prolong life, or to palliate symptoms. Most cytotoxic
drugs are nonspecific, distributed within the body rather evenly and proportionally to the
regional blood flow, resulting in substantial indiscriminant toxicity to other tissue in the
body. In addition to the high level of toxicity in healthy tissues, small molecule
chemotherapeutic agents have a large volume of distribution on intravenous
administration and a narrow therapeutic index(1-3). With the large volume of
distribution, rapid clearance rate from circulation, and nonspecific targeting to tumors,
high doses are often required for therapeutic effects.

The drug delivery system must minimize interaction with the rest of the body. In
terms of distribution, the system should reduce the volume of distribution, increase
accumulation in tissues of interest, decrease accumulation in nonspecific tissues, and
hence decrease nonspecific toxicities. The system should be biocompatible and non-
immunogenic, reducing clearance rates by macrophages of the reticuloendothelial system
(RES) as well as degrade to nontoxic components. Long circulating times can beneficial,
allowing the drug delivery system time to accumulate in the target tissue, increasing the
bioavailability, and hence increasing drug flux to cells of interest. High drug loading can

also increase availability.



To keep the drug active, the system formulation should be stable and protect the
drug from metabolism and inactivation in the plasma, yet leaks drug at sufficient rate to
become bioavailable at the tumor. The attachment of ligands targeting receptor
overexpressed on the tumors can also increase the delivery of drugs to the cells of
interest. These ligands need to be stable, target-specific, non-immunogenic, capable of
receptor-mediated endocytosis, and readily accessible to target receptors(4). The choice
of the targeted receptor offers cell-specificity and receptor-mediated uptake, but much is

still unknown about uptake efficiency and subsequently the intracellular routing.

1.3 Liposomal Drug Delivery Systems

Liposomes, first described by Dr. Alec D. Bangham in 1961, are artificially-
prepared vesicles composed of a lipid bilayer. Having an aqueous interior space
protected from a lipid bilayer, they are popular as delivery vehicles for pharmaceutical
drugs, nutrients, and markers. The aqueous interior is favorable to entrap water-soluble
chemotherapeutic agents while lipid-soluble hydrophobic agents can be partitioned into
the lipid bilayer (Figure 1.1). Polyethylene glycol (PEG) is often incorporated to provide
a protective layer. The surface of liposomes can also be functionalized with ligands such
as antibodies to target receptors expressed on cells of interest. Liposomes are considered
nontoxic and biocompatible unless administered at very high doses with little antigenic,
pyrogenic, allergic, and toxic reactions(1, 5, 6). They are easily biodegraded and protect
the host from undesirable effects of the encapsulated drug and well as protect the drug
from metabolism and inactivation of the physiological medium. PEG is also considered

nontoxic at 1.9-5 kDa and excreted unmetabolized in the urine(7).
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Figure 1.1 Receptor-targeted lipid nanoparticles. Liposomes contain a lipid membrane with an aqueous
interior favorable to entrap water-soluble chemotherapeutic agents; lipid-soluble hydrophobic agents can be
partitioned into the lipid bilayer. Polyethylene glycol is incorporated to provide a protective layer. The
surface of liposomes can also be functionalized with ligands such as antibodies to target receptors
expressed on cells of interest. Image acquired from Nanopharmaceuticals.org.

As s drug delivery system for chemotherapeutic agents in the treatment of cancer,
the ideal liposome is 70-120 nm, charge-neutral, composed of high-phase transition
phospholipids and cholesterol, and shielded with PEG(4). The inclusion of a polymer
coating PEG in the liposome composition results in clearance rates that are relatively
insensitive to size in the range of 80-250 nm (8-10), membrane fluidity, and surface
charge(1, 11). PEG in the stealth liposomes provides sterical stabilization to the

liposome, limit binding of serum opsonins as well as interaction with cells like



macrophages in RES, and hence increase circulation time and tumor localization(1, 2, 12,
13). The presence of negatively charged lipids in liposomes may result in rapid uptake
by RES and interference with stability(14, 15), but it is not always true. Anionic lipids
such as ganglioside GM; or phosphatidylinositol(16) or charged liposomes coated with
PEG may increase circulation(1, 17, 18).

Liposomes as a drug delivery system alter the pharmacokinetic profile of the drug
encapsulated to the profile of liposomal carrier. Some chemotherapeutic drugs
encapsulated in the aqueous core or incorporated in the lipid bilayer layer include
daunomycin, doxorubicin, cisplatin, vinorelbine, topotecan, AraC, vinblastine,
vincristine, PALA, methotrexate, paclitaxel, and irinotecan(1). Doxil (Janssen Products,
Johnson & Johnson) is a sterically stabilized liposome-encapsulated form of doxorubicin
used for the treatment of ovarian cancer, multiple myeloma, and Kaposi’s sarcoma. The
surface of the Doxil is pegylated, ensuring long circulation times and high drug
accumulation in solid tumors, antitumor activity improved toxicity profile, reduced
cardiotoxicity and haematological toxicities(1, 19). Stealth liposomes have non-
saturable, log-linear kinetics(11). The terminal half-life in humans for pegylated
liposomal doxorubicin is 79 hr(20), with an area under the curve (AUC) for concentration
versus time in plasma 200-1000 times greater than that for most unencapsulated drugs(1).
Peak doxorubicin levels are 3-15 fold greater in tumors when delivered via liposomes

compared with free drug(1).



1.4 Passive Targeting

Solid tumors are supported by a discontinuous microvasculature with pore sizes
varying between 100-780 nm, allowing the passage of large molecules and
nanoparticles(21, 22). The accumulation of large molecules and liposomes in tumors, the
result of a leaky microvasculature and an impaired lymphatics supporting the tumor area,
is a phenomenon known as the enhanced permeability and retention effect (EPR) (Figure
1.2)(23, 24). EPR is limited to pathological sites with affected and leaky vasculature
such as solid tumors, sites of inflammations, and infarcted areas. Large molecules or
particles 10-500 nm like liposomes can extravasate through the endothelium and localize
in the tumor interstitium(25, 26). Because free cytotoxic agents are small, they are
localized in the tumor rapidly, but are also cleared rapidly, resulting in considerable
lower tumor AUC for free drug than liposomal drugs(27, 28). Despite the increased in
tumor accumulation, distribution of liposomes within the tumor interstitium is still
limited, resulting from high interstitial pressure and a large interstitial space.

Liposomes in the interstitium space are not usually found within tumor cells but
are found inside tumor macrophages. Ideally once in the interstitium space, drug leaks at
sufficient rate to become bioavailable at the tumor. Drug may leak due to instabilities
from conditions in the interstitium, plasma protein, enzymes, or liposomal degradation by
macrophages. Released drug can act on neighboring cells via a bystander effect. Passive
targeting is limited to pathological sites susceptible to the EPR. In addition, it relies on
the diffusion of drugs from the liposomes into the cells of interest. As a result, the

delivery of drugs and nucleotides that are prone to degradation from the plasma



environment is not ideal in this technique. Active targeting with intracellular delivery

can be a more promising route.
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Figure 1.2 Passive and active targeted delivery. A. Passive targeting - nanoparticles accumulate in
tumors through the leaky and permeable tumor vasculature and impaired lymphatic system known as the
enhanced permeability and retention effect. B. Active targeting - ligand-conjugated nanoparticles bind to
receptors expressed on tumor cells of interest resulting in cell-specific recognition and improved drug
delivery to solid tumors. Image acquired from the Nanomedicine Future Science Group.

1.5 Active Targeting

Ligands that induce receptor-mediated endocytosis upon binding can be
engineered onto liposomes for the delivery of drugs intracellularly to tumors (Figure 1.2).
Liposomes delivered for solid tumors first benefits from passive targeting, accumulating
in the tumor interstitium due to the EPR. Once trapped, targeting increases the
opportunity for intracellular uptake. Once internalized, drugs are believed to be released
by degradative enzymes in the late endosomes and lysosomes, increasing drug
bioavailability and reducing diffusion from the tumor(29). Ligand targeting increases the
delivery of drugs beyond solid tumors that require extravasation to readily accessible

cells via the intravascular route including blood-borne malignancies and angiogenic



blood vessels. Targeting angiogenic microvasculature focuses on triggering apoptosis in
the endothelial cells instead of the tumor, diminish blood supply to the tumor, and
damage the vasculature.

Although ligand-targeting liposomes for the treatment of cancer are still in
clinical trials, many therapeutic antibodies have been approved by the FDA such as anti-
HER?2 Herceptin (Roche), anti-EGFR Erbitux (ImClone LLC), anti-CD52 Campath
(Genzyme), anti-vascular endothelial growth factor-A Avastin (Roche), anti-CD30
Adcetris (Seattle Genetics), anti-EGFR Vectibix (Amgen Inc.), and anti-CD20 Rituxan
(Roche)(4, 30). Antibody-directed therapies also have been approved such as anti-CD33
calicheamicin conjugate gemtuzumab Mylotarg (Wyeth, withdrawn from market in
2010), and anti-CD20 yittrium-90 conjugate ibritumomab Zevalin (Spectrum
Pharmaceuticals)(4, 30). These antibodies can alter normal receptor function, inhibit
binding of receptor ligands, regulate downstream receptor functions, induce apoptosis,
and direct therapeutics to the site of disease.

Receptor expression in human cancer is heterogeneous. Targeted receptor should
be selectively expressed or overexpressed on target cells and lowly expressed level on
non-targeted cells to decrease toxicity. For example, HER2 is a good target for drug
delivery because it is overexpressed on a variety of cancers, has a homogenous
expression pattern, lack significant shedding, and capable of inducing internalization(4,
31, 32). Other popular targets for solid tumor antigens include EGFR, CD44, GD2,
folate receptor, transferrin receptor, and integrins. Many ligands have been utilized for

ligand-targeted liposomes including antibodies or antibody fragments, proteins such as



transferrin, small molecules such as folic acid or folate, peptides, sugars, and RNA
aptamers.

There are advantages of delivering drugs via liposomes instead of directly
conjugating them to ligands. As discussed earlier, liposomes have favorable circulations
times mainly attributed to EPR, which can be reduced with smaller conjugates. The
liposomes protect the drug while conjugates are exposed. While liposomes with a size of
100 nm can encapsulate 15-40*10° drug molecules per liposome and require 15-40
antibody fragments or 300-1000 peptides per liposome for optimum delivery, drug
conjugated directly to an antibody usually has a maximum density of 8-12 drugs per
antibody(4, 33-37). Hence another benefit for ligand-targeting liposomes as a drug
delivery system is the high payload. The amount of drug that can be delivered to target
per one ligand molecule is high.

There has been much development with the rapid screening and identifying of
tumor-specific high affinity internalizing human antibodies and antibody fragments from
phage and yeast display of non-immune phage antibody libraries (Figure 1.3)(38-42).
Selection of ligands should be based on internalization, not just binding. The antitumor
activity of HER2-targeted liposomal doxorubicin has been shown to be more significant
when delivered from by more efficient internalizing ligands than by less efficient
ones(43, 44). Antibodies attached to liposomes can increase clearance due to either an
immune response to foreign protein or to recognizable fragment crystallizable region (Fc)
receptor on macrophages. To reduced immunogenicity, antibodies should be human or

humanized. Antibody fragments such as antigen-binding fragment (Fab’) or single-chain



variable fragment (scFv) are preferable to full IgG because they are recognized by the Fc

receptor present on macrophages of RES resulting in increased clearance(45, 46).

2—3 rounds
of selection

Pharmaceutical Science & Technology Today

Figure 1.3 Schematic of the rapid screening and identifying of high-affinity internalizing ligands
from a phage display library(42). 1. Phage antibody library is incubated with the target cells at 4° C to
reduce internalization. 2. Unbound phage is washed away and cells are returned to 37° C for < 15 minutes
to enable the internalization of phage bound to internalizing receptors. 3. Cell-surface-bound phage are
stripped with a low pH acid buffer. 4. Cells are lysed and phage recovered by re-infection into Escherichia
coli. 5. Phage are re-amplified for additional rounds of selection. Image acquired from Pharmaceutical
Science & Technology Today.

Amphiphilic conjugates of targeting ligands consisting of a hydrophilic polymer
spacer between a lipid anchor and a ligand group can be attached to the surface of
liposomes to offer receptor-specific targeting. The conjugate can be synthesized with
three main conjugation methods: reaction between activated carboxyl groups and amino
groups yielding an amide bond, reaction between pyridyldithiols and thiols yielding

disulfide bonds, and reaction between maleimide derivatives and thiols yielding thioether
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bonds(26). With the later, conjugation of ligands such as antibody fragments with
maleimide chemistry using naturally occurring cysteine residue, engineered C-terminal
cysteine, or thiolated with Traut’s reagent provide strong stable bonds. Reactions with
the cysteine on antibody fragments can offer ideal orientation, distant from antibody
binding site, minimizing interference with binding. A polymer linker like PEG also helps
with the orientation, extending the ligand far enough from the PEG shielding so the
ligand are accessible to receptors on cells.

Through the micelle transfer method, micellar conjugates of the ligand and an
amphiphilic lipid co-incubated with preformed liposomes spontaneously insert
themselves into liposome bilayers without the loss of the liposome integrity(47),
providing a rapid and simple method for transforming non-targeted liposomes into
antibody-targeted liposomes(48, 49). Insertion is performed at 55-60° C, so the
denaturation of protein ligands is a concern, but longer overnight incubation at 37° C is
also possible(34, 48). Liposomes remain mostly unaltered through conjugations, and the
techniques have shown to be simple and reproducible.

HER2-targeted and EGFR-targeted liposomes encapsulating drugs such as
doxorubicin have been shown to undergo specific receptor-mediated endocytosis,
resulting in significant cytotoxic activity in receptor-overexpressing cells in vitro and in
vivo(34-36, 44, 50, 51). The pharmacokinetics of HER2-targeted liposomes are not
affected by the conjugation of antibody fragments, having similar pharmacokinetics to
non-targeted liposomes(52). In addition, the cytotoxicity effects are not directly
dependent on the antibody effects on the tumor; free Herceptin (trastuzumab) and

liposomal doxorubicin or empty HER2-targeted immunoliposomes have inferior activity.
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The highly specific antitumor activity of anti-HER2 immunoliposomal
doxorubicin in HER2-overexpressing models resulted from efficient in vivo delivery of
liposomal therapeutic intracellularly. Biodistribution studies for tumor localization are
nearly identical comparing non-targeted and HER2-targeted liposomes, suggesting that
extravasation and the EPR effect are primarily responsible for tumor accumulation of
liposomes in solid tumors(50); other studies are in agreement with these results(53).
HER2-targeted immunoliposomes that reside intracellularly in tumor cells had a more
diffuse distribution within the tumor; non-targeted localized in tumor interstitium and
inside tumor-associated macrophages(50).

The intracellular delivery of molecules into cells as opposed to simple diffusion
increases the bioavailability. Hydrophobic, easily denatured, and metabolized drugs
benefit from the protection of the lipid bilayer from the plasma. Because of the low
efficiency of internalizing on their own, they also benefit from the intracellular delivery
of ligand-targeting liposomes. Finally, intracellular drug delivery with immunoliposomes
have also been shown to overcome multidrug resistance mechanisms, with
immunoliposomes exhibiting better accumulation and cytotoxic effects than free drug for
multi-drug resistant cell lines in vitro and in vivo(54-56). Targeted, intracellular delivery

has been demonstrated to enhance the liposomal drug delivery system.

1.6 Receptor-Mediated Endocytosis

All eukaryotic cells exhibit some form of endocytosis to maintain homeostasis, at
the cellular level by recovering protein and lipid components and at the organismal level

by controlling activities including transmission of neuronal, metabolic, and proliferative
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signals, nutrient uptake, and defense preparation(57). Multiple types of endocytosis exist
including phagocytosis, clathrin-independent endocytosis, and clathrin-dependent
endocytosis. The endocytosis of many signaling receptors is stimulated by ligand-
induced activation, with virtually every signaling receptor family undergoing clathrin-
dependent endocytosis(58). To ensure the internalization of lipid nanoparticles into
targeted cells, attached high affinity ligands must be internalizing to induce receptor-
mediated clathrin-dependent endocytosis upon binding. In essence, the lipid
nanoparticles are piggybacking on the ligands during endocytosis.

Endocytosis is typically initiated by the binding of transmembrane receptors and
their extracellular ligands into cytoplasmic vesicles that are pinched off from the plasma
membrane (Figure 1.4). Receptor-ligand complexes are recruited to clathrin-coated pits
and invaginate inwards to form clathrin-coated vesicles(59). Endocytosed vesicles fuse
with early endosomes, and subsequently receptor-ligand complexes can dissociate and
traffic to the recycling compartment containing Rab11 or to the late endosomal
compartment containing Rab7(57, 58). Many receptor-ligand complexes dissociate in the
early endosomes due to the slightly acidic pH (pH ~6.0-6.8)(57, 58, 60-63). While
receptors and ligands in recycling endosomes are returned to the plasma membrane,
fusion of late endosomes with lysosomes (pH ~4.0-5.5) carrying proteolytic enzymes
results in cargo degradation(57, 63).

Endosomal trafficking is controlled by several Rab proteins, small guanosine
triphosphate-binding proteins(57, 58). The Rab family is the largest branch of the Ras
superfamily with more than 60 members found in mammalian cells. Rab proteins reside

in particular types of endosomes and function by recruiting specific effector proteins.
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Rab proteins distinguish certain intracellular compartments and are involved in vesicle
budding, vesicular movement, membrane tethering, membrane docking, and membrane
fusion(64, 65). Rab7 is primarily localized on the late endosomes and has been shown to
be essential for lysosomes biogenesis(66). Rabl1 is primarily localized on the recycling
endosomes(67), and has been extensively studied for its involvement in transferrin
receptor recycling(68, 69). Tagged Rab proteins as markers are useful for the isolation

and localization of nanoparticles within the late endosomes and the recycling endosomes.
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Figure 1.4 Schematic of receptor-mediated endocytosis and intracellular sorting. The transferrin
receptor (TfR) mediates uptake of iron by binding diferric-transferrin (Tf-2Fe++) from the plasma.
Endocytosis of the receptor is initiated by the formation of a clathrin-coated pit in the cell membrane,
which subsequently forms the primary endosome and then fuses with the early endosome. Iron is released
in the early endosome due to the slightly acidic pH and moves to the cytosol. The receptor-apotransferrin
(Tf) complex is sorted in recycling endosomes back to the cell membrane. At the cell surface the
apotransferrin is replaced with diferric-transferrin and the cycle repeats. Internalized membrane proteins
can either be sorted for recycling from the early endosome like the transferrin receptor or be retained in the
late endosome and directed to the lysosome for degradation like the epidermal growth factor receptor
(EGFR) bound to the epidermal growth factor (EGF). Vesicular trafficking and proper sorting of
internalized proteins require the recruitment of cytosolic proteins to a specific endosomal membrane in a
reversible and regulated manner including the phosphatidylinositol 3-phosphate (PI3P) with binds proteins
with a FY VE-finger motif such as the early endosomal autoantigen (EEA1) and HRS. Image acquired
from Biocarta.com.
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1.7 Intracellular Pathways

Upon receptor-mediated endocytosis, receptor-bound ligands are sorted in the
early endosomes to the recycling or the degradative endosomal pathways. While
receptors in the recycling endosomes are returned to the cell surface, receptors in the
degradative pathway are routed to the late endosomes and lysosomes for degradation.
For example, transferrin, the major iron-carrying protein, has been long studied to
internalize with the transferrin receptor and then both ligand and receptor are
continuously recycled back to the cell surface largely undegraded (Figure 1.4)(70-75).
The fates of EGFR and HER?2 are less certain. Both receptors and their associated
ligands may play pivotal roles in intracellular sorting. Not only do the relationship of the
targeted receptors and ligands determine the sorted pathway, but other mechanisms may
dictate routing such as transregulation and pathway saturation.

The pathways of a few EGFR-binding and HER2-binding ligands have been
documented. The epidermal growth factor (EGF) and transforming growth factor alpha
(TGFa) are the key EGFR binding ligands. Although both growth factors are structurally
related in size and structure and have comparable affinity constants and function, EGFR-
EGF complexes are largely degraded while EGFR-TGFa complexes are regularly
recycled(76-78). Similar to transferrin, TGFa dissociates from the receptor-ligand
complex at a much higher pH than EGF, and is more rapidly recycled with a substantial
portion undegraded compared to EGF(77). Subsequently, TGFa do not induce a
complete downregulation of cell surface receptors and hence have a faster ligand-binding
recovery(77). French and colleagues found that that fraction of internalized EGFR-EGF

complexes sorted to the degradative pathway was a function of concentration (Figure
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1.5)(76). As the number of intracellular occupied receptors increased, the fraction of
internalized EGF that was degraded dropped from 70 to 20% while the fraction of
internalized TGFa remained uniform at ~50% at all ligand concentrations.
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Figure 1.5 Recycling behaviors of EGF, TGFo, and trastuzumab discussed in the literature. A.
EGFR-transfected B82 cells were incubated at 37° C for 2 hr in 0.008 to 17 nM of '*’I-EGF (enclosed
circle) or "*I-TGFa (empty circle) and chased with excess unlabeled ligand. Recycled concentration was
determined by radioactivity. While a relatively constant percentage of TGFa was recycled at all ligand
concentrations, EGF preferentially was degraded until high concentrations where it reversed(76). B.
Geldanamycin-pretreated (enclosed square) or untreated (enclosed circle) HER2-expressing SK-BR-3 cells
incubated with surface-bound trastuzumab labeled with Alexa Fluor 488 were pulsed for 10 min at 37° C
and then chased for the indicated intervals and examined by fluorometry. Internalized trastuzumab
efficiently recycles in the absence but not the presence of geldanamycin(79). Images acquired from
referenced journals.

The intracellular trafficking of recently discovered monoclonal antibodies such as
anti-EGFR cetuximab and matuzumab are still uncertain, with research showing
contradictory evidence of EGFR downregulation and lack thereof(78, 80, 81). Austin
and associates demonstrated that anti-HER2 trastuzumab are receptor-mediated
endocytosed, but the monoclonal antibody subsequently recycles passively with no
downregulation of surface HER2 (Figure 1.5)(79). F5 single-chain variable fragments
(scFv), selected from an antibody phage library by panning HER2-overexpessing cells,

efficiently bind HER2, triggering receptor-mediated endocytosis and inducing
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downstream signaling through HER2(38). The intracellular trafficking like F5 scFv is
still unknown.

Mutations of the receptor may alter its trafficking. Receptor tyrosine kinases like
EGFR are thought to be recruited into clathrin-coated pits by direct interaction of
tyrosine- and di-leucine-based motifs in their cytoplasmic domains with the clathrin
adaptor protein complex(58). Hence, mutations of these domains as often evident in
cancer cells may vary the sorting. With EGFR, lysine 721 is necessary for degradative
sorting, and can be diverted to recycling compartments if mutated to alanine/methionine;
essentially kinase-negative EGFR routes to recycling(76, 82, 83). Di-leucine 679 is
crucial for degradative targeting, and mutations to di-alanine 679 lead to recycling
targeting(84, 85). Truncated EGFR 1022-1123 also hinders degradative targeting, and
hence modifications of the phosphorylation sites can also shifted sorting away from the
degradative pathway(76, 83). There are also transregulation sites such as threonine 654
and when phosphorylated, EGFR is recycled but when mutated to alanine 654, the
pathway favors degradation(86-88). Therefore, when choosing receptors for targeting,
one must be aware that these receptors may be mutated and hence one’s expectations for
the uptake and the intracellular fate may change significantly too.

In addition, the intracellular pathway of receptors can be modulated by receptor
transregulation and pathway saturation. With EGFR, protein kinase C stimulation of
threonine 654 with phorbol myristate acetate shifts the pathway from degradative to
recycling for EGF(86-88). With HER2, chaperone heat shock protein 90 inhibition by
geldanamycin shifts the default recycling to degradative sorting for trastuzumab (Figure

1.5)(79). Hence, one can regulate the intracellular pathway by inducing the receptors
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prior to incubation with ligands. The degradative endosomal pathway is saturable not
only for ligands but also large carriers such as viruses(76, 87-89). In essence, for
complexes with preferential degradative pathway sorting, eventually the cargo delivered
to late endosomes gets saturated, diverting the remaining receptor and cargo to recycling
endosomes.

