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ABSTRACT

Chronic diseases of the central nervous system are poorly treated due to the inability
of most therapeutics to cross the blood-brain barrier. The blood-brain barrier is an anatomical
and physiological barrier that severely restricts solute influx, including most drugs, from the
blood to the brain. One promising method to overcome this obstacle is to use endogenous
solute influx systems at the blood-brain barrier to transport drugs. Therapeutics designed to
enter the brain through transcytosis by binding the transferrin receptor, however, are
restricted within endothelial cells. The focus of this work was to develop a method to increase
uptake of transferrin-containing nanoparticles into the brain by overcoming these restrictive
processes.

To accomplish this goal, nanoparticles were prepared with surface transferrin
molecules bound through various liable chemical bonds. These nanoparticles were designed
to shed the targeting molecule during transcytosis to allow increased accumulation of
nanoparticles within the brain.

Transferrin was added to the surface of nanoparticles through either redox or pH
sensitive chemistry. First, nanoparticles with transferrin bound through disulfide bonds were
prepared. These nanoparticles showed decreased avidity for the transferrin receptor after
exposure to reducing agents and increased ability to enter the brain in vivo compared to those
lacking the disulfide link.

Next, transferrin was attached through a chemical bond that cleaves at mildly acidic
pH. Nanoparticles containing a cleavable link between transferrin and gold nanoparticle
cores were found to both cross an in vitro model of the blood-brain barrier and accumulate
within the brain in significantly higher numbers than similar nanoparticles lacking the
cleavable bond. Also, this increased accumulation was not seen when using this same
strategy with an antibody to transferrin receptor, indicating that behavior of nanoparticles at
the blood-brain barrier varies depending on what type of targeting ligand is used.

Finally, polymeric nanoparticles loaded with dopamine and utilizing a superior acid-
cleavable targeting chemistry were investigated as a potential treatment for Parkinson’s

disease. These nanoparticles were capable of increasing dopamine quantities in the brains of
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healthy mice, highlighting the therapeutic potential of this design. Overall, this work

describes a novel method to increase targeted nanoparticle accumulation in the brain.
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Chapter I

INTRODUCTION

1.1 Chronic Diseases of the Central Nervous System, Their Treatment Limitations

and Outlook

Improvements in treatment and prevention over the past fifty years have led to a
significant decrease in mortality from cardiovascular disease and cancer, the two leading
causes of death in the US (1). The age-adjusted death rate from malignant neoplasms has
decreased 16% since 1950 while the death rate from heart disease has dropped an impressive
70% over that same period (2). Despite these remarkable achievements, chronic diseases of
the central nervous system (CNS), such as Alzheimer’s disease (AD), have not benefited
similarly (Fig 1A). In fact, the proportion of deaths from AD has increased 68% over the past
decade (3), moving AD from outside the top ten in 1980 to the sixth leading cause of death
inthe US in 2013 (2). AD currently affects over five million people in the US, and is expected
to increase to over thirteen million by 2050. The estimated total cost of care in 2012 for
people with AD was over $200 billion and is projected to rise to $1.2 trillion within the next
forty years (Fig 1B) (3). In comparison, the direct healthcare costs in 2010 for heart disease
and cancer were estimated at $109 billion and $77 billion, respectively (4), making AD one
of the most costly diseases in the US. A similar trend, in both high societal cost and a relative
lack of progress in treatment, is seen with many other neurodegenerative diseases, including
Huntington’s disease (5), Parkinson’s disease (PD) (6), and certain forms of multiple

sclerosis (7).
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Fig 1.1 Societal impact of Alzheimer’s disease in the US. (A) Change in age-adjusted death
rate from 2000-2013 for major causes of death in the US. AD is one of the few causes to
increase over this period [Data from (2)]. (B) Per-annum cost per person for care services in
patients with AD aged 65 and older. The average cost of care services exceeded $40K per

AD patient in 2012 [Data from (3)].
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Investigating the current treatment modalities for AD and their limitations is useful

to demonstrate the obstacles that inhibit better treatments for CNS diseases as a whole. AD
is a neurodegenerative disease that causes memory impairment and affects cognitive
function. The key pathological signs are atrophy of the cerebral cortex and hippocampus,
accumulation of extracellular -amyloid plaques, and aggregated intracellular tau protein
(neurofibrillary tangles). The disease is also characterized by decreased cerebral synthesis of
the neurotransmitter acetylcholine (ACh). First-line treatment for AD includes the
cholinesterase inhibitors donepezil, rivastigmine, and galantamine (Fig 1.2). These
molecules reduce breakdown of endogenous ACh restoring some degree of cholinergic
function. Memantine, an N-methyl-D-aspartate (NMDA) receptor antagonist, is also
commonly given to treat AD and believed to be neuroprotective. These drugs are all small
(<400 Da) and strongly lipophilic, two key structural characteristics that allow them to enter
the CNS (discussed in section 1.4). They are also only symptomatic treatments and fail to
either influence the poorly understood underlying pathophysiology or significantly reduce

disease progression.
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Fig 1.2. Molecular structures of FDA-approved treatments for Alzheimer’s disease. Each

molecule is small and hydrophobic with few atoms capable of forming hydrogen bonds.

With the tremendous social burden AD is poised to place on the US in the upcoming
decades, significant investment has been made recently to improve treatment for the disease;
however, few new therapies are expected in the near future. From 2002-2012, 99.6% of new
AD therapies, primarily small molecules and immunotherapies, investigated in clinical trails

failed due to either poor efficacy or unacceptable toxicity. This is among the lowest success
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rates for therapeutic development. More concerning is that, over this same time period, none

of the 221 disease-modifying drugs successfully progressed through clinical trials (8).

The example of AD illustrates factors common to most chronic neurological
conditions, namely, (i) complex and multifactorial pathogenesis reducing the possibility of a
single “silver bullet” treatment, (ii) limited or no disease-modifying therapies currently
available, and (iii) few promising disease-modifying candidates in the drug pipeline. Novel
and innovative treatment approaches are desperately needed before the societal impact of

these chronic diseases becomes overwhelming.
1.2 Blood-Brain Barrier Structure and Function

A major reason for the limited progress in treating CNS diseases is the inability to
deliver therapeutic quantities of drug to the CNS from the blood. Drug delivery is inhibited
by the blood-brain barrier (BBB), an anatomical and physiological barrier between the CNS
parenchyma and vasculature. It is composed of endothelial cells, pericytes, and astrocyte
end-foot processes and plays a critical role in maintaining homeostasis within the CNS, with
functions including influx of nutrients and efflux of waste, maintenance of optimum ion
concentrations, control of immune surveillance, and separation of central and peripheral
neurotransmitter pools (9).

One of the major reasons that the BBB is able to engage in such a diverse and finely
controlled range of functions is the presence of zonulae occludentes (tight junctions) between
endothelial cells. These tight junctions greatly inhibit paracellular diffusion of polar
molecules, macromolecules, and cells, forcing solute transport into the CNS to occur
primarily across individual endothelial cells. The junctions are so effective that individual
sodium ions (hydrated radius of 3.6 A) are prevented from crossing paracellularly.
Maintenance of the tight junctions is controlled by soluble factors secreted by nearby
astrocytes, highlighting the importance of nearby supporting cells in maintaining and

influencing BBB permeability (10).



1.2.1 Solute Transport Across the Blood-Brain Barrier

Though the BBB severely limits passive transport of solutes into the CNS, many
different transport systems exist at the BBB for influx of necessary nutrients. There are six
main transport mechanisms at the BBB: (i) passive paracellular diffusion (PPD), (ii) passive
transcelluar diffusion (PTD), (iii) solute carrier proteins (SCP), (iv) receptor-mediated
transcytosis (RMT), (v) adsorptive-mediated transcytosis (AMT), and (vi) tight junction
modulation (TJM) (Fig 1.3) (9).
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Fig 1.3. Solute transport systems at the blood-brain barrier. Solutes can cross the BBB
through six different pathways. (1) Passive paracellular diffusion, (i1) passive transcellular
diffusion, (iii) solute carrier protein influx, (iv) receptor-mediated transcytosis, (V)
adsorptive-mediated transcytosis, and (vi) tight junction modulation. Nearly all FDA-

approved medications for chronic CNS diseases cross through PTD.



PTD is primarily restricted to small (<500 Da), lipophilic molecules capable of
diffusing through the cell membrane lipid bilayer. Molecules capable of forming >6
hydrogen bonds and with polar surface areas >80 A are severely restricted from crossing by
PTD due to the high free energy requirement to partition from the aqueous blood to lipid
membrane. Some bases are capable of crossing via this pathway due to the ability of the
cationic group to interact with the negatively charged phospholipid membrane head, but they
are still limited by the size restriction needed for diffusion (10). The only way for polar
solutes to passively move through the BBB is through PPD; however, due to the presence of
the tight junctions, this pathway is virtually non-existent in the healthy BBB.

Many polar solutes, though, are required for normal function in the CNS. To
accommodate these needs, specific transport proteins for many different nutrients, including
amino acids, glucose, and small peptides, exist at the BBB. SCP’s on the apical surface of
the BBB recognize their solute in the blood and transport it into the BBB endothelial cells
through facilitative diffusion. As concentration within the endothelial cell builds, equivalent
transport proteins on the basal membrane transport solute into the CNS parenchymal space.
SCP’s are highly specific for their solute and have limited ability to transport different or
novel compounds. This method of facilitative diffusion is also restricted to small molecules
capable of moving through the protein channels.

To transport macromolecules across the BBB, transcytosis pathways are used. In this
process, events on the apical side of the BBB trigger invagination of the cell membrane to
form an endocytic vesicle encapsulating the macromolecules. The vesicle is then transported
to the basolateral side of the endothelial cell where it fuses with the membrane, releasing the
enclosed macromolecules to the CNS parenchyma. In RMT, specific binding of a serum
protein to its transcytosing receptor on the apical side induces formation of the transcytosis
vesicle. Several serum proteins, including transferrin (Tf), insulin, and apolipoprotein E
(ApoE) use this process to enter the brain from the circulation (10). An alternative method
to induce transcytosis is through AMT. AMT is a non-specific process where a highly

cationic protein induces transcytosis by interacting with negatively charged proteins on the
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endothelial cell surface. The exact mechanisms by which AMT occurs are less understood

than those for RMT (11).

The final mechanism solutes use to cross the BBB is through TJM though this process
does not readily occur in the healthy BBB. Circulating leukocytes are believed to use this
pathway to enter the brain and become resident microglia, though there is some debate
regarding whether the tight junctions themselves are transiently disrupted (10). TJM mainly
occurs in pathological conditions, such as malignant gliomas, where astrocyte endfoot

coupling to the endothelium is disrupted, leading to loss of BBB integrity (12).

1.3 Current Methods of Drug Delivery to the CNS

The vast majority of drugs currently used to treat neurological diseases are small and
lipophilic, reaching the CNS through PTD. This includes benzodiazepines, many anti-
psychotics and anti-depressants, and the AD treatments in Fig 1.2. Not coincidentally, most
diseases that can be treated with these drugs, such as depression, anxiety, and psychosis, have
significantly better prognoses than diseases where small, lipophilic drugs are unavailable.

Invasive methods that physically bypass the BBB have been investigated for several
decades to treat CNS diseases that are poorly treated systemically. Three similar techniques
that involve direct introduction of drug to the parenchyma have been developed with varying,
but overall limited, degrees of success: (i) intracerebral implantation (ICI), (ii)
intracerebroventricular infusion (ICV), and (iii) convection enhanced diffusion (CED) (13).
Two other methods, hyperosmotic shrinkage (HOS) and focused ultrasound (FUS), involve
transient disruption of BBB tight junctions to allow circulating drugs to enter the CNS (14).

ICI involves direct implantation of drugs into the CNS parenchyma. It was first
crudely applied in patients with gliomas, where a chemotherapeutic-soaked sponge was
placed in the resulting cavity after sub-total tumor resection. This technique was further
refined to incorporate external cannulas allowing multiple chemotherapy doses to be
introduced directly into the glioma site or implantation of drug-loaded, biodegradable
devices (15). ICV introduces drugs directly into the ventricular system to take advantage of

cerebrospinal fluid (CSF) circulation to deliver drug to a large brain area while avoiding
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uptake into systemic circulation. This method has been applied in a variety of conditions,

including AD (16) and chronic pain (17).

Clinically, these two techniques have shown limited to no improvement over
systemic treatments. The main reason for this failure is the poor drug diffusion from the site
of introduction. Solute diffusion in the brain decreases by the square of the distance from its
origin, leading to logarithmic decay in drug concentration. In practical applications, the
concentration of small molecule drugs introduced by ICV to Rhesus monkeys was found to
decrease by 98% only 1-2mm from the ependymal surface (contact point between the CNS
parenchyma and CSF) (13). The extremely limited diffusional capacity of drugs introduced
by these methods and their failure to significantly improve outcomes for focal diseases like
primary neoplasm bodes poorly for their application in diffuse conditions such as AD where
neurons throughout the brain are affected.

CED attempts to improve upon the diffusional limitations of ICI and ICV through
use of an infusion pump. This produces a small positive pressure gradient to drive bulk flow
of drug into the CNS parenchyma, leading to delivery of therapeutic concentrations over a
much larger volume than previously possible. Two CED treatments have reached Phase 111
clinical trials for glioblastoma multiforme (GBM) but failed to show statistically significant
survival benefit as monotherapy compared to conventional therapy, though there is some
evidence they may have a role in combination therapies. Research is ongoing with CED
devices to improve biocompatibility and technical reproducibility as well as deliver novel
therapeutics (18).

An alternative method to physically bypass the BBB is to temporarily disrupt the
tight junctions between endothelial cells, allowing for transient permeability to systemic drug
molecules. This is done commonly in the clinical through arterial injection of a hyperosmotic
solution, such as mannitol. The high salt concentration in the blood causes BBB endothelial
cells to shrink and stretch the tight junctions (19,20). Expansion of the tight junctions creates
space in between cells for circulating drug molecules to cross and enter the CNS. HOS
suffers, however, from difficult administration and significant side effects, including seizures
and hypotension (14). These problems are likely due to the widespread, nonspecific nature

of BBB disruption in HOS, allowing toxic substances to enter the brain.
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Similar to the development of CED in response to ICI and ICV’s shortcomings,

FUS was investigated as a method to safely disrupt the BBB. In FUS, microbubbles are
administered systemically, followed by focal application of ultrasound waves. The
microbubbles oscillate within the ultrasound field allowing them to interact with endothelial
cells. At the BBB, the exact mechanism that leads to BBB disruption is unclear. Current
understanding is that the microbubbles either physically stretch the endothelium similar to
HOS or trigger a physiologic response that temporarily increases permeability. Regardless
of the true biological cascade leading to BBB disruption, FUS has garnered considerable
attention due to the abilities to both control the magnitude of disruption and spatially locate
disruption by controlled application of the ultrasound. It is also reproducible, capable of
delivering a wide variety of therapeutic agents, and has not shown significant side effects in
animal models (14). Concerns persist regarding the long-term safety of FUS and its efficacy
in humans. The technique has very recently begun investigation in a pilot clinical trial to
deliver doxorubicin to GBM patients (21). Of particular concern is whether this method will
cause similar neurological side effects as HOS by non-specifically regulating what crosses
the BBB.

One final aspect affecting small molecule drug delivery to the CNS—either
systemically or by invasively bypassing the BBB—is the presence of efflux pumps on the
basal side of BBB endothelial cells. Similar to the influx SCP’s on the apical cell membrane,
specific efflux transporters exists to clear neurotoxins from the CNS. There are numerous
different ATP Binding-Cassette (ABC) transporters expressed for this purpose, including P-
glycoprotein, Multidrug Resistance-associated Proteins, and Breast Cancer Resistance
Protein (10). These proteins can actively transport a diverse array of molecules out of the
CNS, including a large number of prescribed medications. In fact, many drugs that showed
promise in vitro have failed either in animal models or during clinical trials because they are
cleared from the CNS by ABC transporters (22). Novel therapeutics that not only diffuse
through significant portions of the brain but can also avoid rapid efflux by ABC proteins are

needed to improve on these current paradigms.
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1.4 Targeted Drug Delivery to the Brain

Compared to invasive, local introduction of drugs described above, therapies that are
capable of entering the brain from the blood show much greater potential to treat diffuse CNS
diseases such as AD and PD. The brain is highly vascular, with a total surface area for
exchange between 12-18 m? in an adult human. Furthermore, no brain cell is greater than 25
um from a capillary, allowing for significantly shorter diffusional distances from the blood
to reach functional cells compared to locally administered treatments (10).

As detailed above, very few drugs are capable of using PTD to enter the brain and
restraining candidate drugs within the limited design parameters for PTD significantly
diminishes the available pool of potential treatments. Developing a method to deliver large,
macromolecular therapeutics to the CNS provides the most promising route as normally
excluded treatments, such as potent biologics and circulating drug delivery devices, will be
available for use. Delivery methods that do not affect BBB integrity are also desired so only
the therapeutic enters the CNS and not potentially toxic substances.

In order to meet these requirements, large therapeutics must cross by transcytosis
(detailed in section 1.3). The idea of using endogenous transcytosis pathways to shuttle a
therapeutic into the brain was first proposed several decades ago (13). The general approach
has been to conjugate a BBB-impermeable drug molecule to a ligand that binds a
transcytosing receptor at the apical side of the BBB. Binding of the ligand portion of the
drug-ligand conjugate to its receptor will shuttle the drug through the BBB via the
transcytosing vesicle. Then, once inside the CNS, the drug can diffuse to its site of action.
This method of “masking” the drug molecule by binding it to a transcytosing ligand has been
coined the “Trojan-horse” approach for CNS drug delivery (13). RMT across the BBB has
already been investigated extensively to deliver antibody-drug conjugates (23, 24, 25),
liposomes (26, 27), and nanoparticles (28, 29, 30) to the CNS.
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1.4.1 Drug Delivery Across the Blood-Brain Barrier Using Anti-Transferrin

Receptor Antibodies

Several receptors are known to undergo RMT at the BBB. The insulin receptor (InR),
transferrin receptor (TfR), melanotransferrin receptor (MTfR), low-density lipoprotein
receptor-related protein 1 (LRP1), and the folate receptor (FR) have each been investigated
for targeted drug delivery (30). Of these ligands, Tf has been the most studied and is of
greatest relevance to this work.

Tf is an iron-binding protein that transports free iron in biological fluids. Iron-loaded
Tf (holo-Tf) has high binding affinity for TfR (Kp = 15 nM). In most cells, once Tf binds to
TfR, the protein-receptor complex is internalized via clathrin-mediated endocytosis. A drop
in pH within the endosome causes a conformational shift in Tf, leading to iron release from
holo-Tf and disassociation of apo-Tf (Tf without any bound Fe, Kp > 700 nM) from T{R.
The endocytic vesicle is recycled back to the plasma membrane where apo-Tf is released

back to the extracellular fluid to find more iron (Fig 1.4) (31).
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Fig 1.4. The transferrin cycle in apolar cells. (1) Holo-Tf binds TfR on the plasma membrane.
(i1) Binding induces endocytosis of the Tf-TfR complex. (iii) Protons are actively pumped
into the endosome, reducing the pH to ~5.5. (iv) Acidification of the endosome causes a
conformational change in Tf, leading to release of bound iron and detachment from TR, (v)
The vesicle is recycled back to the cell surface, releasing iron-free Tf (apo-Tf) back to the

extracellular space.

In BBB endothelium, however, Tfis transcytosed across the cells, allowing it to enter
the CNS (discussed in detail in Section 2.1). TR is a useful target for drug delivery because
it is highly expressed on BBB endothelium and not saturated by endogenous Tf as seen in
other tissues (32,33) presenting available binding sites for targeted therapies. TR is similarly
upregulated in many different forms of cancer and Tf has been used successfully as a

targeting molecule for an siRNA-containing nanoparticle in clinical trials (34).
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Anti-TfR antibodies have been primarily investigated as transcytosis ligands

because of their specificity for TfR, high binding affinity and ability to induce endocytosis
by binding a different epitope on TfR than native Tf (30). In the early 90°s, a mAb against
the rat TfR (OX26) was first found to cross the BBB and enter the CNS (25). Subsequent
work focused on the development of antibody-drug conjugates (ADC’s) where one to several
drug molecules are conjugated to the Fc region of the antibody. Anti-TfR ADC’s containing
therapies for stroke (35-37), Huntington’s disease (38), and AD (39) have been developed
and investigated in animal models.

Despite the wide variety of experimental anti-TfR RMT therapies developed, there
is yet to emerge a viable clinical candidate using this technique. A major reason for this
failure is the very low numbers of antibodies that reach the CNS from systemic injection. For
example, only 0.44% of injected OX26 antibody is within the rat brain after 24 hours (25).
Similar results have been found with Tf-containing liposomes (40,41) and nanoparticles
(19,42,43). In BBB endothelium, there is some debate over the extent of transcytosis versus
endocytic recycling of Tf. Experiments in mice using radioactively labeled holo-Tf to
measure accumulation in the brain found increased brain Fe content relative to injected Tf,
suggesting endocytic recycling was the primary pathway taken by Tf (44,45). However,
other investigations in animals using radioactivity and electron microscopy have shown
successful transcytosis of Tf into the brain, indicating at least some portion of internalized
holo-Tfundergoes transcytosis into the CNS (46,47). Furthermore, successful delivery of Tf-
containing agents to the brain (29,42,48,49) reinforces the potential of Tf RMT as a pathway
for drug delivery to the CNS.

In 2011, a group from Genentech first began to uncover the mechanism preventing
accumulation of large numbers of anti-TfR mAb’s in the CNS. High-affinity antibodies allow
the ADC to bind TfR and initiate uptake into the BBB endothelium from the blood, but these
strong interactions prevent the therapeutic from releasing into the CNS. By preparing an anti-
TfR antibody with reduced affinity for TfR and dosing at therapeutic quantities, the authors
were able to show increased parenchymal penetration of the low-affinity antibody relative to
a high-affinity one. The authors proposed that high-affinity antibodies induce transcytosis

but remain bound to the TfR once the transcytosis vesicle fuses to the brain side of the
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endothelium and cannot penetrate the CNS. The low-affinity antibody, however, was able

to undergo transcytosis due to its high serum concentration but could also disassociate from
TR once on the brain side because of its reduced affinity to TR (Fig 1.5). With this approach
they were able to deliver nearly 1% of the injected low-affinity antibody to the CNS, an
amount deemed therapeutically useful (50); however, in order to obtain this amount of CNS
penetration, extraordinarily high quantities of antibody were needed systemically, likely

leading to significant side effects.
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Fig 1.5 (A) High affinity anti-TfR antibodies are restricted from entering the CNS by the

BBB endothelium but (B) low affinity ones can cross if given at very high systemic doses.

A different group from Roche proposed an alternative model for ligand processing
within the BBB endothelium that may explain this limited transcytosis. They prepared
antibodies against brain f-amyloid and engineered a Fab fragment to TfR onto one or both
of the C-termini of the IgG heavy chain. This facilitated either monovalent binding or
divalent binding to TfR. They found the divalent construct trafficked to the lysosome within
an in vitro BBB model and was unable to undergo transcytosis (51) (Fig 1.6). Their results
suggest TfR binding mode—not affinity—affects intracellular sorting and therefore

transcytosis capacity.
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Fig 1.6 Divalent anti-T{R Fab’s are sent to the lysosome while monovalent ones successfully
enter the CNS. ADC’s were synthesized containing either one or two anti-TfR Fab’s
conjugated to an anti-a mAb to shuttle the therapeutic antibody across the BBB. (A) The
divalent conjugate was believed to form dimers with TfR that promoted trafficking to the
lysosome and inhibited uptake in the brain. (B) The monovalent variant did not experience

the same accumulation within the lysosome and was capable of reaching the CNS.

Follow-up work from the Genentech group showed that their high affinity antibody
was similarly trafficking to the lysosome both in vitro and in vivo. They also found that
exposure to high-affinity anti-TfR antibodies led to downregulation of TfR expression by
brain endothelium (52). This finding was critical to recognizing the influence of high affinity
mAb’s on iron homeostasis in the CNS and the limitations of their use in conditions where
multiple doses would be necessary.

