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Abstract

Carcinoembryonic antigen-like cell adhesion molecules (CEACAMs) are cell-surface
proteins that are widely-expressed in the human body. In humans, CEACAM proteins play
diverse roles in mediating cell adhesion, migration, and even host-pathogen interactions.
Additionally, several CEACAM proteins exhibit increased expression on tumour cells in
certain forms of pancreatic, gastric, hepatic, lung, and colorectal cancers. Because of the
overexpression of CEACAM proteins on malignant cells, there is interest in developing

strategies to target therapeutic delivery to cells overexpressing CEACAM proteins.

Neisseria gonorrhoeae and Neisseria meningitidis are Gram-negative bacteria that
infect human host cells, including through binding to CEACAMSs. Various surface proteins
on Neisseria mediate bacterial engulfment into host cells. One such group of proteins is the
opacity-associated (Opa) proteins on the outer membrane of Neisseria, which mediate
Neisseria interactions with human CEACAM proteins. Previous work has shown that
purified, recombinant Opa proteins can be folded into small unilamellar vesicles, termed
liposomes, where the Opa proteins are functional. Because liposomes are common platforms
for therapeutic delivery, this work investigates whether Opa-liposomes can be used to induce
liposomal uptake into human cells through Opa-CEACAM interactions. Uptake of Opa-
liposomes into cells through CEACAM would have relevance for the targeted delivery of
therapeutic compounds into cancer cells overexpressing CEACAM proteins. This thesis

details progress toward investigating Opa-liposome interactions with CEACAM.

Results indicate that cellular binding and uptake of Opa-liposomes can be assayed
using imaging flow cytometry, with internalized liposomes able to be identified from surface-
bound liposomes during data processing. Opaeso on liposomes promotes energy-dependent

uptake of liposomes into HelL a cells when compared to control liposomes containing an



Opaseo variant in which the binding region of Opaso has been removed. Non-specific uptake of
liposomes is described in the context of the HelLa cells used in these experiments, with
particular emphasis on the relationship between liposome size and non-specific uptake.
Results suggest that small liposomes can be non-specifically internalized into HelLa cells

through bulk fluid-phase uptake during macropinocytosis.

Additionally, various considerations for the uptake of Opa-liposomes into
CEACAM1+ Hela cells are detailed. A positive correlation was found between progression
through cell cycle and CEACAML1 expression, which results in increased Opa60-liposome
internalization into HeLa cells later in the cell cycle that express higher amounts of
CEACAML. Following internalization, at least some Opa-liposomes are trafficked through
the classical endocytic pathway, as shown through colocalization with markers for early
endosomes and lysosomes. Finally, preliminary experiments are described in which Opa-
liposomes are loaded with doxorubicin in order to investigate the Opa-mediated delivery of

an active compound to cells.
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Chapter 1—Introduction

1.1—Introduction to Cancer and Motivation for Work

1.1.1—Introduction to Cancer

Cancer is a widespread health concern; an estimated 1.6 million cases of cancer were
diagnosed in the United States in 2016, with over half a million people dying from the
disease. Nearly 40% of men and women will be diagnosed with cancer at some point in their
lives [1]. A pressing need exists therefore to improve the early diagnosis and treatment of
cancer in order to generate better patient outcomes. This thesis will investigate one potential

avenue toward that aim.

1.1.2—Definition and Hallmarks of Cancer

Although frequently referred to as one disease, cancer in reality is an umbrella term under
which many pathophysiological states can be grouped which lead to aberrant and unregulated
cell growth [2]. In contrast to normal tissues, which closely regulate cell growth and
proliferation, cancer cells lose the ability to regulate cell replication [2]. There exist many
types of cancers arising from varying genetic causes and within different body tissues, which
can produce different pathophysiological manifestations and health outcomes. Nonetheless,
six major “hallmarks of cancer” have been identified which constitute a collection of
common capabilities in the development of tumours. These capabilities include: sustaining
proliferative signalling, evading growth suppressors, resisting cell death, enabling replicative

immortality, inducing angiogenesis, and activating invasion and metastasis [3].
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1.1.3—Molecular Causes of Cancer

The deregulation of cell proliferation in cancer results from a number of changes to the
normal processes which carefully control cell growth and division. These changes frequently
result from accumulated DNA mutations that destabilize cell genomes. Mutations leading to
tumorigenesis may include activating mutations that result in constitutive signalling of cell
growth pathways, such as mutations in the catalytic subunit of phosphoinositide 3-kinase
isoforms which can activate proliferative PI3-kinase signalling pathways [3, 4]. Aberrant
growth signals may be sustained through the production of growth factors which bind
tumour-surface receptors, sometimes through autocrine stimulation by the tumour cells
themselves, and sometimes through stimulation of neighbouring healthy cells which results in
the production of excess growth factors nearby [3]. Additionally, tumour cells often
upregulate receptors on their surface in order to maximize their response to growth signals, as
demonstrated by increased Endothelial Growth Factor Receptor (EGFR) expression in several

tumour lines [3].

In addition to the upregulation of growth pathways, tumour cells promote unrestrained
growth by interrupting negative feedback mechanisms that serve to moderate proliferation.
For instance, loss of function mutations in PTEN phosphatase prevents the degradation of
phosphatidylinositol(3,4,5) trisphosphate, a product of P13-kinase signalling which promotes
cell growth and survival [3, 4]. Similarly, mutations in ras genes can result in loss of Ras
GTPase activity, which normally provides an intrinsic negative-feedback mechanism to

proliferative Ras signalling [3].

In contrast to the confluent monolayers formed by healthy cells in culture, tumour cells form
dense populations of cells whose growth is unrestricted by neighbouring cells. Healthy cells

experience “contact inhibition” whereby proliferation is attenuated when cells contact
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neighbouring cells. Several mechanisms support this growth inhibition including, for
example, the coupling of the cell-surface adhesion molecule E-cadherin to the growth factor
receptor EGFR, which sequesters growth receptors and strengthens the adhesion of cell-cell

attachments [3, 5].

Commensurate with dysregulation of proliferative pathways, cancer cells promote their
survival by interfering with normal cellular apoptotic machinery. This machinery typically
induces programmed cell-death as a response to signals and stresses which occur in cancer
cells, including oncogenic signalling imbalances and DNA damage [3, 6]. For example, the
tumour suppressor TP53 initiates apoptotic signals following high levels of DNA breaks and
chromosomal abnormalities; loss of TP53 function in tumour cells, or upregulation of

competing antiapoptotic regulators, can prevent programmed cell death [7].

1.1.4—Effects of tumorigenesis

As a result of alterations in genes and expression of key regulatory molecules, cancer cells
induce replicative immortality within themselves, enabling them to avoid inducing
senescence (a viable but nonproliferative state) or apoptosis. This immortalization is required
for macroscopic tumour formation and is supported by increased expression of telomerase
and DNA telomere length [8]. Supporting immortalized cell growth is an increased reliance
on angiogenesis near the site of tumours, whereby tumour cells induce the growth of new
blood vessels to help deliver nutrients and oxygenated blood to hyperproliferating cells [9].
This tumour neovasculature is often characterized by high capillary growth, high vessel

branching, and leakiness resulting from local fenestrations [10, 11].

In late stage tumour growth, the invasion of cancer cells through neighbouring cell layers is

frequently followed by metastasis to tissues distant from the tumour’s site of origin. This
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invasion of local tissues, entry into nearby vasculature, extravasation into distant tissues and
formation of new colonies is favoured by expression of various ECM-degrading proteases
and aberrant expression of surface cell-cell adhesion molecules. For example, the loss of E-
cadherin surface expression can alter cell-cell attachments and promote invasion and
metastasis, while expression of N-cadherin, typically expressed in migrating neurons and

cells during organogenesis, is often upregulated in invasive cancer cells [12, 13].

1.1.5—Common membrane phenotypes of tumour cells

Tumour cells frequently display surface physiologies different from healthy cells. Certain
proteins, especially antigen-presenting proteins involved in immune surveillance, may be
downregulated in cancer, while other molecules increase their concentrations on cancer cell
membranes. The folate receptor-a, for instance, transports the water soluble B-vitamin folic
acid into cells and is commonly overexpressed on human tumours including ovarian, lung,
and breast cancers [14, 15]. Many tumour lines including H1299 cells express high levels of
EGF receptors as mentioned earlier [16], while several members of the widespread
carcinoembryonic antigen-like cell adhesion molecule (CEACAM) family are upregulated on

different cancers of the pancreas, liver, lung, and colon [17] (See 1.2.3).

1.2—CEACAM family proteins

1.2.1—Introduction and normal role of CEACAM proteins

Carcinoembryonic antigen-like cell adhesion molecules (CEACAMS) are a family of cell-
surface glycoproteins involved in cell-cell adhesion mediated by homophilic and heterophilic

interactions. Found in a number of mammalian species, including humans, mice, rats, and
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various primates, CEACAM proteins are widely-expressed in various epithelial and
endothelial tissues, as well as on cells of the immune system. The CEACAM family contains
eleven unique cell-surface glycoproteins (CEACAM1, CEACAM3-8, CEACAM18-21) and
one fully-secreted member (CEACAML16) [18, 19]. While CEACAMS, found on epithelial
cells of the gastrointestinal tract and other mucosal surfaces such as the nasopharynx, lung,
and urogenital tract [20, 21], was in 1965 the first CEACAM member identified [22],
CEACAML1 is the evolutionary progenitor of the family. Consequently, CEACAM1 shows
the broadest tissue distribution of any member in the family, and is found on epithelial cells,
endothelial cells, lymphocytes, and neutrophils [20]. In contrast, CEACAMS is found
exclusively on granulocytes and is not believed to contribute to cell-adhesion, but rather plays

a role in human immune responses to certain bacterial infections [23] (see 1.3.3).

As widely-expressed cell adhesion proteins, members of the CEACAM family play
significant roles in cell processes beyond cell adhesion. CEACAML, for example, has
demonstrated pro-angiogenic effects, including tumor angiogenesis, through the stimulation
of cell proliferation and migration of vascular endothelial cells [24-26]. Additionally,
CEACAML1 serves as a phosphorylation substrate of the insulin receptor following insulin
binding, downregulating insulin signalling and promoting endocytosis of the insulin-insulin

receptor complex [27].

1.2.2—Structure of CEACAM proteins

Part of the immunoglobulin (1g) super-family of proteins, all CEACAM members contain at
least one variable N-terminus (IgV)-like domain characterized by a compact fold of two
sandwiched B-sheets (Figure 1), whose size ranges between 85-110 amino acids [20, 28].

The N-terminal domain is an important CEACAM binding domain—in CEACAML1, for
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instance, the N-terminus domain mediates trans-homotypic binding and promotes cis-
dimerization [29-31]. Most CEACAM members contain between one and six additional
constant (IgC)-like domains of either the A or B form, which vary in their number of amino
acids (93 and 85 residues respectively) (Figure 2). Seven CEACAM members, including
CEACAML1, CEACAMS3, and CEACAMA4 are typically attached to the cell surface through a
transmembrane domain, while four other CEACAMs, including CEACAMS5, CEACAMEG,
CEACAM7, and CEACAMS are GPI-anchored to the membrane [32]. CEACAML,
CEACAM3, and CEACAMY7 may show variable mRNA splicing (12, 3, and 2 variants
respectively); these different spliceforms may vary in the number and size of extracellular
domains. Importantly, variations in the number of CEACAML extracellular domains may
lead to differences in its self-adhesion [33]. CEACAM1 and CEACAMS3, in addition to their
transmembrane domains, contain cytoplasmic domains which can vary between short or long
splice forms. Long cytoplasmic domains may contain an immunoreceptor tyrosine-based
inhibition (CEACAML1) or activation (CEACAM3) motifs (ITIM/ITAM) which are involved
in transducing binding signals inside the cell [18]. Short splice variants do not contain
tyrosine phosphorylation sites and consequently lack the ability to transmit signals
intracellularly [18]. Consequently, adjusting the ratio of short to long CEACAM isoforms at
the cell surface may be one way for cells to control CEACAM signalling levels [18]. In
addition, the balance of CEACAM monomers, dimers, and clusters on the membrane can
modulate CEACAM interactions with intracellular signalling molecules subsequent
downstream effects [18, 31]. Cells may partially control CEACAM dimerization through

altering its levels of glycosylation on the N-terminus and constant domains [33].
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1.2.3—Pathophysiological Expression of CEACAM proteins

The first CEACAM member found, CEACAMS5, was identified due to its presence in human
colon cancer extracts where its abnormal expression led to high serum levels indicating
colorectal cancer [34, 35]. In addition to colorectal cancer, CEACAMS5 is upregulated on
gastric and lung carcinomas, where CEACAMS5 levels have been correlated with EGFR
mutations [34, 36, 37]. Similarly, CEACAMG6 overexpression has also been associated with
gastric, lung, and colorectal carcinomas [34, 38, 39]. Importantly, both CEACAMS5 and
CEACAMG have been found to inhibit normal cell apoptosis among cells that have lost
attachment to their substrate [32, 40]. CEACAML has been found to increase its expression
on gastric and squamous cell lung carcinomas, as well as metastatic colorectal cancer (94%
of tumours are positive), cutaneous melanomas, pancreatic adenocarcinomas, and bladder
cancer (where nearly 100% of tumour cells were positive) [41, 42]. Due to the increased
expression of CEACAML on advanced cancers, high CEACAML1 expression is often
considered a marker for poor prognosis [43]. Additionally, CEACAM1 expression promotes
evasion of immune killing, as CEACAML1-L has shown inhibitory effects on T-cell receptor-
mediated cytotoxicity [44] as well as decreasing killing of tumour cells by Natural Killer cells
[45, 46]. Highly correlated with tumour angiogenesis and vascular endothelial growth factor
(VEGF) activity, CEACAML1 overexpression can also be found on microvessels feeding
renal, prostate, and urinary bladder carcinomas [24]. In light of the high correlation between
members of the CEACAM family and the progression of certain cancers into advanced
stages, there is interest in developing new strategies to target drugs to tumour cells
overexpressing CEACAM receptors [42]. One possible strategy may employ CEACAM-

binding Opacity proteins found on Neisseria bacteria.

17



1.3—Neisserial Opa proteins: context, structure, and binding to CEACAMSs

1.3.1—Introduction to pathogenic Neisseria bacteria

Neisseria gonorrhoeae and Neisseria meningitidis are pathogenic Gram-negative bacteria
that colonize various mucosal surfaces of the human urogenital tract, nasopharynx, and eye
[47]. Colonization is driven by the phase-variable expression of various adhesion proteins
such as type IV pili, PorB, opacity-associated (Opa) proteins, as well as lipooligosaccharides
[47-50]. Following attachment, N. gonorrhoeae and N. meningitidis can induce entry into
human cells through the binding of bacterial proteins to host receptors, such as the
engagement of bacterial Opa proteins to heparin sulfate proteoglycans [32, 44, 51, 52] or

CEACAM proteins [32, 47] (Figure 3).

1.3.2—Opacity (Opa) protein structure, expression, and membrane context

Neisserial Opacity proteins contain eight anti-parallel beta strands in a beta-barrel
configuration with four extracellular loops (Figure 4) [53]. Typically around 20-30 kDa in
size, these proteins inhabit the outer membrane of the gram-negative bacteria. As such, the
barrel is primarily nonpolar, while its extracellular loops contain a mix of polar and nonpolar
amino acids (Figure 5). Compared to the rigid barrel, the extracellular loops of Opa proteins
are highly disordered and mobile. Sequence variation occurs within loops 1, 2, and 3, with
the majority of the variation contained within loops 2 and 3 (termed the hypervariable loops,
or HV1 and HV?2 respectively). Loop 1 contains a slightly more conserved semi-variable
(SV) region. The fourth extracellular loop, smaller than the other three, does not display
significant variation between different Opa forms. The periplasmic side of the beta barrel

contains short turns between the beta strands. The FA1090 strain of N. gonnorrhoeae encodes
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eleven Opa proteins, while N. meningitidis encodes four proteins, with opa genes dispersed

through the genomes for both [18, 54, 55].

The outer membrane of N. meningitidis and N. gonorrhoeae envelops both an inner
membrane and a layer of peptidoglycan which is sandwiched between the two membranes.
The outer membrane of Neisseria species typically contain high levels of
phosphatidylethanolamine (PE), along with phosphatidylglycerol (PG), cardiolipin (CL), and
phosphatidate (PA) [56, 57]. Additionally, the outermost leaflet of the outer membrane, from
which Opa extracellular loops extend, contains a truncated form of lipopolysaccharide (LPS)
termed lipooligosaccharide (LOS). LOS lacks the O-side chain repeat found in LPS and can
itself mediate bacterial attachment and invasion [56, 58]. Understanding the components of
the outer membrane of Neisseria bacteria is important as interactions can exist the binding
loops of Opa and LOS which may modulate Opa specificities and affinities toward binding

targets [59].

Opa proteins contain a high level of sequence diversity, primarily generated by
recombination events within the bacterial genome or with extracellular DNA [18, 55, 60]. At
least 338 unique opa alleles have been identified, which include at least 26 different SV
regions, 96 unique HV1 regions, and 127 unique HV2 regions [18]. This high sequence
diversity may contribute to Neisserial evasion of the human immune response. Additionally,
Opa proteins are phase-variably expressed on the surface of Neisseria, with individual
bacteria able to express zero, one, or multiple unique Opa proteins at any one time. This
variable expression results from the presence of a pentameric coding repeat sequence (5’-
CTCTT-3) within the leader peptide sequence [18, 61]. Slipped-strand mispairing during
DNA replication results in frameshifts which control the repeats [18, 61]. Variable expression
of different Opa proteins within subpopulations of Neisseria likely also contribute to bacterial

survival and immune escape.
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1.3.3—Neisserial Opa binding of CEACAM proteins: molecular interactions and cellular

responses

Neisserial Opa binding to human CEACAM1, CEACAM3, CEACAMS5, or CEACAMG6
proteins can promote bacterial internalization into these host cells. Binding is largely
contingent on the extracellular HV1 and HV2 sequences of Opa proteins, which are the
primary determinants of target receptor affinity and specificity [62]. Interactions of Opa with
CEACAM necessitates distinct combinations of HV loops, as chimeric versions of the protein
that combine HV loops from different CEACAM-binding proteins show significantly reduced
or no activity [62]. In addition to Opa HV1 and HV2 regions, the SV region can facilitate
CEACAM binding, as its removal reduces affinity without fully abolishing binding [62].

Loop 4 has not been shown to play a role in CEACAM recognition.

Little is known about specific residues on Opa responsible for CEACAM binding. In
contrast, key residues have been identified on particular CEACAM proteins which promote
Opa binding. Opa interactions with CEACAML, for instance, occur on the non-glycosylated
face composed of strands C”’, C’°, C, F, and G, and in all cases require the presence of
CEACAM residues Tyr34 and 1191 [63], with several other CEACAML residues facilitating

binding to at least some Opa proteins (Figure 6).

Following cellular CEACAM binding by Opa, different internalization processes are
activated depending on the identity of the CEACAMSs engaged. For instance, Opa binding of
CEACAML1, which contains an ITIM, appears to promote serine/threonine kinase recruitment
and receptor interactions with PKC and protein kinase A, leading to bacterial engulfment
[32]. CEACAMS3 engagement induces Src family kinases to phosphorylate tyrosine residues
within the cytosolic ITAM, resulting in recruitment of effectors including Syk tyrosine kinase

as well as a Rac- and Cdc42-caused reorganization of actin microfilaments that wrap around
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Neisseria [32]. In contrast to the membrane-spanning CEACAM1 and CEACAMS3,
CEACAMS5 and CEACAMEG are GPIl-anchored and consequently lack cytoplasmic domains.
Internalization of Opa-expressing bacteria with these receptors is believed to occur through
recruitment of adjacent receptors in a progressive “zippering” mechanism whereby the host

cell membrane envelops the bacterium [64].

Following internalization into model epithelial cells, such as HeLa cells stably transfected to
overexpress a single Opa-binding CEACAM receptor, phagosomes containing single Opa-
expressing bacteria typically mature in a process that leads to phagosome acidification and
bacterial killing [32]. Importantly, however, this process likely differs in non-model cell lines
which display multiple CEACAM proteins, as it was reported that in polarized monolayers of
T84 colonic carcinoma cells, which express CEACAM1, CEACAMS5, and CEACAMBS,
Neisseria bacteria displaying a mixture of Opa proteins can remain viable after transcytosing
through the cells [65]. Thus, the intracellular fate of Opa-expressing bacteria may vary
depending on the identities of Opa proteins engaging different CEACAMSs. As the Opa-
driven internalization of Neisseria into human cells can engage CEACAM, it raises the
question as to whether Opa-CEACAM interactions can be used for therapeutic delivery.
Since Opa proteins require a membrane environment to remain folded and functional, one

possible strategy may employ therapeutic liposome particles as membrane mimics.

1.4—Liposome Nanoparticles for Drug Delivery

1.4.1—Introduction to liposomes

Liposomes are artificial lipid vesicles ranging between ~25 nanometers to several
micrometers in size [66, 67]. They consist of one (unilamellar) or multiple (multilamellar)

bilayers enclosing one or more internal agueous compartments. Liposomes are often
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composed of naturally-occurring lipids and therefore show high biocompatibility and low
toxicity [68]. Lipids used can include: glycerophospholipids, whose polar headgroups attach
to nonpolar tails through phosphodiester linkages, phosphatidic acid, cardiolipin, and
cholesterol [69]. Following vesicle formation, the aqueous compartments within liposomes
can entrap water soluble drugs, while hydrophobic drugs can partition into the hydrophobic
lipid-tail region within the liposome bilayer (Figure 7) [68, 70]. Encapsulation of therapeutic
compounds can prevent decomposition or metabolism of these compounds while allowing for
controlled release at specific targets [68]. Therapeutic liposomes can accumulate at target
sites passively (see 1.5.1) or use surface ligands to actively target subpopulations of cells
[71]. For instance, immunoliposomes can incorporate antibodies on their surface to promote
binding interactions with specific cell receptors. Examples include anti-a8 immunoliposomes
which may treat lupus and glomerular diseases [72], or anti-HER2 immunoliposomes which
can target delivery to a number of different cancers overexpressing HER2 on their surface
[73]. In addition to proteins, liposomes can also employ non-protein targeting ligands, such as
surface-conjugated folic acid, which promotes delivery to cells overexpressing folate

receptors, as occurs on many cancers [74].

1.4.2—Physical properties of liposomes

The physical properties of liposomes can be modulated by the types and proportions of lipids
used to create the vesicles. Important properties include liposome size and stability; bilayer
thickness, fluidity, hydrophobicity, and permeability; temperature and pH sensitivity; and
surface charge, among others. Understanding these physical properties of liposomes is

important for being able to modulate properties important to therapeutic delivery, such as
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drug permeability, liposome aggregation and fusion, and non-specific cell membrane

adhesion.

The physical properties of lipids result from structural variations in their nonpolar tails as
well as their polar headgroups. These variations can include alkyl chain length and degree of
unsaturation in the tails, as well as their headgroup size and charge. With regard to lipid tail
properties, longer lipid tails tend to associate more tightly together than shorter lipid tails due
to increased van der Waals interactions, resulting in a less fluid bilayer when composed of
lipids with higher tail lengths. This effect can be seen in the melting temperatures of saturated
phosphatidylcholine lipids composed of fourteen (14:0 PC), sixteen (16:0 PC), and eighteen
(18:0 PC) carbons, which demonstrate transition temperatures (the temperature required for
the bilayer to transition from an ordered to disordered liquid state) of 24°C, 41°C, and 55°C
respectively [75]. Similarly, the presence of unsaturated double bonds within the lipid tail can
introduce “kinks” in the tail region that prevent tight association of lipid chains, leading to
lower transition temperatures for lipid bilayers containing unsaturated lipids. For instance,
18:1 (A9-cis) PC, which contains a double bond after the ninth carbon, demonstrates a
transition temperature of -17°C, 72 degrees lower than its tail length-equivalent unsaturated

counterpart (18:0 PC) [75].

