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ABSTRACT OF THE DISSERTATION

Polymer-Protein Nanoparticles for

Systemic Detoxification, Anti-HIV and Biosensor Applications

Ming Zhao
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2018

Professor Yunfeng Lu, Chair

As the “engines of life”, proteins play the most dynamic and diverse roles among all
macromolecules in the body. Owing to their high specificity and potency, more than 130 proteins
or peptides therapeutics have been developed for clinical use, and many more are being
developed. Despite their tremendous promises, effective delivery of protein therapeutics to
achieve the maximum efficacy needs to overcome three major barriers, which are associated with
the delivery of therapeutics to the target organs, entrance of the therapeutics to the tissues, and
entrance of the therapeutics to the cells. The inability to overcome such barriers may result in
rapid loss of the activity, fast clearance and undesirable tissue biodistribution of the therapeutic
proteins. Engineering nanocarriers for escorting therapeutic proteins into their specified
destination has thus generated considerable interests.

In this dissertation, a delivery strategy employing polymeric nanocapsules for efficient
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extracellular and intracellular protein delivery is described. As an extension, zwitterionic

polymer-based biosensors with effective protein immobilization and enhanced properties are also

discussed. This dissertation work can be briefly outlined into three topics below:

1))

2)

3)

Oxalate oxidase (OxQO) was encapsulated within a thin layer of zwitterionic polymer shell
via aqueous free-radical polymerization for the treatment of hyperoxaluria. As-
synthesized OxO nanocapsules exhibited enhanced bioactivity, prolonged blood
circulation half-life and reduced immunogenicity. This design enables systemic delivery
of therapeutic enzymes for various applications.

The transcription activator-like effector nucleases (TALEN) were encapsulated. The
shell properties were judiciously modulated to be cationic and acid-labile, which
facilitates cellular uptake and subsequent cargo release. TALEN pairs recognizing the
TAR region of HIV LTRs were delivered through this platform to induce robust excision
of HIV-1 provirus in a variety of human cell lines, especially the primary T cell lines.
This work provides useful suggestions for the research and development of anti-HIV
therapies.

Zwitterionic polymers bearing amine groups were developed to facilitate the enzyme
immobilization on chitosan-coated electrode for choline sensing. Such zwitterionic

coating brought in sensors with improved enzyme loading, sensitivity and detection limit.

In summary, this research utilizes the nanocapsule platform to overcome different delivery

barriers to realize specific delivery goals. The zwitterionic polymers can be used to prepare

biosensors with enhanced properties.
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Chapter 1. Introduction

1.1 Protein Therapeutics

As the “engines of life”, proteins play the most dynamic and diverse roles among all the
macromolecules in the body, such as catalyzing biochemical reactions, controlling cell fates,
forming cellular structures, providing tissue scaffolds, and transporting molecules within a cell or
from one organ to another.! On one hand, owing to this functional specificity, disease may result
when any one of these proteins contains mutations or other abnormalities, or is present in
abnormally high or low concentrations, which poses an enormous challenge to modern medicine.
Viewed from the perspective of therapeutics, on the other hand, the highly specific action of
proteins makes them less likely to interfere with normal biological processes, and their high
number represents a tremendous opportunity in terms of harnessing protein therapeutics to
alleviate disease.” In the early days, therapeutic proteins were isolated from natural biological
sources and were not commonly used. For example, insulin was first purified from bovine
pancreas in 1922 to treat diabetes,” and growth hormone and the follicle-stimulating hormone
were isolated from human pituitary glands.*” It was not until the early 1980s, with the advent of
recombinant gene technologies that the number of therapeutic applications of proteins started to
explode remarkably. In 1982, the first recombinant pharmaceutical-human insulin came onto the
market from Genentech,’ and hitherto more than 130 proteins or peptides have been approved for
clinical use by the FDA, with over 70% being recombinant, and many more are being developed
world wide.” Recombinant production offers distinct benefits: it provides drugs that could not
have been made available by conventional methods; it manufactures proteins more efficiently
and inexpensively, and in almost unlimited quantities; and it rules out certain possibilities of

human pathogenic virus contamination.” Common heterologous proteins production systems



include microbial fermentation, plant, insect and mammalian cell cultures. Escherichia coli (E.
coli) remains one of the most widely used hosts because of its easy and quick expression of
proteins.® However, the bacterium is not the system of choice to express very large proteins or
proteins that require post-translational modifications. In this case, yeast may be harnessed to
produce eukaryotic heterologous proteins because they share similar subcellular post-
translational protein modification machinery as eukaryotes.” Nevertheless, for the production of
therapeutic glycoproteins, yeasts are still less useful since their glycoproteins are associated with
high mannose oligosaccharides that are readily recognized and sequestrated by macrophages
bearing large numbers of mannose receptors on their surface.'” Mammalian cells have insofar
become the dominant system for the production of recombinant versions of native proteins for
clinical applications because of their capacity for proper protein folding, assembly and post-

translational modification."

