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Abstract

The large molecular weight, poly-anionic, and labile nature of small interfering RNA (siRNA)
necessitate that these macromolecules are associated with carriers for cellular delivery. Lipid-
based particles (LNPs) are very efficient at both cellular internalization and contents delivery;
however, the cell has evolved mechanisms to efficiently degrade exogenous macromolecules and
prevent the alteration of cellular function by foreign nucleic acids. An important aspect to
understand is how cells differentially traffic LNPs so that more efficacious formulations can be

designed for therapeutic purposes.

The majority of this dissertations presents a series of investigations into how cells endocytosis
and sort LNPs encapsulating siRNA. First, I developed a set of fluorescently tagged endosomal
marker proteins for clathrin-, caveolin-, and flotillin-dependent internalization pathways. In
addition, I prepared markers for early and late endosomes (Rab5a and Rab7a), recycling
endosomes (Rab11a), multivesicular bodies (CD82), and lysosomes (LAMP1). Second, I utilized
the technique of ratiometric fluorescence microscopy to measure endosomal pH. Third, I
developed an image-processing program built into ImagelJ/Fiji to accurately colocalize the lipid,
siRNA, and endosomal marker or pH probe signals. I then used these techniques to determine the
pathway cells employ to internalize three different LNP formulations comprised of cholesteryl
hemisuccinate (CHEMS), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and 1,2-

dilinoleyloxy-3-dimethylaminopropane (DLinDMA).

I present evidence that DOTAP LNPs are more potent at delivering siRNA compared to CHEMS

or DLinDMA LNPs. I also demonstrate that cells endocytose the LNPs in measurably different
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ways, specifically, DOTAP exhibits at 0.62 pH unit increase in endosomal pH, pH dependent
delivery, 30% colocalization with Rabl1a and CD82 during the first 30 minutes of transfection,
and a slow accumulation into LAMP1 positive lysosomes over a 4 hour transfection ending at
25% colocalization. In contrast, CHEMS is the least efficient LNP at delivering siRNA and
colocalizes with LAMP1 at 25% during a 4 hour transfection. DLinDMA shows a 0.4 pH unit
increase in endosomal pH and low colocalization (10 — 15%) with the Rablla, CDS82, and
LAMPI1 markers tested, despite being present at similar levels as the other formulations, and is
presumably trafficked into compartments I did not label. Correlations between cellular
trafficking and siRNA delivery efficiency are discussed that may aid in the design of potent LNP

formulations.

Finally, I also investigated the human dsRNA transporter SIDT-1, and present evidence that high
expression levels are required for cellular siRNA uptake, and the that extracellular domain does
not bind directly to dsRNA. In the appendix, I present efforts to use site directed mutagenesis to

convert human cytidine deaminase into an enzyme with cytosine deaminase activity.
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Nucleic acids:

dsRNA - double stranded ribonucleic acid
siRNA - short interfering ribonucleic acid
DNA - deoxyribonucleic acid

ssDNA - single stranded deoxyribonucleic acid
cDNA - complementary deoxyribonucleic acid
PA - poly-adenosine

MCS - multiple cloning site

Proteins/Protein complexes:

CDS - coding sequence

RISC - RNA-induced silencing complex

EFla - Human Elongation Factor la

UbC - Ubiquitin C

rtTA - reverse tetracycline transactivator

HDL - high density lipoprotein

LDL -low density lipoprotein

LDLR -low density lipoprotein receptor

IDOL - Inducible degrader of LDLR

EGF - epidermal growth factor

EGEFR - epidermal growth factor receptor
HARE - hyaluronic acid receptor of endocytosis
CFTR - Cystic fibrosis transmembrane conductance regulator
ARF - ADP-ribosylation factor

Rab - Ras-related proteins in brain

MHC - major histocompatibility complex

NTD - N-terminal domain

His6 - hexahistidine

mKate - monomeric Katushka

GFP - green fluorescent protein

YFP - yellow fluorescent protein

CFP - cyan fluorescent protein

CItA - Clathrin light chain

Cavl - caveolin-1
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Lipids/Polymers:

GPI - Glycosylphosphatidylinositol

PE - Phosphatidylethanolamine

PC - Phosphatidylcholine

DiD - 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine perchlorate
DiO - 3,3'-dilinoleyloxacarbocyanine perchlorate

DOPE - 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOPC - 1,2-dioleoyl-sn-glycero-3-phosphocholine

DPPC - 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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DC-Chol - 3B-[N-(N',N'-dimethylaminoethane)-carbamoyl]cholesterol
SAINT-2 - N-methyl-4-(dioleyl)methylpyridinium

DMRIE-C - 1,2- dimyristyloxy-propyl-3-dimethyl-hydroxy ethyl ammonium bromide and
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HyC-Chol - 3B[N-(2-hydroxyethylaminoethane)- carbamoyl]-cholestene
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RS - octa-arginine

GAG - glycosaminoglycan

CS - chondroitin sulfate

HA - hyaluronic acid

HS - heparan sulfate

Cellular processes/compartments:

RNAI - ribonucleic acid interference

GEEC/CLIC - GPI-Enriched Endocytic Compartments and Clathrin-Independent Carriers
RES - reticuloendotheial system

ECM - extracellular matrix

ER - endoplasmic reticulum

MVB - multivesicular body

ERC - endosomal-recycling compartment
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Units:

nts - nucleotides

bp - base pair

xg - times (X) gravity

g - gram

pmoles - picomoles
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LLg - microgram

M - molar

mM - milimolar

UM - micromolar

nM - nanomolar

mm - milimeter

pum - micrometer

nm - nanometer

L - liter

mL - mililiter

pL - microliter

ms - milisecond

kDa - kiloDalton

rpm - revolutions per minute

MOI - multiplicity of infection
S.E.M. - standard error of the mean
PDI - polydispersity index

pfu - plaque forming units

K - dissociation constant

ICs - inhibitory concentration for 50% inhibition
EDsy - effective dose for 50% effect
MWCO - molecular weight cutoff

Chemicals:

5-FC - 5-fluorocytosine

5-FU - 5-fluorouracil

DHP - 4-[R]- hydroxyl-3,4-dihydropyrimidine
EDTA - Ethylenediaminetetraacetic acid

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
G418 - Geneticin

Tris - tris(hydroxymethyl)aminomethane

CCCP - carbonyl cyanide m-chlorophenyl hydrazone
IPTG - isopropylthio-B-galactoside

PES - polyethylene sulfate

FITC - fluorescein isothiocyanate

TEX615

cm - chloramphenicol

kan - kanamycin

MBCD - methyl-B-cyclodextran



ADP - adenosine diphosphate
GTP - guanine triphosphate
CTP - cytidine triphosphate
TTP - thymidine triphosphate
UMP - Uridine monophosphate
UDP - Uridine diphosphate

Viruses/Cells:

HTLYV - Human T-Cell Leukemia Virus
VSV - vesicular stomatitis virus

RSV - respiratory syncytial virus

SV40 - Simian virus 40

TEV - tobacco etch virus

HIV - Human immunodeficiency virus
HCYV - Hepatitis C virus

SFV - Semliki Forest virus

CHO - Chinese hamster ovary cells

Media:

D-PBS - phosphate buffered saline without calcium and magnesium
PBS - phosphate buffered saline

PBSgp - phosphate buffered saline with glucose and pyruvate

FBS - fetal bovine serum

TB - terrific broth

LB - Lauria broth

SOC - Super Optimal broth with catabolite repression

RPMI - Roswell Park Memorial Institute

Techniques:
FACS - Fluorescence-activated cell sorting
SAXS - Small-angle X-ray scattering

SDS-PAGE - sodium dodecyl sulfate polyacrylamide gel electrophoresis

PCR - polymerase chain reaction
SPT - single particle tracking

Other:
CGSC - Coli Genetic Stock Center
EMCCD - electron multiplying charge coupled device

XVvi



Chapter 1 : Endocytosis of Macromolecule Drugs

1.1 General Endocytosis

1.1.1 Importance of Endocytosis for Macromolecule Drug Delivery

The majority of drugs have intracellular targets that must be accessed to yield a therapeutic effect.
For small molecule drugs that exhibit favorable pharmacokinetics, access to an intracellular

target is mediated by either diffusion or active transport through the plasma membrane.

However, macromolecules are excluded from cellular entry in a manner that cannot be overcome
by concentration. For example, double stranded RNA (dsRNA) is a macromolecule that is not
transported into human cells. While a dsRNA transporter exists (Feinberg and Hunter, 2003),
there is no convincing evidence that it is present and used throughout the animal kingdom. Since
dsRNA is highly negatively charged, it is unable to diffuse through the plasma membrane as well.
The only path for dsSRNA to enter the cell is via endocytosis. This route presents a whole new
host of problems. The first problem is that endocytosis is the mechanism by which cells eat, and
as such macromolecules are digested and broken down during endocytosis. In addition, this
process cannot be overcome by increasing concentration with the hope of escaping degradation,
because the cell has a direct link between internalization and degradation and will not internalize
more that it can process. Secondly, because foreign material enters the cell via endocytosis, there
are mechanisms to detect the presence of certain substances. Again, dsSRNA is a good example as

the cell has evolved receptors to recognize dSRNA and respond as if it were a viral infection.

An understanding of endocytosis is critical to designing vectors that both circumvent the barriers

described above and allow the intracellular access of macromolecule drugs. There are several



different classes of vectors used for macromolecule drug delivery, but the focus of this thesis is
on the use of liposomes to deliver siRNA. Liposomes are characterized by an aqueous core
partitioned by a lipid bilayer; however, when cationic lipids are used to condense nucleic acids

the formation of multi-lamellar lipoplex occurs (Figure 1.1).

Figure 1.1 Schematic of lipoplex.

Lipoplex is comprised of lamellar sheets of lipid bilayers sandwiching nucleic acid (L,). During
delivery the presence of helper lipids such as DOPE causes a phase inversion to inverted hexagonal
(Hp), which is a fusion competent phase that promotes cellular delivery of nucleic acids. Image
copied from Koltover, 1998.

1.1.2 Historical Perspective of Endocytosis

Endocytosis is a complex cellular process (Doherty and McMahon, 2009; Kumari et al., 2010;
Roth, 2006; Sandvig et al., 2011), which has been delineated because of three technological
advances: the centrifuge, pharmacological inhibitors, and the microscope. The centrifuge
allowed for cellular fractionation and separation of vesicles that could then be broken down into
components and characterized further. Pharmacological inhibitors provided a method to perturb
different aspects of membrane structure and endocytosis. Finally, the microscope (light, electron,

and fluorescent) provided a window into the cell to observe the dynamic process of endocytosis.
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Combined they have allowed investigators to identify components involved in endocytosis and
how they interact to move macromolecules into and out of cells. Figure 1.2 shows the complex
internalization pathways that have been identified to date that will be expounded upon in the

following sections.

* Dynamin ' Actin

e Clathrin/ + /Arf1
e Caveolin + Arf6
AIL-Z Receptor/RhoA/Rac1 e Flotillin

Figure 1.2 Cellular endocytosis pathways

The endocytosis pathways are separated by those that require dynamin-2 (left) and those that do
not (right). Note that the Flotillin pathway has been shown to be both dynamin-2 dependent and
independent. The pathways that are dependent upon actin are shown: Clathrin-, Caveolin-,
Flotillin-, Macropinocytosis, and GPI-Enriched Endocytic Compartments/Clathrin-Independent
Carriers (GEEC/CLIC). These pathways are the dominant cellular entry pathways in non-
phagocytic cells.

1.1.2.1 Clathrin-mediated endocytosis

The first mechanistic characterization of cellular endocytosis was performed in the 1890s by Elie
Metchnikoff who demonstrated that not only do cells internalize particles, but that during this
process cells acidify the compartment. This pioneering study used litmus particles to observe a
colormetric pH dependent change that is fundamentally still a corner stone of studying
endocytosis today (Roth, 2006). The next major advance in cellular endocytosis came in 1964
with a set of time course experiments performed on oocytes in mosquitos by Roth and Porter

(Roth and Porter, 1964). Mosquitos were fed to begin the process of yolk formation and fixed at



various time points for electron microscopy. They observed uniform 140 nm pit-like
invaginations of the plasma membrane with 20 nm bristle coats on the cytoplasmic side. These
were the first observations of what later became known as clathrin-coated pits in 1975 with the
purification of clathrin from pig brain vesicles by Pearse (Pearse, 1975). Subsequently, clathrin-
mediated endocytosis became the first well-studied and characterized mechanism of endocytosis.
Low density lipoprotein (LDL) and epidermal growth factor (EGF) were the first proteins
demonstrated to be internalized into clathrin-coated pits (Anderson et al., 1977; Gorden et al.,
1978). Two years later vesicular stomatitis virus (VSV) was the first virus demonstrated to be
taken up into clathrin-coated pits (Rothman et al., 1980). Finally, the cloning and sequencing of

clathrin was done in 1987 (Kirchhausen et al., 1987).

However, it had long been recognized that clathrin was not a membrane bound protein and could
readily be dissociated from membrane with high salt for example and reconstituted (Woodward
and Roth, 1978). Moreover, other proteins were associated with the vesicle purifications and
later shown to be involved in anchoring clathrin to the membrane (Unanue et al., 1981). The
existence of accessory proteins for clathrin coats was demonstrated (Vigers et al., 1986), which
began the process of coupling the coated pit to the concept of receptor mediated endocytosis that
had been proposed years earlier (Goldstein et al., 1979). While the components of the coated pit
were being identified, the exact mechanism by which the plasma membrane physically pinched
off into a self-contained vesicle was not well understood. It was not until 1991 when dynamin
was demonstrated to be involved in the maturation of membrane vesicles, coupling vesicle
formation and force generation by the microtubule cytoskeleton (van der Bliek and Meyerowitz,
1991). These studies, among many others, were the keys to understanding the molecular biology

of the initial step in endocytosis. However, concurrent with the identification of clathrin, other



clathrin-independent mechanisms of endocytosis were being studied, most notably caveolae.

1.1.2.2 Caveolin-mediated endocytosis

The first description of caveolae actually predates that of the coated pit by almost a decade
(Palade, 1953; Yamada, 1955), however, the identification of caveolin-1 came almost 20 years
after that of clathrin. The first characterization of the distinctively “flask-shaped” membrane
invaginations are attributed to the separate works of Palade and Yamada in 1953 and 1955,
respectively. Palade was among the first to describe the vesicles while studying capillaries and
later proposed, correctly, their role in endocytosis (Palade, 1960). However, the name was
introduced by Yamada, who at least began to distinguish a population of membrane
invaginations to study that were separate and distinct from the coated-pit. Caveolae were first
thought to be a coat free vesicle with many hypothesized functions. Because they were coat-free
and only loosely being compartmentalized in nomenclature, the purification and ultimate
characterization of caveolae developed slowly. The first important step was to recognize that
caveolae indeed had a striated coat that was different from the lattice like clathrin coat (Izumi et
al., 1988; 1989; Peters et al., 1985). The identification of what ultimately became named
caveolin-1 and demonstration of a striated coat associated with caveolae arose from the use of an
anti-phosphotyrosine antibody from an RSV transformed cell lysate (Glenney and Zokas, 1989).
A mixture of proteins were isolated and used to make monoclonal antibodies, one of which was a
22-kDa protein that localized to puncta at the cellular membrane. However, Glenney really
didn’t know what he had and in a closer inspection of the protein, suggested that it was a
regulatory subunit of a protein complex that mediated the effects of tyrosine phosphorylation
during RSV infection (Glenney, 1989). By 1992, Glenney had teamed up with Anderson, who

had been studying clathrin coated pits, and used the antibody against the 22-kDa protein to



demonstrate by electron microscopy that it localized to caveolae, and named it caveolin
(Rothberg et al., 1992). Later that year caveolin was cloned and sequenced (Glenney and Soppet,

1992).

As with clathrin-coated pits, caveolae were demonstrated to be involved in the endocytosis of
several molecules, including: GPI-anchored protein receptors for folate (Rothberg et al., 1990)
and albumin (Yokota, 1982), glycolipid bound toxins (Montesano et al., 1982), cholesterol
(Simionescu et al., 1983), and SV40 (Kartenbeck et al., 1989) are localized to caveolae/non-
coated pits. After caveolin was identified, many of these molecules were reinvestigated and their
association with caveolin-mediated endocytosis in now known to be more complex. For example,
after SV40 enters the cell via caveolae, it localizes to a distinct non-acidic vesicle termed the
caveosome before entering the endoplasmic reticulum bypassing the lysosome (Pelkmans et al.,

2001).

The observation that caveolin-dependent endocytosis led to a non-acidic endocytosis route
bypassing the lysosome, gained a significant amount of attention during the decade after its
identification especially as a route for macromolecule drug delivery (Bareford and Swaan, 2007).
However, the same group that proposed the caveosome has shown it to be an artifact of
overexpression (Hayer et al., 2010). Adding further to the complexity of caveolae and
endocytosis in general is the caveolin-1 null mouse model that was independently constructed in
two labs (Drab et al., 2001; Razani et al., 2001; Schubert et al., 2001). The main defects found in
these animals were in the vascular endothelia and albumin transport, but the mice were
surprisingly normal otherwise. This led to the conclusion that other endocytosis mechanisms are

able to compensate for the caveolar route. Indeed, GPI-anchored proteins, which were among the



first to be associated with caveolae/caveolin-1, are also taken up by a non-clathrin, non-caveolin,
cdc42-regulated endocytosis pathway that was subsequently found to be flotillin dependent
(Sabharanjak et al., 2002). It is now apparent that “non-coated” vesicles, of which caveolae were
the first, represent one in a large array of distinct and specific endocytosis mechanisms available

to the cell.

1.1.2.3 Clathrin- and caveolin-independent endocytosis

The first hint that other non-clathrin and non-caveolin endocytosis occurred came in studying
cells lacking caveolin-1. In the absence of caveolin-1 many non-coated veiscular structures
budding from the plasma membrane were observed (Drab et al., 2001). In addition, it was
demonstrated that in the absence of caveolin-1, caveolae-like structures are internalized much
more rapidly than in the presence of caveolin-1, suggesting that caveolin is actually involved in
the stable maintenance of caveolar structures at the plasma membrane rather than their formation
and internalization (Le et al., 2002). The identification of curved membrane domains made it

apparent that other mechanisms, likely dependent upon other proteins, were present in the cell.

One of the first pathways was originally identified as colocalizing with the caveolin-rich,
detergent resistant membrane fractions. Because the protein floated “like a flotilla of ships in the
Triton-insoluble, buoyant fraction,” it was named flotillin (Bickel et al., 1997). As a newcomer
to a field that often demonstrates equivocal results, flotillin endocytosis has been shown to be
both dynamin dependent (Ait-Slimane et al., 2009; Payne et al., 2007) and independent (Glebov
et al., 2006). Along with the identification of flotillin-1, ADP-ribosylation factor (ARF) 6 was
demonstrated to regulate a distinct recycling pathway for MHC class I proteins (Radhakrishna

and Donaldson, 1997) and beta-integrins (Powelka et al., 2004). While currently a specialized



and limited method of endocytosis mainly characterized as a recycling pathway, Arf6 dependent
internalization, and for that matter other GTPase regulated pathways will no doubt grow into
their own distinct pathways. Two other endocytosis pathways that are the latest to arrive have
been demonstrated to be dependent on the small GTPases RhoA (Lamaze et al., 2001) and
Cdc42 (Sabharanjak et al., 2002). RhoA was originally demonstrated to be involved in the
endocytosis of inerleukin-2 receptors (Lamaze et al., 2001) and has since been shown to be, at
least in part, responsible for the endocytosis of botulism toxin C2 (Gibert et al., 2011). In
addition, RhoA dependent uptake has been demonstrated to be constitutive and dynamin
dependent (Khandelwal et al., 2010). As stated earlier Cdc42 was first demonstrated to be
involved in the endocytosis of GPI-anchored proteins (Sabharanjak et al., 2002), but it has
recently been demonstrated to be responsible for the largest fraction of cellular pinocytosis

(Howes et al., 2010).

It is clear that as endocytosis continues to be investigated the distinct routes and their inevitable
overlap will become more apparent. With the observation that the plasma membrane turns over
approximately every hour by clathrin-mediated endocytosis alone, it is clear that ligands bound
to their receptors will be taken up aberrantly by multiple pathways especially as receptor
densities increase (Bretscher, 1982). Thus it is of no surprise that ligands that were originally
defined as entering the cell via a specific route (e.g. GPI-anchored proteins) apparently are
internalized via multiple pathways. Identifying a specific route for a given ligand is made more
complex by the use of pharmacologic inhibitors of endocytosis that are nonspecific for a given
pathway (Ivanov, 2007). For example, chlorpromazine is used as an inhibitor of clathrin, but it is

also an inhibitor of phospholipase C, which regulates actin dynamics and macropinocytosis



(Amyere et al., 2000; Walenga et al., 1981). Another common method to demonstrate clathrin-
dependent endocytosis is acidification of the cytoplasm, which has been shown to also induce
global actin depolymerization and inhibit macropinocytosis (Cosson et al., 1989; Suzuki and
Namiki, 2007). Methyl-B-cyclodextran is used to demonstrate cholesterol-dependent endocytosis,
which is often associated with caveolae. However, MBCD also blocks endocytosis of transferrin
via clathrin (Rodal et al., 1999). Amiloride is used as an inhibitor of macropinocytosis, but it also
inhibits clathrin-dependent endocytosis (Ivanov et al., 2004; Meier et al., 2002). Although none
of these commonly used inhibitors are specific, they are often used and accepted as proof of

internalization via a specific pathway, which may be misleading.

1.1.3 Endocytosis Post-Internalization

Following the separation of an endosome from the plasma membrane via one of the pathways
described above, there is a complex network of intracellular compartments with distinct protein
and lipid compositions. This network is maintained by a diverse array of sorting proteins that act
upon the nascent endosome to route it to its final destination (Olkkonen and Stenmark, 1997;
Stenmark and Olkkonen, 2001; Stenmark, 2009). These events are outlined in a highly simplified
manner in Figure 1.3. The intracellular trafficking pathways are regulated by a superfamily of
Rab GTPases (‘Ras-related in brain’), which control cargo selection, vesicle budding, motility
and fusion (Gorvel et al., 1991; Salminen and Novick, 1987). This family of proteins differs
most in their carboxyl termini, which is also the region that confers their reversible membrane
association and subcellular targeting (Chavrier et al., 1991; 1990). During the progression of an
early endosome to a lysosome, Rab proteins undergo a well-characterized conversion process
and consequently are frequently used as markers for specific subcellular compartments (Rink et

al., 2005). In addition to this family of proteins, there are an increasing number of Rab regulators



and effectors involved in intracellular trafficking that are beyond the scope of this thesis.

In addition to the Rab proteins that are integral in defining specific endocytosis compartments,
there is a reduction in pH that occurs from the external pH ~ 7.4 to the lowest pH ~ 4.5 in the
lysosome (Figure 1.3) (Maxfield and Yamashiro, 1987). The drop in pH provides a mechanism
for recycling and sorting based upon pH dependent binding. The low pH of the lysosome is also
well suited for the hydrolysis reactions that take place within that compartment and provides a
mechanism for controlling such reactions from aberrantly hydrolyzing necessary cellular
components. Many of the degradative enzymes inside the lysosome are acid-activated, and will
not work at cytosolic pH. The lumenal pH is maintained and lowered by the vacuolar H-ATPase
(V-ATPase) pumps (Forgac, 2007). In addition, several other proteins are responsible for
lumenal pH such as the Na'-K"-ATPases that act primarily in the early endosome to limit the pH
to ~ 6.5 by increasing the net positive charge inside the endosome (Huynh and Grinstein, 2007).
The CLC family of CI” channels and CI/H" exchangers are also involved in the regulation of pH
inside endosomes (Jentsch, 2008). Working in concert, these proteins maintain the pH of distinct
endosomal compartments that provides a cellular cue for endogenous functions as well as for

non-viral and viral vectors, which will be discussed in more detail in the coming sections.
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Figure 1.3 Endosome Maturation

Post-internalization, endosomes progress from an early endosome characterized by a pH between
6.5 and 6.0 with several protein markers such as Rab5a. Gradually, the protein markers are
exchanged, defining different compartments and acidification continues until a final pH of 5.0 to 4.5
at the lysosome.