The presence of cholesterol also has a significant effect on membrane fluidity and
hydrophobicity, and for this reason therapeutic liposomes may contain cholesterol in order to
modulate these properties [76]. Cholesterol differs from many other typical lipids in that its
non-polar tail contains a large, fairly rigid set of three six-member rings and one five-member
ring, as well as a short alkyl chain. In contrast, its polar head-group is a comparatively-small
hydroxyl group. Cholesterol exerts different bilayer effects depending on its concentration in
the bilayer and the temperature [77]. In model bilayers composed of dimyristoyl

phosphatidylcholine (14:0 PC) and 0-10 mol% cholesterol, for instance, a liquid disordered
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(la) phase was seen above the transition temperature of 14:0 PC (23-24°C) and a solid ordered
(So) phase below the transition temperature, while increasing the amount of cholesterol to 10-
30 mol% induced the formation of liquid ordered domains both above (4 + lo) and below (S, +
lo) the phase transition temperature [77, 78]. Above 50 mol% cholesterol, the bilayer was
fully Io[77, 78]. Thus, it appears cholesterol can both increase membrane fluidity and packing
depending on its concentration and the temperature. Additionally, cholesterol can exhibit
effects on membrane hydrophobicity, as below 30 mol% cholesterol in 14:0 PC membranes
was found to increase bilayer hydrophobicity near the interior while decreasing
hydrophobicity at the membrane surface [77]. Because cholesterol is a powerful modulator of

membrane fluidity, liposome formulations must carefully optimize its concentration.

In addition to lipid tails, variations within lipid headgroups can also induce changes in bilayer
properties. Common headgroups for phospholipids include phosphatidylcholine (PC),
phosphatidylglycerol (PG), phosphatidylserine (PS), phosphatidylinositol (PI), and
phosphatidylethanolamine (PE). Because these lipids contain a negatively-charged
phosphodiester linkage between their tails and headgroups, they are typically either anionic at
physiologic pH (PG, PS, PI) or net-neutral zwitterions (PC, PE), with zwitterionic lipids
forming the majority of the native bilayer in cells compared to anionic lipids [79]. In addition
to charge, headgroup identity can in some cases exert profound effects on bilayer structure.
For instance, due to the small size of phosphatidylethanolamine, lipids with a PE headgroup
often do not associate into a typical bilayer when protonated [80], but instead tend to form an
inverse hexagonal phase, leading to their use in special fusogenic liposome formulations [81,

82].
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1.4.3—Suggested therapeutic relevance of Opa proteoliposomes

As membrane proteins, Neisserial Opa proteins require a membrane-like environment to
stabilize their beta-barrel fold. In the native biological context for Opa proteins, this
membrane environment is the outer membrane of N. gonorrhoeae and N. meningitidis.
Established protocols have been published, however, describing methods to purify and fold
Opa proteins into liposomes [83]. The resulting Opa proteoliposomes stabilize the Opa fold in
its functional form, as shown by the recognition and binding of the soluble N-terminus of
CEACAML1 and CEACAMS by various Opa proteoliposomes [84]. In light of the
overexpression of a number of CEACAM proteins including CEACAM1, CEACAMS5, and
CEACAMG on the surface of several cancers, as well as the recognized ability of Opa
proteins to induce particle uptake into cells expressing these types of CEACAMs, it may be
possible for liposomes containing folded and functional Opa proteins to therefore induce
liposomal uptake into CEACAM expressing cells. Because liposomes can be useful vehicles
for the targeted delivery of therapeutic compounds, targeted uptake of Opa proteoliposomes
into cells through CEACAM proteins may serve as a strategy to enhance therapeutic delivery

to CEACAM-expressing cancers.

1.5—Nanoparticles and Cellular Delivery

1.5.1—1In vivo circulation of NPs

The in vivo circulation of lipid nanoparticles (NPs) such as liposomes depends on myriad
factors including particle size, charge, lipid composition, drug loading, and presence of
surface proteins or polymers. In vivo circulation lifetime of nanoparticles is primarily limited
by uptake into the reticuloendothelial system (RES), including macrophages in the spleen and

Kupffer cells in the liver [85]. Increasing NP circulation times by preventing RES uptake
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better allows NPs to reach target sites, so a great deal of effort has been put into
understanding these uptake processes [85]. It has been reported that larger NPs are more
prone to uptake through opsonisation by immune cells, so smaller particles (between 50-200
nm) are often preferred in order to increase circulation time [85]. NPs with a positive surface
charge are also more susceptible to non-specific uptake by immune cells, owing to the slight

negative charge in the membranes of most healthy cells [86].

A major breakthrough in lengthening the timescales of NP in vivo circulation came with the
incorporation of high molecular weight water soluble polymers onto the surface of NPs; these
polymers mimic the high surface glycosylation that red blood cells use in order to escape
immune killing [87, 88]. The prototypical polymer used with NPs, polyethylene glycol
(PEG), ranges in size from several hundred to several million grams per mole, although most
sizes used for therapeutic purposes are around 1000-5000 grams per mole. Surface PEG helps
prevent serum-protein aggregation on the NP surface, thereby decreasing RES opsonisation
[87]. In order to better treat Kaposi’s sarcoma, liposome-encapsulated doxorubicin (Doxil)
incorporates PEG-2000 conjugated to 18:0 PE lipids, which increases liposome circulation
times and reduce volume of distribution, resulting in improved patient outcomes compared to

unencapsulated doxorubicin [89, 90].

The benefits of increased NP circulation times can partially be explained through the
Enhanced Permeability and Retention (EPR) effect, whereby rapid vasculature growth
induced by tumour cells tends to contain holes in the vasculature of up to 600 nm, called
fenestrations [91-93]. The poor quality vasculature around tumours subsequently permits
increased departure of circulating NPs from tumor vasculature compared to healthy blood
vessels, allowing NPs to preferentially congregate at tumors and deliver their cargo to tumour

cells [92].
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In addition to the EPR effect, other passive targeting techniques can be utilized when NP
circulation times are increased. For instance, due to the overreliance of cancer cells on
glycolysis to satisfy increased energy demands, the local milieu around tumour cells is often
more acidic than near healthy tissues, which has led to the development of pH-sensitive

liposomes incorporating DOPE that enhances membrane fusion with cells at low pH [94-96].

1.5.2—Cell uptake of NPs into target cells

Endocytosis can be separated into three distinct modes of uptake: fluid-phase, adsorptive, and
receptor-mediated [97]. In fluid-phase uptake, molecules are non-specifically taken into cells
as part of bulk extracellular fluid uptake, and so internalize with the same concentrations as in
the extracellular fluid [97]. Adsorptive uptake describes conditions in which molecules non-
specifically adhere to the cell surface, such as through charge-driven electrostatic
interactions; this adsorption leads to a localized concentration at the cell membrane, and
internalization of these particles tends to follow that of the plasma membrane [97]. During
receptor-mediated endocytosis, such as the Opa-CEACAM interaction between Neisseria and
host cells, ligands engage cell-surface receptors, concentrating the ligands at specific
locations on the cell surface prior to internalization. The kinetics of uptake are affected by
both the strength of the ligand-receptor binding as well as receptor concentration and

internalization pathways utilized [97].

Endocytic uptake may also be defined by the size of particles internalized. Phagocytosis
describes the uptake of large particles (>0.5 um) into specialized cells such as macrophages
and neutrophils [97, 98]. This receptor-mediated process initiates actin-modulated formation
of cell-membrane extensions that surround and engulf the particle [99]. Phagosomal

maturation leads to fusion with endocytic components and the formation of low pH

27



phagolysosomes where particle degradation occurs [98]. In contrast to specialized
phagocytes, pinocytosis occurs in all cells and involves the uptake of smaller volumes of
fluid and molecules. Several pinocytic pathways have been identified with unique
mechanisms of internalization: clathrin-mediated endocytosis (CME), macropinocytosis,
caveolae, and clathrin-independent endocytosis [100-102]. Described in further detail are

CME and macropinocytosis.

Clathrin-mediated endocytosis: CME occurs constitutively in mammalian cells and involves

the receptor-mediated, energy-dependent uptake of essential molecules. Prototypical
examples include low-density lipoproteins (LDL) transporting cholesterol using LDL
receptors, and the protein transferrin carrying iron into cells through Tf [97, 103, 104].
Following ligand-receptor binding in CME, receptors cluster on the membrane into clathrin-
coated pits which, with the help of the GTPase dynamin [105], invaginate and pinch off into
the cell as vesicles around 100 to 150 nm in diameter [102]. Inside the cell, the clathrin-
complexes coating the vesicles disassemble and detach; the resulting early endosomes (pH 6)
mature in a process controlled by the small GTPase Rab proteins [106] and form late
endosomes which eventually fuse with lysosomes (pH <5) [107]. During this process of
endosomal maturation, internalized ligands disassociate from their receptors and both may be
sorted to separate destinations, such as lysosomes, the Golgi apparatus, or the nucleus for
ligands, while frequently internalized receptors are recycled back to the plasma membrane

[97, 107]. A more detailed discussion of endosomal processing can be found in Chapter 4.

Macropinocytosis: In contrast to CME, macropinocytosis does not involve the concentration

of surface receptors. Instead, large irregular endocytic vesicles are formed through actin-
driven envaginations at the plasma membrane [108, 109]. The formation of these
envaginations is typically driven by membrane ruffling at the cell surface, often stimulated by

signals from growth factors such as EGF [101, 108]. During this ruffling process, actin drives
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protrusions from the cell surface, which lengthen upon stimulation by growth factors and
other signals before closing in on themselves as macropinosomes [108]. Lacking both coat
proteins and surface receptors at high density, these macropinosomes can vary in diameter up
to 5 um; the large size of macropinosomes and their ability to effect significant fluid-phase
endocytosis makes macropinocytosis an effective pathway for non-selectively internalizing
large amounts of bulk macromolecules [100]. Following internalization of macropinosomes,
actin dissociates from the vesicles, which can then experience different trafficking fates
depending on cell type [110]. For instance, in macrophages these vesicles often acidify and
merge with lysosomes, while in human A431 cells macropinosomes remain separate from the
rest of the endocytic pathway [108, 110]. In part due to their size, macropinosomes are
believed to be leakier vesicles compared to other endosomal compartments, which may
enhance the escape of therapeutic particles internalizing into cells through this pathway [111,

112].

1.6—Overview of Thesis

This chapter gave an overview of cancer biology and treatments, a discussion on the
CEACAM family of proteins, an introduction to Opacity proteins on Neisseria bacteria, and a
discussion on liposomes and their use in therapeutic delivery, and proposed the investigation
of Opa proteoliposomes for the purpose of cellular CEACAM targeting. Chapter 2 will
discuss microscopy techniques to determine adhesion versus internalization of liposomes
within model cell lines. Chapter 3 will discuss the role of CEACAM and Opa proteins in
promoting proteoliposome uptake into cells. Chapter 4 will discuss additional considerations
of Opa proteoliposome internalization, while Chapter 5 will discuss conclusions from this

work and propose future directions.
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Figure 1. Structure of (IgV)-like CEACAML1 N-terminus. Ig-like fold showing
sandwiched B-sheets of the N-terminus of CEACAML1 as a ribbon diagram (orange strands)

within surface projection. (PDB ID: 2GK2) [113]
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Figure 2. Domain organization and membrane anchors of CEACAM family members.
CEACAML1, CEACAMS3, CEACAMS5, and CEACAMEG are example members of the
CEACAM family of proteins. Each CEACAM contains an (IgV)-like variable N-terminus
(dark grey), the major site of homo- and heterophilic binding. CEACAM proteins vary in
their number of constant (1gC)-like domains (light grey), which come in two main types: the
93 residue A form and the 85 residue B form. CEACAM 1 and CEACAM3 both contain an
alpha-helical transmembrane domain, with the Long form containing an ITIM for
CEACAML1 and an ITAM for CEACAM3. CEACAMS5 and CEACAMEG attach to the

membrane (blue lines) through a GPI anchor. The four CEACAM proteins given here are all

binding partners of Neisserial Opacity proteins.

31



Figure 3. Scanning electron micrograph of Neisseria gonorrhoeae invading CEACAM+
human cells [47]. Human HeLa cells (green) transfected to overexpress CEACAM1
phagocytose Neisseria gonorrhoeae (red) displaying surface Opa proteins from Billker et al
(2002). Membrane protrusions can be seen extending from the HeLa cells to envelop N.

gonorrhoeae, a hallmark of phagocytosis.
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Figure 4. NMR-structure of Opaso. The structure of Opaso solved by NMR shows an eight-
stranded beta-barrel (black) with four extracellular loops embedded in a membrane (blue and
yellow). Loops 2 and 3 contain hypervariable sequences 1 and 2 (red), which are the major

determinants of target CEACAM binding. (PDB IDs: 2MLH, 2MAF) [53]
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Figure 5. Electrostatic potential map of Opaso. The Adaptive Poisson-Boltzmann Solver
(APBS) in PyMol calculates the electrostatic potential on the molecular surface of Opaso
(PDB IDs: 2MLH, 2MAF) [53]. Negative electrostatic potential is represented by increasing
red, while increasing blue represents positive potential. The approximate positioning of Opaso
within the membrane bilayer is depicted by horizontal grey lines, showing that the Opaso

beta-barrel by its relative lack of red or blue is more nonpolar than its solvent-exposed loops.
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Figure 6. Opa-binding residues of CEACAML1 N-terminus. Surface representation of N-
terminus of CEACAML1 with coloured Opa-binding residues. Residues in red (Tyr34 and
11e91) are involved in binding of all Opa proteins that bind CEACAML. Residues in blue
(Ser32, Val39, GIn44, GIn89) were shown to promote binding to some but not all

CEACAML1-binding Opa proteins [63, 113]. (PDB ID: 2GK2)
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Figure 7. Cross-sectional illustration of proteoliposome. An illustrative cross-section of a
hypothetical unilamellar liposome containing membrane proteins (here Opaso, black) (PDB
IDs: 2MLH, 2MAF). Hydrophobic compounds (brown pentagons) can partition into the
nonpolar bilayer while water-soluble compounds (blue pentagons) can be entrapped within

the aqueous interior.
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Chapter 2—Imaging liposomes to determine cell binding and internalization

2.1—Overview of detecting liposomes

2.1.1—Introduction to detection techniques

As detailed in the previous chapter, the overexpression of CEACAM proteins on certain
cancers has led to an interest in targeting these markers for therapeutic delivery [1, 2]. Opa
proteoliposomes were identified as a promising platform for therapeutic delivery based on the
ability of Neisserial Opa proteins to bind and induce internalization of bacteria into cells
using CEACAM proteins [3, 4]. To investigate this hypothesis, a strategy was sought to
determine the best way to measure internalization of liposomes. In order to determine
nanoparticle internalization into target cells, either direct or indirect methods may be

employed.

Indirect measurements for particle internalization employ assays to screen for one or more
cellular effects generated upon particle internalization. For example, internalization of
liposomes containing a cytotoxic compound could be detected by measuring various signs of
cellular cytotoxicity, such as DNA breakage [5], presence of phosphatidylserine on the outer
leaf on the plasma membrane [6], or destabilization of electric potential in mitochondria [7].
Similarly, liposomes encapsulating sSiRNA could induce changes in RNA-transcription or
protein expression levels upon internalization, which might be monitored using RT-PCR or
Western blots [8]. Indirect detection methods for internalization therefore require not only
particle internalization, but also internalized particles to exert productive cellular effects in

sufficient quantity that they can be measured.

The direct detection of nanoparticle internalization involves tracking the internalization of the
particles themselves rather than measuring effects exerted by these particles. Because of the

small size of most nanoparticles, which precludes simple direct observation, special care must
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often be taken to label nanoparticles so they can be visually tracked [9]. Methods commonly
used to label liposomes include incorporation of radioisotopes for scintigraphic detection and
imaging [10], incorporation of electron-rich compounds such as uranyl acetate for electron
microscopy [11], and incorporation of fluorescent molecules for fluorescence microscopy [9,
12]. Of these techniques, fluorescence microscopy is currently widely-used for cell and

particle imaging and is the technique utilized in the majority of this and following chapters.

2.1.2—Difficulties in determining internalized versus adhered particles

A major obstacle to investigating cell uptake of particles using microscopy is developing a
method to determine whether particles are internalized or bound to the cell surface [13-16].
This determination is complicated by several factors: the roughness of the cell surface, the
thickness of the plasma membrane (less than 5 nm) [17], and the frequently small size of the
particles in comparison to cells (particle size varies but can range from several dozen

nanometers for liposomes to several micrometers for bacteria).

A typical cell surface is remarkably heterogeneous and displays a variety of extracellular
protein, lipid, and carbohydrate molecules [18, 19]. In addition to molecular heterogeneity,
there exists structural and topological heterogeneity dictated by the architecture of the
membrane itself[20]. This structural variation across the cell surface can result from ruffling
of the membrane, including both protrusions from the membrane and pitted indentations into
it. These structural heterogeneities are supported by various surface proteins as well as
intracellular actin and microtubules [21-23]. For example, in clathrin-mediated endocytosis
(CME), invaginations into the membrane called clathrin-coated pits are supported by
assembly proteins such as clathrin, clathrin assembly lymphoid myeloid assembly protein,

and AP2, and in some cells by intracellular actin [24-26]. These invaginations concentrate
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ligands for internalization inside pits over 100 nm in diameter indented into the cell surface
[24, 26]. Similarly, macropinosomes result from actin-generated protrusions from the cell
membrane in a process called membrane ruffling. These extensions from the cell membrane

drive the formation of macropinosomes up to 5 um in diameter [24, 27].

Numerous factors can drive the formation of large-scale structures that cause significant
variations within the topography across cell surfaces. These factors include cell type,
composition of extracellular media (including osmotic gradients, nutrients, and growth
factors), cell density, motility, and cell health, such as whether cells are cancerous [28, 29].
Many tumor cells, for instance, display high surface activity and numerous cell projections
such as microvilli, membrane blebs, and surface ruffling which can contribute to tumor cell
motility [30]. HelLa cervical cancer cells, for example, have been shown to form protrusions

of several micrometers in order to increase interactions with neighbouring tumor cells [28].

The substantial architectural variation across the cell surface complicates the process of
determining whether small particles are internalized. For instance, a surface-bound particle
might be located substantially different distances away from the center of the cell depending
on where on the membrane it is bound and whether the local membrane environment indents
into the cell or protrudes away from it. In all cases surface-bound particles should be

identified as extracellular regardless of different proximities to the cell center.

Further complicating the discernment between surface and intracellular particles is the
relative thinness of the plasma membrane compared to a typical eukaryotic cell’s size.
Membrane thickness varies with lipid composition and presence of membrane proteins, but is
approximately 3.5-4 nm [31], while eukaryotic cells often possess diameters of several
micrometers. HeLa cells, for example, show diameters of around 20 um, around 5000 times

longer than the thickness of a typical single membrane. Because the plasma membrane is so
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small compared to a cell’s diameter, there can potentially be a very small spatial difference in
fluorescence images between surface adhered and internalized particles relative to the size of
the cell. Images at low resolution contain little spatial information regarding the separation of
points of fluorescence, and imaging fluorescent particles at low resolution therefore
complicates determining the exact spatial distribution of particles. Therefore, understanding
the sensitivity and resolution of different fluorescence microscopes that may be used can give

insight into accuracy of measurements based on collected images.

2.2—OQverview of fluorescence microscopy
2.2.1—Introduction to fluorescence microscopy

Fluorescence microscopy enables the visualization of molecules using specific excitation and
emission wavelengths of light. The basic principle of fluorescence involves electron
excitation and relaxation following light absorption. Absorption of a photon by a molecule
(termed the fluorophore) in the ground-state causes an electron to jump from its ground state
into a singlet excited state where it resides for ~10® seconds (termed fluorescence lifetime)
[32]. A fraction of the electron excitation energy is dissipated due to non-productive
vibrational relaxation, causing the electron to fall to a lower energy level. In order to further
relax back to its ground state, the remaining energy may be subsequently emitted as another
photon. Because energy had been lost through vibrational relaxation, however, the emitted
photon contains less energy than the excitation photon and consequently emits at a longer
wavelength. Depending on fluorophore molecular structure, including extent and pattern of
double bond conjugation, different fluorophores demonstrate different wavelengths of light at
which they maximally absorb and emit light [32]. The shifting of photon emission to longer

wavelengths compared to excitation light for a fluorophore is termed its Stokes’ shift; this
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Stokes’ shift allows for fluorophores to be distinguished from excitation and background

light, a task made easier with fluorophores that demonstrate a larger Stokes’ shift [33].

The brightness of a fluorophore is dependent on several factors including its extinction
coefficient (denoting likelihood to absorb photons), quantum yield (ratio of photons
emitted/absorbed), fluorescence lifetime, solvent, fluorophore concentration, and intensity of
excitation light . Importantly, fluorescence can often be inefficient, since fluorophores do not
absorb every excitation photon encountered, nor do they exactly convert each photon
absorbed to a photon emitted, and a number of pathways exist for absorbed energy to be lost
through non-productive pathways (such as generation of heat). Therefore the relative
intensity of fluorescence emission is frequently far lower (~107° to 10 times) than the
exciting light [34]. Compounding the issue of dim fluorophores is the consideration that
photon detection is also imperfect, and perhaps only as much as 30% of photons emitted
through fluorescence may be collected by the detector [34]. Therefore, in order to increase
fluorophore brightness to sufficient levels to enable detection, high intensity light sources are
used to generate large numbers of excitation photons. Common light sources include mercury
and xenon arc lamps which use direct current to ionize gas vapers, argon-ion lasers, and
argon-krypton ion lasers. Arc lamps show intensity peaks at specific wavelengths of light,
such as 406, 435, 546, and 578 nm for mercury lamps, which determines the wavelengths
available for fluorophore excitation [34]. Upon photon emission from the light source,
excitation light passes through a excitation filter in order to select for light of a specific
wavelength. This filtered excitation light then interacts with a dichroic mirror angled 45
degrees to the oncoming light. Dichroic mirrors reflect light below a specific cut-off
wavelength while passing longer-wavelength photons; in fluorescence microscopy, excitation
light reflects off the angled dichroic mirror down 90 degrees onto the sample specimen,

where it may excite fluorophores [34]. Following fluorescence emission from the sample, the
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longer-wavelength, Stokes’ shifted emission light now passes through the dichroic mirror
instead of being reflected back toward the excitation light source. Emitted fluorescent
photons pass through a suppression filter in order to filter out any remaining short-
wavelength excitation light, before passing emitted photons onto the detector, which

depending on the apparatus may be a photomultiplier tube (PMT) or CCD camera [34].

Because fluorescence microscopes must record fluorescence emission data within an image
containing finite pixels, image resolution is an imperfect representation of the photon
emission patterns of an actual specimen. Resolution refers to the minimum distance that two
points must be separated in order for contrast to exist between them: this contrast is
determined by number of emitted photons collected, the signal’s dynamic range, and the
number of pixels used to make the image [35]. Imaging a point light source produces a three-
dimensional point-spread function in the imaging plane, which laterally is represented by the
Airy pattern, a symmetric representation of the light-point pattern resulting from the
diffraction of light as it passes through a circular aperture [36]. Airy patterns contain a central
maximum and alternating minima and maxima of decreasing intensity as distance increases
from the central maximum; when two point light-sources are close such that their Airy
patterns overlap significantly, the two points are unable to be resolved [36]. Sufficient
distance between two Airy patterns for distinct point-light sources enables the two points to
be resolved; according to the Rayleigh criterion, this distance is sufficient when the first
minimum of one Airy disk is aligned with the central maximum of the second (Fig. 1) [36].
The point distance between the central maximum and first minimum of two Airy patterns

(riaterar) can be estimated in widefield fluorescence microscopy by the following equation:

MNateral = 0.6 1/NA [37]
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in which A is the wavelength of emitted light and N.A. is the numeric aperture of the
objective [37]. For a short-wavelength fluorophore emitting around 400 nm, imaged with a
lens of N.A.=1.2, this correlates to a lateral resolution of approximately 200 nm, which is
typically considered the best resolution that can be achieved with conventional fluorescence

microscopy.

2.2.2—Confocal fluorescence microscopy

One of the drawbacks of fluorescence microscopy is that excitation light is not restricted to
the desired focal plane, but in a three-dimensional specimen can interact with fluorophores
above and below the plane of focus. The excitation of fluorophores out of the focal plane
causes light emitted from these non-focal planes to reach the detector, which results in
blurred fluorescence images and decreased image contrast, obscuring specimen details.
Because the liposomes used in these experiments are small vesicles that range in size from
only several dozen to a few hundred nanometers, good image-quality with high resolution is
desirable in order to best visualize small punctae on and within cells. One method to improve
image quality is with confocal microscopy, which uses a small pinhole aperture set between
the specimen and the detector and which is conjugate with the specimen focal plane. This
pinhole aperture, because it is conjugate with the focal plane, excludes out-of-focus
background light while permitting light from the plane of focus to reach the detector,

resulting in sharper images composed primarily of in-focus fluorescence [37].