Taken together, these results suggest sequestration to the lysosome may be the
limiting factor in delivery of TfR-targeted antibody therapeutics to the CNS parenchyma.
Understanding how individual ligands are processed at the BBB is critical to promoting

transcytosis of therapeutics and avoiding dead-end or non-productive pathways (Fig 1.7).
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Fig 1.7 Potential pathways within the BBB endothelial cells for TfR targeted therapies. (i)
The targeted therapeutic binds TfR from the blood and (ii) is internalized through
endocytosis. (ii1) Once internalized, the vesicle can be sent to one of three different pathways:
(iv-a) transcytosed into the CNS, (iv-b) degraded within the lysosome, or (iv-c) recycled back
to the apical cell surface. Ensuring therapies preferentially undergo (iv-a) is critical to

developing effective targeted therapies that cross the BBB.
1.4.2 Targeted Nanoparticles and Their Applications in Drug Delivery

Nanoparticles are colloidal particles with diameters ranging from 1-100nm.
Nanoparticle therapeutics have garnered tremendous interest in the biomedical community
over the last three decades due to the extensive advantages they offer for drug delivery. Most
notably, nanoparticle therapeutics can (i) be loaded with large quantities of a drug compared
to ligand-drug conjugates (10°-10* times more); (ii) improve the pharmacologic profile of a
drug without changing the structure of the drug; (iii) accumulate within a specific biological

site, thereby decreasing side effects of the drug while introducing no new side effects; (iv)
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release drugs at a tunable rate; and (v) deliver multiple therapeutic and/or imaging agents

simultaneously (53). Moreover, nanoparticle therapeutics have proven clinical efficacy, with
several formulations receiving FDA approval for use in humans and over 250 products in
preclinical or clinical development (54).

Affinity ligands, including antibodies (55,56), proteins (29), and peptides (57,58),
can easily be added to the surface of nanoparticles. The targeting ligand allows the
nanoparticle to bind antigens on the plasma membranes of cells, facilitating specific
interaction and internalization via endocytosis (53). By incorporating ligands to receptors
that are overexpressed in diseased tissues, nanoparticles can reach these tissues in greater
numbers. Also, targeted nanoparticles have proven more efficacious than non-targeted
equivalents due to their ability to be retained by diseased cells and release drug within this
population (59,60). Targeted nanoparticles have garnered much attention due to their
superior pharmacokinetics and improved therapeutic indices compared to passive

nanoparticles. Several candidates are in varying stages of clinical trials (53).

1.4.3 Transferrin Receptor-Targeted Nanoparticles at the Blood-Brain Barrier

Many different experimental targeted nanoparticles have been investigated for drug
delivery across the BBB with widely varying results (61,62,63). One of the major issues in
assessing the ability of nanoparticles to reach the CNS parenchyma is the difficulty in
measuring nanoparticle deposition within different compartments of the brain in vivo.
Furthermore, the BBB can easily be disrupted depending on the disease investigated (64, 65),
experimental model used in vivo (66), and the characteristics of the nanoparticles used,
particularly if the nanoparticles are highly-negatively or positively charged (67).

These difficulties are further complicated in the case of TfR-targeted nanoparticles
where a significant portion may be retained within the endothelial cells. Distinguishing
whether nanoparticles are within the CNS parenchyma proper or stuck in endothelial cells is
paramount to measuring the their true capacity to cross the BBB.

Because of the uncertainty regarding targeted nanoparticle behavior at the BBB, the

Davis lab began investigating how the fundamental aspects of nanoparticle design, namely
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nanoparticle size, charge, and targeting ligand density, affected transcytosis capacity. We

were also motivated by the interesting results regarding antibody affinity from the Genentech
group and wanted to determine if similar effects occurred with T{fR-targeted nanoparticles.
Wiley et al. prepared a series of gold nanoparticles of varying diameters, ranging
from ~20-80nm, with increasing quantities of surface Tf. Zeta potentials of the nanoparticles
were kept slightly anionic to near neutral by adding a dense polyethylene glycol (PEG)
surface coating, which has been found to have no appreciable negative impact on BBB
integrity (67). The authors found that, similar to anti-TfR antibodies, uptake of nanoparticles
into the brain parenchyma was influenced by tuning the nanoparticle’s avidity for TfR. Of
the nanoparticles investigated, those with 80nm diameter and an intermediate avidity (0.89
nM Kbp to TfR) had the best delivery to the brain. Similar sized nanoparticles with greater
avidity to TfR were restricted from entering the brain and, in fact, associated with BBB
endothelial cells in greater amounts compared to the lower avidity formulation, suggesting
the nanoparticles were restricted from entering the CNS by these cells. The authors
hypothesized that the numerous, multidentate interactions between the surface Tf of the high
avidity formulations and TfR were preventing it from releasing from the transcytosis vesicle
and into the CNS (Fig 1.8A). The lower avidity nanoparticles did not suffer from the same
restriction, but are limited instead by their ability to outcompete endogenous Tf within the

blood and induce transcytosis (Fig 1.8B) (29).
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(A) High Avidity Nanoparticle (B) Low Avidity Nanoparticle
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Fig 1.8 Tf-containing nanoparticles are subject to the same constraints as anti-TfR antibodies

BRAIN

at the BBB; namely, (A) high avidity nanoparticles are restricted by BBB endothelium, but
(B) low avidity ones can enter the CNS but only with high systemic dosing.

The same results regarding targeted nanoparticle avidity were found using
nanoparticles targeted with angiopep-2, a peptide that induces transcytosis at the BBB by
interacting with LRP1, suggesting binding avidity may be a critical component to the success
of other RMT therapeutics at the BBB, not just transferrin (68).

Despite the limited transcytosis capacity, the high avidity, Tf-containing
nanoparticles were not seen within lysosomes on TEM (29). In contrast, gold nanoparticles
coated with the anti-TfR mAb 8D3 were found to accumulate within the lysosomes of BBB
endothelial cells over time (69). These findings suggest that the native ligand may be superior

in promoting transcytosis compared to mAb’s.
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1.5 Thesis Objectives and Organization

Results from Wiley et al. indicated that multidentate interactions between the surface
Tfand TR were preventing nanoparticles from entering the CNS. The goal of this work was
to determine whether attaching the TfR-targeting ligand to the nanoparticle core via a link
that would sever during transcytosis could overcome this problem and allow high avidity,
Tf-containing nanoparticles to successfully cross the BBB (Fig 1.9). If successful, these high-
avidity nanoparticles could then be investigated as potential drug delivery devices to the

CNS.
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Fig 1.9 High avidity targeted nanoparticles containing Tf bound through a detachable link.
The targeting ligand is bound to the nanoparticle core through a chemical link the breaks
during transcytosis. High avidity nanoparticles are capable of readily engaging with TfR on
the blood side of the BBB and inducing endocytosis, but a chemical stimulus experienced
during transcytosis triggers separation of the targeting ligand from the nanoparticle surface,

preventing inhibition of the nanoparticle within BBB endothelial cells.
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First, polymeric nanoparticles were prepared containing Tf bound through a

disulfide bond (Chapter II). A pilot in vivo study was performed to test the viability of this
targeting method. Though the method showed promise, questions regarding the magnitude
and mechanism of disulfide cleavage within the endosome and potential toxicity from
exposing free thiols within tissues led us to consider alternative strategies.

Next, gold nanoparticles with Tf bound through an acid-cleavable link were
investigated (Chapter III). By incorporating a small chemical link that breaks at mildly acidic
pH between Tf and the nanoparticle core, high avidity nanoparticles were found to cross the
BBB in greater amounts compared to those lacking the cleavable link. These nanoparticles
were compared with high affinity anti-TfR containing nanoparticles, which showed no
improvement in transcytosis when the acid-cleavable link was added.

Finally, polymeric nanoparticles loaded with dopamine (DA) were prepared as a
potential therapeutic for Parkinson’s disease and tested in vivo using an improved, acid-
cleavable linker strategy (Chapter IV). The nanoparticles with Tf bound through chemistry
that instantaneously disassociates at mildly acidic pH showed a higher than expected increase
in brain DA content when given to healthy mice. This result suggests nanoparticles
containing surface Tf that rapidly separates from the nanoparticle core under acidic
conditions are able to cross the BBB in increased numbers and deliver therapeutically useful

levels of drug to the CNS.
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Chapter I1

INVESTIGATION OF POLY(LACTIC-CO-GLYCOLIC ACID)
NANOPARTICLES CONTAINING TRANSFERRIN BOUND
THROUGH A DISULFIDE LINK

2.1 Introduction
2.1.1 Chemical Changes Experienced During Transcytosis - Reduction

To prepare nanoparticles with targeting ligands capable of detaching during
transcytosis, potential stimuli occurring during this process first needed to be identified.
As discussed in section 1.6, in most cells, holo-Tf is endocytosed, undergoes a
conformational change to release bound iron, and then recycles back to the extracellular
space. In polarized cells, such as the BBB endothlium, this process is slightly modified to
allow Tf to enter the CNS. After endocytosis, intracellular machinery sorts the Tf-
containing vesicle to undergo transcytosis, sending it across the cell and to the basal
membrane (1,2).

Several chemical differences exist within the endosome compared to the
extracellular space. The two most useful for a drug delivery device are (1) slight drop in pH
and (i1) exposure to redox agents. Changes in pH will be discussed in section 3.1.
Glutathoine (GSH) is the major non-protein redox agent in biological systems (3). In the
extracellular space, GSH concentration is low, about 10 uM (4), producing a generally
oxidizing environment outside the cell. Intracellularly, however, GSH concentration is in
low mM concentrations with the ratio of GSH to its oxidized form (GSSG) at ~100:1.
These two factors create a strongly reducing environment within mammalian cells. In the
endocytosis pathway several membrane associated enzymes help reduce the vesicle
contents. Protein disulfide isomerase (PDI) is a plasma membrane enzyme that reduces
macromolecules within the early endosome through disulfide-thiol exchange. GSH is also
present within the endosome to maintain the catalytic activity of this and other reducing

enzymes (5). Though the exact mechanism by which molecules are reduced in the
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endosome occurs is unclear, reduction of a disulfide-containing conjugate within

endosomes has been observed. This finding was also important because it occurred in Tf-

containing endosomes (6), suggesting it can be taken advantage of during Tf transcytosis.

2.1.2 Stimuli-Responsive Nanodevices

Stimuli-responsive nanomedicines are commonplace (7-9) including those in
clinical trials (10). In general, therapeutics are designed to take advantage of physical
and/or chemical changes the nanomedicine experiences at the site of action to trigger
release of loaded drug. This is typically done by incorporating the appropriate stimuli-
responsive chemistry into the backbone of the nanomedicine, causing it to destabilize or
degrade once it reaches its desired destination (e.g. a malignant tumor) (11). With
polymeric nanoparticles, the chemistry can be implemented either within the polymer chain
itself (12-14) or at the point of attachment for polymers that stabilize the nanoparticle core
under biological conditions (15-18).

Implementing stimuli-responsive chemistry to facilitate intact nanoparticle transit
across cellular barriers has not been performed prior to this work. Because of the reducing
potential within the endosome, the first cleavable chemistry investigated was disulfide
bonds. Disulfides are easily synthesized, reversible, and commonplace in biological
systems (5). These bonds have been implemented in many different nanoparticles, with the
vast majority designed to destabilize the device once in the desired intracellular

compartment (19-21).

2.1.3 Drug Delivery Using PLGA Nanoparticles

PLGA is an FDA-approved biodegradable co-polymer composed of lactic acid and
glycolic acid (Fig 2.1). It is used in a wide variety of medical devices, including sutures,
prosthetic devices, and implants (22). The polymer has received much attention from the
drug delivery community due to its flexibility, versatility, and excellent biocompatibility.
Depending on the synthesis method, PLGA can be formulated into nearly any shape (23)
and loaded with either hydrophobic or hydrophilic small (22) and macromolecules (24),
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including proteins and nucleic acids (25). PLGA nanoparticles can easily be prepared

through simple methods at the desired diameter for BBB transcytosis (26). Targeting
molecules can also be added to the surface of the PLGA nanoparticles after synthesis,
allowing for controlled quantities of targeting ligand on the nanoparticle surface (27).
PLGA nanoparticles are also resistant to degradation under mildly acidic conditions,
suggesting the nanoparticles will remain intact within the acidic endosome (28).

The drug payload is encapsulated within the core of PLGA nanoparticles during
synthesis. Under biological conditions, the esters comprising the PLGA polymer
hydrolyze, slowly breaking apart the polymer (22). The rate of breakdown can be
controlled by the ratio of lactic acid:glycolic acid in the co-polymer. The methyl group of
lactic acid makes it more hydrophobic compared to glycolic acid, so co-polymers enriched
in lactic acid break down more slowly (29). As the nanoparticle breaks down, water-filled
pores form, allowing encapsulated molecules to exit the particle core through diffusion

(30).

@) O OH
X 0O y

Fig 2.1 Chemical structure of carboxylic acid-terminated PLGA. X and Y refer to the molar

ratio of glycolic to lactic acid, respectively.
2.1.4 PLGA-PEG Nanoparticles

Nanoparticles are cleared from circulation primarily through the reticuloendothelial
system (RES). Opsonin proteins in the bloodstream bind foreign objects triggering their
phagocytosis by macrophages, especially within the liver and spleen (31). To reduce this
opsonization process and improve circulation half-life, nanoparticles are routinely

decorated with polyethylene glycol (PEG). PEG is a hydrophilic polymer of repeated ether
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units that is highly biocompatible and FDA-approved for use in humans. The polymer is

typically added to the surface of the nanoparticle to form a corona that inhibits serum
protein binding. This, in effect, reduces nanoparticle clearance from the bloodstream by
the RES (32).

PEG also provides steric stability to the nanoparticles in serum. Due to their high
surface area to volume ratio and surface potentials, spherical nanoparticles are at risk of
aggregating in solution (33). Surface PEG reduces nanoparticle aggregation by reducing
van der Waals attractive forces and increasing the distance between adjacent particles.
Addition of PEG also increases the solubility of the nanoparticle in aqueous solution (34).
A final benefit of PEG addition relevant to this work is that nanoparticles under 100nm
with a dense surface PEG coating are capable of diffusing through the extracellular space
of brain tissue (35).

PEG can be conjugated to PLGA through simple chemistry to form a block co-
polymer (36). Nearly all PLGA nanoparticles formulated for drug delivery are prepared in

this manner (25).
2.2 Results and Discussion
2.2.1 Synthesis and Characterization of PLGA Nanoparticles

For optimal transcytosis across the BBB, nanoparticles around 70 nm in diameter
and with near neutral zeta potential are necessary (37,38). For the reasons outlined in
section 2.1.4, a block polymer of PLGA and PEG was initially synthesized. Carboxy-
terminated PLGA (PLGA-COOH) was added to amine-terminated PEG (PEG-NH>)
through EDC/NHS chemistry in dichloromethane (DCM) (Scheme 2.1).

9 0
LAl M o omnge oo L}
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Scheme 2.1 Preparation of PLGA-PEG polymer. R = -OCHjs, -COOH, or —SH.
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PLGA nanoparticles can be prepared with these design parameters using

nanoprecipitation (26). In nanoprecipitation, PLGA is dissolved in a water-miscible solvent
at a predetermined concentration. The PLGA is then added dropwise to water stirring at a
high rate. Nanoparticles spontaneously form in the aqueous solution following addition.
The organic solvent used, concentration of PLGA in that solvent, and stir rate control the
size of the formed nanoparticles (36).

The relationship between starting PLGA concentration and nanoparticle size was
initially investigated. Various organic solvents, including dimethylformamide (DMF),
dimethylsulfoxide (DMSO), and acetonitrile (ACN), were used to dissolve prepared
PLGA-PEG polymer. DMSO was found to be the only solvent capable of producing
nanoparticles within the desired size range. Also, nanoparticle diameter could be controlled
linearly depending on the initial polymer concentration in DMSO (Fig 2.2). PLGA
nanoparticle size formed through nanoprecipitation was indirectly related to organic
solvent miscibility in water so a highly miscible solvent like DMSO leads to much smaller

nanoparticles compared to a less miscible one such as DCM.
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Fig 2.2 Effect of PLGA-mPEG polymer concentration in DMSO on nanoparticle diameter
(blue diamonds) and zeta potential (red squares) formed through nanoprecipitation.
Correlation coefficient and linear regression indicated for nanoparticle diameter is

displayed.
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To ensure the nanoparticle cores were stable under mildly acidic conditions

experienced during endocytosis, 100 nm PLGA-mPEG nanoparticles were incubated in a
pH 5 buffer solution at 37°C for 1 hour. Nanoparticle diameter was monitored during that
period by dynamic light scattering (DLS) (Fig 2.3). Evidence of nanoparticle instability
appears either as significant increase in nanoparticle diameter indicating aggregation or loss
in detected scattering signal indicating breakdown of nanoparticles into non-scattering
polymer components. The PLGA-mPEG nanoparticles showed no significant change in size
or signal intensity at pH 5 over 60 minutes, demonstrating their stability under the conditions

and timecourse of transcytosis.
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Fig 2.3 Nanoparticle diameter during 60 minute incubation at endosomal pH.
2.2.2 Investigation of an Anti-TfR Peptide as Potential Targeting Agent

With stable nanoparticles of the proper diameter and surface charge prepared, an
anti-TfR peptide reported to undergo transcytosis at the BBB (39) was investigated as a
potential targeting agent. Peptide targeting agents are considered superior to whole proteins
and antibodies due to their small size, low immunogenicity, and facile synthesis (40).
Peptides are also stable in organic solvents—unlike proteins and antibodies—allowing
them to be conjugated to nanoparticle parent polymers prior to particle formation, allowing

finer control of nanoparticle targeting ligand content.
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The peptide THR (sequence THRPPMWSPVWP) was found to bind specifically

to human TfR with a Kp of 15 nM using a phage display library (39). This binding affinity
is similar to Tf itself (11.3 nM) (41) but multiple peptides can be added to a single
nanoparticle to significantly increase binding avidity (40). More importantly, 13 nm gold
nanoparticles decorated with surface THR were found to cross an in vitro model of the
BBB, suggesting the peptide may be capable of undergoing transcytosis at the BBB in vivo.

The possibility of incorporating THR into the PLGA-PEG nanoparticle design was
intriguing due to the synthesis flexibility peptides provide compared to protein ligands.
Before this was attempted, however, the binding affinity of THR to TfR needed to be
validated. A cysteine (Cys) -terminated THR peptide was acquired to introduce a thiol
group that could be used to form disulfide bonds. The peptide was first labeled at the Cys
residue with a fluorescent tag to provide readout for receptor binding assays (THR-AF488).
Peptide binding to TfR was determined using K562 cells, a line known to express human
TfR in high amounts (42). Increasing concentrations of fluorescently labeled THR was
added to fixed K562 cells and the amount of fluorescence associated with the cells was

measured using single-channel flow cytometry (Fig 2.4).
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Fig 2.4 THR-AF488 binding to K562 cells. The solid red line indicates the theoretical
Langmuir binding isotherm for a ligand with a Kp = 15 nM. Blue diamonds indicate the
collected data points. Correlation coefficient and linear regression are shown for the bound

THR-AF488 data.

The amount of fluorescence bound to the K562 cells was linearly related to the
concentration of THR-AF488 suggesting no specific binding between the peptide and cells
was occurring. To ensure the adjacent fluorescent tag was not interrupting with peptide
binding capacity, a large PEG was instead conjugated to the Cys residue (THR-PEG) and
the binding assay was repeated. Bound peptide was determined by adding a fluorescent
anti-PEG antibody to the cell-peptide mixture after washing to detect any cell-associated
PEG (Fig 2.5). A similar result was found using immunofluorescence with virtually no

fluorescence associated with the K562 cells.
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Fig 2.5 THR-PEG bound to K562 cells using immunofluorescence. The solid red line
indicates the theoretical Langmuir binding isotherm for a ligand with a Kp = 15 nM. Blue
diamonds indicate the collected data points. Correlation coefficient and linear regression

are shown for the bound THR-PEG data.

A final measurement using non-labeled THR to compete with THR-AF488 was
performed. A constant concentration of THR-AF488 was combined with increasing
concentrations of non-labeled THR in the presence of K562 cells. Though a small amount
of fluorescence remained associated with the cells at low concentrations of non-labeled

peptide, this amount was not significantly greater than background fluorescence (Fig 2.6).
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Fig 2.6 Cell-associated fluorescence from bound THR-AF488 in presence of increasing

concentrations of non-labeled THR.

Taken together these results indicated the modified THR peptide had limited
affinity to human TfR, rendering it a poor option as a targeting agent. The native peptide’s
affinity for TfR has also been questioned in the literature as THR-labeled gold
nanoparticles failed to associate with the CNS in greater numbers than non-targeted ones
in vivo (43). The peptide was discovered using a phage library against a chicken embryo
fibroblast line engineered to express human TfR (39). The same specific binding to TfR
could not be found in human derived cell lines (44) suggesting the artificially expressed
TfR was not equivalent to natively expressed human TfR. It is also possible that the
addition of the terminal Cys residue or other modifications disrupted THR’s ability to bind
TfR on K562 cells though the evidence in literature strongly suggests even the native

peptide itself has limited to no affinity to endogenously expressed human TfR.

2.2.3 Synthesis of Inter-PEG Disulfide

With the THR peptide failing to serve as a potential targeting ligand, focus shifted
towards developing a method to add Tt to the nanoparticle surface through a disulfide bond.
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As described in the previous section, to attach whole proteins to the surface of PLGA

nanoparticles, the nanoparticles must first form in aqueous solution followed by addition
of surface proteins.

There are two potential points for introducing the cleavable disulfide bond PLGA
nanoparticles: (i) directly between the native protein and the rest of the nanoparticle or (ii)
within the nanoparticle core such that the nanoparticle does not destabilize after it breaks.
To form the disulfide between the nanoparticle core and the native protein, a free thiol
would be introduced in Tf at a known residue, followed by addition to thiol-expressing
PLGA nanoparticles (PLGA-PEG-SH). This approach, however, has kinetic, functional,
and technical problems. Kinetically, the concentrations of surface Tf free thiols and PLGA
thiols would be exceedingly low in solution, leading to slow reaction time. The harsh
oxidizing conditions necessary to form the disulfides at a reasonable rate could also
potentially disrupt Tf’s structural integrity and, consequently, its ability to bind TfR.
Finally, preparing PLGA-PEG-SH nanoparticles in aqueous solution is difficult as thiols
on adjacent PLGA nanoparticles can easily form disulfides with one another, leading to
rapid nanoparticle aggregation.

To counteract these limitations, the disulfide was placed within a single PEG strand
that was bound to Tf. By doing this, the PLGA nanoparticles can react with Tf using fast
and well-characterized chemistry without sacrificing nanoparticle core stability. Once the
disulfide breaks, a PEG, albeit smaller in length, will remain attached to the PLGA core,
preventing any significant change in nanoparticle steric stability. This approach of
preparing cleavable PEG’s has already been used successfully to prepare unique
heterofunctional polymers (45).

Heterobifunctional, thiol-containing PEGs of different molecular weights were
added together in DMF in the presence of hydrogen peroxide (H202) to promote formation
of disulfides (Scheme 2.2). Unfortunately, this reaction is not specific for the desired
heterobifunctional product. Crosslinking between same-sized PEG molecules was
prominently observed using matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF) (Fig 2.7). The reaction was also unable to reach completion

over the measured timecourse as significant quantities of the parent PEG molecules
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remained. An excess quantity of small molecule thiol (2-mercaptoethanol, BME) was

added to undergo thiol-disulfide exchange with the products, regenerating the parent

polymers and indicating the three products were indeed linked through disulfide bonds (Fig
2.8).

NH,-PEG-S-S-PEG-COOH

5.4kDa
3% H,0,, DMF
NH,-PEG-SH + SH-PEG-COOH 272 "o NH_.PEG-S-S-PEG-NH,
3.4kDa okDa 24hrs 6.8kDa

+ COOH-PEG-S-S-PEG-COOH
4kDa

Scheme 2.2 Formation of disulfide bonds between two PEG molecules. Two thiol-
terminated PEG molecules were reacted to form a heterobifunctional (5.4kDa), disulfide

containing PEG. Homobifunctional side products (6.8kDa and 4kDa) were also formed.
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Fig 2.7 MALDI-TOF analysis of PEG coupling reaction. MALDI spectra of NH2-PEG-
SH (3.4kDa) and COOH-PEG-SH (2kDa) reaction at 24hrs. Peaks A and B correspond to
the reactants, COOH-PEG-SH and NH2-PEG-SH, respectively. Peaks C, D, and E
correspond to the three potential products shown in Scheme 2.2, the 4kDa, 5.4kDa, and

6.8kDa polymers, respectively.
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Fig 2.8 MALDI-TOF analysis of disulfide cleavage reaction. MALDI spectra of NH2-
PEG-SH (3.4kDa) and COOH-PEG-SH (2kDa) reaction after addition of excess BME.
Peaks A and B correspond to the parent polymers, COOH-PEG-SH and NH2-PEG-SH,
respectively. There is no evidence of products from disulfide bond formation between PEG

polymers due to thiol-disulfide exchange caused by the excess BME.