Ding and colleagues investigated the intracellular trafficking and transduction of
the adeno-associated virus type-2 (AAV2) in HeLa cells using imaging and
immunoisolation strategies, and found that the virus traffics through both the late
endosomes and the recycling endosomes in a dose-dependent fashion (Figure 1.6)(89).
At a low effective multiplicities of infection (<100 genomes/cell), AAV2 preferentially
trafficked from the early endosomes to the late endosomes ~100-fold more effectively
than the recycling endosomes. In contrast, at a higher effective multiplicities of infection
(>100 genomes/cell), AAV?2 preferentially trafficked to the recycling endosomes ~17-
fold more effectively than to the late endosomes. Viral trafficking through the late
endosomes saturated starting at 100 genomes/cell giving rise to preferential trafficking to
the recycling endosomes. Viral movement through the recycling endosomal
compartments was more competent for transgene expression (~100-fold) than viral
movement through the late endosomal compartments. The authors suggested that
strategies to shunt viral movement from the late endosomes to the recycling endosomes

may be effective at increasing viral transduction for gene therapy.
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Figure 1.6 Dose-dependent trafficking and transduction of adeno-associated virus type-2 (AAV2)
discussed in the literature(89). A. Schematic of AAV?2 trafficking - at a low effective multiplicities of
infection (MOI) (<100 genomes/cell), AAV2 preferentially trafficked from the early endosomes (EE) to the
Rab7 late endosomes (LE) more effectively than the Rab11 recycling endosomes (RE). In contrast, at a
higher MOI (>100 genomes/cell), AAV2 preferentially trafficked to the recycling endosomes more
effectively than to the late endosomes. B. HeLa cells were transfected at the indicated MOI of AAV2 with
luciferase transgene. Virus was pre-bound at 4° C for 1 hr, followed by a 37° C infection for 24 hr, and
harvested for luciferase assay. Two linear phases of transduction existed. Viral movement through the
recycling endosomal compartments was more competent for nucleus (Nu) targeting and transgene
expression than viral movement through the late endosomal compartments. Images acquired from
referenced journal.
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Which is the preferred pathway? For viruses like the AAV2, higher bioactivity
was evident when the virus sorted to recycling endosomes and away from the degradative
endosomes prone of nucleotide digestion(89). The resulted pathway and the
consequential biological activity in the delivery of drugs may differ from viruses and
potentially nucleotides. First, the intracellular sorting of receptor-mediated lipid
nanoparticles to the degradative and the recycling endosomal pathways may be governed
by the sorting of the targeted receptor. Second, lipid nanoparticles diverted from the
degradative to the recycling endosomal pathway may enhance biological activity for
membrane impermeable, pH-sensitive molecules such as nucleotides and large
hydrophobic drugs. Essentially, molecules that are easily denatured and have difficulty
escaping the late endosomes may benefit from recycling endosomal targeting, where the
pH is more neutral and the lack of digestive enzymes. Stable, resilient molecules and
drugs may not gain any advantages from diverting away from the late endosomes since
endosomal escape may be more rate limiting.

Pathway sorting of ligands and possibly ligand-conjugated lipid nanoparticles also
can determine the sorting of the receptors. When ligands like transferrin and TGFa
recycle, their corresponding receptors also recycle instead of being downregulated and
degraded. Hence one potential advantage of recycling receptors, with the quick
turnaround, is that more free recycled receptors are made available to bind and internalize
more extracellular ligands or ligand-conjugated lipid nanoparticles. This can potentially
increase the accumulation of liposomal drug delivery since there is always a high

accessible supply of surface receptors.
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1.8 Uptake Efficiency and Effect

To optimize the uptake of ligand-conjugated liposomes to cells, ligands should
have high affinity binding to the targeted receptors. The rapid screening and identifying
of tumor-specific high affinity internalizing human antibodies and antibody fragments
from phage and yeast display of non-immune phage antibody libraries has provided a
powerful tool for ligand selection(38-41). Internalization is crucial for drug delivery as
the antitumor activity of HER2-targeted liposomal doxorubicin has been shown to be
more significant when delivered by more efficient internalizing ligands than by less
efficient ones(43, 44). Access of the ligand to the receptor is also important. A polymer
linker such as PEG was shown to be vital to distance low molecular weight ligands such
as folate from the liposomal surface and to allow receptor binding(90). Coupling of
ligands to polymer linkers of various lengths to the distal terminals of antibody fragments
and other ligands have been documented to improve binding, internalizing, and overall
bioactivity in the delivery of drugs(35, 37, 91, 92).

Interestingly, Zhou and colleagues demonstrated that even when engineering
ultrahigh affinity scFv against EGFR, they may be unnecessary for optimal nanoparticles
targeting; high scFv per liposome densities of ultrahigh affinity scFv compared to high
affinity scFv against EGFR resulted in no significant effect on binding, uptake, or
cytotoxicity(93). The affinity of soluble ligands and ligands conjugated to liposomes are
not drastically different. The conjugation of anti-HER2 F5 scFv to liposomes does not
significantly affect the ligand interaction with HER2 in HER2-overexpressing cell lines
since the Kp for the binding of monovalent F5 scFv conjugated liposomes (Kp = 111 nM)

and of soluble F5 scFv (Kp = 160 nM) are comparable(34). In fact, the binding of F5
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scFv conjugated to liposomes is directly proportional to density of ligands per liposomes
until saturation.

Similarly to F5 scFv, the high affinity binding of Fab’-conjugated
immunoliposomes derived from antibody fragments of trastuzumab is comparable to that
of free Fab’ and intact antibody(94). Increasing the surface density of ligands per
liposomes correlates to increased targeted uptake in cells until a plateau, after which
additional ligands may decrease binding and internalization(34-37). In HER2-
overexpressing human breast cancer cells, it has been documented that the cell binding
and internalization of anti-HER2 immunoliposomes increased at higher surface density of
conjugated ligands, reaching a plateau at ~40 trastuzumab-Fab’/liposome(35) and a
plateau at ~30 F5 scFv/liposome(34). Similarly in EGFR-overexpressing human breast
cancer cells, a plateau was reached at ~30-40 cetuximab-Fab’/liposome(36). Apparently,
the limit on the binding and uptake of ligand-conjugated liposomes is more dependent on
ligand density per liposome and receptor expression level on the cells than to ligand
affinity.

If increasing ligand valence has limits, possibly adding a second ligand type can
improve uptake. Anti-HER2 and anti-EGFR dual-targeted immunoliposomes may
increase uptake for dual-targeting receptors both expressed on the cells. Combination
therapy with anti-HER2 mAb 4D5 and anti-EGFR mAb cetuximab has been shown to
augment the inhibition of cell proliferation in ovarian carcinoma cells(95). In addition,
dual-targeted liposomes against CD19 and CD20 have also been demonstrated to increase
uptake and improved cytotoxicity in B lymphoma cells(96). Dual-targeted

immunoliposomes will also allow us to examine the antagonistic effects of a non-specific
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ligand possibly from sterical hindrance on cells expressing only one of the receptors.
Dual-targeting liposomes against HER2 and EGFR may improve the delivery of
immunoliposomes to cell lines expressing both receptors by increasing the receptor
density, but can also serve to simplify the formulation of ligand-targeted lipid
nanoparticles that can target a larger array of cells, similar to a cocktail-targeting

approach.

1.9 Conclusion

Liposomes as a drug carrier for cancer therapy have been promising in the clinic
and in clinical trials due to their high preferential accumulation in the tumor interstitium
from passive targeting and their adaptability and ease of modifications for new
functionalities including improved stability and biocompatibility, prolonged circulation,
high drug loading efficiency, controlled release kinetics, and highly specific targeting.
For resilient and membrane permeable drugs such as doxorubicin, passive targeting may
be sufficient for the treatment of solid tumors. Even though the conjugation of surface
ligands to liposomes that target overexpressed receptors on tumors may not increase
accumulation of drug-load liposomes in the tumor interstitium, ligand-targeting do
increase intracellular delivery of drugs to targeted tissues. Uptake of ligand-conjugated
lipid nanoparticles with such a large payload of drugs such as doxorubicin, irinotecan,
and topotecan have demonstrated to significantly thwart tumor growth compared to non-
targeted liposomes in HER2 and EGFR overexpressing tumors.

Little is known about the uptake and trafficking of liposomes beyond the final

measurement of bioactivity such as cell viability with cytotoxic drugs. A better
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understanding of the anti-HER2 and anti-EGFR receptor-mediated uptake and
intracellular sorting of lipid nanoparticles may allow engineers to improve the delivery of
drugs and nucleotides to tumor cells with low intracellular bioavailability. There have
been no rational explanations offered that can reasonably rationalize the ideal valence
observed for optimum cell association. As a result, cellular uptake has been difficult to
improve. Is the optimum ligand density for cell association at saturation a limitation of
ligand density on the liposomes or receptor expression level? In terms of uptake, can
liposomal delivery be further optimized?

In this thesis, I investigated the uptake and intracellular sorting of anti-HER2,
anti-EGFR, and dual-targeted lipid nanoparticles with a series of antibody fragments and
growth factors in breast cancer cell lines of various HER2 and EGFR expression levels.
Ligand valence and receptor expression levels will be investigated in relationship to
mono-targeting and dual-targeting lipid nanoparticles. Intracellular sorting will also be
examined for basic liposomal trafficking knowledge as well as any subsequent side-
effects with improved drug delivery. Finally, models fitted to experimental data will be
proposed to rationalize the binding and trafficking of ligand-targeted lipid nanoparticles,
identify their current limitations, and offer a means to predict their behavior for

optimization.
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Chapter 2: The Engineering of HER2-Targeted and EGFR-

Targeted Lipid Nanoparticles

2.1 Abstract

An array of anti-HER2, anti-EGFR, and dual-targeted lipid nanoparticles at
varying ligand densities were formulated with receptor-specific targeting against cells
lines expressing HER2 and/or EGFR. For HER2-targeting, liposomes were
functionalized with antigen-binding fragment (Fab’) reduced from trastuzumab or F5
single-chain variable fragment (scFv). For EGFR-targeting, liposomes were
functionalized with Fab’ reduced from cetuximab, the epidermal growth factor (EGF), or
the transforming growth factor alpha (TGFa). The surface attachment of ligand
conjugates onto liposomes was achieved by the micelle transfer method or a novel
sequential micelle transfer - conjugation method. Through a combination of both the
sequential micelle transfer - conjugation and the micelle transfer methods, dual-targeted
immunoliposomes of various ligand ratios of anti-HER2 F5 scFv and anti-EGFR
cetuximab-Fab’ were constructed. EGF and TGFa were investigated as potential
targeting groups for liposomal delivery to EGFR-expressing cell lines. Liposomes
conjugated with EGF and TGFa proved effective in cell association with MDA-468 cells,
and may provide a useful means to study the intracellular sorting of receptor-mediated
lipid nanoparticles. Finally, liposomal paclitaxel functionalized with cetuximab-Fab’ was
investigated for EGFR-targeted drug delivery in MDA-MB-231 orthotopic tumor

xenograft model / SCID-beige mice. EGFR-targeted paclitaxel immunoliposomes
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resulted in increased anti-tumor efficacy compared to non-targeted paclitaxel liposomes

and free paclitaxel.

2.2 Introduction to the ErbB Family of Receptor Tyrosine Kinases

Ligand
binding
dormain

kinase
domain

HER1/EGFR HERZ HER3 HER4

Figure 2.1 The ErbB family of receptor tyrosine kinases. The family consists of four structurally related
transmembrane receptors EGFR/HER1 (epidermal growth factor receptor/human EGFR 1), HER2 (human
EGFR 2), HER3 (human EGFR 3), and HER4 (human EGFR 4). The receptor is composed of an
extracellular ligand binding domain, a transmembrane domain, and a cytoplasmic tyrosine kinase domain.
Naturally, HER?2 is ligand-independent and HER3 has an inactive tyrosine kinase domain (labeled by the
crossed-circles). There are 13 recognized ligands that bind the ErbB family (left to right): transforming
growth factor a, epidermal growth factor, epiregulin, betacellulin, heparin-binding EGF, amphiregulin,
heregulin (neuregulin 1), epigen, heparin-binding growth factor, and neuregulin 1-4. Other antibodies and
antibody fragments have been discovered to bind the receptors: cetuximab (EGFR), trastuzumab (HER2),
F5 single-chain variable fragment (HER2), etc. Image acquired from Clinicaloptions.com.

The ErbB family consists of four structurally related transmembrane receptor
tyrosine kinases EGFR/HER1 (epidermal growth factor receptor/human EGFR 1), HER2
(human EGFR 2), HER3 (human EGFR 3), and HER4 (human EGFR 4) with key roles in
development, tissue renewal, and cancer (Figure 2.1). In response to the binding of

ligands on the extracellular domain, the activation of the cytoplasmic tyrosine kinase
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domain promotes the formation of homodimers and heterodimers of the four receptors,
followed by internalization, phosphorylated events, and downstream signaling. There are
13 recognized ligands that bind the ErbB family, but none of which binds HER2(97, 98).
In addition, the tyrosine kinase domain of HER3 is inactive(97, 98). Both receptors rely
heavily on the association with their family members for signaling. While insufficient
ErbB signaling is associated with defects in organ development and neurodegenerative
diseases(99), excessive ErbB signaling is associated with the development of many
cancers. EGFR and HER2 overexpression occurs in many solid tumors, and being
accessible transmembrane receptors capable of mediating endocytosis, both receptors are

good candidates for targeted liposomal drug delivery.

2.2.1 EGFR and its Ligands

EGFR is the prototypic member of the ErbB family vital for cell proliferation.
EGFR overexpression occurs in many human cancers including breast, lung, colorectal
and brain cancers and can result in poor prognosis(98, 100, 101). Epidermal growth
factor (EGF), transforming growth factor alpha (TGFa), epiregulin, betacellulin, heparin-
binding EGF, and amphiregulin are known EGFR binding ligands that induce receptor
dimerization and tyrosine autophosphorylation. Of the six, EGF and TGFa are the key
EGFR binding ligands. Although both growth factors are structurally related in size (5-6
kDa), structure, and have comparable affinity constants and function, EGFR-EGF
complexes are largely degraded while EGFR-TGFa complexes are regularly recycled(76-
78). Many monoclonal antibody-based cancer therapies against EGFR-expressing tumors

have also been developed such as cetuximab, panitumumab, zalutumumab,
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nimotuzumab, and matuzumab. In addition, a selection of high affinity cell binding and
internalizing anti-EGFR antibodies have been discovered from a phage display
library(102). For EGFR-targeting, our studies functionalized lipid nanoparticles with

either antigen-binding fragments (Fab’) of cetuximab, growth factor EGF or TGFa.

2.2.2 HER?2? and its Ligands

HER?2 is a member of the ErbB family vital for cell proliferation. Although
ligand-independent, HER2 can heterodimerize with any of the ErbB family receptors,
resulting in autophosphorylation of tyrosine residues within the cytoplasmic domain and
initiation a variety of signaling pathways. 20-30% of human breast cancers overexpress
HER2, most commonly due to amplification of the ErbB2 proto-oncogene(103-106).
Overexpression is associated with increased disease recurrence and poor prognosis(103-
106). HER2 overexpression is also known to occur in ovarian, stomach, prostrate, lung,
uterine, pancreas, and thyroid carcinomas(106, 107).

Although no known ligand directly binds HER2, a variety of antibodies and
antibody fragments have been discovered and engineered to target and bind HER2.
Trastuzumab and pertuzumab are two monoclonal antibody-based breast cancer therapies
that bind HER2 with antiproliferative activity in HER2-expressing tumors on their own,
but they are most efficacious when combined with chemotherapy(108-110). Although
trastuzumab induces receptor-mediated endocytosis, the antibody subsequently recycles
passively with no downregulation of surface HER2(79). F5 single-chain variable
fragments (scFv), selected from an antibody phage library by panning HER2-

overexpessing cells, efficiently bind HER2, triggering receptor-mediated endocytosis and
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inducing downstream signaling through HER2(38). For HER2-targeting, our studies

functionalized lipid nanoparticles with either trastuzumab Fab’ or F5 scFv.

2.3 Receptor-Targeted Lipid Nanoparticles

Receptor-targeted lipid nanoparticles with the surface conjugation of ligands
combine the cell-specificity and receptor-mediated uptake of ligands with the
pharmacokinetics and drug delivery capabilities of sterically stabilized liposomes. HER2
and EGFR of the ErbB family of receptor tyrosine kinases are attractive targets for
ligand-targeting liposomal drug delivery because they are overexpressed on a variety of
cancers, have a homogenous expression pattern, lack significant shedding, and capable of
inducing internalization(4, 31, 32). In the last two decades, there has been much
advancement with the delivery of drug-encapsulated immunoliposomes targeting tumors
overexpressing HER2 and EGFR with comparable results in tumor accumulation and
overall superior antitumor efficacy. HER2-targeted and EGFR-targeted liposomes
encapsulating cytotoxic drugs such as doxorubicin, vinorelbine, methotrexate, and
epirubicin have been shown to undergo specific receptor-mediated endocytosis receptor-
overexpressing cells, resulting in significant cytotoxic activity in vitro and in vivo(34-36,
44,50, 51). In these tumor xenograft models, the targeted delivery of the
immunoliposomes resulted in growth inhibition, regression, and even cures at 50-60%.
Currently, a few anti-HER?2 and anti-EGFR liposomal drugs developed from our
laboratory and collaborators are in clinical trials.

The improved antitumor efficacy of targeted liposomal drug delivery was a result

of the new engineered targeted delivery system as a whole, and not merely additive
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effects of the individual components which may be cytotoxic on their own. For example,
the functionalizing of doxorubicin-encapsulated liposomes with a recombinant
humanized monoclonal antibody (RhuMAD) of trastuzumab had significantly superior
antitumor efficacy compared to free doxorubicin, liposomal doxorubicin, trastuzumab,
and combinations of trastuzumab with free doxorubicin or liposomal doxorubicin(44).
Although high concentrations of trastuzumab conjugated drug-empty liposomes were
shown to have improved cytotoxic effects in vitro, it was not observed in vivo probably
due to the low concentration of antibody fragments that are eventually taken up by
tumors(44, 94). Unlike trastuzumab which inhibits growth on its own, the screened anti-
HER?2 scFv such as F5 and C6.5 lack growth inhibition activity(111). Similar higher
antitumor efficacies from immunoliposomes targeting EGFR were also seen in tumor
xenograft models(51).

For both HER2-targeting and EGFR-targeting, the biodistribution and total
accumulations of targeted immunoliposomes and non-targeted liposomes in receptor-
overexpressing tumors were comparable, but only immunoliposomes internalized
extensively within tumor cells (>90% of analyzed cells for immunoliposomes compared
to <5% for non-targeted liposomes)(35, 50, 51). The prolonged circulation times and size
of the targeted and non-targeted liposomes allow preferential extravasation in solid
tumors because of vascular abnormalities associated with tumor angiogenesis(21-24).
Because sterically stabilized liposomes do not interact directly with tumor cells but
release drug for eventual diffusion into tumor cells(112), the observed improved

antitumor efficacy is believed to be due to intracellular delivery.
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Ligands selected for HER2 and EGFR targeting derived from recent
advancements in monoclonal antibody antitumor therapies as well as new screening
techniques for isolating high affinity antibodies from phage display. These ligands were
attractive due to their binding and internalizing properties. For HER2-targeting, ligands
conjugated to the surface of liposomes included recombinant humanized Fab’ derived
from monoclonal antibody trastuzumab (thuMAb HER2-Fab’)(44, 94, 113), C6.5 scFv,
and F5 scFv generated by phage display screening of antibody library(34, 42, 114). For
EGFR-targeting, liposomal surface conjugated ligands included Fab’ reduced from
cetuximab, C10 scFv, and other anti-EGFR scFv generated by phage display screening of
antibody library(36, 51, 93).

The surface attachment of these ligands preserves the high affinity binding
association with the antigens. For example, the high affinity binding of ligand-
conjugated immunoliposomes derived from antibody fragments such as trastuzumab-Fab’
and F5 scFv is comparable to that of free ligand and intact antibody(34, 94). In addition,
the attachment of different ligands such as anti-HER2 trastuzumab-Fab’ or C6.5 scFv
resulted in comparable therapeutic efficacy(44). Our studies focused on the anti-HER2
ligands trastuzumab-Fab’ and F5 scFv and anti-EGFR cetuximab-Fab’, EGF, and TGFa

for targeting liposomal drug delivery.

2.4 Engineering Receptor-Targeted Lipid Nanoparticles

To study the receptor-specific targeted drug delivery of liposomes against cells
lines expressing HER2 and/or EGFR, an array of anti-HER2, anti-EGFR, and dual-

targeted lipid nanoparticles at varying ligand densities (trastuzumab, F5 scFv, cetuximab,
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EGF and TGFa) were formulated. The various engineered liposomal formulations served
as probes to help understand the uptake efficiency of immunoliposomes relative to ligand
surface density and receptor expression level, mono-targeting as well as dual-targeting to
multiple receptors, intracellular trafficking, and ultimately the consequential biological
activity in the delivery of drugs. For receptor-specific targeting, sterically stabilized
liposomes were functionalized with the attachment of anti-HER2 and/or anti-EGFR
ligands. Liposomes were approximately 100-120 nm in diameter, composed of 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG-DSPE), and a
fluorescent lipophilic tracer 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine
perchlorate (DiD), or 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO). For cell
viability and tumor growth inhibition experiments, doxorubicin or paclitaxel were also
encapsulated.

Although the intracellular pathways of many ligand-receptor complexes have
been documented in the literature, the pathways of receptor-targeted lipid nanoparticles
after endocytosis are still a mystery. Ligand-receptor complexes favoring distinct sorting
to either the degradative or recycling endosomal pathways are of interest. Hence, ligand
targets were selected because of the following characteristics: 1.) functional for marker
modification and lipid conjugation, 2.) comparable affinity constants, and 3.) controlled
sorting to the degradative and the recycling endosomal pathways. For HER2-targeting,
liposomes were functionalized with Fab’ reduced from trastuzumab or F5 scFv. Both
antibody fragments have been well studied in our lab for targeted liposomal drug

delivery. As a ligand, trastuzumab recycles passively with HER2, but the pathway can be
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diverted with transregulation(79). For EGFR-targeting, liposomes were functionalized
with Fab’ reduced from cetuximab, EGF, or TGFa. Although EGFR-targeting with
cetuximab has been studied in our lab, little is known about EGF and TGFa as targeted
ligands for liposomal drug delivery. Even though both growth factors bind EGFR with
comparable affinity constants, they are of interest due to their vastly distinct intracellular
trafficking. Like receptor-targeted lipid nanoparticles, the intracellular pathways for F5
scFv and cetuximab not well documented.

Amphiphilic targeting ligand conjugates synthesized by maleimide chemistry
consisting of a hydrophilic polymer spacer PEG between a lipid anchor DSPE and a
ligand group were attached to the surface of liposomes to offer receptor-specific
targeting. The conjugation of ligands such as antibody fragments by reactions between
maleimide derivatives and thiols using naturally occurring cysteine residue, engineered
C-terminal cysteine, or thiolated with Traut’s reagent provide strong stable thioether
bonds. Reactions with the cysteine on antibody fragments can offer ideal orientation,
distant from antibody binding site, minimizing interference with binding. A polymer
linker like PEG also helps with the orientation, extending the ligand far enough from the

PEG shielding so the ligand are accessible to receptors on cells.

2.5 Results and Discussion

2.5.1 Conjugates of Antibody Fragments and Growth Factors

Fab’ conjugates of cetuximab and now trastuzumab with 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]) (Mal-PEG-

DSPE) were synthesized as previously described(35, 36), taking advantage of the
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naturally occurring cysteine residue of Fab’. Briefly, cetuximab and trastuzumab IgG

were cleaved with pepsin to two antigen-binding fragments connected by disulfide bonds
(Fab,), reduced with cysteamine to Fab’, and conjugated to Mal-PEG-DSPE (Figure 2.2).
The yielded efficiency of Fab’-PEG-DSPE confirmed by size-exclusion chromatography
and SDS-PAGE was a reasonable 25-50%. Unfortunately, Fab’ conjugates derived from
Mal-PEG-DSPE manufactured by Avanti Polar Lipids poorly incorporated to the surface

of liposomes by the micelle transfer method (discussed in the next section).
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Figure 2.2 Synthesis of trastuzumab-Fab’-PEG-DSPE and cetuximab-Fab’-PEG-DSPE. Reagents and
conditions: a) pepsin (0.2 equiv.), CH;COONa, 37° C, 2 hr; b) cysteamine (1700 equiv.), 37° C, 1 hr; ¢)
Mal-PEG-DSPE (5 equiv.), rt, 2 hr

Due to the lack of free cysteine residues, EGF and TGFa were thiolated with
Traut’s reagent before conjugation to Mal-PEG-DSPE (Figure 2.3). Similar to the
conjugation with Fab’, the yielded growth factor-PEG-DSPE was 25-50% efficient as
confirmed by size-exclusion chromatography and SDS-PAGE. 100% conjugation

efficiency was achievable when the growth factors were reacted with higher
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concentrations of Traut’s reagent (>500 fold), but the ligand conjugates were prone to
crosslink resulting in poor receptor binding. F5 scFv conjugated to Mal-PEG-DSPE was
manufactured by the National Cancer Institute as previously described(38, 42). The
surface attachment of ligand conjugates onto liposomes was achieved by the micelle
transfer method or the sequential micelle transfer - conjugation method.