Disadvantages to confocal microscopy compared to widefield fluorescence microscopy are
increased scanning time and decreased signal light reaching the detector due to light
exclusion by the pinhole screen. The decreased signal light often requires excitation lasers of

higher intensities for confocal microscopy compared to widefield microscopy, as well as
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longer scanning times, which can lead to fluorophore photobleaching and long data collection

times, respectively.

Calculating resolution in the z-axis is more complicated than determining lateral resolution.
Due to blurring from the point spread function/chromatic aberration, the vertical, or z-axial
resolution in confocal microscopy is several times less than the resolution of the lateral x-y
axis (typically no better than 800 nm) [38]. Increased resolution can be achieved in the
vertical axis by using higher numeric aperture objectives and decreasing the pinhole
diameter, although this has the drawback of excluding fluorescent signal from the detector
and results in dimmer images [38]. Nonetheless, the exclusion of blurred, out-of-focus light
in confocal microscopy enables the optical sectioning of samples, for which successive focal
planes are imaged along the z-axis. These vertical sections can be recombined to generate
three-dimensional cell images in order to analyse fluorescence signals from different, specific

focal planes. This technique is discussed in more detail below.

2.2.3—Using confocal fluorescence microscopy to investigate proteoliposomal binding and

uptake using HeLa cells

In order to investigate liposome internalization into target cells, a Zeiss LSM 700 confocal
fluorescence microscope with a 63x Plan-Apochromat 1.4 N.A. oil objective was used to
image Opaso-containing proteoliposomes after exposure to HeLa cells. This strategy requires
the fluorescence labelling of both liposomes and cells in order to better visualize both the
small particles and cell membranes. Liposomes were labelled with 1,1’-Dioctadecyl-
3,3,3”,3’-Tetramethylindocarbocyanine perchlorate (Dil), a lipophilic fluorophore that
demonstrates low solubility and fluorescence in water, but high fluorescence and

photostability in nonpolar environments such as the lipid bilayer [39]. The high lipophilicity
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of the molecule leads to its being retained well within lipid membranes, in which the
molecule diffuses laterally throughout the bilayer, and prevents Dil from being transferred
between adjacent membranes except in cases of membrane fusion. Due to its lipophilic nature
and high fluorescence, Dil has been used previously to determine cell-cell adhesion and
fusion, lipid membrane diffusion, and lipoprotein labelling [39, 40]. Proteoliposomes
containing folded Opaso were formed using previously published protocols [4, 41] and

labelled with 1 mol% Dil in order to fluorescently track the particles.

Model cell lines for which Opa proteoliposomes might bind and internalize, HelLa cells
stably-transfected to express CEACAML1 or CEACAMS3, as well as a transfection control
line, were generously provided by the Gray-Owen lab from the University of Toronto. These
transfected HeLa cervical cancer cells were used previously to demonstrate the CEACAM-
dependent binding and internalization of Opa-expressing Neisseria gonorrhoeae as well as to
investigate mechanisms of bacterial uptake with different CEACAM proteins [3].
Untransfected HelLa cells typically show little to no CEACAM expression as long as they are
not kept too confluent or retained across too many passages, which is shown through Western
blotting for CEACAM expression using a polyclonal pan-CEACAM antibody (Dako A0115)
(Figure 2A). Therefore, HeLa cells in which CEACAM overexpression has been induced
through stable transfection can be assumed to express entirely or nearly entirely a single
CEACAM, as long as endogenous CEACAM expression of control cells is monitored and

cell lines are discarded after around thirty passages.

In order to investigate confocal fluorescence microscopy as a tool to determine liposome
internalization versus surface adhesion, a way to visualize the borders of the cell membrane
must be determined. A pan-CEACAM antibody was found to give reasonable fluorescence
staining of CEACAM1+ Hela cells, but was unable to provide information about membrane

borders in control cell lines not expressing CEACAM (Figure 2B). The method used to
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visualise the membranes of control and transfected cell lines should be kept consistent in
order to prevent differences in staining patterns, which may lead to differences in determining
adhered versus internalized liposomes on different cell lines. Thus, other fluorescence
methods were sought to better visualise the membranes of both transfected and control HeLa
cell lines. A number of alternative membrane stains were investigated in both transfected and
control HeLa cell lines, including Wheat Germ Agglutinin (WGA-647), Soy Bean Lectin
(SBL-647), Deep Red CellMask (ThermoFisher C10046), a pan-cadherin antibody (CH-19),
and an alpha 1 sodium potassium ATPase antibody (Na/K ATPase, Abcam Ab2867). These
labelling strategies utilize diverse interactions between label and cell membrane in order to
maximize possible opportunities to consistently label the surface of different HeLa lines. The
pan-cadherin and Na/K ATPase antibodies, for instance, both target membrane proteins
which are widely-expressed on epithelial cell surfaces. The cadherin superfamily is a widely-
expressed family of transmembrane glycoproteins that regulate cell adhesion and tissue
architecture [42]. Sodium-potassium ATPase, also widely-expressed on cells, is a surface
complex which couples the hydrolysis of ATP to sodium-potassium exchange across the
membrane, and is responsible for maintaining an electrochemical gradient that drives nutrient
transport into cells [43]. Primary antibodies to these proteins are stained with a fluorescent
secondary antibody. In contrast, WGA-647 and SBL-647 are fluorescently-tagged lectins that
bind carbohydrate targets on the cell surface. WGA exists as a dimer in solution and
selectively binds N-acetylglucosamine and N-acetylneuraminic (sialic) acid [44], while SBL
exists as a tetramer and binds terminal N-acetylgalactosamine and galactopyranosyl residues
[45]. Cell mask, unlike the other membrane stains, does not bind a specific membrane target,
but instead is an amphipathic molecule that combines a lipophilic probe which inserts into the

lipid bilayer with a negatively charged fluorophore that anchors the probe and enables
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fluorescence imaging [46]. An amphipathic dye, CellMask tolerates fixation but not

detergents and thus is not appropriate for experiments requiring cell permeabilization.

The quality and consistency of membrane staining was mixed for each stain tested. a-
cadherin and o-Na*/K* ATPase antibodies were found to give primarily punctate staining on
the membranes of the tested HeLa cells and were thus deemed unsuitable for membrane
visualization (data not shown). WGA, SBL, and CellMask gave strong fluorescence staining,
and a range of concentrations and incubation times were tested to optimize membrane
staining. Representative results for WGA-647, SBL-647, combined WGA and SBL, and
Deep Red CellMask are shown below for CEACAM1+ Hela cells (Figure 3). Cells seeded
onto acid-etched glass coverslips were fixed onto the coverslips using 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) solution prior to labelling with WGA and SBL,
while the staining protocol for CellMask required fixation after cell labelling. Imaging was
carried out with the 63X 1.4 N.A. oil-objective on the Zeiss LSM 700 confocal fluorescence
microscope. Cell nuclei were stained with DAPI, while the various membrane stains are
shown in red due to the excitation and emission wavelengths of each stain being longer than
600 nm. In addition to the fluorescence channels, cells were also imaged using a differential
interference contrast (DIC) channel, which uses polarized light to provide imaging and
contrast to the cells separate from fluorescence channels. DIC works by transmitting through
the sample polarized light which is split into mutually coherent parts. While traversing the
sample, differences in the refractive index leads to differences in the optical path of the split
polarized light parts, which upon being recombined prior to detection results in interference
of the recombined light. As the plasma membrane alters the refractive index compared to the
cytosol, the contrast at cell edges is enhanced upon illumination with DIC. Therefore, DIC
imaging provides additional information about the cell surface and topology which can aid in

determining borders of the cell membrane.
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As shown in Figure 3, WGA, SBL, combined WGA and SBL, and CellMask were able to
label cell membranes for CEACAM1+ HelLa cells. None of these labels were able to
consistently label the membranes across all cells imaged, however, and even with significant
effort put into optimizing the different staining protocols, each stain varied considerably in its
labelling from cell to cell, with some cells showing high membrane labelling and others
showing little at all. Additionally, cells whose membranes were successfully labelled still
demonstrated low contrast between the intracellular compartment (which includes the
cytosol, nucleus, and organelles) and the cell membrane, which is particularly evident in cells
which demonstrate localization of red membrane stain with DAPI nuclear stain. This occurs
most often in HelLa cells stained with WGA or WGA with SBL, less often with SBL alone,
and almost not at all with CellMask. CellMask did, however, stain the body of HeLa cells
much more strongly than it labelled protrusions and extensions from the cell body, such as
membrane attachments to the glass coverslip or to other HelLa cells. As there is little space
between the membrane stain and the nucleus, this pattern of staining makes it very difficult to
visualize the cell cytosol, which is where internalized liposomes could be expected to end up.
Similarly WGA appears to show high membrane staining close to the nucleus, with less
intense and defined labelling near cell edges. SBL gives inconsistent staining but appears to
provide more space between the edges of the membrane stain and the nucleus for several
cells. WGA+SBL together show properties of both individual stains, with some cells showing
reasonably sharp contrast near cell edges but also significant fluorescence near the nuclei that

obscures their cytosolic compartments.

The body of a typical HeLa cell is approximately 20 um in diameter, although this distance
can increase when including protrusions and extensions that stretch out from the main body.
These extensions from the cell are relatively flatter than the main body, which is

approximately 5-10 um thick in the z-axis. Thus, in order to account for particles throughout
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the entirety of the cytosol, the cell can be imaged in several vertical sections. In order to
investigate the utility of the above membrane stains in determining liposome internalization,
Dil+ Opaseo proteoliposomes were exposed to CEACAM1+ HelLa cells, which were then
fixed and their nucleus and membrane stained with DAPI and either SBL-647, WGA-647, or
Deep Red CellMask. The cells were imaged in 1 pum sections throughout the entirety of their
vertical axis, with example images of CEACAM1+ HeLa cells stained with SBL-647 shown
below (Figure 4A). Liposomes appear as yellow punctae adhered either to the surface of the
cells (outside the membrane stain), colocalized with the stain (either adhered externally or
internalized), or are located well within the stain, suggesting internalization. As sections are
imaged from the bottoms to tops of cells (representative images below organized 1-8 from
bottom to top sections), individual cells typically show a wider base where extensions spread
out and attach to the coverslip. As the focal plane progresses up the vertical axis, cell borders
typically become rounder and smaller as the focal plane images through the cell body alone
and excludes membrane protrusions involved in attachment. Within cells, as the focal plane
cuts through the cell body, nuclei become visible before disappearing again once the top of
the cell is reached; therefore, the presence of a well-defined, visible nucleus indicates that the
focal plane is within this central cell body. Shown in Figure 4B is an enlarged single cell
chosen from sections 1-7, with apparent internal and surface liposomes (green and purple
arrows, respectively) indicated in different focal planes based on their relation to membrane
stain and the nucleus. In section #6 the cell’s nucleus is no longer visible, showing that this
focal plane has progressed beyond the cell body and that the liposomes indicated with purple
arrows are present among membrane stain and thus adhered to the surface rather than
internalized. The green arrows in section #4 indicate liposomes within the borders of the
membrane stain adjacent to a well-defined nucleus, suggesting that these particles were

internalized within the cell. The relatively high number of liposomes clustered on top the cell
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in section #6 shows that there may exist a large number of particles which are surface
adhered, underscoring the importance of distinguishing these particles from internalized

liposomes.

Once sections have been obtained throughout the full vertical span of all imaged cells, the
different focal planes may be combined into a single image stack in order to better determine
for each particle whether it is internalized or surface adhered (Figure 5). In order to set the x
and y cross-sections, horizontal and vertical cross-lines (here shown in green, purple, grey)
may be centered so that they intersect over specific liposomes (indicated by arrows) within a
set focal plane defined by x and y axes. The z-stack for each x and y axis cross-section shows
the chosen liposome (again indicated by colored arrows) at the intersection (x-z and y-z) of
the green, purple, or grey x or y cross-section line and a blue line indicating the z-layer in the
z-stack. Thus, particles are presumed internalized (green and grey in Figure 4) when located
within the membrane stain in both the x-z and y-z dimensions, while particles (shown in
purple) outside the membrane stain in these dimensions are considered adhered to the cell

surface.

By analysing liposomal fluorescence in proximity to membrane stain, liposomes can be
classified as either internal or surface. Nevertheless, this process is complicated by
ambiguous and inconsistent membrane staining, a substantial investment of time needed for
data collection and analysis resulting in limited data sets, and the possibility of subjectivity in
defining liposomes as external or internal. Therefore, alternative approaches were considered

to complement or even replace confocal fluorescence microscopy for cell analysis.
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Figure 1. The Rayleigh criterion and resolution [36]. The Rayleigh criterion states that two
points become resolved (dotted line) when the diffraction maximum of one overlaps with the

diffraction minimum of the other (solid lines). Figure adapted from Flay et al. (2012).
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Figure 2. Validation of CEACAML expression on stably transfected cells compared to
untransfected controls. (A) Western blot of cell lysate using a pan-CEACAM antibody
shows high CEACAM expression at the correct molecular weight for CEACAML1 (~125 kDa)
in HeLa cells stably transfected to express CEACAML and no expression in untransfected
HeLa cells. (B) Confocal fluorescence imaging of adherent HeLa cells transfected to express

CEACAM shows green CEACAM fluorescence at periphery of cells.
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WGA + SBL Cell mask

Figure 3. Representative images of different membrane stains with HeLa cells.
Representative images of CEACAM1+ Hela cells stained with WGA-647, SBL-647 or Deep
Red CellMask show variable quality membrane fluorescence. In each image, blue DAPI
fluorescence shows nuclear stain, while the membrane stain is depicted as red fluorescence.
Cells were additionally imaged with differential interference contrast (DIC) imaging to better

visualize cell borders.
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Figure 4. Imaging cells at varying focal planes along vertical axis. (A) CEACAM1+ Hela

cells stained with SBL-647 (red) and DAPI (blue) were exposed to Opa proteoliposomes
(yellow). (B) Imaging through z-section of chosen cells enables identification of liposomes as

being located within (green arrows) or outside of (purple arrows) the red membrane stain.
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Figure 5. Determining particle internalization using stacked z-planes. Images acquired at
different focal planes through z-axis can used to create a z-stack allowing analysis of
individual puncta with relation to membrane fluorescence. Different layers of the image stack
within the x-z and y-z axis can be represented and chosen punctae can be determined as
internal (green or grey cross lines) or surface (purple cross lines) based on their localization
within a membrane stain. Here, CEACAM1+ Hel a cells were stained with SBL-647 (red)

and DAPI (blue) to image the membrane and nucleus, respectively.
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2.3—Overview of Imaging Flow Cytometry

2.3.1—Introduction to Imaging Flow Cytometry (IFC)

The use of small apertures to block out-of-focus light in confocal fluorescence microscopy
requires high laser intensities and long scan times with the use of high numeric apertures in
order to maximize fluorophore excitation and photon detection [37, 38]. The significant
amount of time required for data collection limits the number of cells that can reasonably be
imaged to no more than a hundred per experimental condition, or even fewer if multiple focal
planes are imaged throughout each cell, as is necessary to generate z-stacks. Further, a
significant investment of time for data analysis, ambiguous membrane staining, and the
possibility for subjectivity in data analysis prompted an investigation into alternative methods

to image cells and liposomes.

Flow cytometry utilizes directed flow to move individual cells in suspension past an
excitation/detection system which excites fluorophores and records fluorescence output for
each cell. Conventional flow cytometers combine high fluorescence sensitivity (detecting as
low as 100 fluorophores per cell) with an extremely high rate of data acquisition, reaching as
high as tens of thousands of cells analysed per minute [47]. Unlike fluorescence microscopy,
however, conventional flow cytometry sacrifices imaging capabilities, and thus spatial
information of the fluorophore with relation to the cell is lost, making conventional flow
cytometry of limited use in determining particle internalization. The recent development of
multispectral Imaging Flow Cytometry (IFC), however, combines the imaging capabilities of
fluorescence microscopy with the high-throughput data collection of conventional flow
cytometry, enabling the collection of large data sets preserving spatial fluorescence
information [47]. The imaging flow cytometers available at present are the Amnis

ImageStream and EMD Muillipore FlowSight [47, 48], with the ImageStreamX Markll flow
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cytometer by Amnis the instrument discussed here unless otherwise specified. Similar to
conventional flow cytometers, IFC uses hydrodynamic focusing to flow single cells in a
straight line past excitation lasers where the cells are trans-illuminated by the Brightfield light
source and orthogonally illuminated by fluorescence excitation lasers [47]. Light from
fluorescence excitation proceeds through a spectral decomposition element in which
fluorescence emission light is split by wavelength into different angles and focused onto
separate locations on CCD detectors [47]. Therefore, each cell can be represented by images
containing fluorescence information of different wavelengths as well as side-scatter and
transmitted Brightfield light, giving not just fluorescence information, but information on the

cell’s granularity (side-scatter) and size (forward scatter) [47].

IFC data from the Amnis ImageStreamX Markl| is processed using the Amnis IDEAS
program, which compared to other flow cytometry analysis programs (such as CellProfiler
and FCSExpress) enables more customizable masking methods and the ability to generate
more varied analyses based on diverse criteria [48]. Fluorescence compensation is performed
on all images in order to subtract spectral bleedthrough into other detection channels. The
utility of IFC for determining cellular uptake of fluorescent proteoliposomes was investigated

and compared to confocal fluorescence imaging.

2.3.2—Imaging Flow Cytometry: Ensuring quality data

As meaningful IFC fluorescence data is predicated on obtaining high-quality images of the
cells, any investigation into particle internalization must include measures to ensure image
quality. Flow cytometry provides certain challenges to obtaining high-quality images of cells
that are non-existent in typical fluorescence microscopy due to the fact that in flow

cytometry, suspended cells are in a state of constant flow prior to and during fluorescence
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excitation and signal collection. The rate of flow must be kept at a speed high-enough to
permit the rapid collection of fluorescence data while still enabling cell positioning within the
focal volume of excitation lasers. Cells that deviate from expected positioning with relation to
the excitation volume may appear blurred if they are too far back or forward when flowing
past excitation lasers, or may even be partly out of the image frame. As IFC produces data
collection for a large number of cells, many images may not meet quality standards and must
be removed prior to data analysis. IFC uses gates in order to designate certain populations of
cells based on analysis criteria, which enables the evaluation of each cell based upon various
aspects of image quality. Important requirements to ensure quality images include that each
analysed cell is in-focus and fully in the image, a single cell, and that the focal volume
captures the center of the cell. In order to select cells that meet these criteria out of the total
number of cells imaged (potentially many thousands or tens of thousands), gates are set to
select cell populations based on Brightfield RMS Gradient, Brightfield Aspect Ratio and
Area, and Nuclear staining (Figure 6) [49]. The initial criterion, Brightfield RMS Gradient,
ensures that cells are focused by measuring the contrast of cell borders with the extracellular
sheath flow medium; cells that are in-focus will have a defined, high-contrast border at their
edges, while out-of-focus cells show blurriness at their edges. By measuring the Brightfield
RMS Gradient across each image, blurriness manifests as a low value while sharp contrast
results in a high value. Therefore a gate can be set to select cells with a high Brightfield RMS
Gradient value (typically 50 or above, validated for cell focus by eye). Next, single cells are
selected from the population of in-focus cells by analysing the Brightfield area with its aspect
ratio. A Brightfield mask is applied to each cell image in order to cover the cell while
excluding the extracellular volume, and the area and aspect ratio (a measure of its ellipticity
or circularity) [49] are calculated for each cell. Multiple cells stuck together will typically

show a high area compared to the general population as the mask will cover the clump of
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cells as a single unit; therefore, it is best to exclude cells that are outside the majority
population range for Brightfield area. Similarly, a high aspect ratio implies a cell is circular,
as is expected for suspended HeLa cells, while low aspect ratios indicate elliptical cells and
may imply either two cells adhered together or that a singlet cell was incompletely captured
in the image. Finally, after focused, centered singlets have been selected out of the total
population of imaged cells, a histogram of DAPI fluorescence intensity may be plotted in
order to ensure the presence of a strongly-staining nucleus as weak or non-existent nuclear
fluorescence may imply the focal volume is not centered within the cell or that the object
imaged is not a stained cell at all. Typically 5000 cells are imaged per condition with
approximately 2000 cells meeting criteria for in-focus, nucleated singlets. One consideration
is whether this type of quality control could exclude cell populations of biological interest. In
general, out of focus cells result from physical effects of the flow cytometer. The
overexpression of surface adhesion molecules such as CEACAM1, however, could result in a
higher propensity for cells to adhere. For this reason, cells are lifted by both chemical means
and mechanical disruption in order to minimize cell clumping. Additionally, for experiments
in which cell nuclear staining might be disrupted, such as after the delivery of the therapeutic
compound doxorubicin, the step of gating on cells with DAPI fluorescence is skipped, since
delivery of the compound could change DAPI staining and cells demonstrating these effects

should still be analysed.

2.3.3—Imaging Flow Cytometry: Developing image masks to identify cell-surface from

internalized fluorescence

Once images of high-quality have been selected, the cells can be analysed by a diverse set of

criteria depending on the questions being asked. As the major question for this chapter is how
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best to determine surface-bound from internalized particles, a method was sought to
distinguish fluorescence from these two regions in IFC images. Amnis IDEAs software
enables researchers to design a diverse array of novel masks and quantitative algorithms
(called Features) in order to measure a large number of cell parameters [47]. Examples of
parameters able to be measured in this way include fluorescence intensity, fluorescence area,
spot count, fluorescence minima and maxima, fluorescence colocalization, among many
others. Before any Feature is designed to quantitatively evaluate a particular parameter, such
as intensity within a fluorescence channel, a mask must be designed and designated for that
Feature. Image masks enable certain components of the cell image to be demarcated
according to set criteria; if Features are the program instructions for what researchers want
done, image masks are the markers designating where and to what components of the image
each Feature will apply. A mask, for instance, may be defined in order to demarcate
fluorescence intensity within a particular detector channel (for example, Channel 7, which
includes DAPI emission, collects fluorescence signals emitted between 420-505 nm), while a
separate mask may designate intensity within a different channel (for example, Channel 3,
which collects fluorescence signal between 560-595 nm and includes Dil fluorescence
emission). By using masks, different components of an image, such as separate fluorescence
signals, can be defined and identified, enabling their quantification with a particular Feature.
Developing a particular masking strategy can incorporate a number of criteria combined
together in order to designate very specific image components for analysis; for example, a
mask can be applied not just to fluorescence from a particular detector channel, but may
incorporate spatial criteria, criteria for shapes, fluorescence intensity, colocalization, and
many other variables. In this way, a mask could be used to designate fluorescence intensity of
a specific detector channel that falls within a certain intensity range, or is located within a

certain location of the cell, or even is located within or separate from a different mask
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defining a different image component. Image masks define every component of what is
measured, and the development of appropriate masking strategies is crucial to meaningful

data analysis [48].