1.2 Viral endocytosis

While many protein and small molecules have been demonstrated to be endocytosed into the cell
by specific mechanisms, the entry of viruses into cells is most informative for the understanding
of macromolecular drug delivery. Viruses have co-evolved with their hosts and are able to not
only gain entry into the cell, but also to cross the membrane barriers necessary for transmission
of genetic material into the host cell. Viruses take advantage of a multitude of cellular cues and

dynamics to allow for the most advantageous route of delivery. The sophisticated mechanism
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used during viral entry only underscores the poor renditions humans have attempted to make for

non-viral drug delivery systems.

Viral endocytosis, as with all other cargo, has had multiple revisions. With each new advance in
methodology, new facets and complications to viral endocytosis have emerged. One of the most
hotly debated topics is whether some viruses are able to gain cellular entry through the plasma
membrane directly or if endocytosis is required (Marsh and Helenius, 2006). HIV is one such
virus that was believed to infect the cell directly at the plasma membrane as the gp41 fusion
peptide is pH-independent. However, single particle tracking was used to show that clathrin-
mediated endocytosis is required for productive infection and the interaction of the virus with the
plasma membrane did not proceed further than mixing of lipids (Miyauchi et al., 2009). It is
likely that many other viruses that are believed to fuse directly with the plasma membrane will

be demonstrate to require endocytosis.

There are clear benefits for viruses to enter cells by endocytosis. Acidification is one signal that
many viruses take advantage of to exit endosomal compartments. However, the ability of viruses
to fuse in response to low pH is often a multistep process. In many viruses, such as poliovirus,
fusion proteins undergo conformational changes in response to acidic pH that expose
hydrophobic regions allowing the virus to enter into the membrane and fuse (Madshus et al.,
1984a; 1984b). In addition to conformational changes of fusion peptides/domains, acid-
dependent proteolytic cleavage of viral proteins is often required prior to fusion as in the case of
Ebola virus (Chandran et al., 2005). Not only do proteins mediate viral fusion, but lipids are also

important for viral fusion. Dengue virus has been shown to undergo fusion only when exposed to
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both low pH and anionic lipids (Zaitseva et al., 2010). Moreover the fusion-competent transition
state achieved by exposure to low pH is maintained for ~30 minutes, awaiting interaction with
anionic lipids, which is in contrast to influenza which is rapidly inactivated after exposure to low

pH (Stegmann et al., 1986).

Another important aspect of viral endocytosis that is beginning to be appreciated is that viruses
are sorted into distinct endosomal populations. As the complex interplay between the cell and
virus is studied with finer resolution, new classes of endocytic vesicles are constantly being
identified. One of the first indications of this came from the study of a Semliki Forest virus
(SFV) mutant with a lower fusion pH threshold (Kielian et al., 1986). In this study wildtype SFV
fused within 5 minutes of endocytosis, however, the mutant virus exhibited asynchronous fusion
kinetics lasting from a few minutes to a few hours. The differences in fusion rates were proposed
to arise from two different models. The first model proposed that differential sorting occurred
from early endosomes into more mature vesicles that were either immediately competent for
fusion or would themselves mature over time. The second model proposed that early endosomes
were heterogenous in their acidification rates but that an individual endosome would eventually
fuse or mature into a lysosome. It is likely that both models occur, however, the first model has
since received support with the study of influenza virus. Influenza virus is sorted into a distinct
early endosome compartment that does not undergo the classical maturation process, but rather
rapidly transports to the perinuclear region where fusion occurs (Lakadamyali et al., 2006; 2003).
The complexity of individual endosomal populations is further compounded by the observation
that there are distinct domains within a single endosome (Sonnichsen et al., 2000). Rab4, Rab5,

and Rabl1 were shown by three color confocal and electron microscopy to localize to discrete
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domains within the same recycling endosome. In addition, discrete lipid domains have been

found in early endosomes (Sharma et al., 2003).

The study of viral biology has educated the field that endocytosis is a complex process that can
provide guidance to the design of non-viral vectors for macromolecule drug delivery. Viruses are
far more efficient at delivering genetic material precisely because they have evolved to fuse at
precise environments and specific compartments. Unlike viruses, non-viral vectors are not as
precise. While viral fusion and biological responses as a whole, are finely tuned to exhibit sharp
transition states, many non-viral pH dependent liposomal vectors typically exhibit a broad pKa
with small slope factors. Thus their transition between fusion incompetent and competent states
is prolonged. However, newer classes of lipids are being developed that exhibit sharp transitions
in pKa with large slope factors and at precisely defined optimal pKas of pH ~ 6.5 (Heyes et al.,
2005; Jayaraman et al., 2012). These new lipids are beginning to mimic the monodispersity of

viruses not only in shape and size but in response to cellular cues.

1.3 Liposomal endocytosis

1.3.1 The role of endocytosis

As with viral endocytosis, initial studies of liposomal uptake in cells indicated that direct fusion
occurred at the plasma membrane (Weinstein et al., 1977). However, subsequent studies
demonstrated that endocytosis was the predominant route of entry and that direct fusion occurred
only under rare circumstances when the plasma membrane was compromised (Szoka et al., 1979;
1980; 1981). Moreover, endocytosis by clathrin-coated pits was implicated and contents release

of certain molecules was mediated by acidification of vesicles as blockage of acidification
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prevented release of carboxyfluorescein into the cytoplasm of cells (Straubinger et al., 1983).
Subsequently it was directly demonstrated that liposomes encapsulating a pH responsive
fluorophore experienced a pH drop inside cells (Chu et al., 1990; Straubinger et al., 1990).
Moreover kinetic studies demonstrated that liposomes transited through endocytosis to the
lysosome in approximately 30 minutes and that delivery and acidification were coupled
(Yoshimura et al., 1995). These early studies were conducted on anionic liposome formulations,
but it became apparent that cationic and pH responsive formulations were much more efficient at
delivery of macromolecules especially plasmid DNA and antisense oligonucleotides (Felgner et
al., 1987; Straubinger et al., 1985). Similar to how neutral and anionic formulations were studied,
cationic and pH-responsive formulations that included PE were also demonstrated to be taken up
via endocytosis (cationic: (Friend et al., 1996; Legendre and Szoka, 1992; Wrobel and Collins,
1995; Zhou and Huang, 1994); pH-responsive: (Chu et al., 1990; Legendre and Szoka, 1992)).
These studies culminated in the proposal of a mechanism for liposome delivery whereby cell
associated complexes are internalized via endocytosis (Zelphati and Szoka, 1996a). Subsequent
electrostatic interactions between cationic vector lipids and anionic endosome lipids induce lipid
mixing and fusion resulting in delivery of contents. Numerous studies have since supported this

mechanism.

1.3.2 Cellular interactions

While it was quite clear by the mid-1990s that virtually all classes of liposomes entered the cell
via endocytosis, limited research had been done to determine what the liposomes were binding to
at the cell surface. There were conflicting reports of neutral phosphatidylcholine (PC) liposomes
interacting with different cultured cells in trypsin-sensitive and -insensitive manners (Blumenthal

et al., 1977; Pagano and Takeichi, 1977). For the case of trypsin-sensitive interactions with CHO
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cells, a specific protein of ~60 kDa was implicated in the cellular binding (Pagano and Takeichi,
1977). Another early study investigating neutral PC liposomes found that opsonization of the
liposomes by ApoE resulted in increased cellular uptake by hepatocytes (Bisgaier et al., 1989).
Anionic formulations were demonstrated to interact with several scavenger receptors in
macrophages as liposome binding was inhibited by acetly-LDL, oxidized LDL, dextran sulfate
and fucoidan (Nishikawa et al., 1990). However, this result was rapidly called into question by
another study that found the opposite (Lee et al., 1992a; 1992b). A later study that modeled and
experimentally tested the diffusion kinetics of liposomes on cell surfaces suggested that anionic
liposomes interacted non-specifically with cells, in contrast to the specific receptor-mediated
interactions of adenovirus (Zhu et al., 2006). The binding of liposomes to cells was complicated
by the fact that serum could alter the binding and uptake of certain formualtions. For example,
anionic liposomes opsonized with antibody bound to a greater extent to macrophages than
liposomes that were not opsonized, indicating that the Fc receptor could play a role in cellular
binding either in the presence of serum or in vivo (Daleke et al., 1990). In contrast, it was
demonstrated that neutral liposomes were opsonized by complement, implicating complement
receptors in cellular binding, and that incorporation of anionic lipids inhibited complement
opsonization of liposomes (Roerdink et al., 1983). Consistent with these data, it was found that
ApoE was involved in clearance of neutral liposomes from circulation in vivo, as apoE deficient
mice displayed a 4-fold slower clearance rate than wildtype mice (Yan et al., 2005). The same
effect was not seen with anionic liposomes. The involvement of ApoE in the heptaocellular
uptake of novel ionizable lipids has also been demonstrated and taken advantage of for siRNA
delivery (Akinc et al., 2010). While in this study ApoE has been advantageous, for a long time

such opsonins were viewed as detrimental and the basis for liposome clearance in vivo by the
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reticuloendotheial system (RES). Consequently, development of polyethyleneglycol-lipid (PEG-
lipid) conjugates to increase circulation time of liposomes were developed (Klibanov et al.,

1990; Papahadjopoulos et al., 1991).

Once cationic lipids and lipoplex gained importance, the study of how they interacted with cells
followed (Felgner et al., 1987). The proteoglycan syndecan-1, and glycosaminoglycans (GAGs),
especially heparan sulfate, were demonstrated to be involved in cationic liposome-DNA
(lipoplex) interactions with cells and protection against cytotoxic effects of lipoplex (Belting and
Petersson, 1999a; Mislick and Baldeschwieler, 1996; Mounkes et al., 1998). Moreover,
exogenous addition of GAGs to lipoplex disrupted the cationic lipid-DNA interaction reducing
transfection (Belting and Petersson, 1999b; Xu and Szoka, 1996; Zelphati and Szoka, 1996a). As
GAGs have a high anionic charge density, the interaction of lipoplex at the cell surface is largely
a result of non-specific electrostatic interactions. However, another study found that lipoplex
composed of TMAG:DLPC:DOPE did not interact with a macrophage cell line via GAGs, rather,
through an unidentified protein component sensitive to trypsin treatment (Arima et al., 1997). A
study on the kinetics of cationic liposomes composed of Soybean lecithin, Lauropal and DOTAP,
uncovered a two-step binding process both of which were mediated by electrostatics. The first
binding event was reversible and occurred within the glycocalyx and ECM, while the second was

irreversible and occurred at the cellular membrane (Chenevier et al., 2000).

A comprehensive study on the transfection of several lipoplex formulations in the presence of
exogenous GAGs, found that heparan sulfate (HS) and chondroitin sulfates (CS) were potent

inhibitors of lipoplex internalization (Ruponen et al., 1999). Moreover, the different types of
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lipoplex studied could be categorized by their susceptibility to the different GAGs tested:
hyaluronic acid (HA), chondroitin sulfate B, chondroitin sulfate C, and heparan sulfate (HS). The
polycation buffering lipid DOGS was sensitive to all GAGs, followed by DOTAP and
DOTAP:Chol lipoplex that were not inhibited by hyaluronic acid, and lastly DOTAP:DOPE and
DOTMA:DOPE lipoplex that were largely resistant to all GAGs tested. The same group later
added a layer of complexity to the GAG mediated cellular association model of lipoplex using
CHO cells lines deficient in HA, CS, and/or HS (Ruponen et al., 2004). They found that in
mutants lacking all GAGs, transfection was increased compared to wildtype, however, a mutant
lacking only HS had decreased transfection for both DOTAP and DOTAP:DOPE lipoplexes. The
results could not be explained by reduced uptake, but rather that in the absence of GAGs,
especially HS, other receptors substitute for GAG-mediated uptake and lead to a more efficient
route of endocytosis. These data were consistent with their previous results demonstrating that
addition of exogenous GAGs altered the intracellular distribution of lipoplexes (Ruponen et al.,
2001). While nonspecific, electrostatic-driven liposome-GAG interactions were demonstrated to
be important, it was clear that an underlying specific endocytosis mechanism was present.
Lipoplex bound to the surface of cells clustered prior to internalization suggesting a specific

receptor clustering mechanism of internalization (Rejman et al., 2004b).

1.3.3 Specific pathways of endocytosis

Since the early studies of liposome endocytosis, the number of synthetic lipids and targeting
agents has increased dramatically. However, unlike viral and non-viral polymer systems, the
study of liposome endocytosis stagnated. The initial studies only investigated whether liposomes
were internalized or not, the involvement of metabolic activity, and the function of the

microtubule work or actin cytoskeleton. By the late 1990s, when various route of endocytosis
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had been accepted and methods to study them were established, the use of endocytosis inhibitors
to study liposome endocytosis started being reported (Table 1.1). One of the first studies
investigated the delivery of oligonucleotides with the cationic lipid DOTAP (Zelphati and Szoka,
1996b). In this study two broad inhibitors of endocytosis, cytochalasin B (actin polymerization
inhibitor), and N-ethylmaleimide (vesicular fusion inhibitor), demonstrated conclusively for the
first time that endocytosis and subsequent vesicular transport were required for delivery of
oligonucleotides and suggested that macropinocytosis was an important pathway for cellular
uptake. With the use of selective inhibitors of clathrin (chlorpromazine) and caveolae (filipin III),
it was demonstrated that clathrin-mediated endocytosis and not caveolac were required for
internalization and transfection of SAINT-2:DOPE lipoplex (Zuhorn et al., 2002a). A confirming
study found that a lipoplex formulated with DOTAP was endocytosed by clathrin-mediated
endocytosis exclusively and that transfection required this pathway of endocytosis, as
transfection was blocked with chlorpromazine and potassium depletion, but not filipin or

genistein treatment (Rejman et al., 2005).

However, clathrin was not always found to be essential. One study found that inhibition of all
endocytosis and inhibition of macropinocytosis did not inhibit transfection by DOTAP:DOPE
lipoplex to the same amount, suggesting that while clathrin-mediated endocytosis was a major
contributor, other pathways were competent for mediating transfection (Simodes et al., 2000). It is
important to note that the lipoplex in this study had been opsonized specifically with purified

human serum albumin, which could contribute to differences in uptake pathways.

As novel cationic lipids were synthesized and studied, the broad generalization that lipoplex was

19



endocytosed and delivered exclusively via clathrin-mediated endocytosis began to break down.
For example, one study investigated two different cationic lipids, Lipofectamine and DMRIE-C,
and found that clathrin was important for uptake and transfection with Lipofectamine, but
caveolae were important for uptake and transfection with DMRIE-C (Wong et al., 2007). This
was also one of the first studies to confirm and extend the results using inhibitors with
microscopic colocalization with endosomal markers. In the case of DMRIE-C, internalization to
the “caveosome” was visualized, followed by trafficking to the late endosome or lysosome. The
observed differences in cellular endocytosis pathways was hypothesized to be either the result of
the difference in size (Lipofectamine complexes being larger) or composition (DMRIE-C
contains cholesterol, which might target it to cholesterol rich caveolae). A recent study on uptake
of DOTAP:DOPC and DC-Chol:DOPE lipoplex found relatively little dependence on clathrin
and caveolae pathways, but that macropinocytosis (inhibited with wortmannin) was most
important for DOTAP:DOPC transfection (Cardarelli et al., 2011). DC-Chol:DOPE mediated
transfection was not dependent upon clathrin, caveolae, or macropinocytosis, however,
cholesterol dependence was found using methyl-B-cyclodextran. It is important to note that
methyl-B-cyclodextran is a strong disruptor of cellular function in general as it forms soluble
complexes with cholesterol, sequestering it out of membranes, making this one of the least useful
endocytosis inhibitors. Moreover, in this study methyl-B-cyclodextran treatment continued after
addition of the DC-Chol:DOPE complexes likely disrupting the complexes themselves. However,
in this study microscopic colocalization was used to demonstrate that the two types of complexes
highly colocalized with a macropinocytosis marker (dextran) and not caveolin-1 or transferrin.
Moreover, after 3 hours of transfection, DOTAP:DOPC highly colocalized with lysosensor

where as DC-Chol:DOPE colocalized to a lesser degree.
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Another study focusing on the intracellular sorting of the cationic cholesterol derivative HyC-
Chol:DOPE lipoplex (HyC-Chol: 3B[N-(2-hydroxyethylaminoethane)- carbamoyl]-cholestene),
found that when microtubule polymerization is altered with nocodazole or taxol, transfection is
increased (Hasegawa et al., 2001). In the presence of the microtubule inhibitors, lipoplex did not
colocalize with lysosomes after 4 hours of transfection, suggesting a mechanism for the
increased transfection observed. The enhancement of transfection with other lipoplex
formulations after microtubule disruption was confirmed by others as well (Lindberg et al., 2001;
Wang and MacDonald, 2004). It is important to note that while the interactions of lipoplex with
the cell are mediated by GAGs and proteoglycans, the two different types of molecules are
endocytosed by different pathways. Proteoglycans are endocytosed via flotillin-dependent
pathways, but GAGs are endocytosed by the HARE receptor that follows clathrin-mediated
endocytosis (Hansen et al., 2005; Harris and Weigel, 2008; Payne et al., 2007). Thus it appears

that multiple pathways of endocytosis are utilized for lipoplex internalization.

In contrast to the well-studied cationic lipoplex internalization, other formulations have received
little attention. One study utilized a battery of inhibitors to dissect the uptake and internalization
of the classic pH-sensitive formulation composed of CHEMS:DOPE (Huth et al., 2006). The
group identified that clathrin and caveolae were both important in the two cell types studied, and
that macropinocytosis was only important for one of the cell lines tested. These results were
confirmed in another study, which demonstrated that CHEMS:DOPE liposomes were
endocytosed by both clathrin-dependent and clathrin-independent mechanisms, and after
vesicular acidification and fusion the vesicles were sorted to the ER in a microtubule driven
pathway (Mustata et al., 2009). This is one of the few studies to not only investigate cellular

uptake by specific pathways, but also subsequent intracellular sorting. Another recent study
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investigating non-lipoplex formulations analyzed DOPC and DOPC:Chol liposome
internalization and found that clathrin-mediated endocytosis was largely required (Un et al.,
2012). Another group investigated endocytosis of DOXIL and demonstrated that caveolin was
important for uptake, as a caveolin-1 knockout cell line internalized 40% of wildtype (Sahay et

al., 2010).

Most recently, ionizable cationic lipids of the DLinDMA series were shown to be endocytosed
via clathrin-dependent and macropinocytosis pathways (Lin et al., 2013). This is supported by
another study using the latest generation DLin-MC3-DMA formulation that demonstrated an
initial uptake dependent upon clathrin, which subsequently signaled thorough Rabankyrin-5 to
induce macropinocytosis (Gilleron et al., 2013). In addition, the group also demonstrated that ~1
— 2 % of siRNA escaped from the endosome into the cytosol and from a specific compartment
that is suggested by the sigmoidal rather than linear release kinetics observed (Gilleron et al.,
2013). Lastly, investigations on internalization of a formulation based upon the lipidoid C12-200
demonstrated that endocytic recycling of this formulation resulted in ~70% recycling of lipid
nanoparticles that signaled through Niemann-Pick type C1 protein (NPC1) (Sahay et al., 2013).
These data suggested that inhibition of recycling would lead to increased uptake and delivery.
However, not all regulators of endocytic recycling increased the ICsy of siRNA delivered using
the C12-200 based formulation tested. Specifically, inhibition of Rabl1a, Rab8a, and Rab27a by
siRNA knockdown increased the ICsy ~ 2-fold, while inhibition of only Rab27b decreased the
ICso by ~ 3-fold (Sahay et al., 2013). Thus, the broad statement that siRNA delivery by lipid
nanoparticles is decreased by endocytic recycling, suggested by the authors, is not entirely

correct. The data suggest that inhibiton of recycling from the perinuclear region to the cell
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Formulation

DOTAP

SAINT-2:DOPE

siRNA delivery efficiency (Ostrowski et al., 2013).

Pathway

Macropinocytosis
Clathrin-dependent
Clathrin-dependent

Reference

(Zelphati and Szoka, 1996b)

(Rejman et al., 2005)
(Zuhorn et al., 2002a)

DOTAP:DOPE Clathrin-dependent, other | (Simdes et al., 2000)

Lipofectamine Clathrin-dependent (Wong et al., 2007)

DMRIE-C Caveolin-dependent (Wong et al., 2007)

DOTAP:DOPC Macropinocytosis (Cardarelli et al., 2011)

DC-Chol:DOPE Macropinocytosis (Cardarelli et al., 2011)

DLinDAP:PEG- Clathrin-dependent, (Lin et al., 2013)

DMG:Chol:DSPC Macropinocytosis

DLinDMA:PEG- Clathrin-dependent, (Lin et al., 2013)

DMG:Chol:DSPC Macropinocytosis

DLinKDMA:PEG- Clathrin-dependent, (Lin et al., 2013)

DMG:Chol:DSPC Macropinocytosis

DLinK-C2-DMA:PEG- Clathrin-dependent, (Lin et al., 2013)

DMG:Chol:DSPC Macropinocytosis

DLin-MC3-DMA: PEG- Clathrin-dependent, (Gilleron et al. 2013)

DMG:Chol:DSPC Macropinocytosis

CHEMS:DOPE Clathrin-, Caveolin- (Huth et al., 2006)
dependent, and (Mustata et al., 2009)
Macropinocytosis

DOPC Clathrin-dependent (Un et al., 2012)

DOPC:Chol Clathrin-dependent (Un et al., 2012)

DOXIL Caveolin-dependent (Sahay et al., 2010)

C12-200:PEG- Macropinocytosis (Sahay et al., 2013)

DMG:Chol:DSPC

periphery mediated by Rab27b is the recycling step that is most advantageous to increased

Table 1.1 Published studies of pathways used for endocytosis of liposomal formulations

1.3.4 Size as a factor for endocytosis

As briefly suggested earlier, liposome/lipoplex size is also an important factor that was
demonstrated to alter cellular uptake, association, and transfection in vitro (Ross and Hui, 1999).
However, it was also known that particle size altered intracellular distribution and processing

(Granot et al., 1994; Tabas et al., 1991; Zuhorn et al., 2002b). The aspect of size was a difficult
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parameter to investigate due to the heterogeneity of liposome and lipoplex preparations at the
time, however, smaller cationic lipoplex accumulated in lysosomes faster than larger complexes
and, by extension, escape from early endosomes yielded better transfection. It is important to
note that complexation in the presence of serum was used to make the smaller lipoplex and
therefore there were likely compositional differences in the formulation that could explain the
differences in delivery efficiency. To circumvent some of the limitations of investigating
liposome size and endocytosis pathways at the time, the same group used precisely sized latex
beads to investigate the relationship (Rejman et al., 2004a). This study found that particles less
than 200 nm were taken up by clathrin-coated pits with the aid of chlorpromazine, and in
agreement with their earlier study, they found that smaller particles were endocytosed faster that
larger particles. In contrast, cellular uptake of particles that were 500 nm was inhibited by
caveolae inhibitors and colocalized with the caveolar marker lactosylceramide. These studies

demonstrate that size is a determining factor for endocytosis and subsequent cellular sorting.

24



1.4 Conclusion

It is quite clear that endocytosis is a complex network of tightly controlled cellular compartments,
and that many of the pathways are still being unraveled and revealed. With regard to LNP
endocytosis, the published studies with lipoplex and liposomes demonstrate that cellular uptake
is dependent upon virtually every parameter tested: size, formulation, and cell type. However, it
also demonstrates the need to investigate the process more thoroughly. The studies done to date
provide a patchwork of results with the only clear indication being that clathrin-dependent
endocytosis is most important and utilized followed by macropinocytosis. However, the studies
are not complete as there have been no investigations of newly identified pathways such as
flotillin-dependent endocytosis. Moreover subsequent intracellular trafficking of liposomes is
virtually unknown. Much of the work done to design LNPs comes from in vitro assessment of
novel lipid biophysics, most importantly, analysis of pH dependent fusogenicity and either in
vitro cell transfections or in vivo studies. These studies skip close examination of the endosomal
compartments through which LNPs traffic, while providing extremely important end point
results that demonstrate therapeutic efficacy. Techniques to study LNP endocytosis using either
more specific inhibition (RNAi) or unbiased methods (microscopic colocalization) have been

poorly utilized, while being extensively utilized to study polymer, and viral endocytosis.
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Chapter 2 : Tool Creation

2.1 Introduction

A major research focus in cell biology has been to delineate the components and pathways of
communication among intracellular compartments and the extracellular environment in
eukaryotic cells. This research has led to the identification of a variety of proteins that co-
localize with specific intracellular compartments and that are used as markers to identify the
respective compartment. In the past 15 years, fluorescent protein fusions to compartment specific
proteins have been created using recombinant techniques that are used to colocalize materials
with complementary fluorescence to the tagged compartment (Doherty and McMahon, 2009;
Rappoport and Simon, 2008; Roth, 2006). However, it is important to recognize the numerous
studies that have preceded, which allow for the large toolkit of compartment specific markers
currently used. It is often found that fluorescent protein fusions cause perturbations in protein
function. For example, any addition to the N-terminus of the Cystic fibrosis transmembrane
conductance regulator (CFTR) disrupts function (Chan et al., 2000). Thus it is important to use
similar constructs to those that have been previously characterized to recapitulate wild type
protein localization and function or perform control experiments on new constructs to validate

that they colocalize with the expected compartment.