NH20I
GF-NH, <a> GF. JA~_sH <b>

o NHzCI™

/\/\/\/\/\/\/\/\)J\O/\/\OTO/\/ N%\/ %\/T\j? \/\)E\N’GF
\/\/\/\NW\/\W

o GF-PEG-DSPE

Figure 2.3 Synthesis of EGF-PEG-DSPE and TGFa-PEG-DSPE. Reagents and conditions: a) 2-
iminothiolane (7 equiv.), TEA, EDTA, rt, 1 hr; b) Mal-PEG-DSPE (5 equiv.), rt, 2 hr; growth factor (GF),
either EGF or TGFa; amino group (NH,)

2.5.2 Ligand Conjugation onto Liposomes by the Micelle Transfer Method and

Sequential Micelle Transfer - Conjugation Method

Through the micelle transfer method(35, 44), micellar conjugates of the ligand
and an amphiphilic lipid co-incubated with preformed liposomes spontaneously insert
themselves into liposome bilayers without the loss of the liposome integrity(47),
providing a rapid and simple method for transforming non-targeted liposomes into
antibody-targeted liposomes(48, 49) (Figure 2.4). Insertion is performed at 50-60° C, so
the denaturation of protein ligands is a concern, but longer overnight incubation at 37° C
is also possible(34, 48). Liposomes remain mostly unaltered through conjugations, and

the techniques have shown to be simple and reproducible.
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In our experiments, insertion efficiency for ligand conjugates of F5 scFv-PEG-
DSPE, EGF-PEG-DSPE and TGFa-PEG-DSPE onto liposomes via the micelle transfer
method(35, 44) was highly efficient (90-100%). Unfortunately, the insertion efficiency
of Fab’-PEG-DSPE from trastuzumab and cetuximab onto liposomes was low (5-10%).
No more than 10 Fab’ per liposome was possible despite an excessive concentration of
Fab’-PEG-DSPE incubation, and receptor-specific cell association was low. Previously
attempts of the micelle transfer of Fab’-PEG-DSPE were more successful using Mal-
PEG-DSPE manufactured by Shearwaters Polymers(35, 36) instead of the current
available stock from Avanti Polar Lipids, but they are no longer in production. This was
also confirmed by our prior laboratory member Dr. Christoph Mamot who pioneered the
conjugation technique.

Due to the low transfer of Fab’-PEG-DSPE synthesized from Mal-PEG-DSPE by
Avanti Polar Lipids onto liposomes by the micelle transfer method, a novel sequential
micelle transfer - conjugation method was developed. IgG (cetuximab & trastuzumab)
were cleaved with pepsin, reduced with cysteamine, and conjugated to liposomes micelle
transferred with Mal-PEG-DSPE (Figure 2.4). Through this method, a range of 0-200
Fab’ per liposome at approximately 25-50% efficiency was achieved. Approximately 50
Fab’ per liposome was conjugated for every 0.25% Mal-PEG-DSPE transferred.
Attempts of higher densities (ie, >1% Mal-PEG-DSPE transferred) often resulted in

liposomal precipitation.
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Micelle transfer method:

Liposome + Ligand-PEG-DSPE <a> Ligand-Liposome

Sequential micelle transfer - conjugation method:

Liposome + Mal-PEG-DSPE <a> Mal-Liposome <b> Ligand-Liposome

Figure 2.4 Schematic of the micelle transfer method and the sequential micelle transfer - conjugation
method. Reagents and conditions: a) 50° C, 40 min; b) Ligand-SH (1-400 equiv.), rt, 2 hr

Hence, Mal-PEG-DSPE available from Avanti Polar Lipids conjugated to small
ligands (F5 scFv, EGF, and TGFa) is effective for liposomal insertion by the micelle
transfer method, but is also effective for Fab’ if Mal-PEG-DSPE is sequential micelle

transfer - onto liposomes prior to Fab’ conjugation. Another benefit of the sequential
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micelle transfer - conjugation method is the reduced exposure of the ligands to high
temperature incubations required of micelle transfer. This may help with protein
stability. Compared to constructing liposomes pre-consisting of Mal-PEG-DSPE, this
method allows for a more controlled means to functionalized pre-existing liposomes.
Finally, the method also allows for the serial addition of a second targeting group in the

case of anti-HER2 and anti-EGFR dual-targeted

2.5.3 Anti-HER2 and Anti-EGFR Dual-Targeted Immunoliposomes

Through a combination of both the sequential micelle transfer - conjugation and
the micelle transfer methods, dual-targeted immunoliposomes of various ligand ratios of
anti-HER2 F5 scFv and anti-EGFR cetuximab-Fab’ were achieved. Liposomes were
functionalized with cetuximab-Fab’ via the sequential micelle transfer - conjugation
method, followed by insertion of F5 scFv-PEG-DSPE via the micelle transfer method
(Figure 2.5). Based on the optimum ligand densities for the cell association of mono-
targeted immunoliposomes as previously determined by flow cytometry, liposomes of
varying ligand densities of anti-HER2 F5 scFv (0-40 ligands/liposomes), anti-EGFR
cetuximab-Fab’ (0-60 ligands/liposomes), and combinations of both for dual-targeting

were constructed (Table 2.1).
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<¢> Cetuximab-Fab’-Liposome-F5 scFv

Figure 2.5 Schematic of constructing anti-HER2 and anti-EGFR dual-targeted immunoliposomes.
Reagents and conditions: a) 50° C, 40 min; b) cetuximab-Fab’ (1-400 equiv.), rt, 2 hr; ¢) F5 scFv-PEG-
DSPE (1-100 equiv.), 50° C, 40 min

Conjugate incorporation efficiency was measured and determined by Imagel
(National Institutes of Health) from SDS-PAGE (Bio-Rad) stained with SYPRO Ruby.
Because the conjugation efficiency of cetuximab-Fab’ to Mal-PEG-DSPE sequential

micelle transfer - conjugated liposomes was variable at 25-50%, lower than the ~100%

insertion efficiency of F5 scFv-PEG-DSPE, a range of cetuximab-Fab’ conjugated

immunoliposomes were first constructed and quantified for ligand density. From these,

cetuximab-Fab’ conjugated liposomes of desired ligand densities were selected for F5
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scFv-PEG-DSPE micelle transfer. Cell association studies showed ligand density
dependent binding of liposomes with cells overexpressing HER2 and/or EGFR, and were

further investigated in Chapter 3 for dose-uptake and cytotoxicity studies.

Liposomes DiD, Dox DiO DiO, Dox
Non-Targeted EOHO/NT EOHO/NT EOHO/NT
EGFR-Targeted: 5 2501?_100 E10HO E10HO
Cetuximab-Fab E40H0 E20HO E60HO
. EOHS5 EOHS EOHS
HERFZS'T"‘;geted' EOH20 EOH10 EOH10
sekv E0H40 EOHI5 EOHI5
E5SHS E10HS5 If IIOOPII{ 150
Dual-Targeted: ESH15 E10H10 E10H15
Cetuximab-Fab’ E20H5 E20H5 E60HS
& F5 scFv E20H20 E20H10 E60H10
E40H20 E20H15 E60H15

Table 2.1 Formulations of HER2-targeted, EGFR-targeted, and dual-targeted immunoliposomes
(ILS). Liposomes are labeled with DiD or DiO, and encapsulated with doxorubicin (Dox) or empty. For
ExHy ILS, x and y specify the number of ligands per liposome against EGFR (cetuximab-Fab’) and HER2
(F5 scFv), respectively.

2.5.4 EGF-Conjugated and TGFa-Conjugated Liposomes

As mentioned previously, EGF and TGFa were thiolated with Traut’s reagent,
conjugated to Mal-PEG-DSPE, and micelle transferred onto liposomes. An array of
liposomes with up to 50 growth factors of either EGF or TGFa per liposome was
constructed. Although the cell association and trafficking of EGF and TGFa are well
characterized, little has been documented for their EGFR-targeting capabilities as
functional groups on liposomes in EGFR-overexpressing cells. Cell association studies

of EGF-conjugated and TGFa-conjugated liposomes in EGFR-overexpressing MDA-468
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cells were conducted to determine optimum ligand densities, incubation times, and
phospholipid concentrations. MDA-468 cells were incubated with EGFR-targeted
liposomes labeled with DiD of varying ligand densities of EGF (0-50 ligands/liposomes)
and TGFa (0-50 ligands/liposomes) at 37° C for 1-24 hr, 0-750 uM PL, and analyzed by
flow cytometry and fluorometry.

Increasing the density of EGF and TGFa ligands per liposomes correlated to
amplified targeted binding in MDA-468 cells until a plateau (Figure 2.6). Similar to the
binding results of other anti-HER2 and anti-EGFR targeted immunoliposomes, maximum
binding was achieved at ~20 ligand per liposome for both EGF-conjugated and TGFa-
conjugated liposomes. Although the ligand density ratio dependent uptake was similar
for 0-50 ligands per liposomes, the binding of EGF-conjugated liposomes was 10-fold
higher than that of TGFa-conjugated liposomes. By increasing the incubation times from
1-11 hr, binding also increased but saturation was not reached (Figure 2.6). Increasing
the phospholipid concentration from 0-750 uM PL showed evidence of a possible plateau
(Figure 2.6). There was a less than a magnitude difference in binding between EGF-
conjugated and TGFa-conjugated liposomes at higher incubation times and

concentration.
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Figure 2.6 Cell association of EGF-conjugated and TGFa-conjugated liposomes (LS) in MDA-468
cells. Cells were incubated with liposomes labeled with DiD at 37° C and analyzed by flow cytometry
(mean fluorescent intensity [MFI] with a tight spread of 5*10° cells) at A. increasing ligand densities and

75 uM PL for 1 hr, B. varying incubation times and 75 pM PL, and C. varying PL concentrations for 2 hr.

D. Uptake study of EGF-conjugated and TGFa-conjugated liposomes of increasing ligand densities in

MDA-468 cells: Cells were incubated with liposomes labeled with DiD and 400 puM PL for 24 hr, lysed,
and analyzed by fluorometry. Phospholipid (PL), non-targeted (NT), 5 EGF/LS (ES5), 20 TGFa/LS (T20)
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In addition to the cell association analysis by flow cytometry, the uptake of anti-
EGFR liposomes encapsulated with doxorubicin in MDA-468 cells was also evaluated by
fluorometry (Figure 2.6). Results correlated with the binding experiments where
maximum binding was achieved at ~20 ligands per liposome in a ligand density ratio
dependent uptake fashion, and that EGF-conjugated liposomes had a magnitude of higher
binding than TGFa-conjugated liposomes. Because the equilibrium dissociation
constants for both ligands are close (Kp2.2-2.6 nM)(77), one hypothesis that may explain
the difference in uptake is due to the sterical hindrance resulting from binding to different
epitopes on EGFR(115). Unlike F5 scFv, there binding and internalizing abilities may
also be altered by surface attachment to liposomes.

EGF-conjugated and TGFa-conjugated liposomes also exhibited 1-2 magnitude
lower cell association than cetuximab-conjugated immunoliposomes as expected since
the equilibrium dissociation constant for cetuximab (0.1-0.4 nM)(116) is one magnitude
lower than that of the growth factors. With the lower binding of EGF-conjugated and
TGFa-conjugated liposomes, it may explain why the plateau is harder to reach despite
higher concentrations and incubation times. EGFR is not depleted, insuring a constant
stream of binding and uptake. EGF-conjugated and TGFa-conjugated liposomes proved
effective in cell association with MDA-468 cells, and were further evaluated for
intracellular trafficking in Chapter 4. In addition, the modeling of crosslink multivalent
binding of lipid nanoparticles to monovalent receptors in Chapter 5 can offer some

insights on the relationship of equilibrium dissociation constant and cell association.
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2.5.5 Anti-Tumor Efficacy Mouse Study with EGFR-Targeted Paclitaxel

Immunoliposomes

To investigate the EGFR-targeting benefits of cetuximab as a targeting ligand by
the sequential micelle transfer - conjugation and a novel lipid-soluble chemotherapeutic
liposomal formulation of paclitaxel in vivo, an anti-tumor efficacy mouse study was
conducted. Paclitaxel is a mitotic inhibitor used in cancer chemotherapy for ovarian,
breast, lung, head and neck cancer, and melanoma. Unfortunately, drug delivery issues
arise from its poor aqueous solubility, requiring the administration of the excipient
Cremophor EL (polyethoxylated castor oil) with known side effects in toxicity,
hypersensitivity, inflammation, and non-linear pharmacokinetics. Abraxane (Abraxis
BioScience) is an albumin-bound paclitaxel conjugate that neglects Cremophor EL and
hence it’s side effects. Similarly, the encapsulation of paclitaxel in liposomes do not
require the administration of Cremophor EL, and may also reap the benefits of liposomal
delivery with increase stability, decrease toxicity, and improve pharmacokinetics and
pharmacodynamics.

For EGFR-targeting, we functionalized a new paclitaxel liposomal formulation
manufactured by Merrimack Pharmaceuticals (Cambridge, MA) with cetuximab via the
sequential micelle transfer - conjugation method. EGFR-targeted paclitaxel
immunoliposomes resulted in significantly increased anti-tumor efficacy compared to
non-targeted liposomal paclitaxel (P < 0.028) and free paclitaxel (P < 0.0064) in MDA-
MB-231 orthotopic tumor xenograft model / SCID-beige mice (Figure 2.7). Non-
targeted liposomal paclitaxel and free paclitaxel were comparable in efficacy (P < 0.96),

but significantly superior to saline (P < 0.016). The study demonstrated that liposomal
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paclitaxel is a viable alternative to free paclitaxel to inhibit tumor growth in vivo. The
attachment of anti-EGFR cetuximab-Fab’ significantly augmented the efficacy compared
to liposomal paclitaxel with 10 ligands per liposome. We were limited with the supply of
liposomal paclitaxel, and should dosage should be increased in future studies. With a
high drug:lipid ratio (18.5%), not only are higher doses possible, but combined with a
potentially lower toxicity attributed to the absence of a toxic excipient may increase

efficacy similar to other liposomal chemotherapies.
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Figure 2.7 Anti-tumor efficacy of anti-EGFR cetuximab-conjugated paclitaxel immunoliposomes
(ILS) and liposomal paclitaxel in mice. MDA-MB-231 orthotopic tumor xenograft model / SCID-beige
mice (n = 10 per treatment condition) were treated by tail vein intravenous injection at a paclitaxel dose of
2.5 mg/kg every 4™ day for a total of 6 times starting on day 28 post-tumor implantation. Other treatment
groups included saline, free paclitaxel, free irinotecan, and liposomal irinotecan (all data not shown).
EGFR-targeted paclitaxel immunoliposomes was significantly superior to all other treatment conditions
displayed (P < 0.028 versus liposomal paclitaxel, P < 0.0064 versus free paclitaxel). Liposomal paclitaxel
was not significant from free paclitaxel (P < 0.96), but was significantly superior to saline (P < 0.016).
Data represents mean tumor volumes; bars, SE.

2.6 Conclusion

Anti-HER2, anti-EGFR, and dual-targeted lipid nanoparticles at varying ligand
densities (trastuzumab, F5 scFv, cetuximab, EGF and TGFa) were formulated with
receptor-specific targeting against cells lines expressing HER2 and/or EGFR. For HER2-

targeting, liposomes were functionalized with Fab’ reduced from trastuzumab or F5 scFv.
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For EGFR-targeting, liposomes were functionalized with Fab’ reduced from cetuximab,
EGF, or TGFa. Although the surface attachment of F5 scFv, EGF, and TGFa conjugates
onto liposomes was effective with the micelle transfer method, Fab’ of trastuzumab and
cetuximab benefited from the sequential micelle transfer - conjugation method where
Fab’ is directly conjugated to maleimide micelle transferred onto the liposomes. Through
a combination of both the sequential micelle transfer - conjugation and the micelle
transfer methods, dual-targeted immunoliposomes of various ligand ratios of anti-HER2
F5 scFv and anti-EGFR cetuximab-Fab’ were made possible for further studies.

EGF and TGFa were investigated as potential targeting groups for liposomal
delivery to EGFR-expressing cell lines. Despite the 10-fold higher cell association of
EGF-conjugated liposomes compared to TGFa-conjugated liposomes, liposomes
conjugated with either growth factor displayed optimum binding at a density of 20
ligands per liposome similar to results seen with other anti-EGFR and anti-HER2
immunoliposomes. Both proved effective in cell association with EGFR-overexpressing
MDA-468 cells, and may provide a useful means to study the intracellular sorting of
receptor-mediated lipid nanoparticles. Finally, liposomal paclitaxel functionalized with
cetuximab was investigated for EGFR-targeted drug delivery in MDA-MB-231
orthotopic tumor xenograft model / SCID-beige mice, resulting in an increased anti-
tumor efficacy compared to non-targeted paclitaxel liposomes and free paclitaxel. Not
only did the study demonstrate the improved efficacy of EGFR-targeted drug delivery,

but also that of non-targeted paclitaxel liposomes as a viable alternative to free paclitaxel.
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2.6 Materials and Methods

2.6.1 Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG-DSPE), and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]
(Mal-PEG-DSPE) were purchased from Avanti Polar Lipids (Alabaster, AL). 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD) and 3,3'-
dioctadecyloxacarbocyanine perchlorate (DiO), and Alexa Fluor 488 carboxylic acid
succinimidyl ester mixed isomers were purchased from Life Technologies (Grand Island,
NY). Cholesterol was obtained from Calbiochem (San Diego, CA).
Trastuzumab/Herceptin (Roche) and cetuximab/Erbitux (ImClone LLC) were donated by
the UCSF Outpatients Clinics Pharmacy (San Francisco, CA) from discarded
immunotherapy treatments. F5 single-chain variable fragment (scFv) conjugated to Mal-
PEG-DSPE was manufactured by the National Cancer Institute as previously
described(38, 42). EGF and TGFa were purchased from Millipore (Billerica, MA) and
Peprotech (Rocky Hill, NJ). Doxorubicin (Dox; Bedford Laboratories) was purchased
from the UCSF Pharmacy (San Francisco, CA). Pepsin, cysteamine, 2-iminothiolane,
and glycine were purchased from Sigma-Aldrich (St. Louis, MO). Cell culture media,
fetal calf serum, penicillin-streptomycin, trypsin, and phosphate buffered saline (PBS)

were purchased from the UCSF Cell Culture Facility (San Francisco, CA).
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2.6.2 Cell Lines

The MDA-468 human breast cancer cell line was obtained from the American
Type Culture Collection (Rockville, MD). MDA-468 cells were maintained in
Leibovitz's L-15 medium without NaHCOj3 and supplemented with 10% fetal calf serum
and 1% penicillin-streptomycin. Cells were cultured as monolayer at 37° C in the
absence of CO,. The MDA-MB-231 human breast cancer cell line was maintained by the
UCSF Preclinical Therapeutics Core (San Francisco, CA) in Dulbecco’s Modified Eagle

Medium supplemented with 10% fetal calf serum and 1% penicillin-streptomycin.

2.6.3 Liposome Preparation

Liposomes were prepared by the lipid film hydration-extrusion method(117).
Lipid solution of DSPC, cholesterol, PEG-DSPE (3:2:0.3), and a fluorescent lipophilic
tracer (DiD or DiO, 0.5%) were dissolved in chloroform with a few drops of methanol,
and dried under reduced pressure at 60° C using rotary evaporation. Lipid films were
hydrated in HEPES buffered saline (HBS 6.5; 5 mM HEPES, 135 mM NacCl, pH 6.5),
and liposomes were prepared according to the repeated freeze-thawing method (6 cycles).
Liposomes were subsequently extruded 10 times through 100 nm polycarbonate
membrane filters using an extruder, resulting in liposomes of 100-120 nm diameter as
determined by dynamic light scattering. Liposome concentration was measured using a
standard phosphate assay(118).

For encapsulation of doxorubicin, the remote-loading method using ammonium
sulfate was performed(119, 120). Lipid films were hydrated in ammonium sulfate (250

mM, pH 6), followed by the freeze-thawing method and extrusion as described. Free
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ammonium sulfate was removed by size-exclusion chromatography using a Sephadex
G75 column eluted with MES buffered saline (20 mM MES, 135 mM NaCl, pH 5.5).
Liposomes were then incubated with doxorubicin (150 pg Dox/pmol PL) at 60° C for 1
hr. Unencapsulated drugs were removed by size-exclusion chromatography using a
Sephadex G75 column eluted with HBS 6.5. Loading efficiencies were typically in the
range of 95-100% as determined by fluorometry (485/20:590/35 nm). Final liposomal
formulations were all filtered through a 0.2 um Nalgene polyethersulfone membrane

(Thermo Scientific) before cellular experiments.

2.6.4 Conjugates of Trastuzumab and Cetuximab Fab’

IgG (trastuzumab or cetuximab) was cleaved and reduced to Fab’(35, 36), but
incorporated onto liposomes via a modified version of the micelle transfer method(35,
44). 1gG was cleaved with pepsin (weight ratio 1:20) in sodium acetate (0.1 M, pH 3.7)
at 37° C for 2 h under argon, followed by dialysis against MES buffered saline (5 mM
MES, 135 mM NaCl, pH 6.0). The Fab, was reduced with cysteamine (16 mM) at 37° C
for 1 h under argon, followed by size-exclusion chromatography on a Sephadex G25
column eluted with MOPS buffered saline (5 mM MOPS, 135mM NaCl, pH 7.0). For
standards, the resulting Fab’ was conjugated with a 5:1 excess of Mal-PEG-DSPE at
room temperature for 2 hr under argon. The mixture was quenched with 1 mM 2-
mercaptoethanol at room temperature for 15 min under argon. Unbound Fab’ was
removed by size-exclusion chromatography on an AcA34 column eluted with HBS (5

mM HEPES, 135 mM NaCl, pH 7.4) in 1 ml fractions. The fraction of Fab’ conjugated
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to micellar lipids was measured and determined by UV absorbance (280 nm) and SDS-

PAGE (Bio-Rad).

2.6.5 Conjugates of EGF and TGFa

EGF and TGFa were thiolated with Traut’s reagent(121), conjugated to Mal-
PEG-DSPE, and incorporated onto liposomes via the micelle transfer method(35, 44).
EGF or TGFa at 0.2-0.5 g/l in Traut’s buffer (50 mM triethanolamine, 150 mM NaCl, 1
mM ethylenediaminetetraacetic acid, pH 8) was modified with a 7:1 excess of 2-
iminothiolane at room temperature for 1 hr under argon. Excess reagent was removed by
size-exclusion chromatography on a Sephadex G25 column eluted with sodium
phosphate buffer (0.1 M sodium phosphate, 0.1 M NaCl, pH 7.5) in 200 ul fractions. The
thiolated EGF or TGFa was conjugated with a 5:1 excess of Mal-PEG-DSPE at room
temperature for 2 hr under argon. The mixture was quenched with 1 mM 2-
mercaptoethnaol (200 mM stock in 5 mM MES, 135 mM NacCl, pH 6.0) at room
temperature for 15 min under argon. Unbound growth factor was removed by size-
exclusion chromatography on a Sephadex G75 column eluted with HBS (20 mM Hepes,
150 mM NacCl, pH 7.4) in 200 ul fractions. The fraction of growth factor conjugated to
micellar lipids was measured and determined by BCA Protein Assay Kit (Thermo

Scientific), Quant-iT Protein Assay Kit (Life Technologies), and SDS-PAGE (Bio-Rad).
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2.6.6 Ligand Conjugation onto Liposomes by the Micelle Transfer Method and

Sequential Micelle Transfer - Conjugation Method

Ligands were incorporated onto liposomes either by the micelle transfer
method(35, 44) or the sequential micelle transfer - conjugation method. For the micelle
transfer method, conjugates of F5 scFv-PEG-DSPE, EGF-PEG-DSPE or TGFa-PEG-
DSPE were incubated with liposomes at 50° C for 40 min under argon (0-100 ligands per
liposome, assuming 8*10* PL per liposome)(35, 122). Unincorporated conjugates were
removed by size-exclusion chromatography on a Sepharose 4B column eluted with HBS
6.5. For the sequential micelle transfer - conjugation method, Mal-PEG-DSPE (0-1%)
was first incubated with liposomes at 50° C for 40 min under argon, followed by
incubation with freshly reduced Fab’ (trastuzumab or cetuximab) at room temperature for
2 hr under argon (1:1 Fab’:Mal-PEG-DSPE). Unbound Fab’ was removed by size-
exclusion chromatography on a Sepharose 4B eluted with HBS 6.5. Conjugate
incorporation efficiency was measured and determined by ImagelJ (National Institutes of

Health) from SDS-PAGE (Bio-Rad) stained with SYPRO Ruby.