2.2.4 Preparation and Characterization of PLGA Nanoparticles Containing

Surface Tf Bound Through a Disulfide Bond

To prepare PLGA nanoparticles containing an intra-PEG disulfide bond, thiol-
terminated PLGA-PEG polymer (PLGA-PEG-SH) was prepared as shown in Scheme 2.1.
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After the diblock-polymer was formed, a heterobifunctional PEG containing terminal

thiol and carboxylic acid groups (SH-PEG-COOH) was added (Scheme 2.3). This
particular polymer was chosen for its ability to form a disulfide bond with the PLGA-PEG
block polymer while reintroducing a terminal carboxylic acid capable of reacting with Tf
once the nanoparticle is assembled. By using a large molar excess of SH-PEG-COOH,
disulfide cross-linking between adjacent PLGA-PEG-SH polymers was minimized. The
cross-linked SH-PEG-COOH species could also be removed easily through size separation
to yield the desired block co-polymer product.

o)
0
SH-PEG._ /IL _ SxSH-PEG-COOH | SH-PEG-COOH o0y pEG.S-S-PEG /U\ o H
24Hr, DMIF, 3% H,0p SN No o
H 500 50

Scheme 2.3 Incorporation of intra-PEG disulfide bond to PLGA-PEG copolymer.

The PLGA nanoparticles were prepared by mixing the disulfide-containing
polymer with non-functional polymer strands prior to nanoprecipitation. Mixing functional
and non-functional PLGA-PEG polymers before nanoparticle formulation provides control
over surface ligand density by controlling the number of reactive sites on the nanoparticle
surface (26). In this design, varying the composition of these two polymers in the pre-
formulation mixture will affect the carboxylic acid quantity expressed on the nanoparticle
surface, controlling the number of available reactive sites for Tf.

A third component was also included in the polymer mixture to serve as a
fluorescent reporter. A fluorescent dye molecule was conjugated to non-PEGylated PLGA
polymer (PLGA-AF488) and a small percentage (2.5 wt%) of this polymer was included
in the pre-formulation mixture. Including the fluorescently tagged PLGA polymer in this
manner allows creation of highly fluorescent nanoparticles without affecting nanoparticle
stability (46). Also, by conjugating the fluorophore to non-PEGylated PLGA, it is hidden
within the surface PEG corona formed by the majority PLGA-PEG component of the
nanoparticle. This prevents the fluorescent dye from interfering with surface protein

addition or nanoparticle interactions once within biological systems.
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Following nanoprecipitation, targeted nanoparticles were prepared by

conjugating different quantities of Tf to the nanoparticle surface through EDC/NHS
chemistry (Fig 2.12). Four different nanoparticle formulations were prepared: (i) non-
targeted (PLGA-mPEQG), (ii) low-Tf containing, (iii) high-Tf containing, and (iv) high-Tf
bound through disulfide bond. The polymer composition of each formulation is shown in
Table 2.1. Nanoparticle diameter and zeta potential were measured using DLS (Table 2.2).
The nanoparticle hydrodynamic diameter did not vary significantly between non-targeted
and non-cleavable Tf-containing formulations. The disulfide containing formulation was
slightly larger, which is consistent with a larger PEG corona formed by the longer disulfide-

containing PEG’s. Zeta potentials were similar and near neutral for all formulations.



A

9 o

OCH;PEG, /H\ o H
N o °

b 50

+

9 o
COOHPEG, /U\ o H
.40 50

+
2 o
Alexa Fluor 488 H
~ JL o %
N OPT o
o 50

B

9 o
OCH,PEG /H\ o H
o 50
.
2 o
COOH—FEG’&S'PEG\ /’.L o H
o 50

.
® o
Alexa Fluor 488,
~ J\ o] H
u Lo} o
) o

Added to H,0, dropwise

4hrs stirring at RT

4hrs stirring at RT

HyCO,

OCHg

HyCO

PEG-COOH

5-8-PEG-COOH

H;;CO_lL H

Added to H,0, dropwise

HyCO e

I o,

HyCO' OCH,
8-8-PEG-COOH

PEG-COOH

nnnOCH;

‘OCH,

OCHy

nnnOGH,

46

PEG-Tf

HyCO, 3
", OCH,
Holo-Tf, EDC, NHS

—
907 PBS, pH 7.2 HyCO s

B

HyCO

AR OCH,

OCHy

8-8-PEG-Tt

HaCO,

, OCH;

Holo-Tt, EDC, NHS

90, PBS, pH 7.2 HaCOnns

B

nnn OCH,

HOCH_;

S-5-PEG-TI

HyCO

Scheme 2.4 Synthesis of Tf-labeled PLGA-PEG nanoparticles. Panel A shows the

preparation of non-cleavable nanoparticles. Panel B shows the preparation of disulfide-

containing nanoparticles. Each polymer mixture was prepared in DMF at a total PLGA

concentration of 10mg/mL prior to formation of the nanoparticles through nanoprecipitation.

The relative amounts of each polymer used to make the four different nanoparticle

formulations are shown in Table 2.1. Each formulation contained 2.5% PLGA-AF48&8.

Formulation % PLGA-mPEG | % PLGA-PEG-COOH | % PLGA-PEG-S-S-PEG-COOH
mMmPEG 100 0 0
Low Tf 90 10 0
High Tf 70 30 0
High Tf + S-S 70 0 30

Table 2.1 Polymer composition of PLGA-PEG nanoparticle formulations. Values shown are

wt %.



Formulation Diameter (nm) Zeta potential (mV)
mPEG 56.6 -6.6+ 2.6
Low-Tf 58.7 -5.8+ 3.8
High-Tf 56.2 -85+1.6
High-Tf + S-S 65.6 -59+ 3.0

47

Table 2.2. Characterization of PLGA-PEG nanoparticles. Zeta potential values are given as

the average value plus or minus one standard deviation

The binding avidity to TfR of the disulfide-containing formulation was measured

before and after exposure to a reducing agent. Neuro2A cells that express TfR were

incubated with varying concentrations of methoxy-terminated PLGA-PEG particles

(PLGA-mPEG), disulfide-containing PLGA-PEG-Tf (PLGA-PEG-S-S-PEG-Tf), and

disulfide containing PLGA-PEG-TTf after treatment with reducing agent, dithiothreitol

(DTT). The binding curves of each of these formulations are presented in Fig. 2.9. The

calculated Kp for the disulfide-containing formulation without exposure to DTT was 2.5

nM.
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Fig 2.9 Disulfide-containing nanoparticle binding avidity to Neuro2A cells. Measured data
points are indicated by squares, diamonds or triangles for the disulfide-containing PLGA-
PEG-Tf nanoparticles (S-S), disulfide-containing PLGA-PEG-Tf nanoparticles after
treatment with DTT (S-S +DTT), and methoxy-terminated PLGA-PEG nanoparticles
(mPEG), respectively. The model curves for each formulation are based on the Langmuir

binding isotherm.

The Tf targeted, disulfide-containing nanoparticles bind the most to Neuro2A cells
and have the highest avidities for the TfRs. Cleavage of the disulfide bond by treatment
with DTT and subsequent dissociation of Tf from the nanoparticle significantly lowers the
nanoparticles’ binding to the Neuro2A cells, seen by the decreased maximal fluorescence
intensity (Fig. 2.13). Non-targeted (PLGA-mPEG) nanoparticles have essentially the same
binding curves as the DTT-treated nanoparticles, which suggests that most of the binding
by the DTT-treated particles is due to non-specific interaction of nanoparticles with the cell

surface. These results demonstrate that the disulfide-containing nanoparticles bind with
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high avidity to TfRs, but once Tf falls off the nanoparticles they bind non-specifically to

the Neuro2A cells just as the non-targeted nanoparticles. This indicates that a disulfide
bond is present between the Tf and PLGA nanoparticle core and when cleaved causes loss
of the targeting ligand from the nanoparticle and subsequent loss of binding avidity for the

targeting ligand’s receptor.

2.2.5 In Vivo Investigation of PLGA Nanoparticles Containing Surface Tf
Bound Through a Disulfide Bond

BALB/c mice were intravenously administered four PLGA nanoparticle
formulations: (i) non-targeted nanoparticles (mPEG); (ii) low avidity nanoparticles (30 Tf
per nanoparticle); (iii) high avidity nanoparticles (3000 Tf per nanoparticle); and (iv) a high
avidity nanoparticle containing a disulfide linker between the targeting ligand and
nanoparticle core (3000 Tf per nanoparticle + S-S). Thin tissues sections were prepared and
imaged using fluorescence microscopy to identify the location of nanoparticles within the
brain. Initially, this was performed using fresh-frozen tissue sections. Non-targeted
nanoparticles showed little overall fluorescence with a few, large areas of signal likely
indicating nanoparticles within vessels (Fig 2.10). The low Tf formulation showed greater
overall fluorescence and small, diffuse punctate signal, suggesting they were from
nanoparticles within the brain parenchyma (Fig 2.11). The high Tf formulation, in contrast,
lacked these diffuse, punctate points (Fig 2.12). These results are consistent with previous
reports that high avidity nanoparticles fail to enter the CNS (37,47). The disulfide-
containing group showed staining pattern similar to the low Tf formulation, suggesting

they were able to reach the parenchyma (Fig 2.13).



Fig 2.10 Fluorescent image of fresh-frozen brain section of mouse injected with non-

targeted PLGA-PEG nanoparticles.



Fig 2.11 Fluorescent image of fresh-frozen brain section of mouse injected with low-Tf

PLGA-PEG nanoparticles.



Fig 2.12 Fluorescent image of fresh-frozen brain section of mouse injected with high-Tf

PLGA-PEG nanoparticles.



Fig 2.13 Fluorescent image of fresh-frozen brain section of mouse injected with high-Tf

PLGA-PEG nanoparticles containing a disulfide link between Tf and the nanoparticle core.

Making conclusions using fresh-frozen sections, however, is limited due to the
poorly preserved tissue architecture preventing definitive morphological identification of
vessels, so the assay was repeated using formalin-fixed paraffin-embedded brain tissue
sections. Figures 2.14-2.17 illustrate to what extent each nanoparticle formulation reaches

the brain parenchyma using this method. Nanoparticles were positively identified as
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distinct fluorescent signal above autofluorescence and clearly away from the blood

vessels and in the parenchyma. Fluorescence associated with cell nuclei was seen in the
negative controls and was therefore not considered to be specific to nanoparticles.
Untargeted PLGA-mPEG nanoparticles did not access the brain parenchyma and
remained exclusively in the vasculature (Fig 2.14). Low-Tf PLGA-PEG nanoparticles
were present in the parenchyma (Fig 2.15). High-Tf PLGA-PEG nanoparticles were not
clearly seen in the brain parenchyma, with a similar fluorescent pattern to the PLGA-mPEG
formulation (Fig 2.16). This is consistent with the necessity for the nanoparticles’ avidity
to be tuned for successful release into the brain parenchyma. High-Tf with disulfide
nanoparticles showed the greatest amount of fluorescence within the brain parenchyma

(Fig 2.17).
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Fig 2.14 Confocal images of PLGA-mPEG nanoparticle in formalin-fixed mouse brain
sections. Panel A: 488nm excitation, panel B: DAPI signal, panel C: merged image of
Panels A and B. Panel D shows an enlarged view of the merged image in Panel C. Solid
white arrows indicate fluoresecence co-localized with cell nuclei. Since this phenomenon
was seen with non-targeted particles, it was considered normal tissue background

fluorescence. Dotted white arrows indicate blood vessels.
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Fig 2.15 Confocal images of low-Tf PLGA-PEG nanoparticles in formalin-fixed mouse
brain sections. Panel A shows fluorescence from 488nm excitation. Panel B shows the
DAPI signal. Panel C shows a merged image of Panels A and B. Panel D shows an enlarged
view of the merged image in Panel C. Solid white arrows indicate fluoresecence co-
localized with cell nuclei. Dotted white arrows indicate blood vessels. Hollow white arrows
indicate fluorescence in the parenchyma not associated with cell nuclei determined to be

nanoparticle signal.
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Fig 2.16 Confocal images of high-Tf PLGA-PEG nanoparticles in formalin-fixed mouse
brain sections. Panel A shows fluorescence from 488nm excitation. Panel B shows the
DAPI signal. Panel C shows a merged image of Panels A and B. Panel D shows an enlarged
view of the merged image in Panel C. Solid white arrows indicate fluoresecence co-
localized with cell nuclei. Dotted white arrows indicate blood vessels. Hollow white arrows
indicate fluorescence in the parenchyma not associated with cell nuclei determined to be

nanoparticle signal.
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Fig 2.17 Confocal images of high-Tf plus disulfide PLGA-PEG nanoparticle in formalin-
fixed mouse brain sections. Panel A shows fluorescence from 488nm excitation. Panel B
shows the DAPI signal. Panel C shows a merged image of Panels A and B. Panel D shows
an enlarged view of the merged image in Panel C. Solid white arrows indicate
fluoresecence co-localized with cell nuclei. Dotted white arrows indicate blood vessels.
Hollow white arrows indicate fluorescence in the parenchyma not associated with cell

nuclei determined to be nanoparticle signal.
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Recent work by Wiley et al. demonstrated that nanoparticle avidity to

transcytosing receptors need to be tuned to deliver the nanoparticles into the brain
parenchyma. In this work, nanoparticles of intermediate avidity were able to attach to
receptors on the blood-side of the BBB and detach from the receptors on the brain side of
the BBB. These optimally tuned nanoparticles reached the brain parenchyma; however,
they did so in very small numbers (much less than 1% of the injected dose reached the
brain parenchyma). Nanoparticles of high avidity accumulated more in the bulk of the
brain mainly by remaining stuck to receptors in or on the endothelial cells of the BBB.

Here we demonstrate that nanoparticles whose targeting molecules are attached to
the nanoparticle core through a disulfide bond can access the brain in greater numbers than
nanoparticles with fixed targeting molecules. Nanoparticles of high avidity can associate
with receptors in larger numbers, and these nanoparticles, when released from their
targeting ligand while en route through the BBB, can accumulate more in the brain
parenchyma.

Disulfide bonds inserted into PEG linkers between the nanoparticle and the
targeting molecules can be cleaved by reducing agents including BME, DTT, and GSH.
When nanoparticles of high avidity are injected, they do not appreciably enter the brain
parenchyma. However, when nanoparticles of high avidity with the disulfide-based linker
are injected, the nanoparticles access the brain parenchyma in much greater numbers.
Nanoparticles of high avidity with disulfide linkers also access the brain parenchyma to a
greater extent than nanoparticles of tuned avidity. Therefore nanoparticles with targeting
molecules that fall off may be better able to deliver drugs to the brain than nanoparticles of

tuned avidity.

2.3 Conclusions

Disulfide bonds are cleaved in biological systems through interactions with
reducing agents such as GSH or cysteine or enzymes such as PID. In this work, targeted
nanoparticles were prepared using PLGA polymer coupled to targeting molecule

transferrin (Tf) through a PEG chemical spacer. A disulfide-bond was incorporated into
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the PEG chemical spacer that allows the targeting molecules to come off the

nanoparticles while en route across the BBB. This disulfide bond is cleaved by redox agents
present in transcytosing vesicles, separating the targeting ligand from the nanoparticle core.
Once the nanoparticle finishes its transit through the cell, it can diffuse, free of any
interference from the targeting ligand interactions with its receptor, into the CNS tissue.
In-vitro studies using the disulfide-containing nanoparticles demonstrated reduced
avidity to TfR in vitro after exposure to a reducing agent. In vivo investigations showed
increased delivery of high avidity nanoparticles to the parenchyma when targeting
molecules were attached through the disulfide bond suggesting the cleavable link strategy
was able to overcome the avidity limitations of previous nanoparticle designs (37).
Despite these initial intriguing results, using disulfide bonds as the cleavable
component in the nanoparticle design has several important constraints. First, the
magnitude and mechanisms of reduction within the endosome are poorly characterized.
Though reduction of a small molecule fluorescence resonance energy transfer (FRET)
reporters was observed in Tf-containing endosomes (6), the opposite result was not seen
with a much larger, antibody-based FRET reporter (48). In the latter case, a trastuzumab
antibody was bound to a rhodamine molecule through a disulfide bond and used to measure
endosomal reduction in a HER2 positive breast cancer cell line. The antibody failed to
separate from the fluorescent probe once within the endosome, which, according to the
authors, indicates the endosome is oxidizing, rather than reducing. It is possible that
endosomal behavior is modified in breast cancer cells, but more likely—and more
important to this work—is that the large antibody conjugate could not interact with redox
machinery within the endosome, preventing its reduction. Though it is well known that the
cytosol is strongly reductive due to the high concentration of GSH, the exact redox
conditions and components controlling these conditions in the endosome are less
understood. Reduction in the cytosol occurs primarily through thiol-disulfide exchange
using a thiolate anion. Formation of this anion within the acidic endosome is highly
unfavorable (pKa = 8.3), suggesting reduction occurs enzymatically (6). If redox enzymes
control endosomal reduction, a disulfide would need to be capable of accessing the enzyme

active site in order to be reduced. In the nanoparticle design presented here, this would be
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very difficult. The disulfide is within the PEG brush layer, creating tremendous steric

interference from enzyme interaction. Because of this, the ability of endosomal enzymes
to bind and reduce disulfides within the dense PEG layer during the course of transcytosis
is expected to be extremely limited. Without being able to cleave sufficient numbers of
targeting ligands from the nanoparticle surface, the nanoparticle will be subject to the same
avidity limitations of previous designs.

It is possible that the disulfide could be placed in a more flexible location to allow
easier access to redox enzymes. The most likely location would be at the nanoparticle
surface; however, that would lead to problems with exposing free thiols to the CNS. Free
thiols are well known to be toxic within biological systems by forming free radical species
(49), and thus designing the nanoparticle such that surface thiols are present after
transcytosis may lead to tissue damage once within the CNS, an unacceptable side effect.
The disulfide was designed to hide within the PEG brush layer of the investigated
nanoparticle to minimize thiol exposure once within the CNS, but, as described above, this
may preclude its ability to undergo enzymatic digestion.

A final limitation of this design is the implication of drug loading on the choice of
using PLGA as the nanoparticle component polymer. PLGA-PEG is an amphiphilic co-
polymer. In nanoprecipitation, this property drives spontaneous nanoparticle formation in
aqueous solution with the hydrophobic PLGA portion densely packed to form the
nanoparticle interior and surface PEG interacting with solvent molecules (22). This
synthesis technique is most commonly used to encapsulate small, hydrophobic drug
molecules since they easily pack within the PLGA nanoparticle core. For delivery to the
brain, however, drugs of interest are usually large and hydrophilic, necessitating an
alternative nanoparticle synthesis method. Hydrophilic macromolecules can be
encapsulated within PLGA nanoparticles using a double emulsion method (25) but stable
nanoparticles cannot be formed using this method at the sub-100nm sizes needed for BBB

transcytosis. An alternative polymer is necessary for drug delivery to the brain.
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2.4 Methods

Synthesis of THR-AF488. N-terminally = Cys-modified @ THR  peptide
(CTHRPPMWSPVWP) was purchased from Anaspec Inc. The peptide was dissolved at 0.01
mg/mL in PBS pH 7.2. Tris(2-carboxyethyl)phosphine (TCEP) was added to give a final
concentration of 5 mM and reacted at room temperature for 5 mins. Alexa Fluor-488
maleimide (Thermo Scientific) was dissolved in DMSO at a concentration of 6 mg/mL. The
Alexa-Fluor was added to Cys-THR at a 10 times molar excess and reacted at room
temperature for 2 hrs. The mixture was purified using a Spectra Por dialysis membrane
(Spectrum Labs) [100-500Da molecular weight cutoftf (MWCO)] with four buffer changes

of PBS over the course of four days.

Synthesis of THR-PEG. THR-Cys was dissolved in DMF at a concentration of 50 mg/mL
and diluted to 5 mg/mL in 50 mM NaH>PO4 pH 7.2. A ten times molar excess of TCEP was
added to the solution and sat at room temperature for 10 min. A ten times molar excess of
maleimide-PEG-amine (5kDa, Laysan Bio) was then added and reacted with stirring at room
temperature for 2 hrs. To quench remaining maleimide activity, a ten times molar excess (to
the maleimide-PEG) of BME was added to the solution and stirred for 30 mins. Excess BME
and unreacted peptide was removed through ultracentrifugation using a 3kDa MWCO filter
(EMD Millipore). For the binding assay, the crude mixture was added to the cells using the
theoretical maximum concentration of synthesized THR-PEG to determine ligand

concentration.

Investigation of THR Binding Affinity. K562 cells were grown at 37°C, 5% CO2 in
DMEM+10% FBS with penicillin/streptomycin. Cells were washed with PBS and removed
using a cell scraper. After centrifugation at 300 g for 3 min, the cells were fixed using BD
Cytofix (BD Biosciences) for 20 min at 4°C. The cells were then washed and resuspended
in PBS + 4% BSA. Increasing concentrations of nanoparticles were added to 1x10° cells at
5x10° cells/mL and sat at RT with light agitation every 15 min to prevent cells from settling.
After 90 min, the cells were added to 12 mL PBS and centrifuged at 300 g for 3 min. The

cells were resuspended in 12 mL fresh PBS and centrifuged again. This washing procedure
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was performed for a total of three times. Fluorescent cells were measured using a Becton

Dickson FACSCalibur flow cytommerty. Viable cell populations were identified and gated
using forward-scatter and side-scatter values from the blank (no THR) sample. For the cells
incubated with THR-AF488 (either directly or in competition with unlabeled peptide), cells
fluorescence was directly measured after exposure to the peptide. For the cells incubated
with THR-PEG, an anti-PEG rat IgG (1:1000 dilution) was added to each sample for 60 min
at room temperature after exposure to the PEGylated peptide. The cells were then washed in
PBS and incubated with an anti-rat IgG Alexa Fluor 488 antibody for 60 min at room
temperature. Following a final wash in PBS, cell fluorescence was measured using the flow
cytometer. In both conditions, the geometric mean of measured fluorescence values was

recorded.

Preparation of intra-PEG disulfide bond. Amine-PEG-thiol (NH2-PEG-SH, 3.4kDa) was
dissolved in DMF at a concentration of 20mg/mL. Carboxy-PEG-thiol (COOH-PEG-SH,
2kDa) was added at an equimolar concentration (Scheme 1). Hydrogen peroxide (H202)
was added to give a final concentration of 3% H202. The reaction mixture was stirred at
room temperature for 24 hrs and analyzed by MALDI-TOF (Figure 3). Disulfide bonds were
confirmed to link the PEG polymers by adding 1000x molar excess beta-mercaptoethanol to
the polymer and validating by MALDI-TOF that the disulfide cleaved and polymers
dissociated (Figure 4).

Synthesis of PLGA-PEG block copolymers. PLGA-NHS was prepared by dissolving
250mg carboxy-terminated poly(D,L-lactic-co-glycolic acid) (50/50) (PLGA-COOH) in
1.ImL of acetonitrile. Ten molar excess 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) were added to this solution and stirred for 90
minutes at room temperature. The product was precipitated out of solution by addition of
30mL of methanol followed by centrifugation at 2700g for 10min. The supernatant was
discarded and the product was washed with 30mL of methanol and collected again by
centrifugation. This process was repeated twice more for a total of three washes. The purified

PLGA-NHS was dried under vacuum.
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Various hetero-bifunctional polyethylene glycol (PEG) polymers were added to PLGA-

NHS to form PLGA-PEG block copolymers. All PEG polymers contained an amine terminus
to react with the NHS ester on the PLGA polymer and either a carboxyl (NH2-PEG-COOH;
S5kDa); methoxy (NH2-PEG-OCH3, 5kDa); or sulthydryl (NH2-PEG-SH; 3.4kDa) terminus
at the other end. Dried PLGA-NHS was dissolved in acetonitrile at a concentration of SmM
followed by addition of 1.5x molar excess hetero-bifunctional PEG and 10x molar excess
N,N-diisopropylethanolamine (DIPEA). The product was precipitated by addition of 30mL
diethyl ether after 24hrs at room temperature with gentle stirring. The PLGA-PEG block
copolymer was collected by centrifugation at 2700g for 10min. The supernatant was
discarded and the product was washed with another 30mL of ether and collected again by
centrifugation. This process was repeated twice more for a total of three washes. The product

was dried under vacuum.