1.2 Protein Engineering

Although recombinant proteins produced by mammalian cells are more biocompatible than those
produced by other hosts, the full realization of their biomedical application is still largely
restricted by poor catalytic activity, short shelf life and vulnerability to protease digestion. These
drawbacks can be addressed with protein engineering to increase their clinical potential. Rational
protein design and directed evolution are two general approaches of protein engineering.'” The
rational protein design, which requires detailed knowledge of the structure and function of
proteins, employs site-directed mutagenesis methods to make desired changes to proteins, yet
sometimes the detailed structural knowledge is unavailable or incomplete. In sharp contrast,

directed evolution relies on random mutagenesis followed by high-throughput screening to select



variants having desired traits. The approach, however, entails immense screening efforts that
even protein libraries with millions of members still sample a small fraction of possible sequence
space for a protein.” As a more recent approach, semi-rational methodologies combining the
benefits of directed evolution and rational design are being used to significantly increase the
efficiency of biocatalyst tailoring.'*'* As a result, a variety of improved enzyme properties have

been attained, such as increased catalytic activity and stability,'*"'® higher stereospecificity and

14,17,18 19,20 21,22

stereoselectivity, altered pH profile, reduced immunogenicity, and enhanced
inhibitor resistance. »*

Instead of just evolving proteins with altered properties, DNA shuffling and related
methods are powerful tools in protein engineering to devise chimeric proteins with novel
structures and properties. In particular, chimeric protein methodologies could contribute to
unearthing potential novel roles of specific protein domains, >* preventing protein aggregation by
altering net charge for a variety of applications,”>° regenerating enzymatic cofactors simply and
inexpensively,””*® and facilitating protein purification.”” More importantly, the careful analysis
of chimeric proteins promotes deeper understanding of protein structures, functions and key
amino acid substitutions, which in return, could direct the rational protein redesign.

In addition, impressive results of therapeutic proteins generated by other engineering
approaches have also been reported, as evidenced by employing glycoengineering strategy to
humanize yeast’s heterogeneous high mannose-type glycosylation to mammalian-type

glycosylation to acquire pharmacokinetic stability and efficacy,’*’

and by utilizing the cell
surface display and ribosome display approaches to engineer a variety of proteins for improved

affinity, specificity, expression, stability and catalytic activity.**



Despite the fact that it is a powerful tool, protein engineering has overcome some of the
limitations of biocatalysts and it is still flawed in many ways when it comes to biomedical
applications. First, as a trial and error methodology, it may still take considerable time to
implement."> Moreover, multiple functional domains of chimeric proteins may tangle together
due to disadvantageous folding, leading to reduced activity and/or stability.*® Lastly, in protein
engineering, protein intrinsic structure change was limited in order to maintain catalytic activity
and stability, due to which alterations and improvements of major properties in terms of size,
surface properties and hydrophobicity are largely restricted.

To sum up, the past three decades have seen a drastic upsurge of engineered protein
products on the market owing to the notable technical advances in recombinant DNA technology,
high throughput genome sequencing, and protein engineering, providing a potential for a vast
scope of biomedical study and applications. In the field of precision medicine these recombinant
biologic agents nonetheless, are still at their primitive forms that require further decorations to
accomplish the goal of a sustained and controlled release in vivo. Therefore, under these
circumstances, major properties such as size, charge, surface shape and surface hydrophobicity

of these biologics need to be revisited and redressed.

Table 1-1. List of FDA-approved protein conjugates by Year 2016

Y
Name Drug description Diseases cat
approved
ADYNOVATE PEGylated factor VIII Hemophilia 2015
Plegridy® PEGylated IFN beta-la Multiple Sclerosis 2014
PEGylated ine-lik
Kaystexxa® . 'porcme e Chronic gout 2010
uricase
Cimzia® PEGylated antibody fragment Crohn’s disease 2008




Chemically synthesized ESA  Anemia associated with

Micera® ) o ) 2007
feera (erythropoiesis-stimulating) chronic kidney disease
Al in- litaxel
Abraxane® bumin boum'i paclitaxe Breast cancer 2005
nanopaticles
Macugen® PEGylated anti-VEGF Macular degeneration, 2004
aptamer neovacular age-related
PEGylated HGH t
Somavert® ylate ) receptor Acromegaly 2003
antagonist
Neulasta® PEGylated GCSF protein Neutrophenia, 2002
u .
y P Chemotherapy induced
PEGylated IFN alpha-2b . .
Pegasys® ylate : apha Hepatitis B; Hepatitis C 2002
protein
PEGylated IFN alpha-2b "
Peglntron® ylate . HPES Hepatitis C 2001
protein
) ) Pulmonary surfactant for
L -prot SP-B and .
Curosurf® tposorie p;(;) eéns an Respiratory Distress 1999
Syndrome
Ontak® Engineered p'rotein c'ombi.ning Cutaneous T-Cell 1999
IL-2 and diphtheria toxin lymphoma
Acute 1 hoblasti
Oncaspar® PEGylated L-asparaginase eute yrop .O astie 1994
leukemia
Severe combined
PEGylated ad 1 .
Adagen®1990 deafn?niseaeszorsrize immunodeficiency 1990
Y disease (SCID)

1.3 Systemic Protein Delivery

Nanotechnology, in its rough definition, refers to structures that span up to several hundred
nanometers in size and that are developed by top-down or bottom-up engineering of individual
components.’* Spurred by recent development in nanotechnology and drug delivery, protein
delivery has been actively pursued to treat a broad range of diseases including metabolic
disorders,*° cancers®’ and tissue damage.’®** Systemic protein delivery, in particular, refers to
delivering protein cargos to extracellular sites of action. Under these circumstances, lots of

studies have been focusing on improving drug-loading capacity, targeting specificity,
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pharmaceutical efficacy and co-delivery issues, while many others have sought to modulate drug
delivery vehicles to achieve sustained drug release and stealth properties.