In order to distinguish internal from surface-bound particles, the most important criteria is
defining these two spaces within cell images. The Brightfield channel is helpful in defining
these regions within the image, as this channel contains information pertaining to cell size
and basic topology. The Brightfield channel can even indicate the location and thickness of
the plasma membrane as the difference in refractive index between the plasma or nuclear
membrane compared to the cytosol and extracellular buffer can enable the visual demarcation
of these bilayers when transmitted light passes through them [50]. In order to define an
internal from external compartment for the cell, a Brightfield mask can be applied to the
entirety of the cell starting at the plasma membrane; this mask can then be shrunk in order to
exclude the membrane from this defined internal compartment. Several methods exist to
shrink the Brightfield mask past the cell membrane, although the most useful are by
manipulating the mask in order to Erode it in from the full Brightfield mask by a defined
number of pixels (typically 4-5 pixels) [48], or by using Adaptive Erode in order to shrink the
Brightfield mask to a defined percent of the original mask while retaining the original mask
shape. Adaptive Erode in IDEAS was used instead of Erode because it better incorporates
variations in cell shape as shown in the Brightfield channel and as picked up by the original
Brightfield mask. In order to define internal from surface cell compartments, CEACAM1+
HeLa cells were detached with 2 MM EDTA in PBS and fixed in PFA before being stained
by an anti-CEACAM antibody and counterstained by a secondary fluorescent antibody.
Following staining, antibody fluorescence can be assumed to exist exclusively on the cell
surface as these cells were not permeablized during the experiment, and therefore the internal

cell compartment was unavailable for antibody binding. These cells can then be used to
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validate Brightfield masks following various levels of Adaptive Erode being applied. For
instance, an uneroded Brightfield mask will cover the entire cell as defined by its Brightfield
image, and thus antibody fluorescence quantified using such a mask would count all of the
surface-bound antibody within the mask; such a mask is therefore an inappropriate
demarcation of internal fluorescence. As the Brightfield mask shrinks in, however, using the
Adaptive Erode algorithm, the mask will include less area at the cell periphery; as the mask
excludes more of the peripheral cell surface, the Adaptive Eroded mask becomes a more
accurate definition of the internal compartment. Therefore the challenge becomes to define an
internal mask that measures exclusively internal fluorescence (since counting surface
fluorescence as internal fluorescence can generate false conclusions), without becoming too
restrictive with defining the internal compartment and thereby excluding legitimate internal
fluorescence from analysis. The analysis of surface antibody fluorescence was determined,
therefore, using a range of Brightfield masks defined as a percent of the full Brightfield mask,
ranging from 100% down to 75% Adaptive Erode of the full Brightfield mask (Figure 7).
Once an internal mask is generated, a surface mask can be made by defining it as the area of
the full Brightfield mask minus the area of the Adaptive Erode internal mask. Since antibody
fluorescence on unpermeablized cells should be measured as entirely or nearly entirely at the
cell surface, Adaptive Erode masks can be evaluated for their accuracy in defining an internal

compartment.

The results indicate that the Brightfield mask that was most heavily Adaptive Eroded (75% of
the full Brightfield mask) most accurately defines the internal compartment. Not surprisingly,
the non-eroded Brightfield mask (100% of full mask) reports all antibody fluorescence as
falling within the mask. As the mask is eroded inward and excludes more of the surface, the
amount of antibody fluorescence counted within the internal mask decreases, with the most

substantial decrease between the range of 90 to 80% Adaptive Erode. At the same time, the
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antibody fluorescence counted as within the mask defined as the surface mask (full
Brightfield minus the adaptive eroded internal mask) increases as the internal mask shrinks
inward, reaching nearly 100% of antibody fluorescence accurately counted as surface
fluorescence when the internal mask is defined as 75% Adaptive Erode of the full Brightfield
mask. This result may seem overly stringent, as the membrane bilayer assuredly does not
encompass the outer 25% of any HeLa cell, but the curvature of the cells and overflow of
strong fluorescence signal into nearby pixels apparently necessitates tight masking. This
result is similar to a previously reported study [48] in which the cellular internal compartment
was defined as a 60% Adaptive Erode of the Brightfield mask. These results show that
surface fluorescence can in fact overflow surprisingly far into cells, which may be a concern
for studies using less restrictive internal masking (for example, using Erode to shrink the
internal mask through the membrane in the Brightfield channel by only 4 pixels [51]), since
surface fluorescence may be inaccurately counted as internalized. Importantly, the use of
restrictive definitions when designing internal masks for experiments may result in true
internalized fluorescence not being counted as internalized if it does not fall within the
conservative 75% adaptive erode mask, since fluorescence outside the 75% adaptive mask
could be either internal or surface fluorescence. Thus, quantification of internal fluorescence
using a 75% adaptive erode mask may significantly underestimate true internal fluorescence
if large amounts of true internal fluorescence fall outside the 75% adaptive erode mask.
Underestimating internal fluorescence in this manner is necessary, however, in order to

ensure that true surface fluorescence is not inaccurately counted as internalized.

In order to validate the developed masking strategy in the context of liposomes, CEACAM1+
HeLa cells were again lifted and fixed with 4% PFA before this time being exposed to Opaso
proteoliposomes containing Dil. As these cells were unpermeablized and fixed prior to

liposome exposure, liposomes would be unable to internalize and should be entirely counted

73



as surface-bound. Similar to using the a-CEACAM antibody, liposomes on the surface of
pre-fixed HelLa cells were falsely counted as internalized when the Brightfield mask was not
sufficiently shrunk by Adaptive Erode, while an internal mask defined as 75% of the full
Brightfield mask excluded nearly all surface fluorescence from being quantified as internal
and was therefore determined to be the most accurate (Figure 8). Since liposomes should
appear as fairly-bright punctae compared to their surroundings, the Adaptive Erode masks
generated from the Brightfield image were combined with a mask to better exclude non-
liposomal background fluorescence. The fluorescence intensity of each pixel in these images
is defined as a value between 0-4095, so an Intensity Threshold mask was applied to the cells
in order to only quantify fluorescence between 100-4095 for each pixel, which was
determined to exclude background fluorescence. This Intensity Threshold mask was
combined with the Internal or Surface masks so that both intensity and spatial criteria were

met prior to quantification.

2.3.4—Imaging Flow Cytometry: Developing image masks for spot counting

While measuring fluorescence intensity is the most straightforward method to analyse
liposomes in the context of HeLa cells, other strategies can also be informative and
complement fluorescence quantification. For small fluorescent particles like liposomes, spot
counting may serve to validate fluorescence intensity quantification and provide additional
information [52]. Spot counting involves defining groups of adjacent pixels containing
fluorescence as spots, which may indicate a single fluorescent particle or a cluster of particles
(as may occur in endocytic vesicles such as lysosomes). Masks must be developed in order to
define spots before they are counted. One complication in defining spots is in determining

how to delineate spots when they exist as large patches of fluorescence within or on cells. To
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this end, a basic bright spot mask (defining a spot as cluster of bright pixels compared to
background) was combined with a peak mask in order to better define spots not just as bright
areas against a dim background, but as clusters of bright pixels that may be surrounded by
non-background fluorescence. For instance, three bright spots in close proximity to each
other may appear to the eye as one large patch of fluorescence due to the overflow of each
spot’s fluorescence into neighbouring pixels. A peak mask, however, can be used to
demarcate each spot individually [48]. The combination of a basic spot mask to identify
clusters of bright pixels, with a peak mask, which enables identification of spots within
patches of unbroken fluorescence, allows for sensitive spot quantification for each cell. It is
important to validate that spot masks accurately identify individual punctae and that reported
numbers of spots for cells match the best evaluation by eye. This was done for spot masks
applied to the pre-fixed HeLa cells exposed to Opa proteoliposomes and spot counts were
deemed to match visual evaluation (Figure 9). Upon developing a masking strategy to
accurately count spots, spot masks were combined with internal and surface Brightfield
masks in order to evaluate if changes in internal and surface spot count match the pattern seen
with fluorescence intensity upon applying different Adaptive Erode masks. The results for
internal and surface spot counts are in strong agreement with fluorescence measurements,
with liposome spots being erroneously counted as internal when less stringent Adaptive
Erode masks are used to define the internal compartment, while a 75% Adaptive Erode mask
combined with spot and peak masks reports nearly all spots being surface-bound (Figure 10).
Interestingly, unlike fluorescence intensity measurements, which altered not the total cellular
Dil fluorescence intensity from one Adaptive Erode percent to another, but only the
proportion of intensity defined between internal and surface compartments, it was discovered
that varying the Adaptive Erode percent significantly alters not just the ratios of internal to

surface spots, but also the total number of spots counted. For instance, when the internal
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compartment is defined as 100, 95, or 75% of the full Brightfield mask, so that all or nearly
all punctae are counted as internal (for 100, 95%) or surface (for 75%), the total number of
spots counted is nearly the same for all three mask definitions. Between 90 and 80%
Adaptive Erode, however, the total number of spots increases, with the highest number of
spots counted when the internal mask is defined as 85% of the full Brightfield mask. This is
likely due to the fact that within these ranges, spots that fall exactly on the demarcation line
between internal and surface are likely split into two and assigned to both compartments, so
that a single spot, half located within the internal mask and half located within the surface
mask, might have these two arbitrary halves inaccurately counted as two separate spots.
Another way of representing this data is shown in Fig. 10B which shows spots inaccurately
counted as internalized for each adaptive erode mask as a percent of total spots counted

within the population (approximately 6.8 spots per cell).

Because strong agreement exists between masking strategies which were used to quantify
surface CEACAM antibody fluorescence, surface proteoliposome fluorescence, and liposome
spot count, an Adaptive Erode mask set to 75% of the full Brightfield mask was determined
with high confidence to quantify internal fluorescence accurately, while almost fully

excluding surface fluorescence from analysis.

2.4—Comparison between applicability of confocal fluorescence microscopy and imaging

flow cytometry for quantifying internalized versus surface-bound particles

Of the two techniques surveyed in this chapter, both confocal fluorescence microscopy and
imaging flow cytometry are able to discriminate between internal and surface liposome
particles within the context of transfected HeLa cells. Confocal fluorescence microscopy

enables high-resolution imaging of a variety of focal planes spanning the full vertical axis of
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HeLa cells. When combined with effective membrane stains, these images can be used to
form z-stacks enabling individual fluorescent punctae to be analysed for localization within
or adjacent to the cell membrane. Despite these powerful capabilities, significant difficulties
in consistently staining cell membranes complicated imaging. As adherent HeLa cells lie
relatively flat and extend large membrane protrusions for attachment to glass coverslips and
adjacent Hela cells [28], liposomes are not necessarily localized exactly within or on the cell
body, but can be attached to or internalized into these extensive protrusions. These
projections from the cell body can be difficult to cleanly image using certain membrane
stains. Finally, the significant amount of time required to obtain and analyse data, the limited
number of cells that can be analysed in this fashion, and the potential for bias in determining
liposome internalization suggested that alternative approaches to investigate internalization

may be warranted.

In light of the many difficulties involved with confocal imaging, flow cytometry arose as an
imaging alternative whose strengths addressed many of the difficulties encountered.
Although the 60x, 0.9 NA objective of the ImagestreamX Markl1 is slightly lower resolution
than the 63x, 1.4 NA objective used to analyse cells with the Zeiss LSM 700 confocal
microscope, the high-sample throughput and automated data analysis with IFC improved data
collection and increased confidence in the meaningfulness of results. Further, the masking
strategy to determine particle internalization was shown with fixed cells to work well with the
Brightfield channel alone, which diminished the need to stain cells with membrane dyes.
Therefore, with a clear and proven masking strategy to determine particle internalization,
imaging flow cytometry was made the primary technique to investigate Opa proteoliposome

binding and uptake into HeLa cells, which is the focus of the succeeding chapters.
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Figure 6. Gating strategy to select in-focus singlet cells. To ensure quality images, a gate is
applied to the Brightfield Root Mean Square (RMS) Gradient, which measures contrast at cell
edges, to select in-focus cells. Singlets are then selected from focused cells by plotting cell
Aspect Ratio (measuring ellipticity) against cell Area (measuring size) in the Brightfield
image, as single cells should be round and smaller than aggregated cells. Finally, nucleated
singlets are selected by gating on DAPI fluorescence intensity. In images, cells are shown in

Brightfield with nuclear DAPI staining depicted as purple fluorescence. Red text indicates

examples of rejected cells.
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Figure 7. Masking strategy to measure surface antibody fluorescence. (A) Masks (blue)
were designed to demarcate internal from surface cell compartments based on Adaptive
Erode (100-75%) in the Brightfield channel and then validated by measuring the fluorescence

of a surface CEACAM antibody (yellow). (B) Surface-fluorescence inaccurately measured as
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internal fluorescence was lowest with a 75% adaptive erode Brightfield mask defining the

internal compartment. Approximately 500 cells were analysed. Error bars represent 95% C.I.
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Figure 8. Masking strategy to measure surface liposome fluorescence. (A) As in Figure 6
above, masks (blue) demarcating internal and surface compartments were designed based on
Adaptive Erode (100-75%) in the Brightfield channel and validated by measuring the

fluorescence falsely-categorized as internal for surface fluorescent proteoliposomes (yellow)
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given to pre-fixed HeLa cells. (B) A 75% adaptive erode mask resulted in the lowest levels of

surface-fluorescence being called internal fluorescence. Error bars represent 95% C.1.
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Figure 9. Validating spot masks and quantification of fluorescent punctae. In order to
generate useful spot masks for accurate spot counting, masking (red) of spots representing
proteoliposomes (yellow) can be validated by eye along with their quantification by a spot-
count algorithm in IDEAS. Automated spot-counts match counts by eye, suggesting that spot

masks and spot counts accurately quantify punctae.
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Figure 10. Validating masking strategy to measure surface liposome spot count. (A) In
addition to validating internal and surface masks for surface-bound liposomal fluorescence
intensity, a spot count algorithm can be applied to the different adaptive erode Brightfield
masks (100-75%) demarcating internal and surface compartments of the cell. Adaptive Erode
masks set to 75% of the full Brightfield mask accurately reflects low internalized and high
surface particles. Error bars represent 95% C.1. (B) Alternatively, spots inaccurately counted
as internal may be represented as a percent of the total spots for the population

(approximately 6.8 spots per cell counted with 100% Brightfield masks).
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Chapter 3—Investigating liposome interactions with CEACAM+ HeLa cells

3.1—Introduction to question

Upon selecting imaging flow cytometry as the primary technique to investigate Opa-
proteoliposome/CEACAM interactions, a method was developed to determine internal versus
surface-adhered liposomes. The development of internal and surface cell masks allows us to
identify with confidence internalized from surface-bound liposomes and enables the
investigation of liposome and cell interactions. Using this method, two major questions are
investigated in this chapter: do Opa proteins promote proteoliposome internalization into

cells, and how are cellular interactions of proteoliposomes mediated by CEACAM?

3.2—HelLa model cell line

3.2.1—Considerations of choosing HeLa cell line

Early experiments looking at Opa proteoliposome interactions with CEACAM+ HeLa cells
involved using three different types of cells. First, HeLa cells were provided by the lab of
Scott Gray-Owen at the University of Toronto, which were stably-transfected to express
recombinant CEACAM1, CEACAM3, CEACAMS5, CEACAMG6, CEACAMS, as well as a
vector control line which does not overexpress CEACAM [1]. Secondly, HeLa CCL-2 cells
were procured from ATCC and, using lipofectamine, were transiently transfected in-house
with pMSCYV plasmids coding for the above CEACAMSs, as well as an empty pMSCV
plasmid for vector control. These plasmids were also provided by the Gray-Owen lab.
Successful transfections were selected for using puromycin dihydrochloride. Thirdly, Chinese
Hamster Ovary (CHO) cells were transfected with the same pMSCV plasmids and selected
for with puromycin as well. With a focus on testing Opaso proteoliposome interactions in

cells expressing CEACAML1 compared to vector control cells, the transiently-transfected
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HeLa and CHO cells resulted in significantly lower a-CEACAM antibody staining and lower
Opa proteoliposome fluorescence values compared to the stably-transfected HelLa cells (data
not shown). Stably-transfected HeLa cells were selected as the primary cells for
proteoliposome experiments, due in part to their higher a-CEACAM staining and Opa
proteoliposome fluorescence values, as well as due to the desire to compare liposome binding
and internalization results with previously-published results investigating Neisseria
gonorrhoea interactions, which were carried out in the same stably-transfected HeLa cell
lines [1]. An important consideration for working with these cells was the level and
consistency of CEACAM expression across the cell lines that would be tested, including
CEACAML1, CEACAMS, and control cells. As expected, staining of CEACAM1+ and
CEACAMS3+ HeLa cells resulted in higher a-CEACAM antibody fluorescence values
compared to control cells, with CEACAM1+ cells giving average fluorescence values
approximately 4.3 times higher than the antibody staining of control cells, and CEACAM3+
cells giving fluorescence values approximately 1.85 times higher than control values (Fig. 1).
Despite these differences in relative values, the higher antibody staining present on
CEACAM1+ cells compared to CEACAM3+ cells may not fully indicate higher CEACAM
expression levels, but may result in part from differences in antibody affinity for the two
CEACAM types. CEACAM1+ Hela cells resulted as well in broader staining than
CEACAM3+ cells, with some CEACAM1+ cells showing a surface CEACAM staining
intensity comparable to CEACAM3+ cells, and some CEACAM1+ cells showing
considerably higher a-CEACAM fluorescence staining. Growth conditions for the HeLa cells
can affect expression levels of different CEACAMs, as CEACAM1+ HelLa cells can decrease
CEACAM expression when they are kept at high confluence for extended periods of time,
while control cells may begin to express CEACAM on their surface when kept too confluent

(data not shown). Thus, in order to ensure consistent CEACAM expression for all cell lines,
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HelLa cells are split before reaching 80% confluence and cells are discarded after they reach

25 passages.

3.2.2—Validating HeLa lines with E. coli expressing Opal

In order to validate that the model HelLa lines performed as expected, stably-transfected
CEACAM1+, CEACAM3+, and control HeLa cells were incubated with BL21 (DE3)
Escherichia coli cells transformed with a pEX plasmid coding for either MS11 Opal or an
empty control plasmid. Cells were grown under selection with ampicillin but without protein
induction in order to prevent over-expression of Opa proteins. In addition, Dil was included
in the LB media to enable its incorporation into cell membranes as the E. coli grow. After
growing overnight, E. coli were centrifuged and washed several times with fresh LB before
being given to HelLa cells at a MOI of 50 cfu/cell. E. coli uptake into HeLa cells was
analysed using spot count masks and an internal mask in order to determine the average
number of fluorescent punctae per cell (Fig. 2). As expected, E. coli expressing Opal
internalized into CEACAM1+ and CEACAM3+ Hela cells at levels significantly higher than
E. coli transformed with a blank control plasmid. Compared to control bacteria, there was a
slightly-higher internalization of Opal+ E. coli into control cells, although in control cells
internalized punctae of both Opal and Opaless control E. coli were significantly lower than
bacterial internalization into either CEACAM1+ or CEACAM3+ Hela cells. There was a
slight increase in uptake of Opal E. coli compared to control E. coli in CEACAM3+ cells,
and a more significant increase in CEACAM1+ cells, suggesting that Opal most effectively
promoted bacterial uptake into HelLa cells when engaging CEACAML. These results
demonstrate that the HelLa cell lines used in this and subsequent experiments with liposomes

can engage Opa proteins in binding interactions that are able to lead to internalization.
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Important differences exist between bacteria and liposomes which may result in variations in
internalization processes between the two systems, and these differences should be
considered when comparing Opa proteoliposome binding and uptake to that of Opal+ E. coli.
The clearest difference is the size and shape difference between E. coli, which are ~2.0 pm
long and elongated [2], compared to liposomes, which are spherical and typically less than a
few hundred nanometers in diameter [3]. Other important differences between E. coli and
proteoliposomes include the substantial protein and lipid heterogeneity on the Gram-negative
BL21 (DE3) E. coli membrane, such as the presence of lipopolysaccharide (LPS) [4], a high
molecular weight complex similar in composition to Neisserial lipooligosaccharide (LOS).
LOS has been shown to bind Opa proteins on the surface of Neisseria [5], and similar
interactions between E. coli LPS and Opal may therefore modulate CEACAM interactions

which would be absent in proteoliposomes.

3.3—Considerations of negative control liposomes

3.3.1—Potential negative control liposomes

In order to determine what role Opa proteins play in proteoliposome uptake into cells,
negative control liposomes lacking functional Opa proteins needed to be generated and
analysed for applicability. Proteoliposomes containing recombinant Opaso (OpaA from
Neisseria gonorrhoeae strain MS11), which is thought to not interact with CEACAM
proteins [6], were evaluated as potential negative control liposomes . Additionally, non-
proteinaceous liposomes were also evaluated as negative-control liposomes. Surprisingly,
liposomes expected to serve as negative controls gave internal fluorescence values
comparable to or even higher than values of Opaso proteoliposomes when exposed to

CEACAM1+ and control HeLa cells. The high cell fluorescence values of liposomes
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containing Opasp were thought to possibly result from non-CEACAM interactions on the cell
surface, since Opaso, while not binding CEACAM proteins, does interact with heparan sulfate
proteoglycans (HSPGs) [6]. HSPGs are glycoproteins composed of long anionic heparan
sulfate chains containing N-acetylglucosamine and glucuronic acid, which attach to a protein
core. This protein core may attach to the cell surface as a transmembrane protein (as in
syndecans) or with a GPl-anchor (as in glypicans) [6]. HSPG proteins are similar to
CEACAM proteins in that they can serve as cell-signal transducers and be involved in cell-
cell attachment, and can in fact be present on HeLa cells in the forms of Syndecan-1 and
Syndecan-4 [7]. Therefore, the presence of HSPGs such as Syndecan-1 or Syndecan-4 on the
tested HeLa cells could result in high-binding and internalization of Opaso proteoliposomes in
a manner not dependent on CEACAM, but which precludes the use of Opaso proteoliposomes

as suitable negative-control liposomes.

In contrast to Opaso proteoliposomes, whose binding partner could be present on the tested
HelLa cells, the high non-specific internalization of Opaless liposomes had a less clear
explanation. Both proteoliposomes and non-proteinaceous liposomes were formed with
polyethylene glycol (PEG-1000 DMPE), a relatively high molecular weight, water-soluble
polymer conjugated to phosphatidylethanolamine (PE) lipids, which was present in the
liposomes at 5 mol%. The energy of steric repulsion of PEG polymers on nanoparticles has
been found to be comparable to or even exceed the bending energy of the membrane upon
endocytosis; therefore, in order to internalize PEGylated particles, ligand/receptor
interactions must usually overcome substantial steric repulsion of the PEG [8]. Because
liposomes without targeting moieties tend to lack specific interactions with cell surfaces,
overcoming this steric repulsion is considerably more difficult, and PEGylated liposomes
without targeting ligands are frequently expected to not internalize well in most cellular

contexts. For instance, previously-published investigations into uptake of various liposomes
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generally report that liposomes containing surface PEGs and/or lacking targeting ligands
typically demonstrate lower uptake into cells in culture and in vivo, including investigations
using J774 macrophages [9], alveolar macrophages[10], KB tumour cells [11], human
hepatoma (HepG2) cells [12], J6456-FR lymphoma cells [13], and Her2-overexpressing
cancer cells [14]. Liposomes containing water soluble polymers on their surface such as PEG
experience steric shielding of their surfaces, which subsequently reduces protein interactions
with liposome bilayers, including protein interactions that result in opsonisation by the
reticuloendothelial system [15, 16]. Therefore, the high non-specific uptake of non-
proteinaceous liposomes into the HeLa cells tested warranted further investigation to
understand the cause of this uptake before proceeding, which is the topic of the following

section.

3.3.2—HeLa cell uptake of non-proteinaceous liposomes

One force potentially driving non-specific liposome interactions with cells can be the
enhanced membrane fusogenicity common with small unilamellar vesicles (SUVs). As the
size of small vesicles decreases, the lipid packing in the bilayer is altered in a manner that
disorders the acyl chains, increases the depth of water permeation into the lipid bilayer, and
decreases the membrane melting temperature (Tm) [17]. The destabilization of ordered lipid
packing in vesicles of small sizes tends to increase the free energy of the system, referred to
as curvature strain, which can promote membrane interactions of the small vesicle with other
lipid bilayers and proteins [17-19]. It is important, therefore, to consider whether non-
proteinaceous liposomes could be interacting and internalizing into cells through a non-
specific, non-active uptake process such as membrane fusion followed by membrane

recycling [20] or whether other internalization process are involved.