Synthesis of disulfide-containing PLGA-PEG copolymer. PLGA-PEG-S-S-PEG-COOH
was prepared by dissolving 100mg of PLGA-PEG-SH in 2mL of DMF. To this was added
5x molar excess SH-PEG-COOH (2kDa). Following dissolution of the SH-PEG-COOH,
200uL of 30% hydrogen peroxide (H202) was added to the reaction mixture to give a final

concentration of 3% H202. The reaction was left stirring at room temperature for 24hours.

Synthesis of PLGA-AF488. Fluorescently-labeled PLGA polymer was prepared by
dissolved 50mg of PLGA-NHS in ImL of DMF followed by addition of 1mg of Alexa-fluor
488 cadaverine (AF488) dissolved in 0.5mL of DMF. The product was collected after one
hour by precipitation with 20mL of methanol followed by centrifugation at 2700g for
10mins. The product was washed in another 20mL of methanol and collected again by
centrifugation. This process was repeated twice more for a total of three washes. The purified

product was dried under vacuum.

Preparation of PLGA-PEG nanoparticles. PLGA-PEG nanoparticles were prepared by
nanoprecipitation. Various combinations of PLGA-PEG block copolymers were dissolved

in 3mL DMF at a total concentration of 10mg/mL PLGA-PEG copolymer. Each formulation
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contained 2.5% PLGA-AF488 by weight. The polymer mixture was added dropwise to

30mL of stirring water and allowed to mix for 2hrs. The resulting nanoparticle mixture was
passed through a 0.2um filter and purified through ultrafiltration with a 50kDa MWCO
centrifugal filter at 2700g for 10mins. The nanoparticle retentate was resuspended in 10mL
of water and collected by ultrafiltration twice more for a total of three washes. Following the

final wash cycle, the concentrated nanoparticles were resuspended in 1mL of PBS.

Addition of human holo-transferrin to nanoparticles. Nanoparticle concentration was
determined using nanoparticle tracking analysis (NTA). Nanoparticle formulations were
diluted to 0.000lmg/mL in PBS and the particle concentration was determined using a
Nanosight NS500. EDC and NHS were added to the nanoparticles at 10x molar excess to the
total amount of carboxy-terminated PLGA-PEG block copolymer (PLGA-PEG-COOH or
PLGA-PEG-S-S-PEG-COOH) present in the formulation and allowed to stir at room
temperature for 10mins. Based on the nanoparticle concentration determined by NTA,
human holo-transferrin (Tf) prepared in PBS, pH 7.2 was added at 30x molar excess for the
low-Tf formulations and 3000x molar excess for the high-Tf and disulfide-containing
formulations. The reaction mixture was stirred for 90mins at room temperature and then
purified by ultrafiltration with a 100kDa MWCO centrifugal filter at 3000g for 10mins. The
nanoparticle retentate was resuspended in 0.5mL of PBS and collected again by

ultrafiltration. This process was repeated twice more for a total of three washes.

Characterization of PLGA-PEG nanoparticles. Particle sizes and zeta potentials were
measured with a Brookhaven Instruments DLS and ZetaPALS. Particle diameter was
measured in PBS over 2mins. Zeta potentials were taken in 1.5mM KCI (pH 7.0) and

averaged from 3 runs at target residual of 0.018.

In vitro determination of disulfide-containing nanoparticle binding affinity. Neuro2A
cells were cultured in DMEM, 10% FBS, and penicillin/streptomycin. Prior to incubation
with nanoparticles, cells were fixed in BD Cytofix ® for 15mins at 4°C, washed, and

resuspended in PBS + 4% BSA. Various concentrations of three nanoparticle formulations
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were incubated with 2x10° cells at 1x10° cells/mL for 90mins. In order to cleave the

disulfide-bond present in the disulfide-containing nanoparticle formulation, these particles
were treated with dithiothreitol (DTT) for 30mins at room temperature prior to addition to
the Neuro2A cells. Excess DTT was removed by washing the nanoparticles in PBS and
collecting them by ultrafiltration. Cells were pelleted at 200g for Smins and resuspended in
200uL PBS. Nanoparticle binding was determined by measuring fluorescence intensity at
488nm excitation, 525nm emission. The data were fit to the Langmuir binding isotherm with

Bmax and KD numerically determined using Matlab function nlinfit.

Animal studies. All animals were treated according to the NIH Guidelines for Animal Care
and Use approved by the Caltech Institutional Animal Care and Use Committee.
Nanoparticle formulations containing 1x1010 to 1x1011 particles were prepared in 150uL of
PBS and injected into female Balb/c mice via lateral tail vein. The mice were sacrificed one
hour after injection by CO2 asphyxiation. The brain was removed and fixed in 4%

paraformaldehyde overnight for further tissue processing.

Confocal Microscopy. Formaldehyde-fixed tissues were embedded in paraffin, sectioned,
and deparaffinized. The tissue was mounted using Prolong Gold ® Antifade Reagant with
DAPI (nuclear stain). Sections were imaged on a Zeiss LSM 510 inverted confocal scanning
microscope with a Zeiss PlanNeofluar 40x/1.3 oil objective. The excitation wavelength for
DAPI was 710 nm (two-photon laser) and 488 nm for Alexafluor488 labeled nanoparticles.

Their corresponding emission filters were 390-465 nm and 530-560 nm, respectively.
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Chapter 111

INVESTIGATION OF GOLD NANOPARTICLES CONTAINING
TRANSFERRIN BOUND THROUGH AN ACID-CLEAVABLE LINK*

3.1 Introduction

3.1.1 Chemical Changes Experienced During Transcytosis — Reduced pH

Though the disulfide strategy outlined in Chapter II showed promise, significant
drawbacks to this approach (detailed in Section 2.3) necessitated development of a different
cleavable link. Endocytosis is a well-studied process, including endocytosis of nanomaterials
(1,2). In general, endocytosis has three stages: (i) engulfment of the cargo into a membrane-
bound vesicle, (ii) sorting of the cargo towards its destination, and (iii) delivery of the cargo
to its destination (2). The second step, in which vesicles are sorted to their destination, occurs
primarily in the endosome (3). One critical chemical difference persists in the endosome
relative to the extracellular fluid: decreased pH (5-6 versus 7.4) (3.,4). Although there is still
debate over the exact sorting mechanism of Tf once it is within the BBB endothelium, it is
well established that Tf internalization can be prevented using endocytosis inhibitors (5),
indicating Tf must undergo some portion of the endocytosis pathway initially before
diverting to transcytosis.

Since any Tf-containing therapeutic will experience this pH drop en route to the
adluminal side of the cell, chemical bonds sensitive to mildly acidic pH should break during
transcytosis. Therefore, if the targeting ligand is attached to the therapeutic through an acid-
sensitive chemical bond, it will disassociate from the rest of the therapeutic, allowing free
movement into the CNS (Fig 3.1). Also, an acid-cleavable strategy will not require any
interaction between the nanoparticle and small molecules or enzymes, allowing flexibility of

cleavable link placement within the nanoparticle design.

*Excerpts from this chapter are reprinted from Clark, A. J., & Davis, M. E. (2015). Increased brain uptake of targeted nanoparticles by adding an
acid-cleavable linkage between transferrin and the nanoparticle core. Proceedings of the National Academy of Sciences, 112(40), 12486-12491 with
permissions from PNAS.
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3.1.2 Acid-Cleavable Chemical Bonds

Chemical bonds of interest have two essential characteristics: (i) stability under
extracellular conditions and (ii) quick and irreversible breakage at mildly acidic pH.
Incorporation of acid-cleavable bonds into nanomedicines has gained much interest due to
the pH gradients that exist between the blood and endosomes, lysosomes, and tumor tissue
(6,7). Most work has been focused towards selective release of a drug in an acidic
environment through destabilization/breakdown of the delivery device or release of the drug
from a drug-polymer conjugate. The chemical bonds under investigation include orthoesters,
acetals/ketals, imines, hydrazones, and cis-aconityls. These groups have garnered interested
because of their sensitivity in mildly acidic media while maintaining stability at neutral pH.
The variety of chemical bonds investigated highlights one of the major advantages—as well
as one of the current limitations—of acid-cleavable systems: namely, that the rate of
breakdown can be tuned based on the structure of the cleavable-bond and its surrounding
chemical groups; however, there is yet to be a systematic review comparing chemical
structure and pH sensitivity so the cleavage rate must be determined empirically for each
candidate (8).

The cleavage rate is critical for choosing the proper acid-cleavable link for this
system. Following endocytosis of the targeted nanomedicine, the endosome rapidly acidifies
to a pH <6 within 2-3 mins (7). Experiments with radiolabeled Tf have found significant
amounts of the protein in the brain parenchyma within 30 minutes of systemic injection (9).
These two findings suggest that Tf-containing nanomedicines will experiences an acidic
environment on the order of tens of minutes. Therefore, potential acid-cleavable linkers must
undergo significant cleavage within this timeframe in order to effectively separate Tf from
the rest of the nanomedicine.

Of the previously mentioned chemical groups, only acetals/ketals have been shown
to have cleavages half-lives that are compatible with Tf transcytosis at the BBB (6).
Consequently, subsequent investigation focused on incorporating acetals/ketals in between

Tf and the rest of the nanoparticle.
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3.1.3 Biological Applications of Gold Nanoparticles

In this investigation, transferrin was bound to the surface of gold nanoparticles
(AuNP’s). AuNP’s have been widely used for labeling applications in biological tissues (10-
12). The high electron density of AuNP’s makes them superb contrast agents for transmission
electron microscopy (TEM) while their unique optical properties have applications in both
light and confocal microscopy. AuNP’s can also be used for drug delivery where drug
molecules are directly adsorbed to the nanoparticle surface, though this method is less
flexible than delivery using polymeric systems (13). Finally, AuNP’s are well tolerated in
vivo with no toxicity evident even at very high concentrations (14,15).

Important to this work is the ability to prepare AuNP’s with well-controlled diameters
and surface characteristics. Surface ligands can then easily be added to AuNP’s through thiol-
dative bonds. Our lab previously developed an imaging assay that can specifically detect
AuNP’s in tissue using light microscopy, allowing identification of nanoparticle location
within different compartments of the brain (16). In this method, a silver solution is applied
to fixed tissues containing gold nanoparticles. The silver solution catalytically deposits to the
surface of the gold nanoparticles, increasing the size of individual nanoparticles until they
are visible under light microscopy (Fig 3.1). The specificity of gold in biological samples
was also used to quantitate AuNP’s in an in vitro assay using inductively coupled plasma

mass spectrometry (ICP-MS).

Ag+ Tlme ,\’,,-;;.4_':.61'."-'

Fig 3.1 Silver staining of gold nanoparticles. Addition of metallic silver catalytically
deposits on the AuNP surface, increasing individual nanoparticle size and allowing

visualization by light microscopy (black dots).
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3.1.4 Ligand-Dependent Trafficking Dynamics at the Blood-Brain Barrier

TR has been one of the primary targets investigated for RMT across the BBB, due
to its high expression on BBB endothelium (17). Anti-TfR antibody-drug conjugates (ADCs)
have received the most attention because of their ability to bind TfR with high affinity
without interfering with endogenous Tt (18-20). Despite the perceived potential of anti-TfR
ADCs, a BBB-permeable drug using this approach has yet to reach the clinic. Yu et al.
showed that anti-TfR Abs enter the brain in greater numbers when their affinity to TfR is
reduced (21). Follow-up work from the same group showed that high-affinity, bispecific anti-
TfR Abs preferentially trafficked to the lysosome within BBB endothelium rather than
transcytosing, while low-affinity Abs did not (22). A similar effect was seen with a divalent
anti-TfR Ab, which entered the lysosome in significantly greater amounts than the
monovalent variant (Detailed in section 1.4.1) (23).

Recently, our group demonstrated that Tf-containing, 80nm AuNP’s with near
neutral zeta potentials are capable of accessing the brain parenchyma from the blood when
their avidity to TfR is appropriately tuned (16). If the avidity is too high, the nanoparticles
remain strongly associated with the endothelial cells of the BBB, whereas nanoparticles of
lower avidity are able to release into the brain following transcytosis (Detailed in section
1.4.3). Although the lower avidity nanoparticles showed the greatest ability to enter the brain,
the higher avidity nanoparticles still were able to cross the BBB in greater amounts than non-
Tf containing nanoparticles.

Recently, in vitro results using an anti-TfR Ab with reduced aftinity at pH 5.5 showed
the ability to transcytose across hCMEC/D3 cells while Abs with high affinity independent
of pH were trafficked to the lysosome (24), suggesting vesicle trafficking may be affected
by a particular targeting ligand. Thus, we also investigated whether Tf, the natural ligand for
the TfR, and anti-TfR Abs behaved differently when used as the targeting agents for the

nanoparticles.
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3.1.5 Design of Nanoparticles with Tf Bound Through an Acid-Cleavable

Link

As with Ab BBB transcytosis, the nanoparticles with reduced avidity to TfR showed
the greatest ability to cross the BBB. A major obstacle to translating these agents to viable
therapeutics is the need to dose very high quantities in the blood in order for an appreciable
amount of drug to reach the CNS (16,20,21). We attempted to increase the ability of Tf-
containing nanoparticles to reach the brain parenchyma by incorporating a small, chemical
linker between the Tf and AuNP cores that cleaves at mildly acidic pH. This design provides
for high avidity interactions with TfR at the blood side of the BBB to enable practical,
systemic dosing amounts. Then, as the targeted nanoparticles transcytose, we use the drop in
pH (3.4) that the bound nanoparticles would experience during the transcytosis process to
trigger the cleavage of the linkage between the Tf and the nanoparticle core. Thus, when the
transcytosing vesicle reaches the brain, the nanoparticles will no longer be bound and can be
released into the parenchyma. With this design, the nanoparticle will retain high avidity
interactions with TfR on the blood side of the BBB, but not be restricted once within the
endothelium (Fig 3.2). Our results show a nearly 3-fold increase in the ability of high avidity
nanoparticles to reach the brain parenchyma in vivo after incorporation of an acid-cleavable,
diamino ketal (DAK) linker. We also observed a direct relationship between brain
penetration of nanoparticles and surface Tf-DAK content. Furthermore, no improvement was
seen in the ability for anti-TfR Ab-containing nanoparticles to cross the BBB with addition
of the DAK linker, suggesting that there are significant differences in their intracellular

trafficking compared to that of Tf-containing nanoparticles.
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ENDOTHELIAL
CELL

BRAIN

Fig 3.2 Transcytosis of nanoparticles containing Tf bound to the nanoparticle core through
an acid-cleavable link. Following endocytosis, rapid acidification of the endosome causes
separation of the Tf ligand from the nanoparticle core, allowing free movement of the

nanoparticle into the brain parenchyma once transcytosis is completed.
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3.2 Results

3.2.1 Synthesis and Characterization of Acid-Cleavable, Ligand-PEG

Conjugates

The acid-sensitive DAK (2,2-bis(aminoethoxy)propane) moiety was added to a SkDa
polyethylene glycol (PEG) followed by conjugation of the polymer to either human holo-Tf
or R17217 anti-mouse TfR Ab (Fig 3.3). DAK was chosen because its reported hydrolysis
half-life is 60 min at pH 5.5 but over 24 hrs at pH 7.4 and 37°C (6). These hydrolysis kinetics
should provide sufficient Ligand-DAK-PEG stability for the Tf/Ab to remain associated with
the nanoparticle while it is circulating in the blood, but cleave in the acidic vesicles during
the transcytosis process so that the majority of the ligand disassociates from the nanoparticle
core during that time. The R17217 anti-TfR antibody was chosen because it binds mouse
TR with high affinity (25) and has been suggested as a BBB-permeable targeting ligand for
nanoparticles (26). This antibody has very low uptake by the mouse liver and kidney,
suggesting some degree of brain selectivity (27). The stability of the Tf-DAK-PEG (Tf-C)
conjugate was monitored by MALDI-TOF and found to release Tf within 2 hrs once placed
in pH 5.5 buffer at 37°C (Fig 3.4A). The conjugate remained virtually unchanged at pH 8
after 2 hrs and could still be detected after 24 hrs (Fig 3.4B).
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Fig 3.3 MALDI-TOF spectra of purified conjugates. (A) Mono-PEGylated Tf-PEG-OPSS.
(B) Mixture of unreacted Tf (79kDa) and mono-PEGylated Tf-DAK-PEG-OPSS (84kDa).
(C) Mono-PEGylated R17217-PEG-OPSS. (D) Mixture of unreacted Ab (153kDa) and
mono-PEGylated R17217-DAK-PEG-OPSS (158kDa).
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Fig 3.4 Tf-DAK-PEG-OPSS pH-dependent stability. (A) The conjugate rapidly cleaves to
native Tf (peak 1, 79kDa) from a mixture of monoPEGylated (peak 2, 84kDa) and
diPEGylated (peak 3, 89kDa) conjugate over the course of 120 min when placed in pH 5.5
buffer at 37°C. (B) The same conjugate as in (A) placed at pH 8, 37°C shows much slower
degradation. At two hours (green trace) the amount of monoPEGylated Tf-DAK-PEG (peak
2) 1s virtually unchanged and the conjugate is still present 24 hrs later (red trace).
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3.2.2 Tt/Ab-DAK-PEG-containing nanoparticles have decreased avidity to

TfR after exposure to mildly acidic pH

To prepare the targeted nanoparticles, various quantities of either cleavable (Tf-
C/Ab-C) or non-cleavable ligand (Tf-N/Ab-N) were added to 50 nm AuNPs followed by an
addition of excess, non-functionalized PEG (mPEG) (Scheme 3.1). AuNPs were chosen for
the utility of their detection within biological systems, either through transmission electron
microscopy (TEM), inductively coupled plasma mass spectrometry (ICP-MS) or silver
enhancement. Nanoparticles were prepared in this manner in order to preserve the
characteristics we found useful in our previous formulations, which showed ~80nm
nanoparticles with near-neutral zeta potentials (<-15mV) best enter the brain (16). Also, sub-
100nm nanoparticles with dense PEG coating and near-neutral zeta potentials have shown
the ability to diffuse throughout the brain’s extracellular space (28). All nanoparticle
formulations prepared here had hydrodynamic diameters near 80 nm measured by dynamic
light scattering (DLS) and zeta potentials between -11 and -5mV when measured in ImM
KCI (Table 3.1).
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Scheme 3.1 Synthesis of targeted nanoparticles with ligand bound by an acid-cleavable link.
(A) Preparation of acid-cleavable DSS-DAK-PEG-OPSS and addition to the targeting ligand
(Tf/Ab) to create the cleavable conjugate. (B) Addition of the Tf/Ab-DAK-PEG-OPSS
ligand followed by excess mPEG-SH to prepare targeted gold nanoparticles. n ~120 for SkDa
PEG.
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Formulation Diameter (hm) Zeta Potential (mV) Kd (nM)
mPEG 7512 4 5.75+4.12 N.D.
20Tf-N 79.1+0.9 -5.77+2.21 0.408

200Tf-N 78.1+6.2 -7.78+3.73 0.029
20Tf-C 75.7+4 4 -11.25+1.81 0.788
120Tf-C 77.2+0.2 -7.93+0.60 0.096
200Tf-C 73.6+1.6 -7.47+3.12 0.030
2Ab-N 76.1+4.3 -6.26+2.00 0.441
10Ab-N 84.4+6.9 -8.83+2.19 0.039
2Ab-C 72.9+4.9 -6.36+2.44 0.619
10Ab-C 77419 -5.10+2.31 0.021

Table 3.1 Nanoparticle formulations and characteristics. Number indicates the number of
ligands per particle, -N indicates non-cleavable PEG conjugate, and -C indicates cleavable
PEG conjugate. Data shown for hydrodynamic diameter and zeta potential are the average

of 5 measurements + 1 SD. N.D. = not determined.

An in vitro, cell-binding assay was performed using the Neuro2A mouse brain
endothelial cell line to determine the avidity of the nanoparticles to mouse T{Rs. Cells were
incubated with increasing quantities of nanoparticles. Then the bound nanoparticles were
quantified by silver enhancement, a highly sensitive AuNP detection method (29). The
binding data were fit to a Langmuir binding isotherm in order to calculate Kd (Fig 3.5). The
binding avidity was directly dependent on the ligand content of the nanoparticle (Table 3.1),
as we have shown previously (16). Also, by increasing the quantity of Tf contained on the
nanoparticle, avidities similar to those of the nanoparticles containing the R17217 Ab with
lower protein numbers could be obtained. The cell-binding assay was repeated for the 200Tf-
C and 10Ab-C formulations after incubating the particles to pH 5.5 for 4 hrs at 37°C. Both
formulations showed lower avidity to TfR (Kd = 1.16 nM for 200Tf-C, Kd =0.512 nM for
10Ab-C) following exposure to decreased pH, indicating loss of the surface ligand (Fig 3.6).
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Fig 3.6 Tf/Ab-DAK-PEG-containing nanoparticles have decreased avidity for mouse TfR

after exposure to mildly acidic pH. (A) Nanoparticle binding to Neuro2A cells for 200Tf-C
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formulation after exposure to either neutral or acidic pH. 200Tf-C nanoparticles bind with

high avidity (Kq¢ = 0.040 nM) when kept at pH 7.4, but avidity is reduced after incubating
nanoparticles at pH 5.5 (Kq = 1.16 nM). (B) The same effects are observed with 10Ab-C
formulation (Kg¢ = 0.021 nM at pH 7.4, Kq = 0.512 nM after pH 5.5), as in (A) with 200Tf-

C. Curves are fitted Langmuir binding isotherms.

3.2.3 High avidity Tf-DAK-PEG-containing nanoparticles cross an in vitro
model of the BBB rapidly and in greatest amounts

In order to assess how the addition of the DAK linker may affect the ability of the
targeted nanoparticles to cross the BBB in vivo, we employed the bEnd.3 cell line, an
immortalized mouse brain endothelial line, in a commonly used in vitro model of the BBB
(30). Nanoparticles were added to the apical compartment of bEnd.3-coated transwells in
serum-free DMEM and allowed to cross the cellular border over 8 hours. The full volume of
the basal compartment was removed and replaced by fresh, serum-free DMEM at various
time points. These samples were then measured for gold content using ICP-MS.

After 8 hrs, the 200Tf-C formulation showed the greatest capacity to cross the BBB
model membrane (Fig 3.7). These nanoparticles reach the basal compartment at a 10-fold
increased quantity compared to the 200Tf-N formulation. All Tf-containing formulations
reveal decreased ability to cross the bEnd.3 cells when co-incubated with greater than serum
concentrations of Tf, indicating specific binding of TfR is responsible for crossing (Fig 3.8).
Unlike the high avidity Tf-C formulations, the Ab-C formulations did not show a significant
difference in basal well accumulation compared to Ab-N. In fact, all Ab-containing
formulations showed similar or less crossing than non-targeted mPEG particles (Fig 3.9).
After the 8 hr incubation, the cells exposed to the high avidity formulations (200T{-N, 200Tf-
C, 10Ab-N) were lysed and intracellular gold content measured (Fig 3.10). The 10Ab-N
formulation had significantly more gold within the cells compared to 200Tf-C, consistent

with high affinity Abs being primarily retained by endothelial cells rather than transcytosing.
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Fig 3.7 120T{-C and 200T{-C nanoparticles cross an in vitro model of the BBB in greater
amounts than 20Tf-N and 200T{-N. Percent of injected nanoparticles reaching the basal well
of bEnd.3 coated transwells 8 hrs after introduction. 120T{-C and 200Tf-C show greater
ability to cross the transwells compared to 200Tf-N, whereas both Ab-C formulations did
not show a significant increase compared to equivalent Ab-N formulations. The average of
three wells for each group is shown (except for 20Tf-C, n = 4). Error bars given are SE. * =

p<0.001.
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Interestingly, all three Tf-C formulations underwent the majority of their total
crossing within the first 60 min after introduction (Fig 3.9). The Tf-N formulations,
conversely, showed slower basal well accumulation over the 8 hrs (Table 3.2). For example,
by 60 min, only 18% of the total 20Tf-N quantity reached the basal well compared to 61%
of the total 20Tf-C. AuNPs with diameters between 50-100nm have been shown to rapidly
sediment within in vitro systems using an upright cell orientation (31). This causes the
particle concentration at the cell surface to be higher than the rest of the solution. Since each
Tf-C formulation crossed the bEnd.3 cells rapidly after introduction, these results suggest
that these nanoparticles are undergoing transcytosis upon initial contact with the cells, while
the Tf-N formulations may have a larger portion recycled back to the cell surface or retained

by the cells. Also, the 120T{-C and 200Tf-C formulations reached near maximum crossing
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within 2 hrs (93% and 94% of total, respectively) compared to 200T-N (47%). These data

indicate that the high-avidity, cleavable nanoparticles may be saturating the transcytosis

pathway within 2 hrs of exposure.
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Fig 3.11 Tf-containing nanoparticles crossing the model BBB over time. All Tf-C

formulations show the majority of crossing within the first 2 hrs.