The internalization pathways dependent upon: clathrin, caveolin, and flotillin have all been
studied dynamically in living cells with fluorescent fusion proteins. Fusion of green fluorescent
protein (GFP) to either the C- or N- termini of the clathrin light chain, CItA, are functional,
which was first noted in the original paper investigating clathrin dynamics (Gaidarov et al.,

1999). Colocalization of CItA-GFP with endogenous clathrin, AP-2 complex, and transferrin
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confirmed that the fusion is structurally and functionally active. GFP fusion to the C-terminus of
caveolin-1 (Cavl) is functional as it colocalizes with unlabeled Cav1l and allows normal SV40
infection (Pelkmans et al., 2001). However, fusion of GFP to the N-terminus of Cavl is a
dominant-negative inhibitor of SV40 entry, which requires caveolae for productive infection. N-
or C-terminal fusions to flotillin-1 (Flotl) are indistinguishable from the native protein, and
colocalization between Flot]-GFP and CD59 is observed (Glebov et al., 2006; Santamaria et al.,
2005). Low levels of Flot1-GFP expression recapitulates the endogenous localization, but higher
levels saturate the pathway and uniform cellular distribution is observed (Frick et al., 2007).
Thus both CItA and Flotl are functional when fused at either terminus, but Flotl localization is
sensitive to expression levels. Cavl, however, can only be fused at the C-terminus to recapitulate

wildtype function and localization.

Subsequent to cellular entry, there are a multitude of endosomal compartments that sort, recycle,
and degrade endocytosed material (Mukherjee et al., 1997). The best characterized compartments
are early-to-late endosomes, recycling and sorting compartments, and the lysosome. The Rab
family of small GTPases constitute the largest set of regulatory proteins involved in endocytosis
(Stenmark and Olkkonen, 2001). The best characterized are Rab5a, Rab7a, Rab4a, and Rabl1a
that regulate early, late, quick recycling and slow recycling endosomes, respectively. These Rab
family small GTPases have all been fused at their N-termini to fluorescent proteins and
demonstrated to localize faithfully to their respective compartments (Bucci et al.,, 2000;
Sonnichsen et al., 2000). It appears that all fusions to the N-termini of Rab proteins are
functional, however, the C-terminus is involved in subcellular targeting and consequently must

remain unmodified for proper function and localization (Chavrier et al., 1991). The
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multivesicular body (MVB) constitutes a loosely defined compartment that is involved in sorting
and recycling, among other cellular functions. CDS82 is a tetraspanin family member that has
been demonstrated to localize to MVBs by immunoelectron microscopy, and fusion of yellow
fluorescent protein (YFP) to the N-terminus of human CD82 has been demonstrated to localize
similarly to wildtype protein (Escola et al., 1998; Sherer et al., 2003). Lastly, LAMP-1 is one
member of a large family of heavily glycosylated membrane proteins found in the lysosome
(Chen et al., 1988). Fusion of GFP to the C-terminus of LAMP1 was demonstrated to localize to

late endocytic organelles (Falcon-Pérez et al., 2005).

The literature validates that many endosomal markers can remain functionally active when fused
to fluorescent proteins, and can serve as proxy for endosomal compartments. The specific
endosomal makers described above are used in the following studies. However, the fusions were
re-created with cyan fluorescent protein (CFP) using the endogenous human proteins and put
under the control of an inducible promoter. Stable cell lines with these fusion products were
created with lentivirus to enable a more homogeneously labeled population of cells than can be
achieved by transfection. HeLa cells were chosen for all studies because of their flat shape that is
optimal for microscopy and they are easily transfectable. Control experiments to tune expression
levels of the fluorescent protein markers and generate standard curves of FITC-dextran were

performed and described below.
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Protein / Species Compartment Vector / Reference
Fluorescent
Protein

*CItA / Murine Clathrin pEGFP-C1/ GFP | Gaidarov, 1999
CItA* / Murine Clathrin pEGFP-N1/ GFP | Gaidarov, 1999
Cav1* / Canine Caveolae pEGFP-N1/GFP | Pelkmans, 2001
FLOT1* / Murine Flotillin pEGFP-N1/GFP | Glebov, 2006
*FLOT1 / Human Flotillin pEGFP-C1/ GFP | Santamaria, 2005

*Rab4a / Human

Early recycling endosome

pEGFP-C3 / GFP

Sonnichsen, 2000

*Rab4a / Human

Early recycling endosome

pEYFP-C3 / YFP

Sonnichsen, 2000

*Rab5a / Human

Early endosome

pEGFP-C3 / GFP

Sonnichsen, 2000

*Rab5a / Human

Early endosome

pECFP-C3 / CFP

Sonnichsen, 2000

*Rablla/ Human

Late recycling endosome

pEGFP-C3 / GFP

Sonnichsen, 2000

*Rablla/ Human

Late recycling endosome

pEYFP-C3 / YFP

Sonnichsen, 2000

*Rablla/ Human

Late recycling endosome

pECFP-C3 / CFP

Sonnichsen, 2000

*Rab7a / Canine

Late endosome

pEGFP-C1 / GFP

Bucci, 2000

LAMP1* / Human

Late endosome / Lysosome

pEGFP-N3 / GFP

Falcon-Perez, 2005

*CD82 / Human

Multi-vesicular body

pEYFP-C1/ YFP

Escola, 1998
Sherer, 2003

Table 2.1 Fluorescent fusions to validated endosomal compartment specific markers.

The compartment that each protein labels is indicated, and the vector and fluorescent protein that
the fusion was created in is shown along with the reference. (*) Indicates the end that the
fluorescent protein is fused to, i.e. *CD82 denotes an N-terminal fusion to CD82 generating YFP-
CD82.

Determination of cellular organelle pH via ratiometric microscopy using fluorescent indicators is
well established (Haggie and Verkman, 2009; O'Connor and Silver, 2007). Fluorescein
isothiocyanate (FITC) is a fluorescein derivative commonly used for intracellular pH
determination (Lanz et al., 1997). FITC is a useful pH probe as it is easily added to primary
amines, and exhibits an internalized pH responsiveness at its pH sensitive excitation wavelength
of 491 nm and a pH insensitive excitation at its isosbestic point near 435 nm. In addition FITC

has a pKa of ~6.5, which is well suited for physiological pH measurements between pH 5 and 7.
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2.2 Methods

2.2.1 Cell Culture

HEK293T, HelLa and all HeLa derivatives containing endosomal marker fusions were
maintained in T75 flasks between 10-90% confluence (100% confluent T75 yields ~10 x 10°
total cells) in RPMI 1640 supplemented with 10% heat inactivated FBS (Gibco, Life
Technologies, Benicia, CA) and 25 mM HEPES in a humidified atmosphere with 5% CO, at 37

°C.

For microscopy studies, HeLa and HeLa derivative cells were cultured in RPMI 1640
supplemented with 10% defined FBS (HyClone, Thermo Fisher, Waltham, MA) and 25 mM
HEPES. 48 hours prior to microscopy, cells were seeded at 300,000 cells per 35 mm uncoated
glass coverslip bottom FluoroDish (World Precision Instruments, Sarasota, FL). The media was
changed 24 hours later and if induction was used, 10 pg/mL doxycycline was added at that time
to induce fluorescent marker expression. On the day of imaging, the plate was 90% confluent at
~1,200,000 cells per dish. During imaging experiments, the cells were maintained in PBS

supplemented with 6 mM glucose and 1.1 mM pyruvate (PBSgp).

2.2.2 Materials
All cell culture reagents were supplied by the UCSF Cell Culture Facility. Fluorescein
isothiocyanate (FITC), amino dextran (40 kDa), and Lysosensor Blue DND-167 were obtained

from Molecular Probes (Eugene, OR).

2.2.3 DNA Constructs
All endosomal compartment markers were amplified from a cDNA library made from HeLa cells

using SuperScript III First Strand Synthesis System (Invitrogen, Carlsbad, CA).
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mTurquoise  from  pRSET-mTurquoise = was  amplified using  primers  5’-
CCGGGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGAG and 5’-
GTCGCGGCCGCTTTACTTGTACAGCTCGTC and replaced GFP in pEGFP-N1 between the
BamHI and Notl sites to create pmTurquoise-N1. Similarly, mTurquoise from pRSET-
mTurquoise was amplified using primers 5’-
GCTACCGGTCGCCACCATGGTGAGCAAGGGCGAG and 5’-
GAGTCCGGACTTGTACAGCTCGTCCAT and replaced GFP in pEGFP-C1 between the Agel

and BspEI sites to create pmTurquoise-Cl1.

pCltA-mTurquoise, pCavl-mTurquoise, and pLAMP1-mTurquoise were constructed by PCR
amplifying the sequences from a cDNA library made from HeLa cells using gene specific
primers listed in Table 2.1. For Cavl and LAMP1 the PCR products were cloned between the
Xhol and BamHI sites in pmTurquoise-N1. For CItA the PCR product was clones between the

Xhol and Agel sites in pmTurquoise-N1.

pmTurquoise-CD82,  pmTurquoise-FLOT1,  pmTurquoise-Rab4a, = pmTurquoise-Rab5a,
pmTurquoise-Rab7a, and pmTurquoise-Rablla were constructed by PCR amplifying the
sequences from a cDNA library made from HeLa cells using gene specific primers listed in
Table 2.1. For Rab4a, Rab5a, Rab7a, and Rablla the PCR products were cloned between the
Xhol and BamHI sites in pmTurquoise-C1. For FLOT1 the PCR product was cloned between the
Xhol and EcoRI sites in pmTurquoise-C1. For CD82 the PCR product was cloned between the

Xhol and Xbal sites in pmTurquoise-Cl1.
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To create the lentiviral constructs under doxycycline induction, pLVX-Tight-Puro (Clontech,
Mountain View, CA) was first modified to remove the Xhol site 5’ to the Ptight promoter by
QuikChange mutagenesis (Agilent, Santa Clara, CA). Then a new MCS (Table 2.1) was added
between the BamHI and Mlul sites to introduce Xhol, BstBI, and Xbal. For CItA, Cavl, and
LAMPI1 the mTurquoise fusions were digested from the pmTurquoise-N1 versions using Xhol
and Xbal and cloned into the modified pLVX-Tight-Puro between the same sites. For CD82,
FLOTI1, Rab4a, Rab5a, Rab7a, and Rablla the mTurquoise fusion were amplified from the
pmTurquoise-C1 version using 5’-
GTACAGCCTTCGAACGCCACCATGGTGAGCAAGGGCGAG and 5’-
CCTCTACAAATGTGGTATGG, digested with BstBI and Xbal and cloned into the modified

pLVX-Tight-Puro between the same sites.

pLenti-UbC-1tTA and pLVX-Tight-Puro were kindly provided by Warner C. Greene (Gladstone

Institute). pRSET-mTurquoise was kindly provided by Kurt Thorn (UCSF). All oligos were

purchased from Integrated DNA Technologies (Coralville, IA). All restriction enzymes were

from New England Biolabs (Ipswich, MA).

All constructs were confirmed by sequence analysis by McLab (South San Francisco, CA).
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Gene NCBI CDS Forward Primer Reverse Primer
Name Reference | Length
Sequence (nts)

Cavl NM 001753 | 537 GATCTCGAGCGCCACC [ GGTGGATCCGGTATTT
ATGTCTGGGGGCAAAT | CTTTCTGCAAGTT
AC

CItA NM 001833 | 657 GATCTCGAGCGCCACC | GCGACCGGTGGGTGC
ATGGCTGAGCTGGATC | ACCAGCGGGGCCTG
CG

CD82 NM 002231 | 804 GATCTCGAGGGATGG | TTATCTAGATCAGTAC
GCTCAGCCTGTATC TTGGGGACCTT

FLOT1 | NM 005803 | 1,284 GATCTCGAGGGATGTT | GCAGAATTCTCAGGCT
TTTCACTTGTGGC GTTCTCAAAGG

LAMP1 | NM 005561 | 1,254 GATCTCGAGCGCCACC | GGTGGATCCGGGATA
ATGGCGGCCCCCGGCA [ GTCTGGTAGCCTGC
GC

Rab4a NM 004578 | 657 GATCTCGAGGGATGTC [ GGTGGATCCCTAACAA
GCAGACGGCCATG CCACACTCCTG

Rab5a NM 004162 | 648 GATCTCGAGGGATGGC [ GGTGGATCCTTAGTTA
TAGTCGAGGCGCA CTACAACACTG

Rab7a NM 004637 | 624 GATCTCGAGGGATGAC [ GGTGGATCCTCAGCAA
CTCTAGGAAGAAAG CTGCAGCTTTC

Rablla | NM 004663 | 651 GATCTCGAGGGATGG | GGTGGATCCTTAGATG
GCACCCGCGACGAC TTCTGACAGCA

MCS GATCCCTCGAGGCCTT | CGCGTTCGCGATCTAG
CGAAGGCTCTAGATCG | AGCCTTCGAAGGCCTC
CGAA GAGG

Table 2.2 Primer sequences used in this study.

2.2.4 Preparation of Virus and Transduction

24 hours before transfection, 300,000 HEK293T cells were seeded into a 6-well plate. The day of

transfection, 2 mL of fresh media was added to the cells. For each transfection 3 pL of

Lipofectamine 2000 was added to 100 pL of serum free media and incubated for 5 minutes and

room temperature. 0.5 pg of marker plasmid was combined with 0.167 pg of each packaging

vectors: pVSV-G, pMDL, and pRSV-Rev (Kindly provided by Michael T. McManus, UCSF).

The plasmid and Lipofectamine 2000 (Life Technologies, Benicia, CA) mixtures were combined

and incubated for 20 minutes at room temperature. This mixture was added directly to the cells
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and incubated for 72 hours. The virus containing media was removed from the cells and filtered

though a 0.45 um filter.

HeLa cells were plated at 50,000 cells per well in a 6-well plate. The following day 1 mL of 2x
media and 1 mL of media containing virus were combined and allowed to incubate until the well
became confluent. The cells were split into a T75 flask and the following day 4 pug/mL of
puromycin was added to the flask for selection. The mixture of puromycin resistant cells were

used for subsequent studies without further clonal selection.

HeLa-TetOn cells were created using concentrated virus provided by the UCSF Lentiviral core
made from pLenti-UbC-rtTA. 100,000 cells were infected with 10 pL of concentrated virus in

the presence of 4 pg/mL polybrene. Positive cells were selected with G418 at 400 pg/mL.

2.2.5 Synthesis of FITC-dextran

1 gram of amino dextran (40 kDa) was dissolved in 100 mM sodium bicarbonate at pH 8.4 to 25
mg/mL. A 2-fold molar excess of FITC was added and incubated for 1 hour in the dark at room
temperature shaking. The reaction was dialyzed extensively against water with 10 kDa MWCO
membrane (Spectrum, New Brunswick, NJ). The conjugate was confirmed to be free of
unreacted dye by size exclusion chromatography and exchanged into PBSgp with a PD-10

desalting column (GE Healthcare Life Sciences, Piscataway, NY).

2.2.6 pH Calibration of FITC-dextran
An 8-well chamber slide (Lab-Tek, Thermo Fisher Scientific Inc., Waltham, MA) was seeded

with 10,000 cells per chamber. 24 hours later 12.5 mg/mL FITC-dextran in PBSgp was added to
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the cells and incubated for 30 minutes at 37 °C. The cells were subsequently washed extensively
with PBS to remove unbound fluorescence. The intracellular pH in all cellular compartments was
clamped by incubation in high K" solutions containing the ionophores bafilomycin A1 (100 nM),
nigericin (10 pM) valinomycin (10 pM) and carbonyl cyanide m-chlorophenyl hydrazone
(CCCP, 10 uM). The pH buffers all contained 120 mM KCl, 20 mM NaCl, 1 mM CacCl,, 1 mM
MgCl. pH 4 and 5 buffers contained 50 mM acetic acid. pH 5.5, 6, and 6.5 buffers contained 50
mM MES. pH 7 and 8 buffers contained 50 mM HEPES. pH 9 buffer contained 20 mM Tris. The
cells were incubated for 5 minutes before imaging to equilibrate the intracellular pH.

Fluorescence ratios at the clamped pH values were fitted to the following equation:

F491nm T-B

= B + Tiowkepmmg (Equation 1)

Fa30nm

where F is the fluorescence signal in the 491nm and 430nm channels, B and T are the amplitude

and offset factors, respectively, pKa is the acid dissociation constant and ny is the Hill constant.

2.2.7 Microscopy and Image Analysis

Images were acquired on a Nikon Eclipse Ti-E inverted microscope equipped with an In Vivo
Scientific temperature controlled chamber with humidification and CO;, control, infrared
autofocus, 100x 1.4 numerical aperture Plan Apo objective, Photometrics Coolsnap HQ2 CCD
camera, and Sutter Lambda XL lamp. Filters used were 89000 Sedat Quad, 89021 GFP/mCherry,
and 89002 Dual CFP/YFP (Chroma Technology, Bellows Falls, VT). Image acquisition was
performed using NIS Elements software and image analysis was performed using NIH Imagel.
For ratiometric pH determination images were taken using the ET490/20x, ET525/36m and
ET430/24x, ET535/30m filters of the Sedat Quad and Dual CFP/YFP sets, respectively, with 100

ms exposure. CFP fusions were imaged using the ET430/24x, ET470/24m filters of the Dual
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CFP/YFP set with a 100 ms exposure. DiD was imaged using the ET645/30x and ET705/72m
filters of the Sedat Quad set with 500 ms exposure and 2x2 binning. TEX615 labeled siRNA was
imaged using the ET572/35x and ET632/60m filters of the GFP/mCherry set with 500 ms

exposure and 2x2 binning.

Image analysis was performed using freely available Fiji plugins and some were written in de
novo. Images were first deconvolved using the Parallel Spectral Deconvolution plugin (Piotr
Wendykier) using a point spread function generated by the Diffraction PSF 3D plugin (Bob
Dougherty). Deconvolved images were then background subtracted and 3D Gaussians were fit to
the image using a modified GaussianFit plugin (Nico Stuurman). The X and Y coordinates of
each fitted Gaussian spot in each frame were then colocalized with spots in other channels.
Colocalization was defined as the center point of one Gaussian spot fitting within the width of a

Gaussian spot from another channel.

2.3 Results

2.3.1 Amplification of Coding Sequences from cDNA Library and Sub-cloning into
pmTurquoise-N1 or pmTurquoise-C1

PCR products for each coding sequence (CDS) were obtained using the primers listed in Table
2.2. Phusion DNA polymerase (New England Biolabs, Ipswich, MA) was used for each
amplification with an annealing temperature of 60 °C and an elongation time of 1 minute.
Products of the expected size were obtained for all genes and subsequently digested and cloned
into the appropriate pmTurquoise vector detailed in the methods section (Figure 2.1). After
identifying clones with the correct length PCR product cloned into the vector, each construct was

confirmed by sequencing.
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Figure 2.1 PCR products of endosomal markers from HeLa cDNA library.
PCR products obtained that were subsequently cloned into pmTurquoise vectors. Expected sizes
are listed in Table 2.2.

2.3.2 Transferring the mTurquoise-CDS Fusions into pLVX-Tight-Puro

After sub-cloning, the fusions between mTurquoise and the coding sequences were transferred
into the doxycycline inducible lentiviral plasmid, pLVX-Tight-Puro. The fusions were either cut
out directly from the sub-cloning vector with restriction enzymes or amplified by PCR as
detailed in the methods. Figure 2.2 shows the gene fusions for each mTurquoise-CDS fusion. All

constructs gained the expected ~720 nt size after fusion to mTurquoise. After the inserts were

cloned into pLVX-Tight-Puro the constructs were confirmed by sequencing (Figure 2.3).

Figure 2.2 mTurquoise-CDS fusions cloned into pLVX-Tight-Puro.
The markers have an additional ~720 nts added to the expected sizes listed in Table 2.2 as a result
of mTurquoise fusion.
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Figure 2.3 Lentiviral constructs.

The numbers indicated are nucleotide positions in the vectors. { indicates the first nucleotide
sequenced. I indicates the last nucleotide sequenced. A) * indicates the first nucleotide of
mTurquoise. These three constructs were cloned in via restriction enzymes. Sequence results are
from the sub-cloning into pmTurquoise. In all cases the entire CDS and 3’ junction with
mTurquoise is fully sequenced. B) These 6 constructs were cloned via PCR amplification, thus they
were fully re-sequenced using primers P1 and P2.

2.3.3 Creation of Cell Lines and Optimizing Doxycycline Inducible mTurquoise-CDS
Fusions

Concentrated virus expressing the reverse tetracycline transactivator (rtTA) from the murine
Ubiquitin C (UbC) promoter was obtained from the UCSF ViraCore and used directly to make
the HeLa-TetON cell line. The viral titer was estimated by the viral core to be 10® - 10° IFU/mL,
thus the approximate MOI was between 10 - 100. This high level of MOI was used to ensure the
tightest possible regulation of the Prre-tigh: promoter. After selection with G418, the pooled cell

population was used; clonal selection was not performed.

Subsequent infections were performed at an MOI of 0.1 to ensure that 10% of the cell population
was infected with a single viral particle and 90% of the cell population remained un-transduced
as described by the Poisson distribution. After selection with puromycin, the pooled cell
population was used; clonal selection was not performed. The optimal doxycycline concentration

for each marker was determined, and found to be between 5 and 15 pg/mL for all constructs,
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with 10 pg/mL being suitable for all markers used (Figure 2.4 and Figure 2.5). In general, at low
doxycycline concentrations (I pg/mL and lower) a few faint puncta are observed and as the
concentration of doxycycline is increased, the number of puncta increase as well. At higher
levels of doxycycline induction (50 pg/ml), abnormal tubule structures were observed along with
retention of fluorescence in the perinuclear region of the cell (Figure 2.6). In addition, it was
observed that tetracycline free FBS was not required for any of the cell lines used, as there was
no detectable difference between cells grown in tetracycline free FBS or the normal heat

inactivated FBS used (Methods).

Similar to the disruption of localization caused by high levels of induction, it was also noted that
prolonged passage of cells resulted in aberrant localization even at low doxycycline
concentrations. These effects were much more pronounced then the subtle differences caused by
strong doxycycline induction. Similar to the images shown in Figure 2.6, cells that had been
passaged too long displayed large vacuolar like structures that were virtually identical between
markers. As a consequence, cells were not used for colocalization experiments after 5 passages
although the aberrant effects described were only observed after 10 passages. No other effects
were observed that differentiated the cell lines from one another. The doubling time, ~24 hours,
was the same as the parent HeLa cell line used, and there were no changes in gross morphology

observed.
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Figure 2.4 Doxycycline induction of mTurquoise-CDS fusions to early endosomal markers.
Deconvolved images of early endosomal markers induced at 10 pg/ml doxycycline. The

approximate cell outline is indicated based upon a phase contrast image. Markers are Cavl (A),
CItA (B), Flotl (C), Rab5a (D), and Rab4a (E). Scale bars are 5 pm.
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Figure 2.5 Doxycycline induction of mTurquoise-CDS fusions to late endosomal markers.
Deconvolved images of late endosomal markers induced at 10 pg/ml doxycycline. The approximate
cell outline is indicated based upon a phase contrast image. Markers are CD82 (A), Rabl1la (B),
Rab7a (C), and LAMP1 (D). Scale bars are 5 pm.
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Figure 2.6 Aberrant localization caused by high doxycycline induction or prolonged
passage of mTurquoise-CDS fusions.