94



In order to investigate non-specific uptake of non-proteinaceous liposomes, fluorescent
liposomes of different diameters were created by extrusion through polycarbonate
membranes with varying pore sizes (30, 100, 200, and 400 nm). Liposome sizes were
confirmed through dynamic light scattering and are reported in Table 1. These non-
proteinaceous liposomes were then incubated with control, CEACAM1+, and CEACAM3+
HeLa cells and the internal and surface liposomal fluorescence values were determined for
each type of HeLa cell (Fig. 3). Internal fluorescence values reflect liposomes that were taken
into the cells, while surface fluorescence values may reflect liposomes that adhered to the
membrane or components on the membrane (such as proteins or carbohydrates), or through
membrane fusion between the liposomes and cell surface. The results show a clear inverse
correlation between liposome size and internal fluorescence values of liposomes within cells.
Internal liposomal fluorescence values for all three HelLa lines were highest after incubation
with non-proteinaceous liposomes of 30 nm diameter, while the lowest non-specific internal
fluorescence values were seen after incubation with liposomes extruded through 400 nm
pores. Liposome incubation with CEACAM3+ Hela cells generally resulted in lower internal
and lower surface fluorescence values than with either control or CEACAM1+ cells,
suggesting that perhaps the surface of these cells was less amenable to non-specific liposome
interactions, or perhaps that with these CEACAM3+ cells, non-specific surface interactions
on average resulted in lower liposome internalization. Also apparent is a significant decrease
in both surface and internal fluorescence values between liposomes extruded through 100 nm
and 200 nm pore membranes. If non-specific liposome binding and uptake largely results
from adhesion and fusion with cell membranes, this sudden and significant drop may be due
to a much lower curvature strain in liposomes extruded through larger pores. Other
mechanisms exist through which non-proteinaceous liposomes may internalize into cells,

however, which would not require liposomes to fuse with cell membranes. One possibility
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could be liposomal uptake through macropinocytosis (see 1.5.2), a process normally used by
cells for non-specific internalization of extracellular fluid. Macropinocytic uptake is not
receptor mediated and involves the actin-driven formation of membrane ruffles on the surface

of cells that form pits which later pinch off and internalize into the cells [21].

To investigate how the internalization process of Opaless liposomes compares to Opa
proteoliposomes, competition experiments were undertaken between 200 nm fluorescent
Opaseo proteoliposomes and excessive (5X) concentrations of either non-fluorescent Opaso
proteoliposomes or non-fluorescent Opaless proteoliposomes. If cells are pre-treated with
non-fluorescent Opaso proteoliposomes and then incubated with both fluorescent Opaso
proteoliposomes and non-fluorescent Opaso proteoliposomes, cellular internal fluorescence
could be expected to be lower than if cells are simply exposed to fluorescent Opaso
proteoliposomes. Such a decrease in fluorescence is reasonable if internalization is mediated
by CEACAM proteins, since there exist finite CEACAM proteins on the cell surface, and
binding locations on CEACAM occupied by non-fluorescent proteoliposomes instead of
fluorescent proteoliposomes should result in decreased internal fluorescence. In contrast,
however, if cells are pre-exposed to non-fluorescent, non-proteinaceous liposomes and then
exposed to fluorescent Opago proteoliposomes along with non-fluorescent non-proteinaceous
liposomes, it was hypothesized internal fluorescence would be marginally-decreased or
unchanged. This assumes Opaso proteoliposomes engage CEACAM while Opaless liposomes
do not, since there should exist little competition with Opaless liposomes for internalization if
different pathways are used for uptake between proteoliposomes and non-proteinaceous
liposomes. This also assumes non-fluorescent Opaless liposomes would not engage and block
binding sites on CEACAM proteins, which is reasonable considering there has been no
evidence to date that the binding termini of CEACAM proteins engage membranes directly.

Surprisingly, pre-incubation of both non-fluorescent Opago proteoliposomes and non-
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fluorescent Opaless liposomes served to fully inhibit cellular internal fluorescence of
fluorescently Opaeo proteoliposome (Fig. 4). This result shows that nearly all of the internal
fluorescence of Opaso proteoliposomes in this context results from internalization pathways
that can be out-competed using non-proteinaceous liposomes, suggesting that both Opaso
proteoliposomes and Opaless liposomes can internalize into CEACAM1+ and control HeLa

cells through the same, likely non-CEACAM-mediated pathways.

The finding that Opaso and Opaless liposomes can internalize through the same competable
pathway gives insight as to how these liposomes may be internalizing. That the
internalization of fluorescent proteoliposomes is competable by using non-proteinaceous
liposomes suggests that these liposomes are not internalizing following membrane fusion to
HeLa cells, as such a process should not be so strongly competable since the HelLa cell
surface is a comparatively large area. The major non-specific internalization pathway most
likely to be accessible and shared between Opaso and Opaless liposomes therefore involves
liposomal internalization alongside bulk extracellular fluid through non-receptor-mediated

macropinocytosis.

3.3.3—Macropinocytic uptake of liposomes

In order to investigate whether macropinosomes are involved in the non-specific
internalization of Opaless liposomes, cells were pre-treated with the inhibitor Ethylisopropyl
amiloride (EIPA). This amiloride derivative inhibits the Na+/H+ exchanger (NHE) found on
the membranes of cells which is believed to be required for actin-driven ruffling of the
membrane; inhibition of NHE lowers the submembranous pH and thereby interferes with the
actin remodelling and membrane ruffling necessary for macropinocytosis [22, 23]. Inhibition

of NHE in CEACAM1+, CEACAM3+, and control HeLa cells was investigated in order to
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determine if macropinocytosis was a contributor to non-specific liposome uptake (Fig. 5).
The results show that the uptake efficiency (defined here as internal fluorescence intensity of
liposomes divided by surface fluorescence intensity) of Opaless liposomes was inhibited by
treatment with EIPA, suggesting that macropinocytosis plays a role in non-specific liposome
uptake. Further, EIPA generally exhibited a greater effect on uptake efficiency with smaller
compared to larger liposomes. For instance, EIPA given to cells before exposure to 30 nm
Opaless liposomes significantly inhibited liposome uptake into control, CEACAM1+, and
CEACAM3+ cells. EIPA-treated cells exposed to 30 nm Opaless liposomes resulted in less
than half the internalization efficiency of buffer-control cells. In contrast, EIPA treatment of
cells prior to exposure to large 400 nm Opaless liposomes did not effectively inhibit liposome
internalization, as Opaless liposome internalization efficiency in treated control,
CEACAM1+, and CEACAM3+ cells was not significantly different compared to untreated
cells. These results suggest that in all three HelLa cell lines tested, Opaless liposomes
internalize at least in-part through macropinocytosis, but that the extent of macropinocytosis
regarding non-specific internalization is controlled by liposome size. These conclusions agree
well with the physiological role and physical properties of macropinosomes. Involved in non-
specific bulk fluid and nutrient uptake, macropinosomes are heterogeneous in size and range
from around two hundred nanometers up to several micrometers in diameter [24]. 30 nm and
100 nm liposomes would be expected to be able to access the full range of macropinosome
sizes prior to non-specific internalization, while larger liposomes might only be able to access

a more limited fraction of total available macropinosomes.

Additionally, differences between not just the fraction of macropinosomes accessible to
smaller liposomes, but also the increased number of smaller liposomes able to fit into
macropinosomes of a specific size can explain the significantly higher internal cellular

fluorescence values seen with the non-specific uptake of small liposomes. Referring again to
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the liposome diameters listed in Table 1, the number of lipids per liposome (Niipigs) can be
determined according to Equation 1, where d is the liposome diameter, h is the bilayer
thickness roughly approximated at 5 nm [25], and a is the lipid headgroup area approximated
as a PC headgroup of 0.71 nm? [25, 26]. Liposomes extruded through a membrane with a
0.03 pm pore size (resulting in a 47.8 nm diameter, d) are composed of approximately
1.64x10%* PC lipids per liposome. In contrast, the largest liposomes analysed in this
experiment were extruded through 0.4 um pores (d=298.4 nm) and contain approximately
7.69x10° lipids per liposome, nearly 47 times more lipids. Because Dil is at the same molar
concentration in all liposome preps, fluorophore interactions/quenching within the bilayers
should be similar regardless of liposome size and therefore show similar fluorescence yields
per Dil molecule. In light of the greater number of Dil molecules per large liposome,
however, liposomes of 400 nm diameter could be assumed to show ~47 times higher
fluorescence intensity per liposome than a 30 nm liposome.

[4n(g)2+4n[(g)_h]z]

a

Eqgn. 1 Nlipids =

Assuming each liposome is a sphere, the volume of a single 298.4 nm liposome extruded
through 400 nm pores is around 247 times the volume of a 47.8 nm liposome extruded
through 30 nm pores; therefore, while approximately 47 liposomes extruded through a 30 nm
pore are required to equal the fluorescence intensity of a single 400 nm-extruded liposome,
the small liposomes reach this equal fluorescence intensity in approximately 20% the volume.
The reduced volume requirement for smaller liposomes to equal the fluorescence intensity of
larger liposomes may partially explain the significantly higher fluorescence seen with uptake
of smaller non-targeted liposomes; in macropinosomes accessible to both 30 nm and 400 nm

liposomes, a greater number of small liposomes might be able to fit based on volume
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constraints, resulting in significantly higher fluorescence due to the more efficient

fluorescence intensity per volume occupied for smaller vesicles.

The high internal fluorescence values for Opaless liposomes and the finding that EIPA at
least partially inhibits the internalization of liposomes between 30 and 200 nm suggests that
non-specific internalization is likely due in part to macropinocytic uptake rather than
membrane fusion. Since macropinocytosis is stimulated by growth factors such as epidermal
growth factor (EGF) [27], this could also explain the observed result that cells incubated with
liposomes in serum-free media show lower internal fluorescence values than cells incubated
with liposomes in media supplemented with growth factor-rich fetal bovine serum (data not
included). Further, the sudden and significant decrease in internalization as liposomes
increase in extrusion size from 100 nm to 200 nm pores (actual diameters measured as 165
and 197 nm, respectively) seems unlikely to fully result from curvature strain and membrane
fusion alone, and suggests that macropinosomes on control, CEACAM1+, and CEACAM3+
HeLa cells are in effect fractionating liposomes around this size range, perhaps due to the

sizes of the available macropinosomes.

To confirm the presence of macropinosomes on the HelLa cells tested, the uptake of a fluid-
phase marker for macropinosomes was investigated. 70,000 MW fluorescent dextran is
internalized almost exclusively through macropinocytosis, and its internalization into cells is
usually a sign of non-specific bulk fluid-phase uptake [28]. Control, CEACAM1+, and
CEACAM3+ Hel.a cells all internalized 70K MW fluorescent-dextran when it was exposed
to them in the extracellular media. The highest fluorescent-dextran uptake was found in
CEACAM1+ Hel.a cells while the lowest dextran-uptake was in CEACAMS3+ cells (Fig. 6).
Cell pre-treatment with EIPA inhibited dextran uptake into control and CEACAM1+ cells but
not with CEACAMS3+ cells, confirming that for CEACAMZL1+ cells dextran uptake appears

driven by macropinocytosis.
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The results of dextran uptake into cells correlate with non-specific liposome uptake with a
few exceptions. Following incubation of Opaless liposomes with HeLa cells, the lowest
internal fluorescence values were typically seen in CEACAM3+ cells, which correlates well
with the low dextran fluorescence seen in CEACAM3+ cells. That CEACAM1+ cells
apparently took in significantly more 70K MW dextran correlates somewhat with the uptake
of Opaless liposomes between 100-400 nm in size, in which CEACAM1+ cells showed
internal liposome fluorescence values equal to or higher than either control or CEACAM3+
cells. One exception to this pattern appears to be the non-specific internal fluorescence values
of 30 nm liposomes, which were higher in control cells than CEACAM1+ cells. It is perhaps
unsurprising that CEACAML expression on HelLa cells seems to correlate with generally-
higher non-specific uptake of both liposomes and dextran. A number of commonalities exist
between molecular processes related to the activation of certain CEACAM proteins and
molecular processes that drive macropinocytosis within cells. Macropinocytosis is typically a
transient process driven by growth-factor stimulation and nutrient uptake [27, 29, 30].
Constitutive macropinocytosis can be induced, however, through overexpression of certain
signalling receptors on cells. For instance, overexpression of atypical protein kinase C
(aPKC) in HeLa cells was found to lead to Src activation, which resulted in growth-factor
independent macropinocytosis [29]. In light of the connection between macropinocytosis and
cell growth, the promotion of constitutive macropinocytosis with aPKC expression and Src
activation was hypothesized to partially explain the link between aPKC overexpression and
tumorigenesis [29]. As described in Section 1.3.3, CEACAM1 and CEACAM3 can engage
similar signalling pathways, with CEACAML1-L associating with the actin cytoskeleton and
promoting interactions with protein kinase C members while CEACAMS3, after Opa

engagement, induces Src protein tyrosine kinase activation and actin-reorganization [1, 31]. It
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is possible that overexpression of certain CEACAM proteins such as CEACAM1 might

support macropinocytosis in a manner similar to aPKC overexpression.

Interestingly, members of the cadherin family of homopbhilic cell-cell adhesion molecules,
which share many structural and functional similarities to CEACAM proteins, have been
shown to promote macropinocytosis [32]. This is thought to result from E-cadherin and N-
cadherin regulating closure of macropinocytic vesicles on the cell surface through cadherin-
cadherin adhesion across membrane ruffles. Additionally, N-cadherin was shown to promote
dextran uptake into cells [32]. It seems possible that a similar phenomenon could occur
within the context of CEACAM1+ HelLa cells, since CEACAML, similar to E-cadherin and
N-cadherin, engages in homophilic adhesion and regulates similar cell processes, such as cell
differentiation, proliferation, and migration. It is tempting to speculate therefore that that
abnormally high CEACAML expression within the context of the CEACAM1+ Hela cells
used here may help drive macropinosome closure within membrane ruffles in a manner
similar to cadherin adhesins. As CEACAM3 is not an adhesion CEACAM, but rather is used
by neutrophils to lure Neisseria into the cells for phagocytosis and killing, CEACAM3 might
not be expected to drive macropinosome closure in the manner that E-cadherin and N-
cadherin were found to do so. Thus, the self-adhesion properties of CEACAML1 but not
CEACAMB3 could explain in part the generally higher non-specific liposome uptake and
higher dextran internalization into CEACAM1+ cells. It remains unclear, however, why non-
specific uptake is higher in control cells than CEACAM3+ cells, even if non-specific uptake

into control cells is also generally lower than in CEACAM1+ cells.
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3.3.4—The development of Opa(HV-) proteoliposomes as negative control liposomes

As a result of these investigations, it was decided that further experiments into Opa
proteoliposome interactions with CEACAM would use proteoliposomes extruded through
400 nm pores for both Opaso proteoliposomes and negative control liposomes. Liposomes
extruded at 400 nm were shown to non-specifically internalize into cells at far lower levels
than liposomes of smaller diameters. Since these investigations focus on liposomal Opa-
CEACAM interactions, and not non-specific uptake of liposomes, it is desirable to keep non-
specific liposome uptake as low as possible to avoid confounding results when investigating
the relevance of Opa proteins to liposome uptake. From the findings reported here, it is
expected that employing liposomes of a larger size will help lower non-specific uptake and
more clearly enable differences in uptake to emerge between liposome populations which are

due specifically to Opa-CEACAM interactions.

Additionally, it was decided to pursue the use of proteoliposomes rather than non-
proteinaceous liposomes as negative control liposomes. Negative control proteoliposomes
containing a membrane protein that doesn’t bind CEACAM may better match the physical
properties of Opaso proteoliposomes than would non-proteinaceous liposomes. For instance,
the presence of membrane proteins within liposomes could alter the propensity of liposomes
to adhere to or fuse with other bilayers [33]. Thus, ensuring equal molar amounts of protein
in both assay and control liposomes more closely keeps the differences between Opago and
control proteoliposomes focused on the desired target of investigation: the activity Opa

extracellular loops.

In order to more closely match the physical properties of Opaso proteoliposomes, a membrane
protein was therefore sought which would enable non-binding proteoliposomes to be used as

a negative control. Opaso had been previously investigated but was found unsuitable due to
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high internalization, which may have resulted from cell-surface interactions with HSPGs. A
pET-28b plasmid based on the Opago plasmid was therefore generated in which the majority
of Opaso HV1 and HV2 regions, which are required for CEACAM binding, were removed
and replaced with a short, seven-residue section composed of glycine and serine residues
(GSGSGSG) (Fig. 7). Because HV1 and HV2 are required for CEACAM binding, the
hypothesis was that removing these sections would abolish CEACAM binding, allowing
Opa(HV-) proteoliposomes to serve as negative-control liposomes. A short glycine-serine
region was used to replace HV1 and HV2 rather than simply deleting HV1 and HV2 in order
to ensure that Opa(HV-) would retain some aspect of extracellular loops, however attenuated.
To generate this replacement region, glycine was included in order to prevent formation of
unexpected secondary structure, while serine was included in order to ensure this short
replacement section was hydrophilic. This rational is similar to why glycine and serine
linkers are frequently used in multidomain protein therapeutics, for which unexpected
binding interactions involving the linker must be avoided [34]. Opa(HV-) was found to
express in BL21 (DE3) Escherichia coli cells similarly to Opaeo and the purification and
folding protocol was the same (described in the Appendix). Due to replacing the large HV
regions of Opaso with a shorter glycine-serine linker section, the molecular weight of
Opa(HV-) decreased from ~29.4 kDa to ~22.5 kDa, and upon folding into liposomes,
Opa(HV-) was found to run on an SDS-PAGE gel as a single band approximately 5kDa
smaller than folded Opaeo (Fig. 8). Formation of Opa(HV-) proteoliposomes by extrusion
through 400 nm pores results in liposomes of comparable but slightly smaller size than Opaso
proteoliposomes, approximately 243 nm in diameter (23.2% polydispersity) compared to 290

nm (13.7% polydispersity) for Opaso.
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3.4—Interactions of Opaso and Opa(HV-) proteoliposomes with HeLa cells

3.4.1—Role of Opa in promoting proteoliposome interactions

In order to investigate Opa proteoliposome interactions with CEACAM+ HeLa cells, cells
were exposed for 15 minutes to Opaso and Opa(HV-) proteoliposomes extruded through 400
nm pores. Liposome exposure to cells occurred at 37°C at a phospholipid concentration of
0.2 uM. Following liposome exposure, cells were allowed to incubate further for 0, 1, 2, or 3
hours before being lifted and fixed in 4% PFA. Exposure of CEACAM1+, CEACAM3+, and
control HeLa cells results in significantly higher internalization of Opaso proteoliposomes
across the timecourse (Fig. 9) in all three cell lines compared to Opa(HV-) proteoliposomes
(Fig. 10). Importantly, because Opa(HV-) proteoliposomes were found to be slightly smaller
in diameter than Opaso proteoliposomes (243 nm to 290 nm, indicating an average liposomal
volume for Opa(HV-) proteoliposomes approximately 59% of Opago proteoliposomes), the
differences between Opaso and Opa(HV-) internalization may even be slightly conservative
since it was shown earlier that smaller liposomes non-specifically internalize at higher levels
than larger liposomes. Internalization of Opaso and Opa(HV-) proteoliposomes increased
across several hours following initial proteoliposome exposure, with internalization
plateauing after 2 hours in control and CEACAM1+ cells, while internalization continued to
increase up to 3 hours following proteoliposome exposure in CEACAM3+ cells. Other
experiments investigating liposome internalization have reported faster internalization times,
such as in NIH3T3 cells that internalize targeted liposomes using macropinocytosis up to an
hour after exposure but result in decreased liposome fluorescence by three hours after
exposure as fluorophores degrade within lysosomes [35]. It is unknown currently why
internalization of Opa proteoliposomes into HeLa cells might proceed more slowly than

many other internalization experiments using targeted liposomes, however Opa-mediated
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internalization of Neisseria bacteria into these same HeLa cell lines was also found to occur

across several hours [1].

Calculating the percent increase in proteoliposome internalization that Opaeo engenders above
Opa(HV-) can give insight into the extent that Opaso promotes proteoliposome
internalization. Opaso Was most effective at promoting proteoliposome internalization in the
context of CEACAM3+ cells, which showed a linear increase in internalization of both types
of proteoliposomes up to 3 hours following liposome exposure. Opaso promotes
proteoliposome uptake above control Opa(HV-) proteoliposomes to a similar extent in both
control and CEACAM1+ cells, as determined by raw internal fluorescence intensity. For all
HeLa lines, surface fluorescence intensities of both Opaso and Opa(HV-) proteoliposomes
decrease as time increases beyond the initial proteoliposome exposure. This decrease can
mirror the increase in internal cellular fluorescence of the liposomes. On the surface of
CEACAM1+ Hela cells, for instance, more Opaso proteoliposomes than Opa(HV-)
proteoliposomes are initially bound to the surface when cells are analysed immediately after
proteoliposome exposure. By two hours following proteoliposome exposure, however, the
surface fluorescence of Opa(HV-) proteoliposomes is higher than Opaso proteoliposomes,
supporting the conclusion that Opaeo proteoliposomes internalized into CEACAM1+ cells to
a greater extent than control liposomes. Similar trends are found in control and CEACAM3+
cells, although the trend is not as clear. Histograms of liposome fluorescence for cell
populations show that the increase in mean fluorescence as time increases appears due to
decreasing numbers of cells that register no liposome fluorescence, and therefore a general
shift toward more cells having at least some fluorescence, rather than significantly increasing
the fluorescence maximum seen by the population (Fig. 11). This indicates that some cells
internalized liposomes much quicker than other cells, but that once internalization occurs,

further increases in average internal fluorescence for the general population must come from
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slower cells internalizing liposomes rather than cells that quickly internalized liposomes
continuing to do so to ever higher levels. This may be due to a depletion in available
liposomes on the surfaces of these cells. Using spot masks and the spot counting algorithm
developed in the previous chapter, punctae within and on the surfaces of cells can be counted
and analysed in order to compare to fluorescence intensities. Spot counts calculate higher
internalization of Opaeo proteoliposomes than Opa(HV-) control liposomes in all three HelLa
lines, mirroring the results obtained from fluorescence intensity measurements. Similarly,
counting surface punctae results in a decrease in surface punctae as incubation time increases

following proteoliposome exposure as proteoliposomes are taken into cells (Fig. 12).

Analysis of internal or surface fluorescence intensities alone may not fully inform about
internalization processes. Also important is considering the ratio of internal to total or surface
fluorescence, which might be thought of as giving an idea about a cell population’s efficiency
of internalization [36]. For example, at a specific timepoint, two populations of cells might
exist in which both have the same internal fluorescence values. If one population has high
surface fluorescence, however, while the second population has low surface fluorescence,
then the population with low surface fluorescence would appear to have engaged in more
efficient internalization compared to the high-surface fluorescence population, as a greater
percent of that population’s available fluorescence was internalized. In such a case, only
considering the raw internal fluorescence values would miss an important difference between
these two populations. In order to look at internalization efficiency of Opaso and Opa(HV-)
proteoliposomes, the ratio between internal and surface fluorescence was calculated for
CEACAM1+, CEACAM3+, and control HeLa cells. The ratio between internal and surface
intensities was used because this method utilizes only fluorescence data which has been
correctly identified as internal or surface for the calculation. An alternative method is to

calculate internal fluorescence as a percent of total cellular fluorescence, however, this
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incorporates fluorescence data into the calculation that could not be confidently ascribed to
being internal or surface. This is because there exists some space within each cell in which
surface fluorescence cannot be distinguished from internal liposome fluorescence with our
masking methods used. Using only fluorescence data from known compartments prevents
incorrectly counting fluorescence which is internalized but near the plasma membrane (and
therefore indistinguishable from actual surface fluorescence using our masking methods)
against a population’s internalization efficiency. As a result, fluorescence in this part of the
cell (the region between 90% Adaptive Erode of full Brightfield mask and 75% Adaptive

Erode of full Brightfield mask) is not used to calculate internalization efficiency.