Time (hrs) mPEG 20Tf-N 200Tf-N 20Tf-C 120Tf-C~ 200Tf-C
0.5 9.34 5.63 22.27 56.51 87.07 75.62
1 22.08 18.39 36.81 61.75 91.38 85.69
2 42.29 39.76 47.68 71.47 93.34 93.84
4 68.88 71.00 70.40 83.66 96.90 96.54
8 100.00 100.00 100.00 100.00 100.00 100.00

Table 3.2 Percentage of total nanoparticle crossing bEnd.3-coated transwells over time per
formulation for Tf-containing nanoparticles. All Tf-C formulations cross rapidly within the

first 2 hrs compared to the analogous T{-N formulations.
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3.2.4 Addition of DAK linkage increases the ability of high-avidity, Tf-

containing nanoparticles to enter the brain, but does not affect those with

anti-TfR Abs

Nanoparticles of each formulation listed in Table 3.1 were injected into BALB/c
mice, and assessed for their ability to enter the brain parenchyma. A total of 3 mice were
used for each formulation. Nanoparticles were systemically administered by injection via the
lateral tail vein, and allowed to circulate for 12 hrs. Mice were then euthanized, and the brains
resected and processed for histological examination. The locations of nanoparticles within
the brain were determined using silver enhancement. Deposition of metallic silver onto gold
nanoparticles allows individual nanoparticles to become visible by light microscopy.
Nanoparticles present within the brain parenchyma were manually counted in 40 images per
mouse. The median number of nanoparticles in the parenchyma for each group is shown in
Fig 3.12. As with the in vitro experiment, the 200T{-C formulation showed the highest
penetration into the brain, and a significantly higher quantity compared to 200Tf-N. Also,
incorporation of the cleavable link did not increase the ability of either Ab-C formulation to
enter the parenchyma. The 20Tf-C formulation did not significantly differ from 20T{-N, but
more nanoparticles localized into the brain as the surface content of Tf-DAK increased. The
120Tf-C and 200Tf-C nanoparticles entered the brain best, but did not significantly differ
from one another [they have relatively similar Kd values (Table 3.1)]. Results from mPEG,
20Tf-N, and 200Tf-N are essentially the same as we reported previously using formulations
of those type (16), and indicate the good reproducibility of our methods. The 20Tf-N
formulation reached the parenchyma in significantly higher amounts than 200Tf-N (Table
3.3) indicating the high avidity Tf-containing nanoparticles are retained and/or stuck to the

endothelium without the presence of the cleavable linker.
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Fig 3.12 Addition of DAK increases the ability of high avidity Tf-containing nanoparticles
to enter the brain in vivo. Nanoparticles within the brain parenchyma were manually counted
after silver enhancement of brain sections. Three BALB/c mice were injected for each
formulation. A total of 40 images per mouse brain were analyzed. Median values and SE are

shown. Significant differences are displayed for select group comparisons (* = p<0.0001).



Nanoparticle Formulation

94

mPEG 20TH-N 200Tf-N 20Tf-C 120Tf-C 200Tf-C 2Ab-N 10Ab-N 2Ab-C 10Ab-C
mPEG X
20Tf-N <0.0001 X
c 200Tf-N <0.0001 <0.0001 X
o
g 20Tf-C <0.0001 0.590 <0.0001 X
g 120Tf-C <0.0001 <0.0001 <0.0001 0.0005 X
% 200Tf-C <0.0001 <0.0001 <0.0001 <0.0001 0.114 X
g_ 2Ab-N <0.0001 <0.0001 0.5344 <0.0001 <0.0001 <0.0001 X
§ 10Ab-N <0.0001 <0.0001 0.2342 <0.0001 <0.0001 <0.0001 0.999 X
2Ab-C <0.0001 <0.0001 0.0186 <0.0001 <0.0001 <0.0001 0.243 0.2352 X
10Ab-C 0.0008 <0.0001 0.0003 <0.0001 <0.0001 <0.0001 0.0095 0.00014 0.0026 X

Table 3.3 P-values for all potential pairwise comparisons for in vivo quantitative analysis.

Values were calculated using the Wilcoxon rank-sum test.
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Sample images for each formulation are shown in Fig 3.13-3.16. All slides were

silver-stained simultaneously with a blank brain (no AuNPs injected) to assess for any non-
specific staining [some areas of non-specific silver stain were observed in the blank sample
(Fig 3.17), and similar staining patterns observed in AuNP-containing samples were not

included in the analysis].
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Fig 3.15 Images from silver-stained brains of 2Ab-N and 10Ab-N formulations. Left column
contains full sized image and right column contains area highlighted in black box. Arrows
indicate amorphous silver stain determined to be non-specific silver deposition and were not

included in the quantitative analysis.
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Fig 3.17 Silver staining of brain containing no gold nanoparticles. (A) Blood vessels are
absent of silver stain. Rare occurrences of nanoparticle-like signal (arrows) were present in
the blank brain. These instances were counted and the median value subtracted from the
experimental groups. (B) Larger, amorphous silver deposition was observed in all samples,
including the blank brain, and determined to be non-specific silver stain. These instances

were neither counted nor included in the quantitative analysis.

3.3 Discussion

Here, we show that high-avidity, Tf-containing nanoparticles can enter the brain in
vivo in mice from systemic administrations if Tf is attached to the nanoparticle through an
acid-cleavable link. This improvement over our previous design where high avidity
nanoparticles were restricted by the brain endothelium (16) should allow for higher brain
accumulation of therapeutic agents contained in nanoparticles from a more practical,
systemic dosing amount. The 20Tf-C nanoparticles did not significantly differ from the 20Tf-
N, indicating, at lower avidity, the ability to outcompete endogenous Tf for TfR on the blood
side of the BBB is likely the limiting factor for the processes of entering the brain. Despite
the increased ability for 200Tf-C nanoparticles to enter the brain, only a 2.7-fold increase in
nanoparticle accumulation was observed compared to 200Tf-N. This is likely due to the
cleavage kinetics of the DAK linker. DAK was chosen because of its good stability at pH

7.4, simple incorporation into the nanoparticle design, and biologically compatible cleavage



101
product. The tradeoff, however, is slower cleavage at acidic pH. Radiolabeled-Tf has

been observed in the brain parenchyma within 30 mins of systemic injection (9), suggesting
the length of transcytosis is on the order of tens of minutes. The Tf-DAK-PEG conjugate
likely does not cleave rapidly enough during this time period to dissociate all the Tt from the
nanoparticle surface, causing the remaining fraction to limit entry to the brain. There is
certainly room for improvement on this design using a linkage with well-controlled cleavage
kinetics. An ideal linker will cleave fully at mildly acidic pH within the timespan of
transcytosis but remain stable at neutral pH long enough to allow for adequate biodistribution
of the nanoparticle. Unfortunately, there is yet to be a systematic study comparing pH
stability with chemical structure (32).

Unlike Tf-DAK-containing nanoparticles, both Ab-C and Ab-N formulations have
limited ability to enter the brain in vivo. These results are consistent with previous reports of
high affinity anti-TfR Abs trafficking to the lysosome (3,21,23). If Ab-TfR interactions
dictate trafficking of the endocytic vesicle, whether the nanoparticle core is covalently
attached to the ligand or a separate entity should have no effect on the transcytosis capacity.
The mechanism that triggers trafficking to the lysosome, however, is unclear. Experiments
with anti-TfR Abs have suggested either high affinity (22) or multivalent binding (23)
disrupts TfR processing. We did not observe the same limitations with high avidity,
multivalent Tf-containing nanoparticles, which were able to enter the brain parenchyma,
albeit at reduced amounts compared to lower-avidity nanoparticles. These results suggest
that the native ligand may not adversely affect intracellular sorting of the targeted therapeutic
in the same way or to the same degree as with Abs. It is well established that Tf disassociates
from T1R at mildly acidic pH (33). Also, the Tf-T{R complex is known to undergo significant
conformational changes following the pH change (34). It is possible that continuous
occupation of TfR by pH-independent, high-affinity Abs inhibits necessary conformational
changes in the Tf-TfR complex, causing sorting to the lysosome. The cleavable nanoparticles
containing Tf (e.g., 200Tf-C), however, decrease the influence of the nanoparticle core on
Tf-TfR interactions by physically separating the nanoparticle from the ligand. Thus, Tf
sorting may be able to occur more normally, while the rest of the nanoparticle remains a

passenger in the transcytotic vesicle.
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The ultimate goal of our work is to develop a safe method to deliver a wide

spectrum of therapeutic agents to the CNS (we have already translated to the clinic
nanoparticles carrying small molecule chemotherapeutics and siRNAs). Though 200Tf-C
revealed the best results here for entering the brain, the amounts achieved are still on the
order of 1% of the injected dose reaching the brain parenchyma. Whether this quantity is
sufficient to deliver enough therapeutic and/or imaging agent to the brain for practical use is
currently under investigation. As we mentioned previously, we believe that faster release
kinetics could be advantageous to increasing the amounts that reach the brain. Other chemical
linkers that are sensitive to endosomal changes may also benefit from this cleavable ligand

strategy, provided they break rapidly enough during transcytosis.

3.4 Conclusions

Here, we show that high avidity, Tf-containing nanoparticles are capable of entering
the brain parenchyma when Tf is bound to the nanoparticle through an acid-cleavable link.
Exposure to the decreased pH during the transcytosis process causes the nanoparticle core to
separate from surface Tf bound to TfR and increases the nanoparticle’s ability to enter the
brain parenchyma. In contrast, nanoparticles containing anti-TfR Abs were essentially
excluded from the brain independent of the cleavable link, likely by their trafficking to
lysosomes. All Tf-containing formulations with or without the cleavable link showed greater
ability to enter the brain than any Ab-containing ones. These results suggest that TfR-targeted
therapeutics using the native ligand rather than a high-affinity Ab may have a greater ability
to cross the BBB. Our results suggest that better understanding of TR trafficking within the
brain endothelium on a ligand-by-ligand basis is necessary to develop therapeutics that can

readily engage and be successful in the TfR-mediated transcytosis process at the BBB.
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3.5 Methods

Synthesis of DSS-DAK-PEG-OPSS. NHS-PEG-OPSS (5kDa, Laysan Bio) was dissolved
in dry DCM at 10 mg/mL. To this was added both 20x molar excess triethylamine (TEA)
and 20x DAK (2,2-bis(aminoethoxy)propane, Sigma Aldrich). The solution was stirred for
5 hrs under argon at room temperature. N-(2-aminoethyl)aminomethyl polystyrene beads
(NH2-bead, EMD Millipore) presoaked in dry DCM were added at 10x molar excess to DAK
and stirred for one hour under the same conditions. The solution was filtered and then
precipitated by addition of diethyl ether. After sitting at room temperature for 15 min, the
precipitate was isolated by centrifugation at 3220 g for 15 min. The solid was washed with
ether and collected by centrifugation twice more. The product was dried under vacuum to
yield a dense, white solid. The resulting DAK-PEG-OPSS was dissolved in dry DCM at 10
mg/mL. Disuccinimidyl suberate (DSS, Pierce) and TEA were added at 10x molar excess.
The reaction was stirred under argon at room temperature for 90 min. The product was
precipitated by addition of diethyl ether. After sitting at room temperature for 30 min, the
precipitate was isolated by centrifugation at 3220 g for 15 min. The solid was washed with
ether and collected by centrifugation twice more. It was dried under vacuum to yield a dense,

white solid.

Preparation of Ligand-DAK-PEG-OPSS: Human holo-Tf (Sigma) or R17217 anti-TfR
Ab (Biolegend) was dissolved in 100 mM NaHCO3 pH 8.5 at 10 mg/mL. DSS-DAK-PEG-
OPSS (2.5x molar excess) was dissolved in DMSO at 30 mg/mL and added to the ligand.
The solution reacted at room temperature for 60 min with light agitation. Excess PEG was
removed and the reaction was quenched by centrifugation through a 50 kDa MWCO spin
filter (EMD Millipore) at 14000 g for 5 min. The retentate was washed with 10 mM
NaH2PO4 pH 8.0. This process was repeated for a total of three washes. Conjugation was
verified by MALDI-TOF (Voyager DE Pro, PerSeptive Biosystems) using a sinapinic acid
matrix. Multi-PEGylated species were removed from the mixture by hydrophobic interaction
chromatography (HIC) on a AKTA Prime Plus FPLC System (GE Healthcare, SmL HiTrap

Phenyl column) using a high salt buffer of 1 M ammonium sulfate with 50 mM sodium
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phosphate pH 7.5 and an elution buffer consisting of the latter salt only (Fig. S1B,D).

Iron citrate (2.5x molar excess) in 100 mM NaHCO3 pH 8.5 was added to the TI-DAK-PEG
conjugate following HIC. Excess iron was removed through centrifugation using a 50 kDa
MWCO spin filter, then the conjugate was washed with 10 mM NaH2PO4 pH 8.0. This
process was repeated for a total of five washes. The amount of iron loaded to the Tf was
measured by UV-VIS using the ratio of A465/A280. This value was compared to the
A465/A280 ratio of the non-processed holo-Tf. A value >80% of the unprocessed ratio
indicated adequate iron reloading.

The amount of mono-PEGylated ligand remaining in the separated mixture was
determined by a dipyridyl disulfide cleavage assay. The Ligand-DAK-PEG mixture was
diluted in 10 mM NaH2PO4 pH 8.0 with 1 mM ethylenediaminetetraacetic acid (EDTA) and
the absorbance at 343 nm was recorded. Dithiothreitol (DTT) was added to the protein
solution to give a final concentration of 1.5 mg/mL DTT. After sitting for 15 min at room
temperature, the absorbance at 343 nm was recorded again. The difference in A343 was
calculated and compared to a standard curve prepared from pure, noncleavable, mono-
PEGylated T{-PEG-OPSS or Ab-PEG-OPSS as necessary. The calculated OPSS
concentration was used to determine the concentration of Ligand-DAK-PEG-OPSS in the

mixture.

pH-Dependent Stability of Tf-DAK-PEG-OPSS: Purified Tf-DAK-PEG-OPSS was
prepared at approximately 5 mg/mL in either 10 mM NaH2PO4 pH 8.0 or 100 mM NaOAc
pH 5.5 at 37°C. Aliquots were removed at various time points and diluted 1:10 in 10 mM
NaH2PO4 pH 8.0 and frozen on CO2(s). After all aliquots were taken, samples were thawed
and analyzed simultaneously by MALDI-TOF as described above.

Preparation of Ligand-PEG-OPSS: Either human holo-Tf or R17217 Ab was dissolved in
100 mM NaHCO3 pH 8.5 at 0.5 mg/mL. NHS-PEG-OPSS (5 kDa, Laysan Bio) was added
at 2.5x molar excess. The reaction sat at room temperature for 60mins under light rocking.

Excess PEG was removed and the reaction was quenched by centrifugation through a 50 kDa

MWCO spin filter at 14000 g for 5 mins. The retentate was washed with 10 mM NaH2PO4
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pH 8.0 twice more. Conjugation was verified by MALDI-TOF using a sinapinic acid

matrix. For Tf-PEG-OPSS, the monoPEGylated fraction was isolated by HPLC (Agilent
1200 series) using two TOSOH TSK gel G3000swx] columns in series followed by HIC and
iron reloading as described previously (Fig. S1A). The monoPEGylated Ab-PEG-OPSS was
isolated solely through HIC (Fig. S1C). Both conjugates were stored in 10 mM NaH2PO4
pH 8.0 at 4°C until use.

Preparation of Nanoparticles: Either Ligand-DAK-PEG-OPSS or Ligand-PEG-OPSS was
added to 50 nm gold nanoparticles (BBI International) at the appropriate molar excess (e.g.
nanoparticles dosed with 20x molar excess Tf-PEG produced 20 Tf/NP). The solution was
stirred vigorously for 60 min then methoxy-PEG-thiol (mPEG-SH) (5kDa, Laysan Bio) was
added at 10,000x molar excess and stirred for another 30 min. The nanoparticles were
collected by centrifugation at 20,000 g for 10 min, washed with dH20 and sonicated for 5
min. This process was repeated twice more to give three total washes. After the final
centrifugation, the particles were resuspended in 10 mM NaH2PO4 pH 8.0. To prepare
untargeted nanoparticles (mPEG), only mPEG-SH was added to 50 nm gold cores for 60 min

with vigorous stirring. The nanoparticles were purified as described above.

Nanoparticle Characterization: Nanoparticles were characterized using a Brookhaven
Instruments ZetaPALS. Nanoparticles were diluted in PBS and hydrodynamic diameter was
measured using dynamic light scattering (DLS). Zeta potential was measured in 1 mM KCI
(pH 7.0) using a target residual of 0.02. Five runs were performed for both the nanoparticle

diameter and zeta potential measurements.

Nanoparticle Binding Assay: Neuro2A cells (ATCC) were grown at 37°C, 5% CO2 in
DMEM+10% FBS with penicillin/streptomycin. Cells were washed with PBS and removed
using a cell scraper. After centrifugation at 300 g for 3 min, the cells were fixed using BD
Cytofix (BD Biosciences) for 20 min at 4°C. The cells were then washed and resuspended
in PBS + 4% BSA. Increasing concentrations of nanoparticles were added to 1x10° cells at

5x10° cells/mL and sat at RT with light agitation every 15 min to prevent cells from settling.
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After 90 min, the cells were added to 12 mL PBS and centrifuged at 300 g for 3 min. The

cells were resuspended in 12 mL fresh PBS and centrifuged again. This washing procedure
was performed for a total of three times. Finally, the cell solution was added to a 96 well
plate, silver enhancement solution (Ted Pella) was added and fluorescence read (310 nm
excitation, 400 nm emission) using a plate reader (Tecan, infinite M200). Data were fit to a

Langmuir binding isotherm using Matlab, and KD and Bmax were calculated.

To measure avidity after exposure to mild acid, 200Tf-C and 10Ab-C formulations were
incubated for four hours at 37°C in 100 mM NaOAc, pH 5.5. The nanoparticles were
collected by centrifugation at 20,000 g for 10 min and washed in dH20 twice. After the final
wash, they were resuspended in PBS + 4% BSA, added to Neuro2A cells and analyzed as

described above.

Nanoparticle Transcytosis Across bEnd.3-coated Transwells: bEnd.3 cells (ATCC) were
grown in 37°C, 5% CO2 in DMEM+10% FBS with penicillin/streptomycin. The cells were
seeded on 12 mm polyester-coated transwell supports (Corning) at 82,500 cells/well. Media
was replaced in the apical and basal wells every two-three days. Transepithelial electrical
resistance (TEER) was measured in an Endohm chamber and using an EVOM resistance
meter (World Precision Instruments). Once TEER had reached >30 Ohms*cm?2, transcytosis
experiments were performed. Prior to introduction of nanoparticles, both compartments of
the transwell were washed with serum-free DMEM and allowed to equilibrate for lhr.
Nanoparticles were added at 1x1010 particles/well to the apical well. At various time points,
the entire volume was removed from the basal well and replaced with fresh media. The
aliquot was diluted in water and measured for gold content using an HP 7500 ICP-MS
(Agilent). A Babington type nebulizer in a Pyrex Scott-type spray chamber was used for
nebulization at a carrier flow rate of 1.3 L/min of argon. The argon plasma power was 1200
W with a flow of 15 L/min and an auxiliary flow of 1.1 L/min. A calibration curve of known
concentrations of non-targeted AuNPs (mPEG) was prepared and used to determine gold
concentration in the aliquots. Reported values are the average of three wells per group, except

for the 20T{-C, group which contains four measurements. The error shown is standard error
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of the mean. Pairwise group comparisons testing for statistically significant differences

were performed using a two-sample t-test in Matlab.

For the Tf-competition assay, both compartments of the transwell were washed and
incubated in DMEM + 2.5 mg/mL hTf for 1 hr prior to nanoparticle introduction. The assay
was performed as described above using DMEM + 2.5 mg/mL Tf as the replacement media.
Three wells were performed for each nanoparticle formulation in the competition assay.

To determine intracellular gold content, the transwells were removed from the basal
compartment after 8 hrs and the apical volume was removed. Cells were washed 8 times with
200 pL PBS to clear unbound nanoparticles then lysed by addition of 100 uL. RIPA buffer
(Pierce) to each transwell. The lysate was centrifuged at 14000 g for 5 min to pellet cell
debris and the supernatant prepared for ICP-MS as described above. The lysates were
quantitated with an Agilent 8800 triple quadrupole (ICP-QQQ) ICP-MS using a MicroMist
nebulizer and Scott-type spray chamber with a carrier gas flow rate of 1.05 L/min of argon.

The plasma power was 1600 W with a flow of 15 L/min.

Animal Injections and Tissue Processing: All animals were treated according to the NIH
Guidelines for Animal Care and Use as approved by the Caltech Institutional Animal Care
and Use Committee. Three female BALB/c mice (Jackson Laboratory) were each injected
with 4.5x1011 nanoparticles via lateral tail vein for all nanoparticle formulations. The mice
were euthanized by CO2 asphyxiation after 12 hrs. The brains were resected and bisected
with a manual mid-sagittal cut before fixing both hemispheres overnight in 10% neutral
buffered formalin (Sigma). Individual hemispheres were dehydrated in increasing
concentrations of ethanol (3 x 30 min each for 50, 70, 95 and 100% EtOH), followed by
xylenes (3 x 30 min) and 50:50 xylene:paraffin mixture (1 x 30 min). The tissues were then
incubated in molten paraffin (3 x 1 hr) at 60°C. The brains were placed in a paraffin mold

and stored at 4°C until sectioning. A Leica 1512 microtome was used to cut 5 um sections.

Silver Enhancement Staining of Mouse Brains: All glassware used was washed with
Farmer’s Solution (9 parts 10% sodium thiosulfate and 1 part 10% potassium ferricyanide)

for 20 min prior to tissue processing to reduce non-specific silver staining. Paraffin-
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embedded sections were deparaffinized in xylenes, rehydrated using decreasing

concentrations of ethanol and washed in pure water (3 x 1min). Silver enhancement solution
(Ted Pella) was added to the sections for 20 min. The stained sections were immediately
placed in water for 5 min followed by counterstaining with haematoxylin for 2 min. They
were then dehydrated with increasing concentration of ethanol and xylenes and mounted with

Permount (Fisher).

Image Analysis, Nanoparticle Counting and Statistics: Processed sections were imaged
using an Olympus IX50 microscope with a 40x objective and QCapture Pro 6 imaging
software (QImaging). Images were acquired from sections near the mid-sagittal plane. A
total of 40 images were acquired from each tissue section, consisting of ten images taken
from rostral, ventral, dorsal and cerebellar regions of the brain. For each region, an arbitrary
starting point was chosen and imaged. Subsequent images were obtained at consistent,
transverse intervals along the entire length of the region. Nanoparticles observed distinctly
outside the margins of blood vessels were counted as parenchymal particles. All image
acquisition and particle counting steps were performed blindly. A brain containing no
AuNP’s (blank) was processed and imaged simultaneously with the experimental groups.
Instances of nanoparticle-like signal (Fig 3.17, arrows) were observed in the blank brain and
determined to be non-specific silver stain deposition. The median value of these phenomena
was subtracted from all the experimental groups. Large, amorphous areas of silver stain (Fig
3.17, inset) were also observed in both the blank and experimental groups and concluded to
be non-specific silver deposition. These instances were not counted and were excluded from
the quantitative analysis. Pairwise group comparisons testing for statistically significant

differences were performed using the Wilcoxon rank-sum test in Matlab (Table 3.3).
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Chapter 1V

DEVELOPMENT OF DOPAMINE-LOADED MUCIC ACID
POLYMER NANOPARTICLES FOR DELIVERY TO THE BRAIN

4.1 Introduction

4.1.1 Parkinson’s Disease — Pathology and Pharmacologic Treatment

With successful delivery of high avidity nanoparticles to the brain using the DAK
linker described in the previous chapter, focus shifted to determining whether nanoparticles
could be prepared that deliver therapeutic quantities of drug across the BBB.