Deconvolved images of endosomal markers induced at 50 pg/ml doxycycline. The approximate cell

outline is indicated based upon a phase contrast image. Markers are Cavl (A), FLOT1 (B), Rabl1a
(C), Rab7a (D), and LAMP1 (E). Scale bars are 5 pm.
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2.3.4 Intracellular pH Calibration of FITC-dextran

The in situ calibration of pH and the ratio between images of FITC-dextran excited at 491 nm
and 440 nm was determined described in the Methods section (Figure 2.7). There are two
calibration curves in Figure 2.7: one acquired using full illumination used for the calculation of
pH in the presence of liposomal formulations detailed in Chapter 3 (Figure 2.7A), and one that

was acquired using attenuated illumination for comparison (Figure 2.7B).

The calibration curved used for all measurements of pH in Chapter 3 has a measured pKa of 6.31
+/- 0.05 (S.E.M.) and a Hill slope of 0.93 +/- 0.08 (S.E.M.) (Figure 2.7A). A second calibration
curve was acquired using lamp attenuation (Figure 2.7B). The shutter aperture was decreased
causing a lamp power reduction from 21.1 mW to 5.5 mW, equivalent to a neutral denisty 0.6
filter (25% transmittance). This allowed me to determine the effect of photobleaching on the
calibration. There is a reduced dynamic range as a consequence of the lower lamp intensity.
However, the measured pKa of 6.40 +/- 0.06 (S.E.M.) and Hill number of 1.0 +/- 0.11 (S.E.M.),
are not statistically different from the calibration done in the absence of lamp attenuation.
Overall, these calibration curves are similar to published results of FITC-dextran conjugates with
measured pKa values ranging from 6.3 to 6.5 (Geisow, 1984; Sonawane et al., 2003; Haggie,

2007).
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Figure 2.7 FITC-dextran pH calibration curves.

HeLa cells were pulsed with FITC-dextran (40-kDa) for 30 minutes at 37 °C. The cells were then
washed and incubated with specific pH buffers containing high K* and ionophores. Average data
+/- S.E.M. are shown for two triplicate experiments using full lamp illumination (A). Average data
+/- S.E.M. are shown for triplicate experiments using 25% lamp illumination (B). Number of
endosomes analyzed range from 1,423 to 7,039 per pH clamp.

The distributions of the ratios between 491 nm and 430 nm channels at all clamped pH values
are shown in Figure 2.8 for the calibration curve used in Chapter 3 (Figure 2.7A). All of the
distributions are significantly different from each other after Bonferroni’s correction for multiple
comparisons. These data indicate that the calibration curve can be used to determine any

differences between the liposomal formulations tested in Chapter 3.
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Figure 2.8 Histograms of pH calibration curve ratio data.
All of the data points for the ratios that made the calibration curve in Figure 2.7A are plotted as

histograms with the 491 nm and 430 nm ratios on the X-axis. The histograms at pH 4 (A), 5 (B), 5.5
(0), 6 (D), 6.5 (E), 7 (F), 8 (G), and 9 (H) are shown.
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The effect of FITC photobleaching was also formally determined under continuous illumination
(Figure 2.9). In the absence of lamp power attenuation for the 491 nm channel (21.1 mW), there
was 10.3% +/- 0.6% (S.E.M.) signal reduction after one exposure. Attenuation of the lamp
intensity in the 491 nm channel by 75% (5.5 mW), reduced the effect of photobleaching by half
to 5.6% +/- 0.3% (S.E.M.) after one exposure. The effect of photobleaching in the 430 nm
channel was even lower at 2.3% +/- 0.2% (S.E.M.) after one exposure using full illumination
with 12.6 mW intensity light. In all of these calculations, background subtracted images were
used. As a consequence of the amount of photobleaching using full illumination, only data from

a single exposure is used in all experimental calculations of pH described in Chapter 3.

The hardware limitations of the microscope prevented using a neutral density filter for further
experiments. The neutral density filter port cannot be automated on the Ti-E microscope, and the
far-red fluorophore used to label the liposome bilayer is illuminated under low power (9.8 mW),
and would not provide a usable signal. Ideally, all experiments would use a neutral density filter
larger than the one used here for comparison to achieve a bleaching rate less than a percent over

multiple exposures; however, this was not possible.
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Figure 2.9 Photobleaching of FITC-dextran.

The effect of photobleaching was determined over 7 successive exposures. The average data (+/-
S.E.M.) for between 17 and 36 labeled endosomes from 8 separate fields is shown. The bleaching
rates for the 430 nm channel (®) and 491 nm channel (B) under full illumination are shown, along
with the 491 nm channel (A) in the presence of a neutral density filter.

The accuracy of the pH measurements determined experimentally using FITC-dextran was
reinforced by colocalization with Lysosensor Blue DND-167 (Figure 2.10). Lysosensor has a
pKa of 5.1, above which it is non-fluorescent. Thus, compartments that are co-labeled with
FITC-dextran and Lysosensor should not have a FITC-dextran measured pH above 5.1 Indeed,
compartments with a pH higher than 5.1 did not colocalize with Lysosensor. This further

supports the accuracy of pH measurements using FITC-dextran and provides an external

validation of the pH measurements.
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Figure 2.10 Colocalization of Lysosensor Blue DND-167 with FITC-dextran.

Shown are the histograms of late endosomes and lysosomes labeled with FITC-dextran. On the X-
axis is the pH from 4.2 to 5.8, and the Y-axis is the number of endosomes on log;, scale. The pH of
endosomes labeled with FITC-dextran were determined generating the histogram in black.
Restriction of the histogram to endosomes than are also colabeled with Lysosensor Blue are shown
in blue. Lysosensor is present in only 1 endosome above pH 5.1 (0.04% of all events) compared to
469 endosomes in the parent FITC-dextran population (4.0%).

2.3.5 Image Processing

In general there are two computational methods for colocalization analysis: pixel based and
shape based (Bolte and Cordeli¢res, 2006). Fluorescently labeled endosomes and liposomes
imaged with an electron multiplying charge coupled device (EMCCD) camera can be described
by a circular area measurement when performing colocalization analysis. However, a more
complete and thorough description is the Gaussian function. The Gaussian function is
particularly powerful at determining the location of particles when the particle is smaller than the
wavelength of emitting light (Cheezum et al., 2001), although it is recognized that movement has
significant effects on positional accuracy (Deschout et al., 2012). Elliptical Gaussian fitting

outperforms circular Gaussian fitting when particles are in motion, and provides a more detailed
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description of the particles in this study (liposomes and endosomes) than a centroid-based
method (Deschout et al., 2012). Consequently, colocalization analysis was performed by first

fitting every spot in each image to a 2D ellipsoid Gaussian function:

a(x—xc)2 +2b(x—xc) (y—yx)+c(y—yc)?

fx,y) = Ae( 2 ) + B (Equation 2)

where A is intensity, B is background, xc and yc are x and y center coordinates respectively. The

parameters a, b, and ¢ can further be defined as:

cos2 6 sinZ @

=4~ Equation 3
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sin 260 sin 260
b =— Equation 4
4-0',26 40%, (Eq )

i 2 2
sin“ 6 cos“ 6
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where oy and oy are the variance in x and y, and 0 is the rotation angle. From Gaussian fitting
there are 11 parameters extracted: Volume, Intensity, Background, X, Y, Width, Asymmetry
(ox/oy), Oy, Oy, 0, and Error (estimate based upon the Intensity, Background, and Width from

(Thompson et al., 2008)).

Gaussian fits that were below an intensity threshold determined per image were not counted. The
threshold was determined by sampling the image with a 5 pixel’ box and determining the
average pixel intensity. This process was iterated until a minima was found that did not deviate
by 0.1%. The minima per image were then multiplied by 10, which was set as the threshold for
eliminating Gaussian fits. For the liposome lipid bilayer labeled with DiD, the excitation at 640
nm was found to have virtually no background and as a consequence the minima was multiplied

by 5 to set the threshold for Gaussian fits in that channel. Other parameters that resulted in
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Gaussian fit elimination were proximity to the edges of the image greater than 15 pixels, poor
Gaussian fits with error values greater than 0.1, and calculated Gaussian intensities that were

higher than the intensity of the deconvolved image at the peak pixel.

After Gaussian fitting, all spots were coarse colocalized by pairwise linear distance minimization
(Figure 2.11A). After a distance minima was identified, the spot with the larger radius was used
to determine if the other spot fit within it. Spots were compared pairwise between channels to
find colocalization (Figure 2.11B). Colocalization was first found between the siRNA-TEX615
and DiD channels. Then the matches were used to find colocalization with endosomal markers
(3-channel) or the pH-insensitive FITC-dextran channel (4-channel). Finally, matches were

found in the pH-sensitive FITC-dextran channel (4-channel).
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Figure 2.11 Image colocalization analysis flow diagram.

A) Distances between spots in different channels are ranked by their linear distance measurements
(d1, d2, d3, etc). The spot with the minimal distance (d1) is then confirmed to colocalize by making
sure it is within the radius of the parent spot (green). B) Flow diagram for colocalization analysis.

An image was compared to itself following single pixel displacements along the x coordinate, to
validate the colocalization analysis performed (Figure 2.12). Deconvolved images were
subjected to Gaussian fitting, which produced the starting non-displaced image (Figure 2.12B).
In all images, at least 90% of spots determined by eye in the deconvolved image were found
using the Gaussian fitting algorithm. 100% of spots found after Gaussian fitting colocalized to a

non-displaced duplicate image (Figure 2.12E). After a single pixel displacement 41.5% +/-
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3.39% (S.E.M.) of particles still colocalized, which dropped to 3.97% +/- 1.87 (S.E.M.) after a
displacement of 2 pixels, and 0% after 5 pixels (Figure 2.12E). These data demonstrate that the
Gaussian fitting algorithm and colocalization analysis are robust and have a ~ 4% false positive

rate at 2 pixels.
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Figure 2.12 Image colocalization analysis.

Images were duplicated and displaced between 1 and 5 pixels and colocalized with the non-
displaced image. A) A representative deconvolved image. Arrow heads indicate spots that are not
detected by Gaussian fitting (total spots by eye = 24). B) Reconstruction of the Gaussian fit of the
image in (A) following colocalization to itself. n = 21 spots were both fit and colocalized. C-D)
Reconstruction of the colocalized particles after 1 (C) or 2 pixel (D) displacement. Arrows highlight
particles that do not colocalize. E) Percent colocalization as a function of pixel displacement (n =
214, 10 fields). Without pixel displacement 100% of particles are colocalized in all fields. With 5
pixel displacement 0% of particles are colocalized in all fields. Averages +/- S.E.M. are shown. Scale
bars in images A-D are 5 pm.
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Sample colocalization analysis is shown in Figure 2.13 and Figure 2.14 for a pH measurement
experiment with DOTAP:DOPE liposomes and the parameters of the colocalized spots are
shown in Table 2.3. The image deconvolution and background subtraction removes much of the
out of focus light (Figure 2.13). The Gaussian fitting algorithm accurately finds spots in the
deconvolved images and produces x and y coordinate centers, as well as, width and intensity
measurements (Figure 2.14). The extracted pH measurements are all within the expected range
of early endosomes, which is to be expected as this image set is within 5 minutes after the pulse
of liposomes and FITC-dextran. The results are typical of the image processing and Gaussian
fitting that is done in the remainder of the experiments with pH measurements and endosomal

markers.
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Figure 2.13 Image deconvolution.

The 4 channels collected are siRNA-TEX615 (A,E), DiD (B,F), FITC-Dextran 491 nm (C, G), and
FITC-Dextran 430 nm (D, H). The images on the left are the raw image (A-D) and on the right are
post-deconvolution and background subtraction (E-H). Cell body outlines are drawn from a phase
contrast image and the scale bars are S pm.
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Figure 2.14 Gaussian fitting and example colocalization and pH measurement with FITC-
dextran.

The results from Gaussian fitting and matching of the whole image are shown in A-C. The channels
are siRNA-TEX615 (A, D), DiD (B, E), and pH (C, F). Cropped images corresponding to the region
indicated by the white box in (A) are shown in D-F. There are 6 liposomes that are indicated by
arrows that colocalize with a pH-measurable compartment (Particles 1, and 3-7). There is 1
liposome that is indicated by the arrowhead, which fails to colocalize with a pH-measurable
compartment. The measurements of each of the 7 liposomes are given in Table 2.3. The scale bars
are 5 pm.
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Number siRNA (Log. Lipid (Log, siRNA/Lipid pH
Fluorescence A.U.) Fluorescence A.U.)
1 2.53 3.62 0.70 6.42
2 2.47 2.90 0.85 ND
3 2.77 3.20 0.87 6.86
4 3.33 4.19 0.80 6.55
5 2.84 2.83 1.00 6.52
6 3.30 3.61 0.92 7.08
7 2.70 3.24 0.83 6.32

Table 2.3 Properties of liposomes shown in Figure 2.14.
In the images in Figure 2.14 D-F, there are 7 liposomes that are highlighted. This table contains the
measurements from the siRNA, lipid, and pH channels for each liposome.

2.4 Conclusion

Nine mTurquoise fusions to endosomal markers were created to be as identical as possible to
published constructs. HeLa cells were then transduced to create stable cell lines of each marker.
The expression levels of the markers and growth properties of the cell lines were characterized.
Each marker was determined to be optimally expressed between 5 and 10 pg/mL doxycycline
with no adverse effects on growth rates and cellular morphology. Each marker was assumed to

localize correctly under the conditions used.

The pH calibration of FITC-dextran in situ is consistent with what has been observed previously
and similar to the intrinsic parameters of FITC (Figure 2.7A). After attenuation of lamp power,
photobleaching was reduced, and the calibration curve did not significantly change from that
determined under full lamp illumination. In addition, the distribution of ratios demonstrate that
the calibration curve has significant power to accurately determine the pH of endosomal

compartments.

Photobleaching was determined to be ~ 10% and ~ 2% in the 491 and 430 nm channel,
respectively, following a single exposure. Since the bleaching rate is high in the conditions used
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and could not be avoided due to hardware limitations, only data from the first exposure is used

for all experimental determinations of pH using FITC-dextran.

The accuracy of pH measured with FITC-dextran was examined by determining the extent of
colocalization with Lysosensor Blue DND-167 (Figure 2.10). The concordance between the lack
of colocalization between FITC-dextran and Lysosensor Blue DND-167 above the pH of 5.1

suggests that the pH measurements are accurate in a single exposure despite photobleaching.

The workflow created to process the images and perform Gaussian fitting all relied upon written
Java code and plugins for Fiji/Imagel. The only modification was to the Gaussian fitting
program to eliminate poor Gaussian fits in my data set and move the plugin to ImageJ from
MicroManager. The newly written colocalization code, simply found Gaussian fits between
channels that overlapped due to the particle coordinates and width. It also accurately identified
spots that colocalize in all channels, while eliminating spots that do not colocalize with an error

rate of ~ 4% at 2 pixels.
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Chapter 3 : pH and Endosomal Colocalization Analysis of
Liposomal Formulations

3.1 Introduction

High-resolution single particle tracking (SPT) has been used to study endocytosis of a wide
variety of cargo (Braeckmans et al., 2010b; Brandenburg and Zhuang, 2007; Lai and Hanes,
2008; Payne, 2007; Ruthardt et al., 2011; Suh et al., 2005). For instance, virologists have used
SPT to uncover the mechanisms by which viruses infect cells. SPT demonstrated that HIV-1
enters and productively infects cells using the endosomal route as opposed to direct fusion at the
plasma membrane (Miyauchi et al., 2009). The infection mechanisms and pathways of influenza
A, dengue, HCV, and SV40 have also been elucidated by SPT (Avilov et al., 2012; Coller et al.,
2009; Liu et al., 2011; Pelkmans et al., 2001; Rust et al., 2004; van der Schaar et al., 2008). In
the materials research area, SPT was used to demonstrate that Tat modified quantum dots
induced heparan sulfate proteoglycan cross-linking and activated Racl resulting in
internalization (Imamura et al., 2011). Polymers for nucleic acid delivery including, PAMAM
dendrimers, were tracked in cells to determine which pathways of internalization are used and
how the polymer is trafficked after internalization (Vercauteren et al., 2011). PEIL, polylysine,
dextran, and polyfluorene polymers have also been studied by SPT (de Bruin et al., 2008; 2007;
Humphries et al., 2011; Jin et al., 2009; Kim et al., 2011; Mickler et al., 2012; Suk et al., 2007;
Yu et al., 2009). Finally, cellular internalization of exosomes has been investigated using SPT
(Tian et al., 2010; 2012). These papers highlight the power of SPT to understand the complex
response cells have to foreign particles and justify my use of the technique to follow liposomes

inside cells.
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There have been several studies of liposomal systems using SPT (Akita et al., 2010; 2012;
Berezhna et al., 2005; Braeckmans et al., 2010a; Chithrani et al., 2010; Rehman et al., 2013;
Sauer et al., 2009). The Harashima group demonstrated that octa-arganine (R8) modified
liposomes have slower intracellular directional transport compared to adenovirus or endosomes
lacking R8 liposomes (Akita et al., 2010). Further modification of these liposomes with a peptide
derived from African swine fever virus that binds to dynein light chain resulted in directed
movement and accumulation at the microtubule organizing center while R8 liposomes lacking
the peptide poorly diffused in the cytoplasm (Akita et al., 2012). These data suggest that either
something inherent to the liposome slows down endocytosis or the cell senses and responds
differentially to liposomes compared to viruses. Lipoplexes were observed to gradually release
contents, while polyplexes rapidly and catastrophically released their contents, supporting the
proton sponge effect (Behr, 1997; Rehman et al., 2013; Sonawane et al., 2003). Specialized
liposomes with lipid-gold conjugates or magnetic properties have been analyzed by SPT to
demonstrate cellular internalization and transport (Chithrani et al., 2010; Sauer et al., 2009).
Lastly, SPT has been used to size DOTAP:DOPE liposomes in serum or whole blood in vitro
and to investigate the decomplexation of DNA using model membranes (Berezhna et al., 2005;

Braeckmans et al., 2010a).

As discussed in Chapter 1, endocytosis is intimately involved with liposomal delivery of siRNA.
Following cellular entry by endocytosis, the hypothesized mechanism of cytosolic nucleic acids
delivery by liposomal vectors is a three step process (Farhood et al., 1995; Hafez et al., 2001;
Koltover et al., 1998; Legendre and Szoka, 1992; Xu and Szoka, 1996; Zelphati and Szoka,

1996a; Zuhorn et al., 2005). In the first step, liposomal vector lipids induce a bilayer phase
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conversion from a bilayer lamellar, L,, to inverted hexagonal, Hy, phase. The phase inversion
causes bilayer destabilization resulting in flipping of anionic membrane lipids from the
cytoplasmic leaflet of endosomes to the limiting membrane. Second, anionic lipids diffuse into
the liposomal membrane neutralizing the charge complexation between anionic siRNA and

cationic lipids. Finally, the siRNA is able to freely diffuse into the cytoplasm of the cell.

In the formulations tested here: CHEMS:DOPE, DOTAP:DOPE, and DLinDMA, each lipid
plays an important role in mediating an aspect of the delivery mechanism (Figure 3.1). DOPE
and DLinDMA both prefer the inverted hexagonal phase and promote bilayer destabilization.
DLinDMA is also cationic below its pKa of 6.8 (Semple et al., 2010), while DOTAP is always
cationic. CHEMS stabilizes DOPE membranes until its carboxylate is protonated at pH 5.5
(Ellens et al., 1984; Lai et al., 1985; Legendre and Szoka, 1992). The mechanism of delivery was
based upon observations using a DOTAP:DOPE model formulation (Zelphati and Szoka, 1996a),
however, the other two formulations have slightly nuanced changes to the general mechanism
described above. DLinDMA largely follows the same paradigm except that its cationic charge
increases during endocytosis. The CHEMS:DOPE formulation induces membrane destabilization
by inducing Hy phase, but the charge neutralization step to separate siRNA from the complex is
not required as the formulation is already lightly anionic (Ellens et al., 1984; Lai et al., 1985).
Unlike the cationic formulations, which can mediate close apposition of the liposomal and
endosomal bilayers through electrostatic interactions, the CHEMS:DOPE formulation requires

close contact mediated by diffusion or entrapment.

74



0 o pKa=11.25

il
\/\/\/\/W\/u\ —P~ *
o/ﬁ,‘/\o IO N
O H -
/\/\/M\/\/\ﬂ/ *
o

CHEMS DOPE ezt
o pKa=6.8
WWM + — — *
/\/\/\/\:/\/\/\/\IO]:C??TEI' W\;z“x/ﬁv"x/i:l/\'ff
DOTAP ’ DLinDMA

Figure 3.1 Lipid structures used in this study.

The exact formulations are given in the methods section. These four lipids are the primary
components of the formulations tested. The pKas of the protonatable groups indicated by (*) are
given.

In this chapter the three formulations described above have been tracked by SPT as they are
endocytosed. The intra-endosomal pH that the formulations experience has been monitored to
determine where the liposomes reside and if endosomal pH correlates with contents release. In
addition, the liposomes have been colocalized with endosomal markers described in Chapter 2 to
determine if formulation alters the cellular internalization route. From these analyses, I conclude
that the formulations tested are sorted by cells through distinct cellular compartments, and there
is a correlation between efficient siRNA delivery and increased colocalization with recycling

endosomes and/or multivesicular bodies.

3.2 Methods

3.2.1 Cell Culture
HEK293T, HeLa and all HelLa derivatives were maintained in T75 flasks between 10-90%
confluence (100% confluent T75 yields ~10 x 10° total cells) in RPMI 1640 supplemented with

10% heat inactivated FBS (Gibco, Life Technologies, Benicia, CA) and 25 mM HEPES in a
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humidified atmosphere with 5% CO, at 37 °C.

For microscopy studies, HeLa and HeLa derivative cells were cultured in RPMI 1640
supplemented with 10% defined FBS (HyClone, Thermo Fisher, Waltham, MA) and 25 mM
HEPES. 48 hours prior to microscopy, cells were trypsinized and plated at 300,000 cells per 35
mm uncoated glass coverslip bottom FluoroDish (World Precision Instruments, Sarasota, FL).
The media was changed 24 hours later and if induction was used, 10 pg/mL doxycycline was
added to induce marker-mTurquoise expression. On the day of imaging, the plate was 90%
confluent at ~1,200,000 cells per dish. During imaging experiments, the cells were maintained in

PBS supplemented with 6 mM glucose and 1.1 mM pyruvate (PBSgp).

3.2.2 Materials

All cell culture reagents were supplied by the UCSF Cell Culture Facility. 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (PEG-DSPE), cholesterol (Chol),
and cholesteryl hemisuccinate (CHEMS) were obtained from Avanti Polar Lipids (Alabaster,
AL). 1,2-dimyristoyl-sn-glycerol-[methoxy(polyethylene glycol)-2000 (PEG-DMG) was
obtained from NOF-Corporation (Tokyo, Japan). DLinDMA was provided by Pfizer (Cambridge,
MA). Luciferase sense and antisense TEX615 labeled RNA 5’-
rGrCrUrArCrArUrUrCrUrGrGrArGrArCrArUrATT/3TEX615/, and 5’-
rCrGrArUrGrUrArArGrArCrCrUrCrUrGrUrArUTT/3TEX615/, respectively, were obtained

from Integrated DNA Technologies (San Diego, CA). siRNA against luciferase and a scrambled
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control for in vitro knockdown experiments was provided by Pfizer (Cambridge, MA). 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD), Fluorescein
isothiocyanate (FITC), amino dextran (40 kDa), and Lysosensor Blue DND-167 were obtained
from Molecular Probes (Eugene, OR). The Steady-Glo luciferase assay kit was purchased from

Promega (Madison, WI).