It is worth noticing that the mononuclear phagocyte system (MPS) composed of dendritic
cells, blood monocytes and tissue-resident macrophages is the primary phagocytosing system in
the body strategically placed in many tissues. The cells are able to recognize and clear a
multitude of invading foreign substances including particulates, cell debris, and microorganisms
tagged with opsonin corona. As a result, evading MPS recognition and engulfment are crucial for
exotic therapeutics to acquire prolonged in vivo half-life for systemic protein delivery purposes.*
In effect, there have been intensive studies showing that the biophysicochemical properties of a
vehicle, such as size, charge, surface chemistry, and the nature and density of the ligands on their
surface, have significant impacts on their clearance behavior and biodistribution.”* Typically,
large-sized nanoparticles (>100 nm) tend to be more efficiently coated with opsonizing
complement proteins leading to fast accumulation into the reticuloendothelial systems (RES),*"**
whereas small nanoparticles with a final hydrodynamic diameter < 5.5 nm undergo rapid urinary
extraction and elimination from the body.* Ideally, nanoparticles in the 10-100 nm size range
can slow the renal clearance, splenic filtration and surface opsonization process.** With respect
to surface chemistry, charge and curvature, their combination could modulate the extent and type

. . . . . 45.4
of opsonin binding in their coronas,*"*®

which dictate subsequent cell uptake, gene expression,
and toxicity.***’ For example, positively charged nanoparticles are cleared more quickly from
the blood due to spontaneous labeling with negatively charged serum components.*? Neutral
nanoparticles —instead display highest blood half-life compared with charged ones.**

Hydrophobic particles have been shown to associate with blood serum opsonins more quickly

than hydrophilic particles.*” Although many hurdles still exist for the development of nano-sized



systemic protein therapeutics with truly exceptional blood circulation half-life, therapeutic
efficiency, and none-toxicity and immune response, their potential advantages should drive their
successful development and translation into a new class of clinical therapies. Towards this goal,
several strides have been made at camouflaging or masking nanoparticles to temporarily bypass

recognition by the MPS to increase blood or tissue resident time.

1.3.1 Poly (ethylene glycol) (PEG) —enzyme conjugates

Attaching polyethylene glycol (PEG) to proteins, known as PEGylation, remains thus far the
gold standard and most established approach of stealth coating. As of today, 12 PEGylated
proteins have been brought to market, including PEG-asparaginase (Oncaspar”), PEG-adenosine
deaminase (Adagen®) and PEG-Intron®** In the beginning, random PEGylation methods were
adopted through reacting the e-amino group of lysine residues, yet the resultant isomer mixtures
were of high heterogeneity that complicated the subsequent purification steps.* To circumvent
this limitation, site-specific amino PEGylation approaches were developed to selectively react
the N-terminal a-amino groups, the carboxyl groups or the cysteines residues to yield more
defined conjugating structures.’*""

The antifouling feature of PEGylated proteins is still not fully understood yet is
considered to arise from the efficacious hydrated layers created by PEG chains, which
extensively bond with surrounding water molecules through hydrogen bonding in aqueous
solution. Such hydrated layer sterically shields blood serum proteins from approaching,
endowing the underlying protein with improved bioavailability, pK behavior, and MPS-

avoidance features.”>* It is important to note that the characteristics of this hydration layer such

as thickness, surface density, and conformation play a dominant role for effective blocking or



repulsion of opsonins.*” Specifically, low PEG coverage or surface density may leave
unprotected patches in the PEG hydrated layer where opsonin proteins can freely bind with
surface epitopes;>* Also, long chain or branched PEG polymer decorated nanoparticles manifest
longer blood circulation half-lives than short chain or linear PEG polymer does;” With respect to
final biodistribution, PEGylated nanoparticles preferentially concentrated in the spleen compared

to both the liver and spleen by uncovered nanoparticles.’®

Proteolytic
@L{ degradation

- |
TS« =§ Antibody

recognition

Figure 1-1 A schematic illustration of a PEGylated protein. The PEG chains are conjugated on an
enzyme, which could protect the protein from proteolysis and help to evade the immune system.

Reprinted with permission from ref. >’

Unfortunately, the attachment of PEG to a protein is not without its own limitations.
Although basic designing guidelines can be followed to make PEGylated products, there are still
a large number of conflicting results reported, implying the lack of a comprehensive study of the
antifouling mechanism and impact factors.”® Moreover, the desire to make longer chain length
and higher density of PEG polymers to increase body-residence time of nanoparticles is
frequently compromised with decreased protein activity, and the inadequate PEG anchoring may,

in turn, amplify the immunogenicity of conjugated polymers.’® Besides, several studies have
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discovered undesirable anti-PEG antibodies in patients after treatment with PEGylated
therapies.””® Given these facts, developing substitute stealth coatings that can further evade the

immune system is urgently needed but still challenging.

1.3.2 Liposome—functionalized protein therapeutics for systemic delivery

Since its earliest reported synthesis in the 1973.°" liposomes have become the mainstay
components broadly used in drug delivery spectra over decades. Inherently, they are a class of
lipid-based vesicles modulated to have specified sizes and permeability properties. According to
their varied functionality, liposomes can be classified into long-circulating liposomes, stimuli-
responsive liposomes, nebulized liposomes, elastic liposomes and covalent-lipid drug
complexes.®® Nonetheless, prior to the emergence of these novel liposomes, conventional “first-
generation” liposomes are simply composed of native phospholipids and cholesterol, and are

cleared from the circulation fairly rapidly.®

To circumvent this hurdle, long-circulating liposomes were invented aiming at evading
blood opsonization and RES uptake, which make systemic detoxification,* cancer therapy® and
transdermal drug delivery with liposomal nanovesicles possible.®*®” Initial attempts of
constructing stealth liposomes were based on naturally occurring glycolipids or
phosphatidylinositol,®® but the most successful and widely recognized stealth formulations are
associated with PEG-coated liposomes,” where PEG is either directly anchored onto the
liposome surface or forms PEG-conjugated lipids building blocks capable of self-assembly.’’
Since the first liposomal system was introduced for clinical use in 1995, the number has
exploded to around a dozen as of 2015 and their compositions are either fully liposomal or