2.6.7 Anti-HER?2 and Anti-EGFR Dual-Targeted Immunoliposomes

Dual-targeted immunoliposomes of various ligand ratios were achieved by a
combination of both the sequential micelle transfer - conjugation and the micelle transfer
methods. For anti-HER2 and anti-EGFR dual-targeted immunoliposomes, Mal-PEG-
DSPE (0-1%) was first incubated with liposomes at 50° C for 40 min under argon,
followed by incubation with cetuximab-Fab’ at room temperature for 2 hr under argon

(1:1 Fab’:Mal-PEG-DSPE). Unbound Fab’ was removed by size-exclusion
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chromatography on a Sepharose 4B eluted with HBS 6.5. Subsequently, F5 scFv-PEG-
DSPE (0-1%) was incubated with cetuximab-ILS at 50° C for 40 min under argon.
Unincorporated conjugates were again removed by size-exclusion chromatography on a
Sepharose 4B column eluted with HBS 6.5. Alternatively, F5 scFv-PEG-DSPE (0-1%)
and Mal-PEG-DSPE (0-1%) can simultaneously be incubated with liposomes at 50° C for
40 min under argon, followed by incubation with cetuximab-Fab’ at room temperature
for 2 hr under argon. Conjugate incorporation efficiency was measured and determined
by ImageJ (National Institutes of Health) from SDS-PAGE (Bio-Rad) stained with
SYPRO Ruby following each conjugation step. F5 scFv conjugation was assumed to be

100% as previously determined.

2.6.8 Fluorescent Ligands

For ligand trafficking experiments, ligands were fluorescently labeled with Alexa
Fluor 488 or 546. Trastuzumab, F5 scFv, cetuximab, EGF, and TGFa were conjugated
with Alexa Fluor 488 carboxylic acid succinimidyl ester (Life Technologies) as described
by vendor, yielding 1-2 fluorophores per ligand. Alexa Fluor 546 carboxylic acid
succinimidyl ester (Life Technologies) yielded 3-4 fluorophores per ligand. The relative
efficiency of labeling was determined by measurements on the NanoDrop 1000

spectrophotometer and Quant-iT Protein Assay Kit (Life Technologies).
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2.6.9 Cell Association Studies

For the assessment of targeted binding by flow cytometry, cells cultured overnight
in 24-well plates (75*10° cells/well) were incubated with liposomes labeled with DiD (0-
750 uM PL) at 37° C for 1-11 hr, washed with PBS 3x, detached with trypsin,
resuspended in PBS, and immediately subjected to flow cytometry (BD FACSCalibur).
Detached cells were analyzed on the fluorescence channel FL4 for liposomes labeled
with DiD. The mean fluorescent intensity with a tight spread of 5*10° cells was recorded

per liposomal formulation.

2.6.10 Uptake Studies

For the assessment of targeted uptake by fluorometry, cells cultured overnight in
96-well plates (80*10° cells/well) were incubated with liposomes labeled with DiD (400
uM PL) at 37° C for 24 hr, washed with PBS 3x, freeze-thawed 3x, and lysed with 80%
isopropyl alcohol (IPA) and 1% Triton X-100. Lysed samples along with standards using
labeled liposomes added to the plates were read on a fluorescent microplate reader
(Wallac Victor). Measurements were read with excitation and emission band-pass filters
as follow: DiD 644:665 nm and doxorubicin 485/20:590/35 nm. Cell count was
estimated based on a hemacytometer and MTT assay ((3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), showing negligible cell detachment or toxicity under these

conditions between groups.
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2.6.11 Animal Study with EGFR-Targeted Paclitaxel Imnmunoliposomes

Liposomal paclitaxel (MM310) was obtained from Merrimack Pharmaceuticals
(Cambridge, MA) and functionalized with cetuximab via the sequential micelle transfer -
conjugation method as previously described, yielding EGFR-targeted paclitaxel
immunoliposomes with 10 cetuximab-Fab’ per liposome. Through the UCSF Preclinical
Therapeutics Core (San Francisco, CA), MDA-MB-231 orthotopic tumor xenograft
model / SCID-beige mice (n = 10 per treatment condition) with an average 100 mm’
tumor volume were treated by tail vein intravenous injection at a paclitaxel dose of 2.5
mg/kg every 4 day for a total of 6 times starting on day 28 post-tumor implantation.
Other treatment groups included saline, free paclitaxel, free irinotecan, and liposomal
irinotecan; irinotecan groups were treated at a dose of 10 mg/kg weekly for a total of 3

times. Animals were sacrificed 40 days after first treatment.

2.6.12 Statistical Analysis

Treatment effects of tumor volume were analyzed by two-way ANOVA via SPSS
Statistics 20 (IBM) using two factors, treatment group and day. Effects of treatment

groups were compared to each other for 28-67 days post-tumor implantation.
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Chapter 3: Uptake Efficiency and Effect

3.1 Abstract

In the field of receptor-targeted lipid nanoparticles such as immunoliposomes
against HER2 and EGFR, uptake efficiency and effect have been primarily focused on
general cell-specificity, internalization, and cytotoxicity in the delivery of drugs. The
studies in this chapter wish to extend the understanding on the uptake efficiency of
immunoliposomes relative to ligand surface density, receptor expression level, mono-
targeting, as well as dual-targeting to multiple receptors, and ultimately the consequential
biological activity in the delivery of drugs.

For HER2-overexpessing and EGFR-overexpressing cell lines, the receptor-
mediated uptake studies confirmed the observation where increasing ligand density per
liposome increases targeted uptake until saturation (trastuzumab, F5 scFv, and
cetuximab). For ligand surface densities at optimum binding and higher, as well as high
liposomal concentration in incubation, there is roughly a 1:1 ratio of ligands to expressed
receptors for MCF-7/HER2, BT-474, SK-BR-3, and MDA-468 cells. In addition, the
accumulation of liposomes and ligands for anti-HER2 and anti-EGFR dual-targeted
immunoliposomes were roughly additive of their mono-targeted counterparts in BT-474
and MKN-7 cells. No antagonistic effects were observed from the additional of a non-
targeted ligand in all cell lines except for SK-BR-3 cells unless beyond 10 anti-EGFR
ligand per liposome, where anti-EGFR ligands decreased overall uptake. Despite the

additive uptake effect, dual-targeted liposomal delivery of doxorubicin to cell lines
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expressing HER2 and EGFR was only slightly better in the inhibition of cell
proliferation. The development of anti-HER2 and anti-EGFR dual-targeted
immunoliposomes provides a useful system to broaden the potential number of targetable

cell types in a simplified formulation and increase the delivery of drugs.

3.2 Introduction

In the last few decades, research has shown that the attachment of receptor-
targeting ligands to liposomes offers cell-specificity, improved cellular uptake, and an
effective targeted drug delivery technique against HER2-expressing and EGFR-
expressing cells in vitro and in vivo. Many aspects in the delivery of receptor-mediated
lipid nanoparticles to cells in regards to uptake efficiency and effect are still unknown.
Increasing the surface density of ligands per liposomes correlates to increased targeted
uptake in cells until a plateau, after which additional ligands may decrease binding and
internalization(34-37). In HER2-overexpressing human breast cancer cells, cell binding
and internalization of anti-HER2 immunoliposomes increased at higher surface density of
conjugated ligands, reaching a plateau at ~40 trastuzumab-Fab’/liposome(35) and a
plateau at ~30 F5 scFv/liposome(34). Similarly in EGFR-overexpressing human breast
cancer cells, a plateau was reached at ~30-40 cetuximab-Fab’/liposome(36).

We wished to study whether the optimum ligand density for cell association at
saturation is a limitation of ligand density on the liposomes or receptor expression level.
A more extensive look on the relationship between ligand valence and binding will be
mathematically covered in Chapter 5. During the studies, we introduced the attachment

of a second targeting ligand to the immunoliposomes. Anti-HER2 and anti-EGFR dual-

59



targeted immunoliposomes not only allowed us to examine the antagonistic effects of a
non-specific ligand possibly from sterical hindrance on cells expressing only one of the
receptors, but also the potential benefits from dual-targeting receptors where both are
expressed on the cells. Combination therapy with anti-HER2 mAb 4D5 and anti-EGFR
mAb cetuximab have been shown to augment the inhibition of cell proliferation in
ovarian carcinoma cells(95). In addition, dual-targeted liposomes against CD19 and
CD20 have been demonstrated to increase uptake and improve cytotoxicity in B
lymphoma cells(96).

Dual-targeting liposomes against HER2 and EGFR may improve the delivery of
immunoliposomes to cell lines expressing both receptors by increasing the number of
available targets to where the liposomes can bind. By increasing the number of available
targets, multi-targeted drug delivery systems can also be effective for a larger array of
tumor types compared to mono-targeted systems. Due to the difficulty of clinically
approving multiple formulations as specialized anticancer medicine, clinical applications
as well as manufacturing processes can be simplified with a single broader targeting
formulation.

As described in Chapter 2, we formulated a series of anti-HER2, anti-EGFR, and
dual-targeted immunoliposomes at varying ligand densities (trastuzumab, F5 scFv, and
cetuximab). Cell association, uptake, and cytotoxicity studies were performed on a panel
of human breast cancer cell lines that express either or both HER2 and EGFR at different

expression levels.
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3.3 Results and Discussion

3.3.1 Cell Association of HER2-Targeted, EGFR-Targeted, and Dual-Targeted

Immunoliposomes in HER2-Expressing and EGFR-Expressing Cell Lines

To determine the optimum ligand densities and ligand combinations for HER2-
targeted, EGFR-targeted, and dual-targeted immunoliposomes in HER2-expressing and
EGFR-expressing cell lines, the targeted binding of immunoliposomes labeled with DiD
was evaluated by flow cytometry. Cells were incubated with liposomes of varying ligand
densities of anti-HER2 F5 scFv (0-40 ligands/liposomes), anti-EGFR cetuximab-Fab’ (0-
40 ligands/liposomes), and combinations of both for dual-targeting at 37° C for 4 hr (75
uM phospholipid (PL)). The mean fluorescent intensity with a tight spread of 5*10° cells
was recorded per liposomal formulation.

In EGFR-overexpressing MDA-468 cells, maximum binding was confirmed at
~20-40 anti-EGFR cetuximab-Fab’ per liposome (~500 fold > non-targeted liposomes,
NT) (Figure 3.1). There were negligible binding for anti-HER2 F5 scFv-conjugated
immunoliposomes (ILS) at all ligand densities (= NT), and correspondingly no additive
binding effects for dual-targeted immunoliposomes (~500 fold > NT). In HER2-
overexpressing BT-474 cells, maximum binding was confirmed at ~15-20 F5 scFv per
liposome (~400 fold > NT) (Figure 3.1). Binding was low but significant for cetuximab-
ILS (~20-40 fold > NT). EGFR has been documented to be moderately expressed in BT-
474 cells(123). In comparison to mono-targeted immunoliposomes, dual-targeted
immunoliposomes offered no additive binding effects for combinations with 15+ F5 scFv
per liposome (~400 fold > NT), but appeared to be additive for combinations with 5 F5

scFv per liposome (~300 fold vs. ~200 fold > NT).
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In HER2 and EGFR moderately expressing MKN-7 cells, binding was low but
significant for HER2-targeted and EGFR-targeted immunoliposomes in comparison to
non-targeted liposomes (~300 fold > NT) (Figure 3.1). Similarly to liposomal cell
association in MDA-468 and BT-474 cells, maximum binding was observed at ~20
cetuximab-Fab’ per liposome for EGFR-targeted immunoliposomes and ~15-20 F5 scFv
per liposome for HER2-targeted immunoliposomes in MKN-7 cells. Dual-targeted
immunoliposomes resulted in higher binding than their mono-targeted counterparts (~500
fold > NT), indicating possible synergistic or additive effects. The cell association
studies were quick preliminary tests for targeted functionality and were further
investigated in the dose-uptake studies.

For mono-targeted immunoliposomes against HER2 and EGFR, the optimum
ligand densities for maximum binding were in line with previous research(34-37), ~20-40
cetuximab-Fab’ per liposome for EGFR-targeted immunoliposomes and ~15-20 F5 scFv
per liposome for HER2-targeted immunoliposomes. At maximum cell association, these
results also provide a baseline to compare to dual-targeted immunoliposomes for
potential additive, synergistic, or antagonistic effects. Because MDA-468 cells
overexpress EGFR but negligible HER2, binding was only observed with EGFR-targeted
immunoliposomes. Dual-targeted immunoliposomes resulted in similar cell association
as EGFR-targeted immunoliposomes, confirming negligible HER2 binding as well as a
lack of antagonistic effects from additional non-targeted functional groups or sterical

hindrance.
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Figure 3.1 Cell association of HER2-targeted, EGFR-targeted, and dual-targeted immunoliposomes
(ILS) of varying ligand densities. A. in MDA-468, B. BT-474, and C. MKN-7 cells: Cells were incubated
with liposomes labeled with DiD at 37° C for 4 hr and analyzed by flow cytometry (mean fluorescent
intensity [MFI] with a tight spread of 5%¥10° cells). For ExHy ILS, x and y specify the number of ligands
per liposome against EGFR (cetuximab-Fab’) and HER2 (F5 scFv), respectively. Non-targeted (NT)
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Although BT-474 cells overexpress HER2, they also moderately express EGFR,
corroborating with our results for high HER2-targeted and low EGFR-targeted cell
association. Interestingly, potential additive effects were observed with dual-targeted
liposomes only with low F5 scFv densities. Again, no antagonistic binding effects were
observed for dual-targeted immunoliposomes. MKN-7 cells express moderate levels of
both HER2 and EGFR, and accordingly moderate cell association with immunoliposomes
targeting either receptor was observed. Dual-targeted immunoliposomes resulted in
higher cell association than all mono-targeted counterparts. Hence, immunoliposomes
with dual-targeting to HER2 and EGFR may increase cell association with targeted cells
when conditions are not optimum, in the case of low F5 scFv densities in BT-474 cells
and moderately HER2-expressing and EGFR-expressing MKN-7 cells. Based on these

results, ligand densities were chosen for uptake studies for further investigation.

3.3.2 Uptake of HER2-Targeted Immunoliposomes and Trastuzumab in

Relationship to Receptor Expression Level

To investigate whether the accumulation of trastuzumab is higher when attached
to immunoliposomes or as a free antibody in HER2-overexpressing cell lines, an uptake
study was conducted and evaluated by fluorometry. MCF-7/HER2 and BT-474 cells
were oversaturated with trastuzumab labeled with Alexa Fluor 488 (40 nM) or
immunoliposomes labeled with DiD (23 trastuzumab-Fab’ per liposome, 375 uM PL).
After a 4 hr incubation, the total accumulation of trastuzumab as an IgG and trastuzumab-
Fab’ from the immunoliposomes were comparable in MCF-7/HER2 cells, 5-7*10°

ligands per cell (P <0.1) (Table 3.1). Although the accumulation was significantly
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different in BT-474 cells, 0.8-1.2*10° trastuzumab ligands per cell (P < 0.002), they were
in the same range. Results from a dose-uptake study in BT-474 cells for F5 scFv-ILS in
the next section also yielded similar uptake levels, 1.0¥10° ligands per cell at valence of
15 ligands per liposomes, which is comparable to the amount of ligands delivered from
trastuzumab-ILS (P < 0.14) and free trastuzumab (P < 0.07). These results suggest that
multiple ligands on the liposomes may contribute the uptake of the lipid nanoparticles. If
only a few ligands are required for uptake, it is more likely that the accumulation of
liposomes would be closer to the free trastuzumab accumulation range and hence the

ligands delivered from the liposomes would be many folds higher (up to 15-20 fold).

BT-474 MCF-7/HER2
Lg/Cell LS/Cell Lg/Cell LS/Cell
Trastuzumab 8.0%10°+ 5.5%10" NA 6.4%10°+ 6.1*%10* NA

Trasgf‘ﬁ?fg)'ms 1.2#10°+ 7.6%10*  5.2%10*+3.3*10°  5.5%10°+4.4*10°  2.4*10*+ 1.9%10°

F5 scFv-ILS

1.0¥10°+ 1.1*¥10°  6.8*10*+ 7.3*10°
(15 Lg/LS)

Table 3.1 Uptake studies of trastuzumab, trastuzumab-conjugated and F5 scFv-conjugated
immunoliposomes (ILS) in BT-474 and MCF-7/HER2 cells. Cells were incubated with trastuzumab
labeled with Alexa Fluor 488 or liposomes labeled with DiD or DiO at 37° C for 4 hr, lysed, and analyzed
by fluorometry. Ligand (Lg) and liposomes (LS) were oversaturated to ensure maximum uptake (40 nM
ligand, 375 uM PL). In MCF-7/HER2 cells, lg/cell was not significantly different (P <0.1). In BT-474
cells, lg/cell were not significant different comparing F5 scFv to trastuzumab-ILS (P < 0.14) and free
trastuzumab (P < 0.07), but later two are significant different (P < 0.002). Phospholipid (PL)

HER?2 is overexpressed in the human breast cancer cell lines BT-474 (10°
HER?2/cell)(44, 124) and MCF-7/HER2 (10° HER2/cell)(44, 125). Regardless as a free
antibody or conjugated as an antibody fragment onto liposomes, the total accumulation of

the trastuzumab ligands is close to a 1:1 ratio of ligands to HER2 expressed on BT-474
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and MCF-7/HER?2 cells. This raises an interesting question in the targeted delivering of
drugs, whether it is more efficient as an antibody-drug conjugate such as trastuzumab
emtansine (Roche) or drug-encapsulated liposomal formulations? Typical
immunoliposomes (100 nm) can encapsulate 15-40*10° drug molecules per liposome, but
require 15-40 ligands per liposome for optimum delivery(4). Hence, the total maximum
accumulation of liposomal particles compared to antibody-drug particles can be 1-2
magnitudes less due to the rate limiting 1:1 ratio of ligands to HER2 expressed. However
in a controlled environment in vitro, immunoliposomes still offer roughly a 3 magnitude
advantage in drug delivery over antibody-drug conjugates (assuming 1:1 ratio) due to the
high drug-loading efficiency and large payload of liposomal delivery. The advantage
may be even higher in vivo due to other benefits from liposomal delivery compared to
antibody-bound delivery, such as increased drug stability, prolonged circulation, and
enhanced permeability and retention effect. The 1:1 ratio uptake of ligands to HER2

expressed will be revisited and supported through a binding model in Chapter 5.

3.3.3 Dose-Uptake of HER2-Targeted and EGFR-Targeted Immunoliposomes of
Varying Ligand Densities

To evaluate the targeted uptake of HER2-targeted and EGFR-targeted
immunoliposomes relative to ligand density, ligand combinations, and lipid
concentration, dose-uptake studies were performed with increasing concentrations of
liposomes labeled with DiO at 37° C for 4 hr. Immunoliposomes consisted of varying
ligand densities of anti-HER2 F5 scFv (0-15 ligands/liposomes), anti-EGFR cetuximab-

Fab’ (0-20 ligands/liposomes), and combinations of both for dual-targeting. Similar
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studies using immunoliposomes labeled with DiD, loaded with doxorubicin, and slightly
different ligand combinations were also evaluated and yielded comparable results (data
not shown).

In MDA-468 cells, immunoliposomes with higher cetuximab-Fab’ per liposome
densities correlated with higher targeted uptake (Figure 3.2). 20 cetuximab-Fab’ per
liposome reached a plateau at ~300 pM PL, resulting in ~5%10° liposomes and ~10°
cetuximab-Fab’ per cell (Table 3.2). Similarly, there was an accumulation of ~10°
cetuximab-Fab’ per cell in all cases for dual-targeted immunoliposomes with 20
cetuximab-Fab’ and 0-15 F5 scFv per liposome. Immunoliposomes with varying F5 scFv
densities had no significant uptake compared to non-targeted liposomes.

In HER2-overexpresing SK-BR-3 cells, immunoliposomes with high F5 scFv per
liposome densities correlated with high targeted uptake (Figure 3.2). 10-15 F5 scFv per
liposome reached a plateau at ~200 pM PL, resulting in ~2-3*10’ liposomes and ~3*10°
F5 scFv per cell. Similarly, there was an accumulation of ~2-3*10° F5 scFv per cell in
all cases for dual-targeted immunoliposomes with 10-15 F5 scFv and 0-20 cetuximab-
Fab’ per liposome. Immunoliposomes with varying cetuximab-Fab’ densities had no
significant uptake compared to non-targeted liposomes. There is higher uptake of anti-
HER?2 targeted immunoliposomes in SK-BR3 cells than in BT-474 cells; this will be
revisited in Chapter 5.

The MDA-468 human breast cancer cell line overexpresses roughly 10° EGFR
per cell(126, 127) but negligible HER2, and the SK-BR-3 human breast cancer cell line
overexpresses 2-3*10° HER2 per cell(128, 129) but negligible EGFR. At the plateau,

there is roughly a 1:1 ratio of ligands to receptors for both cell lines with their respective

67



overexpressed receptors. Similar to the cell association studies in MDA-468 cells, non-

specific anti-HER2 ligands did not interfere with targeted uptake. In the case of anti-
HER2 and anti-EGFR dual-targeted immunoliposomes, uptake was not significantly
different compared to anti-EGFR immunoliposomes of similar cetuximab-Fab’ densitie

(P <0.95 for E20Hy; P < 0.53 for E10Hy).

S

Interestingly in SK-BR-3 cells, non-specific anti-EGFR ligands can interfere with

targeted uptake in an antagonistic manner beyond 10 anti-EGFR ligands per liposome.
At 10 anti-EGFR ligands per liposome, there is no significant effect. Although mono-
targeted cetuximab-immunoliposomes had no significant uptake compared to non-
targeted liposomes, in the case of anti-HER2 and anti-EGFR dual-targeted
immunoliposomes with 20 cetuximab-Fab’ per liposome, uptake was lower for all
combinations with F5 scFv compared to mono-targeted counterparts. These results
provide evidence that the addition of non-specific ligands may interfere with the uptake
of some cell lines such as SK-BR-3, but not others like MDA-468, at high enough of

ligand valence. It could also be due to the larger size of Fab’ compared to scFv.
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Figure 3.2 Dose-uptake studies of HER2-targeted, EGFR-targeted, and dual-targeted
immunoliposomes (ILS) of varying ligand densities. A. in MDA-468, B. BT-474, C. MKN-7, and D. SK-
BR-3 cells: Cells were incubated with liposomes (LS) labeled with DiO at 37° C for 4 hr, lysed, and
analyzed by fluorometry. For ExHy ILS, x and y specify the number of ligands per liposome against EGFR
(cetuximab-Fab’) and HER2 (F5 scFv), respectively. Phospholipid (PL), non-targeted (NT)
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3.3.4 Additive Dose-Uptake Effect of Anti-HER2 and Anti-EGFR Dual-Targeted

Immunoliposomes

To investigate the effects of true dual-targeting, dose-uptake studies were
continued on cell lines expressing moderate to high levels of both HER2 and EGFR. In
BT-474 cells (10° HER2 per cell and moderate levels of EGFR(44, 124)), F5 scFv-ILS
reached a plateau at ~100-200 pM PL, resulting in ~7*10* liposomes and ~1*10° F5 scFv
per cell (Figure 3.2). At the plateau, there is again roughly a 1:1 ratio of ligands to
receptors, similar ratios seen from trastuzumab as an IgG and trastuzumab-Fab’ from the
immunoliposomes (Table 3.1). Immunoliposomes with varying cetuximab-Fab’ densities
exhibited low uptake (~2*10* liposomes/cell), but significantly higher compared to non-
targeted liposomes. In the case of anti-HER2 and anti-EGFR dual-targeted
immunoliposomes, uptake was significantly higher compared to anti-HER2
immunoliposomes of similar F5 scFv densities (P < 4*10™ for ExXH15; P < 8*107 for
ExH10; P < 9*10 for EXHS5).

Interestingly, the accumulation of liposomes and ligands for dual-targeted
immunoliposomes were roughly additive of their mono-targeted counterparts in BT-474
cells (Table 3.2). Dual-targeted immunoliposomes with 15 F5 scFv and 20 cetuximab-
Fab’ resulted in 8.3*10" liposomes per cell, which is also the additive accumulation of
mono-targeted 15 F5 scFv-ILS (6.8*10" liposomes/cell) and 20 cetuximab-ILS (1.5%10*
liposomes/cell). Similarly, dual-targeted immunoliposomes resulted in 1.2*¥10° F5 scFv
per cell, which is also the additive accumulation of mono-targeted F5 scFv (1*10° F5

scFv/cell) and cetuximab-ILS (2*10° F5 scEv/cell, extrapolated from 3*10° cetuximab-
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Fab’ assuming 15:20 ratio). The additive accumulation of liposomes and ligands for
dual-targeted immunoliposomes from their mono-targeted counterparts were close for all
ratios, 0-15 F5 scFv and 0-20 cetuximab-Fab’ per liposome.