3.2.3 Preparation of Liposomes

The formulations tested were as follows: DOTAP:DOPE:PEG-DMG:DiD (56:38:5:1 mole
percent), CHEMS:DOPE:PEG-DMG:DiD (38:56:5:1 mole percent) and
DLinDMA:DPPC:Cholesterol:PEG-DMG:DiD (40:14:40:5:1 mole percent). 1 pM of total lipid
was dried down by rotary evaporation under reduced pressure in a glass test tube for 4 hours then
dried overnight under high vacuum. The lipids were dissolved in 200 pL of methanol and rapidly
injected into 300 puL of 50 mM citrate pH 4 aqueous buffer containing 35 micrograms of siRNA-
TEX615 stirring at 300 rpm at 60 °C. The mixture was extruded (11x) through 100 nm pores in a
polycarbonate membrane (Nucleopore, Whatman, Clifton, NJ), followed by rotary evaporation
under reduced pressure to remove the methanol. Liposome preparations were then dialyzed
overnight ~4000-fold against 5 mM HEPES, pH 7, 145 mM NaCl, 3.4 mM EDTA with 100 kDa
MWCO membrane (Spectrum, New Brunswick, NJ). For studies on cellular binding and RNA
knockdown, the formulations were prepared identically except that DiO replaced DiD. The
particle size of the DiO labeled formulations was measured using a Malvern Zetasizer NanoZS

(Westborough, MA).

For microscopy studies, liposomes were further purified by equilibrium density centrifugation in

a linear, 0-18% sucrose gradient. The gradients were prepared by layering 2 mL of 15% sucrose
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dissolved in PBS under 2 mL of PBS in Bekman Polyallomer %2 x 2 in. tubes, type 326819
(Beckman Coulter, Indianapolis, IN). The gradients were then spun for 30 revolutions at 45 ° in a
cell culture rotator. After mixing the two layers the tubes were frozen at -80 °C, and thawed at 4
°C before use. Liposome preparations were added and spun at 100,000 xg for 16 hours at 4 °C in
a Beckman SW-55Ti rotor (Beckman Coulter, Indianapolis, IN). A needle was used to poke a
hole in the bottom of the centrifuge tube and fractions were collected and analyzed for DiD and
TEX615 fluorescence. The fractions with the highest levels of fluorescence for both markers

were used for microscopy studies. The liposome preparation was stored at -80 °C in 15% sucrose.

3.2.4 FACS Analysis of Cellular Binding

10,000 HeLa cells were added to each well of a 96-well plate 24 hours before the start of the
experiment. For apparent K4 experiments, various concentrations of the liposome preparations
were added to the cells in D-PBS and allowed to bind to the cells for 30 minutes at 37 °C. The
cells were then analyzed by FACS. Data was fit by nonlinear regression in Prism to a one site
specific binding model with a Hill slope (Y=Buma*X"/(K* + X"). For the internalization rate
experiments, each liposome formulation was added to the cells the observed binding Ky
concentration in PBSgp and incubated for up to 24 hours. The cells were removed from the plate
by incubation in D-PBS and EDTA for 30 minutes at room temperature, then incubated with
trypan blue to quench extracellular fluorescence and analyzed by FACS. Data was fit by
nonlinear regression in Prism to a one-site total binding model (Y=Bpnax*X/(K4+X) + NS*X +

Background).
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3.2.5 In Vitro Knockdown of Luciferase

24 hours prior to the start of the experiment, 8,000 HeLa-Luc cells were seeded into each well of
a 96-well plate such that the cells were ~80% confluent during the transfection. Lipoplex
containing either an anti-luciferase siRNA or a non-specific control were added to the cells and
incubation proceeded for 5 hours at which time the media was exchanged and incubation
proceeded for 24 hours until luciferase activity was measured. Luciferase expression was
measured using the Steady-Glo assay kit (Promega, Madison, WI). Luminescence was measured

using an Infinite m1000 Pro microplate reader (Tecan, San Jose, CA).

3.2.6 Microscopy and Image Analysis

Images were acquired on a Nikon Eclipse Ti-E inverted microscope equipped with an In Vivo
Scientific temperature controlled chamber with humidification and CO;, control, infrared
autofocus, 100x 1.4 numerical aperture Plan Apo objective, Photometrics Coolsnap HQ2 CCD
camera, and Sutter Lambda XL lamp. Filters used were 89000 Sedat Quad, 89021 GFP/mCherry,
and 89002 Dual CFP/YFP (Chroma Technology, Bellows Falls, VT). Image acquisition was
performed using NIS Elements software and image analysis was performed using NIH Imagel.
For ratiometric pH determination images were taken using the ET490/20x, ET525/36m and
ET430/24x, ET535/30m filters of the Sedat Quad and Dual CFP/YFP sets, respectively, with 100
ms exposure. CFP fusions were imaged using the ET430/24x, ET470/24m filters of the Dual
CFP/YFP set with a 100 ms exposure. DiD was imaged using the ET645/30x and ET705/72m
filters of the Sedat Quad set with 500 ms exposure and 2x2 binning. TEX615 labeled siRNA was
imaged using the ET572/35x and ET632/60m filters of the GFP/mCherry set with 500 ms

exposure and 2x2 binning.
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Image analysis was performed using freely available Fiji plugins and some were written in de
novo. Images were first deconvolved using the Parallel Spectral Deconvolution plugin (Piotr
Wendykier) using a point spread function generated by the Diffraction PSF 3D plugin (Bob
Dougherty). Deconvolved images were then background subtracted and 3D Gaussians were fit to
the image using a modified GaussianFit plugin (Nico Stuurman). The X and Y coordinates of
each fitted Gaussian spot in each frame were then colocalized with spots in other channels.
Colocalization was defined as the center point of one Gaussian spot fitting within the width of a

Gaussian spot of another from another channel.

3.3 Results

3.3.1 Liposomal Formulations

The exact composition and preparation of the formulations used in this study are given in the
methods section. Each formulation was between 60 - 90 nm (Table 3.1) and while this is a
significant difference, cells appear to internalize particles between 50 - 100 nm similarly
(Rejman et al., 2004). The zeta potential measurements are in agreement with published values
(Ducat et al., 2011; Zelphati et al., 1998). Any observed differences in cellular internalization is
likely to be dominated by the effect of surface structure, including charge, lipid head group, and

opsonized proteins, rather than size.

Formulation Size (nm) / PDI | Zeta (mV)
CHEMS:DOPE | 67.1/0.21 -10.7
DOTAP:DOPE |89.4/0.13 15.1
DLinDMA 80.8/0.18 5.4

Table 3.1 Physical characteristics of the formulations used.
Average particle sizes and poly-dispersity indices (PDI) for each formulation are shown along with
the zeta potentials, which measure surface charge.
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The liposomes used for microscopy were additionally purified using sucrose density gradient
centrifugation. This step removed liposomes that were devoid of siRNA contents signal and
provide a more mono-dispersed preparation of liposomes. The sucrose gradient used was linear
between 2 — 18% (Figure 3.2). Liposomes that contained siRNA sediment to between 6 — 10 %

sucrose, while empty liposomes remained at the top above 1% sucrose.
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Figure 3.2 Sucrose gradient purification of liposomal siRNA preparations.

A) Liposomes were purified using linear sucrose gradients to separate siRNA loaded liposomes
from empty liposomes. siRNA loaded liposomes sediment to between 6 — 10 % sucrose, while empty
liposomes floated on top of the gradient at less than 2 % sucrose. B - D) Purification of liposomes
with the normalized lipid absorbance (M) and normalized siRNA absorbance (A) for each
formulation CHEMS (B), DOTAP (C), and DLinDMA (D).

3.3.2 siRNA Knockdown of Luciferase Expression

The ability of each formulation to deliver siRNA was tested in vitro. An siRNA against
luciferase and a scrambled control was formulated as described in the methods section. The
complexes were added to 8,000 HeLa-Luc cells for 24 hours and the level of luciferase activity
was determined (Figure 3.3). The DOTAP formulation displayed the best knockdown in vitro
with an ICsp of 1.30 nM +/- 0.33. When ApoE is added exogenously the ability of DLinDMA to

deliver siRNA is improved, although an exact ICsy value cannot be calculated precisely.

81



DLinDMA, in the absence of ApoE, and CHEMS have similar ICsy values around 70 nM. All
formulations are capable of delivering siRNA to cells, but DOTAP demonstrates a superior
ability than the other formulations. In addition, the presence of ApoE results in an enhancement
of DLinDMA activity at low siRNA concentrations that is in contrast to the similar extent of

internalization independent of ApoE addition.

In comparing these results to the imaging experiments, the relative potencies of the formulations
and not the absolute concordance between the experiments are to be taken into account. The
knockdown experiments were performed by incubation of cells with liposomes for a similar time
scale (4 hours), but the kinetics of luciferase expression require 24 hours of incubation for RNA1
to measurably knockdown protein levels. Thus the 24-hour time point measured for luciferase
activity is a consequence of liposome endocytosis during the 4 hour incubation. In addition the
dose required to knockdown luciferase expression is much higher (10 — 100-fold) than what is

used for imaging experiments.
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Figure 3.3 In vitro luciferase knockdown assay.

Complexes were added to cells for 4 hours and assayed for luciferase activity 24 hours later. Data
are average +/- S.D. and fitted by non-linear regression to log(inhibitor) vs normalized response
with a variable slope in Prism.

3.3.3 Binding and Internalization of Liposomal Formulations

The apparent K4 of each formulation was first determined by FACS to scale the concentrations
used in the microscopy experiments (Figure 3.4). Since microscope experiments are performed
in the absence of serum (PBSgp), the apparent K4 for each formulation was also determined
under the same conditions but at 4 °C to prevent internalization. As expected, the apparent Ky of
the formulations follows the zeta potential of each formulation, with the strength of binding
determined by cationic charge (Table 3.2). These results indicated that DOTAP binds about 2
times better than the DLinDMA formulations and about 5 times better than the CHEMS
formulation. For imaging studies, DOTAP was empirically titrated to 0.2 nM to result in ~ 10
liposomes per cell after incubation for 30 minutes at 37 °C. The 0.2 nM concentration for
DOTAP was scaled by 2 or 5 for DLinDMA and CHEMS, respectively, and produced a similar

number of liposomes per cell.
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Interestingly, the addition of 1 pg/mL exogenous ApoE during incubation with the DLinDMA
formulation does not alter the apparent binding Ky, while it is known that ApoE is required for
efficient siRNA-mediated knockdown in vivo and in vitro (Akinc et al., 2010), and that HelLa
cells express the low density lipoprotein receptor (LDLR) through which ApoE binds and
internalizes. These data suggest that the effect of ApoE in enhancing delivery by DLinDMA is

during or after cellular internalization.
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Figure 3.4 Binding of formulations to HeLa cells.

The three different formulations used in the studies were bound to cells at 4 °C at various
concentrations between 100 nM and 1 mM to determine the apparent K4. At each concentration
10,000 cells were counted by FACS. Data +/- 95% CI are shown fitted by non-linear regression to a
one site — specific binding with Hill slope model in Prism.

Formulation K4 (uM) StDev
CHEMS:DOPE 390.7 8.5
DOTAP:DOPE 73.0 1.8

DLinDMA 156.5 3.9
DLinDMA + ApoE 142.0 2.8

Table 3.2 Apparent Ky measurements from Figure 3.4.
The curves in Figure 3.4 were fit to determine the K4 measurements. Since concentrations over 1
mM lipid could not be achieved, the binding curves were constrained at the top to get coherent fits.
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The rate of internalization for each formulation was also determined at the apparent binding Ky
concentrations determined in Figure 3.4 (Figure 3.5). Again the media used for microscopy was
used for these studies (PBSgp), however, the experiment was performed at 37 °C to promote
internalization as well. Total intracellular fluorescence was determined by FACS after trypan
blue was used to quench extracellular signal and as expected the magnitude of binding after 24
hours of incubated followed the extent of cationic charge for the formulations. Both the
magnitude and rate of cellular binding and internalization is consistent with previous findings
(Legendre and Szoka, 1992). The rate of internalization is not dependent upon the magnitude of
binding as CHEMS:DOPE and DLinDMA in the presence of ApoE exhibit half maximal binding
at 4.03 +/- 1.14 and 4.77 +/- 0.50, respectively, despite DLinDMA with ApoE reaching a final

magnitude twice that of CHEMS (Table 3.3).

Binding and Internalization Rate

300000~
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Figure 3.5 Internalization kinetics of formulations into HeLa cells.

The three different formulations used in the studies were incubated with cells at their apparent Kq4
concentrations and assayed for total intracellular fluorescence over 24 hours. At each concentration
10,000 cells were counted by FACS. Data +/- 95% CI are shown fitted by non-linear regression to a
one site — total and nonspecific binding model in Prism.
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Formulation Time to Half Max Maximal Internalization
Internalization (hours) (MLE.D)
CHEMS:DOPE 4.03 +/-1.14 80,000
DOTAP:DOPE 0.14 +/- 0.01 230,000
DLinDMA 19.23 +/-1.09 186,000*
DLinDMA + ApoE 4.77 +/- 0.50 200,000

Table 3.3 Internalization rate parameters from Figure 3.5.

The curves in Figure 3.5 were fit to determine the time to half maximal internalization and the
maximal internalization measurements. *DLinDMA was constrained at the 24 hour time point for
maximal binding.

For DOTAP:DOPE and CHEMS:DOPE the cellular receptors are numerous and non-specific.
However, DLinDMA, in the presence of exogenous ApoE, is bound and internalized by the low
density lipoprotein receptor (LDLR). A previous publication demonstrated at 20-fold
enhancement of DLinDMA cellular uptake in the presence of ApoE after a 4 hour incubation
using HeLa cells (Akinc et al., 2010) that is consistent with the data here. However, the effect of
ApoE on internalization is not observed at 24 hours of incubation. Interestingly, under the same
conditions but in the absence of ApoE, DLinDMA does not appear to be internalized by a
saturable process. These data further support that the effect of ApoE in enhancing delivery of

DLinDMA is during or after cellular internalization.

3.3.4 pH Measurements of Liposomal Formulations

The liposomes and FITC-dextran were added simultaneously and allowed to co-endocytose. This
allowed me to measure the pH of endosomal compartments during endocytosis and cellular
trafficking of the liposomes. The initial pulse period was fixed at 30 minutes. I adjusted the
concentration of liposomes added to the cells so that after the pulse 10 — 100 liposomes were

associated per cell. The concentrations ranged between 0.2 — 1 nM and were scaled based upon
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the strength of binding determined earlier (Figure 3.4 & Table 3.2). Following the pulse, non-
internalized complexes and FITC-dextran were washed away and images were acquired over a 4

hour chase period.

Figure 3.6 shows the histograms of the 491 nm to 430 nm ratios in clamped cells compared to
the experiments with liposomal formulations. The formulations are plotted with the closest
clamps to the average pH as indicated in the histograms (Figure 3.7). When comparing the
variances of each liposomal population to the corresponding pH clamp using a F-test, the
variances of all groups are not significantly different. This result indicates that the underlying
variation in the distribution of pH observed for the formulations is explained by the variation in
the pH calibration curve. However, this is to be expected, as the image processing method is the
same between the calibration curve and the experimental images, and because of the variation of

ratios observed in clamped cells.
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Figure 3.6 Histogram of 491 nm to 430 nm ratios for liposomes and pH clamped cells.

HeLa cells were pulsed with FITC-dextran and the liposomal formulations, washed and chased for
4 hours while images were collected. The histogram of 491 nm to 430 nm ratios for liposomes that
colocalize with FITC-dextran interlaced with endosomes clamped at either pH 5.0 (A), pH 5.5 (B
and C), or pH 6.0 (D) are shown for the 4 hour experiment. The formulations are: CHEMS (A),
DOTAP (B), DLinDMA (C), and DLinDMA with ApoE (D).

The average pH for endosomes containing CHEMS, DOTAP, DLinDMA, and DLinDMA with
ApoE acquired over 4 hours are shown in Figure 3.7A. The results indicate that CHEMS
colocalizes with a pH consistent with lysosomes at an average pH of 5.03 +/- 0.81 (mean +/-
S.D.). The other formulations, DLinDMA, DOTAP and DLinDMA with ApoE, all colocalize to
pH compartments consistent with late endosomes and multivesicular bodies (5.42 +/- 1.39, 5.59
+/- 1.18, and 5.81 +/- 1.40, respectively). These data demonstrate that the formulations segregate
into compartments with distinct vesicular pH, which agrees with the colocalization of the

formulations with compartment markers (section 3.3.6).
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In contrast, the average pH of intracellular vesicles labeled with FITC-dextran that do not
contain liposomes are shown in Figure 3.7B. The data indicate that FITC-dextran is on average
in compartments consistent with lysosomal pH in all experiments except for DLinDMA in the
presence of ApoE. In the presence of ApoE the average pH of FITC-dextran is consistent with
late endosomes (5.35 +/- 0.47, mean +/- S.D.). These data suggest that 1 pg/ml ApoE present in
the imaging media (PBSgp) has an effect on the trafficking of FITC-dextran, and agrees with the
observed recycling of ApoE in several studies (Heeren, 2003; Laatsch, 2012). The higher
average pH of endosomes in the presence of ApoE can be explained by increased recycling

induced by ApoE internalization.

Importantly, t-tests between endosomes containing liposomes versus endosomes lacking
liposomes demonstrate significantly increased pH in endosomal compartments containing
DOTAP, and DLinDMA both in the absence and presence of ApoE (Figure 3.7A vs B). For
DOTAP the difference is 0.62 +/- 0.04 (mean +/- S.D.) pH units, while for DLinDMA in the
absence or presence of ApoE is 0.38 +/- 0.03, and 0.46 +/- 0.02, respectively. These data suggest
that both DOTAP and DLinDMA have a significant effect on vesicular pH resulting in an
apparent buffering of endosomal pH. It is likely that the quaternary amine of DOTAP acts as a
sink for CI" resulting in inhibition of acidification by CIC channels (Smith, 2010). Similarly,
DLinDMA likely buffers endosomal pH because of its tertiary amine, acting in a manner

observed with poly-amine polyplexes as a proton sponge (Sonawane, 2003).
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Figure 3.7 Average pH values for endosomes that colocalize with liposomal formulations.
HeLa cells were pulsed with FITC-dextran and the liposomal formulations, washed and chased for
4 hours while images were collected. The average pH of endosomes containing liposomes (A) and
endosomes from matched experiments that do not contain liposomes (B) are shown from the 4 hour
experiment. Data are plotted as average pH +/- S.E.M.

The increase in population averages of endosomes containing DOTAP and DLinDMA liposomes
was plotted with respect to time to determine if the effect on pH was consistent at all times
during the experiment (Figure 3.8). The data was binned into 30 minute intervals and
demonstrates that at all times in the experiments endosomal pH is increased to a similar level as
the overall population averages. In contrast to experiments with poly-amine polyplexes, there is
no rapid and dramatic increase in average pH for endosomes containing lipoplex, suggesting that
the buffering effect is not strong enough to cause endosomal rupture (Sonawane et al., 2003).
These data are consistent with single particle tracking of Lipofectamine 2000 lipoplexes

(Rehman et al., 2013).
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Figure 3.8 Time course of endosome acidification in the presence of DOTAP and
DLinDMA liposomes.

HeLa cells were pulsed with FITC-dextran and the liposomal formulations, washed and chased for
4 hours while images were collected. The 4 hour experiment was binned into 30 minute intervals
and the average pH per 30 minute interval is plotted. The average pH for endosomes containing

liposomes (®) and endosomes lacking liposomes (O) are shown. The formulations are: DLinDMA

(A), DLinDMA with ApoE (B), and DOTAP (C). Data are plotted as average pH +/- S.E.M.

The data for the lipid and siRNA signals for each formulation were also analyzed for linear
correlations with respect to pH. The log;o of both siRNA and lipid signals in DOTAP liposomes

display significant (p < 0.0001) linear correlation with respect to pH (Figure 3.9A). The data
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indicate an overall ~10-fold loss in both siRNA and lipid signals between pH 4 and 7. This result
indicates that in an endosomal context, the integrity of DOTAP liposomes is dependent upon pH.
The other formulations tested do not display similar associations with pH, and the TEX615 and
DiD fluorophores labeling the siRNA and lipid bilayer are not pH sensitive as shown in Figure

3.9B.
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Figure 3.9 Linear associations of log;o siRNA and lipid signals in DOTAP liposomes with
pH.

The linear association between siRNA and lipid fluorescence intensities (log,) and pH
measurements is shown. A) siRNA (gray) intensity and lipid (red) intensity versus pH. B) DOTAP
liposomes were imbedded in agarose at pH 5 or pH 7 and the siRNA (gray) and lipid (red)
intensities (log;o) are plotted for ~ 300 liposomes. Lines represent mean +/- S.D.

3.3.5 Measurements of Liposomal Formulation Integrity

Because the siRNA contents and lipid bilayer were separately labeled, correlations between the
intensities of these two signals relative to the starting values are informative of liposome
integrity. A greater proportion of lipid signal loss over siRNA would indicate that the lipid
bilayer is interacting with biological membranes, but not resulting in de-complexation of siRNA.
The distribution of siRNA and lipid signals for each formulation is plotted as a scatter plot to

determine how the two signals correlate during a 4 hour imaging experiment (Figure 3.10). In
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each graph, the starting populations of liposomes are indicated in green. These starting
populations were acquired embedded in agarose and therefore represent the starting distribution
of fluorescent intensities in both channels for each liposome preparation. In all cell associated
liposomes, there is a 10-fold loss in signal for both the siRNA and lipid channels when compared
to the starting population. This suggests that at the low concentrations used in these studies, the
particles begin to disassemble when they contact the cell surface, which agrees with previous
reports that glycosaminoglycans destabilize lipoplex (Belting and Petersson, 1999; Xu and Szoka,

1996; Zelphati and Szoka, 1996a).

The data in Figure 3.10 also demonstrate that subsequent to cellular internalization, both the
siRNA and lipid signals are lost proportionately in all formulations except for the CHEMS
formulation. CHEMS has a linear regression slope of 1.15 (1.12 to 1.17, 99.9% CI), while the
other formulations have linear regression slopes that overlap 1. The consequence of a slope
greater than 1 for CHEMS is that the lipid signal is preferentially lost over the siRNA contents
signal. This implies that either DiD transfers out of the CHEMS formulation to a greater extent
than the other formulations tested or the lipid bilayer is interacting and exchanging with
biological membranes, but not releasing siRNA. Lastly, the distribution of all liposomal
formulations in Figure 3.10 is continuous. This suggests that all liposomes disassemble, rather
than a sub-population during the 4 hour experiment, which agrees with the findings of other

groups (Rehman, 2013).
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Figure 3.10 Scatter plots of liposome siRNA and lipid signal.

The X- and Y-axis are the log;y of the fluorescence intensity of the siRNA and lipid signal,
respectively. A) CHEMS n = 12,113, B) DOTAP n = 27,894, C) DLinDMA n = 24,652, and D)
DLinDMA with ApoE n = 26,353. In each graph the population in green is the starting population
of liposomes embedded in agarose, and the black population is internalized liposomes. The red lines
are linear regressions of the internalized liposome population. Slopes of linear regressions are 1.14

+/-0.01 (S.E.M.) (A), 0.92 +/- 0.01 (S.E.M.) (B), 1.05 +/- 0.01 (S.E.M.) (C) and 1.07 +/- 0.01 (S.E.M.)
(D).

3.3.6 Endosomal Marker Colocalization with Liposomal Formulations

The liposome formulations were colocalized with several endosomal compartment markers that
are described in Chapter 2. Liposomes were added at the same concentrations (0.2 — 1 nM) used

for the pH measurements. This concentration is low enough so that the internalization pathways
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are not saturated. For the early endosomal markers, CItA, Rab5, Cavl, and FLOT]I, the cells
were pre-incubated with liposomes at 4 °C for 30 minutes, washed, brought to 37 °C, and
imaged for 1 hour at 37 °C . For the late endosomal markers, CD82, Rabl1a, and LAMPI, the

cells were pre-incubated at 37 °C for 30 minutes, washed and imaged for 4 hours at 37 °C .

Figure 3.11 A-D shows the percent colocalization with the early endosomal markers with respect
to time, and Table 3.4 shows the quality control statistics on the data that was used to generate
the curves in Figure 3.11. DOTAP displays an increased colocalization with flotillin-1 during the
first hour, starting at 30% and ending at 15% colocalization (Figure 3.11D). DLinDMA shows a
preference for both clathrin and Rab5a during the first ~ 10 minutes (Figure 3.11A and B). All

formulations colocalize with caveolin-1 to a similar extent (Figure 3.11C).