PEGylated.*



Studies have demonstrated that stealth performance and biodistribution of PEGylated
liposomes are largely influenced by their physical characteristics including particle size, bilayer
fluidity, and surface charge. The upper size limit was considered to be around 275 nm, beyond
which the stealth property of PEG-liposomes is largely undermined, and its biodistribution is
characterized by high MPS accumulation.”” Recent investigations with smaller sized PEG-
liposomes have boosted their utility on tumor treatment as researchers discovered that <50 nm
sized PEGylated liposomes possess greater tissue penetration and enhanced tumor inhibition

characteristics, largely due to the extended circulation time that creates higher opportunity for

65,71

tumor accumulation and retention via EPR (Enhanced permeability and retention) effect.

fy” (lipid) e,

self-assemble

protein liposome stealth liposome

Figure 1-2 A schematic illustration of preparing liposomes through self-assembly of lipids. Stealth

liposomes could be prepared by conjugating PEG chains onto the liposome surface.

Not only do liposomes appear primed for cancer therapy, but they have also been
exploited as circulating depot for systemic toxins management and other systemic delivery
purposes. Notable examples illustrating this include administration of artificial sphingomyelin
liposomes containing high cholesterol as decoy targets in vivo to exhaust bacterial toxins that

would otherwise bind and kill host cells,”” and employing cell membranes coated polymeric
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nanoparticles as nanosponge to absorb and cleanse various virulence factors.* Additionally, as
an extension, the cell membranes coating technique was leveraged to fabricate anticancer
vaccine that delivers autologous cancer cell membrane antigens and immunostimulatory adjuvant
in a concerted fashion, showing efficacious antigen presentation and downstream immune
activation.” Consistently, neutrophils carrying liposomes were validated to successfully
penetrate the blood-brain barrier and suppress postoperative glioma recurrence.’* In the light of
the evidence above, liposomal systems for systemic delivery are still in their prime, and with
ongoing technological advancement they will continuously diversify their functionality and

utility against a broader spectrum of diseases.

1.3.3 Poly(zwitterion)—functionalized protein therapeutics

Bioinspired poly(zwitterions), such as poly(phosphobetaine), poly(carboxybetaine) (pCB) and
poly(sulfobetaine) (pSB), have recently emerged as an important class of stealth biomaterials in
the drug delivery domain owing to their superhydrophilicity and ultra-low fouling property in
complex media.””>”’® They are structurally well-ordered polyelectrolytes simultaneously bearing
a pair of oppositely charged ions on the same monomer residue. Unlike PEG or other hydrophilic
biomaterials that build their hydration through hydrogen bonding, zwitterionic-based polymers

bind water molecules more firmly through electrostatically induced hydration,””"®

affording the
protected underlying biomolecules with better antifouling properties than PEG conjugates.
Another key feature where zwitterionic polymers outperform PEG is related to the binding
affinity. While extensive studies have agreed that, low fouling property was achieved at the

expense of losing some binding affinity in PEG-protein conjugates, polyzwitterions

functionalized products instead are able to maintain or even enhance the binding affinity, due to
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the uniformly distributed zwitterionic groups according to the Hofmeister effect.” As a result,
without worrying about binding affinity loss, coatings with a higher surface packing density of
polyzwitterions may be fabricated. Moreover, some zwitterionic polymers such as pCB and
polyphosphorylcholine are biomimetic polymers whose headgroups can be found in cell plasma

and the outside layer of cell membranes, exhibiting greater biocompatibility.

Another unique aspect that directs people’s attention towards zwitterionic polymers is
their structural and functional tunability. For instance, pCB has plenty of carboxylate functional
groups interspersed among the polymer backbone, providing an easy-to-implement chemistry to
attach amine-containing molecules.*® Under some conditions, the antifouling functional groups
on pCB could be temporally blocked to make a pCB ester that carries substantial positive
charges for intracellular protein/gene delivery or antimicrobial applications;, upon being
triggered, pCB ester is switchable back to pCB to regain the nonfouling feature, leaving no
toxicity.®' In addition, despite the fact that phosphobetaines intrinsically contain no
functionalizable groups, various methods have been successfully employed to introduce

functional groups into the polymers chains.**™

The prospect of zwitterionic coatings as novel drug delivery vehicles has been assessed in
several metabolic disorder disease animal models. Take uricase as an example, PEGylated
uricase was approved by FDA to treat hyperuricemia in clinical practice in 2010 but still poses a
risk because of the anti-PEG antibody issue.** Aiming at developing safer PEG substitutes able
to nullify the immune response, Jiang et al. prepared a polycarboxybetaine-uricase conjugate that
was dosed into rats intravenously.®® It was expected to find that uricase-specific IgM and 1gG
titers were 8 x and 3 X less than that evoked by PEGylated uricase. Likewise, the elimination

half-life of zwitterionic conjugate underwent 6 x increase than that of the PEG conjugate after
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the first administration, and remained constant throughout following repeated injections.
However, in spite of an overall improved performance over PEG, enzyme-specific antibody
response was still clearly detectable, implying possibly a higher surface packing density of the
zwitterionic moieties around the protein surface in demand. In effect, achieving higher packing
density isn’t easy with the conjugation approach because the number of available conjugation
sites on protein surface is restricted. To overcome these obstacles, Jiang et al. synthesized a
cross-linked hydrogel “mesh” to encapsulate uricase via in situ free radical polymerization,
which as expected remarkably mitigated the generation of the anti-uricase/anti-polymer 1gG and