One condition that could greatly benefit from nanoparticle drug delivery is
Parkinson’s disease (PD). PD is a complex neuropsychiatric disorder characterized by rest
tremors, bradykinesia, rigidity, and autonomic dysfunction. The disease is caused by
breakdown of dopaminergic neurons within the substantia nigra leading to decreased
quantities of the neurotransmitter dopamine in the striatum.

PD, similar to AD described in Section 1.1, can currently be treated only with limited,
symptomatic therapy. Dopamine (DA) replacement through oral levodopa (L-DOPA) is the
foundation of treatment for PD. DA is a small, hydrophilic molecule incapable of crossing
the BBB from the blood. L-DOPA contains a carboxylic acid off a chiral carbon also bonded
to an amine group. This structure is very similar to the amino acid L-tyrosine (Tyr) (Fig4.1),
a small molecule with an influx carrier protein (SCP) expressed on the BBB (see section
1.2.1) (1). L-DOPA is so structurally similar Tyr that it can enter the CNS through the same
SCP. Once in the CNS, it is taken up by presynaptic neurons and metabolized to DA through
the enzyme aromatic amino acid decarboxylase (2). Cotzias discovered L-DOPA as an

effective treatment for PD in 1967 (3) and its use was widely adapted by clinicians soon after.
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Fig 4.1 Structure of dopamine, L-DOPA and tyrosine. Structural similarities between L-
DOPA and Tyr allow the DA analog to cross the BBB through the same solute channel as

Tyr where it is then metabolized to DA by pre-synaptic neurons.

Despite L-DOPA’s ability to relieve symptoms of PD, its efficacy over time begins
to diminish. This occurs for two major reasons: (i) decreased dopamine buffering by pre-
synaptic neurons and (ii)) loss of tonic dopamine release. PD is a progressive
neurodegenerative condition, so despite treatment with L-DOPA, DA-producing neurons
will continue to breakdown without disease-modifying intervention. Early on in the disease,
when there is still a good amount of viable, dopaminergic neurons, L-DOPA that enters the
brain is taken up by pre-synaptic neurons and used as a reserve for when endogenous
dopamine stores run low. As these dopaminergic neurons die, less L-DOPA can be retained
and used only when necessary and the drug is instead rapidly converted to DA and released
into the synapse. This process leads to the second problem. In healthy individuals, DA is
constantly released from dopaminergic neurons causing continuous stimulation of post-
synaptic neurons. As the PD patient becomes more dependent on L-DOPA, the DA
stimulation becomes more and more pulsatile based on the plasma L-DOPA concentration.
It's believed that this shift from continuous to pulsatile stimulation affects the behavior of
postsynaptic receptors leading to unusual motor movements, known as levodopa-induced
dyskinesia (LID) (Fig 4.2). There's been some suggestion this may also affect downstream
neural pathways causing some debate that in the very long term (>10yrs treatment) L-DOPA
may actually be neurotoxic. The goal of all treatment regimes is to prevent motor
complications for as long as possible through minimal L-DOPA dose and adjunctive

therapies (4).



115

****Early Disease Progressive Disease == Late Disease
n
] K
E ,“ " . 'l \‘ Dyskinesia
o ) N T T\
a ) ' " [
_'| ] ‘1 _1.1 ................... 'l.l. ............................. f'““.‘\ ............
! s !

2 ViR Iy Iy g
o KR : ! n ! | N>
1) et | 1) ! | \
c L ' A " ] | !
< Foay ! K| h \ RV
[« ..] i ] \ o 171 ]\ \ [ '
7] “h . N Iy [Tl R I ) "
o f - Vo /o A I\ A / Voo
o« [ ‘l 1 \l ! » ! \ / \\ l ) ' ‘1 | L
B 7 ~J KW “\ ! “se s . T q N ) A ] .
2 ' N\ <) ~7 . J A= ~ -Akinesia

E
=

p 4 A 4

L4 4 4 4 4 4 4 4

1 I 1 1 1 [} 1 [}

01 23 45 6 7 8 910 11 1213 14 1516 17 18 19 20 21 22 23 24
Time (hrs)

Fig 4.2 Changes in patient response to oral L-DOPA over time. Patients typically respond
well to L-DOPA initially due to buffering capacity of still healthy neurons (early disease).
As the disease advances, patients require more exogenous L-DOPA and begin to experience
motor abnormalities but responses to treatment are consistent (progressive disease). As more
and more dopaminergic neurons breakdown, greater amounts of L-DOPA are required and
responses greatly fluctuate from dose to dose. Motor abnormalities are common (late
disease). Solid black lines indicate thresholds for akinesias (inability to move) and

dyskinesias (unwanted, excessive movement). Arrows indicate dosing times for early (E),

progressive (P) and late (L) disease.
4.1.2 Mucic Acid Polymer Nanoparticles for Dopamine Delivery

Developing a therapeutic that can deliver native DA to the striatum in a tonic fashion
can potentially overcome these long-term complications. Nanoparticles are a promising
platform to achieve this goal due to their ability to deliver large quantities of drugs to specific
tissues at well-controlled release rates (5) (see section 1.4.2). Despite the significant benefit

nanoparticles offer to PD treatment, at the time of writing and to this author’s knowledge,
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only one study has been published detailing DA-loaded nanoparticles designed to cross

the BBB from the blood (6). In this work, PLGA nanoparticles were loaded with DA and
given to parkinsonian rats intravenously with a single or double dose of 5 mg/kg DA. Even
at this low dosing, the authors found a significant increase in brain DA and DA metabolites
seven days after a single dose. The rats also exhibited significantly improved motor function
when given the nanoparticles with no signs of either central or peripheral toxicity.

It is interesting that these improvements were made using non-targeted nanoparticles
with diameters around 120 nm. Theoretically, non-targeted nanoparticles should be
prevented from crossing a healthy BBB. There is suggestion that the PD model used in this
study causes increased BBB permeability at the site of the lesion, allowing normally
excluded molecules to enter the CNS (7). It is also possible that circulating proteins bound
to residual surfactant on the nanoparticle surface, causing random transcytosing proteins to
be present on the nanoparticle (8). Regardless of the mechanism that allowed nanoparticle
entry to the brain, Pahuja et al.’s results indicate delivery of DA to the brain using
nanoparticles is a viable approach for PD treatment.

Using the acid-cleavable targeting strategy detailed in Chapter III, it may be possible
to increase the delivery of DA-loaded nanoparticles to the brain. The Davis lab has previously
synthesized a novel drug-delivery polymer (mucic acid polymer, MAP) (9). MAP is a
hydrophilic polymer composed of mucic acid and PEG repeat units. Carboxylic acid groups
are present on the polymer backbone to allow conjugation of drug molecules whose release
rate can be tailored depending on the conjugation chemistry. The MAP-drug conjugate will
spontaneously form nanoparticles in water and express vicinal diols on its surface (Scheme
4.1). The surface diols can then be used to attach targeting ligands to the nanoparticle
(detailed in section 4.1.3). The MAP polymer has already been used to prepare antibody-
containing, chemotherapeutic-loaded nanoparticles that can effectively treat cancer
xenografts over several weeks with few doses (10). A similar, cationic MAP variant has also
been prepared and used to deliver small interfering RNA’s (11), showing that the MAP
polymer can be modified to deliver different types of therapeutics. A DA-loaded MAP

nanoparticle could serve as an effective PD treatment.
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Scheme 4.1 The MAP polymer and formation of targeted MAP nanoparticles. Drugs are
conjugated to carboxylic acid groups on the MAP polymer. The MAP-drug conjugate
spontaneously assembles into spherical nanoparticles in water with vicinal diols on the
nanoparticle surface. Targeting molecules containing boronic acid moieties can be added to

the nanoparticle surface through boronic acid ester formation with the vicinal diols.

4.1.3 Boronic Acid-PEG Targeting Ligands

The surface diols on the MAP nanoparticles are capable of forming covalent bonds
with boronic acid (BA)-functionalized targeting ligands. This chemistry was used to add
trastuzumab, an anti-HER2 mAb, to the surface of chemotherapy-loaded MAP nanoparticles
(10). BA can only react with vicinal diols to form a boronic acid ester when it is in its
tetrahedral, anionic form. The MAP diol stereochemistry and BA structure was modified to
maximize ligand binding to the nanoparticle. A phenyl-BA with a meta nitro group (nPBA)
was found to attach to the nanoparticle with a binding constant of 1420 M™! at physiologic
pH. Interestingly, the pKa of this reaction was determined to be 6.8. This means that at
extracellular pH, the nPBA will strongly bind MAP, but under mildly acidic conditions, the
nPBA will convert to its non-reactive, trigonal form, releasing the nPBA from the
nanoparticle surface (Scheme 4.2). Adding Tf to the nanoparticle through a boronic ester will

allow rapid disassociate of the targeting ligand at mildly acidic pH and should provide
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superior brain uptake compared to the slower cleavage of the previously investigated

DAK linker (Chapter III). The near instantaneous disassociation of nPBA-PEG-TT from the
nanoparticle surface at pH < 6.8 will remove all possible restrictions imposed by either the
receptor-bound Tf restricting movement of the nanoparticle into the CNS or the nanoparticle
core restricting conformational changes in the Tf-TfR complex needed for transcytosis.
Because of this pKa, an nPBA-PEG-Tf conjugate will be ideal as an acid-cleavable targeting

ligand for the nanoparticle.
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Scheme 4.2 pH-dependent interaction between MAP vicinal diols and nPBA.

4.2 Results and Discussion
4.2.1 Dopamine Forms Stable Aryl Imines Under Mild Conditions

To first determine whether MAP polymers could be used in PD, the ability of the
MAP polymer to bind and release native DA was determined. Since the goal of this work
was to prepare nanoparticles that can release native DA molecules in the brain, focus was
placed on combining DA and MAP such that the DA would release from the polymer under
extracellular conditions within the brain. Using this approach Tf-containing MAP-DA
nanoparticles can accumulate within extracellular space of the brain and slowly release DA

in a controlled fashion over a long period of time (Fig 4.3).
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Fig 4.3 Delivery of dopamine to the brain using targeted MAP-DA nanoparticles. Tf-
containing MAP nanoparticles loaded with DA are injected intravenously. The targeting
ligand detaches during transcytosis to increase brain accumulation of intact nanoparticles.
The nanoparticles then reside in the CNS extracellular space and slowly release dopamine

over time.

DA has limited functional groups available for modification that can exhibit the
desired behavior. The most promising approach is formation of an imine between the primary
amine of DA and the MAP polymer. Imines are labile chemical bonds formed from the
condensation of aldehydes and amines. They are rarely used in drug delivery devices because
they are typically highly unstable at acidic pH; however, in this context where drugs are
designed to release at neutral pH, imines may be capable of breaking under these conditions
while other acid-cleavable bonds, such as acetals/ketals and hydrazones, may not. Several
examples exist in the literature of imine-based drug delivery devices that show rapid drug
release in acidic conditions but slow, prolonged release over days at neutral pH (12,13).

Formation of an imine between DA and small molecule aldehydes was first
investigated before adding the molecule to MAP. Imines were formed as previously

described (14) using equimolar concentrations of DA and aldehyde in the presence of
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catalytic pyrrolidine and activated molecular sieves. The most stable and reproducible

imine formation occurred between DA and 4-formylbenzoic acid. Unfortunately, the
catechol group of DA also oxidizes under the optimal reaction conditions, forming a quinone
product (Fig 4.4). Efforts were made in reactions with MAP to minimize potential sources

of oxidation in the DA-containing reaction steps.
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Fig 4.4 Imine formation between DA and 4-formylbenzoic acid. An imine was formed
through condensation of the primary amine of DA and the aldehyde of 4FB. The imine proton
peak (I) was clearly evident after 40 mins but unreacted aldehyde remained (A). By 90mins,

all aldehyde had reacted but peaks from the quinone product of DA oxidation were also
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clearly evident (J,K,L). * the to time point spectrum was taken in MeOD so peaks from

the hydroxyl groups of DA did not appear.

4.2.2 Addition of Dopamine to MAP through an imine bond

After verifying that DA imines could be prepared, DA was added to the MAP
polymer using similar chemistry. The MAP polymer was prepared as previously described
(9) and kindly donated by Emily Wyatt. The carboxylic acid groups of MAP were first
converted to amine moieties to allow addition of p-succinimidyl 4-formylbenzoate (SFB).
This particular aldehyde was chosen because it is hydrophobic and highly reactive with
amines on the MAP polymer. Previous studies in our group have shown that MAP will not
form sterically stable nanoparticles in PBS without some degree of hydrophobicity within
the nanoparticle core (data not published). SFB was chosen to serve as a hydrophobic spacer
while also introducing an aldehyde capable of forming an imine with DA. MAP-DA was
prepared using similar chemistry as described in 4.2.1 (Scheme 4.3, Fig 4.5).
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Fig 4.5 Relevant region of MAP-DA polymer 'H NMR. Peaks from the aryl groups of SFB
(E) and DA (B,C,D) are both present in the purified MAP-DA polymer. The imine peak is

also present (A) along with little unreacted aldehyde and small quinone peaks (*).

After synthesis of the MAP-DA polymer, the quantity of DA loaded on the polymer
was determined using fluorescent detection and HPLC (15). Though the amount of DA that
was loaded on the polymer increased significantly with the final batch (Fig 4.6), the highest
amount was well below the theoretical maximum (81.7 pg DA/mg MAP) giving a drug
loading of 4.25%. The main reason for this limited loading is likely due to the inability to
fully react available aldehyde with DA without excessive DA oxidation. It is possible to
prevent DA oxidation by converting the DA catechol to an acetonide (16,17), but this
modification requires breakdown of the acetonide ketal, a process that typically occurs under
acidic conditions the nanoparticle may not experience in brain extracellular space. Despite

the limited drug loading capacity of the MAP polymer under these reaction conditions, the
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nanoparticle may still be able to deliver measurable quantities of drug, particularly in

diseased models.
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Fig 4.6 Dopamine loading on MAP polymer per synthesis batch. Error bars indicate one

standard deviation from the mean.

The stability of the MAP-DA imine was determined by placing the conjugate in either
neutral or mildly acidic pH at 37 °C and measuring the amount of DA in solution over time.
As expected, DA released from the particle in acidic solution but, surprisingly, the imine
proved very stable at neutral pH (FIG 4.7). Imines adjacent to aryl groups (aryl imines) have
been shown to be significantly more stable than those next to alkyl groups (alkyl imines)
(14). To increase DA release rate at neutral pH, an alkyl aldehyde, such as the modified

amino acid phenylalinal, may be a superior hydrophobic spacer to attach to MAP.
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Fig 4.7 pH-dependent release of dopamine from MAP-DA nanoparticles over several days.

4.2.3 Preparation of Dopamine-Loaded, Tf-containing MAP nanoparticles

Tfwas bound to MAP nanoparticles using an nPBA terminated PEG polymer. nPBA-
PEG-NH:> was synthesized as previously described (11) and added to Tf through EDC/NHS

chemistry (Scheme 4.4).
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Scheme 4.4 Synthesis of nPBA-PEG-TT.

Previously, mono-PEGylated ligands had been isolated by extensive HPLC
separation (10), though, recently, our lab has discovered Tf’s binding affinity to TfR
following this process may be significantly diminished. To avoid damage to the PEGylated
ligand through purification, the effect of adding a crude mixture of nPBA-PEG-TT to the
MAP nanoparticles was investigated (Fig 4.8). To determine the quantity of nPBA-PEG-Tf
in the reaction mixture a fluorescence assay was developed using Alizarin Red, a diol
containing dye that shows increased fluorescence at 570 nm when it reacts with nPBA-PEG

(Fig 4.9).
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140002.0

yield PEGylated products. The MALDI of the crude mixture shows significant amounts of
unreacted protein along with the different PEGylated species. The number in subscript

following PEG indicates the number of PEG molecules reacted with Tf in that peak.
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Fig 4.9 Quantitation of nPBA-PEG in reaction mixture using Alizarin Red. At pH 7.4,
Alizarin Red will complex with nPBA and fluoresce at 570 nm. The amount of fluorescence

correlates linearly with the concentration of nPBA-PEG in solution.

Different quantities of nPBA-PEG-Tf were added to MAP-DA nanoparticles and the
effect on nanoparticle diameter and zeta potential was measured (Fig 4.10). MAP-DA
nanoparticles were prepared by vortexing the polymer in PBS pH 7.4 at 1 mg/mL. The non-
targeted MAP-DA nanoparticles were significantly larger than previously synthesized
camptothecin (CPT)-loaded MAP nanoparticles (9). It is likely that the small, mildly
hydrophilic SFB-DA on the MAP backbone did not undergo close association with adjacent
polymer strands to promote formation of spherical nanoparticles. In comparison, CPT is a
large chemotherapeutic that is virtually insoluble in water. When MAP-CPT polymer is
added to water, the hydrophobic CPT molecules preferentially cluster together within the
nanoparticle core where water can be excluded, driving the formation of spherical
nanoparticles (9). DA, in contrast, is highly hydrophilic and does not have the same
magnitude of thermodynamic forces dictating its tight packing within the nanoparticle core.

After addition of Tf, however, the particles shrunk in size, possibly due to stabilizing
forces introduced through the nPBA-diol formation (18). This effect is clearly due to the
nPBA-PEG-Tf as nanoparticle diameter was reduced when more protein was added.
Importantly, no overt nanoparticle aggregation or diameter increase was observed after 24
hrs, indicating the multi-PEGylated ligands were not causing crosslinking between nearby

nanoparticles (Fig 4.11). Using this method, Tf-containing MAP-DA nanoparticles could be
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prepared in the ideal size range for nanoparticle circulation and transcytosis (20-100 nm)

(19).

Though the ability to control MAP-DA nanoparticle diameter through the quantity
of added nPBA ligand is useful, the fact that non-targeted MAP-DA nanoparticles were so
much larger limited their use as an equivalent non-targeted control. To reduce nanoparticle
diameter in a similar manner without introducing any BBB-targeting functionality, bovine
serum albumin (BSA) was conjugated to nPBA-PEG and added to the MAP-DA
nanoparticles. As with the nPBA-PEG-Tf, addition of nPBA-PEG-BSA reduced the
nanoparticle size without significantly affecting zeta potential (Fig 4.10).
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Fig 4.10 Nanoparticle diameter after addition of either nPBA-PEG-Tf or nPBA-PEG-BSA.
The nanoparticles shrunk in size as more Tf was added to the nanoparticle surface. The
numerical values in front of the ligands indicate the molar excess of PEGylated ligand
relative to the number of nanoparticles that was added to the sample. Error bars indicate one

standard deviation from the mean.
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Fig 4.11 Tf-containing MAP-DA nanoparticle diameter over time. No aggregation or
increase in size was evident in the sample after 24hrs, indicating the nanoparticles were not
crosslinking due to introduction of multiple nPBA-PEG groups per Tf. Error bars indicate

one standard deviation from the mean.

4.2.4 Investigation of Dopamine Delivery Across the Blood-Brain Barrier of

Healthy Mice using MAP Nanoparticles

Tf-containing MAP-DA nanoparticles were prepared for injection into healthy
BALB/c mice. Due to the lower than expected DA loading on MAP, nanoparticles were
initially prepared at a concentration of 17 mg/mL MAP polymer to provide a DA dose of
~0.67 mg/kg. Unfortunately at this concentration, the MAP-DA polymer aggregates rather
than forming nanoparticles. The initial concentration of polymer had to be adjusted to 5
mg/mL to form stable nanoparticles in solution. Attempts were made to concentrate the
solution through ultracentrifugation but the nanoparticles rapidly aggregated even under mild
centrifugal force. Because of this, a dose of only ~0.23 mg/kg DA could be safely given to
the mice.

Proteins were added to the nanoparticles by introducing a five times molar excess to

the solution of either nPBA-PEG-TT to prepare targeted nanoparticles or nPBA-PEG-BSA
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to prepare non-targeted ones (Fig 4.12). At the higher concentration MAP polymer (5

mg/mL vs. 1 mg/mL), the naked MAP-DA nanoparticles are about 50 nm larger in diameter.
Addition of nPBA-PEG-Tf led to formation of ~75 nm nanoparticles, which is slightly larger
than the Img/mL MAP-DA preparation though the absolute change in nanoparticle diameter
was similar between the two concentrations after addition of Tf. The BSA-containing
nanoparticles were slightly smaller at ~50 nm in diameter but had virtually the same zeta

potential (-8.38 mV vs. -9.07 mV for the Tf-containing formulation).
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Fig 4.12 Diameters of MAP-DA nanoparticles used for injection before and after addition of
protein to the nanoparticle surface. MAP-DA was prepared at 5 mg/mL in PBS pH 7.4 and
PEGylated-ligands were added at a five times molar excess to the number of nanoparticles

in solution. Error bars indicate one standard deviation from the mean.

Both nanoparticle formulations were injected intravenously into mice and allowed to
circulate for 24 hrs. A third group was given L-DOPA with benserazide intravenously at a
dose of 1.5 mg/kg L-DOPA and 0.625 mg/kg benserazide. Benserazide is a peripheral dopa-
decarboxylase inhibitor that prevents breakdown of L-DOPA while circulating in blood. The
combination of L-DOPA with a decarboxylase inhibitor is standard practice and increases

the half-life of L-DOPA in the blood from 50 mins to roughly 2 hrs (20). The L-DOPA dose
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chosen is equivalent to the amount of drug absorbed into circulation for patients given a

high dose of oral L-DOPA (21).

After 24 hrs, the mice were anesthetized and perfused with a 10% sucrose solution
to clear any remaining nanoparticles or free drug from the bloodstream. Brains were resected
and different regions dissected and stored for DA quantitation as previously described (22).
Tissues were homogenized and DA quantity per mass of tissue was measured in the
cerebellum, cerebral cortex, and striatum (Fig 4.13). The striatum was the primary region of
interest because DA quantity is decreased here in PD. The L-DOPA group showed no
difference from a brain that received no injection. This is the expected result, since after 12
half lives, L-DOPA should be essentially cleared from the blood stream and whatever
amount reached the brain was likely metabolized by 24 hrs. The MAP-DA-Tf formulation
did show greater mean DA values in each brain region compared to blank and L-DOPA
treatment, but this increase was not significant (e.g. p = 0.195 in the striatum). The reason
for this minimal increase is likely due to the limited DA amount available for delivery to the
brain. As described above, limitations in MAP-DA nanoparticle stability allowed only a dose
of only 0.23 mg/kg DA to be given. Previous work quantitating Tf-containing gold
nanoparticle accumulation in the brain showed less than 1% of the injected dose (38 mg
AuNP/kg) reaching the brain (23). Assuming the nPBA-PEG-TT targeting strategy increased
nanoparticle accumulation in the brain to 1% of the injected dose (0.23 mg DA/kg), brain
DA levels are expected increase by 87 ng/g tissue if homogenously distributed. The
measured change in average striatal DA quantity between the Tf-containing and L-DOPA
group was actually 487 ng/g tissue, higher than expected if only 1% of the injected dose
reached the brain (Table 4.1). Similar increases were seen in other brain regions, indicating
this change was not unique to the striatum. This result suggests the targeted nanoparticles
may have successfully reached the brain in significant numbers but due to the low DA
loading, a statistically significant change could not be identified with a sample size of only
three mice. It is also important to note that any increase in brain DA is due to intact
nanoparticles reaching the brain since free DA cannot cross a healthy BBB in any appreciable

amount.



133
OLevodopa mMAP-DA-BSA MAP-DA-Tf @Blank

AN
o

ug DA/g Tissue
O R N W H» 01 O N 00 ©

Cerebellum Striatum Cortex

Fig 4.13 Dopamine content in different brain regions for each treatment group. N = 3 for
each treatment group. N = 1 for the blank brain (no injection). Error bars indicate one
standard deviation from the mean.