In MKN-7 cells (moderate levels of both HER2 and EGFR), HER2-targeted and
EGFR-targeted immunoliposomes did not reach an uptake plateau for any ligand
densities (Figure 3.2). Immunoliposomes exhibited low uptake (<2*10* liposomes/cell),
but significantly higher compared to non-targeted liposomes, except for 10 cetuximab-
Fab’ per liposome. In the case of dual-targeted immunoliposomes, uptake was
significantly higher compared to anti-EGFR or anti-HER2 immunoliposomes of similar
ligand densities, in line with previous cell association studies (P < 10 for ExH15,
ExH10, ExHS, E20Hy, & E10HY). Similar to the BT-474 cell line, the accumulation of
liposomes and ligands for dual-targeted immunoliposomes were roughly additive of their
mono-targeted counterparts (Table 3.2). Dual-targeted immunoliposomes with 15 F5
scFv and 20 cetuximab-Fab’ resulted in ~9*10° liposomes per cell, which is the additive
accumulation of mono-targeted 15 F5 scFv-ILS (4*10° liposomes/cell) and 20 cetuximab-
ILS (4*10° liposomes/cell). Similarly, dual-targeted immunoliposomes resulted in
~1.3*10° F5 scFv per cell, which is the additive accumulation of mono-targeted F5 scFv
(6.1%10° F5 scFv/cell) and cetuximab-ILS (5.4*10° F5 scFv/cell, extrapolated from
7.2*10° cetuximab-Fab’ assuming 15:20 ratio). The additive accumulation of liposomes
and ligands for dual-targeted immunoliposomes from their mono-targeted counterparts

were close for all ratios, 0-15 F5 scFv and 0-20 cetuximab-Fab’ per liposome.
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A

BT-474 LS/Cell Anti-EGFR Lg/Cell Anti-HER2 Lg/Cell
Max Sum Max Sum Max Sum
EOHO/NT 1.7E3 £ 3.6E2
E10HO 2.0E4 + 6.6E3 2.0E5 + 6.6E4
E20HO 1.5E4 £ 4.8E3 3.0E5 £ 9.6E4
EOHS5 4.0E4 + 6.0E2 2.0E5 + 3.0E3
EOH10 7.2E4 £ 8.0E3 7.2E5 + 8.0E4
EOH15 6.8E4 + 7.3E3 1.0E6 £ 1.1E5
E10HS5 6.1E4 £ 2.8E3 5.9E4 6.1E5 £ 2.8F4 5.9E5 3.1E5 + 1.4E4 3.0E5
E10H10 9.9E4 + 8.4E3 9.1E4  9.9ES5 + 8.4E4 9.1E5 9.9ES5 + 8.4E4 9.1E5
E20HS5 5.6E4 £ 1.8E3 5.5E4 1.1E6 + 3.5E4 1.1E6 2.8E5 + 8.8E3 2.7ES
E20H10 9.7E4 £ 4.6E3 8.7E4 1.9E6 + 9.2E4 1.7E6 9.7E5 + 4.6E4 8.7E5
E20H15 8.3E4 + 1.4E3 8.3E4 1.7E6 £ 2.7E4 1.7E6 1.2E6 £ 2.1E4 1.2E6
B
MKN-7 LS/Cell Anti-EGFR Lg/Cell Anti-HER?2 Lg/Cell
Max Sum Max Sum Max Sum
EOHO/NT 1.8E3 £4.7E2
E10HO 2.1E3 +£2.5E2 2.1E4 + 2.5E3
E20HO 3.6E3 +7.8E2 7.2E4 + 1.6E4
EOHS5 8.1E3 + 4.5E2 4.1E4 +£2.3E3
EOH10 49E3 +2.2E2 49E4 +£ 2.2E3
EOH15 4.1E3 +3.3E2 6.1E4 + 5.0E3
E10HS5 9.8E3 £ 3.4E2 1.0E4  9.8E4 +3.4E3 1.0E5 49F4 + 1.7E3 5.1E4
E10H10 79E3 +£3.3E2 7.0E3 7.9E4 + 3.3E3 7.0E4 7.9E4 £ 3.3E3 7.0E4
E20H5 1.3E4 +£ 6.9E2 1.2E4  2.5E5+ 1.4E4 2.3E5 6.3E4 £ 3.4E3 5.9E4
E20H10 5.5E3 £ 3.4E2 8.5E3 1.1E5 £ 6.8E3 1.7E5 5.5E4 £ 3.4E3 8.5E4
E20H15 8.5E3+57E2  7.7E3 1.7E5+ 1.1E4 1.5E5 1.3E5 £ 8.5E3 1.2E5
C
LS/Cell Anti-EGFR Lg/Cell Anti-HER?2 Lg/Cell
MDA-468 Max Sum Max Sum Max Sum
EOHO/NT 1.4E4 + 8.6E3
E10HO 2.0E4 + 5.8E2 2.0E5 + 5.8E3
E20HO 5.3E4 +£2.3E3 1.1E6 + 4.6E4
EOHS5 5.3E3 +£2.0E2 2.6E4 £ 1.0E3
EOH10 1.1E3 £+ 2.2E2 1.1E4 £ 2.2E3
EOH15 8.0E3 + 2.0E2 1.2E5 £ 2.0E3
E10HS5 2.7E4 £8.5E2 2.5E4  2.7E5+8.5E3 2.5E5 1.4E5 £ 4.2E3 1.3E5
E10H10 2.2FE4 + 1.6E3 2.1E4 2.2E5+1.6E4 2.1E5 2.2E5 + 1.6E4 2.1E5
E20H5 6.1E4 £ 2.0E3 5.8E4 1.2E6 +4.1E4 1.2E6 3.1E5 + 1.0E4 2.9E5
E20H10 5.3E4 £2.6E3 5.4E4 1.1E6 £ 5.2E4 1.1E6 5.3E5 +£2.6E4 5.4E5
E20H15 5.9E4 £ 2.2E3 6.1E4 1.2E6 + 4.3E4 1.2E6 8.8E5 +3.2E4 9.1E5

Table 3.2 Accumulation of liposomes (LS) and ligands (Lg) from HER2-targeted, EGFR-targeted,
and dual-targeted immunoliposomes (ILS). A. in BT-474, B. MKN-7, and C. MDA-468 cells from dose-
uptake studies: Max is the maximum measured accumulation; Sum is the total calculated accumulation
from mono-targeted immunoliposomes counterparts. For ExHy ILS, x and y specify the number of ligands
per liposome against EGFR (cetuximab-Fab’) and HER2 (F5 scFv), respectively. Non-targeted (NT)
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The dose-uptake experiments were also evaluated on Scatchard plots for
cooperativity, which compares the binding affinity with the extent of receptor occupancy
(Figure 3.3). Although Scatchard plots are traditionally used to assess binding, uptake
and binding for lipid nanoparticles are directly and proportionally linked with
internalizing surface ligands. For all cases where mono-targeted immunoliposomes were
incubated with a receptor overexpressing cell line (ie, anti-EGFR in MDA-468, anti-
HER2 in BT-474, & anti-HER?2 in SK-BR-3), the plot concave downwards indicating
positive cooperativity. This implies that the equilibrium dissociation constant increases
with occupancy. For all cases where mono-targeted immunoliposomes were incubated
with a receptor moderately expressing cell line (ie, anti-EGFR in BT-474, both anti-
EGFR and anti-HER2 in MKN-7, lesser extent with anti-EGFR in SK-BR-3), the plot
concave upwards indicating negative cooperativity. The equilibrium dissociation
constant hence decreases with occupancy. Interestingly, for BT-474 cells, dual-targeted
immunoliposomes changes the curvilinear profile, with cooperativity being negative at
low concentrations and linear to positive at higher concentrations. The cooperativity for
all the liposomal samples is apparent, indicating other possible associating interactions

such as multivalent binding.
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Figure 3.3 Scatchard plots for dose-uptake studies of HER2-targeted, EGFR-targeted, and dual-
targeted immunoliposomes (ILS) of varying ligand densities. A. in MDA-468, B. BT-474, C. MKN-7,
and D. SK-BR-3 cells: Uptake was assumed to be comparable to cell association; free liposomal
concentration was adjusted by subtracting the total bound concentration from the initial liposomal
concentration. For ExHy ILS, X and y specify the number of ligands per liposome against EGFR
(cetuximab-Fab’) and HER2 (F5 scFv), respectively. Non-targeted (NT)

In HER2-overexpressing and EGFR-overexpressing human breast cancer cell
lines, increasing the density of ligands per liposomes increased targeted uptake until
saturation. After which point, increased ligand density may decrease uptake, maintaining
a 1:1 ratio of ligands to receptors. The equal ligands to receptors ratio may be explained
by multivalent binding and receptor crosslinking. In such ideal situations with both high

receptor expression on the cells and high affinity constants for ligands to receptors, it
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may be possible that multiple ligands are binding to multiple receptors during the process
of receptor-mediated endocytosis. In essence, a liposome is behaving as a multivalent
ligand that can multivalent bind and crosslink monovalent receptors expressed on the
cells. HER2 have been shown to form clusters in cell membranes which may even
increase the chances of crosslink binding(130, 131). In addition, per surface area, there
are more receptors available per ligand. Assuming an average cell diameter of 10 pm
with 10° receptors and an average liposome diameter of 100 nm with 20 ligands, the
receptor to ligand per surface area ratio is 5, meaning that for every ligand there are 5
receptors available to bind. Crosslink multivalent binding of liposomes to clustered
receptors is a possible and plausible outcome, and is furthered examined in Chapter 5.
For cell lines that express both receptors such as BT-474 and MKN-7, anti-HER2
and anti-EGFR dual-targeted immunoliposomes can increase the overall accumulation of
liposomes and ligands beyond the saturation point of mono-targeted immunoliposomes.
In addition, the uptake is roughly additive of their mono-targeted counterparts. Because
the uptake of dual-targeted immunoliposomes appears to be additive instead of
synergistic, the overall accumulation is only marginally higher (folds, not magnitudes),
and hence may result only in marginally increased benefits from increased accumulation.
The main advantage may be more of a simplified multi-targeting formulation, where the
immunoliposomes can target multiple receptors, and hence effective with more cell lines
and accordingly heterogeneous receptor expressing tumors. Only in the SK-BR-3 cell
line that the addition of a non-targeting functional group may be antagonistic to uptake at

high anti-EGFR ligand valence. Despite that, uptake was only marginally lower.
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3.3.5 Cytotoxicity Studies of Doxorubicin-Encapsulated HER2-Targeted, EGFR-

Targeted, and Dual-targeted Immunoliposomes

In parallel to the dose-uptake studies, cytotoxicity studies with doxorubicin-
encapsulated HER2-targeted, EGFR-targeted, and dual-targeted immunoliposomes were
also examined for any correlations between increased targeted uptake and toxicity
benefits of dual-targeted drug delivery. In MDA-468 cells, immunoliposomes with
higher cetuximab-Fab’ per liposome ligand densities (0-60 ligands/liposome) correlated
with higher cell death (Figure 3.4). Immunoliposomes with varying F5 scFv densities (0-
15 ligands/liposome) had no significant cytotoxicity compared to non-targeted liposomes.
In the case of anti-HER2 and anti-EGFR dual-targeted immunoliposomes, cell viability
was not significantly lower to anti-EGFR immunoliposomes of similar cetuximab-Fab’
densities (P < 0.6 for E10Hy; P < 0.99 for E60HY). Results were in agreement with the
dose-uptake studies, higher uptake resulting in higher toxic effect in cells.

In BT-474 cells, immunoliposomes with varying F5 scFv per liposome densities
(5-15 ligands/liposome) yielded significant cytotoxicity compared to non-targeted
liposomes, but no significant difference among each other (Figure 3.4).
Immunoliposomes with varying cetuximab-Fab’ densities (0-60 ligands/liposome)
resulted in no significant cell viability. In the case of anti-HER2 and anti-EGFR dual-
targeted immunoliposomes, cell growth inhibition was significantly better compared to
anti-HER2 immunoliposomes of similar F5 scFv only in two cases where cetuximab was
also high: E60H10 (P < 10°) and E60H15 (P < 9*10™*). Compared to the dose-uptake

studies, the degree of toxic effect is not as pronounced as targeted uptake.
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Figure 3.4 Cytotoxicity studies of doxorubicin-encapsulated HER2-targeted, EGFR-targeted, and
dual-targeted immunoliposomes (ILS). A. in MDA-468, B. BT-474, C. MKN-7, and D. OVCA-420 cells:
Cells were incubated with liposomes at 37° C for 4 hr and evaluated for cell viability by MTT assay after 3
days. For ExHy ILS, x and y specify the number of ligands per liposome against EGFR (cetuximab-Fab”)

and HER2 (F5 scFv), respectively. Non-targeted (NT), doxorubicin (Dox)
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In MKN-7 cells, immunoliposomes with varying cetuximab-Fab’ per liposome
ligand densities (10-60 ligands/liposome) yielded higher cytotoxicity compared to non-
targeted liposomes (P < 10, but no significant difference among each other (Figure
3.4). Immunoliposomes with varying F5 scFv densities (0-15 ligands/liposome) resulted
in no significant cell growth inhibition (P < 1). In the case of anti-HER2 and anti-EGFR
dual-targeted immunoliposomes, cell viability was not significant compared to any
mono-targeted immunoliposomes (0.01 <P < 1). Compared to the dose-uptake studies,
the degree of toxic effect again is not as pronounced as targeted uptake. In OVCA-420
cells which moderately express both EGFR and HER2, immunoliposomes with varying
F5 scFv per liposome (0-15 ligands/liposome) and cetuximab-Fab’ per liposome (0-60
ligands/liposome) ligand densities for mono-targeting had no significant cytotoxicity
compared to non-targeted liposomes (Figure 3.4). However, similar to BT-474 cells,
anti-HER2 and anti-EGFR dual-targeted immunoliposomes yielded enhanced
cytotoxicity for a few cases cases: E60H10, E6GCOH15, & E10F15; P < 10'6). Results were
in agreement with the dose-uptake studies (data not shown).

For these cytotoxicity studies in vitro, free doxorubicin is the most effective since
it easily and quickly penetrate the cell membrane and internalized into the nucleus, the
site of action. On the contrary, free doxorubicin is not as effective as liposomal
doxorubicin in vivo since free doxorubicin has a fast clearance rate and liposomal
doxorubicin are passively targeted to the tumors through the enhanced permeability and
retention effect. Cytotoxicity studies in vitro with less membrane diffusible drugs such as
topotecan and vinorelbine are more effective in a targeted liposomal formulation

compared to free form. Cytotoxicity studies were conducted with doxorubicin as it is the

80



staple drug for liposomal delivery. Changing to more membrane less permeable drugs
will likely increase the resolution for the cytotoxicity studies.

In comparison to the cytotoxicity studies with doxorubicin, the targeted uptake
studies with anti-HER2 and anti-EGFR immunoliposomes resulted in higher resolution,
showing differences between ligand densities and the additive effects of using dual-
targeted immunoliposomes. The additive and possible synergistic effects of using dual-
targeting ligands only significantly enhanced the cell growth inhibition with doxorubicin
for a few formulations where both anti-EGFR and anti-HER2 ligands were of high
density in the BT-474 and OVA-420 cell lines. As discussed earlier, the uptake of dual-
targeted immunoliposomes appears to be additive instead of synergistic where the
accumulation is only marginally higher, and hence it is expected that the biological effect
of drug delivery was only marginally better if at all. The main advantage was evident in
the cocktail-targeting approach, where the immunoliposomes can target multiple
receptors, and hence effective with more cell lines. The same dual-targeting liposomal
formulations were used with all the cell lines with no observed antagonistic effects with
cell viability, even in the case of SK-BR-3 cells (data not shown). Hence, the dozen

formulations can be reduced to one.

3.4 Conclusion

For HER2-overexpessing and EGFR-overexpressing cell lines, the receptor-
mediated cell association studies confirmed the observation where increasing ligand
density per liposome increases targeted uptake until saturation (trastuzumab, F5 scFv,

and cetuximab). At the optimum ligand density and higher valence, there is roughly a 1:1
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ratio of ligands (F5 scFv and cetuximab-Fab’) to receptor for MCF-7/HER2, BT-474,
SK-BR-3, and MDA-468 cells. There was also comparable accumulation of free
trastuzumab as trastuzumab-Fab’ delivered from immunoliposomes in MCF-7/HER2 and
BT-474 cells.

In addition, the accumulation of liposomes and ligands for anti-HER2 and anti-
EGFR dual-targeted immunoliposomes were roughly additive of their mono-targeted
counterparts in BT-474 and MKN-7 cells. No antagonistic effects were observed from
the additional of a non-targeted ligand in all cell lines except for SK-BR-3 at high anti-
EGFR ligand valence, where anti-EGFR ligands decreased overall uptake. Despite the
additive uptake effect, dual-targeted liposomal delivery of doxorubicin to cell lines
expressing HER2 and EGFR only significantly enhanced the cell growth inhibition
compared to mono-targeted liposomal delivery for a few liposomal formulations where
both anti-EGFR and anti-HER2 ligands were of high valency. Although significant, the
improvement was minimal and hence not valuable on a purely increased of cellular drug
accumulation standpoint. Dual-targeting lipid nanoparticles can still be beneficial as a

system to target heterogeneous cancers.

3.5 Materials and Methods

3.5.1 Materials

HER2-targeted, EGFR-targeted, and dual-targeted liposomal formulations and
their ligands are described in Chapters 2. Cell culture media, fetal calf serum, penicillin-
streptomycin, gentamycin, trypsin, and phosphate buffered saline (PBS) were purchased

from the UCSF Cell Culture Facility (San Francisco, CA). Glycine and and thiazolyl
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blue tetrazolium bromide were purchased from Sigma-Aldrich (St. Louis, MO).
Doxorubicin (Bedford Laboratories) was purchased from the UCSF Pharmacy (San

Francisco, CA).

3.5.2 Cell Lines

MDA-468 and BT-474 human breast cancer cell lines were obtained from the
American Type Culture Collection (Rockville, MD), MKN-7 and SK-BR-3 human breast
cancer cell lines from the UCSF Cell Culture Facility (San Francisco, CA), and MCF-
7/HER2(125) human breast cancer cell line from the UCSF Preclinical Therapeutics Core
(San Francisco, CA). MDA-468 cells were maintained in Leibovitz's L-15 medium
without NaHCO;, BT-474 and MKN-7 cells in RPMI-1640 medium, SK-BR-3 in
McCoy’s 5A medium, and MCF-7/HER2 in DEM H-21 medium with gentamycin (200
pg/ml). All media were supplemented with 10% fetal calf serum and 1% penicillin-
streptomycin. All cells were cultured as monolayer at 37° C in 5% CO, except in the

absence of CO, for MDA-468 cells.

3.5.3 Cell Association Studies

For the assessment of targeted binding by flow cytometry, cells cultured overnight
in 24-well plates (75-100%10° cells/well) were incubated with liposomes labeled with
DiD or DiO (0-750 uM PL) at 37° C for 1-11 hr, washed with PBS 3x, detached with
trypsin, resuspended in PBS, and immediately subjected to flow cytometry (BD

FACSCalibur). Detached cells were analyzed on fluorescence channels FL4 and FL1 for
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liposomes labeled with DiD and DiO, respectively. The mean fluorescent intensity with

a tight spread of 5%¥10° cells was recorded per liposomal formulation.

3.5.4 Uptake and Dose-Uptake Studies

For the assessment of targeted uptake by fluorometry, cells cultured overnight in
96-well plates (50*10° cells/well) were incubated with liposomes labeled with DiD (75 or
375 uM PL) or ligands labeled with Alexa Fluor 488 (40 nM) at 37° C for 4 hr, stripped
with an acid wash (50 mM glycine, 150 mM NaCl, pH 3) at 4° C for 5 min, washed with
PBS 2x, freeze-thawed 3x, and lysed with 80% isopropyl alcohol (IPA) and 1% Triton X-
100. For the assessment of targeted dose-uptake by fluorometry, cells cultured overnight
in 96-well plates (50*10° cells/well) were incubated with liposomes labeled with DiD or
DiO (800 uM PL with 1/3 dilutions) at 37° C for 4 hr, washed with PBS 3x, freeze-
thawed 3x, and lysed with 80% IPA and 1% Triton X-100. Lysed samples along with
standards using labeled liposomes and ligands added to the plates were read on a
fluorescent microplate reader (Biotek Synergy HT or Wallac Victor). Measurements
were read with excitation and emission band-pass filters as follow: DiO 485/20:528/20
nm, DiD 644:665 nm, Alexa Fluor 488 485/20:528/20 nm, and doxorubicin
485/20:590/35 nm. Cell count was estimated based on a hemacytometer and MTT assay
((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), showing negligible cell

detachment or toxicity under these conditions between groups.
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3.5.5 Cytotoxicity Studies

For cytotoxicity studies, cells cultured overnight in 96-well plates (10*10°
cells/well) were incubated with doxorubicin-load liposomes (100 ug/ml with 1/3
dilutions) at 37° C for 4 hr, washed with PBS, and grown in medium for 3 additional
days. Cell viability was analyzed by MTT assay. Bars of standard deviations were

adjusted for the error of propagation.

3.5.6 Statistical Analysis

For dose-uptake studies, the uptake of liposomes was analyzed by two-way
ANOVA via SPSS Statistics 20 (IBM) using two factors, liposomal formulation and

incubated liposomal concentration. For cytotoxicity studies, cell growth inhibition was

analyzed by two-way ANOVA via SPSS Statistics 20 (IBM) using two factors, liposomal

formulation and incubated drug concentration. For group comparisons, the largest P
value was selected to generalize the overall group. For mean comparisons, student’s t-

test was applied.
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Chapter 4: Analysis of Intracellular Sorting

4.1 Abstract

In the area of receptor-targeted lipid nanoparticles such as immunoliposomes
(ILS), the intracellular sorting of the nanoparticles is not well defined. The choice of the
targeted receptor offers cell-specificity and receptor-mediated uptake, but it may also
determine the intracellular routing and ultimately the biological effect. Ligands targeting
HER2 and EGFR were investigated alone and as targeting functional groups attached to
the surface of liposomes as they traffic through endosomal compartments in cells by
confocal microscopy and colocalization analysis. In addition, recycling and hence
exocytosis assessments through flow cytometry and pathway-targeted cell growth
inhibition through doxorubicin delivery were evaluated. Ligand choice, such as anti-
HER?2 trastuzumab & F5 scFv and anti-EGFR EGF, TGFa, & cetuximab, as well as
pathway transregulation and pathway saturation were examined.

Evidence suggested that the intracellular sorting of receptor-mediated lipid
nanoparticles to the degradative and the recycling endosomal pathways may be governed
by the sorting of the targeted receptor. When a recycling ligand such trastuzumab was
attached to liposomes, the immunoliposomes accumulated higher in the recycling
endosomes than in the late endosomes. Since the pathway of trastuzumab can be diverted
towards the degradative pathway with geldanamycin, the pathway of trastuzumab-
conjugated immunoliposomes also similarly diverted. For EGFR-targeting, EGF-

conjugated liposomes like EGF accumulated more in late endosomes than the recycling
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endosomes and TGFa-conjugated liposomes like TGFa accumulated more in the
recycling endosomes than the late endosomes. F5 scFv-conjugated and cetuximab-
conjugated immunoliposomes were also investigated, showing comparable distribution
between the endosomal compartments. Unlike the exocytosis of recycled ligands,
evidence suggested that lipid nanoparticles settle in endosomal compartments without
exocytosis. Finally, early assessments in bioactivity advantages for targeted intracellular
pathways were examined but inconclusive. However due to the increased endocytosis
and accumulation of ligand-conjugated lipid nanoparticles into cells compared to free
ligands such as trastuzumab, data suggested that targeted liposomal drug delivery has a
large intracellular drug delivery advantage over antibody-drug conjugates, as high as

5200 fold increase.

4.2 Introduction

Upon receptor-mediated endocytosis, receptor-bounded ligands are sorted in the
early endosomes to the recycling or the degradative endosomal pathways. While
receptors in the recycling endosomes are returned to the cell surface, receptors in the
degradative pathway are routed to the late endosomes and lysosomes for degradation.
For example, transferrin, the major iron-carrying protein, has been long studied to
internalize with the transferrin receptor and then both ligand and receptor are
continuously recycled back to the cell surface largely undegraded(70-75). The fates of
EGFR and HER?2 are less certain. Both receptors and their associated ligands may play

pivotal roles in intracellular sorting. Not only do the relationship of the targeted
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receptors and ligands determine the sorted pathway, but other mechanisms may dictate
routing such as transregulation and pathway saturation.