1gM to an undetectable level.*®

Using polyphosphorylcholine (PMPC) encapsulated uricase, Lu et al. made complements
to Jiang’s study with evaluation of the therapeutic outcomes in a hyperuricemia mouse model.*
It is observed that injection of PMPC encapsulated uricase nanogels steadily reduced uric acid to
a much lower level during the entire study period of 120 h. In contrast, injection of bare unicase
showed a mild decrease of uric acid concentration, but it rebounded slightly by 96 h. The
nanocapsule platform was further generalized for systemic delivery of other proteins to treat
diseases such as organophosphate poisoning’® and hyperoxaluria,> which, analogous to the
uricase nanogel, displayed noteworthy long-circulating bioscavenger behavior and low

immunogenicity. Therefore, this approach may open up a new avenue for research and novel

clinical strategies against a myriad of metabolic disorders diseases and systemic intoxications.
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Figure 1-3 Design and synthesis of stealth protein nanocapsules. Schematic illustration of the
synthesis of stealth protein nanocapsules by (I) enriching MPC (monomer) and BIS (crosslinker)
around a protein molecule, and (II) in situ polymerization of the monomer and crosslinker forming
a thin shell of PMPC around a protein molecule. PMPC shells are permeable to small-sized
substrates, which enables enzymatic reactions to occur within the protein core. Zwitterionic shells
also resist the adsorption of proteins and phagocytosis, endowing nanocapsules with stealth

capabilities. Reprinted with permission from ref.*

1.3.4 Polysaccharides
Polysaccharides, either linear or branched, are polymeric carbohydrates composed of long chains
of monosaccharide subunits bonded together through glycosidic linkages. Among them, dextran

is a naturally occurring highly soluble glucose polymer comprised mainly of a linear «-1,6-

glucosidic linkage with some degree of branching via 1,3-linkage. It is widely utilized as a drug
surface modifying agent since 1978.% For instance, dextran has been used as a plasma expander

in the clinic and attempted as a PEG substitute to resolve the activity loss issue associated with
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PEG conjugation.®® So far, due to possessing a similar steric hindrance effect as PEG
molecules®™*’, dextran has been covalently attached to various proteins to protect them against
renal filtration, proteolytic degradation and immunological response. Furthermore, dextran and
its derivatives were also explored as antitumor dextran-drug conjugates which manifested

1
90.9 However, the use of dextran

superior antitumor activity compared to free drugs.
polysaccharide isn’t without any problem. Studies suggest that intravenous administration of

dextran with high molecular weight have a tendency to cause anaphylaxis.”” As well, in certain

studies, dextran coating on nanoparticles increased complement activation.”

Another polysaccharide, heparin is an endogenous anticoagulant made of variably
sulfated repeating disaccharide units. It was used as a coating material to improve blood-
compatibility and inhibit the complement activation process in several investigations.”* As one
example, the dextran and heparin coating on poly(methyl methacrylate) nanoparticles
dramatically extended the in vivo circulation time of the nanoparticles compared to unmodified
ones. However, heparin also exhibited undesirable side effects including hemorrhagic

complications and thrombocytopenia when administered non-intravenously.”

1.3.5 Other polymers for systemic protein delivery

Since the first polymer-protein conjugates entered the market in the early 1990s, the field of
polymer therapeutics is undergoing marked expansion. In addition to abovementioned classical
drug delivery systems, there are still a number of other polymers that have been suggested.
Poly(vinylpyrrolidone) (PVP) is an FDA approved synthetic polymer with highly attractive
biocompatibility and immunocompatibility.”® Its broad utility ranges from plasma volume

expander to drug carrying vehicles and wound dressings.””®® Several surface modification
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strategies of synthesizing a PVP layer around protein therapeutics have been described. In a most
recent exploration, uricase was encapsulated within a thin PVP shell via in situ polymerization.
Empowered by the PVP coating, the resulting uricase nanocapsule demonstrated evidently
reduced immunogenicity, extended half-life and improved therapeutic efficacy in animal
models.”” Besides, the conventional conjugation approach was also adopted to modify several
protein drugs for systemic detoxification or antitumor applications.””'”® Take tumor necrosis

factor- « (TNF-« ) as an example. PVP conjugated TNF- « exhibited over 2-fold higher
antitumor activity and 3-fold longer plasma half-life than that of PEG-TNF- o . More attractively,

the conjugate displayed no side effects such as tissue inflammation and piloerection that are

commonly induced by native TNF- o, .””

Acrylamide derivative polymers were studied for their possible use in drug formulations
since the early days of polymer therapeutics. Among those, poly[N-(2-hydroxypropyl)
methacrylamide] (PHEMA) copolymers represent a group of most frequently studied hydrophilic
polymers utilizable as a plasma expander and drug delivery system. In effect, the first synthetic
polymer-based drug conjugate that entered clinical trial were made of PHEMA copolymers.'”!
Morgen et al. covalently coupled insulin to PHEMA and observed a dramatically enhanced
stability of insulin during incubation with luminal enzymes. What’s more, the conjugate was

capable of transferring insulin into the serosal fluid and sacs.'®

Liu et al. developed a
biomimetic enzyme nanocomplex where enzymes with synergistic functions were enwrapped
within a single polyacrylamide (pAAM) nanocapsule. Since the toxic intermediates generated

were eliminated spontaneously, the nanocomplex showed minimized toxicity and enhanced

antidotal efficiency in alcohol-intoxicated mice.'*®
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Another commonly used blood plasma substitute is poly(N-acryloylmorpholine) (PAcM).
Similar to PVP and PHEMA, PAcM was also explored to form polymer-derivatized proteins. For
example, N-acryloylmorpholine (AcM) was copolymerized with N-acryloxysuccinimide) (NAS)
to acquire water solubility, biocompatibility, and reactivity towards protein amino groups. Two
model proteins, catalase, and ribonuclease, were then grafted with the copolymer, resulting in no

104

activity loss.”” In another scenario, PAcM-uricase conjugate displayed significantly subdued