Theoretical DA Increase

DA Dose 3.479 ug

mg MAP-DA 1 mg

Brain DA uptake (1%) 0.03479 ug

Mouse Brain Mass 04 g

Brain DA Increase 0.086975 g /g tissue

Measured DA Change vs.
L-DOPA (ug DA/g tissue)

Cerebellum Striatum Cortex
+0.412 +0.487 +0.139

Table 4.1 Estimated (top) versus measured (bottom) changes in brain DA content between
MAP-DA Tf and L-DOPA group. Assuming only 1% of injected nanoparticles reach the
brain and are homogenously distributed, brain DA content is expected to raise 87 ng/g tissue.

The measured changes for the MAP-DA Tf group are much larger, suggesting >1% of the
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dose reached the CNS. Also, the non-homogenous spread may indicate variable uptake

in different brain regions, possibly due to variations in TR expression.

Interestingly, the mice given non-targeted nanoparticles (MAP-DA BSA) had the
highest brain DA amounts. In fact, in the striatum, the DA amount was significantly higher
than the L-DOPA group even when only treating three mice (p < 0.05). Albumin is the most
common serum protein whose primary role is to regulate blood oncotic pressure. Hormones
bound to albumin in circulation are capable of crossing the BBB but no specific albumin
receptor has been identified on BBB endothelium (24). Nanoparticles containing surface
cationized albumin have been observed crossing the BBB through AMT (25) though this is
unlikely occurring with the MAP-DA BSA nanoparticles since the BSA used was not
modified to introduce positive charges to the protein. One other possible explanation is fluid-
phase transcytosis (FMT). FMT is a non-specific uptake pathway used for transendothelial
delivery of circulating proteins. In this process a bulk of plasma volume is randomly taken
up by an endothelial cell and rapidly sent to the basal cell membrane in a transport vesicle
(26). FMT was not discussed among other solute transport systems in Section 1.2.1 because
its characteristic membrane invaginations (caveolae) are very rare in BBB endothelium so
this transport process is not believed to significantly contribute to solute influx (27).
Albumin, however, has been noted to cross the BBB through this process, though in very
small amounts (28).

How is it that MAP-DA BSA nanoparticles were capable of entering the brain in
greater amounts than Tf-containing ones despite the fact that Tf transcytosis occurs much
more readily at the BBB than non-specific albumin uptake? One major concern with adding
crude mixtures of PEGylated protein to the MAP-DA nanoparticles is the significant amount
of non-PEGylated, free protein in the nanoparticle solution. The MAP-DA nanoparticles
could not be size separated from unbound protein rapidly using ultracentrifugation or slowly
through dialysis for risk of aggregation or nanoparticle disassembly, respectively. This
necessitated inclusion of high quantities of free Tf in the injection mixture, artificially raising

the serum Tf concentration possibly high enough to occupy available receptors at the BBB
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immediately upon introduction and possibly cause decreased TfR expression over the

course of the experiment (29).

To further understand whether the nanoparticles were reaching the brain parenchyma,
fixed brain sections were stained with an anti-PEG antibody and imaged using confocal
microscopy. The L-DOPA group showed no fluorescent signal above background
autofluoresence (Fig 4.14). Occasional points of positive fluorescent signal were seen in the
MAP-DA BSA treated mice, again suggesting that these nanoparticles were able to enter the
brain in small amounts through some non-specific pathway (Fig 4.15). In the MAP-DA Tf
group, however, clusters of fluorescent signal were observed near blood vessels indicating
greater numbers of these nanoparticles were within the parenchyma (Fig 4.16). This likely
occurred in regions of high TfR expression where receptor sites were not fully saturated with

introduced free TT, allowing the nanoparticles to bind and transcytose.
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Fig 4.14 Confocal microscopy image of fixed brain section from an L-DOPA treated mouse.

No fluorescence is present above tissue auto-fluorescence.
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Fig 4.15 Confocal microscopy image of fixed brain section from a MAP-DA BSA treated
mouse. Rare points of positive signal were observed in the brain parenchyma, indicating the

presence of the PEG portion of the MAP-DA nanoparticle.



138

Fig 4.16 Confocal microscopy image of fixed brain section from a MAP-DA Tf treated

mouse. Clusters of positive signal were observed near blood vessels within the brain

parenchyma, suggesting this formulation was capable of crossing the BBB.

4.3 Conclusions
Targeted nanoparticles offer a compelling approach to deliver dopamine across the
BBB into the brain. Development of a nanoparticle with high DA loading capacity, long

residence time, and good drug release kinetics could profoundly improve upon current PD
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treatment regimes. MAP nanoparticles are promising candidates because of the unique

surface functionalization chemistry providing ideal cleavage kinetics superior to the Tf-
DAK-PEG construct (Chapter IIT). MAP-DA nanoparticles were prepared by conjugating
the native neurotransmitter to the MAP polymer through a labile imine bond. Though the
imine bond was chosen because of its usual poor stability, the aryl imine formed with DA
proved surprisingly stable at neutral pH. Before use in a disease model, the drug release
kinetics would need to be adjusted to allow more rapid DA release so it can be utilized within
the CNS.

The MAP-DA nanoparticles were found to be much larger than previously prepared
MAP nanoparticles but the diameter could be reduced into the ideal range for transcytosis
through addition of surface proteins (either functional or non-functional). Formation of
small, spherical MAP nanoparticles is driven by covalently attached hydrophobic drugs that
preferentially pack into the nanoparticle core. Since both MAP and DA are strongly
hydrophilic, a more hydrophobic spacer than SFB may be needed to prepare smaller, more
stable nanoparticles.

The DA loading capacity on the MAP polymer was, unfortunately, lower than
expected. It is likely that a different nanoparticle-forming polymer would prove more
effective at DA loading than MAP, ideally one that can passively pack DA into the
nanoparticle core during formation and release drug via breakdown of the polymer matrix in
vivo. This could also improve upon drug release kinetics, as they would be dictated by the
structure of the polymer, a much more chemically flexible unit, than through metabolism of
a covalent bond with DA. A rapid drug-loading step is also preferred because nano-
encapsulated DA is shielded from oxidation in aqueous solution (6). Use of a different
polymer, however, would require presentation of surface vicinal diols with similar boronic
ester formation characteristics to retain the ideal disassociation of nPBA-PEG-TTf from the
nanoparticle surface during transcytosis.

Despite the shortcomings in loading capacity and release kinetics of MAP-DA
nanoparticles, a measurable increase in brain DA was found 24 hrs after a single treatment
of 0.23 mg/kg MAP-DA nanoparticles. The fact that any increase in DA was observed in

nanoparticle-treated mice with such a low dose highlights the potential of targeted
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nanoparticles for DA delivery. The DA quantity in the healthy mouse striatum is around

5 ng/g tissue but that value drops by nearly 75% in rat models of PD. Significant increases
in motor function were observed in these rats seven days after a single dose of DA-loaded
PLGA nanoparticles when the brain DA concentration was only 1.5 pg/g higher than the
untreated controls (6). Even with a very low DA dose, striatal DA content was increased by
0.49 pg/g 24 hrs after treatment with MAP-DA Tf nanoparticles, indicating these
nanoparticles could be effective therapeutics if the DA loading capacity of the MAP polymer
was only modestly increased. The measured brain DA change is also a promising result for
the nPBA targeting strategy as the increased values suggest greater than 1% of the injected
dose reached the brain.

The fact that the MAP-DA BSA nanoparticles showed the greatest increase in brain
DA was a surprising result. One possible explanation is that these nanoparticles were retained
within the BBB endothelial cells similar to other targeted therapeutics (see section 1.4.1).
Brains were perfused before dissection to clear any nanoparticles from the blood, but this
process does not clear nanoparticles trapped in the endothelium. The limited presence of
intact MAP-DA BSA nanoparticles in the brain parenchyma observed through imaging
compared to the clusters of positive signal from the Tf-containing formulation supports this
possibility, though many follow up experiments would be necessary to verify this conclusion.

Ideally, this work would be expanded to prepare nanoparticles capable of safely
dosing high quantities of DA systemically (e.g. 20 mg/kg). If these nanoparticles are capable
of crossing the BBB in relatively high quantities (1-2%), residing in the brain extracellular
space, and releasing native DA at a constant rate, they could potentially treat PD symptoms

for weeks to months at a time without causing undesirable motor dysfunctions.
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4.4 Methods

Synthesis of DA-4FB Imine: The imine reaction was preformed as previously described
(14). Dopamine (DA)-HCI (Sigma) was prepared in DMSO-ds at 0.1 M and placed over dry,
activated 4A molecular sieves. An equimolar quantity of 4-formylbenzoic acid was added
along with 20 mol % pyrrolidine. The reaction was placed under Ar and heated to 60°C.
Aliquots were removed over time and 'H NMR spectra taken (300 MHz, DMSO-ds): 8.31
(s, 1H), 8.70 (d, 2H), 7.96 (d, 2H), 7.79 (d, 2H), 6.65 (d, 1H), 6.60 (d, 1H), 6.45 (dd, 1H).

Synthesis of MAP-DA: MAP polymer was prepared as previously described (9) and
generously donated by Emily Wyatt. To a dry, two necked vacuum flask was added 115 mg
MAP (3.93 pumol), 36 mg 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (0.208
mmol), 22 mg N-hydroxysuccinimide (NHS) (0.208 mmol), 20 pL dry N,N-
diisopropylethylamine (DIPEA) (0.208 mmol) and 33 pL. N-Boc-ethylenediamine (Sigma)
(0.208 mmol). The flask was purged with Ar and 3.75 mL of dry MeOH was added. The
reaction was stirred at RT overnight under Ar. Solvent was removed from the flask under
vacuum and the solid was disolved in 1:1 MeOH:water. Impurities were removed through
ultracentrifugation using a 10kDa MWCO filter (EMD Millipore). Solvent was evaporated
under vacuum until a gel remained. Boiling THF was added followed by immediate cooling
on ice. The solution was dried under vacuum to yield a pasty, white solid (MAP-BOC, 92mg,
78% yield).

MAP-BOC was dissolved in 2 mL 3N HCI in MeOH. The reaction was stirred for 3 hr at
RT. The solution was dried under vacuum and dissolved in fresh MeOH. This process was
repeated for a total of three washes. The resulting amine-containing MAP (MAP-NH>) (92
mg, 3.14 umol) was added to a dry, two-necked flask along with 63 mg N-succinimidyl 4-
formylbenoate (SFB, Fisher Scientific) (0.255 mmol) and 24.5 pL dry DIPEA (0.255 mmol).
The flask was purged with Ar and 12 mL dry MeOH was added. The reaction was stirred

overnight at RT under Ar. Solvent was evaporated under vacuum and the solid was dissolved
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and purified using ultracentrifugation and THF recrystallization as previously described.

A slightly yellow, pasty solid remained (MAP-Ald, 37.4 mg, 41% yield).

MAP-AId (37.4 mg, 1.27 pmol) was added to a dry, two-necked vacuum flask, along with
9.6 mg DA-HCI (50.6 umol) and 1 pL pyrrolidine (20 % mol cat.). The flask was purged
with Ar and 4 mL Dry, degassed DMSO was added to dissolve the solids. The mixture was
transferred to an inert flask containing 1 g dry, activated 4A molecular sieves. The reaction
was heated to 60°C and allowed to react under Ar for 5 hr. The reaction was dialyzed against
DMSO followed by MeOH using a 10 kDa MWCO Spectro Por 7 dialysis membrane
(Spectrum Labs). After purification, 24.9 mg MAP-DA remained (66% yield). 'H NMR
(600 MHz, MeOD): 8.43 (s, 1H), 7.85 (m, 4H), 6.73 (d, 1H), 6.65 (d, 1H). 6.54 (dd, 1H).

Measurement of DA Loading on MAP Polymer: DA quantitation was performed as
previously described (15). MAP-DA polymer was prepared at 1 mg/mL in 0.2 M HCIO4 with
3 mM cysteine (Cys). The solution was filtered (0.4 pm Supor filter membrane) and 20 pL
was injected onto an HPLC column (Synergi 4u Hydro-RP 80A, Phenomenex) using a
mobile phase of acetate (12 mM acetate, pH 3.5 with 0.26 mM Na;EDTA)-methanol (86:14
v/v). DA was detected by fluorescence using Aex = 279 nm and Aem = 320 nm.

pH-Dependent DA Release from MAP-DA: MAP-DA nanoparticles were prepared in
either PBS pH 7.4 or PBS pH 5.5 at 1 mg MAP polymer/mL. Solutions were incubated at

37°C and aliquots were removed and measured for DA quantity at various times.

nPBA-PEG-Ligand Synthesis: nPBA-PEG-COOH was prepared as previously described
(11). 3-Carboxyl-5-nitrophenylboronic acid (200 mg, 0.94 mmol) was added to a dry, two-
necked vacuum flask. The flask was purged with Ar and sealed. Anhydrous THF
containing a BHT inhibitor was added (5 mL) followed by anhydrous DMF (14.6 uL, 0.19
mmol). The flask was cooled in an ice-water bath and oxalyl chloride (195 pL, 2.27 mmol)
was added dropwise to the solution. After addition of the oxalyl chloride, the solution was
removed from the ice-water bath and allowed to stir at RT for two hours under Ar. Solvent

was evaporated under vacuum to yield 3-acyl chloride-5-nitrophenyl boronic acid.
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3-acyl chloride-5-nitrophenyl boronic acid (45.8 mg, 0.2 mmol) was added to a dry, two-

necked vacuum flask. The flask was sealed, purged with Ar and cooled in an ice-water bath.
Anhydrous DCM (4 mL) was added to dissolve the boronic acid. Amine-PEG-carboxylic
acid (500 mg, 0.1 mmol) (5 kDa, Jenkem) was prepared in a separate flask along with dry
DIPEA (34.8 pL, 0.2 mmol). The flask was purged with Ar and sealed and the PEG was
dissolved in 5 mL dry DCM. The PEG solution was added to the boronic acid dropwise. The
flask was removed from the ice-water bath, protected from light, and allowed to react at RT
overnight. Solvent was removed under vacuum and the solid was reconstituted in 0.5 N HCI
(5 mL) and stirred for 15 min. The solution was filtered through a 0.2 um Supor filter and
dialyzed against nanopure water until constant pH using ultracentrifugation (3 kDa, Amicon
Ultra, EMD Millipore). The polymer was lyophilized dryness to yield 249.2 mg nPBA-PEG
(50% yield).

To prepare nPBA-PEGylated Tf or BSA, 100 mg nPBA-PEG-COOH (0.2 mmol) was
dissolved in PBS pH 7.4. EDC (30.6 mg) and NHS (18.4 mg) were added at eight times
molar excess and the reaction proceeded under light stirring for 20 min. Excess EDC and
NHS were removed through ultracentrifugation (3 kDa, Amicon Ultra, EMD Millipore).
The activated nPBA-PEG was added to either 50 mg of Tf (0.63 umol) or BSA (0.75 pmol)
at a ten times molar excess. The reaction proceeded with light agitation for four hours.
Unreacted PEG was removed from the protein solutions through ultracentrifugation (50 kDa

MWCO). The reaction mixture composition was determined using MALDI-TOF.

The amount of nPBA-PEG in the solution was determined through fluorescence with
Alizarin Red. Alizarin Red was added to wells in a 96 well plate at a constant concentration
of 0.5 mg/mL. Standards of nPBA-PEG were prepared containing 10 mg/mL Tf to account
for the effect of protein in solution on fluorescence. The concentration of protein in the
nPBA-PEG-Tf or nPBA-PEG-BSA solutions was determined and the appropriate volume of
protein was added to the Alizarin Red solution to give a final concentration of 10 mg/mL
total protein in the well. Well fluorescence was measured using Aex = 530 nm and Aem = 570

nm and nPBA-PEG concentration in the PEGylated protein mixtures calculated.
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Preparation of Targeted and Non-Targeted MAP-DA Nanoparticles: MAP-DA was

prepared at 1 mg/mL in PBS pH 7.4. Either nPBA-PEG-Tf or nPBA-PEG-BSA was added
to the nanoparticle solution at various molar excesses. The nanoparticles were filtered and
physical characteristics measured. Nanoparticle diameter and zeta potentials were measured
with a Brookhaven Instruments ZetaPALS. Values shown are from an average of five runs

for nanoparticle size and five runs with a target residual of 0.02 for zeta potential.

Animal Studies: All animals were treated according to the NIH guidelines for animal care
and use as approved by the Caltech Institutional Animal Care and Use Committee. MAP-
DA was prepared at 5 mg/mL in 200 uL PBS pH 7.4. Either nPBA-PEG-Tf or nPBA-PEG-
BSA was added to the nanoparticle solution at a five times molar excesses. The nanoparticles
were filtered (0.22 um Supor filter), administered intravenously to nine-week old female
BALB/c mice. For the L-DOPA group, L-DOPA and benserazide were given intravenously
in PBS pH 7.4 at a dose of 1.5 mg/kg and 0.625 mg/kg, respectively. After 24 hours, the mice
were anaesthetized and transcardially perfused with a 10% sucrose solution. The brains were
resected and different brain regions were dissected and stored for DA quantitation as
previously described (21). One hemisphere was retained for imaging studies (described

below).

Quantitation of Brain DA Content: Brain tissues were weighed and placed in 200-250 pL
0.2 M HCl1O4 with 3 mM Cys. The tissues were placed in a Lysing Matrix A homogenizer
tube containing a ¥4 in ceramic sphere (MP Biomedicals) and homogenized using a FastPrep-
24 homogenizer (MP Biomedicals) at a rate of 6 m/s for 30s. A total of three homogenization
steps occurred with a 1 min rest on ice between steps. After the final homogenization step,
samples were centrifuged at 14000 g for 15 min. The supernatant was withdrawn, filtered
(0.4 pum filter) and 20 pL injected and quantitated through HPLC as described above.

Statistical significance for pairwise group comparisons was tested using student’s t-test.

Tissue imaging: The freshly dissected brain hemispheres were fixed in 10% formalin
overnight then embedded in paraffin, sectioned and deparaffinized. Antigen retrieval was

performed by baking the tissues at 90°C in 10 mM citrate pH 6.0. The tissues were than
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washed in PBS, blocked with a 1 %BSA solution for 30 mins and stained with an anti-

PEG primary antibody (1:50 dilution, 4°C overnight) (Life Diagnostics, 9B5-6-25-7). A
fluorescent secondary antibody was then added for 1 hr (1:500 dilution) (Abcam ab96876).
Tissues were mounted using Prolong Gold antifade reagent and images acquired on a Zeiss
LSM 510 inverted confocal scanning microscope using a Zeiss Plan Neofluar 63x/1.25 oil
objective. The excitation wavelength for the fluorescent antibody was 543 nm with a

corresponding emission filter of 545-590 nm.
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Chapter V

OVERALL SUMMARY AND CONCLUSIONS

Novel therapeutics and treatment methods are desperately needed to combat the
rising impact of chronic CNS diseases on individuals, families, and society as a whole.
The major reason for the lack of progress in treating diseases such as AD and PD is the
inability for most therapeutics to cross the BBB from circulation and enter the CNS (1).
Developing a versatile method to safely deliver different classes of drugs across the BBB
will open a tremendous number of new therapeutic options for poorly treated diseases of
the brain and spinal cord.

One promising method for accomplishing this goal is the use of drug-loaded
targeted nanoparticles. Targeted nanoparticles are capable of selectively accumulating in
desired tissues through specific interaction of surface ligands with their receptors in the
body (2). Several targeted nanoparticle therapies are currently under investigation in
clinical trials (3,4).

By attaching ligands that undergo transcytosis at the BBB, drug-loaded
nanoparticles have the potential to cross the BBB and deliver a wide variety of entrapped
therapeutics to the brain, including small molecules, macromolecules, and biologics. TT,
an iron-carrying serum protein, is well known to undergo transcytosis at the BBB (5).
Antibodies targeted to TfR at the BBB have long been hypothesized as potential shuttles
for therapeutics across the BBB through RMT. Despite several decades of investigation
using this approach, no viable clinical candidates have emerged. The main reason for this
was recently discovered: anti-TfR mAb’s are preferentially sent to the lysosome of BBB

endothelial cells, rather than transcytosing (6,7).
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Our group investigated whether the Tf-containing nanoparticles experienced

the same restrictions at the BBB and did observe uptake of high avidity nanoparticles
was limited in a similar fashion as high affinity mAb’s (8). The primary goal of this work
was to determine whether high avidity, Tf-containing nanoparticles could be made
capable of accumulating in the brain in high numbers. To do this, Tf was added to the
surface of nanoparticles through chemical bonds capable of breaking during transcytosis.
With this design, the nanoparticles would retain strong interactions with TfR while in the
blood, but would not be limited from entering the brain by restrictive ligand-receptor
interactions or deleterious intracellular vesicle trafficking.

Polymeric nanoparticles containing Tf bound through a disulfide bond were first
investigated. Though this method showed promising initial results in vivo, concerns
regarding the mechanism of disulfide cleavage in the endosome and its compatibility with
macromolecular therapeutics, along with potential toxicity introduced by exposing free thiols
precluded further investigation of this design.

Instead, focus shifted on exploiting an alternative chemical change experienced
during transcytosis: decreased pH. A small ketal that breaks at mildly acidic pH was
incorporated between surface Tt and gold nanoparticle cores. Addition of the acid-cleavable
link allowed the high avidity nanoparticles to accumulate within the brain in vivo at nearly
three-times the amount of those lacking the cleavable link. Furthermore, nanoparticles
containing an anti-TfR mAb showed no improvement in crossing the BBB when attached
through the acid-cleavable link, further supporting the idea that anti-TfR mAbs are sent to
the lysosome while simultaneously underscoring the importance of understanding how each
targeting ligand behaves at the BBB to design the best drug delivery device (9).

Despite this improvement, the ketal linker investigated did not provide optimal
cleavage kinetics during transcytosis to remove all surface protein. A boronic acid-based
chemistry was next used to attach Tf to dopamine-loaded MAP nanoparticles. The pKa of
boronic ester formation nPBA and MAP is ideal for ligand detachment during transcytosis
as the nPBA will disassociate from MAP nearly instantaneously at pH < 6.8. Initial in vivo
experiments using this targeting approach showed both increased amounts of DA within the

brain and evidence of intact nanoparticles within the brain parenchyma. Further refinement
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and validation of this nanoparticle could lead to an effective treatment for PD,

particularly to prevent complications experienced from chronic oral L-DOPA treatment
without sacrificing efficacy.

These promising results using the acid-cleavable targeting strategy warrant
investigation of similarly prepared nanoparticles for drug delivery to other significant CNS
diseases, including AD and GBM. In particular, the flexibility of this approach in regards to
which types of therapeutics can be delivered should be investigated. Nanoparticles are very
good at delivering small molecule therapeutics (2,10) but have recently been investigated as
potential shuttles for macromolecules and proteins (11-13). Delivery of mAbs across the
BBB could revolutionize treatment for AD as several highly potent mAb’s investigated in
clinical trials for AD have failed due to poor penetration into the CNS (14). Several of these
antibodies showed measureable effects in humans even when brain uptake was extremely
limited (1 nM estimated brain concentration), suggesting that if the brain accumulation of
these mADb’s could increase even slightly, disease-modifying treatment for AD may be
possible.

Nanoparticles with detachable targeting ligands also have applications in areas
beyond drug delivery across the BBB. Taking a broader view, the detachable ligand system
works to facilitate nanoparticle transit across cellular borders in the body. This could be
exploited to help nanoparticles enter the bloodstream from the gut. A system of regulated
solute transport exists in the gut similar to the BBB and severely limits the passive uptake of
nanoparticles from the GI tract. For this reason, oral administration of nanoparticles for
systemic disease is not currently possible. Nanoparticles targeted against the neonatal Fc
receptor (FcRN) have recently been shown cross the gut through RMT (15). Unfortunately,
FcRN is expressed in many tissues in the body and may restrict uptake of these nanoparticles
in desired tissues through FcRN-mediated sequestration. Attaching the targeting ligand
through a compatible cleavable linker would allow the nanoparticle to circulate independent
of FcRN-interactions once in the blood.

Future designs using detachable ligands would also include a secondary targeting
moiety to facilitate uptake by cells of interest. In this design, a primary targeting ligand would

be attached through a cleavable link and capable of interacting with its transcytosing receptor



152
while circulating. Once this ligand separates from the nanoparticle, a second, different

ligand (one that is either inert while circulating or unveiled after cleavage of the primary
ligand) is expressed and promotes uptake by a specific population of cells within the diseased
tissues. For example, if a nanoparticle was designed to treat HER2-positive breast cancer
metastases in the brain, a Tf ligand could be used to facilitate nanoparticle crossing of the
BBB. Once in the brain, however, a trastuzumab antibody could be displayed on the
nanoparticle surface to promote uptake by the cancerous cells. This type of multi-targeted
nanoparticle could provide highly precise and efficacious treatments for conditions where
drug delivery is limited by cellular barriers.