Interestingly, compared to control proteoliposomes, Opaso promotes a higher internal to
surface ratio for CEACAM1+, CEACAM3+, and control HelLa cells, however, the extent of
this ratio changes quite differently over time depending on surface CEACAM on the cells
(Fig. 13). In CEACAM3+ and control HeLa cells, Opaso promotes efficient proteoliposome
internalization soon after proteoliposome exposure, with Opaeo at one hour after liposome
exposure increasing the ratio of internal to surface liposomes between 100-150% above
control Opa(HV-) proteoliposomes. As time passes, the ratio of internal to surface liposome
fluorescence increases for both Opaso and Opa(HV-) proteoliposomes, however Opa(HV-)
proteoliposomes begin to internalize into cells to such a level that they approach Opaso
proteoliposomes in terms of the ratio of internal to surface fluorescence. Thus, Opaso and
Opa(HV-) proteoliposomes appear to be taken into control and CEACAM3+ cells at similar
efficiencies as time increases following liposome exposure. Compared to Opa(HV-), for
instance, at 3 hours following proteoliposome exposure, Opaeo results in approximately a
20% higher ratio of internal to surface fluorescence in CEACAM3+ and control cells. The
implication of this is that as time increases following proteoliposome exposure, Opa(HV-)

proteoliposomes catch up to Opaso proteoliposomes in terms of the ratio of internal to surface
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fluorescence, as Opa(HV-) drives higher amounts of proteoliposomes into these cells and
increases internal fluorescence at the expense of surface fluorescence. In contrast to
CEACAM3+ and control cells, looking at the ratio of internal to surface proteoliposome
fluorescence within CEACAM1+ cells gives completely different results with regard to Opaso
and Opa(HV-). Unlike with CEACAM3+ and control cells, in which the ratio of internal to
surface fluorescence of Opa(HV-) proteoliposomes approaches the ratio for Opaso
proteoliposomes as time following liposome exposure increases, in CEACAM1+ cells at one
hour following exposure, Opaso proteoliposomes begin with only a slightly higher ratio of
internal to surface fluorescence than do Opa(HV-) proteoliposomes (33% higher for Opaseo)
but this difference increases as time post-exposure increases. By three hours following
exposure to CEACAML1+ cells, the ratio of internal to surface fluorescence for Opaso
proteoliposomes has steadily increased compared to the same ratio for Opa(HV-) and is
approximately 71% higher than the ratio for control liposomes. This implies that for
CEACAML1+ cells, unlike in CEACAM3+ or control cells, Opaso when compared to control

proteoliposomes promotes increasingly higher ratios of internal to surface proteoliposomes.

This result seen in CEACAM1+ cells but not CEACAMS3+ or control cells is what would be
expected if Opaso acts to promote proteoliposome uptake in an enhanced manner compared to
Opa(HV-). As time lengthens following liposome exposure, the higher effectiveness of Opaso
at promoting internalization compared to Opa(HV-) should lead to an increasing separation
between the ratios of Opaso and Opa(HV-) proteoliposomes that internalize compared to
liposomes still remaining on the cell surface. Because Opaso promotes enhanced liposome
internalization into CEACAM1+ cells compared to Opa(HV-), increasing the time available
for liposomes to internalize only serves to further allow more Opaso proteoliposomes to
internalize into cells compared to Opa(HV-) proteoliposomes. In CEACAMS3+ and control

cells, extending the time available for proteoliposomes to internalize results in Opa(HV-)
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liposomes catching up to Opaseo, suggesting that whatever the cause is of Opaso
proteoliposomes initially internalizing into these cells at higher levels than Opa(HV-)
proteoliposomes, this process is unsustainable. Across all three hours the ratio of internal to
surface fluorescence steadily increases for both Opaso and Opa(HV-) as liposomes internalize
and are depleted from the cell surface. As time following liposome exposure to CEACAM3+
or control cells lengthens, however, the ratio of internal to surface fluorescence increases
faster with Opa(HV-) proteoliposomes than Opaeo proteoliposomes, which indicates a process
by which Opaso does not promote more efficient internalization than Opa(HV-) into

CEACAMS3+ and control cells, unlike the situation in CEACAM1+ cells.

3.4.2—Importance of CEACAM expression for Opa proteoliposome interactions

In the previous section, the binding and uptake of Opa proteoliposomes into CEACAM1+,
CEACAM3+, and control cells was discussed with a specific focus on the role Opa proteins
play in promoting proteoliposome internalization. In order to further analyse what role
different CEACAM proteins play in promoting internalization, the binding and
internalization of Opaeo proteoliposomes can be compared at different timepoints with respect

to CEACAM1+, CEACAM3+, or control Hela cells.

Total cell fluorescence immediately after proteoliposome exposure shows the total amount of
proteoliposomes engaging each cell type, since total fluorescence accounts for both internal
and surface proteoliposomes. Immediately after proteoliposome exposure, CEACAM1+
HeLa cells bound higher amounts of both Opaso and Opa(HV-) proteoliposomes than either
control or CEACAMS3+ cells, with Opago proteoliposome fluorescence approximately 1.4
times higher than Opa(HV-) fluorescence (Fig. 14). This result is consistent with Opaeo

promoting proteoliposome binding to cellular CEACAML. Proteoliposome binding was
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lowest to CEACAM3+ cells, although for these cells total Opaeo fluorescence was
approximately 5.0 times higher than Opa(HV-) fluorescence. This result is consistent with the
lower overall proteoliposome fluorescence intensities reported earlier for CEACAM3+ cells,
as well as the large difference between Opaso proteoliposome fluorescence values and those
for control proteoliposomes. It is unknown why CEACAM3+ cells bind proteoliposomes at
much lower levels than do CEACAM1+ or control cells, although it is difficult to compare
straight fluorescence values between CEACAM3+ and CEACAML1+ cells as potential
differences in CEACAM expression within these two cell lines prevent direct comparisons of
proteoliposome internal fluorescence. One method to attempt a valid comparison that can
account for differences in CEACAM expression is by analysing the ratio of internal to
surface fluorescence as was shown in Figure 13 and described previously, which showed that
Opaso increases the ratio of internal to surface proteoliposome fluorescence beyond Opa(HV-

) in the context of CEACAM1+ cells but not CEACAM3+ cells.

Within a population of CEACAM+ cells, subpopulations of cells displaying low, medium, or
high CEACAM density on their surface can be determined from a-CEACAM antibody
staining. These sub-populations can then be analysed [37] to correlate proteoliposome uptake
with CEACAM-expression. For example, within the population of CEACAM1+ Hela cells,
subpopulations defined by cells of the lowest 25% aCEACAM antibody staining, middle
50% staining, and highest 25% antibody staining were defined and Opaso proteoliposome
internalization for each subpopulation was determined (Fig. 15). Proteoliposome uptake was
positively correlated with CEACAML1 expression as determined by pan-CEACAM antibody
staining, indicating that cells expressing higher levels of CEACAML internalize on average
higher numbers of Opaso proteoliposomes. This result is again consistent with earlier results

suggesting that Opaso promotes binding and internalization into CEACAM1+ cells.

111



3.4.3—The role of metabolic energy in proteoliposome internalization by HelLa cells

The importance of cellular metabolic energy to the internalization of Opaeo was investigated
within the context of CEACAM1+, CEACAM3+, and control HeLa cells. Cells were pre-
treated by inhibitors of glycolysis (2-deoxyglucose) and oxidative phosphorylation (sodium
azide) in order to deplete the cells of ATP [38, 39]. Binding of proteoliposomes to the cell
surface is not expected to be inhibited following energy-depletion as liposome binding to
surface markers such as CEACAM does not depend on cellular ATP. Depletion of metabolic
energy results in decreased active-uptake of proteoliposomes in CEACAM1+, CEACAM3+,
and control HeLa cells (Fig. 16). Treatment of HeLa cells with metabolic inhibitors exerts
greater effects, however, on proteoliposome uptake in the context of CEACAM1+ and
CEACAM3+ cells than in control cells. Treating CEACAM1+ cells decreased internal
proteoliposome fluorescence by 91% while treating CEACAMS3+ cells decreased
fluorescence by 99%. This suggests that nearly all proteoliposome internalization into
CEACAM1+ and CEACAM3+ Hela cells is through active-uptake processes. In contrast,
treatment of control cells with inhibitors of ATP synthesis decreased Opaso proteoliposome
uptake by only 51%, suggesting that internalization of proteoliposomes by control cells does
utilize metabolic energy, but that there may exist non-active uptake pathways within control
cells that also contribute to proteoliposome internalization. It is currently unknown why
control cells might partially internalize liposome fluorescence in a manner not requiring
metabolic energy while CEACAM1+ and CECAM3+ cells do not do so, although the lack of
metabolic energy suggests some type of fusion process may be occurring. Possibly, the large
amounts of CEACAM1 and CEACAMS3 overexpression on CEACAM1+ and CEACAM3+
HeLa cells might be directly or indirectly inhibiting direct membrane-membrane interactions
with liposomes, while control cells, lacking CEACAM overexpression, can engage in higher

amounts of non-specific, non-energy dependent interactions.
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Figure 1. Pan-CEACAM (CCM) antibody staining in control, CEACAM1+, and
CEACAMB3+ HelLa cells. Using a pan-CEACAM antibody results in a higher antibody
fluorescence in CEACAM1+ cells compared to CEACAM3+ cells, although this difference
may partially reflect different antibody binding affinities for CEACAM1 and CEACAM3 and
so may not fully indicate different protein expression levels. In contrast, anti-CEACAM
fluorescence was low on control HeLa cells. In images, antibody staining is shown as red

fluorescence compared to the cell Brightfield image.
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Figure 2. Opal promotes E. coli internalization into CEACAM1 and CEACAMS3 HelLa
cells. (A) E. coli transformed with pEX plasmid with Opal insert express Opa as shown by
Western blot staining. A 1:1000 aOpa primary antibody and 1:5000 Alexa-555 goat anti-
mouse secondary antibody show bands around 29 kDa in E. coli transformed with Opal+
pEX plasmid. (B) E. coli expressing Opal (black) were found to internalize into cells at
higher levels than plasmid control E. coli (grey stripes) as determined by a spot-count
algorithm. E. coli internalization into CEACAM1 and CEACAMS3 cells was higher than into
control HeLa cells, suggesting that Opal promotes E. coli internalization through both these
CEACAMs. Approximately 2000 cells were analysed for each condition. Error bars represent

99% C.I.
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Membrane pore size

0.4 pm

0.2 um
0.1 pm
0.03 pm

Liposome diameter
(nm)

298.4 (no protein)
290.0 (Opaso)
243.7 (Opa(HV-))
197.2

165.4

47.8

Polydispersity (%)

27.7 (no protein)
13.7 (Opaso)
23.2 (Opa(HV-))
27.5

16.3

Table 1. Liposome diameter and polydispersity following extrusion through
polycarbonate membranes of various pore sizes. Diameter reflects particle size while
polydispersity reflects size variance. Data is included for Opaless liposomes, as well as Opaseo

and Opa(HV-) proteoliposomes.
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Figure 3. Non-specific uptake of liposomes decreases as liposome size increases. (A)
Opaless liposomes show an inverse correlation between increasing size (using approximately
30, 100, 200, and 400 nm particles) and non-specific uptake into control (white),
CEACAM1+ (black), and CEACAMB3+ (grey stripes) HelLa cells. (B) A similar trend was
seen when looking at surface instead of internal liposome fluorescence for the same
liposomes with control, CEACAM1+ and CEACAM3+ cells. Approximately 2000 cells were

analysed per condition. Error bars represent 95% C.I.
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Figure 4. Opaless liposomes compete with Opaso proteoliposomes for internalization
into control and CEACAML1+ HelLa cells. Internal fluorescence of Opaeo proteoliposomes
is decreased when control or CEACAML1+ cells are pre-incubated with either non-fluorescent
Opaso proteoliposomes (black) or non-fluorescent Opaless liposomes (grey). Pre-incubation
of cells with buffer does not inhibit uptake of fluorescent Opa proteoliposomes (white). These
results imply that Opaless liposomes interact with control and CEACAM1+ HeLa cells in a
manner that competes with proteoliposome internalization, suggesting that internalization of
control and proteoliposomes can internalize through the same pathways. Approximately 2000

cells were imaged for each condition. Error bars represent 95% C.1.
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Figure 5. The inhibitor of macropinocytosis EIPA decreases non-specific uptake of
liposomes into HelL a cells in a manner inversely correlated to liposome size. Liposomes
extruded through membranes with pore sizes of 30 nm (A), 100 nm (B), 200 nm (C), and 400
nm (D) were exposed to control, CEACAM1, and CEACAMS3 Hela cells pre-treated with
EIPA (black) or control DMSO (white). The uptake efficiency (internal/surface fluorescence)
of 400 nm liposomes was largely unaffected by EIPA, while the uptake efficiency of 30 nm
liposomes was decreased upon EIPA exposure, suggesting macropinosomes play a greater

role in the non-specific uptake of these smaller liposomes. Approximately 2000 cells were
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Figure 6. CEACAM1+ Hela cells internalize higher levels of 70 kDa TMR-dextran than
control or CEACAM3+ Hel a cells. HeLa cells internalize 70 kDa dextran, a fluid-phase
marker for micropinocytosis, with CEACAM1+ cells showing the highest internalization of
dextran, suggesting that CEACAM1+ cells may internalize particles non-specifically at
higher levels than control or CEACAM3+ cells. Compared to a buffer control (black), EIPA
inhibition (white) of dextran uptake into CEACAM1+ cells confirms that dextran uptake is
driven by membrane ruffling and macropinocytosis. Approximately 2000 cells were analysed

for each condition. Error bars represent 99% C.I.
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A.

Opa(HV-) sequence:

CATATGGCAAGTGAAGACGGCGGCCGCGGCCCGTATGTGCAGGCGGATTTAGCC
TACGCCTACGAACACATTACCCACGATTATCCGGAACCAACCGCTCCAAACAAG
AACAAAATAAGCACGGTAAGCGATTATTTCAGAAACATCCGCACCCGCTCCGTC
CACCCCCGGGTGTCGGTCGGCTACGACTTCGGCGGCTGGAGGATAGCGGCAGAT
TATGCCCGTTACAGAAAATGGGGATCAGGATCAGGATCAGGAACGGAAAATCAG
GAAAACGGTACGTTCCACGCCGTCTCCTCACTCGGCTTATCCGCTATTTACGATTI
CCAAATAAACGATAAATTCAAACCCTATATCGGCGCGCGCGTCGCCTACGGACA
CGTCGGATCAGGATCAGGATCAGGACGCGTGGGTCTCGGTGTCATCGCCGGCGT
CGGTTTCGACATCACGCCCAAGCTGACCCTGGACGCCGGGTATCGCTACCACAAC
TGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAAGCCTCATTGGGCGTG
CGCTACCGCTTCTAAGGATCC

Length (bp): 564
Vector: pET-28b
5'site: Ndel

3' site: BamHI

B.

Opag 1 ASEDGGRGPYVQADLAYAYEHITHDYPEPTAPNKNKISTVSDYFRNIRTRSVHPRVSVGY 60
Opa(Hv-) 1 ASEDGGRGPYVQADLAYAYEHITHDYPEPTAPNKNKISTVSDYFRNIRTRSVHPRVSVGY 60

Opag 61 DFGGWRIAADYARYRKWNNNKYSVNIENVRIRKENGIRIDRKTENQENGTFHAVSSLGLS 120
Opa(HV-) 61 DFGGWRIAADYARYRKWGSGSGS------=-==-==----- GTENQENGTFHAVSSLGLS 102

Opago 121 AIYDFQINDKFKPYIGARVAYGHVRHSIDSTKKTIEVTTVPSNAPNGAVTTYNTDPKTQN 180
Opa(HV-) 103 AIYDFQINDKFKPYIGARVAYGHVGSGSGSGRVGLG----------------------—- 138

Opag 181 DYQSNSIRRVGLGVIAGVGFDITPKLTLDAGYRYHNWGRLENTRFKTHEASLGVRYRF 238
Opa(HV-) 139 ------------- VIAGVGFDITPKLTLDAGYRYHNWGRLENTRFKTHEASLGVRYRF 183

Figure 7. Opa(HV-) genetic sequence and amino acid sequence alignment. (A) Opa(HV-)
sequence was inserted into a pET-28b vector MCR using Ndel and BamH1 restriction sites.
(B) Opaso and Opa(HV-) sequence alignment show that the HV1 and HV2 regions of Opaso

were replaced with a short glycine-serine sequence for Opa(HV-).
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Figure 8. Opaso and Opa(HV-) folding gel. SDS-PAGE gel of Opaso and Opa(HV-)
refolded into fluorescent DMPC liposomes after folding for 4 days at 37°C. Shown are
unfolded Opa (U), Opa folded into C10-PC lipids (C10) and Opa folded into final liposomes
(F) for both Opaso and Opa(HV-) proteins, as well as the molecular weight marker (M).
Folded Opaso runs at a higher molecular weight than folded Opa(HV-) due to the truncation
of Loops 2 and 3 of Opaso when replacing Opaso HV1 and HV2 with short glycine-serine

regions for Opa(HV-).
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Brightfield
Liposomes
Nucleus Liposomes

Figure 9. Opa proteoliposomes internalize into HeL a cells several hours after exposure.
Representative Brightfield images of CEACAM1+ HelLa cells stained with DAPI (blue) and
exposed to Opaso proteoliposomes (yellow) show that proteoliposomes adhere to cell surface
immediately after cell exposure (0 h), but across several hours can internalize into cells.

Internalization of liposomes appears as fluorescence punctae within the borders of the cell as

shown in the merged Brightfield image.
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Figure 10. Opaso promotes proteoliposome uptake into HelLa cells compared to
Opa(HV-) control liposomes. HeLa cells were pulsed briefly with proteoliposomes before
incubating further (0, 1, 2, or 3 hrs) in liposome free media. Internal and surface liposome
fluorescence was determined for control, CEACAM1+, and CEACAM3+ Hela cells
following exposure to Opaso (black) and Opa(HV-) (red) proteoliposomes. Liposomes
internalize into control and CEACAM1+ cells up to 2 hours following exposure, while
internalization into CEACAMB3+ cells continues throughout the timecourse. A decrease in
surface liposome fluorescence is seen over the course of the assay. The increase or decrease
in Opaso proteoliposome fluorescence is given as a percent change of Opa(HV-) fluorescence.

Approximately 2500 cells are analysed for each condition. Error bars represent 95% C.1I.
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Figure 11. Opaso (solid) and Opa(HV-) (bold dash) incubated with CEACAM1+ HelLa
cells for 0, 1, 2, 3 hrs. Histograms of normalized frequency per internalized fluorescence
intensity for Opaso and Opa(HV-) proteoliposomes during timecourse of uptake. Between 0
and 1 hours following exposure, Opa(HV-) proteoliposomes show a higher population of
cells with no fluorescence intensity compared to Opaso proteoliposomes. By 2 hrs, the
normalized populations of cells with no fluorescence intensity have reached a similar level
between Opa(HV-) and Opaeo proteoliposomes, suggesting that some cells which had not
internalized Opa(HV-) liposomes at 1 hr have now reached equivalent internalized
fluorescence levels compared to cells exposed to Opaso proteoliposomes. Thus, uptake of

Opa(HV-) liposomes appears to be slower than Opaso proteoliposome uptake, but given

enough time, these proteoliposomes can non-specifically internalize.
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Control
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Figure 12. Spot counts indicate increasing numbers of proteoliposomes internalize and
decreasing numbers are adhered to the cell surface as time following exposure
increases. Similar to fluorescence intensity results, Opaso proteoliposomes (black) internalize
at higher levels than do Opa(HV-) proteoliposomes (red) after exposure to CEACAM1+,
CEACAM3+, and control HeLa cells. As time increases beyond proteoliposome exposure,
the number of proteoliposomes internalizing increases up to 2 hours in control and
CEACAML1+ cells before levelling off, while in CEACAM3+ cells both Opaso and Opa(HV-)
proteoliposomes increase through the duration of the timecourse. Numbers of surface
liposomes decrease across the timecourse for all cell types as they internalize into cells.

Approximately 2500 cells are analysed for each condition. Error bars represent 95% C.1I.
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Figure 13. Opaso promotes proteoliposome uptake into HeLa cells. HeLa cells were
pulsed briefly with proteoliposomes before incubating further (0, 1, 2, or 3 hrs). Liposome
internalization efficiency (internal/surface fluorescence) was determined for control (A),
CEACAM1+ (B), and CEACAM3+ (C) Hela cells following exposure to Opasgo (black) and
Opa(HV-) (red) proteoliposomes. Opaso Was found to promote proteoliposome uptake into
HeLa cells compared to Opa(HV-), shown as higher Internal/Surface values. The increase or
decrease in proteoliposome internalization efficiency from Opa(HV-) to Opaeo is shown as a
percent of baseline Opa(HV-) proteoliposome efficiency on each graph. These values were
plotted in (D), showing that as time increases, efficiency of Opaso internalization when
compared to Opa(HV-) internalization increases only within the context of CEACAM1+
HeLa cells. Approximately 2500 cells are analysed for each condition. Error bars in A-C

represent 95% C.1.
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Figure 14. Total liposome fluorescence on Hel a cells reflects initial proteoliposome
binding. The total cellular fluorescence for control, CEACAM1+, and CEACAM3+ HelLa
cells was calculated immediately after a short, 15 minute proteoliposome exposure. Total
fluorescence values were highest in CEACAM1+ cells and lowest in CEACAM3+ cells,
reflecting higher proteoliposome binding in CEACAM1+ cells. For all three cell lines, Opaseo
(black) promoted a higher initial binding of proteoliposomes compared to Opa(HV-)
proteoliposomes (white). Approximately 2500 cells are analysed for each condition. Error

bars represent 95% C.I.
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Figure 15. Correlation of Opaso proteoliposome uptake with CEACAML1 expression
levels. CEACAM1+ HelLa cells were separated into lowest 25%, middle 50%, and highest
25% CEACAM expressers through pan-aCEACAM rb antibody (1:100) staining followed by
Alexa647 goat anti-rabbit secondary antibody (1:1000) staining. A positive correlation
between CEACAML1 expression levels and internalized Dil fluorescence is observed,
consistent with the hypothesis that CEACAML expression on cells may promote Opaso

proteoliposome uptake. Error bars represent 99% C.I.
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Figure 16. Cellular metabolic energy promotes internalization of Opaso proteoliposomes
into HeLa cells. Pre-treatment of control, CEACAM1+, or CEACAM3+ HeLa cells with
metabolic inhibitors (black) depletes the available pool of ATP and decreases subsequent
Opaso proteoliposome uptake compared to untreated cells (white). The effect of ATP
depletion was more pronounced in HeLa cells expressing CEACAM1 or CEACAMS3,
suggesting internalization into control cells may be due in part to non-active uptake
processes. Approximately 2000 cells are analysed for each condition. Error bars represent

95% C.1.
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Chapter 4—Additional considerations toward proteoliposome interactions with HelLa cells

4.1—Introduction to additional considerations

In the previous chapter, interactions of Opa proteoliposomes with surface CEACAM proteins
on human cells were investigated. It was found that Opaso promotes proteoliposome uptake
into cells compared to negative control proteoliposomes in which the CEACAM-binding
hypervariable regions HV1 and HV2 of Opaso were replaced with short glycine-serine
regions. It was also found that expression of CEACAML on the cellular surface appears to
promote proteoliposome uptake. Uptake of proteoliposomes into CEACAM1+, CEACAM3+,
and to a lesser extent control cells depends on metabolic energy. In this chapter, additional
considerations of Opa proteoliposome uptake into CEACAM+ cells are investigated, such as
how progression through the cell cycle affects proteoliposome uptake, as well as addressing
proteoliposome trafficking following internalization into CEACAMZ1+ cells. Preliminary
investigations into a functional readout to indirectly measure proteoliposome internalization

through delivery of a cytotoxic compound are also described.

4.2—Relevance of cell cycle and size for proteoliposome uptake

4.2.1—The relationship between cell cycle stage and protein expression profiles

In the previous chapter, a specific population of cells (CEACAM1+, CEACAM3+, control)
were largely treated as a homogeneous cell sample. In reality, significant differences can
exist from cell to cell within a monoclonal population [1]. Notably, cells in different growth
and replication stages can express significantly different proteome profiles; this phenomenon
has been studied extensively in several cell types, including HeLa cells, in order to better
understand how changes in mMRNA and protein expression levels correlate to cell growth and

division [2, 3]. Such information is important for better understanding how different proteins
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relate to normal and unregulated cell growth. For instance, one study analyzing the proteome
of NB4 cells, a promyelocytic leukemia cell line, found that of 6505 proteins surveyed, 358
(approximatley 5.5%) were correlated with significant differences across different stages of
the cell cycle (G, S, G2, and M), with the cell-cycle stage associated with maximal
expression for many proteins often correlating with a protein’s role in the cell [4]. For
example, proteins that bind transcription factors frequently express in the G stage, while
proteins associated with DNA synthesis show maximal expression in the S phase, as new
DNA strands are actively synthesized [4]. Several studies have analyzed changes in mMRNA
expression levels in HeLa cells across different cell cycle stages and found that expression of
some proteins correlates with progression through the cell cycle [5, 6]. For instance, one
study of HelLa cells found that over 850 genes were periodically expressed at different stages
of the cell cycle, with most genes previously-associated with tumour proliferation showing
differential expression levels based on cell cycle stage [6]. 18.6% of these genes were
maximally expressed in G1, while maximal expression of 45.2% of genes was associated with
G2 [6]. Similar to previous studies, genes with maximal expression in G1 were usually
associated with replication intiation and DNA metabolism, while genes displaying maximal
expression later in the cell cycle (G2/M) frequently played roles in regulating mitotic

processes and cell adhesion [6].