The late endosomal markers tested, Rablla, CD82, and LAMPI, display formulation specific
colocalization patterns (Figure 3.11 E-G). DOTAP displays a maximal ~ 30% colocalization
with recycling endosomes marked with Rabl1a at 30 minutes after the start of transfection that
continues at ~ 25% colocalization during the remaining 4 hours (Figure 3.11E). DOTAP also
displays ~ 30% colocalization with CD82 positive multivesicular bodies at 30 minutes after the
start of transfection that drops to the same level (~ 15%) observed for the other formulations by 1
hour (Figure 3.11F). LAMPI1 positive lysosomal colocalization of DOTAP is initially low (~
10%), but eventually increases to ~ 25% by 3 hours (Figure 3.11G). Micrographs of

colocalization between DOTAP, Rabl1a, CD82, and LAMP1 are shown in Figure 3.12 A-F.

DOTAP displays a change in colocalization pattern during the experiments, while both CHEMS
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and DLinDMA reach a uniform level of colocalization during the 30 minute pre-incubation, at
which they are maintained throughout the rest of the experiment. DLinDMA has 15%
colocalization with all the late endosomal markers tested, which is not due to a reduced number
of liposomes per cell as shown in Table 3.4. DLinDMA numbers per cell are within the target
range in all experiments, and similar to the numbers achieved with the other formulations. The
absence of high levels of colocalization with late endosomal markers and DLinDMA suggests

that there are other unlabeled compartments that DLinDMA colocalizes with preferentially.

CHEMS shows a higher colocalization with the lysosomal marker LAMP1 than the other two
formulations within the first two hours and remains at a uniform ~ 25% colocalization through
out the experiment (Figure 3.11G). Micrographs of colocalization between CHEMS and LAMP1
are shown in Figure 3.12 G and H. Overall colocalization of CHEMS with Rabl1a and CD82 is

15% during the 4 hour experiment.

Finally, the observed extent of colocalization with endosomal markers in these studies is
consistent with the colocalization of PAMAM dendrimers with similarly tagged markers, which

typically ranged between 10 - 50% colocalization (Vercauteren et al., 2011).
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Figure 3.11 Endosomal marker colocalization.

The graphs are local polynomial fitting of liposomal percent colocalization with endosomal markers
as a function of time. Errors (S.E.M.) of the fits are represented by dashed lines. The formulations
are color-coded: DOTAP, blue; DLinDMA, black; CHEMS, brown. The markers are: A) CItA, B)
RabSa, C) Cavl, D) FLOT1, E) Rabl1a, F) CD82, and G) LAMP1.

CItA Rab5a
Formulation % n n per field % n n per field
CHEMS 91.8 16,442 72 63.7 13,900 87
DOTAP 94.5 13,204 56 91.4 14,080 62
DLinDMA 85.6 8,793 41 80.7 12,678 63
Cavl FLOTI
Formulation % n n per field % n n per field
CHEMS 77.8 9,644 50 89.5 19,880 89
DOTAP 83.6 11,559 55 26.7 3,228 48
DLinDMA 70.4 7,865 45 71.6 9,438 53
Rablla CD82
Formulation % n n per field % n n per field
CHEMS 18.4 24,670 149 61 39,223 71
DOTAP 33.9 12,662 42 90.2 64,332 79
DLinDMA 87.6 92,395 117 89.2 69,238 86
LAMPI
Formulation % n n per field
CHEMS 74.9 18,209 27
DOTAP 23 2,825 14
DLinDMA 60.9 130,719 238

Table 3.4 Quality control data used for the generation of curves in Figure 3.11.

In 1 hour experiments (CItA, Rab5Sa, Cavl, and FLOT1) there are a total of 250 fields. In 4 hour
experiments (Rablla, CD82 and LAMP1) there are 900 fields. The percentage in the first column
of the tables represents the percent of fields with cells in them. For example, CHEMS colocalization
with CItA is derived from 230 fields of the 250 total fields or 91.8% (Top left cell). The numbers are
the total number of marker-colocalized liposomes per experiment (second column) or per field
which is between ~20 - 200 per field in all cases (third column).
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Figure 3.12 Micrographs of colocalized liposomes with late endosomal markers.

Wide-field epifluorescence images of liposomes incubated with cells expressing endosomal markers.
Liposome (red channel) and marker (green channel) combinations are: DOTAP with LAMP1 (A
and B), DOTAP with CD82 (C and D), DOTAP with Rabl1a (E and F), and CHEMS with LAMP1
(G and H). Full size images with cropped sections indicated by white boxes have scale bars of 5 pm
(A, C, E, and G). Cropped sections of corresponding full size images with arrows indicating
liposomes that colocalize with markers and arrow-heads indicating liposomes that do not colocalize
with markers (B, D, F, and H). Scale bars are 1 pm.

3.4 Conclusion

Here I have described the results of two types of experiments that were done to observe
differences in the cellular trafficking of liposomal formulations: 1) FACS based analysis of
binding and internalization, and 2) microscopic investigation of liposomes during cellular
trafficking. The experiments first confirm that DOTAP is a potent siRNA transfection agent and
then provide insight into the underlying mechanism. The results generate hypotheses that can be

tested to make liposomal siRNA delivery more efficient.

The FACS based experiments demonstrate that DOTAP binds to cells between 2- and 5-fold
better than CHEMS and DLinDMA formulations, respectively. In addition, DOTAP internalizes
30- to 140-fold faster than CHEMS and DLinDMA. The increased binding magnitude and
internalization rate partially explain the decreased ICsy for siRNA-mediated knockdown of
luciferase in vitro, however, cellular trafficking events subsequent to binding and internalization

were also investigated.

By optically measuring endosomal pH, I first demonstrate that intracellular vesicles that contain
DOTAP are, on average, 0.62 pH units higher than vesicles that do not contain DOTAP (Figure

3.7). This suggests that DOTAP either alters the acidification of endosomes or becomes
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sequestered in vesicles with slightly higher pH. This property is also observed with DLinDMA,
which exhibits a ~ 0.4 pH unit increase. In addition, both DOTAP and DLinDMA cause an
overall increase in pH throughout the 4 hour experiment (Figure 3.8). For DOTAP, both the
siRNA and lipid signals are correlated with pH and demonstrate a 10-fold loss in between pH 7
and pH 4 (Figure 3.9). These data suggest that DOTAP undergoes a pH-dependent disassembly

in an endosomal context.

In analyzing overall particle integrity, the experimental results demonstrate that the siRNA and
lipid signals are lost equally from all formulations except CHEMS. Intuitively, one would expect
that the lipid signal would be preferentially lost over the siRNA signal as a result of lipid mixing,
consistent with what has been observed with HIV-1 fusion (Miyauchi et al., 2009). In this assay
it is impossible to directly detect the lipid mixing intermediate as it is not stabilized by viral or
cellular proteins (Giraudo et al., 2005; Niissler et al., 1997) and will be faster than the 500 ms
exposure times used (Chizmadzhev et al., 2000). However, it is possible to detect the result of
lipid mixing, which would generate either a separate population of liposomes with low lipid
signal and high contents signal, a downward bow, or an overall steeper slope in Figure 3.10. The
results indicate that in endosomes, lipid mixing is almost always followed by decomplexation of
siRNA. CHEMS either does not exhibit the same propensity to disassemble or the DiD

fluorophore transfers out of the bilayer at a faster rate than the other formulations.

In turning to the colocalization of the formulations with endosomal markers, the colocalization
with the early endosomal markers demonstrates that DOTAP uses the flotillin-dependent

pathway to a slightly greater extent than the other formulations. In several cell types, recycling
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endosomes are enriched in flotillin-1 and flotillin-1 delivers cargo (GPI anchored proteins) to
recycling endosomes (Gagescu, 2000; Sabharanjak, 2002). This provides a link between the

increased colocalization of DOTAP with flotillin-1 and Rab11a.

The colocalization of the formulations with the recycling endosome marker Rabl1a, shows that
DOTAP has a peak colocalization of 30% at 30 minutes after transfection followed by a constant
25% colocalization during the remaining 4 hours (Figure 3.11E). This suggests that DOTAP
accumulates in the non-lysosomal recycling compartment, potentially serving as an intracellular
depot allowing multiple rounds of fusion and contents release to occur. These results agree with
a recent study that found a 2-fold increase in siRNA ICsowhen Rabl1a is knocked down (Sahay

etal., 2013).

DOTAP also shows a peak colocalization with the multivesicular body marker, CD82, of 30% at
30 minutes after transfection that decreases to 15% colocalization for the remaining 4 hours
(Figure 3.11F). It is believed that the cytoplasmic face of multivesicular bodies is the site of
RISC recycling and is primed at that location for loading new guide strands (Gibbings and
Voinnet, 2010; Gibbings et al., 2009). The DOTAP:siRNA complexes would be in the lumen of
a MVB, and therefore potential increases in colocalization with CD82 would be advantageous if
delivery of siRNA occurred at this site as well. In essence, it is possible that DOTAP delivers

siRNA to the subcellular site of RISC turnover where it is primed to accept new guide strands.

Finally, the localization of liposomes with LAMP1 demonstrates that CHEMS exhibits a high

and constant 25% colocalization with lysosomes starting at 30 minutes after transfection (Figure
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3.11G). These data suggest that the low efficiency of CHEMS at delivering siRNA is driven by
rapid and relatively high lysosomal accumulation, compared to the other formulations. In
contrast, DOTAP demonstrates a slow accumulation into LAMP1 positive compartments starting
at ~ 10% 30 minutes after transfection, and climbing to 25% by the end of 4 hours (Figure
3.11G). These data suggest that DOTAP slows or alters endosome kinetics, which is in
agreement with the pH measurements using FITC-dextran that demonstrated a significantly

higher average pH of vesicles containing DOTAP than empty vesicles.
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Figure 3.13 Summary of liposomal colocalization with compartment markers.
The additive colocalization of each formulation with the endosomal compartment markers tested.
The colocalization of each formulations at 30 minutes and 4 hours is shown.

Figure 3.13 summarizes the colocalization of each formulation with the markers tested. It should
be stated that the additive percent colocalization presented in Figure 3.13 is a guide to summarize
which markers the formulations display a preference for. There is significant overlap between
many of the compartments labeled and summation of all markers tested can lead to over 100%
colocalization at certain time points. For example, clathrin and caveolin both colocalize with

Rab5a, while flotillin-1 and Rablla have been demonstrated to colocalize (Gagescu, 2000;
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Sabharanjak, 2002; Sharma, 2003; Hagiwara, 2009). There is also overlap of CD82 with both
Rablla and LAMP1 (Mobius, 2003; Piper, 2007). Despite this, at 30 minutes between 70 —
100% of liposomes are accounted for by all the markers used suggesting that these markers
adequately describe the trafficking events of the liposome formulations tested. In contrast
between 40 and 50% of liposomes are accounted for by the late endosome compartments
markers at 4 hours, which suggests that other events can still be detected and described using

other compartment markers.

In conclusion, these data provide insights into how the cell differentially traffics and processes
liposomal formulations. The cellular trafficking of DOTAP liposomes contributes to its observed
potency in vitro. DOTAP is characterized by the ability to increase endosomal pH, colocalize
with flotillin-1, Rabl1a, and CD82 to a greater extent, and with LAMPI to a lesser extent than
the other formulations tested. The observations of liposomal trafficking detailed here, suggest
that the differences observed between DOTAP and the other formulations tested are properties
that make a liposomal formulation more efficient at delivery, and provide testable hypotheses to

directly establish causation in future experiments.
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Chapter 4 : siRNA Uptake Through SIDT-1

4.1 Introduction

Since the discovery of RNAIi in C. elegans (Fire et al., 1998) and the subsequent extension to
cultured mammalian cells (Elbashir et al., 2001a; 2001b) rapid progress has been made at
developing therapeutics harnessing the RNAi mechanism to treat disease. The largest hurdle to
overcome in development of a nucleic acid based therapeutic is the delivery problem that has
existed since before the discovery of RNAi and continually hampered gene therapy. The delivery
problem centers around the resistance of cellular membranes to passage of charged
macromolecules. Viral vectors have evolved to be efficient and potent at delivery of genetic
material to infected cells, but have several well known drawbacks: systemic inflammatory
response, immune system rejection, insertional mutagenesis, and payload limitations of nucleic
acid size and structure. These limitations are ameliorated, at least in part, by the development of

non-viral vectors, but bring back the delivery problem.

As a corollary to understanding vector based delivery mechanisms comprising the bulk of this
thesis, alternative mechanisms of nucleic acid transport were also investigated. Typically,
macromolecules the size of siRNA, transit cellular membranes by endocytosis, however, the
nuclear pore, gap junctions and the transporter associated with antigen processing (TAP) are
well-characterized transporters of macromolecules (Kizana et al., 2009; Mohr et al., 2009; Zhao
et al., 2006). A more pertinent example is the nucleic acid channel (NACh), which has been
demonstrated by patch-clamp experiments to be specific for ssDNA, voltage and energy
independent, requires calcium and is regulated by cytosolic malate dehydrogenase (Hanss et al.,

1998; 2002; Rappaport et al., 1995). However, a double stranded RNA (dsRNA) specific
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transporter has been identified, in C. elegans named, systemic interference defective 1 (sid-1)

(Feinberg and Hunter, 2003) (Tijsterman et al., 2004).

sid-1 has two human homologs named SIDT-1 and SIDT-2 that share 34% and 32% similarity to
SID-1, respectively. Unmodified siRNA has been demonstrated to be internalized when SIDT-1
is over expressed in cultured cells, and mediate the knockdown of GFP and luciferase (Duxbury
et al., 2005). Interestingly, this transporter does not appear to require energy for transport as
neither oligomycin nor cold inhibit cellular accumulation of dsRNA (Duxbury et al., 2005;
Feinberg and Hunter, 2003). More recently SID-1 was demonstrated to be a dsSRNA specific
ligand gated channel (Shih et al., 2011), and the extracellular domain was determined by SAXS
to be a tetramer with a central dimple consistent with a 2.3 nm diameter pore to accommodate A-
form dsRNA helix (Pratt et al., 2012). Despite the observed ligand gated channel activity of SID-
1, there is no putative dsSRNA binding domain in the protein. While it is possible that some other
molecule acts as an allosteric regulatory ligand, it is unlikely as dSRNA uptake is observed when
SID-1 is ectopically expressed in D. melanogaster S2 cells that lack a sid-1 homologue

(Feinberg and Hunter, 2003).

A dsRNA transporter such as SID-1 could potentially be an important mechanism to deliver
therapeutic siRNA. Several hybrid platforms have been developed that use endogenous LDL or
albumin transport mechanisms through conjugation of cholesterol or short chain fatty acids to
siRNA (Lorenz et al., 2004; MacKellar et al., 1992; Nakayama et al., 2012; Wolfrum et al.,
2007). The “lipophillic” siRNA becomes incorporated into serum LDL, HDL, and albumin that

mediates its prolonged circulation and liver uptake. However, the question of how the siRNA
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gets incorporated into cytoplasmic RISC is poorly understood. One hypothesis was that SIDT-1
mediated the delivery. It was demonstrated that SIDT-1 knockdown or inhibition with an
antibody blocked cholesterol-siRNA uptake in cultured cells, suggesting that SIDT-1 was

involved in the cellular internalization (Wolfrum et al., 2007).

SIDT-1 has been shown to be a potentially important regulator of conjugate siRNA delivery,
thus in this chapter I investigated if either one or both the human SIDT-1 and SIDT-2 proteins
were capable of dsRNA uptake in human cells. In addition, I attempted to purify the large extra
cellular domain of SIDT-1 to demonstrate that it interacted specifically with dsRNA in vitro

(Figure 4.1).
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Figure 4.1 Predicted topology of SIDT-1.
Cys are yellow; N-glycosylation sites are purple; His, Lys, Arg are cyan; Tyr, Trp, and Phe are
green; Thr, Ser are red.
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4.2 Methods

4.2.1 Cell Culture

MCF-7 and HeLa-Luc were maintained in T75 flasks between 10-90% confluence (100%
confluent T75 yields ~10 x 10° total cells) in RPMI 1640 supplemented with 10% heat
inactivated FBS (Gibco, Life Technologies, Benicia, CA) and 25 mM HEPES in a humidified

atmosphere with 5% CO, at 37 °C.

4.2.2 Materials

All cell culture reagents were supplied by the UCSF Cell Culture Facility. siRNA against
luciferase (sense: 5’-GCUACAUUCUGGAGACAUATT; antisense: 5’-
UAUGUCUCCAGAAUGUAGCTT) and a nonspecific control (NS) (5°-
UGGUUUACAUGUCGACUAAUU and 5’-UUAGUCUACAUGUAAACCAUU) used for in
vitro knockdown experiments was provided by Pfizer (Cambridge, MA). SIDT-1 siRNA (sense:
5’-UGAUAAAGCCUGAAGAUUATT; antisense: 5’-UAAUCUUCAGGCUUUAUCATT) and
all oligos were purchased from Integrated DNA Technologies (San Diego, CA). 500 bp dsRNA
was synthesized by amplifying a 500 bp fragment of luciferase from pGL3 (Promega, Madison,
WI) with primers 5’- TAATACGACTCACTATAGGGCGGAGTTCATGATCAGTGC and 5’ -
TAATACGACTCACTATAGGGCCTGGTTCCTGGAACAATTGC that have T7 promoters
incorporated at the 5’ ends. The DNA PCR product was then used as template for reverse
transcription using T7 High Yeild RNA Synthesis Kit from New England Biolabs (Ipswich, MA).
The Steady-Glo luciferase assay kit was purchased from Promega (Madison, WI). All restriction
enzymes were from New England Biolabs (Ipswich, MA). All constructs were confirmed by

sequence analysis by McLab (South San Francisco, CA).
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4.2.3 Cloning SIDT-1 and SIDT-2

Both SIDT-1 and SIDT-2 were cloned from ¢cDNA obtained from OpenBiosystems (Thermo
Fisher, Waltham, MA). SIDT-1: Clone ID: 40125773 Accession: BC117222 and SIDT-2 : Clone
ID: 40035836 Accession: BC114522. SIDT-1 was amplified with Phusion DNA polymerase
(New England Biolabs, Ipswich, MA) using 5-
AGGAGGGCCACCATGCGCGGCTGCCTGCGGCTC and 5’-
AGCGAATTCTTATCCTCAGAAGACAGGGATCTGGTC primers. SIDT-2 was amplified
with primers 5’-AGGAGGGCCACCATGTTCGCTCTGGGCTTGCCC and 5’-
AGCGAATTCTTATCCTCAGAAGACATAGATCTTGTC. The PCR products were mixed
with pORF-mcs (Invivogen, San Diego, CA) digested with Ncol and EcoRI using the CloneEZ
kit from Genscript (Piscataway, NJ). Clones were confirmed to be correct by sequence analysis

generating plasmids pSIDT-1 and pSIDT-2.

SIDT-1-GFP and SIDT-2-GFP were constructed by overlap PCR. The unfused coding sequences
were amplified using primers 5’-AGGAGGGCCACCATGCGCGGCTGCCTGCGG and 5°-
ACCACCACCGGAGCCACCACCACCGAAGACAGGGATCTGGTC to amplify SIDT-1, 5°-
AGGAGGGCCACCATGTTCGCTCTGGGCTTGCCC and 5’-
ACCACCACCGGAGCCACCACCACCGAAGACATAGATCTTGTC to amplify SIDT-2, and
5’-GGTGGCTCCGGTGGTGGTGGTTCCATGGTGAGCAAGGGCGAG and 5’-
GAATTCTTATCCTCACTTGTACAGCTCGTCCAT to amplify GFP. The amplified SIDT
products were mixed with the GFP product and re-amplified using the forward SIDT primer and
the reverse GFP primer. The fused product was then cloned into pORF-mcs (Invivogen, San

Diego, CA) digested with Ncol and EcoRI using the CloneEZ kit from Genscript (Piscataway,
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NJ). Clones were confirmed to be correct by sequence analysis generating plasmids pSIDT-1-

GFP and pSIDT-2-GFP.

SIDT-1 NTD was cloned into pETISb as a fusion to mKate with primers 5’-
AGGAGGGCCACCATGAAGTTATACATGGAGGGT and 5’-
GAATTCTTATCCTCAGTGATGATGATGATGATGTTTATGGCCCAGTTTAGA to amplify
SIDT-1 NTD and 5’-TCGCACCCTGAAAATACAAATTCTCTTTATGGCCCAGTTTAGA
and 5’-GGGGGAGGGGGTAGTCATCATCATCATCATCACTGAGGATCCGGCTGCTAA to
amplify pET15b-mKate. The construct was cloned in using CloneEZ kit from Genescript
(Piscataway, NJ). Clones were confirmed to be correct by sequence analysis generating plasmids

pET15b-SIDT-INTD.

4.2.4 In Vitro Knockdown of Luciferase

25,000 HeLa-Luc cells were seeded into each well of a 96-well plate and then transfected with
200 ng of plasmid DNA 6 hours later using 1 pL of Lipofectamine 2000 per well (Life
Technologies, Grand Island, NY). 18 hours later the media was removed and replaced with
serum free media containing 100 ng/mL siRNA against luciferase or a non-specific control. The
cells were incubated for 5 hours followed by addition of serum and continued incubation for 18
hours. The cells were lysed and luciferase expression was measured using the Steady-Glo assay
kit (Promega, Madison, WI). Luminescence was measured using an Infinite m1000 Pro

microplate reader (Tecan, San Jose, CA).

4.2.5 Microscopy

30,000 HeLa-luc cells were seeded onto a coverslip bottom 35 mm dish at 10% confluence and
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allowed to adhere for two days before transfection with pSIDT-1-GFP and pSIDT-2-GFP. 500
ng of plamid DNA was mixed with 3 pL of Lipofectamine 2000 and incubated with the cells for
24 hours. The media was changed and the cells were visualized on a Nikon Eclipse TS100
inverted microscope with a 40x oil objective and a B1-A HYQ FITC filter cube (Nikon, Melville,

NY).

4.2.6 Expression and Purification of SIDT-1 NTD

ArcticExpress cells (Agilent Technologies, Santa Clara, CA) were transformed with pET15b-
mKate-SIDTINTD. A 10 mL overnight culture grown in terrific broth (TB) with 200 pg/mL
ampicillin and 0.2% glucose at 37 °C was used to inoculate 1 L of TB containing 200 pg/mL
ampicillin. The culture was grown until it reached an ODgg of 0.6, where it was cooled in ice
water bath for 10 minutes and 100 mM isopropylthio-p-galactoside (IPTG) was added and the

culture was grown overnight at 12 °C for 18 hours.

The cell pellet was collected by centrifugation at 4 °C for 30 minutes at 6,000 xg. The cells were
resuspended in 50 mL of PBS and frozen at -80 °C. The cells were thawed and 2 mg/mL of
lysozyme, 1 mM dithiothreitol and 0.1% triton-X 100 was added and incubated at 4 °C shaking
for 1 hour. The lysed cells were then sonicated until the solution was no longer viscous. The
soluble fraction was separated by centrifugation at 4 °C for 30 minutes at 12,000 xg. The
supernatant was filtered through at 0.45 um PES filter and applied to a Ni charged 1 mL HiTrap
SP FF (GE Healthcare), equilibrated with 20 mM Tris pH 7.5. The column was washed with
three column volumes each of 250 mM NaCl, 400 mM NaCl, 50 mM imidazole, and 100 mM

imidazole all containing 20 mM Tris pH 7.5. Fractions were analyzed by 12% SDS-PAGE.
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4.2.7 Gel Shift Assay

100 ng of either RNase III (1.5 pmoles), or mKate-SIDT-1 NTD (1.6 pmoles) was incubated
with 250 ng of siRNA (17.9 pmoles) or 500 bp dsRNA (0.76 pmoles) for 30 minutes on ice and
then crosslinked by UV treatment on ice for 15 minutes in the presence of 1 ng/pL methylene
blue (Liu et al., 1996). The concentration of divalent cation was fixed at 50 mM, and the
reactions were buffered to pH 7.5 with 50 mM Tris-HCL. siRNA was run in a 15%

polyacrylamide TBE gel and 500 bp dsSRNA was run in a 3% agarose TBE gel.

HeLa cells were transfected with pSIDT-1-GFP using conditions described for microscopy. The
cells were then washed and incubated with 250 ng of 500 bp dsRNA in 1 mL of PBS on ice for
30 minutes and then crosslinked on ice for 15 minutes in the presence of 1 ng/uL. methylene blue
(Liu et al., 1996). The cells were then washed and lysed with cell culture lysis reagent (CCLR,
Promega, Madison, WI). The lysate was run in a 12% SDS polyacrylamide gel and the

fluorescence of GFP was visualized.