. .. . .. 1
immunogenicity and antigenicity. 0°

Furthermore, amphiphilic PEG-containing block copolymers are another class of polymer
used as a drug delivery system. At an aqueous interface, the amphiphilic property causes the
formation of micelles where insoluble blocks are segregated into the core surrounded by the
hydrophilic PEG surface. PEG/polylactide (PLA) block copolymers are typical representatives of
this class. Especially, the hydrophobic PLAs segments are biodegradable and nontoxic, and the
outer PEG-brushed layer carries a great advantage against blood protein absorption and cell
adhesion. In a transmucosal drug delivery study, Tobio et al. encapsulated a model protein
antigen, tetanus toxoid (TT), within the PEG/PLA block copolymers and observed that, in
contrast to the PLA nanoparticles, PLA-PEG micelles led to a much greater penetration of TT
into the blood circulation and longer persistence in the blood compartment over 48 h.'” In
addition, other hydrophobic block segments such as poly(propylene oxide) (PPO) and
poly(propylene sulfide) (PPS) were also investigated. For example, PEG/PPO triblock
copolymers were conjugated with organophosphate hydrolase (OPH), which could self-assemble
into micelles in an aqueous milieu with stabilized OPH on the surface. Likewise, superoxide

dismutase (SOD) was displayed on the surface of PEG-PPS micelles through a similar fashion.
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More interestingly, the PPS within the micelle cores can synergistically scavenge the toxic

hydrogen peroxide produced by SOD.

Taken together, due to limited space available in this chapter, it is impossible to elaborate
all nanovehicles that have been explored for systemic protein delivery. Instead, special attention
has been paid to these key illustrative examples that underline the future potential and direction

of this critical research field.

1.4 Intracellular Protein Delivery

Intracellular protein delivery mainly refers to the transportation of protein cargo to specific
cellular compartments or organelles aiming to repair the mechanisms underlying disease
initiation and progression. The typical repairing events may involve gene editing, regulation of
gene expression and function, modulation of metabolic pathways and probing the intracellular
environment.'’” Despite its high potential in biomedical research and clinical applications, direct
intracellular delivery of protein cargo is impractical due to the inherent cell membrane barrier,
which effectively restricts the successful entry and accumulation of negatively charged and
hydrophilic proteins at diseased sites of action.'” To overcome this hurdle, various physical and
biochemical approaches have been invented over the past several decades to permeabilize cells,
which include membrane disruption, chemical transfection, and viral and non-viral vectors
mediated transmembrane delivery.'””'”” The membrane disruption and chemical transfection
approaches, nonetheless, are less amenable to in vivo translation and have the propensity to cause
cytoplasmic content leakage, internal membrane breakdown, and protein denaturation.''* Besides,
the viral systems are limited to nucleic acid delivery only and can trigger adverse immune

111
response.
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Recent breakthroughs in biological sciences and nanotechnology are providing an
unparalleled opportunity to adapt non-viral carriers to realize many delivery goals that were once
deemed impractical. The purpose of synthetic carriers is basically threefold: (1) to pack up the
cargo and protect it against degradation, (2) to traverse the membrane to the targeted intracellular
compartment, and (3) to unpack the payload in an appropriate spatiotemporal manner.'”’ Despite
the enormous promise, there still remain long-standing challenges such as relatively low delivery
efficiency, payload capacity limit, and immunogenicity. In this review section, a brief overview
of several prevalent intracellular delivery approaches is highlighted, but specific emphasis will
be dedicated to the review of advanced carriers for gene-editing nucleases delivery that

correlates closely with my research goal.

1.4.1 CPP-mediated intracellular protein delivery

Cell-penetrating peptides (CPPs), either naturally occurring or entirely synthetic, are a large
group of very heterogeneous peptides that have become broadly applied to power cellular uptake
of large biomolecules.''> They are found ubiquitously within living organisms and typically
comprised of <30 amino acids.'"” Despite that the first discovered CPPs, Tat peptide, and
penetratin, are featured with cationic clusters of arginine or lysine residues,''*'"” many
negatively-charged and amphipathic CPPs have also been exploited and successfully used.''® Tt
is well documented that CPPs can be installed on the protein cargo through chemical conjugation,
non-covalent interaction or CPP protein fusion methodologies depending on the nature of protein
cargo and CPPs involved. For example, transcription activator-like effector nucleases (TALENS)

were covalently coupled with the distal cysteine residue of artificial Cys (Npys)-(D-Arg)y due to

the presence of abundant cysteine moieties on TALENs surface.''” In comparison, the
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amphiphilic feature of Pep-1 allows the facile package of protein cargo through non-covalent
electrostatic and hydrophobic interaction.''®

Despite the variety of CPP design approaches currently available, the precise CPP
translocation pathways at the molecular level remain elusive. It is generally accepted that CPP
mediated cell penetration is non-disruptive, which first takes place through electrostatic
interactions with proteoglycans and then is driven by several parameters including the secondary
structure of the CPP, the type and concentration of the cargo and the host cell type.''® Futaki and
co-workers discovered that arginine-rich peptides could be internalized either by
macropinocytosis or direct translocation through the plasma membrane, with the former being
dominant.'"” Instead, Tat enters T cells essentially via clathrin-mediated endocytosis.'*® While
new generations of CPPs and new applications continue to be developed, their therapeutic use is
still hampered by the fundamental issues that these peptides have no cell-specific entry, and

endosomal escape remains a rate-limiting step of CPP-mediated drug delivery.''*'!