Because CEACAML1 is involved in cell-adhesion and can be correlated with cell proliferation
and tumourigenesis [7], qualities which indicate its expression might be differentially-
expressed throughout the cell cycle, the dependence of CEACAML expression on cell cycle
progression was analyzed. In order to differentiate between early/late cell cycle cells, a
histogram of DAPI intensity was plotted, producing an intensity distribution with two distinct
peaks (Fig. 1A). These peaks correlate to cells in the G1 and G2 phases, with cells in the G:

phase, occuring after DNA replication but before cell divison, characterized by their display
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of approximatley double the DAPI intensity of cells in G1 [8]. DAPI intensity for cells in the
S phase falls between the G1 and G peaks, as DNA is in the process of replicating but has not

fully doubled [8].

4.2.2—The relation of HeLa cell cycle to CEACAM expression, cell growth, and

proteoliposome internaliation

With Gz and G2 CEACAML1+ cells identified through DAPI staining, the correlation between
cell cycle and CEACAM1 expression was determined (Fig. 1B). G2 was associated with
significantly higher CEACAML levels than Gy, confirming that CEACAM1 expression varies
with the cell cyle. This finding matches with previous reports suggesting that maximal
expression of HeLa proteins involved in cell adhesion occurs later in the cell cycle. It is
important to consider how overexpression of CEACAM1 may affect the association of
CEACAML1 expression with the cell-cycle, however. In the stably-transfected HelLa cells
used in these experiments, CEACAM1 expression is believed to be significantly higher than
the expression of endogenous CEACAM in non-transfected cell lines. It would be interesting
to see how lower levels of endogenous CEACAM on cells correlates with cell cycle
expression. In addition to CEACAML1 expression, cell size was positively correlated with
progression through the cell cycle, a finding that matches previous reports suggesting that
cells often increase in size as they near division [8]. Cell size was also positively-correlated

with CEACAM1+ expression (data not shown).

Since a correlation between CEACAM1+ expression and Opa proteoliposome uptake was
reported in the previous chapter, it would be reasonable to expect that progression through
the cell cycle, in addition to correlating with cell size and CEACAML1 expression, may also

correlate with proteoliposome internalization. The results show that progression from G to
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G2 phases is associated with increased Opago as well as Opa(HV-) proteoliposome uptake in
both control and CEACAM1+ cells when proteoliposomes are incubated with cells for one
hour (Fig. 2). The highest proteoliposome internalization occured with Opaso
proteoliposomes in the context of CEACAM1+ cells. The increase in proteoliposome
internalization from G to G2 in negative controls (control HeLa cells without CEACAM,
Opa(HV-) proteoliposomes) cannot be related to CEACAM expression and thus may be due
to an increase in cell surface area, which would provide greater area for non-specific
liposome interactions with the cells. The higher internal fluorescence values seen with Opaso
proteoliposomes and CEACAM1+ cells remain higher than equivalent negative controls for
cells in G1 (which internalized more proteoliposomes than negative control G cells) and cells
in G2 (which internalized more proteoliposomes than negative control G cells). These higher

fluorescence values appear to be Opaso and CEACAM1 mediated.

Similarly, due to the positive correlation between cell size and CEACAML1 expression, the
relation between cell size and proteoliposome uptake was also investigated. Cells were
categorized as smallest 25%, middle 50%, and largest 25% according to Brightfield area.
Again, an increase in both Opaso and Opa(HV-) proteoliposome uptake was seen in both
control and CEACAM1+ cells as cell size increases (Fig. 3). The highest internal
fluorescence values occured with Opago proteolipsomes and CEACAM1+ cells. The smallest
25% CEACAML1+ cells internalizing only slightly more Opaeo proteoliposomes than the
smallest 25% of cells in control conditions (Opa(HV-) and control cells), however at larger
cell sizes among control and CEACAM1+ cells (middle 50% or largest 25%), the difference
in internalized proteoliposome fluorescence for CEACAM1+ cells and Opaso
proteoliposomes widens over the middle 50% and largest 25% of control cells and Opa(HV-)
proteoliposomes. This suggests that in the smallest cells, differences in proteoliposome

internalization may be difficult to discern between control conditions and Opaso
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proteoliposomes with CEACAM1+ cells. As cell size increases, however, the increase in
proteoliposome internalization with Opaso and CEACAML1 cells becomes more apparent
when compared to the largest cells of control conditions. Again, the positive correlation with
cell size and proteoliposome internalization seen in control conditions may be due to
increased opportunities for non-specific binding with larger cells. The higher internal
fluorescence values associated with Opaso proteoliposomes and CEACAM1+ cells again
suggests a role of Opaso and CEACAML in proteoliposome internalization, which is
promoted in the context of larger cells, perhaps due to increased CEACAML expression seen

on the surface of larger cells.

4.3—Considerations of endocytic processing and trafficking

4.3.1—Introduction to endocytic processing and trafficking

The intracellular processing of internalized particles depends on several factors, including
cell type, cargo identity, and uptake pathways utilized [9] (for an overview of various
important uptake pathways, see Section 1.5.2). Of particular importance is the consideration
of cargo trafficking to lysosomes following internalization. Lysosomes are low-pH (4.5-5.0)
enclosed comparments containing over sixty hydrolases, which play the primary role in
degradation of cargo trafficked to them during autophagy, endocytosis, and phagocytosis [10,
11]. Additionally, lysosomes play a role in degradation of protein aggregates and damaged
organelles [10]. Due to the role lysosomes play in normal degradative processes,

dysregulation of lysosome function can in some cases promote cancer [10].

Trafficking of cargo to lysosomes involves a complicated process of sorting, recycling, and
processing, as cargo proceeds through endosomal compartments that steadily decrease in pH

(Fig. 4) [9, 12]. Internalizaion of cargo, endocytic fluid, receptors, and membrane that occurs
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after clathrin-mediated endocytosis, phagocytosis, macropinocytosis, or other uptake
processes is first processed in early sorting endosomes, reached within a few minutes of
internalization [13]. The purpose of early endosomes is sorting of cargo and they are
morphologically-complex compartments containing several subdomains. Some subdomains
cluster cargo that will be recycled back to the suface, while other domains compartmentalize
cargo that is destined to proceed through further endosomal processing [13]. In these domains
intended for further maturation, the pH decreases to approximately 5.5 [13]. Markers
characterizing this portion of endosomal processing include Ras associated binding (Rab)
proteins Rab4 and Rab5, as well as Early endosomal antigen-1 (EEA1), which is only
associated with early endosomes and is commonly used to stain this compartment [13]. The
Rab proteins are small GTP-binding proteins; Rab5 is the most well characterized of these
proteins, and its role within early endosomes includes fusion of primary endocytic vesicles
with early endosomes and mediating vesicle motility on actin and microtubules [13, 14].
Especially important is its role in recruiting several other effector proteins to early
endosomes, including EEAL, which regulates early endosome fusion events through binding
members of Soluble NSF(N-ethylmaleimide-sensitive factor) Attachment Protein Receptor
(SNARE) proteins such as syntaxin 6 [13]. In contrast to the role of Rab5 in mediating fusion
events, Rab4 on early endosomes regulates compartments destined for recycling through
Rab11-recycling endosomes [13, 15]. Recycling endosomes return specific surface
components, including some internalized receptors, to the plasma membrane. This recycling
process can occur either through a fast pathway (approximately 5 minutes) or a slow pathway

(requiring 30 minutes) [13].

After sorting by the early endosome, cargo may be sent to intracellular organelles, such as the
Golgi apparatus, for further processing, or proceed further down the endosomal pathway to

immature multivesicular bodies (MVBs), which eventually mature to late endosomes or
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MVBs [16, 17]. This maturation process involves the loss of Rab5 and the recruitment of
Rab7 and Rab9 to the endosomes [18]. Fusion of late endosomes with hydrolase-filled
lysosomes appears to require Rab7, as well as soluble NSF attachment proteins (SNAPS),
which facilitate vesicle tethering, formation of a trans-SNARE complex to bridge the
vesicles, and eventually membrane fusion [17]. Fusion of late endosomes with lysosomes
delivers the cargo into a low pH environment of 4.5-5.0, typically within 30 minutes of
uptake, where degradation occurs in the presence of acidic hydrolase enzymes [19].
Lysosome associated membrane-protein 1 (LAMP1) and LAMP2 are transmembrane
glycoproteins constituting the major population (>50%) of membrane proteins on lysosomes
[19]. LAMP1 and LAMP?2 appear to play similar roles, including maintaining lysosomal
integrity [19]. Due to their high lysosome-associated expression, both LAMP1 and LAMP2
are common markers for lysosomes [20]. Additional lysosomal markers can include
lysosome-associated hydrolases such as cathepsin D [21] as LAMP proteins can also be

found on the cell membrane [22].

The importance of determining whether internalized liposomes are processed through the
endosomal pathway is important for understanding whether cargo could experience
lysosomal degradation. In cases where delivery of therapeutic compounds through liposomes
is desired, escaping the endosomal pathway can facilitate access of active compounds to the
cytosol or target organelles. To this end, strategies have been developed to disrupt endosomal
processing of liposomes, including the creation of low-pH fusogenic liposomes, and

liposomes that target delivery to specific organelles upon endocytosis [23-25].
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4.3.2—Investigating trafficking of Opaeo proteoliopsomes to early endosomes and lysosomes

in CEACAM1+ Hel.a cells

To determine if uptake of Opaeo proteoliposomes engages the endocytic pathway,
CEACAM1+ cells were exposed for 15 minutes to fluorescent Opaso proteoliposomes, and
then allowed to incubate further for 0, 20, 40, or 60 minutes. After incubating, cells were
lifted and fixed, and then stained with an antibody specific for either EEAL (to visualise early
endosomes) or LAMPL (to visualise lysosomes). To analyze the data in IDEAS, the Bright
Detail Similarity R3 Feature was used, which compares the fluorescence of two images (here,
EEAL or LAMP1 fluorescence compared with proteoliposome fluorescence) in order to
determine their colocalization. This result is calculated as a log-transformed Pearson’s
correlation coefficient, for which a value of 1.3 and above was defined as exhibiting
colocalization. The results, reported as the percent of cells meeting the cutoff for
colocalization between proteoliposome fluorescence and either EEA1 or LAMP1
fluorescence, confirm that Opaso proteoliposomes colocalize with both EEA1 and LAMP1
following internalization into CEACAM1+ cells (Fig. 5). The percent of cells in which
proteoliposomes colocalize with EEAL increases between 0 and 40 minutes before decreasing
after 40 minutes. This suggests that proteoliposome colocalization with early endosomes
reached a maximum 40 minutes after exposure, after which most proteoliposomes may have
passed out of early endosomes to later endocytic compartments. The fact that proteoliposome
colocalization with early endosomes already occurred in approximately 10% of cells at 0
minutes post-incubation likely results from the 15 minute window in which liposomes could
internalize into cells during initial exposure. This short-exposure window was necessary as
liposome binding does not occur with cells at 4°C and thus binding without internalization

could not be synchronized using low temperature incubations.
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In contrast to proteoliposome colocalization with EEAL, which peaked around 40 minutes
following proteoliposome exposure, colocalization with LAMP1 steadily increases across all
60 minutes assayed. This result suggests that proteoliposomes traffic out of early endosomes
and their processing results in their eventual colocalization with lysosomes. Because this
process requires trafficking through immature MVBs and late endosomes, a delay exists
between colocalization with early endosomes and lysosomes. Thus, while proteoliopsome
colocalization with EEAL occurs in nearly 10% of cells immediately after proteoliposome
exposure, colcoalization with LAMP1 only occurs in approximately 3% of cells.
Additionally, colocalization with LAMP1 only increases across the course of the assay,
unlike the drop off seen with EEA1, indicating that by 60 minutes following proteoliposome

exposure, proteoliposome fluorescence continues to be associated with lysosomes.

Investigating the colocalization of Opa proteoliposomes with markers for early endosomes
and lysosomes suggests that internalized proteoliposomes traffic through both these
compartments. Colocalization with EEAL peaks and then drops off by 40 minutes post-
exposure, while colocalization with LAMPL increases across the duration of the assay, likely
due to proteoliposomes reaching lysosomes at the end of endosomal processing. Trafficking
of Opa proteoliposomes to lysosomes could be expected to complicate therapeutic delivery to
CEACAML1+ cells, as lysosomal degradation of internalized cargo would prevent cargo from
reaching its intracellular target. It is unclear, however, what percent of internalized Opa
proteoliposomes traffic through the full endosomal pathway in these cells, or if some
population of liposomes escape before reaching lysosomes, or even avoid the endosomal
pathway altogether. Analyzing proteoliposome fluorescence that colocalizes with neither
EEAL nor LAMP1 in cells shows that proteoliposomes exist within cells that do not
colocalize with either of these markers, but these proteoliposomes may simply be at a stage of

endosomal processing in which EEAL or LAMP1 are not present on the compartment. To
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better understand if Opa proteoliposomes can be used to mediate delivery of therapeutic
compounds to cells, doxorubicin-loaded proteoliposomes were used to investigate delivery of

a cytotoxic compound to HeLa cells, which is the topic of the next section.

4.4—Liposomal delivery of doxorubicin

4.4.1—Doxorubicin is a cytotoxic compound which can be delivered by nanoparticles

Therapeutic liposomes have been used for delivery of numerous active compounds, including
amphotericin B and nystatin (to treat fungal infections), annamycin and daunorubicin (to treat
leukemias), and vincristine (to treat Non-Hodgkin lymphoma) among many others [26-31].
One of the most commonly-studied and clinically-successful therapeutic liposome
formulations is non-targetted liposomal-encapsulated doxorubicin (Doxil), approved by the
FDA in 1995 to treat leukemia and cancers of the brain, bone, breast, and lung [26]. Doxil is
also the only PEGylated liposome formulation currently available on the market.
Doxorubicin-loaded nanoparticles are commonly used platforms for investigations into
therapeutic delivery, with cellular uptake of loaded-nanoparticles occuring as soon as ten
minutes following exposure and continuing for up to twenty-four hours using uptake

pathways that can traffic to lysosomes [32].

The active compound in Doxil, doxorubicin, is a member of the anthracycline class of
anticancer drugs isolated from the bacterium Streptomyces peucetius var. caesius [33].
Doxorubicin has two main structural regions, a water-soluble, basic (pKa=8.15), reducing
amino-sugar (daunosamine) and a water-insoluble aglycone (adriamycinone), making it
amphipathic [33]. Doxorubicin is a DNA topoisomerase Il inhibitor, and inhibits cell growth
by inducing DNA double-strand breaks, although its exact mechanisms of action regarding

strand-breakage remains unclear [33]. Doxorubicin can intercalate between DNA base-pairs
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and lead to inhibition of DNA synthesis and DNA-dependent RNA synthesis through steric
obstruction of the DNA strand as well as disordering of the DNA template [33]. Additionally,
doxorubicin causes the formation of a covalent topoisomerase-DNA complex which can
inhibit religation in replicating DNA [33]. It is possible the iron-catalyzed generation of free
radicals may also be involved in doxorubicin-induced cytotoxicity [33]. Doxorubicin has also
been shown to promote histone eviction from chromosomes regardless of DNA double-strand
breaks [34]. DNA instability caused by doxorubicin has been shown to induce cathepsin B
activity in HeLa cells, and possibly although not always activation of apoptotic factors such
as Caspase 3 [35]. Doxorubicin additionally can induce release of cytochrome C from
mitochondria as well as mitochondrial permeabilization [35]. Doxorubicin has been shown to
be active throughout the cell cycle, although its maximal toxcitiy occurs during the DNA
synthesis (S) phase, with low levels of doxorubicin causing cells to continue through the S

phase before dying in G2 [33, 36].

Doxorubicin-induced DNA strand breaks can be directly detected and quantified through
imaging flow cytometry by staining of permeabilized cells with a phospho-histone H2AX
(S139) antibody [37]. Following DNA strand breakage, Histone H2AX is phosphorylated (y-
H2AX) at Ser139, which serves to recruit DNA repair factors to the DNA repair foci [38]. In
order to confirm that a y-H2AX antibody would detect doxorubicin-induced DNA breakage
in the HeLa cells, cells were exposed to varying concentrations of doxorubicin in the
extracellular medium across two days. Following lifting of cells, fixation, and
permeabilization, the cells were stained with the primary y-H2AX antibody and a fluorescent
Alexa647 secondary antibody. Additionally cell nuclei were stained with DAPI. Exposure of
cells to high levels of doxorubicin (0.01 mM) resulted in DAPI nuclear staining becoming
less well-defined and more punctate, as well as increased binding by the y-H2AX antibody

that localizes to the nucleus (Fig. 6). Cells exposed to less than 0.001 mM doxorubicin did
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not see a significant change in antibody binding form buffer controls. These results match
previously-reported results suggesting the I1Cso of doxorubicin for cells was approximately
0.1 uM, but that DNA strand breaks were not detected at this concentration [39]. To better
understand the effects of doxorubicin on nuclear DAPI staining, histograms of DAPI
intensity were generated (Fig. 7). The DAPI histograms for cells exposed to low levels of
doxorubicin (less than 0.001 mM) indicate expected DAPI binding, with two distinct peaks
indicating cells in G1 and G2). DAPI intensity for cells exposed to 0.001 mM doxorubicin
indicates a shift in the relative G1 and G populations, with G1 appearing to decrase and G>
appearing to broaden. This may result from cells progressing through S phase into G> before
dying, as was reported previously in literature and described above. 0.01 mM doxorubicin in
signficiant front-tailing for DAPI intensity, with a single peak of high intensity dominating
the histogram. This may indicate a substantial increase in the G2 population [39] as cells
progress through S to G but die before dividing. Additionally, DAPI intensity for cells
treated with high levels of doxorubicin was higher than DAPI intensity for cells treated with
buffer or low doxorubicin concentrations. DAPI interacts with DNA primarily by binding in
the minor groove of AT sequences [40], and it is possible that doxorubicin effects on DNA
strand structure, including inducing histone ejection as described earlier, facilitate DAPI
binding to DNA by increasing access to the minor groove. If DNA strand breakage and
histone ejection increases DNA minor groove sites accessible to DAPI, an increase in

staining intensity could result.

145



4.4.2—Production of doxorubicin-loaded Opa proteoliposomes and effects on HelLa cells

following exposure

Formation of liposomes with doxorubicin is typically inefficient unless a pH gradient is used
to drive loading of doxorubicin into liposomes. The method used here involves creating non-
fluorescent Opaeo proteoliposomes using normal Opa proteoliposome production methods
except that proteoliposomes with folded Opaso Were formed in a buffer of 300 mM sodium
citrate at pH 3.5, as described in published protocols [33, 41]. Opa proteins are expected to
remain folded due to the high stability of folded Opa beta barrels, but the functional effects of
low-pH liposomes on Opa must still be verified. Proteoliposomes were then dialyzed into 25
mM HEPES, 150 mM NaCl at pH 7.3, so that the external buffer was nearly 10,000 less
acidic than the low pH internal compartment, generating a pH gradient across the liposome
bilayer. Because doxorubicin is amphipathic, it is able to transition across the liposomal
bilayer where it is protonated in the low pH aqueous core. This traps charged doxorubicin
within the liposome, leading to its accumulation and eventual precipitation through self-
association within the liposome core. Images of these doxorubicin precipitates using
cryotransmission electron microscopy have shown that the preciptates form diffuse fibrous-

bundles within liposomes loaded with citrate [33].

Using the protocol described, Opaso and Opa(HV-) proteoliposomes were produced in a low
pH citrate buffer, dialyzed into HEPES, and loaded with doxorubicin. After doxorubicin
loading, proteoliposomes were dialyzed several times into HEPES buffer pH 7.3 in order to
remove unincorporated doxorubicin, resulting in a red liposome mixture and clear dialysis
buffer. Because doxorubicin absorbs light at 496 nm [33], the concentration of doxorubicin
within the two proteoliposome samples was measured at that absorbance wavelength and
compared to a standard curve in order to quantify loading. The concentration of doxorubicin

was found to be approximately 97.6 uM within Opaso proteoliposomes and 91.0 uM within
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Opa(HV-) proteoliposomes. Although these concentrations are lower than many published
concentrations (which can be 1 mM or more within liposomes) [33, 41], it is encouraging that
doxorubicin concentrations between Opaso and Opa(HV-) proteoliposomes are close to one
another as signficant differences in loading between the two proteoliposomes could create
confounding results when correlating cellular effects with proteoliposome internalization.
Loading of proteoliposomes with doxorubicin exhibited significant effects on liposome size
and polydispersity, as proteoliposomes loaded with only citrate buffer were approximately
288.2 nm in diameter (40% polydispersity) for Opaeo proteoliposomes and 250.2 nm (30.4%
polydispersity for Opa(HV-) proteoliposomes, while upon doxorubicin loading, Opaso
proteoliposomes were found to have an average diameter of 644.6 nm (72.2% polydispersity)
while Opa(HV-) proteoliposomes were found to be 611.2 nm (80.8% polydispersity). The
increase in size and polydispersity following doxorubicin loading is significant and indicates
that precipitation of doxorubicin within the liposomal interior destabilizes the liposomes
somewhat and likely leads to increased liposomal aggregation and fusion. Further, the fact
that proteoliposome size and polydispersity is high in citrate-buffered proteoliposomes
without doxorubicin compared to proteoliposomes formed by usual methods (10 mM
HEPES, 150 mM NaCl, pH 7.3) suggests that even low-pH citrate buffer alone is sufficient to
destabilize proteoliposomes slightly. This could be explained by the fact that the lipid bilayer
is partially permeable to protons, causing the formation of an electrochemical gradient across
the liposomes with a slight negative interior charge when citrate-buffered liposomes are
dialyzed into HEPES buffer. It could be that the formation of this electrochemical gradient
destabilizes the liposomes slightly and promotes aggregation and fusion. Loading of
liposomes with doxorubicin can produce nanoparticles approximately 100 nm in size and
resulting in less fusion than what is seen here, and more work is needed to optimize

doxorubicin loading of Opa proteoliposomes [33].
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HelLa cells were exposed to doxorubicin loaded-proteoliposomes, proteoliposomes without
doxorubicin, or dialysis buffer control for 30 minutes before the cells were washed several
times and allowed to incubate at 37°C for several days in media. The results of four day
incubations were most promising and are shown below (Fig. 8). Both dialysis buffer controls
and proteoliposomes without doxorubicin resulted in no y-H2AX binding within the nuclei of
cells. Surprisingly, higher y-H2AX staining was found in control cells than in CEACAM1+
HeLa cells. Additionally, higher staining was found in cells exposed to doxorubicin-loaded
Opa(HV-) proteoliposomes than Opaso proteoliposomes. These unexpected results appear to
contradict previously-reported results showing CEACAM1+ cells internalized higher levels
of proteoliposomes, and that proteoliposome uptake was promoted by Opaso. Several factors
may be at play here which are leading to confounding results. First, doxorubicin-loaded
Opa(HV-) proteoliposomes were found to exhibit a slightly lower size and higher
polydispersity than Opaso proteoliposomes as described above. This may indicate a larger
amount of smaller Opa(HV-) proteoliposomes were given to the cells than Opaseo
proteoliposomes, perhaps leading to increased non-specific uptake. Additionally, the large
sizes and polydispersities for both types of proteoliposomes following doxorubicin loading
indicates significant liposome destabilization and aggregation or fusion, which may also
indicate increased propensity for non-specific fusion with cells. Non-specific fusion of
proteoliposomes to cells could occur in a manner that would still deliver doxorubicin to the
cytosol without requiring active uptake and without CEACAM mediation. Previously-
discussed results in Chapter 3 showed that metabolic energy plays a role in proteoliposome
uptake into both CEACAM1+ and control cells, but that metabolic inhibition decreases
uptake into control cells significantly less than into CEACAM1+ cells. This raised the
possibility that control cells might engage liposomes in a non-specifc, non-energy dependent

manner which is less accessible to CEACAM+ Hel.a cells, perhaps due to high levels of
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CEACAM expression on the cell surface. If so, then perhaps higher y-H2AX fluorescence in
control cells might be explained by a scenario in which control cells, with a higher propensity
than CEACAM+ cells for non-energy dependent liposome interactions (such as membrane
fusion), are exposed to large, polydisperse, destabilized liposome aggregates that readily fuse
with cells due to doxorubicin precipitate-induced membrane destabilization. More
investigation is required to understand the process leading to the unexpected results reported
here. Since the significant increase in doxorubicin-induced proteoliposome swelling and
polydispersity is a potential explanation, different methods for doxorubicin loading are being
considered, which might better retain typical proteoliposome size and polydispersities. For
example, the use of sulfate instead of citrate anion within liposomes was found to result in a

tighter packing and decreased flexibility of doxorubicin fibrous aggregates [33].