The pathways of a few EGFR-binding and HER2-binding ligands have been
documented. EGF and TGFa are the key EGFR binding ligands. Although both growth
factors are structurally related in size and structure and have comparable affinity
constants and function, EGFR-EGF complexes are largely degraded while EGFR-TGFa
complexes are regularly recycled(76-78). Similar to transferrin, TGFa dissociates from
the receptor-ligand complex at a much higher pH than EGF, and is more rapidly recycled
with a substantial portion undegraded compared to EGF(77). The intracellular trafficking
of recently discovered monoclonal antibodies such as anti-EGFR cetuximab and
matuzumab are still uncertain, with research showing contradictory evidence of EGFR
downregulation and lack thereof(78, 80, 81). Although anti-HER?2 trastuzumab induces
receptor-mediated endocytosis, the antibody subsequently recycles passively with no
downregulation of surface HER2(79). F5 single-chain variable fragments (scFv),
selected from an antibody phage library by panning HER2-overexpessing cells,
efficiently bind HER2, triggering receptor-mediated endocytosis and inducing
downstream signaling through HER2(38). The intracellular trafficking like F5 scFv is
still unknown.

In addition, the intracellular pathway of receptors can be modulated by receptor
transregulation and pathway saturation. With EGFR, protein kinase C stimulation of
threonine 654 with phorbol myristate acetate shifts the pathway from degradative to
recycling for EGF(86-88). With HER2, chaperone heat shock protein 90 inhibition by

geldanamycin shifts the default recycling to degradative sorting for trastuzumab(79).
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Hence, one can regulate the intracellular pathway by inducing the receptors prior to
incubation with ligands. The degradative endosomal pathway is saturable not only for
ligands but also large carriers such as viruses(76, 87-89). In essence, for complexes with
preferential degradative pathway sorting, eventually the cargo delivered to late
endosomes gets saturated, diverting the remaining receptor and cargo to recycling
endosomes.

In the area of receptor-targeted lipid nanoparticles such as immunoliposomes, the
intracellular sorting of the nanoparticles is not well defined. The choice of the targeted
receptor offers cell-specificity and receptor-mediated uptake, but it may also determine
the intracellular routing and ultimately the biological effect. For viruses like the AAV2,
higher bioactivity was evident when the virus sorted to recycling endosomes and away
from the degradative endosomes prone of nucleotide digestion(89). The resulted pathway
and the consequential biological activity in the delivery of drugs may differ from viruses
and potentially nucleotides. First, the intracellular sorting of receptor-mediated lipid
nanoparticles to the degradative and the recycling endosomal pathways may be governed
by the sorting of the targeted receptor. Second, lipid nanoparticles diverted from the
degradative to the recycling endosomal pathway may enhance biological activity for
membrane impermeable, pH-sensitive molecules such as nucleotides and large
hydrophobic drugs. Essentially, molecules that are easily denatured and have difficulty
escaping the late endosomes may benefit from recycling endosomal targeting, where the
pH is more neutral and the lack of digestive enzymes. Stable, resilient molecules and
drugs may not gain any advantages from diverting away from the late endosomes since

endosomal escape may be more rate limiting.
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Pathway sorting of ligands and possibly ligand-conjugated lipid nanoparticles also
can determine the sorting of the receptors. When ligands like transferrin and TGFa
recycle, their corresponding receptors also recycle instead of being downregulated and
degraded. Hence one potential advantage of recycling receptors, with the quick
turnaround, is that more free recycled receptors are made available to bind and internalize
more extracellular ligands or ligand-conjugated lipid nanoparticles. This can potentially
increase the accumulation of liposomal drug delivery since there is always a high
accessible supply of surface receptors.

Through confocal microscopy and immunocytochemistry, we investigated
whether the uptake and intracellular sorting of ligand-conjugated lipid nanoparticles to
either the degradative or the recycling endosomal pathways is determined by the targeted
receptor EGFR and HER2. We studied the relationship of the targeted receptors to the
resulted pathways, other mechanisms that may dictate routing such as transregulation and
pathway saturation, and ultimately the consequential biological activity in the delivery of

drugs.

4.3 Results and Discussion

4.3.1 Endosomal Colocalization Analysis of HER2-Targeted and EGFR-Targeted
Liposomes and Ligands

Immunocytochemistry, an immunolabeling technique that uses antibodies that
target specific peptides or protein antigens in the cell via specific epitopes, was applied to
label Rab7 found on late endosomes and Rab11 found on recycling endosomes in cells

for visualization by confocal microscopy. Endosomal trafficking is controlled by several
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Rab proteins, small guanosine triphosphate-binding proteins(57, 58). The Rab family is
the largest branch of the Ras superfamily with more than 60 members found in
mammalian cells. Rab proteins reside in particular types of endosomes and function by
recruiting specific effector proteins. Rab proteins distinguish certain intracellular
compartments and are involved in vesicle budding, vesicular movement, membrane
tethering, membrane docking, and membrane fusion(64, 65). Rab7 is primarily localized
on the late endosomes and has been shown to be essential for lysosomes biogenesis(66).
Rabl11 is primarily localized on the recycling endosomes(67), and has been extensively
studied for its involvement in transferrin receptor recycling(68, 69). Tagged Rab proteins
as markers are useful for the isolation and localization of nanoparticles within the late
endosomes and the recycling endosomes.

Colocalization analysis between fluorescently labeled molecules in optical
microscopy is a useful technique to assess the degree of spatial coincidence, and hence
potential interactions, among subcellular species(132). Colocalization studies using
confocal microscopy and immunocytochemistry were used to study the intracellular
trafficking of fluorescently labeled liposomes and ligands through the endosomal
compartments. Liposomes and ligands were incubated with cells and chased at different
time points. Micrographs captured by confocal microscopy (1 megapixel) were
processed with ImagelJ using plug-ins from MacBiophotonics and analyzed by the Costes
method for colocalization threshold and to calculate the percentage of colocalized pixels.
TetraSpeck fluorescent microsphere standards (Life Technologies) were used as controls

for instrumentation adjustment and colocalization analysis. Endosomal labeling was
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initially confirmed by the trafficking of transferrin labeled with Alexa Fluor 546 in a
series of cells.

As an example of colocalization analysis, the colocalization of TetraSpeck
microspheres 500 nm in size (roughly the size of endosomes), initially at 100%
colocalization when self-overlaid, decreased approximately 18% per pixel2 shift relative
to the original position (Figure 4.1). When the frame had shifted for a total of 5 pixel®,
only 9% of the microspheres are still colocalized. Since the microspheres are stained
with four different fluorescent dyes, they are valuable as controls. Microscopy settings
were adjusted so the microspheres were confirmed ~100% colocalized at the relevant
spectrums. For the intracellular trafficking studies, 3-10 images of cells with at least 3 z-
slices per sample from 1-3 studies were analyzed and averaged to calculate the

percentage of pixels representing liposomes and ligands colocalized to pixels

representing the endosomal compartments.

0 pixel” shift 1 pixel® shift 3 pixel” shift 5 pixel shift
100% 84% 47% 9%

Figure 4.1 Colocalization analysis of pixel shifted TetraSpeck fluorescent microspheres. Micrograph
of microspheres (500 nm) captured by confocal microscopy (1 megapixel), initially at 100% colocalization
when self-overlaid, was shifted 1-5 pixel” and analyzed by the Costes method for colocalization threshold
and to calculate the percentage of pixels representing the microspheres still colocalized to the original
position, resulting in approximately ~18% change in colocalization per pixel” shift. Percentages represent
colocalization. Pixels representing microspheres (red or green) are labeled white for colocalized pixels.
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4.3.2 Trafficking of Trastuzumab and Trastuzumab-Conjugated Immunoliposomes

MCF-7/HER2 A. Trastuzumab

B. F5 scFv

Figure 4.2 Cellular uptake of anti-HER2 trastuzumab and F5 scFv-PEG-DSPE in BT-474, MCF-
7/HER2, and SK-BR-3 cells visualized by microscopy. Cells, pre-incubated with(+) or without(-)
geldanamycin (GA), were incubated with A. trastuzumab labeled with Alexa Fluor 488 (red) or B. F5 scFv-
PEG-DSPE labeled with Alexa Fluor 488 (red) at 37° C for 10 min with 3 hr chase and visualized by
confocal microscopy. Nucleus was post-stained with DAPI (blue).
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To access the intracellular trafficking of trastuzumab in HER2-overexpressing
cells, trastuzumab labeled with Alexa Fluor 488 was incubated with BT-474, MCF-
7/HER2, or SK-BR-3 cells for 10 min with a 3-4 hr chase, subjected to
immunocytochemistry, and visualized by confocal microscopy. Trastuzumab remained
mostly surface-bound throughout, with very few IgG internalized in the intracellular
compartments (Figure 4.2). Imagel] analysis of z-slices of BT-474 cells estimated
approximately ~100% IgG remained surface-bound at 30-60 min incubation and
decreased to 92 + 3% after 3 hr incubation. However when pre-incubated with
geldanamycin, trastuzumab was shifted from the surface to the intracellular
compartments. Geldanamycin, an inhibitor of chaperone heat shock protein 90, is known
to transregulate HER2-trastuzumab complexes and shift the default recycling to
degradative sorting(79). Through colocalization analysis of trastuzumab with
fluorescently labeled late endosomes and recycling endosomes by immunocytochemistry,
trastuzumab transregulated with geldanamycin was predominately found colocalized in
the degradative compartments, favoring the late endosomes to the recycling endosomes
3:2-4:1 (Figure 4.3; Table 4.1). In the absence of geldanamycin, the colocalization of
trastuzumab in endosomes was negligible throughout since trastuzumab remained mostly

extracellular.
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RE (Rabl1), GA-  LE (Rab7), GA- RE (Rabl1), GA+  LE (Rab7), GA+

A. Trastuzumab-ILS in BT-474 cells

Figure 4.3 Endosomal colocalization analysis of trastuzumab-conjugated immunoliposomes (ILS)
and trastuzumab in HER2-expressing cells. Cells, pre-incubated with/out geldanamycin (GA+), were
incubated with trastuzumab-ILS labeled with DiD in A. BT-474 and B. MCF-7/HER2 cells or trastuzumab
labeled with Alexa Fluor 488 in C. BT-474 and D. MCF-7/HER2 cells at 37° C for 10 min with 3 hr chase
and visualized by confocal microscopy. Rabl1 and Rab7 were labeled by immunocytochemistry for the
recycling endosomes (RE) and the late endosomes (LE), respectively (green). Z-slices were analyzed by
the Costes method for colocalization threshold and to calculate the percentage of pixels representing
liposomes or ligands (red) colocalized to pixels representing the endosomal compartments (colocalized
pixels, white).

95



GA MCF-7/HER2 BT-474

- RE 57+6 64+5
- LE 4445 37+10
Trastuzumab-ILS . RE 4049 46+5
+ LE 59+4 63+8
- RE NE NE
Trastuzumab i LE NE o
+ RE 38+4 24410
+ LE 62+6 76+5
- RE 46+5
- LE 54+7
F5 scFv-ILS n RE 4846
+ LE 52410
- RE 37+5
- LE 63+5
F5 scFv + RE 3948
+ LE 6145

(Average of 1-3 studies, 3-10 samples per study, 3 z-slices per sample)

Table 4.1 Colocalization percentage of HER2-targeted immunoliposomes (ILS) and ligands in the
recycling endosomes (RE) and the late endosomes (LE) of BT-474 and MCF-7/HER?2 cells. Cells, pre-
incubated with/out geldanamycin (GA+), were incubated with trastuzumab-ILS, trastuzumab, F5 scFv-ILS,
or F5 scFv-PEG-DSPE at 37° C for 10 min with 3-4 hr chase and captured by confocal microscopy. Z-
slices were analyzed by the Costes method for colocalization threshold and to calculate the percentage of
pixels representing liposomes or ligands colocalized to pixels representing the endosomal compartments
labeled by immunocytochemistry. Intracellular values were not evaluable (NE) for trastuzumab due to high
signal interference from surface-binding, with approximately 92 + 3% surface-bound.

When trastuzumab was incubated with cells for 4 hr without a chase, more
trastuzumab was found to be endocytosed, but evenly distributed between the recycling
endosomes and the late endosomes. Most ligands still remained surface-bound (92 +
3%). When ligands are surface-bound, colocalization analysis was complicated due to
signal interference, and as a result not evaluable. When pre-incubated with
geldanamycin, trastuzumab again was predominately found colocalized in the
degradative compartments with the distribution unchanged. The results are in line with
the literature where trastuzumab was found to recycle passively with internalized HER2,

except when down-regulated with geldanamycin which improved degradative
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sorting(79). As expected, trastuzumab favors the recycling pathway over the degradative
pathway, except after transregulation with geldanamycin.

Similarly, the intracellular trafficking of trastuzumab-conjugated
immunoliposomes was examined in HER2-overespressing cells. Trastuzumab-ILS
labeled with DiD was incubated with BT-474 and MCF-7/HER2 cells for 10 min with a
3-4 hr chase, subjected to immunocytochemistry, and visualized by confocal microscopy.
Unlike surface-bound trastuzumab, trastuzumab-ILS was immediately found
predominately endocytosed to the intracellular compartments (Figure 4.3). Once
internalized, colocalization analysis revealed that immunoliposomes colocalized more in
the recycling endosomes than the late endosomes 3:2 (Table 4.1). When pre-incubated
with geldanamycin, trastuzumab-ILS shifted from the recycling pathway to the
degradative pathway by 20%, with colocalization in the recycling endosomes to the late
endosomes 2:3. Geldanamycin appeared to induce the same degradative sorting effect
for trastuzumab-ILS as it does for trastuzumab. When trastuzumab-ILS was incubated
with cells for 4 hr without a chase, immunoliposomes were evenly distributed between
the recycling endosomes and the late endosomes. In addition, the pre-incubation of
geldanamycin resulted in no significant shift between the recycling pathway and the
degradative pathway.

In terms of intracellular pathways, trastuzumab-ILS favors the recycling
compartments over the degradative compartments, except reversed after transregulation
with geldanamycin. Both trastuzumab-ILS and trastuzumab appear to be sorted in
similar intracellular pathways favoring the recycling endosomes over the late endosomes,

except do not appear to readily recycle to the surface and be exocytosed like trastuzumab.
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Trastuzumab-ILS remains colocalized in the recycling endosomes and late endosomes for
an indefinite amount of time. Immunoliposomes incubated at 10 min without a chase
were observed on the cell membrane, coating the surface like trastuzumab. However

after internalization, surface-coating has yet been observed again.
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Figure 4.4 Ligand and liposomal recycling assessments by flow cytometry. A. Geldanamycin-pretreated
or untreated (GA+) HER2-expressing SK-BR-3 cells incubated with trastuzumab labeled with Alexa Fluor
488 or trastuzumab-conjugated immunoliposomes (Tras-ILS) labeled with DiD were pulsed for 15 min at
37° C and then chased for the indicated intervals and examined by fluorometry. Only internalized
trastuzumab efficiently recycles in the absence of geldanamycin. B. EGFR-expressing MDA-468 cells
incubated with EGF and TGFa labeled with Alexa Fluor 488 or EGF-conjugated and TGFa-conjugated
immunoliposomes labeled with DiD were pulsed for 15 min at 37° C and then chased for the indicated
intervals and examined by fluorometry. Liposomes are not exocytosed.

Flow cytometry experiments modified from Austin’s protocol(79) where SK-BR-
3 cells incubated with fluorescently labeled trastuzumab or trastuzumab-ILS for 15 min
and chased confirmed that trastuzumab but not immunoliposomes recycled out of the
cells as evident of the decrease in fluorescent signal of cells with time only for cells
incubated with trastuzumab (Figure 4.4). In addition, the presence of geldanamycin
significantly minimized the drop of fluorescent signal for cells incubated with

trastuzumab as evidence of degradative sorting. The difference of trastuzumab remaining
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in cells with and without geldanamycin was about 20-30% after a one hour chase, similar
to the percent change of colocalization of trastuzumab-ILS in the recycling endosomes to
late endosomes upon transregulation as determined by colocalization analysis. In
addition, subcellular fractionation studies where organelles from liposomal chased studies
up to 4 hr were separated by density gradients revealed that liposomes remain in density
gradients typical of endosomes as determined by western blotting instead of density
gradients typical of free liposomes or free drug (data not shown). Hence, no liposomal
endosomal escape or release of doxorubicin to the cytosol during 4 hour incubation was
observed. This is also evident by the lack of nuclear staining from doxorubicin by
microscopy in the same time frame. Liposomes are believed to remain intact in

endosomal organelles during our colocalization experiments.

4.3.3 Delivery of Trastuzumab-Conjugated Immunoliposomes Compared to

Trastuzumab Conjugates

While trastuzumab remains mostly surface-bound, as high as 92 + 3% after 3 hr
incubation, trastuzumab-conjugated immunoliposomes are mostly internalized.
Regardless as a free antibody or conjugated as an antibody fragment onto liposomes, the
total accumulation of the trastuzumab ligands is close to a 1:1 ratio of ligands to HER2
expressed on BT-474 and MCF-7/HER?2 cells. An antibody-drug conjugate such as
trastuzumab emtansine (Roche) typically contains 4-6 drug molecules per antibody.
Assuming 10° HER2 per cell, approximately 5*10° drug molecules would associate with
a cell, while only 8% of that (4*10° drug molecules) would be intracellular. Typical

immunoliposomes (100 nm) can encapsulate 15-40*10° drug molecules per liposome
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with roughly 7*10° liposomes per cell taken up by cells such as BT-474 cells (Chapter 3).
At 30%10° drug molecules per liposome, approximately 2.1*10° drug molecules per cell
are internalized. Per cell basis, this equals to 420 fold increase of drugs associated to
cells favoring targeted liposomal drug delivered over antibody-drug conjugates, and 5200
fold increase of drugs delivery to cells intracellularly. The large drug payload greatly

favors immunoliposomes over antibody-drug conjugates.

4.3.4 Trafficking of F5 scFv and F5 scFv-Conjugated Immunoliposomes

RE (Rabl1), GA-  LE (Rab7), GA- RE (Rabl1), GA+  LE (Rab7), GA+

A. F5 scFv-ILS in MCF-7/HER2 cells

Figure 4.5 Endosomal colocalization analysis of FS scFv-conjugated immunoliposomes (ILS) and F5
scFv-PEG-DSPE in HER2-expresing MCF-7/HER?2 cells. Cells, pre-incubated with/out geldanamycin
(GA+), were incubated with A. F5 scFv-ILS labeled with DiD or B. F5 scFv-PEG-DSPE labeled with
Alexa Fluor 488 at 37° C for 10 min with 3 hr chase and visualized by confocal microscopy. Rabl1 and
Rab7 were labeled by immunocytochemistry for the recycling endosomes (RE) and the late endosomes
(LE), respectively (green). Z-slices were analyzed by the Costes method for colocalization threshold and to
calculate the percentage of pixels representing liposomes or ligands (red) colocalized to pixels representing
the endosomal compartments (colocalized pixels, white).
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Like trastuzumab, F5 scFv also has a high affinity for HER2. F5 scFv-PEG-
DSPE labeled with Alexa Fluor 488 was incubated with BT-474, MCF-7/HER2, or SK-
BR-3 cells for 10 min with a 3-4 hr chase, subjected to immunocytochemistry, and
visualized by confocal microscopy. Unlike trastuzumab, the F5 scFv conjugates
remained intracellular near perinuclear regions opposed to surface-bound trastuzumab
(Figure 4.2). Colocalization analysis revealed a preference for localization in late
endosomes over the recycling endosomes regardless with or without transregulation by
geldanamycin (Figure 4.5; Table 4.1).

Similarly, F5 scFv-ILS labeled with DiD was incubated with BT-474 and MCF-
7/HER2 cells for 10 min with a 3-4 hr chase, subjected to immunocytochemistry, and
visualized by confocal microscopy. Like F5 scFv conjugates, F5 scFv-ILS was found
mostly endocytosed to the intracellular compartments, but with a more even distribution
between the late endosomes and the recycling endosomes (Figure 4.5; Table 4.1). When
F5 scFv-ILS was incubated with cells for 4 hr without a chase, immunoliposomes
colocalized more in the recycling endosomes than the late endosomes 3:2. Like F5 scFv,
the pre-incubation of geldanamycin did not resulted in significant shift of sorting between
the recycling pathway and the degradative pathway for F5 scFv-ILS.

Although both F5 scFv-ILS and trastuzumab-ILS are quickly internalized into
HER2-overexpressing cells, there are differences in their trafficking. While trastuzumab-
ILS has a higher preference for colocalization in the recycling endosomes than the late
endosomes, the distribution of F5 scFv-ILS was more even between the endosomes.
Unlike trastuzumab and trastuzumab-ILS, sorting was not affected from transregulation

by geldanamycin for F5 scFv conjugates and F5 scFv-ILS. However, similar to
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trastuzumab-ILS as well as other immunoliposomes, F5 scFv-ILS remains colocalized in
the late endosomes and recycling endosomes for an indefinite amount of time. With a
prolonged 4 hr incubation of F5 scFv-ILS, the degradative pathway appeared to be
saturated, slightly shifting the ILS from the late endosomes to the recycling endosomes.
The degradative pathway saturating effect has previously been documented with the
oversaturation of ligands such as EGF and larger carriers like viruses. Unlike F5 scFv-
ILS, pathway saturation was not as apparent with trastuzumab-ILS possibly because of

their higher partiality for the recycling endosomes over the late endosomes.

4.3.5 Trafficking of EGF, TGFa, EGF-Conjugated and TGFa-Conjugated

Liposomes
A. EGF B. TGFa C. Cetuximab
D. EGF-LS E. TGFa-LS F. Cetuximab-ILS

Figure 4.6 Cellular uptake of anti-EGFR EGF, TGFa, cetuximab, and ligand-conjugated liposomes
(LS) in MDA-468 cells visualized by microscopy. Cells were incubated with A. EGF labeled with Alexa
Fluor 488, B. TGFa labeled with Alexa Fluor 488, C. cetuximab labeled with Alexa Fluor 546, D. EGF-
conjugated lipsomes, E. TGFa-conjugated lipsomes, or F. cetuximab-conjugated immunolipsomes (ILS) at
37° C for 1 hr and visualized by confocal microscopy; liposomes were labeled with DiD. Nucleus was
post-stained with DAPI (blue) for ligands. Images are z-slice projections of single cells with internalized
ligands or liposomes (red).
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To investigate the trafficking of EGFR-targeted ligands with well-documented
opposing intracellular sorting pathways to either degradation or recycling, EGF and
TGFa were evaluated as ligands and targeting groups conjugated onto liposomes (LS).
EGFR-EGF complexes are largely degraded while EGFR-TGFa complexes are regularly
recycled(76-78). EGF and TGFa labeled with Alexa Fluor 488 were incubated with
MDA-468 and MKN-7 cells for 10 min with a 3-4 hr chase, subjected to
immunocytochemistry, and visualized by confocal microscopy. Both ligands were found
endocytosed to the intracellular compartments (Figure 4.6). Colocalization analysis
indicated that EGF favored the degradative pathway, predominately colocalized more in
the late endosomes than the recycling endosomes 7:3 (Figure 4.7; Table 4.2). Contrarily,
TGFa favored the recycling pathway, predominately colocalized more in the recycling
endosomes than the late endosomes 7:3. When EGF and TGFa were incubated with cells
for 4 hr without a chase, the pathway shifted more for EGF than TGFa. Trafficking to
the recycling pathway improved for EGF, predominately colocalized more in the
recycling endosomes than the late endosomes 3:2. TGFa still favored the recycling

pathway but less, colocalized more in the recycling endosomes than the late endosomes

3:2.
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RE (Rabl1) LE (Rab?) RE (Rabl1) LE (Rab7)
A. EGF-LS in MDA-468 cells B. EGF-LS in MKN-7 cells

C. TGFa-LS in MDA-468 cells D. TGFa-LS in MKN-7 cells

E. EGF in MKN-7 cells F. TGFa in MKN-7 cells

G. Cetuximab-ILS in MKN-7 cells

Figure 4.7 Endosomal colocalization analysis of EGFR-targeted liposomes (LS) and ligands in
EGFR-expressing cells. Cells were incubated with EGF-LS labeled with DiD in A. MDA-468 and B.
MKN-7 cells, TGFa-LS labeled with DiD in C. MDA-468 and D. MKN-7 cells, E. EGF labeled with Alexa
Fluor 488 in MKN-7 cells, F. TGFa labeled with Alexa Fluor 488 in MKN-7 cells, or G. cetuximab-
immunoliposomes (ILS) labeled with DiD in MKN-7 cells at 37° C for 10 min with 3 hr chase and
visualized by confocal microscopy. Rabl1 and Rab7 were labeled by immunocytochemistry for the
recycling endosomes (RE) and the late endosomes (LE), respectively (green). Z-slices were analyzed by
the Costes method for colocalization threshold and to calculate the percentage of pixels representing
liposomes or ligands (red) colocalized to pixels representing the endosomal compartments (colocalized
pixels, white).
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The results are in line with the literature for the sorting of EGF and TGFa. EGF
has been observed to predominately sort to the late endosomes until the degradative
pathway is saturated, at which point EGF is shifted from the late endosomes to the
recycling endosomes(76-78, 87-89). Unlike EGF, TGFa has been observed to recycle,
with a more even distribution of sorting to the recycling pathway and the degradative
pathway(76-78). Due to its recycling, TGFa may not as affected by the saturation of the
degradative pathway. Studies in the literature have demonstrated minimal changes in the
trafficking of TGFa as a function of concentration compared to the large changes for
EGF. The minimal saturation of the degradative pathway was also apparent with
trastuzumab-ILS, where like TGFa, there was a preference of accumulation in the
recycling endosomes over the late endosomes.