4.3 Results

4.3.1 Cloning SIDT-1 and SIDT-1

Five constructs were created for the expression of SIDT-1 and SIDT-2 in mammalian and
bacterial cells (Figure 4.2). Full length SIDT-1 and SIDT-2 were cloned under a EF1ao/HTLV
promoter for constitutive and high levels of expression. In addition, GFP was fused in frame to
the predicted cytoplasmic C-termini of SIDT-1 and SIDT-2, similar to what has been done
before (Duxbury et al., 2005) with a glycine and serine linker to separate the proteins. Lastly, the
large extracellular domain (Figure 4.1 - residues 26 - 310) lacking the signal sequence was

cloned as a fusion to monomeric Katushka (mKate) separated by a TEV cleavable linker under
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the control of the T7 promoter for high level expression in E. coli. The mKate fusion allowed for

ease of purification and increased solubility and expression of the SIDT-1 domain.

Pl | SIDT-1 oA P1 | sipT-1 (GGGS), Grp pA
2,493 bp 3,240 bp
P1_ | SIDT-2 oA P1_ | siot-2 (GC8S): Grp pa
2,484 bp 3,231 bp
TEV  His6

P2 mKate | SIDT-1

1,614 bp

Figure 4.2 SIDT-1 and SIDT-2 plasmid constructs.

P1 is a composite Human Elongation Factor 1a and Human T-Cell Leukemia Virus promoter. I is
an artificial intron containing a Lacl regulated promoter for expression in E. coli. (GGGS). is a
tandem Gly-Gly-Gly-Ser linker. pA is the SV40 polyadenylation signal. P2 is the T7/lacO promoter.
TEYV is the tobacco etch virus protease sequence, ENLYFQG. His6 is the hexahistidine tag for Ni
affinity purification.

4.3.2 SIDT-1 and SIDT-2 Mediated RNAi

SIDT-1 and SIDT-2 were tested in cultured cells for the ability to confer RNAi to exogenous
siRNA added to the culture media. pSIDT-1 and pSIDT-2 were transfected into HeLa cells
constitutively expressing firefly luciferase. 24 hours following transfection the media was
replaced with serum free media containing 100 ng/mL siRNA. The siRNA was either a non-
specific control or against luciferase. SIDT-1 conferred the ability to specifically knockdown
luciferase expression, however, SIDT-2 did not (Figure 4.3). These results are similar to those
observed with SIDT-1 and the C. elegans homolog (Duxbury et al., 2005; Feinberg and Hunter,
2003). There was modest, but insignificant knockdown of luciferase in cells transfected with a

GFP expressing plasmid (pGFP). Because the effect size of knockdown was minimal and
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trending towards significance with SIDT-2, transfections with more pDNA were performed to
increase the expression. In these subsequent experiments the results were not significant (Figure
4.4). Specifically, luciferase siRNA was always able to knockdown even when pGFP was
transfected. These data suggest the transfection agent (Lipofectamine 2000) was acting in trans
to mediate transfection of the siRNA, masking uptake through the SIDT channels. Attempts to
make cells stably expressing SIDT-1 and SIDT-2 were unsuccessful and further attempts to
reproduce and improve the results shown in Figure 4.3 were not performed. The expression
levels of SIDT-1 in these experiments were not measured as we do not have an antibody against

the SIDT-1 or SIDT-2.

Luciferase RNAi in HeLa-Luc

% %
60000+

40000+

20000+

Luciferase Units (A.U.)

pSIDT-1 pSIDT-2 pGFP Step 1: Transfection

NS Luc NS Luc NS Luc Step 2: Soak
siRNA siRNA siRNA siRNA siRNA siRNA

Figure 4.3 RNAi mediated by SIDT-1 and SIDT-2 in HeLa-Luc cells.

HeLa-Luc cells were first transfected with plasmids expressing SIDT-1, SIDT-2, or GFP (Step 1).
24 hours later, media was replaced with fresh media containing either non-specific (NS) or
luciferase (Luc) siRNA (Step 2). Cells were assayed for luciferase activity. ** p < 0.01. Data are
mean +/- S.D, n of 3 per group.
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Figure 4.4 Repeat of RNAi mediated by SIDT-1 in HeLa-Luc cells.

As described for Figure 4.3 HeLa-Luc cells were transfected with plasmids expressing SIDT-1 or
GFP (Step 1). 24 hours later, media was replaced with fresh media containing either non-specific
(NS) or luciferase (Luc) siRNA (Step 2). Cells were assayed for luciferase activity. * p < 0.05. ** p <
0.01. Data are mean +/- S.D, n of 3 per group.

The breast cancer cell line, MCF-7, endogenously expresses SIDT-1 over 30 times the mean
value for ~80 cell lines tested (Su et al., 2004). Consequently, the reverse experiment was tested
in these cells, where firefly luciferase and either a non-specific or specific siRNA against SIDT-1
was transfected into the cells, which were then incubated in media containing luciferase siRNA
(Figure 4.5). In this experiment, siRNA mediated knockdown of SIDT-1 inhibited the activity of
siRNA against luciferase to accumulate in MCF-7 cells and cause knockdown of luciferase
expression. These results indicate that SIDT-1 is involved in mediating an RNAi effect when

siRNA is added to extracellular media.
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Figure 4.5 RNAi mediated knockdown of SIDT-1 in MCF-7 cells.

MCEF-7 cells were first co-transfected with plasmids expressing pLuc and either non-specific (NS)
or SIDT-1 siRNA (Step 1). 24 hours later, media was replaced with fresh media containing
luciferase (Luc) siRNA (Step 2). Cells were assayed for luciferase activity. * p < 0.05. Data are mean
+/- S.D, n of 3 per group.

4.3.3 SIDT-1 and SIDT-2 Cellular Localization

The plasmids pSIDT-1-GFP and pSIDT-2-GFP were transfected into HeLa-luc cells and
visualized for cellular localization of SIDT-1 and SIDT-2 (Figure 4.6). In contrast to the
cytoplasmic localization of GFP, SIDT-1 localized primarily to internal membranes consistent
with the Golgi apparatus and endoplasmic reticulum. SIDT-2 however, was poorly transfected
and expressed in a minority of cells. In the cells that did express high levels of SIDT-2, the
localization was similar to SIDT-1 but with more pronounced nuclear membrane staining. The

localization patterns of SIDT-1 and SIDT-2 are consistent with membrane bound proteins.

Although the majority of the protein is localized in internal membranes there is presumably
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enough plasma membrane localization to mediate its effect.

A

n HeLa cells.

Bright field and fluorescent images of HeLa cells transfected with pGFP (A), pSIDT-1-GFP (C),
and pSIDT-2-GFP (E). Images in B, D, and F are blown up regions A, C, and E, respectively,
indicated by the white box in the corresponding bright field image. Images were taken with a 40x
objective and scale bars represent 20 pm in all images.

4.3.4 Expression and Purification of SIDT-1 N-Terminal Domain

SIDT-1 is hypothesized to be a dsSRNA channel, however, it does not have a predicted dSRNA
binding domain. Exactly how the protein interacts with and is specific for dsRNA is poorly
understood. The function of the protein in mediating cellular uptake of dsRNA, suggests that
much of the discrimination and recognition of dsRNA likely resides in the large N-terminal
extracellular domain (NTD, Figure 4.1). Consequently, this domain was cloned into an E. coli
pET vector to achieve high levels of expression. To facilitate identification and purification of

the domain, the far-red fluorescent protein mKate was fused to the N-terminus of the protein,
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separated by a TEV cleavable linker. Initial expression attempts in BL21 RIPL yielded inclusion

body accumulation of the NTD and refolding attempts were poorly successful.

ArcticExpress cells were used for expression, which allow for increase soluble yields of proteins
by expression at reduced temperature (12 °C) in the presence of cold adapted chaperones, Cpnl0
and Cpn60, from O. antarctica. Expression in this host allowed for significant soluble expression
of the mKate-SIDT-1 NTD fusion (Figure 4.7A and Figure 4.7C Lane 1). Interestingly, a
significant amount of mKate lacking any apparent SIDT-1 NTD was also observed (lower band

Figure 4.7C lane 1).

After Ni affinity purification of the soluble protein, pure protein was obtained as determined by
Coomassie stain and consistent with the expected molecular weight of 61 kDa (Figure 4.7B lanes
14-17). In the purified mKate-SIDT-1INTD lanes a clear dimer was observed suggesting that
SIDT-1 multimerizes. It is unlikely that the dimer is a result of the mKate fusion as the protein
has 4 mutations making mKate monomeric at concentrations as high at 10 mg/mL (Shcherbo et

al., 2007).

123



EERR R Bl 1 N

11 12 13 14 15 16 17

N

-l

| - —

"

D /

12 —3— 4 5 617 é 9 10 11 12 13 14 15 16 17
\.
. J .
4 — - . ( I -—"~-—.
| =

Figure 4.7 Purification of mKate-SIDT-1 N-terminal domain.

A and B are Coomassie stained gel images. C and D are mKate fluorescence images. Lanes 1 ad 11
are protein ladder. Lane 2 is the soluble E. coli lysate. Lanes 3-6 are deoxycholate extractions of the
insoluble lysate. Lanes 7-9 are SDS extractions of the insoluble lysate. Lanes 10 and 12 are 250 mM
and 400 mM NaCl washes of the Ni column. Lanes 13-15 are 50 mM imidazole elutions and lanes 16
and 17 are 100 mM imidazole elutions from the Ni column.

4.3.5 Interaction of SIDT-1 NTD with dsRNA in vitro

The purified SIDT-1 NTD was tested for interaction with dsRNA by a gel shift assay. Two
dsRNA substrates were tested, a 500 bp dsSRNA and a 21 bp siRNA were selected as SID-1 has
been shown to be a specific transporter of dsSRNA regardless of size (Shih et al., 2009). In
addition, the larger 500 bp dsSRNA would make for a more apparent gel shift if weak interactions
were occurring. Protein and RNA complexes were crosslinked by UV treatment with methylene

blue prior to electrophoresis to ensure that stable complexes were formed (Liu et al., 1996).
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Since many nucleic acid binding proteins require divalent cations not only for catalysis but also
binding, Mn, Ni, Zn, Ca, and Mg were tested (data shown for Ca and Mg). E. coli RNase III
showed a clear gel shift of the 500 bp dsRNA in the presence of Ca, which allows for binding,
but not catalysis (Campbell et al., 2002). (Figure 4.8A, lane 2). However, RNase III did not show
an apparent shift in the siRNA as it cleaves dsRNA to products between 13-24 bp and binds

weakly to these sized products (Ji, 2008).

In contrast to RNase III, SIDT-1 NTD did not appear to alter the mobility of either the 500 bp
dsRNA or the siRNA (Figure 4.8A, lanes 3-4; Figure 4.8B, lanes 4-6) suggesting that the protein
does not interact with dsRNA directly. Addition of divalent cation did not alter the ability of
SIDT-1 NTD to interact with dSRNA (Figure 4.8A, lanes 3-4; Figure 4.8B, lanes 5-6). These gel
shift experiments were performed at a 10:1 molar ratio of siRNA to protein and 1:2 molar ratio
of dsRNA to protein and alteration of the nucleic acid to protein ratios did not alter the results

(data not shown).
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Figure 4.8 Gel shift assays for SIDT-1 NTD interaction with dsRNA.

Fixed concentrations of protein and dsRNA (A), or siRNA (B) were incubated in the presence of
divalent cations Ca and Mg then crosslinked by UV and run on a 3% agarose gel (A) or a 15%
polyacrylamide gel (B).

The shift in mobility of SIDT-1 NTD was also investigated using the mKate fluorescence. In
these assays, both the dsSRNA and protein can be simultaneously visualized with the protein

migrating towards the cathode and the nucleic acid migrating towards the anode (Figure 4.9A
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and B). In these experiments both mKate and mKate-SIDT-1 NTD altered the mobility of
dsRNA in the presence of Mn (Figure 4.9A and B, lanes 4-6), but not Ca and Mg (data not
shown). The interaction was pH dependent occurring at pH 6, but to a lesser degree at pH 7.5
and 10 (data not shown) indicating that the effect was due to protonation of the hexahistidine tag
and coordination of Mn. These data provide further evidence that SIDT-1 NTD does not directly

interact with dsRNA.

Finally, full length SIDT-1-GFP was assayed for interaction with dsRNA, by transfecting HeLa
cells with pSIDT-1-GFP and after 24 hours post transfection the cells were washed with PBS and
exogenous extracellular 500 bp dsSRNA was added and crosslinked using methylene blue. The
membrane fraction was then run on native SDS-PAGE and SIDT-1-GFP was visualized (Figure
4.9C). These experiments indicate that SIDT-1 in the context of the entire protein with native
glycosylation does not interact with dsSRNA as there is no upward mobility shift in SIDT-1-GFP
when incubated with dsRNA and crosslinked compared to its mobility in the absence of dsSRNA
and/or the crosslinking agent methylene blue. It is possible that endogenous dsRNA is already
bound and subsequently crosslinked, however, the cells were extensively washed with PBS prior
to addition of exogenous extracellular dSRNA and the SIDT-1-GFP band in the absence of
additional dsRNA does not appear as a smear, which would be expected in endogenous dsRNA

of various sizes were bound and crosslinked.
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Figure 4.9 dsRNA and protein gel shift assay for SIDT-1 NTD and full length SIDT-1
interaction with dsRNA.

mKate-SIDT-1 NTD (A) and mKate (B) were incubated in the presence of Mn or Ca at pH 6 then
crosslinked by UV and run on a 5% agarose gel. The arrow head indicates the mKate protein
fluorescence above the well and the arrow indicates the dSRNA. C) HeLa cells expressing full length
SIDT-1-GFP was incubated in the presence or absence of a large excess of dsRNA with or without
methylene blue (MB).

4.4 Conclusion

The ability of SIDT-1 to mediate the cellular uptake of siRNA into mammalian cells has been
replicated by several groups including ours (Figure 4.3 and Figure 4.5) (Duxbury et al., 2005;
Feinberg and Hunter, 2003). However, the effect is dependent upon a special condition when the

protein is over expressed and likely artifactually localized at the plasma membrane. This occurs
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in cancer cells as indicated by the marked over expression of SIDT-1 in MCF-7 cells. However,
the MCF-7 cell line is the only line in ~80 human and mouse cancer lines tested that over express
SIDT-1 (Su et al., 2004). Thus, the extent to which SIDT-1 is mis-regulated in the progression
of cancer in vivo is unknown and probably minimal as is how it contributes to cellular
transformation. In addition, because it is selective for dsSRNA, modifications to make naked
siRNA more serum stable would likely abolish the SIDT-1 dependent transport rendering this
mode of delivery useless for therapy. In addition, the ability to knockdown gene expression via
SIDT-1 in cultured cells requires ~100-fold more siRNA than can be achieved by other
transfection methods. Thus while SID-1 is important for the systemic response to RNAi in C.

elegans, it is a highly unlikely mechanism for siRNA delivery in Humans.

However, the exact role SIDT-1 and SIDT-2 play in mammals is yet to be uncovered. From
microscopy evidence it appears to be localized primarily to membranes inside the cell consistent
with the ER, Golgi, and the nuclear membrane (Figure 4.6). This localization pattern indicates
that SIDT-1 is involved in intracellular transport of dSRNA. The involvement of SIDT-1 in the
cellular delivery of cholesterol-siRNA suggests that SIDT-1 is active in endosomal
compartments to mediate the cytoplasmic delivery of such siRNA conjugates (Wolfrum et al.,
2007). Thus for this method of siRNA delivery SIDT-1 has an observed role. These data taken
together suggest that SIDT-1 might play an endogenous role in the innate immune response to
long dsRNA and viral infection. Many more studies will have to be performed before the

biological function of SIDT-1 will be uncovered.

As with any developing story, there are currently inconsistencies in SIDT-1 transport. The most
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glaring is how SIDT-1 is gated by dsSRNA. SIDT-1 appears to be the only protein required for its
function as expression of SID-1 in D. melanogaster is sufficient for dsSRNA uptake into S2 cells
(Feinberg and Hunter, 2003). Because D. melanogaster does not have a sid-1 homologue, there
is likely no other protein that is involved in regulating SID-1 gating, although this cannot be
stated with complete certainty. While it is possible that a small molecule can act as an allosteric
gate, the dsRNA itself seems to be the key to opening up the SID-1 channel (Shih et al., 2011).
However, neither SID-1 nor either of the mammalian homologues have a dsRNA binding
domain. Further, I found no evidence that the large extracellular domain of SIDT-1 is able to
interact with dsRNA in vitro (Figure 4.8 and Figure 4.9). However, the SIDT-1 extracellular
domain did dimerize suggest that it is involved in the quaternary structure of the protein. This
observation is consistent with the tetramers that were observed upon reconstitution of SIDT-1
extracellular domain (Pratt et al., 2012). Thus the selectivity for dsSRNA is likely mediated by the

quaternary structure of SIDT-1.

The SID-1 family of proteins presents a novel mechanism for siRNA delivery. It will be
interesting to see if and how this family of proteins can be utilized for therapy and more
importantly what role these proteins play in mammalian biology. For the delivery aspect, there
are more efficient mechanisms to get siRNA into cells at concentrations 1000-fold less than the
concentrations that not only I, but others have observed and reported, however, the other delivery
mechanisms are also frequently toxic. siRNA conjugates, while less potent, may be a safer
technology in the long run for treating chronic diseases. The involvement of SIDT-1 in cellular
uptake of siRNA conjugates may be an important step by which efficiency can be increased or a

limit that cannot be bypassed. In addition, the endogenous role of SIDT-1 in biological processes
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may uncover new areas of therapy that can be exploited, for example in viral infection and
immunology. With the ever-expanding roles of RNA in biological regulation the proteins
involved in communicating those messages will be critical to our understanding of the whole

process.
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Chapter S : Conclusions

5.1 Overview

The focus of my PhD research has been to integrate biology with non-viral siRNA delivery.
Much of what is done in this field is synthesis of new lipids and characterization of the potency
of delivery in vitro and in vivo. However, I chose to investigate if cells process lipid formulations
differentially and if that can explain why some formulations are better than others at transfecting
siRNA. In addition, I am also interested in endogenous mechanisms of dsRNA transport and
chose to investigate a dsSRNA transporter that was discovered in C. elegans and has a Human
homologue. I believe that a more through understanding of how cells transport RNA, both
endogenously and using synthetic non-viral vectors is key to furthering the field and making the

systems developed thus far more potent and less toxic.

5.2 Summary of Findings and Future Directions

In this dissertation, I present evidence that cells traffic lipid-based nanoparticles differentially
dependent upon lipid formulation. The results indicate that the recycling endosome and
multivesicular bodies are important subcellular compartments to which nanoparticles delivering
siRNA should be targeted for improved efficiency. In addition, I also investigated the ability of
the dsRNA transporter, SIDT-1, to interact with dsSRNA directly and found no such evidence for

a direct interaction with the large extracellular domain.

In Chapter 2, I describe the creation and characterization of HeLa cells expressing endosomal
markers fused to mTurquoise in inducible lentiviral constructs. The cells behaved as expected

from studies done with similar constructs made with different fluorescent proteins. I also
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describe the calibration of ratiometric fluorescent microscopy to determine endosomal pH. Lastly,
I describe the image processing workflow that was created to colocalize labeled endosomes and

lipid nanoparticles encapsulating siRNA.

Building upon the work in Chapter 2, I used the tools developed to investigate how the cell
traffics three distinct lipid formulations for delivery of siRNA in Chapter 3. I found that a
formulation containing the lipid DOTAP transfects siRNA into cells the best, and exhibits
increased colocalization with recycling endosomes and multivesicular bodies. In addition, this
formulation exists in endosomes with a average pH of ~5.2 consistent with the increased
recycling compartment colocalization. Lastly, DOTAP accumulates in lysosomes slower than the
other formulations tested. Combined, these characteristics provide a cellular signature for a well
transfecting lipid formulation. In contrast, the other formulations tested did not demonstrate such
distinct subcellular localization. Lastly, no formulation displayed a preference for utilizing

clathrin-, caveolin-, or flotillin-dependent internalization pathways.

Chapter 4 describes investigations of an alternative pathway for cellular delivery of siRNA that
utilizes a dsRNA specific transporter, SIDT-1. We confirmed the ability of cells to take up
dsRNA when over expressing SIDT-1. We extended these studies to cells expressing SIDT-2 and
found that this transporter was much less efficient at dsSRNA transport that was partially
explained by the much poorer expression of this protein. Lastly, I expressed and purified the
large extracellular domain of SIDT-1 and investigated its ability to interact with dsSRNA. We
found no evidence for such an interaction suggesting that an alternative gaiting ligand might be

utilized by SIDT-1.
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Continued investigations into the cellular interactions of lipid-based nanoparticles will increase
the potency of these systems and broaden the therapeutic applications. It will be interesting to see
if the correlations uncovered in this thesis have a significant impact on how novel lipids or lipid
formulations are identified as potent and efficient. In addition the ability to alter the trafficking of
lipid formulations may allow for an alternative route to making poorly performing systems more
potent as has been done for branched and linear PEI using Protein Kinase A inhibitors(ur
Rehman et al., 2011). Lastly, the ability to target subcellular compartments, by distilling the
complex architecture of viruses into simpler lipid-only systems with small molecule conjugates

will be an interesting avenue for future development.

5.3 Long Term Outlook of siRNA Therapeutics

Macromolecular drug delivery is a challenging topic of research. We have attempted to engineer
in the past 50 years what viruses have evolved to do over the course of billions of years.
However, the latest systems for non-viral delivery of siRNA are effective in the clinic with an
EDsy of 0.075 mg/kg at knocking down serum transthyretin and currently undergoing phase 2
trials by Alnylam. These systems have rapidly moved from the first published characterization of
DLinDMA in 2005 (Heyes et al., 2005) to an optimized formulation that entered the clinic in
2010. Our understanding about how these lipid-based systems work is based upon the pH
transitions during endocytosis and membrane biophysics. It was noted in the first study of these
lipids that “events which have the greatest effect on the efficiency of gene-silencing occur once
the siRNA has been internalized by the cell” (Heyes et al., 2005). Consequently, a through
understanding of the cellular trafficking of nanoparticles is critical to developing better

therapeutics.
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There are several interesting siRNA delivery technologies that have been developed in the past
decade including siRNA conjugates to cholesterol and GalNAc, the DLinDMA series of lipids,
and more recently the use of exosomes to transfer siRNA (Alvarez-Erviti et al., 2011). As these
technologies continue to be developed the most important hurdle to over come will be the ability
to target tissues other than the liver. While the malignancies and disease affecting the liver
amenable to RNAI therapeutics have not been exhausted, it will be important for expanding the
biodistribution of RNAI therapeutics in the near future. Exosomes appear to be perfectly poised
for the next phase of RNAI therapeutics delivery as they are an endogenous mechanism by which
cells communicate and transfer nucleic acids among other macromolecules (Valadi et al., 2007).
With new technologies that more completely integrate with and are routed in endogenous
biological processes RNAi therapeutics will continue to be developed into a potent modality to

treat and cure disease.
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Appendix : Humanizing Cytosine Deaminase

A.1 Introduction

Prodrug therapy is a targeted technique to treat cancer whereby a targeted therapy converts a
non-toxic prodrug into a cytotoxic drug. As a result, the toxic side effects are minimized by
producing the cytotoxicity at the site needed rather than systemically. In addition, there is often
an enhancement to the therapy caused of the “bystander effect”, which involves an immune
response to the primary tumor initiated by cytotoxic drugs (Gagandeep et al., 1996). 5-
fluorocytosine (5-FC) combined with cytosine deaminase (CD) is one prodrug therapy that has
shown promise. A gene encoding CD or the protein is delivered to cancer cells where it locally
produces the cytotoxic drug 5-fluorouracil (5-FU) (Cunningham and Nemunaitis, 2001; Erbs et

al., 2000; Ohwada et al., 1996; Park et al., 2009; Zhang et al., 2003).