Table 1-2. Representative CPPs: origins and sequences (adapted from ref.''®)
Peptides Origin Sequences
Peptides deriving from protein transduction domains
Tat HIV-Tat protein PGRKKRRQRRPPQ
Penetratin Homeodomain RQIKIWFQNRRMKWKK
Transportan Galanin-mastoparan GWTLNSAGYLLGKINLKALAALAKKIL
VP-22 HSV-1 structural protein DAATATRGRSAASRPTERPRAPAR-

SASRPRRPVD

Amphipathic peptides
MPG HIV Gp41-SV40 NLS GALFLGAAGSTMGAWSQPKKKRKYV
Pep-1 Trp-rich motif-SV40 NLS KETWWETWWTEWSQPKKKRKV
MAP Chimeric KALAKALAKALA
SAP Proline-rich motif VRLPPPVRLPPPVRLPPP
PPTGI Chimeric GLFRALLRLLRSLWRLLLRA

Other cell-penetrating peptides: cationic peptides
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Oligoarginine ~ Chimeric Agr8 or Arg9

hCT(9-32) Human calcitonin LGTYTQDFNKTFPQTAIGVGAP
SynB Protegrin RGGRLSYSRRRFSTSTGR
Pvec Murine VE-cadherin LLIILRRRIRKQAHAHSK

1.4.2 Liposome-mediated intracellular protein delivery
As discussed in the prior section, conventional liposome carriers are characterized by their rapid

. . .63
systemic clearance in vivo,

and PEGylated liposomes, though exhibiting improved
pharmacokinetics, suffer from low target selectivity and transmembrane permeability. As a result,
several engineering approaches have been introduced to enhance the in vivo performance of
liposomes. These approaches include the attachment of site-directed surface ligands, the
inclusion of stimuli-responsive constituents and the modulation of surface charge.'**

Antibody fragments, folate, transferrin, and peptides are common biological ligands
utilized to conjugate liposomes to enhance their targeting specificity towards designated cell
types. In practice, multi-functional liposomes with more than one targeting ligand or functional
constituents are usually constructed. For instance, PEGylation is normally performed to increase
the circulation time of liposomes, which leads to more efficient accumulation at the target site.
The site-directed ligands installed on liposome surface further enhance the selective targeting
and cellular uptake of liposomes. After internalization, the stimuli-response components are
crucial to promoting liposomal payload release into the designated spot upon stimulation.'”
Bungener and coworkers designed a virosome, essentially a liposome bearing tailored cell
binding and fusion moieties derived from native viral envelopes, to deliver protein antigen
ovalbumin into dendritic cells for MHC class I and II presentation. It was observed that once the
virosome entered the cell through receptor-mediated endocytosis, low pH in endosomes triggered

membrane fusion and release of the encapsulated antigen into the cell cytosol effectively.'**
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Apart from ligand-mediated liposome targeting, cationic lipid formulations have also
been investigated and manifested notable utility in topical delivery. For example, Zuris et al.
demonstrated in his work that cationic lipid-mediated in vivo delivery of Cas9:sgRNA complexes
into the mouse inner ear successfully resulted in Cas9-mediated genome editing rates of up to 20%
of hair cells, which is almost tenfold more specific genome editing than traditional plasmid

transfection approach.”

1.4.3 Polymer-mediated intracellular protein delivery

As nanotechnology continues to develop, there is a concomitantly increased quest for
intracellular protein delivery using polymeric nanocarriers, likely because their key properties
such as size, surface charge, and display ligands can be tailored and customized with higher
flexibility than that of other delivery vehicles.'” Current strategies for assembling protein cargo
with polymeric nanocarriers include direct attachment, physical adsorption and interaction,
encapsulation, and polymer micelles.'

Attaching polyethylene-imine (PEI) to the surface of various proteins through covalent
conjugation or electrostatic interaction has been broadly examined for intracellular protein
transduction. Up to date, a diverse array of proteins such as Cas9:sgRNA complexes, 1gG, and
P53 have been successfully delivered into the cellular targets of murine and human cells without
obvious protein function loss.'?”'** Aside from conjugation and physical adsorption, Yan et al.
reported an intracellular delivery approach based on protein nanocapsules weaved by free radical
copolymerization of acrylamide, 2-dimethylaminoethyl methacrylate, and acid-degradable
glycerol dimethacrylate.'* Cellular internalization results indicated that nanocapsules entered the

cells through a clathrin/caveolae-mediated endocytosis pathway, which is more efficient than
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TAT-induced cellular uptake. Following the same synthetic route but with varied monomers and
extra targeting ligands LHRH (luteinizing hormone releasing hormone), p53 protein was
selectively delivered into targeted cancer cells where p53-mediated apoptosis was potently

activated."°
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Figure 1-4 (a) Schematic illustration of the synthesis and cellular uptake of cationic single-protein
nanocapsules with degradable and nondegradable polymeric shells. (b) (i)(ii) TEM (i) and AFM (ii)
images of the HRP nanocapsules; (iii) TEM image of nanocapsules with a gold-quantum-dot-
labeled HRP core for demonstration of nanocapsule architecture. (c) Particle sizes of degradable
and non-degradable nanocapsules at pH 5.5 (i) and pH 7.4 (ii). (d) Fluorescence intensity of native
EGFP, non-degradable EGFP nanocapsules (nEGFP) and degradable EGFP nanocapsules (de-
nEGFP) after exposure to 1 mg-L™ trypsin and a-chymostrypsin in buffer (pH 7.4, 50 °C). (e)
Fluorescence intensity of Hela cells incubated with nEGFP or de-nEGFP for 3 h followed by

incubation in fresh media. Reprinted with permission from ref. "%
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Analogous to protein nanocapsules, protein drugs can be encapsulated within polymeric
micelles by self-assembly of block copolymers, as evidenced by Kim et al.’s study in which
micelles were formed in aqueous phase when a positively charged di-block copolymer conjugate
of poly(L-lysine)-poly(ethylene glycol)-folate (PLL-PEG-FOL) was complexed with bovine
serum albumin (BSA). The extent of cellular uptake was dramatically enhanced against a folate
receptor over-expression cell line compared to a folate receptor-deficient cell line."'!
Additionally, not only chemically synthetic but also naturally occurring polymers can be
harnessed as cross-membrane drug carriers. For example, Su et al. prepared hollow
polyelectrolyte nanocapsules composed of cysteamine conjugated chitosan and dextran sulfate
and demonstrated that the formulation is able to decrease payload protein loss in acidic
environments and retain a sustained cargo release in the cytosol responsive to glutathione

132
level.!?