Subsequently, EGF-conjugated and TGFa-conjugated liposomes labeled with
DiD were incubated with MDA-468 and MKN-7 cells for 10 min with a 3-4 hr chase,
subjected to immunocytochemistry, and visualized by confocal microscopy. Both EGFR-
targeted liposomes were found endocytosed to the intracellular compartments (Figure
4.6). Like EGF, EGF-LS favored the degradative pathway, predominately colocalized
more in the late endosomes than the recycling endosomes 7:3 (Figure 4.7; Table 4.2).
Like TGFa, TGFa-LS favored the recycling pathway, predominately colocalized more in
the recycling endosomes than the late endosomes 7:3. When EGF-conjugated and TGFa-
conjugated liposomes were incubated with cells for 4 hr without a chase, the pathways
shifted similar to those of their ligands, more for EGF-LS than TGFa-LS. Trafficking to

the recycling pathway improved for EGF-LS, resulting in a more evenly distribution
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between the recycling endosomes and the late endosomes. TGFa-LS still favored the
recycling pathway, with the distribution unchanged.

For the two EGFR growth factors, the intracellular sorting of the ligand-
conjugated liposomes are similar to their respective ligands. While EGF and EGF-
conjugated liposomes favor sorting to the degradative pathway, TGFa and TGFa-
conjugated liposomes favor sorting to the recycling pathway. With a prolonged 4 hr
incubation, the degradative pathway appeared to be saturated, shifting both EGF and
EGF-conjugated liposomes from the late endosomes to the recycling endosomes. Like
TGFa, TGFa-conjugated liposomes are not as affected by the saturation of the
degradative pathway. Combined with the results of HER2-targeting immunoliposomes
with trastuzumab and F5 scFv, EGF-LS and TGFa-LS signifies the importance of ligand
selection in regards to targeted intracellular pathways.

Despite evidence of liposomal accumulation in the recycling endosomes, there is
still no evidence of liposomal exocytosis from the cells. Flow cytometry experiments
where MDA-468 cells incubated with fluorescently labeled EGF, TGFa, EGF-LS, or
TGFa-LS for 15 min and chased confirmed that immunoliposomes are not exocytosed
out of the cells as evident of no decrease in fluorescent signal of cells with time (Figure
4.4). Approximately 60% of EGF and TGFa are recycled almost immediately. In this
experiment, EGF recycling was observed to be high is due to the high incubation
concentration (10 nM), which is in the range where the degradative pathway is saturated.
Studies were also conducted at lower concentrations, but the cell association was
undetectable by flow cytometry. Combined, flow cytometry and subcellular fractionation

studies only provide confirmation of ligand recycling, not liposomal exocytosis.
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MKN-7 MDA-468

EGF-LS IEE 7310iil73 726553
ot 2
TGFo-LS IEE g?ig 73151167
(CON =
Cetuximab-ILS IEE 2061180
Cetuximab IEE IIIIIE

(Average of 1-3 studies, 3-10 samples per study, 3 z-slices per sample)

Table 4.2 Colocalization percentage of EGFR-targeted liposomes (LS) and ligands in the recycling
endosomes (RE) and the late endosomes (LE) of MKN-7 and MDA-468 cells. Cells were incubated
with EGF-LS, EGF, TGFa-LS, TGFa, or cetuximab-immunoliposomes (ILS) at 37° C for 10 min with 3-4
hr chase and captured by confocal microscopy. Z-slices were analyzed by the Costes method for
colocalization threshold and to calculate the percentage of pixels representing liposomes or ligands
colocalized to pixels representing the endosomal compartments labeled by immunocytochemistry.
Intracellular values were not evaluable (NE) for cetuximab due to high signal interference from surface-
binding.

4.3.6 Trafficking of Cetuximab and Cetuximab-Conjugated Immunoliposomes

Cetuximab, an anti-EGFR monoclonal antibody used for the treatment of
colorectal cancer and head and neck cancer, also binds EGFR with high affinity. When
cetuximab labeled with Alexa Fluor 546 or Alexa Fluor 488 was incubated with MDA -
468 and MKN-7 cells for 10 min or longer and viewed by confocal microscopy,
cetuximab can be seen present in both intracellular compartments as well as surface-
bound pretty evenly (Figure 4.6; Figure 4.7). This is in contrast to trastuzumab which is
found mostly surface-bound and EGF which is mostly intracellular. Cetuximab-
conjugated immunoliposomes labeled with DiD was incubated with MDA-468 and
MKN-7 cells for 10 min with a 3-4 hr chase, subjected to immunocytochemistry, and

visualized by confocal microscopy. Similar to other ligand-targeting liposomes,
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cetuximab-ILS was found mostly endocytosed to the intracellular compartments, but with
a pretty even distribution between the late endosomes and the recycling endosomes
(Table 4.2). When cetuximab-ILS was incubated with cells for 4 hr without a chase, the
distribution of ILS in the intracellular compartments remained unchanged. Evidence
suggests that cetuximab and cetuximab-ILS have no preferential pathway, being present
in the late endosomes and recycling endosomes evenly, as well as cetuximab being
present on the cell surface. This may explain the contradictory conclusions in the
literature where cetuximab have been attributed both for and against EGFR

downregulation(78, 80, 81).

4.3.7 Cytotoxicity Studies of Pathway-Targeted Doxorubicin-Encapsulated HER2-

Targeted and EGFR-Targeted Liposomes

To investigate the relationship between intracellular pathway delivery and cell
growth inhibition of trastuzumab-ILS encapsulated with doxorubicin in BT-474 and
MCF-7/HER2 cells, cytotoxicity studies were examined and analyzed by MTT assay.
For trastuzumab-ILS, pathway sorting was transregulated with geldanamycin. Since
geldanamycin inhibits chaperone heat shock protein 90, which plays important roles in
the regulation of cell cycle, cell growth, and cell survival, geldanamycin was first
examined for cytotoxicity n BT-474 and MCF-7/HER?2 cells.

Unfortunately, geldanamycin is highly toxic in both cell lines at concentrations
higher than ~4 nM, well below the 1 uM required for degradative sorting (Figure 4.8).
When BT-474 and MCF-7/HER2 were examined for cytotoxicity with trastuzumab-ILS

encapsulated with doxorubicin in the presence of geldanamycin at non-toxic
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concentrations of 4-12 nM, the cell growth inhibition profiles were not affected by
geldanamycin for both immunoliposomes and free drug. The results are not surprising
since geldanamycin at the non-toxic concentration resulted in minimal intracellular
accumulation of trastuzumab in BT-474 and MCF-7/HER2 cells when visualized by
confocal microscopy. Hence, the experiments failed to examined any effects of

intracellular sorting since the concentration required for pathway transregulation is highly
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Figure 4.8 Cytotoxicity studies of doxorubicin-encapsulated anti-HER2 trastuzumab-conjugated
immunoliposomes (ILS) and geldanamycin (GA) in BT-474 and MCF-7/HER?2 cells. Cells, pre-
incubated with/out GA, were incubated with doxorubicin-encapsulated trastuzumab-ILS in A. MCF-
7/HER2 and B. BT-474 cells at 37° C for 4 hr and evaluated for cell viability by MTT assay after 3 days.
C. Treatment with GA only was also similarly evaluated. Doxorubicin (Dox)
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EGFR-targeted liposomes encapsulated with doxorubicin were also investigated
for cell growth inhibition as a function of pathway sorting. In cytotoxicity experiments,
EGF-LS and TGFa-LS encapsulated with doxorubicin in MDA-468 cells failed to show
significant toxicity compared to non-targeted liposomes mostly likely due to their much
lower uptake compared to previously examined immunoliposomes such as cetuximab-
ILS. Phorbol myristate acetate has been shown transregulate EGFR, sorting degradative
prone ligands to the recycling pathway(86-88). When MDA-468 cells were examined for
cytotoxicity with cetuximab-ILS encapsulated with doxorubicin in the presence of
phorbol myristate acetate, the cell inhibition profile was more toxic for cetuximab-ILS
without transregulation (P < 10°®) (Figure 4.9). Uptake studies confirmed that the
intracellular accumulation of doxorubicin was comparable for targeted liposomal delivery
despite phorbol myristate acetate stimulation, so the observed change in toxicity may be a
result of the intracellular pathway targeting and not changes in uptake concentration. In
this case, the delivery of doxorubicin to the degradative pathway resulted in slightly
higher toxicity than to the delivery to the recycling pathway. Targeted liposomal
irinotecan was also similar examined, but yielded no significance differences compared

to the non-targeted formulation.
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Figure 4.9 Cytotoxicity and uptake studies of doxorubicin-encapsulated anti-EGFR cetuximab-
conjugated immunoliposomes (ILS) and phorbol myristate acetate (PMA) in MDA-468 cells. Cells,
pre-incubated with/out PMA, were incubated with doxorubicin-encapsulated cetuximab-ILS at 37° C for 4
hr and evaluated for A. cell viability by MTT assay after 3 days or B. uptake of doxorubicin (Dox) by
fluorometry immediately. Non-targeted liposomes (NT-LS)

The relationship between intracellular pathway targeting and bioactivity needs to
be further examined. Pathway transregulation with agents such as geldanamycin and
phorbol myristate acetate may introduce undesirable variables to the experiments such as
toxicity, drug resistance, etc. Ideally, ligands with high affinity but distinct pathways
should be investigated. For EGF-LS and TGFa-LS, due to their low uptake, may benefit
from the delivery of more potent drugs or drugs that are not readily released like
doxorubicin. Ligands selected from scFv libraries with high affinities for HER2 and
EGFR may also be evaluated for intracellular pathway preferences in parallel to
cytotoxicity studies. In addition, ligands can also be selected from cellular association
upon pathway transregulation. Another option is to look at wild-type vs. mutated
receptors expressed on cells, since there are mutations of EGFR that are more selective

towards either degradative or recycling sorting.
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4.4 Conclusion

In regards to the trafficking of lipid nanoparticles in intracellular compartments,
ligand-conjugated liposomes appear to be governed by the sorting of the targeted
receptor. When trastuzumab, a ligand known to recycle with HER2, is attached to
liposomes, the ligand-conjugated liposomes prefer localization in the recycling
endosomes over the late endosomes. While trastuzumab is recycled and remains mostly
surface-bound, trastuzumab-ILS is internalized and retained in endosomal compartments.
Trastuzumab-ILS favors accumulation in the recycling endosomes over the degradative
endosomes 3:2, even though they do not appear to be exocytosed like trastuzumab. In
addition since the pathway of trastuzumab can be shifted towards degradative sorting by
the transregulation of geldanamycin, the pathway of trastuzumab-ILS can also be
diverted. Geldanamycin induces a ~20% shift from the recycling pathway to the
degradative pathway for trastuzumab-ILS. The distribution of F5 scFv-ILS is more even
between the degradative endosomes and the recycling endosomes, and like trastuzumab-
ILS is also retained in endosomal compartments. The pathway of F5 scFv-ILS is similar
to that of F5 scFv-PEG-DSPE and is not affected by the stimulation of geldanamycin.
Hence, the sorting in intracellular compartments for trastuzumab-ILS and F5 scFv-ILS
are similar to their respective ligands, even though their ultimate destinations may be
different.

The targeted intracellular sorting of EGFR-targeted ligands conjugated to
liposomes also appear to be controlled by the sorting of the targeted receptor. EGF,
TGFa, and liposomes conjugated with EGF and TGFa are all endocytosed to endosomal

compartments for sorting. Like their respective ligands, EGF-conjugated liposomes favor
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accumulation in the degradative endosomes, and TGFa-conjugated liposomes favor
accumulation in the recycling endosomes, 7:3. For ligands and ligand-conjugated
liposomes with a preference for the degradative pathway such as EGF, there is evidence
of degradative pathway saturation upon which results in a shift from the degradative
pathway to the recycling pathway. Cetuximab localizes on both the cell surface as well
as endosomal compartments, and likewise cetuximab-ILS accumulates in both the late
endosomes and the recycling endosomes evenly. The choice of the ligand and its
targeted receptor play an important factor in the intracellular sorting of receptor-mediated
lipid nanoparticles.

Even though recycled ligands are eventually exocytosed as apparent by flow
cytometry, lipid nanoparticles were never observed to be exocytosed despite settling in
the recycling endosomes. Investigations into the relationship between the targeted
intracellular pathway and bioactivity in terms of cell growth inhibition with the delivery
of doxorubicin were inconclusive. While transregulation with agents such as
geldanamycin have been shown to divert sorting, these agents themselves can be highly
toxic, interfering with cytotoxicity studies. Although EGF and TGFa are good
candidates to investigate contrasting intracellular trafficking pathways as ligands and as
EGFR-targeting groups for liposomal delivery, the overall delivery and uptake of
encapsulated doxorubicin is low making them poor candidates for doxorubicin delivery.
For anti-EGFR cetuximab-ILS, transregulation with phorbol myristate acetate to divert
the delivery of doxorubicin away from the degradative endosomes suggest that cell
growth inhibition for doxorubicin is more effective in the degradative compartments

instead of the recycling ones. However due to the increased endocytosis and
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accumulation of ligand-conjugated lipid nanoparticles into cells compared to free ligands
such as trastuzumab, data suggested that targeted liposomal drug delivery has a large

intracellular drug delivery advantage over antibody-drug conjugates.

4.5 Materials and Methods

4.5.1 Materials

HER2-targeted and EGFR-targeted liposomal formulations and their ligands are
described in Chapter 2. Cell lines and growth conditions are described in Chapter 3.
Rabbit polyclonal antibody to Rab11, mouse monoclonal antibody to Rab11, rabbit
polyclonal antibody to Rab5, and goat polyclonal secondary antibody to rabbit IgG Cy3,
mouse IgG Cy3, rabbit IgG FITC, and mouse IgG FITC were purchased from Abcam
(Cambridge, MA). Rabbit polyclonal antibody to Rab7, mouse monoclonal antibody to
Rab7, and mouse monoclonal antibody to Rab5 were purchased from Sigma-Aldrich (St.

Louis, MO). Geldanamycin was purchased from InvivoGen (San Diego, CA).

4.5.2 Trafficking through the Endosomal Compartments

Cells cultured overnight on 18 mm cell growth promoting glass cover slips in 12-
well plates (25-50%10° cells/well) were incubated with liposomes labeled with DiD or
ligands labeled with Alexa Fluor 488 at 37° C for 10 min — 4 hr and chased for up to 4 hr.
For HER2-expressing cell lines BT-474, MCF-7/HER2, and MKN-7, cells were first
incubated with =1 pM geldanamycin at 37° C for 1 hr, followed by incubation with

trastuzumab-ILS, trastuzumab-AF488, F5 scFv-ILS, or F5 scFv-AF488 (30 uM PL or 20
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nM ligand) for 10 min and chased with 20 nM trastuzumab for 3-4 hr, or by incubation
with particles for 4 hr without chasing. For EGFR-expressing cell lines MDA-468 and
MKN-7, cells were incubated with EGF-LS, EGF-AF488, TGFa-LS, TGFa-AF488,
cetuximab-ILS, or cetuximab-AF488 for 10 min (30-150 uM PL or 20 nM ligand) and
chased with 20 nM cetuximab for 3-4 hr, or by incubation with particles for 4 hr without
chasing. All incubation and washing steps were carried out in medium and PBS,

respectively.

4.5.3 Immunocytochemistry

In preparation for immunocytochemistry, cells were washed with PBS, fixed with
4% tormaldehyde in PBS for 15 min, and blocked and permeabilized in PBS with 1%
bovine serum albumin (BSA), 5% goat serum, and 0.1% Triton X-100 for 1 hr.
Permeabilized cells were incubated with primary antibodies in PBS with 1% BSA and
5% goat serum at 4° C overnight (rabbit polyclonal antibody to Rab7 or Rab11, 1:250;
mouse monoclonal antibody to Rab7 or Rab11, 1:500), followed by incubation with
secondary antibodies at room temperature for 1 hr (goat polyclonal secondary antibody to
rabbit or mouse, IgG Cy3 or FITC, 1:500). All washing steps were carried out in PBS
with 5% goat serum after each incubation. Cover slips were mounted in Vectashield
mounting medium with DAPI (Vector Laboratories) and fluorescence was visualized by

confocal microscopy.
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4.5.4 Confocal Microscopy

Micrographs were captured on a Zeiss LSM 510 META NLO confocal
microscope maintained by the UCSF Laboratory for Cell Analysis Core. All images
were captured with a plan-apochromat 63x/1.4 oil differential interference contrast
objective lens at 1 megapixel (1024x1024). TetraSpeck fluorescent microsphere
standards (Life Technologies) were used as controls for instrumentation adjustment,
adjusting pinholes to approximately 106 um. Z-slices were captured at thickness
intervals of 0.5 um. Excitation and emission wavelength filters were as follow: FITC
(488 nm, band-pass 500-530 nm), Cy3 (543 nm, band-pass 565-615 nm), DiD (633 nm,
long-pass 650 nm), DAPI (400 nm, band-pass 390-465 nm). Images presented are a
single section in the z-plane or z-slice projection where indicated. Colocalization images
showing colocalized pixels as white were processed by Imagel as described in the next

section.

4.5.5 Colocalization Analysis

To study the intracellular trafficking of fluorescently labeled liposomes and
ligands through the endosomal compartments, confocal microscopy micrographs were
further processed to assess the degree of spatial coincidence between liposomes and
ligands with the endosomal compartments labeled by immunocytochemistry.
Micrographs captured by confocal microscopy (1 megapixel) were processed with
ImagelJ using plug-ins from MacBiophotonics and analyzed by the Costes method for
colocalization threshold and to calculate the percentage of colocalized pixels. In the

colocalization threshold calculation, background and zero-zero pixels were subtracted,
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and constant intensity for colocalized pixels was assumed. 3-10 images of cells with at
least 3 z-slices per sample from 1-3 studies were analyzed and averaged to calculate the
percent of pixels representing liposomes and ligands colocalized to pixels representing
the endosomal compartments. TetraSpeck fluorescent microsphere standards (Life
Technologies) were used as controls for instrumentation adjustment and colocalization

analysis.

4.5.6 Ligand and Liposomal Recycling Assessments by Flow Cytometry

For the assessment of recycling by flow cytometry, cells cultured overnight in 24-
well plates (75*10° cells/well) were incubated with liposomes labeled with DiD (75 uM
PL) or ligands labeled with Alexa Fluor 488 (10-20 nM) at 37° C for 15 min, stripped
with an acid wash (50 mM glycine, 150 mM NaCl, pH 3) at 4° C for 1 min, chased with
trastuzumab or cetuximab for the indicated intervals and immediately subjected to flow
cytometry (BD FACSCalibur). The mean fluorescent intensity with a tight spread of
5%10° cells was recorded. Cells incubated for 15 min without a chase was used as the
baseline for 100% internalization. For transregulation studies, 1 uM geldanamycin was

also pretreated at 37° C for 1 hr.

4.5.7 Cytotoxicity Studies

For cytotoxicity studies, cells cultured overnight in 96-well plates (10%10°
cells/well) were incubated with doxorubicin-load liposomes (30-100 pg/ml with 1/3

dilutions) or geldanamycin (3 uM with 1/3 dilutions) at 37° C for 4 hr, washed with PBS,
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and grown in medium for 3 additional days. For transregulation experiments, cells were
pre-incubated with geldanamycin (4-12 nM) for HER2-expressing cells or phorbol
myristate acetate (100 nM) for EGFR-expressing cells for 1 hr before treatment. Cell
viability was analyzed by MTT assay ((3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide)). Bars of standard deviations were adjusted for the error of

propagation.

4.5.8 Uptake Studies

For the assessment of targeted uptake by fluorometry, cells cultured overnight in
96-well plates (10*10° cells/well), pre-incubated with or without phorbol myristate
acetate (100 nM) for 1 hr, were incubated with liposomes encapsulated with doxorubicin
at 37° C for 4 hr, washed with PBS 3x, freeze-thawed 3x, and lysed with 80% isopropyl
alcohol (IPA) and 1% Triton X-100. Lysed samples along with standards using free
doxorubicin added to the plates were read on a fluorescent microplate reader (Wallac
Victor). Measurements were read with excitation and emission band-pass filters as
follow: doxorubicin 485/20:590/35 nm. Cell count was estimated based on a
hemacytometer and MTT assay, showing negligible cell detachment or toxicity under

these conditions between groups.
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Chapter 5: Mathematical Insights on the Binding and

Trafficking of Multivalent Lipid Nanoparticles

5.1 Abstract

The cell association and trafficking of multivalent lipid nanoparticles have been
predominately optimized with experimental data. Studies, including ours, traditionally
assess an array of variables, such as ligand types, ligand surface density, liposomal
concentrations, incubation times, and temperature in relationship to cellular uptake. In
this chapter, we rationalized and applied the crosslink multivalent binding model for
multivalent lipid nanoparticles to monovalent receptors that fittingly corroborate our
empirical results. With known inputs of ligand valence, ligand equilibrium dissociation
constant, and total receptor expression level, the model can estimate targeted liposomal
cell association using parameters described in our research. The optimal valence for
optimum binding was predictable in this model. The model also predicted the
antagonistic binding effects of lipid nanoparticles with high valences as observed in
studies. Calculations suggest that lipid nanoparticles may bind with a high effective
valence. For future binding optimization, the model pointed to the limitations of both
ligand valence and ligand affinity. Finally, a compartmental model for the intracellular
trafficking of multivalent lipid nanoparticles was reviewed for its shortcomings in

applications to sorting of the slowly paced liposome.
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5.2 Introduction

To better capture the dynamics between ligands and receptors on cells, many
models for the cell surface receptor binding and trafficking of both ligands and receptors
have been proposed(133-140). Translating the kinetic models of ligands with receptors
to multivalent lipid nanoparticles with receptors may provide insight to the experimental
data discussed in the previous chapters and as well as observations concluded in the
literature. To begin, we start with a base case of the monovalent binding of ligand (L,) to
receptor (R) to form a ligand/receptor complex (Cyr) (Figure 5.1). Through mass action
kinetics, the kinetics of ligand, receptor, and complex with time can be described as
equation 5-1 with association and dissociation rate constants k¢ and k;, respectively.
Unlike many ligands, lipid nanoparticles are multivalent. The first bond of a single
ligand on a lipid nanoparticle to a single receptor on the cell surface can still be applied
with the base model, but subsequent interactions must be considered and adjusted to more

accurately model the avidity.

Yoot

R + L, —» Ci

ke

Figure 5.1 Schematic of monovalent binding. Ligand (L,) binds to receptor (R) to form a ligand/receptor
complex (Cpy).

ACrg (5-1)
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In regards to the receptor, the receptor can interact with other receptors and
proteins, forming ternary complexes. The ErbB family of receptor tyrosine kinases such
as EGFR and HER?2 are known to form dimers. The affinity of ligands to single
receptors compared to dimers, whether with one or more binding sites occupied, can
greatly change the binding and internalizing kinetics, with the later, dimerization with
higher binding site occupancy usually associated with higher affinity(133, 138, 141). For
immunoglobulin receptors, the separation distance between the sites of a bivalent
antibody is between 9 and 20 nm(135, 142, 143). For an immunoliposome with 20
surface ligands and an average diameter of 100 nm, the separation between ligands is
approximately 40 nm assuming equal distribution. This distance can be slightly greater
through a polymer linker attached to the ligand. Due to the spacing of the targeting
groups on a lipid nanoparticle, it is unlikely for a single lipid nanoparticle to occupy both
sites of a bivalent receptor or even occupy both dimerized receptors. Hence, we will
assume that lipid nanoparticles with functional monovalent ligands can only occupy one
site per single receptor or set of dimerized receptors. This allows us to simplify our
model, treating the receptors as monovalent. Keep in mind that higher valence lipid
nanoparticles are in the realms of possibility of bivalent receptor binding. Other ternary
complex possibilities that receptors can interact with are G-proteins, coated-pit binding
proteins, and cytoskeletal elements(133). We will assume none of these are rate-limiting
or saturated in our model.