Cytosine deaminase catalyzes the deamination of cytosine into uracil and ammonia and is
involved in the pyrimidine salvage pathway in microbes (Figure A.1). The enzymatic activity is
found in bacteria and fungi, but is believed to have evolved separately because of the significant
structural differences between the two proteins. E. coli (bCD) and S. cerevisiase (yCD) have
significant differences in their primary amino acid sequences, and quaternary structure with bCD
being a hexamer and yCD a dimer (Ireton et al., 2002; 2003). In addition, the active sites of the
two proteins are significantly different with more similarity observed between yCD and cytidine
deaminases (CDA) from bacteria or humans (Costanzi et al., 2006; Ireton et al., 2003; Johansson
et al., 2002). Despite the structural differences, both yCD and bCD are used in prodrug therapy
with 5-FC, with yCD showing better efficacy because of its increased catalytic efficiency
towards 5-FC (Kievit et al., 1999).
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The main problem with using cytosine deaminase in prodrug therapy is that 5-FC is a poor
substrate for CD and both the bacterial and fungal proteins are immunogenic. Despite yCD being
more enzymatically efficient that bCD at producing 5-FU (Kievit et al., 1999), yCD still has a
relatively poor catalytic efficiency of ~10° (M s™) (Yao et al., 2005) that is four logs below the
maximum for a diffusion limited enzyme. The ideal protein would have an increased catalytic
efficiency towards 5-FC and come from a human origin. The closely related human cytidine
deaminase (hCDA) is a good candidate for re-engineering to use 5-FC as a substrate, as the
crystal structure has been solved and the active site has significant similarity to yCD (Figure
A.2C)(Chung et al., 2005). Unfortunately, the protein is a tetramer and the active site is made
from residues in three of the four monomers (Figure A.2). Thus, the re-engineering process is
made extremely complex by the hCDA quaternary structure even though there is an abundance
of structural data to rely upon when designing structural changes. In addition, a powerful
mutagenesis technique, called recombineering, has been developed in E. coli that makes
screening large libraries possible (Costantino and Court, 2003; Ellis et al., 2001), and has been
successfully applied to large protein screens (Diner and Hayes, 2009; Valledor et al., 2012).
Lastly, both yCD and bCD have been mutagenized and selected for increased catalytic efficiency
for 5-FC and thermal stability (Fuchita et al., 2009; Mahan et al., 2004; Stolworthy et al., 2008)

and similar selection conditions can be adopted for a screen for converting hCDA into hCD.

In this chapter, I first engineered a strain of E. coli that allowed for stringent selection conditions
dependent upon CD activity and exhibited a high rate of recombination. Human cytidine

deaminase was then moved onto the E. coli chromosome under the control of the lacZ promoter
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and mutagenized with a randomizing oligo nucleotide. hCDA was mutated by insertion of two
amino acids with concomitant randomization of four adjacent amino acids that are within a loop
contacting the nucleoside binding site (Figure A.2B, arrow 2). This comprised a library size of
10° DNA molecules and 6.4*10” mutant proteins. The aim was for the loop to extend into the
nucleoside binding pocket and stabilize cytosine within the binding pocket. Unfortunately, no
hCD activity was selected despite high levels of randomization at the target site. The inability to

uncover hCD activity is likely due to high levels of suppresser mutants uncovered in the screen.

de novo pathway salvage pathway transport

dihydroorotate

‘
orotate cytosine « cytosine
*
‘ codA.
upp uraA

%k

orotidine-5’-phosphate uracil « uracil
%k
‘ udp deod
UMP uridine deoxyuridine

$ war

CTP/dCTP/dTTP cytidine deoxycytidine

Figure A.1. Pyrimidine pathways in E. coli.

The de novo pathway, in black, is involved in synthesis of uridine monophosphate (UMP) and
subsequent conversion into cytosine triphosphate (CTP) and thymidine triphosphate (TTP) and the
deoxy- versions for DNA. The conversion of orotidine-5’-phosphate into UMP by pyrF is the
ultimate step in the de novo pathway, prior to convergence with the salvage pathway. The salvage
pathway, in blue, centers around uracil which is made from cytosine by the bacterial cytosine
deaminase, codA. Lastly, transporters are involved in uptake of both cytosine and uracil from the
surrounding media in red. The uracil transporter, uraA is indicated. A combined knockout of the
three genes indicated by an asterisk are used in the selection strain.
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Figure A.2. Structure of human cytidine deaminase.

A) crystal structure of the hCDA tetramer with each monomer colored separately. B) Active site of
yCD in purple and hCDA in white. yCD is bound to the active site inhibitor 4-[R]- hydroxyl-3,4-
dihydropyrimidine (DHP), and hCDA is bound to the active site inhibitor diazeopinone riboside,
both are outlined in green. For hCDA the residues that contribute to the active site are are from
three different monomers indicated by the arrowed numbers. C) Overlap of the yCD and hCDA
active sites. The structures are from PDB files 1P60 (yCD), and 1MQO0 (hCDA).

A.2 Methods

A.2.1 E. coli Strain Construction

Significant modifications to the E. coli chromosome were done in these studies based upon the
Wanner method (Datsenko and Wanner, 2000). Briefly, a chloramphenicol or kanamycin
resistance marker, flanked by Flp recombinase sites, Frt, is amplified by PCR from a set of
plasmids (pKD3 and pKD4) using primers with >33 nucleotides of homology to the site of
integration on the E. coli chromosome. The PCR product is then transformed into a strain such as
BW25113 (lacl® rrnBrisa AlacZwye hsdR514 DaraBADapss OrhaBADyprs) expressing the
lambda red recombinase genes from plasmid pKD20. The resistance marker is used for selection
and PCR, with a separate set of primers, can be used to ensure correct clones. The gene

disruption can then be moved into other strains via P1 transduction and the resistance marker can
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be removed by expressing Flp recombinase from plasmid pCP20. The following alleles were
created using the primers listed in Table A.1: lacZ:hCDA, lacZ::yCD, and hsdR::cm. The
codA::kan, pyrF::kan, uraAd::kan, galE::kan and mutS::kan alleles were obtained from the Coli
Genetic Stock Center (CGSC) with the strain numbers listed in Table A.2 (Baba et al., 2006).
Mutations at lacZ, hsdR, and cod4 were confirmed by PCR with primers listed in Table A.3. The
final strain used in the study is MT238 (MG1655 hsdR pyrF uraA mutS codA::kan lacZ::hCDA
nadA::Tnl0 AcI857 A(cro-bioA)), which was constructed by successively moving the AsdR::kan,
pyrF:kan, urad::kan, and mutS::cm alleles into MG1655 and removing the kanamycin or
chloramphenicol resistance markers by Flp recombination. The lambda red recombinase genes
linked to nadA4::Tn10 were moved into the strain by P1 transduction from DY329 (Yu et al.,
2000). Finally, the lacZ::hCDA allele was moved into the strain by P1 transduction using the

linked codA::kan allele from strain MT184 (BW25113 galE codA::kan lacZ::hCDA).

A positive control strain was created that carried the /acZ::yCD allele, which was created by P1
transduction using the linked codA::kan allele from strain MT211 (BW25113 galE codA::kan
lacZ::yCD). All strains constructed in this study are listed in Table A.4. When appropriate, the
following antibiotics were used kanamycin (25 pg/mL), chloramphenicol (10 pg/mL), and
tetracycline (10 pg/mL). All oligos were purchased from Integrated DNA Technologies

(Coralville, TA), and all sequencing was done by McLab (South San Francisco, CA).

A.2.2 P1 Transductions
P1 lysates were created by growing the donor strain in Luria Broth (LB) media at 37 °C until
ODggo of 0.2 was obtained. 5 mM CaCl, and 20 pL of a 10° plaque forming units (pfu) phage

stock were added to the culture. The culture was grown at 37 °C until lysis occurred. Lysis was
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completed by adding 100 pL of CHCI; with vigorous vortexing. The cell debris was removed by
centrifugation for 10 minutes at 14,000 xg, and the supernatant was removed to a new tube

containing 20 pL of CHCl; and stored at 4 °C.

P1 transductions were done by growing an overnight culture of the recipient strain in LB media
at 37 °C. The cells were collected by centrifugation at concentrated 2-fold in MC buffer (10 mM
CaCl, and 5 mM MgSOQ,). 100 pL of cells and 100 pL of P1 lysate were combined (MOI of ~ 10
cells per phage), and incubated at 30 °C for 20 minutes. 1 mL of LB with 0.1 M Na-citrate was
added to the culture followed by a 1 hour incubation at 37 °C. Transductants were selected by
plating on LB agar plates with antibiotics and incubated overnight at 37 °C. Colonies were

purified by re-streaking on selective LB agar plates.

A.2.3 lacZ Locus Selection

Strains wildtype for lacZ in a galE mutant background are unable to grow in the presence of
0.4% lactose or 0.1% phenylgalactoside as cells accumulate toxic levels of UDP-galactose
(Gossen et al., 1992; Mientjes et al., 1994). However, mutation of the /acZ locus minimizes the
cellular levels of galactose and cells can grow. Thus mutations at the /acZ locus can be selected
for using M9 minimal media agar plates supplemented with 0.2% glycerol, 1 mM MgSO,, 1
pg/mL thiamine, 0.5% case amino acids, 0.4% lactose and 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG). Strains MT184 and MT211 (Table A.4) were created by
amplification of hCDA or yCD with the primers listed in Table A.1. The PCR products were
then transformed into MT180 containing pKD20 and subjected to the selection conditions listed

above. Correct clones were verified by using the /acZ locus primers listed in Table A.3.
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A.2.4 CD Activity Selection

The selection for CD activity was performed in M9 minimal media agar plates supplemented
with 0.2% maltose, 1 mM MgSOs, 1 pg/mL thiamine, 20 png/mL cytosine, 0.1 pg/mL biotin, 10
pg/mL nicotinic acid, and 0.1 mM IPTG. Selections were also performed in the same M9 liquid
media recipe lacking agar and supplemented with 200 ng/mL uracil. The counter screen for
enzymatic activity on 5-FC was performed in the same M9 agar media used for the selection
except that cytosine was replaced with 10 pg/mL uracil to make it non-selective and 10 pg/mL

of 5-FC was added. Selections and screens were performed at 30 °C.

For the randomization, MT238 was grown overnight in LB media at 30 °C. The culture was
diluted 100-fold into fresh LB media and grown at 30 °C until ODgg of 0.6 was reached. The
culture was then induced for recombination functions at 42 °C for 15 minutes in a water bath.
The culture was collected by centrifugation at 10,000 xg at 4 °C and resuspended in half the
original culture volume with 10% glycerol at 4 °C. The centrifugation and wash steps were
repeated twice more and finally the cells were resuspended in 1/10th the original culture volume
with 10% glycerol at 4 °C. 50 pL of cells were transformed with 1 pmole of randomization oligo
(5°-
GCTCACCCAGGAGGGGAGAATCTTCAAAGGGTGCAACATAGAAAATNNKNNKNNK
NNKNNKNNKCTGGGCATCTGTGCTGAACGGACCGCTATCCAGAAG, where n is any
nucleotide and k is either g or t). The cells were incubated with shaking at 30 °C in SOC media
for 1 hour. At this point the cells were either collected by centrifugation at 10,000 xg, re-
suspended in M9 liquid selective media and subjected to selection or were grown overnight in

LB media to repeat the transformation step the following day.
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A.2.5 PCR Genotyping of the Selection Strain

A method to determine the extent of randomization of the target sequence was developed using
PCR. Four separate primers: 5’-GGTGCAACATAGAAAATG, 5’-
GGTGCAACATAGAAAATA, 5’-GGTGCAACATAGAAAATT, and 5’-
GGTGCAACATAGAAAATC were used with lacZ locus reverse primer (Table A.3) to
determine the sequence of first nucleotide in the target sequence. A single mismatch at the 3° end
of the forward primer is sufficient inhibit PCR product formation, otherwise a 488 bp product is
produced. For colony PCR, a single colony was placed into 10 pL of water and then heated at
95 °C for 10 minutes. For PCR from a culture, 100 pL of a saturated culture grown in LB media
was pelleted by centrifugation at 10,000 xg and resuspended in an equal volume of water and
then heated at 95 °C for 10 minutes. 10 uL of the E. coli lysates were combined with 7ag DNA
polymerase from New England Biolabs (Ipswich, MA) in ThermoPol buffer following the
manufacturers protocol. The conditions for PCR were an initial denaturation for 2 minutes at

95 °C, followed by 25 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds, and 72 °C for 30

seconds.

Allele Forward (5’ to 3°) Reverse (5’ to 3°)

hsdR::cm GTGGTCATTGCCCGGAAAG | CCAACGCAGAGGCAGCCTGAA
GTACAGAAAGCTAAGATGA | GGATGAAGTGTATACGTGATG
GGTGTAGGCTGGAGCTGCTT | GGAATTAGCCATGGTCC
C

lacZ::hCDA TATGTTGTGTGGAATTGTGA | ATGGATTTCCTTACGCGAAAT
GCGGATAACAATTTCACACA | ACGGGCAGACATGGCCTGCCC
GGAAACAGCTATGGGCAGC | GGTTATTATCACTGGGTCTTCT
AGCCATCATCA GCAGGT

lacZ::yCD TATGTTGTGTGGAATTGTGA | ATGGATTTCCTTACGCGAAAT
GCGGATAACAATTTCACACA | ACGGGCAGACATGGCCTGCCC
GGAAACAGCTATGGGCAGC | GGTTATTATTATTCACCGATGT
AGCCATCATCA CTTC

Table A.1 Primers used for allele knockouts.
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Allele CGSC Number
galE::kan 8297
codA::kan 8524
pyrF::kan 9145
uraA::kan 9981
mutS::kan 10126
Table A.2 Alleles obtained from the Coli Genetic Stock Center (CGSC).
Locus Forward Reverse
hsdR CTTCCGGTTTTGTTGCCAGA TCAGGCCAGCTCGTCCCA
lacZ ACCGCCTCTCCCcCcaCcaCa CCCGTATCACTTTTGCTG
codA TGAGCACTTTGCGACCACGC GAAGGCATTTTTGCACATGG

Table A.3 Primers used for confirmation of locus disruption.

Strain Genotype

Designation

MT125 MG1655 codA::kan

MT178 BW25113 galE

MT180 BW25113 galE codA::kan lacZ"

MT184 BW25113 galE codA::kan lacZ::hCDA

MT211 BW25113 galE codA::kan lacZ::yCD

MT147 BW25113 hsdR::cm

MT149 MG1655 hsdR::cm

MT153 MG1655 hsdR

MT160 MG1655 hsdR pyrF::kan

MTI161 MG1655 hsdR pyrF

MT162 MG1655 hsdR pyrF uraA::kan

MT163 MG1655 hsdR pyrF uraA

MT216 MG1655 hsdR pyrF uraA mutS::kan

MT221 MG1655 hsdR pyrF uraA mutS

MT234 MG1655 hsdR pyrF uraA mutS nadA::Tn10 AcI857 A(cro-bioA)

MT238 MG1655 hsdR pyrF uraA mutS codA::kan lacZ::hCDA nadA::Tn10 AcI857
A(cro-bioA)

MT245 MG1655 hsdR pyrF uraA codA:kan lacZ::hCDA nadA::Tnl10 AcI857 A(cro-
bioA)

MT246 MG1655 hsdR pyrF uraA codA:kan lacZ::yCD nadA::Tn10 AcI857 A(cro-
bioA)

MT249 MG1655 hsdR pyrF uraA codA::kan nadA::Tn10 AcI857 A(cro-bioA)

MT283 MG1655 hsdR pyrF uraA codA::kan lacZ::hCDA (I;3SNLYY)

Table A.4 Strains constructed in this study.
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A.3 Results

A.3.1 Characterization of the Selection Strain

Previous studies have utilized the E. coli strain GIA39 (thr dadB3 leuB6 fhuA21 codAl lacY1
tsx-95 ginV44(AS) X pyrF101 his-108 argG6 ilvA634 thi-1 deoC1 glt-15), which in our hands
did not provide for a robust selection as it grew well in the selective conditions previously used
(Fuchita et al., 2009; Mahan et al., 2004; Stolworthy et al., 2008). GIA39 contains 15 mutations,
only two of which (cod4 and pyrF) are required for selection, and it is able to grow in the
presence of minimal amounts of uracil because it is wildtype for the uracil transporter, uraA.
This necessitates the use of a poorly defined yeast synthetic dropout additive lacking uracil. The
result is a strain that has a minor growth defect that is alleviated when complemented with CD

activity.

We re-engineered a selection strain that was much more stringent and placed hCDA on the
chromosome where it could be mutagenized by recombineering. Figure A.3 shows the roadmap
of strain construction on the E. coli chromosome. In the selective media only the strain harboring
yCD was able to grow (Figure A.4A). In addition, when grown in the presence of 5-FC the strain
containing yCD was unable to grow unlike the strain containing hCDA or wiltype lacZ (Figure
A.4B). This strain and the conditions developed allowed for a very robust selection for live
versus dead cells. In fact, the selection conditions were so robust that uracil was added back to
the liquid selection conditions to allow for weak hCD activity to be detected, if present (Figure
A.5). The optimal concentration for weak complementation of the growth defect was found to be
0.2 pg/mL uracil and was used during the selection. Interestingly, despite the uraAd, uracil
transporter mutation, uracil was still able to complement the growth defect. The reason for this is

not understood, but it could be because of passive diffusion of uracil or another compensating
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transporter mediating uptake.
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Figure A.3 Strain construction road map.
The mutations that were introduced into the strain are indicated on the chromosome starting with

hsdR (1) and ending with codA::kan linked to lacZ::hCDA (6). * represents markers that had
kanamycin resistance removed, and ** represents removal of chloramphenicol resistance marker.

A

MT249 (lacz*)

MT245 (lacZ::hCDA)
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Figure A.4. Selection conditions.

10-fold serial dilutions of an overnight culture of the strains indicated on the left were spotted on
selective media (A) or non-selective media supplemented with 5-FC (B).
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Figure A.5. Uracil complementation of liquid selection conditions.

Strains MT245 and MT246 were grown in M9 liquid selection media supplemented with 1 ng/mL to
10 pg/mL uracil. 200 ng/mL was chosen as the minimum concentration to alleviate the stringent
selective pressure.

A.3.2 Target Randomization and Selection

A method to determine how well the target site within the chromosomal hCDA was mutated was
developed. Using four different oligonucleotide primers that differed in the 3’ nucleotide, the 5’
nucleotide (N1) of the target site could be genotyped. This served as proxy for the mutations that
were occurring 3’ to that site. Strain MT238 contains the wildtype hCDA integrated at lacZ,
which has a guanine at the N1 position, while strain MT283 contains a mutated hCDA at the
target site that encodes for an adenine at the N1 position. As shown in Figure A.6A, strains
MT238 and MT283 were correctly sequenced at the N1 position. It is noteworthy to mention that
despite using identical conditions for genotyping the N1 position there is a significant difference
between the intensity of the resulting PCR band. This is most likely due to the lower annealing
temperature for the primers containing either adenine or thymine at the N1 position. Thus this

method cannot be used to quantify the total diversity rather it is a binary measure of whether the
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N1 position is mutated.

Using the PCR based genotyping method, MT238 was successively transformed with the
randomizing oligo to create a population of cells that had been randomized at the target site
within hCDA. Figure A.6B shows the PCR sequencing of the N1 position following five
successive rounds of electroporating the randomization oligo into strain MT238. By the fifth
round of transformation a positive PCR product was obtained using all four sequencing primers
indicating that the target site had been heavily modified. A PCR product using the /acZ primers
in Table A.3 was made from this population of randomized cells and sent for sequencing. Figure
A.6C shows the results of the sequencing and indicates that the target site was mutated to the
NNKGs sequence expected. Using this batch of randomized cells, they were subjected to the liquid
selection conditions by growing at 30 °C for two days until visible turbidity in the media was
observed. At this point the selected population of cells was again PCR sequenced and displayed a
different genotype lacking detectable levels of thymine at the N1 position (Figure A.6D). These

data suggest that the selection conditions altered the genotype of the randomized population.

The cells were then plated on selective agar media to isolate clones. Individual clones were then
selected and grown up in selective media to determine the ability of clonal isolates to grow under
selection. A total of 12 clones were selected for sequence analysis, by PCR amplification of the
lacZ::hCDA locus. The results of the sequence analysis showed either wildtype hCDA or a Q92L
mutation. The Q92L mutation is located at the 3’ junction of where the randomizing oligo
hybridizes and not within the target randomization site. These data suggest that an alternative
suppresser mutation arose in the population or the cultures became contaminated. Contamination

was deemed unlikely as a similar suppresser mutation was uncovered in a previous strain of
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MT238 that was wildtype for mutS (MT245). In this selection, a clone was isolated with a
mutation in the target site A7sCYP to [73SNLYY. Unfortunately, when this mutation was
backcrossed into MT163 to generate MT283 the ability to grow in selective media was lost,

strongly suggesting a suppresser mutation arose at another genomic locus unlinked to codA::kan.

A P1 lysate was created on the pool of selected cells and backcrossed into MT163 and subjected
to the hCD activity selection conditions in the presence of kanamycin to uncover hCD activity
linked to codA::kan, but no colonies were obtained. These data further support that a high level
of suppresser mutations were obtained in the selection using MT238 that completely masked our

ability to detect hCD activity.
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Figure A.6 Determination of target sequence randomization.

A) PCR based genotyping of the 5’ nucleotide of the hCDA randomization target site (N1). Strain
MT238 contains the wildtype hCDA that codes for a guanine at N1, while strain MT283 contains a
mutant hCDA that codes for an adenine at N1. B) Following five rounds of transforming the
randomizing oligo into strain MT238, all 4 nucleotides at the N1 position were observed in the
strain suggesting saturating randomization. C) A PCR product of the /acZ locus in the randomized
MT238 population was sent for sequence analysis. The target site highlighted in yellow was
randomized to the expected NNK; sequence. D) Following selection of the randomized MT238
population for hCD activity the N1 position was again sequenced and found to have an altered
mixture of genotype than the unselected population in 3B.
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Clone OD600 &%}?3? Mutation
MT238 [ 0.0297 1 Wildtype
E7 0.0407 1.4 ND
E6 0.0512 1.7 Q92L
E9 0.0722 2.4 Q92L
ES8 0.0733 2.5 ND
C9 0.0796 2.7 Q92L
A9 0.101 34 Q92L
E10 0.109 3.7 Q92L

Al0 0.1101 3.7 Wildtype

G7 0.1105 3.7 Q92L
A3 0.1134 3.8 Wildtype
A8 0.1252 4.2 Wildtype
All 0.151 5.1 Q92L

Table A.S Growth of clonal isolates in selective media.

Following clonal selection for hCD activity, the hCDA at the lacZ locus was amplified and sent for
sequence analysis. The clones contained either a wildtype sequence or a Q92L mutation at the 3’
randomizing oligo homology site, but no mutations in the target randomization site.

A.4 Conclusion

The apparent high rate of suppresser mutations that arose during the selection abrogated any
selection for true hCD activity. The mutS mutation causes a mutator phenotype (Kunkel and Erie,
2005), which likely lead to the high rate of suppresser mutations uncovered using strain MT238.
The mutS mutation was added because its allows for high levels of lambda red mediated
recombination (Costantino and Court, 2003), and in a prior selection with strain MT245,

complete mutagenesis of the target randomization site at N1 was not observed.

In the selection using strain MT245, a mutant hCDA with a target site randomization was
selected, but it failed to have hCD activity when backcrossed suggesting that the mutation that
was selected for was a suppresser. The high level of suppresser mutations in either MT245 or

MT238 limited the ability to find true hCD activity. While it is possible that hCD activity could
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have been uncovered, extensive work to identify the suppressor loci and subsequent engineering
to limit its generation would have been required. In addition to the selection performed in these
studies, a separate plasmid based selection system was also developed and screened without any
hCD activity. It is also possible that the alteration of nucleotide pools inherent in the selection

strain developed causes a mutator phenotype as well (Nordman, 2008).

The complex quaternary structure of hCDA, combined with the lack of positive results using two
distinct randomization and selection approaches ultimately made us abandon this project. An
alternative enzyme, adenosine deaminase, was discussed as a potential substrate for mutagenesis
but was not pursued. In addition, since yCD and bCD had already been subjected to enzymatic
enhancement efforts these targets were not pursued either (Fuchita et al., 2009; Mahan et al.,
2004; Stolworthy et al., 2008). Nevertheless, a powerful selection system was developed along
with a mutagenesis technique that allowed a library of >10 proteins to be screened for activity.
While the strains developed here are specific to the selection of cytosine deaminse activity, the
lambda red mutagenesis technique employed can be applied to many other types of large protein
screens. It is possible that in another type of selection or screen that the technique could result in

high probabilities of success.
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