1.4.4 Intracellular delivery of gene-editing nucleases
The advent of gene-editing technology is unprecedentedly transforming many aspects of human

therapeutics, industrial biotechnology, and agriculture.'*

With customizable genetic scissors
such as zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALEN),
and clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 system, site-specific
genomic tailoring of essentially any desired genomic sequence has become achievable and easy.
Normally, the editing event starts with double strand breaks (DSB) induced by programmable
nucleases into a pre-defined genomic site, followed by immediately stimulated repair either

through non-homologous end joining (NHEJ) or homology-directed repair (HDR)."** The NHEJ

is an efficient but error-prone repair mechanism that usually results in gene disruption through
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inducing indel mutations. In comparison, HDR is an accurate repair pathway that uses a
homologous donor DNA template to correct DNA abnormalities. In this regard, HDR appears to
hold a tremendous potential to revolutionize treatment options for genetic disorder diseases.
However, gene correction or integration via HDR pathway is of low efficiency intrinsically.

Besides, it is challenging in practice to deliver both site-specific nucleases and donor DNA
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Figure 1-5 Nuclease-induced genome editing. (a) Single nuclease-induced double-strand breaks
(DSBs) in a gene locus can be repaired by either non-homologous end-joining (NHEJ; thin black
arrow) or homology-directed repair (HDR; thick black arrows). NHEJ-mediated repair leads to the
introduction of variable length insertion or deletion (indel) mutations. HDR with double-stranded
DNA donor templates can lead to the introduction of precise nucleotide substitutions or insertions.
(b) Introduction of two nuclease-induced DSBs in cis on the same chromosome can lead to the
deletion or inversion of the intervening sequence (left panel). The introduction of two nuclease-
induced DSBs on two different chromosomes can lead to the creation of a translocation (right

panel). Reprinted with permission from ref."”’
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In terms of molecular structure, ZFNs and TALENs are engineered fusion proteins
comprised of a Fokl nuclease combined with a customizable DNA-binding domain. Individual
zinc finger domain typically contains a tandem array of Cys2-His2 fingers, each recognizing
three-base pairs of DNA."* Distinctively, the TALE domain encompasses a series of
approximately 34-amino-acid repeats that each uniquely binds a single nucleotide subsite.
Besides, these TALE repeats are near identical except that two amino acids situated in position
12 and 13 in each repeat, termed the repeat variable di-residues (RVDs), are hypervariable and
dictate the DNA binding specificity.*” It is also worth noting that both ZFNs and TALENs
function as dimeric proteins because Fokl nuclease must dimerize to cleave DNA. Moreover, the
two adjacent and independent DNA binding events required for dimer formation further enlarge
the recognition region and increase targeting specificity.'**

In order for gene-editing nucleases to modify targeted DNA sequences, they must be
escorted into the nucleus of host cells to realize their full potential. In general, nuclease can be
delivered with non-viral and viral vectors, the latter of which commonly includes adenovirus,
lentivirus and, adeno-associated virus. Nonetheless, virus-based gene therapy that relies on
delivering nuclease-encoding DNA sequences is fundamentally limited owing to the sustained
nuclease expression and possible insertional mutagenesis, which poses a high risk of
carcinogenesis, immunogenicity, and off-target genome damage.'*’ Given these safety concerns,
non-viral vehicles together with nonreplicable nuclease proteins that function in a transient
fashion, emerge as a promising candidate to endow editing outcomes with improved specificity,
increased safety, and broader applicability."** Therefore, in view of the above argument and in

accordance with the topic of this section, the following review will principally center on recent
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advances in gene therapy utilizing non-viral delivery systems, especially those by virtue of
nanotechnology.

ZFNs have been reported to intrinsically possess cell-penetrating capabilities and were
successfully adapted to disrupt endogenous genes in several cell lines without any delivery
Vectors,140 nevertheless, their effective concentration is at micromolar levels—higher than the
desired dose. Regarding TALEN protein delivery, Liu et al. validated that TALEN conjugated to
poly-Arg peptides (R9) was able to penetrate through the membrane barrier of HelLa cells and
induce CCRS5 gene disruption at a frequency three-fold higher than that by TALEN-expressing
plasmid.""” Researchers also claimed that no overt cellular toxicity was observed and
peptide/TALEN ratio was essential to attaining positive editing results. However, similar to
ZFNs, the working concentration was at a rather high level. In another study, TALEN protein
analog TALE-PV64, where the Fokl nuclease was substituted with a VP64 transcription
activation domain, was fused with negatively supercharged GFP to gain a net negative charge,
which facilitated successive electrostatic-driven complexation with cationic lipofectamine.
Remarkably, the resultant nanoparticle was able to activate tenfold increase in NTF3 gene
expression level 4 h after treatment with a total protein concentration as low as 25 nM.*

Unlike ZFNs and TALENs that generate sequence recognition specificity via protein-
DNA interactions, CRISPR/Cas9, essentially an RNA-guided endonuclease, relies on a
customizable single guide RNA (sgRNA) to identify target DNA through Watson-Crick
pairing."*! On top of that, CRISPR can be applied for multiplex gene editing <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>