Despite the promise of this detachable ligand approach, several critical questions
require investigation before future pre-clinical and, hopefully, clinical investigations can
begin. First, the distribution of these nanoparticles throughout the brain is poorly understood.
Though gross regional differences were measured in the ketal linker work (9), differences
between functional regions were not determined. Determining whether nanoparticle uptake
correlates to local TfR expression and whether any differences can be exploited to increase
accumulation in diseased tissues with high endothelial TfR expression is an important
consideration. Depending on what therapeutic is delivered, it is also vital to ensure these high
avidity nanoparticles are not outcompeting endogenous Tf on tissues with decreased TfR
expression (relative to the BBB) and delivering toxic drugs to non-diseased tissue.

It is also immensely important to understand how treatment with these Tf-containing
nanoparticles affects iron homeostasis and TfR expression on the BBB and throughout the
body. Use of high affinity anti-TfR antibodies was found to reduce TfR expression at the
BBB, rendering subsequent doses less effective at penetrating the brain (6). If treatment with
these nanoparticles downregulates BBB TfR in a similar fashion, their use in chronic diseases
may be limited.

One final consideration is the need to investigate and validate other potential TfR
ligands. Though the limits of high affinity anti-TfR mAb’s have been thoroughly discussed
in this text (see section 1.4.1), this does not preclude their use as targeting ligands at the BBB
entirely. Recently, an anti-TfR mAb that has reduced binding affinity at pH 5.5 was reported

to cross an in vitro model of the BBB while variants with pH independent binding could not
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(16). It is possible that continuous TfR occupation after endocytosis, rather than ligand

affinity, avidity or binding epitope, is the event that triggers sequestration to the lysosome.
If this is true, mAb’s with similar changes in affinity in response to pH changes could be
synthesized and used to target TfR at the BBB.

In summary, this work details the design, development and investigation of high-
avidity Tf-containing nanoparticles capable of crossing the BBB by incorporating Tf into the
nanoparticle design through a cleavable chemical link. Attaching the Tf through chemistry
that breaks at mildly acidic pH showed the greatest potential for increased brain uptake of
nanoparticles. Polymeric nanoparticles using this targeting design are capable of delivering
dopamine across the healthy mouse BBB and have tremendous potential in treating diseases

of the CNS.
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Appendix A

CRLX101 NANOPARTICLES LOCALIZE IN HUMAN TUMORS AND
NOT IN ADJACENT, NONNEOPLASTIC TISSUE AFTER
INTRAVENOUS DOSING*

A.1 Preamble

During my thesis work I was given the opportunity to work on a clinical trial
investigating the behavior of a nanoparticle therapeutic in humans. In this study, CRLX101
(formerly IT-101), a nanoparticle therapeutic developed by the Davis lab and currently under
investigation in a variety of clinical trials, was given to patients with gastric cancer. The goal
of this study was to determine if CRLX101 behaves in humans as predicted and described in
animal models; namely, that the nanoparticles accumulate specifically in tumors and not
healthy tissue. After the first intravenous dose of CRLX101, biopsies were taken of the
primary tumor and nearby, uninvolved tissue. The accumulation of the nanoparticle drug in
either tumor or nonneoplastic tissue was measured using confocal microscopy. The

following is work published from that investigation.

*Excerpts from this chapter are reprinted from Clark, A. J., et al. (2016). CRLX101 nanoparticles localize in human tumors and not in adjacent,
nonneoplastic tissue after intravenous dosing. Proceedings of the National Academy of Sciences, 113(14), 3850-3854 with permissions from
PNAS.
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A.2 Introduction

Nanoparticle-based experimental therapeutics are being used to deliver a variety of
different drug molecules to patients with solid tumors (1). Nanoparticle delivery seeks to
improve pharmacokinetic (PK) properties (e.g., enhanced solubility of the drug, increased
circulation times), altered biodistribution of the drug molecules to have low amounts of drugs
in non-target tissues and increased amounts in tumors, and enhanced pharmacodynamics
(PD) (e.g., tunable release of the drug at the site of action in the tumor) in order to produce
enhanced efficacy while simultaneously reducing side effects (and most importantly,
introducing no new side effects due to the nanoparticle) in patients. These properties can: (i)
enable drug combinations formerly prohibited by toxicity limits, (ii) enable new classes of
drug delivery (for example, short interfering RNAs (siRNAs)), and (iii) provide cell specific
targeting within a tumor.

Delivery of drugs to solid tumors using nanoparticle technology relies on the
enhanced permeability and retention (EPR) effect. The mechanistic data regarding the EPR
effect come from animal models, primarily xenografted human tumors in mice. Because
these xenografted tumors poorly recapitulate the architecture of true human tumors, there is
skepticism about whether or not intact nanoparticles can localize in human tumors.
Radiolabeled liposomes have been used to assess tumor accumulation in humans (2,3). In
those studies, the amounts of radioactivity accumulated in tumors did correlate with the
number of microvessels measured from 9 patient biopsies (3). Increased microvessel density
may be an indication of increasing potential for the EPR effect. Also, Davis et al.
demonstrated dose dependent deposition of the CALAA-01 polymer-siRNA nanoparticle
system in human subcutaneous melanoma metastases using a stain specific for the
nanoparticle (4), Eliasof et al. showed the presence of the camptothecin (CPT) component of
CRXL101 in a single human gastric tumor biopsy (5), and Weiss et al. provided a single
biopsy showing CRLX101 and CPT in a human breast cancer (6). Thus, there remains a need
for further evidence of intact nanoparticle localization in solid, human tumors when they are

systemically administered to cancer patients.
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Here, we use fluorescence microscopy to demonstrate the presence of an intact

polymer-drug nanoparticle (CRLX101) in human gastric tumors that have been obtained
from endoscopic capture prior to, and 24 to 48 hours after, dosing. Adjacent, non-neoplastic
tissues are also obtained to assist in determining the specificity for tumor localization.
Further, immunohistochemistry (IHC) was used to label various biomarkers within the tumor
tissue to better understand the pharmacodynamics effect of CRLX101 on solid human
tumors.

CRLX101 is a nanoparticle consisting of a cyclodextrin-containing polymer
conjugate of CPT. The individual polymer strands self-assemble into nanoparticles
(approximately five strands) of approximately 20 to 30 nm diameter and 10 wt% CPT by
multiple, interstrand, inclusion complex formation between cyclodextrin and the CPT
molecules (Fig A.1A). CRLX101 is currently in a number of human cancer Phase II trials
[early results from some of the Phase I/II trials are available (6,7)]. Here, a clinical trial was
performed at and sponsored by the City of Hope (ClinicalTrials.gov identifier:
NCT01612546). CRLX101 was supplied by Cerulean Pharma Inc. The primary endpoint of
this study was to test the hypothesis that intact CRLX101 nanoparticles localize in primary
human tumors and not adjacent, non-neoplastic tissue after intravenous administration. The
results presented here show that CRLX101 does localize in tumor tissue and not the non-

neoplastic tissue leading to the expected pharmacodynamics effect.
A.3 Results
A.3.1 Trial design and tissue biopsies

Patients with progression on at least one prior line of systemic therapy were enrolled
in a pilot study to assess CRLX101 activity in gastric, esophageal, or gastroesophageal
adenocarcinoma or squamous cell carcinoma (Fig A.1B). Patients consented to have
endoscopic assisted biopsies of both their primary tumor and healthy, adjacent tissue prior
to, and 24 to 48 hours after, the first dose of CRLX101. The first dose of CRLX101 for all
patients was given at the recommended Phase II dosing of 15 mg/m? Three individual

samples of both tumor and non-neoplastic tissue were acquired and divided in the following
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ways: (i) frozen in optimized cutting temperature compound (Tissue-Tek OCT) for

fluorescence microcopy studies, (ii) fixed in 10% formalin for antibody staining, or (iii)
placed in formalin for standard histology. A total of 10 patients consented for this study, of
which 9/10 had histologically confirmed tumor tissue present in both pre- and post-

CRLX101 treatment biopsies.
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Fig A.1 Schematic of CRLX101 and study design. (A) CRLX101 nanoparticle design and

particle formation including image of particles under cryo-electron microscopy. (B) Design

of clinical trial.
A.3.2 Detection of CRLX101 fluorescence in human gastric tumors

The pharmacologically active component of CRLX101 — camptothecin (CPT) — has
intrinsic fluorescence (Excitationmax = 370 nm and Emissionmax = 435 nm), and can be used
for the detection of CRLX101 in tissue via fluorescence microscopy (5,6,8). Fig A.2A
illustrates detection of CPT fluorescence in two different types of human tumor xenografts

in mice 24 hours after intravenous dosing of CRLX101. The fluorescence signal has a patchy
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distribution throughout the tumor with some areas of densely clustered punctate

fluorescence signal while other areas are devoid of signal.

Figs A.2B-C illustrate detection of CPT fluorescence in human gastric tumor biopsy
specimens. The CPT signal observed was qualitatively similar to that obtained from the
xenograft tumors (Examples of CPT signal observed in other patients are shown in Fig A.3).
Distribution of CPT fluorescence was focal and punctate. To verify that observed signal was
indeed CPT, regions of interest were repeatedly scanned using the confocal laser. CPT is a
weak fluorophore, and rapidly photobleaches upon repeated interrogation, as compared to
non-specific tissue autofluorescence. Thus, punctate fluorescence that rapidly diminished
upon multiple scans was determined to be from CPT (Fig A.4). In total, CPT fluorescence
was detected in all 9 post-treatment tumors. No definitive CPT fluorescent signal was
observed in any of the adjacent non-tumor biopsy specimens (Table A.1). One patient
showed potential CPT signal in the non-tumor tissue biopsy; however, this signal did not
fully quench from repeated laser scans, thereby not meeting our criteria for definitive CPT
signal (Fig A.5). Fluorescence was considerably rarer in the patient samples than in the
xenograft tumors. However, the patient biopsies were only a fraction of the size of pieces of
xenograft tumor that we investigated. Tissue samples were also stained with an antibody
against the PEG component of CRLX101 (Fig A.6). In 5 of 9 patients, the PEG antibody co-
localized with the CPT fluorescence, suggesting intact nanoparticles were present within the

post-treatment tumors.
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Fig A.2 Detection of camptothecin (CPT) fluorescence following CRLX101 treatment in
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mice and humans. (A) Presence of CPT in mice bearing two different human tumor
xenografts. CPT is apparent 24hrs after a single CRLX101 dose and appears as bright,
punctate dots (green dots) with a patchy distribution throughout the tissue. (B) CPT signal in
non-neoplastic and tumor tissue of a single patient under different dosing states. Positive
CPT signal (green dots) is seen only in the post-treatment tumor tissue. (C) CPT signal in

post-treatment non-neoplastic and tumor tissue for three other patients.
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Fig A.3 Positive CPT signal in posttreatment tumor tissues. Posttreatment tumor images are

shown for remaining patients. White arrows indicate examples of CPT signal.
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1st Scan 2nd Scan

Pt 4

Pt 10

Fig A.4 CPT signal shows significant decrease with sequential laser scans. Points of positive
CPT signal in the 1st scan which are absent in a 2nd scan of the same tissue area are indicated

by white arrows. The majority of CPT signal is absent upon the 2nd laser scan.



Pre-Treatment

Post-Treatment

164

Patient _ Tumor Non-Neoplastic Pre-Treatment Non-Neoplastic Post-Treatment
Differentiation Tissue Tumor Tissue Tissle Tumor Tissue
2 Poor 0 0 0 ++
3 Well 0 0 0 ++*
4 Moderate to poor 0 0 0 +++*
5 Moderate 0 0 0 ++*
6 Poor 0 0 0 ++*
7 Poor 0 0 0 ++
8 Moderate 0 0 + +4*
9 Moderate to poor 0 0 0 ++
10 Poor 0 0 0 ++

Table A.1 Summary of biopsy investigation results for each patient. Tumor quality was

determined using standard histological techniques. CPT signal in the tissue sample was

graded the following ways: (0) indicates no CPT signal was observed in the tissue; (+)

indicates potential CPT signal was observed in the tissue, but did not meet both requirements

used to determine true CPT signal [(1) observed signal was punctate and patchy in

distribution and (2) signal rapidly diminished upon repeated confocal laser scans]; (++)

definitive CPT signal was observed but only in a minority of images acquired; (+++)

definitive signal was observed in the majority of images acquired. Tissues marked by an (*)

indicate CPT signal co-localization with PEG stain was observed. Patient 1 was not included

in the analysis because no tumor tissue was identified in the biopsy samples both pre and

post-CRLX101 treatment.
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Fig A.5 Potential positive CPT signal (purple dots) in patient 8 posttreatment non-neoplastic
tissue. Areas of potential CPT signal that did not diminish upon multiple confocal laser scans
are indicated with white arrows. A bubble within the tissue section identified with a
brightfield image is indicated with the BU label. The overall decrease in CPT signal in this
tissue area was not as pronounced as that observed in the posttreatment tumor tissues (Fig.

S2) so this tissue was not determined to contain definitive CPT signal.
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Fig A.6 CPT-PEG co-localization. Tissue samples were stained with an anti-PEG antibody
to identify the polymer component of CRLX101. Evidence of co-localized CPT signal
(bright green dots) and PEG stain (red dots) were observed in 5 of 9 patients. White arrows

indicate points of stain co-localization.

A.3.3 Pharmacodynamics investigation of CRLX101 in human gastric tumors

To confirm the pharmacokinetic observations, a pharmacodynamics study was
performed. A haematoxylin and eosin (H&E) stain was performed first to verify the quality
of existing tumors and surrounding, uninvolved tissue (Fig A.7). The CA IX antibody stain
showed high intracellular expression in pre-treated tumor samples, whereas the post-
treatment samples revealed much less staining, suggesting a decrease in HIF-10], a
transcription factor upstream of CA IX (9). The Topo-I stain showed reduced staining from
pre-treatment to post-treatment samples (Fig A.8). This result suggests CPT released from

the nanoparticle, bound Topo-I, and triggered its degradation.
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Fig A.7 H&E stain of biopsy series from a single patient. Sections of entire tissue biopsy for
pre-treatment non-neoplastic (Al), pretreatment tumor (B1), posttreatment non-neoplastic
(C1), and posttreatment tumor (D1) tissues are shown. The image in the right column (X-2)
contains a high-magnification image of the area indicated by the box overlaying the

corresponding full tissue section.
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Fig A.8 Pharmacodynamics investigation of tumor biomarkers. Tumor tissues of six patients
were stained for two different tumor biomarkers (CA IX and Topo-I) before and after
treatment with CRLX101. The results shown here are indicative of the trend observed in the

six individual tissue series.

A.4 Discussion

The ability of intact nanoparticles to extravasate and deposit within tumor tissue is
fundamental to their therapeutic activity and selectivity. This mechanism of tumor
deposition, known as the EPR effect, has only ever been demonstrated directly in animal
models, specifically in xenograft tumors in mice that, in general, do not faithfully represent
the true architecture of human tumors. There is considerable debate in the literature
surrounding the existence of this phenomenon in human tumors. Because most nanoparticle

therapeutics systems have been designed from the optimization of delivery to xenografted
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human tumors in mice, it is important to show that similar mechanisms of deposition take

place in human tumors.

Here, we demonstrate through matched sets of pre- and post-nanoparticle dosing
biopsies of tumor and adjacent, non-neoplastic tissue evidence of intact nanoparticle
deposition in human tumors after intravenous administration. All nine tumor-bearing patients
showed evidence of CPT in the post-treatment tumor tissue. Furthermore, no definitive CPT
signal was observed in adjacent, non-neoplastic tissue. Interestingly, the signal observed
within the human tumors appeared to be solely due to drug within the tumor parenchyma. If
drug were retained within the microvasculature following tissue fixation and processing, we
would expect to see some signal in the normal tissue, but this was not observed. Due to poorly
preserved tissue architecture of the fresh-frozen biopsy samples following processing,
identification of drug signal within different tumor compartments (e.g. intracellular vs.
interstitial) was not possible. An understanding of how uniformly and deeply CRLX101
diffuses throughout the tumor and how this affects free drug concentration within the tumor
is critical to maximizing CRLX101 efficacy.

Although there was detectable CPT signal in the post-treatment tumors, it was
significantly lower than what we have previously experienced in mouse xenografts (Fig A.2).
CRLX101 first enters mouse model xenografts within six hours of IV administration and
slowly diffuses away from blood vessels and deeper into tumors over several days (5).
Therefore, the quantity of CPT present in the patient samples 24 hours after treatment may
strongly depend on location of the biopsy relative to vasculature. The biopsies were acquired
randomly from a patient’s primary tumor and measured only ~3mm?, which is just a fraction
of the total tumor volume. In contrast, it is possible to isolate entire xenografts and readily
identify vasculature and areas of high drug signal. Human tumors also express a high degree
of heterogeneity (10,11). In gastric cancer patients, the tumor microvascular density can
significantly vary depending on the extent of invasion to surrounding tissues as well as gross
tumor morphology (12). Factors that influence vascular density and heterogeneity within
human tumors may affect the magnitude and reproducibility of the EPR effect in humans.

To investigate whether intact nanoparticles were present within the human tumors,

an antibody against the PEG component of CRLX101 was used (Fig A.6). In 5 of 9 patients,
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CPT signal co-localized with the PEG stain was observed, suggesting that at least some

drug is still retained within intact nanoparticles in these tissues. In vitro investigation of CPT
release from CRLX101 has shown only 30% of loaded CPT released from the nanoparticle
at neutral pH after 24 hours with that value dropping to 10% at the tumor microenvironment
pH (pH 6.5-6.9) (13). These kinetics suggest a significant portion of the loaded CPT should
be retained within the nanoparticle core when the post-treatment biopsies were acquired.
Experiments using PET with radiolabeled CRLX101 in mice have shown increasing,
selective accumulation of the nanoparticle within tumors over the first 24 hours after an initial
dose (8). A similar result was found using MRI where CRLX101 showed increasing apparent
diffusion coefficient over the first seven days after dosing in tumor-bearing mice (14). Both
these in vivo results indicate intact nanoparticles are likely accumulating within the human
tumors over the first 24 to 48 hours. The lack of co-localized CRLX101 polymer-CPT signal
in 4 of the 9 patients may be explained by poor sensitivity of the anti-PEG antibody stain
used. Several PEG mAb’s were investigated and all showed significantly decreased affinity
to the CRLX101 polymer component after exposure to tissue fixation agents. This likely
limited the ability to detect the CRLX101 polymer within the fixed tissue sections. Combined
with the scarcity of positive CPT signal in most tumor biopsies, this factor may have caused
false negative co-localization results for the four patients. It is also possible that these patients
experienced less overall nanoparticle deposition into the tumor due to tumor characteristics
that are unfavorable—compared to the six positive patients—to nanoparticle extravasation,
reducing potential binding sites for the PEG antibody.

Despite relatively low CPT signal in the human tumor compared to mouse xenograft
tissue, investigation of tumor biomarkers showed clear pharmacodynamic effects of the drug
within tumors. CA IX expression is driven directly by HIF-1a and can be used to measure
HIF-1a activity. The decreased expression of CA IX in the post-treatment tumors is
consistent with the inhibitor effect of CRLX101 on HIF-la expression, which has been
previously observed (7,15). CPT has been known to cause rapid degradation of Topo-I
through the ubiquitin-proteasome system in tissue culture (16-20). Our result reveals this

may also be occurring in vivo as evident by the lower staining of Topo-I in the post-treatment
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tumors. This finding would be the first result demonstrating down-regulation of Topo-I

by CPT in human tumors collected from clinical trials.

A.5 Conclusions

In summary, we show evidence of the nanoparticle CRLX101 accumulating within
gastric tumors in humans but not adjacent, non-neoplastic tissue. This result supports the
hypothesis that nanoparticle therapeutics can localize within human solid tumors, and this
may occur via the EPR effect. Co-localization of the CPT and PEG components of CRLX101
was observed in several patients, indicating intact nanoparticles are reaching tumors in
humans. Though signal observed from the CPT component of CRLX101 was lower than
what had been previously observed in xenografts, this decrease might be due to biopsy
sampling location and tumor heterogeneity, and in particular, microvascular density. IHC
revealed changes in two tumor biomarkers consistent with the biological activity of CPT

within tumors.
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A.6 Methods

Mice studies: All mice were treated according to the National Institutes of Health Guidelines
for Animal Care and Use as approved by the Caltech Institutional Animal Care and Use
Committee. Mice were treated with CRLX101 via lateral tail vein injection then euthanized
after 24 hours. Their tumors were resected, embedded in optimal cutting temperature

compound and frozen for fluorescence microscopy.

Patient enrollment and CRLX101 treatment: Patients with advanced gastric,
gastroesophageal junctional, esophageal adenocarcinoma carcinoma, or squamous cell
carcinoma, who had progressed on at least one prior line of systemic therapy, were enrolled
in a pilot clinical trial to assess preferential uptake of CRLX101 in tumor tissue versus
healthy, adjacent tissue (ClinicalTrials.gov identifier: NCT01612546). Patients were
discontinued of all systemic therapy at least four weeks prior to receiving CRLX101. Pre-
treatment biopsies were acquired by endoscopy 6-21 days before receiving the first IV
infusion of 15 mg/m2 CRLX101. The post treatment biopsies were performed between 24
to 48 hours after receiving CRLX101.

Human gastric tissue sample acquisition and preparation: Human gastric tissue samples
were obtained from patients enrolled in a CRLX101 pilot trial with consent in accordance
with City of Hope Institutional Review Board (IRB) guidelines (City of Hope IRB Protocol
11276). Biopsy specimens used for fluorescence were immediately embedded in optimal
cutting temperature media and frozen on dry ice. Biopsies acquired for IHC were
immediately placed in 4% paraformaldehyde. All specimens were transferred to the City of
Hope Translational Research Laboratory before processing. The clinical trial was sponsored

by the City of Hope. CRLX101 was supplied by Cerulean Pharma Inc.

Tissue immunofluorescence: Fresh frozen tissue samples were sectioned, washed briefly in
PBS, and fixed for ten minutes with 10% formalin. Slides were blocked for one hour in 5%

normal goat serum in PBS and followed by overnight stain at 4°C with an anti-PEG antibody
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(1:100 dilution, Abcam ab94764). Slides were then washed and stained for one hour with

an Alexa-Fluor 488-conjugated secondary antibody (1:500 dilution, Invitrogen A-21212)
and mounted using ProLong Gold antifade reagent. Tissues were imaged with a Zeiss LSM
510 inverted confocal scanning microscope using a Zeiss Plan Neofluar 63x/1.25 oil
objective. The excitation wavelength for camptothecin was 710 nm (two-photon laser) and
488 nm for detection of PEG. The corresponding emission filters were 390-465 nm and 565-
615 nm, respectively. Images were adjusted to have equivalent mean brightness using the

brightness adjustment tool in LSM 5 Image Browser (Leica).

Tumor biomarker immunohistochemistry: Tumor tissues were fixed with 10% formalin
and embedded in paraffin. Tissues sections Sum in thickness were prepared and
deparaffinized in xylenes followed by rehydration in graded alcohols. The sections were
baked in 0.01 M sodium citrate buffer, pH 6.0, for 15 minutes for antigen retrieval.
Endogenous peroxidase was quenched with 3% hydrogen peroxide at room temperature (20—
25°C). Primary rabbit Topo-I (Santa Cruz, CA, USA) and rabbit CA IX (Proteintech,
Chicago, IL) was applied overnight at 4°C with a final concentration of 1:200 (Topo-1) and
1:2000 (CA IX). The sections were counterstained with hematoxylin, followed by
dehydration in graded alcohols and xylenes. Tissue sections were then developed using
horseradish peroxidase (HRP) DAB Quanto kit according to the manufacturer’s instructions
(Thermal Scientific, Fremont, California, USA). Sections containing no primary antibody
stain were processed simultaneously and used as negative controls while samples known to
strongly express Topo-I and CA IX served as positive controls. Photomicrographs were taken
on Leica microscope equipped with a CCD camera (Leica Microsystems, Wetzlar,

Germany).
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