Relative to a ligand, lipid nanoparticles are large, increasing interaction with
multiple components on a cell such as additional receptors, proteins, lipids, and

macromolecules that may induce binding. Non-specific binding can skew a binding
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model. Immunoliposomes are coated with a layer of polyethylene glycol, providing
sterical stabilization that limits the non-specific binding and interaction with cells.
Therefore, we will assume that non-specific binding is minimal, as also evident by low
cell association for non-targeted liposomes surveyed in the previous chapters. Our
studies mainly focused on targeting cancer cells that overexpressed receptors, specifically
EGFR and HER2, and likewise will be the target of our model. Assuming an average cell
diameter of 10 pm with 10° receptors and an average liposome diameter of 100 nm with
20 ligands, the receptor to ligand per surface area ratio is 5, meaning that for every ligand
there are 5 receptors available to bind. Crosslink multivalent binding of liposomes to

multiple receptors is a possible and plausible outcome.
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5.3 Crosslink Multivalent Binding Model of Multivalent Lipid Nanoparticles to

Monovalent Receptors
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Figure 5.2 Schematic of the crosslink multivalent binding model of multivalent lipid nanoparticles to
monovalent receptors. Let C; be the concentration of a lipid nanoparticle bound to the cell surface via i of
its v (valence) available surface-attached ligands (i=0, 1, 2, ..., f) where f is the effective valence. First, a
free lipid nanoparticle binds to a single receptor on the cell surface. Subsequently, the lipid nanoparticle
binds to a second receptor. Simultaneous crosslink multivalent binding continues until the lipid
nanoparticle reaches f bounds. It is assumed that the lipid nanoparticle can only form monovalent bounds
with single receptors and receptor dimers. The crosslink association and dissociation constants are
assumed to be constant for successive bindings.

The crosslink multivalent binding model for multivalent ligands to monovalent
receptors, developed and reviewed by a number of investigators(134-136, 139, 140), will

be applied to model the cell association of lipid nanoparticles (Figure 5.2). The general
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idea is that a free lipid nanoparticle (L = Cy) first binds to a single receptor (R) as
described by the base monovalent binding model. Subsequently, a second ligand on the
lipid nanoparticle binds to a second receptor with forward and reverse crosslinking
constants (ky and k), resulting in a complex consisting of a lipid nanoparticle bound to
the surface by 2 ligands. Additional ligands simultaneously bind to the cell surface until
the number of ligand-receptor bounds reach the effective valence (f), essentially the
effective number of ligands per liposome that can bind to a cell out of the total valence
(v). Consequently, the multivalent lipid nanoparticle with f crosslinked receptors will be
internalized into the cell by receptor-mediated endocytosis. It is assumed that f < v due
to sterical hindrance with the bound receptor and suboptimal positioning and spacing of
the ligands(135). Let C; be the concentration of a lipid nanoparticle bound to the cell
surface via i of its v available surface-attached ligands (1=0, 1, 2, ..., f), equations by
mass action kinetics to describe the crosslink multivalent binding model building upon

the monovalent binding model are as follow:

L+R = C+R = (C+R...= (Ci+R = ... C; (5-2a)
dL

== vkeLR+k.C

" kg k€ (5-2b)
dc

1
— = vikp LR =k -C| = (f = )k CR + 2k C
f 1 1 2
dt ) ) (5-2¢)
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dc;
1 . . . .
— = (f i+ 1)'keC R — ik G — (f — i) keGyR + (i+ 1)k ¢ Cy

dt ' (5-2d)
i=2,3,..,f -1
dce
— =k Ce R -k C
f-1 -X ~f
a X X (5-2¢)

At steady-state, solutions for the number of free receptors per cell at equilibrium
(Req) and the number of cell associated liposomes per cell at equilibrium (Cgeq) can be
symbolic solved with the additional parameters (total receptors per cell (Ry), free
liposomal concentration in solution (L = L,), equilibrium dissociation constant (Kp =

k./k¢), and the crosslinking equilibrium constant (Kx = ky/k)):

f

RT:R+Z iC,

i=1 (5-3a)

_ Lo f-1
Ry = Req{ 1+ V| = (1+ KyReg)

N (5-3b)
£l v (Lo
S IR PR
ot T N 1 B & [KD] q (5-3¢)
f L
\% 0 f
CBeq = Z Cieq = Kx-f.(K_Dj.[(l * KX'R@‘J IJ
~ (5-3d)
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5.3.1 High Receptor Expression Model

All parameters in our model are based on experimental data in our lab and in the
literature, particularly for studies pertaining to anti-HER2 F5 scFv-conjugated
immunoliposomes and BT-474 cells in the high receptor expression model. For our
analysis at equilibrium (time < 4 hr), we will assume a constant free liposomal
concentration in solution (L = L,), no liposomal and receptor depletion effects, and
constant forward and reverse crosslinking constants (ky and k.4) for additional receptor
binding. The total receptors per cell (R) is 10° for high receptor expressing cells (ie,
BT-474 cells; adjusted to 10° and 10" for the intermediate and low receptor expression
models, respectively). The free liposomal concentration in solution (L) is 10° liposomes
per cell (~70-100 uM PL), which is approximately the saturating concentration observed
at the optimal cell association. The equilibrium dissociation constant (Kp = k,/k¢) 1s 100
nM (111 nM for monovalent F5 scFv-ILS, 160 nM for F5 scFv)(34). The crosslinking
equilibrium constant (Kx = ky/kx) is 1/(70K #/cell) for high receptor expressing cells,
estimated from the maximum uptake of liposomes in dose-uptake studies assuming high
crosslinking (Chapter 3). For the intermediate and low receptor expression models, Kx of
1/(10K #/cell) and 1/(3K #/cell) were estimated, respectively. Valence and effective
valence in the range of 1-200 ligands per liposome were evaluated since that is the
maximum Fab’ valence per liposome stably construct in the lab. Since f< v, we assumed
that if v < f, then f= v (equation 5-4). The number of free receptors per cell at
equilibrium (Req) and the number of cell associated liposomes per cell at equilibrium

(Cgeq) as a function of v and f were evaluated and plotted using Mathcad.
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Figure 5.3 Cell association of F5 scFv-conjugated immunoliposomes (ILS) with increasing valence in
MCF-7/HER?2 cells. Cells were incubated with liposomes (LS) labeled with DiD (75 uM PL) at 37° C for
1 hr and analyzed by flow cytometry (mean fluorescent intensity [MFI] with a tight spread of 5*10° cells).
Phospholipid (PL)

Predictions calculated from the crosslink multivalent binding model on the cell
association of multivalent lipid nanoparticles to cells overall quite accurately describe our
experimental data. We and many other investigators have observed optimal cell
association of immunoliposomes to cells at v = 15-40 antibody fragments per liposome(4,
33-37), as demonstrated with EGF-LS and TGFa-LS in Chapter 2 and F5 scFv-ILS in
Figure 5.3. Since binding and uptake saturate in that range, we initially guessed an

effective valence of f= 10 <v (Figure 5.4). Increasing the surface density of ligands per

liposomes with f= 10 correlated to increased targeted association in the high receptor
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expression model until a plateau. Complementarily, the concentration of free receptors
decreased as the concentration of liposomes was receptor-associated. These results fit
quite in line with our observations.

Various effective valences were also analyzed (Figure 5.4). Atf<7 (ie, f=7),
the binding is reasonably linear, increasing, and negligible in comparison to higher
effective valences. This is similar to monovalent ligand binding and low receptor
expressing models discussed later (Figure 5.6). At f=28-17 (ie, f = 10), the overall bound
concentration increases significantly, curves to saturation, and then maxes at f=17. For f
higher than 17 (ie, f= 50 or 100), cell association subsequently decreases. A peak at f=
17 supports that v = 15-40 observed. Interesting, when v > = 17, the overall binding

starts to decrease.
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Figure 5.4 Crosslink multivalent binding model predictions in high receptor expressing cells. Plots of
liposomal cell association (Cg.q) and/or free receptors (R.q) as a function of valence (v) in high receptor
expressing cells (R = 10° #/cell) with an effective valence (f) of A. f= 10 ligands per liposome, B. f=7,
10, 17, 50, & 100, and C. f=v. Values were evaluated in Mathcad with the additional parameters: 10°
liposomes per cell in solution (L,), 100 nM equilibrium constant (Kp), 1/(70%¥10° #/cells) crosslinking
equilibrium constant (Kx). Assumed no liposomal and receptor depletion effects, and since f<v, if v<f
thenv =1
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The effective valence was initially assumed to be constant and much lower than v
as observed for models of multivalent ligands. What if f is not constant, but increases as
v increases? As previously mentioned, at v = 20, there are 5 receptors available in a
given surface area per ligand, reducing to a reasonable 1:1 at v=100. Hence, it is
plausible that lipid nanoparticles can have a high f/v ratio. We plotted a scenario where f
= v, which assumes that every ligand on the lipid nanoparticle efficiently binds to a
receptor (Figure 5.4). The graph displays a familiar observation seen with experimental
data, where increasing the valence beyond the optimal valence can decrease cell
association (Figure 5.3). This will hold true not only for a model where f = v, but when v
>f=17 (ie, f = 50 & 100, Figure 5.4) or when f increases with v. In addition at a high
effective valence like when f = v, it supports our data in Chapter 3 where roughly a 1:1
ratio of ligands to expressed receptors was observed internalized at optimal valence.
Plots of the cell association as a function of the full f and v range (f < v) were also
analyzed in our model (Figure 5.5), indicating that the optimal cell association can be no

further optimized based purely on ligand surface density.
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Figure 5.5 Crosslink multivalent binding model predictions for all plausible valence and effective
valence (f < v) in high receptor expressing cells. Surface plot of liposomal cell association (Cgeg,,
liposomes/cell) as a function of valence and effective valence (ligands/liposome) in high receptor
expressing cells (R = 10° #/cell). Values were evaluated in Mathcad with the additional parameters: 10°
liposomes per cell in solution (L), 100 nM equilibrium constant (Kp), 1/(70%10° #/cells) crosslinking
equilibrium constant (Kx). Assumed no liposomal and receptor depletion effects, and since f<v, if v<f
then v =f. Color map is only for 3D visual aesthetics.
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5.3.2 Intermediate and Low Receptor Expression Models

We also examined cases for the intermediate and low receptor expression models
(Figure 5.6). We reduced the total receptors per cell availability, and likewise lowered
and adjusted Kx to match our empirical data. It is expected that f will be much lower
than cases for the high expression model and hence mainly examined f= 10. For the
intermediate receptor expression model, when = 10, binding was observed to increase
with v reaching a steady plateau as free receptors concentration decreased. These results
support the cell association of HER2/EGFR moderately expressing cell line MKN-7
(Chapter 3). We also examined f= v, but don’t believe this is realistic due to the lower
receptor availability. In reality, f will most likely have a lower limit than for cases of the
high receptor expression model. In the case of the low receptor expression model, the
cell association behavior appropriately resembles monovalent ligand binding, showing a
linear non-crosslinking, non-cooperative binding with very low binding, similar to f=1

for the high receptor expression model.
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Figure 5.6 Crosslink multivalent binding model predictions in intermediate and low receptor
expressing cells. Plots of liposomal cell association (Cgq) and free receptors (R.,) as a function of valence
(v) in A. intermediate receptor expressing cells (10° #/cell) and B. low receptor expressing cells (10* #/cell)
with an effective valence (f) of 10 or v ligands per liposome. Values were evaluated in Mathcad with the
additional parameters: 10° liposomes per cell in solution (L,), 100 nM equilibrium constant (Kp),
1/(10%10° #/cells) and 1/(3*10° #/cells) crosslinking equilibrium constant (Kx) for intermediate and low
receptors model, respectively. Assumed no liposomal and receptor depletion effects, and since f<v, if v <
fthen v="{.

5.3.3 Data Fitting, Limitations, and Optimization

Concentrations of the calculated cell association closely approximate our dose-
uptake experimental data in Chapter 3 at comparable liposomal incubation concentrations
(L at 89 uM). For HER2 high-expressing BT-474 cells (Rt = 10° receptors per cell), our

model calculated the bound liposomes per cell concentration of 5.9%10* for v = 15, where
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in our dose-uptake studies we observed cellular uptake at 6.8%*10* £ 7%10° for v = 15.
The estimated uptake is within 85% accuracy of empirical data. When the high receptor
expression model was adjusted for SK-BR-3 cells (increasing to 3*10° receptors per cell),
the calculated concentration again appropriately increased. For SK-BR-3 cells, our
model calculated bound liposomes per cell concentrations of 2.3*10° for v = 10 and
2.2*10° for v = 15, where in our dose-uptake studies we observed cellular uptakes at
2.3%10° £ 4*10° for v =10 and 2.3*10° + 9*10° for v = 15. The estimated values are
within 95% accuracy of empirical data. Since v for optimum binding was calculated to
be v =11 for SK-BR-3 cells, it is appropriate that the observed uptake in the dose-uptake
studies was slightly higher for v = 10 than for v = 15, as predicted from our model.
Suitably, it also suggests that the optimum v decreases as the number of available
receptor increases as expected. When Ry was lowered to 5*10° receptors per cell, the
optimum ligand valence was observed at ~30 ligands per liposome, which would account
for the full 15-40 ligands per liposome range observed for optimal uptake.

Assuming the equilibrium dissociation constants for monovalent lipid
nanoparticles and their respective attached ligand are comparable as in the real example
of F5 scFv, the crosslink multivalent binding model allows researchers to estimate the
optimum valence and cell association by knowing the dissociation constants of the ligand
and the receptor expression level of a cell. However based on the crosslink multivalent
binding model for the cell association of multivalent lipid nanoparticles to high receptor
expressing cells, our current systems may have already been optimized purely from
experimental data. Varying monovalent ligand density beyond the 10+ v range will not

significantly alter the binding and uptake of lipid nanoparticles.
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In addition, the model also predicted the limitations of ligand affinity as
experimentally observed by Zhou and associates, where ultrahigh affinity anti-EGFR
scFv is unnecessary for optimal nanoparticles targeting(93). Zhou empirically detected
an increase of 24% in targeted liposomal cell association when comparing surface
attached C10 scFv (264 nM Kp) to 224 scFv (0.94 nM Kp). Using the listed Kp’s, our
model precisely predicted a 23.7% increase at v = 74 (valence evaluated by the paper).
Based on our model for F5 scFv, the affinity must be improved by an order of 5

magnitudes to merely increase cell association by 2-fold (Figure 5.7).
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Figure 5.7 Crosslink multivalent binding model prediction for increased affinity. The equilibrium
dissociation constant was decreased from 100 nM to 100%¥10° nM in the high reception expression model
with f= v, resulting in approximately only 2-fold increase in cell association.

How can we then increase cell association? As evidence by equations 5-3b and
5-3d, Cgeq 1s exponentially proportional to Req which is exponentially proportional to Rr.
Hence, increasing the total receptor will in effect increase the concentration of bound
lipid nanoparticles. This hypothesis was experimentally examined in Chapter 3 with

dual-targeted immunoliposomes, showing additive uptake effects. In addition, quite
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simply, the liposomal uptake in cells directly correlates with expression level, ie SK-BR-
3 cells > BT-474 cells. Still, the overall uptake, despite being higher, is not quite
valuable in applications that rely mainly on increased accumulation for bioactivity since
the increase is marginal. However, applications where the receptor expression level is
uncertain, such as drug delivery to tumors since expressed receptors can be both
heterogeneous and transient, may still be an avenue worth pursing for dual-targeted
systems.

In reality, Rr may significantly decrease if the receptors are downregulated as
with the binding of certain degradative sorting ligands such as EGF. Certain receptors
such as the transferrin receptor are continuously recycled. Chapter 4 investigated the
intracellular sorting pathways of lipid nanoparticles to the degradative late endosomes
and the recycling endosomes. In essence, the idea is that if the receptors and
subsequently bound complexes are sorted away from the degradative pathway towards
the recycling endosomes, Rt will not significantly decrease and Req will increase due to
the quick recycling turnover. Mathematically, this will increase cell association. Lipid
nanoparticles should accrue in the recycling endosomes, less likely to be degraded as in
the late endosomes, and eventually escape from the endosomes. Experimentally, we
were unable to demonstrate any increased benefits despite distinct sorting of the lipid
nanoparticles. Whether lipid nanoparticles and their respective attached receptors recycle

and then exocytose or not, are still inconclusive.
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5.4 Compartmental Model of the Intracellular Trafficking of Multivalent Lipid

Nanoparticles

After crosslink multivalent binding, lipid nanoparticles are receptor-mediated
endocytosed and sorted in the early endosomes to either the recycling endosomes usually
associated with exocytosis or the late endosomes destined for degradation. The
intracellular trafficking of multivalent lipid nanoparticles can be assessed as a

compartmental model (Figure 5.8). Equations can be developed by mass action kinetics.
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Figure 5.8 Compartmental model of the intracellular trafficking of multivalent lipid nanoparticles.
First, a lipid nanoparticle crosslink multivalent binds to the cell surface. After receptor-mediated
endocytosis, the lipid nanoparticle traffics to the early endosomes where it is sorted to either the late
endosomes for degradation or the recycling endosomes. In the recycling endosomes, receptors and ligands
are eventually exocytosed. However, there are no conclusive data supporting the exocytosis of lipid

nanoparticles.
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As discussed in Chapter 4, lipid-nanoparticles unlike ligands do not appear to
efficiently traffic out the endosomal compartments. Beyond the quick targeted uptake of
lipid nanoparticles and endosomal compartmental settling in either the late endosomes or
the recycling endosomes, little other trafficking was observed. In fact, subcellular
fractionation studies of organelles suggest that liposomes never escape the endosomes at
4 hr. The recycling and degrading rate constants hence may be extremely slow, possibly
slower than endosomal escape mechanisms or drug release rates. While the kinetics such
as recycling for ligands like trastuzumab can be evaluated within minutes, we were
unable to observe exocytosis with lipid nanoparticles. If the rates are in the magnitudes
of a few hours or days, a compartmental model will be complicated with other processes
such as cell division, endosomal escape, and liposomal degradation.

In addition, data for the dissociation of receptors from the lipid nanoparticles in
the endosomes have not been investigated. A possible scenario is that endocytosed
receptors remained bound to the liposomes due to the increased avidity resulting from
crosslink multivalent binding. In the end, we failed to establish a time appropriate model.
In the future, focusing the trafficking on the receptors associated and dissociated from the
lipid nanoparticles may be a more time manageable approach and may offer a more
conclusive sorting model. The new design can be monitored by the chasing of
endocytosed lipid nanoparticles with labeled ligands. Hence, subsequent ligand and
receptor trafficking can be assessed in relationship to any exocytosed receptor effects

from the lipid nanoparticles.
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5.5 Conclusion

A crosslink multivalent binding model for the association of multivalent lipid
nanoparticles to monovalent receptors was proposed that reasonably predicted the cell
association of lipid nanoparticles analogously to our experimental data. Mathematically,
the model in accordance with our research accurately calculated the optimum valence of
17 ligands per liposome for binding to cells with 10° receptors, which is in the 15 - 40
ligands per liposome range for maximum binding and uptake experimental observed.
The optimum valence varies in relationship to the total receptors expressed. Supporting
the common observation where lipid nanoparticles with a valence higher than the
optimum can result in antagonistic cell association, the model suggests that lipid
nanoparticles have a high effective valence, possibly equal to the valence. With known
inputs of ligand valence, ligand equilibrium dissociation constant, and total receptor
expression level, the model closely estimated the targeted liposomal uptake in high,
intermediate, and low receptor expressing cells compared to experimental data, usually
within 85% accuracy. Finally, the crosslink multivalent binding model confirmed that
both the ligand density and ligand affinity avenues have both already been optimized.
Other studies worth pursuing may be in the maintenance of a high surface receptor
expression level. A compartmental model for the intracellular trafficking of multivalent
lipid nanoparticles was also described, but was unable to accurately capture the sorting of

lipid nanoparticles as currently investigated.
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5.6 Methods

The number of free receptors per cell at equilibrium (Req) and the number of cell

associated liposomes per cell at equilibrium (Cgeq) as a function of v and f were evaluated

and plotted using Mathcad v14. Parameters and assumptions are listed in the chapter.

Predicated data was compared to dose-uptake studies in Chapter 3 (Figure 5.9). The full

Mathcad code will be release in a future publication.

Figure 5.9 Mathcad data calculations for the crosslink multivalent binding model
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Chapter 6: Concluding Remarks

In this dissertation, I examined a series of ligands as targeted functional groups
against HER2 and EGFR for liposomal drug delivery. Receptor-mediated uptake, both
mono-targeted and dual-targeted to multiple receptors of different ligand valence, and the
intracellular sorting of lipid nanoparticles were investigated to improve the delivery of
drugs to cancer cells. I concluded my thesis with models to help explain my
observations, as well as provide a basis to make predictions and to optimize targeted
liposomal delivery in the future.

In Chapter 2, I described the design and development of receptor-targeted lipid
nanoparticles through a new sequential micelle transfer - conjugation method and
extended the micelle transfer method to growth factors. Through a combination of both
techniques, I was able to construct anti-HER2 and anti-EGFR dual-targeted
immunoliposomes with precise yet different ratios of ligand valence for comparative
studies. The attachment of liposomes with EGF and TGFa increased cell association to
EGFR-expressing cell lines with an optimum valence similar to other anti-EGFR and
anti-HER2 antibody fragments. Through the sequential micelle transfer - conjugation
method, liposomal paclitaxel was functionalized for EGFR-targeting and evaluated in
mice, resulting in an enhancement of anti-tumor efficacy over both liposomal paclitaxel
and free paclitaxel.

With the array of immunoliposomes formulated in Chapter 2, I was able to
evaluate the uptake and effect of lipid nanoparticles in relationship to ligand valence,
both mono-targeting and dual-targeting, on a small panel of breast cancer cell lines that

express HER2 and EGFR of varying levels. The first relationship observed was that an
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accumulation of ligands, whether free or conjugated to lipid nanoparticles, was
comparable to the receptor expression on the cell. Both the 1:1 ligand to receptor ratio
and the apparent cooperativity observed during uptake were possible signs of multivalent
binding that lead to the binding modeling in Chapter 5. For cell lines that express both
HER2 and EGFR, additive dose-uptake effects were observed with dual-targeted
immunoliposomes. Despite the additive accumulation, cytotoxicity studies revealed
significant but only marginally improvements in cell growth inhibition with doxorubicin
delivery. Dual-targeted lipid nanoparticles can still be beneficial as a cocktail-targeting
approach. Since the vehicle can target multiple receptors, the number of formulations
can be reduced yet still be effective with a large selection of cancers.

Chapter 4 continued the investigation of the ligand-conjugated lipid nanoparticles
to the intracellular level. Colocalization analysis revealed that ligand-conjugated lipid
nanoparticles settle to endosomal compartments similar to their attached ligands. While
liposomes attached with trastuzumab and TGFa were observed more in the recycling
endosomes than in the late endosomes, those attached with EGF had a preference for the
late endosomes. The attachment of cetuximab and F5 scFv to liposomes resulted in equal
distributions to both endosomal compartments. Pathway transregulation was also evident
with the pathway diversion of trastuzumab-conjugated immunoliposomes to favor
accumulation in the late endosomes. Pathway saturation was apparent when late
endosomal targeted lipid nanoparticles increased accumulation in the recycling
endosomes. In the end, liposomes routed to the recycling endosomes were never
observed to traffic beyond the endosomes nor to exocytose like recycled ligands.

Pathway-targeted doxorubicin delivery was examined with inconclusive results.
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Based on the observations in the previous chapters, two models were developed to
help interpret and predict the binding and trafficking of lipid nanoparticles. The crosslink
multivalent binding model accurately corroborated our experimental data. For high
receptor expressing cells, it was able to predict both the ligand valence for optimum
binding and the maximum cell association concentration. The model offered a possible
answer that would explain the observation where high ligand valence can be antagonistic
to cell association. In addition, the model was adjustable to intermediate and low
receptor expressing scenarios. The compartmental model for the intracellular trafficking
of multivalent lipid nanoparticles was also surveyed for its obstacles with liposomal non-
trafficking beyond the endosomes.

With the apparent binding limitations from both ligand valence and ligand affinity
exposed by the crosslink multivalent binding model of lipid nanoparticles to monovalent
receptors, investigators may need to look towards more transitory optimization for
targeted drug delivery. In a controlled environment in vitro, the targeted delivery of
liposomal drugs to HER2 and EGFR overexpressing cells is already maximized.
Increasing available receptor targets through increased targetable receptor types and
faster receptor turnovers possibly from decreased receptor downregulation, and improved

intracellular drug release will likely increase both drug accumulation and efficacy.
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