In order to understand how proteoliposome-mediated doxorubicin delivery to HeLa cells
affects nuclear staining, histograms of DAPI intensity were plotted (Fig. 9). Dialysis buffer
controls and non-doxorubicin proteoliposome controls resulted in two distinct peaks for G1
and G2 as shown by DAPI staining, with higher numbers of cells found in the G phase.
Doxorubicin delivery by Opa proteoliposomes to control cells resulted in a relative lowering
of the G1 peak, and an increase in DAPI intensity, which suggests that doxorubicin delivery
to control cells by Opa proteoliposomes interferes with cells dividing and proceeding back to
G1 phase after DNA synthesis in the S phase. Surprisingly, within the context of both Opaso
and Opa(HV-) proteoliposome-mediated doxorubicin delivery to CEACAM1+ cells, at least
three distinct peaks were seen in histograms of DAPI intensity. It is currently unknown what
a third peak represents if not cells in the G1 or G2 phase. An additional peak could result from
cells accumulating in the S phase, or potentially as a result of doxorubicin increasing DNA
accessibility to DAPI, but it is unclear why this occurs with CEACAM1+ cells only. Each

distinct DAPI peak for doxorubicin-treated control and CEACAM1+ cells was analyzed for
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correlations to y-H2AX staining intensities (Fig. 10). y-H2AX antibody intensities for control
cells within either G1 or G2 subpopulations (first and second DAPI peaks) were not
significantly different. Surprisingly, subpopulations of CEACAM1+ HeLa cells defined by
their nuclear staining intensiy occuring within the first, second, or third DAPI peaks did
correlate with significant differences in y-H2AX antibody staining. The peak of lowest DAPI
intensity was found to correlate with the lowest y-H2AX antibody staining, while the peak of
highest DAPI fluorescence intensity correlated with the highest y-H2AX fluorescence for
CEACAM1+ cells. More work needs to be done to understand the unexpected results

discussed here.

4.5—Conclusions

In this chapter, various properties of Opa proteoliposomal uptake by CEACAM1+ HelLa cells
were investigated. Additionally, progress with preliminary experiments to deliver liposomal
doxorubicin to HelLa cells was discussed. It was found that progression of CEACAM1+
HeLa cells through the cell cycle correlates with increased proteoliposomal uptake.
Additionally, increased cell size correlates with proteoliposomal uptake. Because progression
through the cell cycle and cell size were also correlated with increased CEACAML1
expression, it may be that larger cells in later stages of the cell cycle express higher amounts
of surface CEACAML1, leading to enhanced Opa proteoliposome internalization. Internalized
proteoliposome fluorescence was found to colocalize with markers for both early endosomes
and lysosomes, suggesting that at least some proteoliposomes are processed through the
classical endocytic pathway. Finally, early experiments in delivering doxorubicin to HelLa
cells using Opa proteoliposomes were discussed. Although Opaso-mediated delivery of

doxorubicin through CEACAML1 has not yet been established, a number of interesting
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cellular effects were found to result from proteoliposomal delivery of doxorubicin, including
increased numbers of DNA repair foci as measured by y-H2AX antibody staining, as well as
effects on nuclear staining by DAPI. The next chapter will summarize conclusions from the

work presented in this thesis, as well as discuss various directions for future research.
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Figure 1. DAPI intensity can be used to identify cells in G1 and Gz, which correlates
with CEACAML expression. (A) Histogram of DAPI intensity from CEACAM1+ HelLa
cells with gates set to G1 and G2 populations. Cells in G2 have approximately double the
DNA as G cells and therefore double the DAPI intensity. (B) CEACAM1+ cells gated into
G1 and G2 subpopulations exhibit different levels of CEACAM expression as detected by a-

CEACAM antibody staining. Error bars represent 95% C.1.
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Figure 2. Progression through the cell cycle correlates with increased Opa
proteoliposome uptake in CEACAM1+ and control HeLa cells. As cells progress from G
(white) to G2 phase (black), proteoliposome internalization is increased. The highest
internalization fluorescence values were seen with Opaeo proteoliposomes and CEACAM1+
Hela cells in the G2 phase. This may be due to increased CEACAM expression on the cell
surface as cells progress through the cell cycle. Approximately 2000 cells in G and 1000

cells in G are analysed for each condition. Error bars represent 95% C.1.
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Figure 3. Cell size correlates with increased uptake of proteoliposomes. Cells gated by
Brightfield Area into the lowest 25% (white), middle 50% (grey), and largest 25% (black) of
cells were analysed for proteoliposome uptake. Larger cells were correlated with increased
uptake. The highest uptake values were associated with Opaeso proteoliposomes and
CEACAM1+ HelLa cells. Approximately 4000 cells were analysed for each condition before

being further categorized by size. Error bars represent 95% C.1.
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Figure 4. Schematic representation of endosomal trafficking of cargo following an
active-uptake process. Example cargo (red spheres) internalized by cell-surface receptors
(purple) using metabolic energy (ATP) may be processed within sorting endosomes while
cell receptors cycle back to the surface. Internalized particles may then enter the endosomal
pathway where they experience a significant drop in pH as endosomal compartments fuse
with lysosomes. Therapeutic compounds targeted to cells that enter this pathway must either
escape into the cytosol or other intracellular compartments or survive lysosomal degradation
in order to exhibit efficacy. Relevant cellular trafficking proteins are given at different stages

for this process in grey boxes.
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Figure 5. Opaso proteoliposome fluorescence colocalizes with early endosomal antigen 1
(EEAL) and lysosome-associated membrane protein 1 (LAMPL1). (A) Representative
images of cells with labelled early-endosomes (EEAL, left panel, green) or lysosomes
(LAMPZ1, right panel, green), and Dil-labelled Opaso proteoliposomes (red). Red or green
channel fluorescence is shown with DAPI nuclear staining (blue), along with a merged image
in which colocalization between green EEAL or LAMP1 antibody fluorescence and red
liposome fluorescence appears yellow. (B) A Pearson correlation coefficient to measure
colocalization between red and green pixels was measured for each cell and a gate was set at
1.3 or higher to determine cells with colocalization. The percent of CEACAML cells showing
colocalization between liposomes and either EEA1 or LAMP1 is given for each timepoint.

The fraction of cells showing colocalization between Opaso proteoliposomes and EEA1 (light
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grey) increases up to 40 minutes following liposome exposure. In contrast, the fraction of
cells with colocalization between proteoliposomes and the lysosomal marker LAMP1 (dark
grey) starts at 40 minutes following exposure, suggesting that at least some Opaso
proteoliposomes are processed through the endosomal pathway following internalization and
reach lysosomes. Approximately 500-1000 cells that were positive for both Dil and either

EEAL or LAMP1 were analysed for each condition.
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Figure 6. Effects of doxorubicin on HeLa cells can be detected by y-H2AX antibody
staining. (A) Doxorubicin-induced DNA strand breakage can be detected with a y-H2AX
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cells. (B) Increasing concentrations of extracellular doxorubicin result in increased y-H2AX
antibody nuclear staining. Approximately 3000 cells were analysed for each condition. Error
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Figure 7. Increasing extracellular concentrations of doxorubicin induces changes in
DAPI staining profiles and intensities. As CEACAM1+ Hela cells are exposed to
increasing concentrations of doxorubicin in the media, they exhibit a relative increase in the
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DAPI staining correspond to y-H2AX antibody staining from Figure 6, with doxorubicin
concentrations below 1 uM showing little or no effect through y-H2AX staining and DAPI

intensity.
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Figure 8. Exposure of CEACAML1+ and control HeLa cells with proteoliposomes loaded
with doxorubicin causes an increase in y-H2AX nuclear staining. Dialysis buffer and
Opaso proteoliposome controls without doxorubicin showed no effect on y-H2AX staining.
Surprisingly, the highest y-H2AX staining levels were seen in control HelLa cells exposed to
Opa(HV-) proteoliposomes. It is currently not understood why that is, although non-specific
liposome fusion may be partially responsible. Approximately 3000 cells were analysed for

each condition. Error bars represent 99% C.I.
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Figure 9. Doxorubicin delivery by proteoliposomes induces a change in DAPI

fluorescence profiles. Compared to buffer and proteoliposome controls without doxorubicin,

cellular exposure to proteoliposomes with doxorubicin causes an increase in DAPI staining

intensity in CEACAM1+ and control HelLa cells. Control cells show a clear increase in the

DAPI peak identified as G2 while CEACAM1+ cells show an additional, unknown third
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Figure 10. DAPI peaks following liposomal doxorubicin delivery correlate with
increasing y-H2AX stain in CEACAM1+ cells but not in control cells. Delivery of

doxorubicin to control cells through both Opa(HV-) (A) and Opaso proteoliposomes (B)
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resulted in shifts in DAPI intensity. These two peaks (red, blue) did not correlate well with y-
H2AX staining. In CEACAML1+ cells, however, the three DAPI peaks (red, blue, green) do
correlate with y-H2AX staining for both Opa(HV-) (C) and Opaso proteoliposomes (D).
Approximately 3000 cells were analysed for each condition and further categorized into
different DAPI peaks with approximately 600-1500 cells per peak. Error bars represent 95%

C.L
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Chapter 5—Final thoughts on work to date and ideas for future directions

5.1—Final thoughts on the results to date of Opa proteoliposome/CEACAM experiments

The aim of this research was to develop a novel method for targeting delivery of compounds
to CEACAM-overexpressing cells. To this end, Opaso proteoliposomes were proposed as a
platform for liposomal uptake based on the ability of Opa proteins to induce engulfment of
Neisseria through CEACAM. The lipophilic fluorophore Dil was chosen as a liposomal
marker and fluorescent proteoliposomes containing Dil and folded Opaeo Were created in

order to determine binding and uptake into CEACAM+ and control HeLa cells.

In order to investigate liposome binding and uptake, a method needed to be developed in
order to accurately identify surface-bound from internalized liposomes, which was the focus
of Chapter 2. Using confocal microscopy, a number of membrane stains were used to
delineate the membranes of HeLa cells. Stained cells could be imaged in sections through z-
axis and images compressed into a z-stack image, which enabled individual fluorescent
particles to be analysed for their spatial relation to the fluorophore stain. On a particle-by-
particle bases, a decision had to be made as to whether each particle was internalized or
surface adhered. The significant time-investment for data acquisition and analysis that this
technique required, however, limited the number of cells that could be imaged per condition.
Limited data sets, an inherent degree of subjectivity with denoting liposomes as internal or
adhered, and inconsistent membrane staining all complicated this process, motivating a
search for high-throughput alternative methods. Therefore, the applicability of imaging flow
cytometry as a high-throughput method for the determination of internalized and surface-
bound liposomes was investigated. To this end, a masking strategy was developed in order to
denote with a high-degree of confidence the internal from surface compartments on

suspended HelLa cells. Masks were validated on pre-fixed HeLa cells exposed to liposomes or
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stained with antibodies on the surface, showing that an Adaptive Erode mask set to 75% of
the full Brightfield mask prevented surface fluorescence from being erroneously quantified as
internalized. Additionally, a spot counting feature was developed to quantify punctae within

and on cells.

Chapter 3 focused on using imaging flow cytometry methods developed in Chapter 2 to
quantify internal and surface fluorescence of liposomes with HeLa cells. High uptake of
Opasp and Opaless liposomes suggested negative-control liposomes engaged and internalized
into cells at levels comparable to Opaso proteoliposomes. Additionally, Opaless liposomes
were found to compete with Opaeo proteoliposomes for uptake into CEACAM1+ cells,
suggesting that proteoliposomes and Opaless liposomes internalized using the same
competable pathway. It was hypothesized this pathway involved macropinocytosis due to the
large size of macropinosomes compared to other endocytic vesicles and the fact that ligand
receptors do not play a role in macropinocytic uptake. Opaless liposomes with diameters
varying from approximately 30 nm to nearly 400 nm (formed by extrusion and confirmed by
dynamic light scattering) were incubated with cells. A clear inverse correlation existed
between liposome size and non-specific uptake, showing that small liposomes without Opa
internalized well into HeLa cells. Uptake was inhibited by the macropinocytic inhibitor
EIPA, supporting the role of macropinocytosis in non-specific uptake. Uptake by

macropinocytosis was confirmed with fluorescent dextran uptake.

In order to limit the role macropinocytic uptake would play in non-specific liposome uptake,
proteoliposomes were made by extrusion through 400 nm pores. Additionally, a novel
negative-control Opa variant, based on removing the hypervariable regions from Opaso, was
created. This protein, Opa(HV-), was used in negative-control liposomes in subsequent
experiments. Incubation of large, 400 nm proteoliposomes with HeLa cells resulted in uptake

of both Opaso and Opa(HV-) proteoliposomes into all cell types, however Opaeo appeared to
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promote proteoliposome internalization at levels above Opa(HV-). Internalization of
proteoliposomes was dependent on metabolic energy in CEACAM1+, CEACAM3+, and
control cells, although this was true to a lesser extent in control cells, suggesting that
proteoliposome fluorescence in control cells may partially result from a non-active process. It
is currently unclear why control cells differ from CEACAM+ cells in that regard. Within
CEACAML1+ cells, a positive correlation was shown between cells expressing high

CEACAM and higher proteoliposome internalization.

Chapter 4 discussed various considerations of Opa proteoliposome uptake. A correlation was
shown between HelLa cell progression through the cell cycle and liposome uptake, as well as
a correlation between cell size and liposome uptake. As CEACAML expression was also
shown to correlate with the cell cycle, it could be cells progressing through the cell cycle
exhibit higher surface CEACAML1, causing higher Opaeo proteoliposome binding and
engulfment. At least some proteoliposomes internalizing into CEACAM1+ Hela cells are
trafficked through the endocytic pathway, as was shown with liposome fluorescence

colocalizing with markers for early endosomes and lysosomes.

Finally, proteoliposomes were loaded with doxorubicin to determine if Opa-CEACAM
binding could lead to delivery of an active therapeutic compound to cells. Doxorubicin
effects could be measured by antibody staining for phosphorylated H2AX, as well as through
DAPI staining. Both Opaso and Opa(HV-) proteoliposomes delivered doxorubicin to
CEACAM1+ and control cells, with Opa(HV-) proteoliposomes and control cells being
associated with higher y-H2AX antibody staining. This could possibly result from an
increased propensity for membrane fusion by liposomes after doxorubicin loading, although

more investigation is needed.
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In summary, imaging flow cytometry was used to develop a convincing method to determine
liposomal internalization and surface binding. Progress was made toward understanding Opa-
CEACAM mediated proteoliposome internalization, especially the propensity of cells to
engage in non-specific uptake, which appears to be largely through macropinocytosis. Non-
specific uptake of liposomes through macropinocytosis can be modulated by changing vesicle
size. Understanding the relationship between liposome size and non-specific internalization
was an important step in being able to show a difference between Opaso and control liposome
uptake since using larger liposomes decreased non-specific uptake and caused Opa-mediated
uptake to emerge more clearly. Despite this progress, uptake of Opa(HV-) proteoliposomes

still remains high in all cell types but CEACAM3+ cells, as does uptake into control cells.

5.2—Ideas for future directions

There remains much work to be done in order to fully elucidate the properties and
mechanisms behind Opaso and Opa(HV-) proteoliposome uptake into the stably-transfected
CEACAM1+, CEACAM3+, and control HelLa cells studied here. Although this thesis
presented strategies to investigate Opaso and Opa(HV-) proteoliposome uptake which
demonstrate clear differences in internalization between Opaeso and negative control
proteoliposomes, there remains a need to more fully understand why control proteoliposomes
internalize into the HeLa cells studied here at such high amounts. To this end, a new version
of Opa(HV-) in which the semivariable region has been removed is being generated.
Although the SV region alone is not able to induce binding to CEACAM, it would be
interesting to see how an Opa(HV- SV-) variant differs in its interactions with the cells.
Additionally, liposomes containing larger molecular weight PEG polymers than the PEG-

1000 used in these experiments could interact differently with HeLa cells, and it would be
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interesting to assay how liposomes with PEG-5000 on their surface interact with

CEACAM1+ and control HelLa cells.

In order to further probe the relevance of CEACAM in mediating Opa proteoliposome
uptake, CEACAML expression could be knocked down within CEACAM1+ Hela cells
using RNA interference (RNAI). RNAI uses double-stranded RNA to selectively inactivate
messenger RNA for a specific gene within cells, silencing its expression [1]. It would be
illuminating to determine how decreasing CEACAML expression within the context of
stably-transfected CEACAM1+ HelLa cells interferes with liposome uptake. If
proteoliposome uptake is decreased following RNAI, this result would suggest that high
proteoliposomal uptake by control HeLa cells results from different properties between
CEACAM1+ and control cells. This could possibly be due to a different propensity for
liposome adhesion or fusion on the surface, implied by the fact that the decrease in
proteoliposome uptake in control cells treated with metabolic inhibitors was far less than the
decrease in uptake seen in treated CEACAM1+ or CEACAM3+ Hela cells. An alternative
method to probe CEACAM relevance toward uptake could be through blocking Opa-
CEACAM interactions, perhaps through treatment of cells with an a-CEACAM antibody
prior to liposome exposure. Incubation of cells with an antibody that binds the N-terminus of
CEACAM could sterically-block proteoliposomes from binding CEACAM while retaining
CEACAM proteins on the cell surface, and would be expected to result in a decrease in

liposome binding and uptake through CEACAM.

There also remains much work to be done to elucidate what mechanisms of uptake are
employed by HeLa cells regarding proteoliposome internalization. To this end, chemical
inhibitors of various uptake processes should be screened for their efficacy in decreasing Opa
proteoliposome entry into cells. Staurosporine is a broad spectrum serine-kinase inhibitor
which has been suggested to inhibit Neisseria uptake mediated by CEACAM1 and
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CEACAMBS [2]. It would be interesting to see whether treatment of the HeLa cells used here
with staurosporine shows any effect on proteoliposome uptake. Similarly, the Src family
kinase inhibitor PP2 could also be assayed to see its effects on uptake [2]. Importance of
microtubules or actin microfilaments to CEACAM1 or CEACAM3-mediated uptake could be
determined with nocodazole and cytochalasin D, respectively [3-5]. Clathrin-mediated
endocytosis can be probed by treatment of cells with dynasore, an inhibitor of dynamin,

which is required for membrane fission in CME uptake [6].

Finally, much work remains in order to deliver an active compound such as doxorubicin to
CEACAM+ cells using Opa proteoliposomes. It was described here how doxorubicin exerted
cytotoxic effects on HeLa cells independent of liposomal Opaso, and that doxorubicin-
induced DNA strand breakage was increased in control cells to levels even higher than
CEACAML1+ cells. The current hypothesis is that doxorubicin loading into proteoliposomes
is destabilizing the liposomes and promoting liposomal aggregation and fusion, suggested by
measuring liposome size and polydispersity by dynamic light scattering. In order to better
control liposome size, the precipitation of encapsulated doxorubicin can be modulated by the
loading technique employed. Use of sulfate instead of citrate when establishing a pH gradient
within liposomes, for example, was shown to affect the shape and flexibility of doxorubicin
fibrous bundles, making them more tightly packed than when precipitated with citrate [7].
Modulating doxorubicin precipitation may change the membrane aggregation properties of

the liposomes and allow for more clear results with respect to cellular delivery.

There remain many avenues of research that could be followed based on the work described
in this thesis, but the ideas given in this section seem to be of particular importance.
Regardless, it is clear from the work described here that there remains much potential for Opa
proteoliposomes to be developed further as a platform for therapeutic delivery to cells

expressing surface CEACAM proteins.
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Appendix: Various Experimental Methods and Materials Used

Propagation of HeLa cells. HelLa cells stably transfected to express CEACAM or a control
plasmid were cultured in a 37°C incubator with 5% CO: in a solution of Dulbecco’s Modified
Eagle Media (DMEM) (Gibco, 11965-092) supplemented with 10% fetal bovine serum
(VWR, 97068-085), 1x Anti-anti (Gibco, 15240-062), and 1x Glutamax (Gibco, 35050-061).
Cells were split using 0.25% trypsin- ethylenediaminetetraacetic acid (EDTA) (Gibco,
25200-056) when ~80% confluent and discarded by 25 passages in order to preclude
endogenous CEACAM expression in control cells. HeLa CEACAM expression was

monitored by Western blot with a polyclonal CEACAM antibody (Dako, A0115).

Staining of HeLa cells for surface CEACAM. HeLa cells were allowed to grow to ~60%
confluence before lifting with 2 mM EDTA in phosphate buffered saline (PBS). Cells were
centrifuged at 300 g and fixed in 4% paraformaldehyde (PFA) in PBS for 15 minutes before
being centrifuged again and washed with PBS containing 10% normal-goat serum (NGS) to
block non-specific antibody binding. Antibody staining was done with a rabbit polyclonal
pan-CEACAM antibody (Dako, A0115) for 1 hour. Following two rounds of washing with
10% NGS in PBS, the cells were stained with an Alexa-647 goat anti-rabbit antibody

(ThermoFisher). Cells were washed with PBS and stored at 4°C for imaging.

Expression and purification of recombinant Opa proteins. opaso and opa(HV-) genes
subcloned into pET28b vectors were transformed into a BL21 (DE3) E. coli strain in order to
produce Opa proteins as described previously. Briefly, cells were grown in LB supplemented
with kanamycin until they reached an ODeoo ~ 0.8, when protein expression was induced with
isopropyl-p-D-thiogalactoside. Following Opa expression into inclusion bodies, cells were
centrifuged and then resuspended in lysis buffer [50 mM Tris (pH 8.0), 150 mM NacCl,
Complete protease inhibitor tablet] before being lysed. The insoluble protein fraction was
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pelleted (5,000 x g) and resuspended in extraction buffer (lysis buffer with 8 M urea)
overnight. The remaining insoluble fraction was removed through centrifugation and soluble
Opa proteins were purified using Co?*-immobilized metal affinity chromatography and eluted
[20 mM sodium phosphate (pH 7.0), 150 mM NaCl, 680 mM imidazole, 8 M urea]. The
eluted fractions containing Opa were concentrated (MWCO= 10kDa) and the final Opa
concentration was determined by Azso (MW= (29367.5 Da), e=41830 Mt cm™* for Opaso;
MW=22487.8 Da, £e=37360 Mt cm™ for Opa(HV-)). Protein purity was assessed with SDS-

PAGE.

Preparation of fluorescent liposomes and size determination by dynamic light scattering. A
fluorescent lipid mixture composed of 62 mol% 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 16 mol% 1,2-dimyristoyl-sn-glycero-3-phospho(1°-rac-glycerol)
(sodium salt) (DMPG), 16 mol% cholesterol, 5 mol% 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy-(polyethylene glycol)-1000] (ammonium salt) (DMPE
PEG 1000), and 1 mol% (Dil) (ThermoFisher, D282) was dried under a stream of nitrogen
and resuspended in 10 mM HEPES in Hank’s Balanced Salt Solution (HBSS). The resulting
lipid mixture was vortexed for 5 minutes and shaken at 500 rpm overnight before being hand-
extruded through a Nucleopore track-etched membrane with pore sizes of 0.03 um, 0.1 pm,
0.2 um, and 0.4 um (Whatman). Liposome sizes were determined by dynamic light
scattering (DLS) using a Wyatt DynaPro Plate Reader 11 and Dynamics V7 software. Ten

repeats were measured for each condition and the average liposome size was reported.

Preparation of fluorescent Opa proteoliposomes. Opa protein folding was adapted from
previously published protocols. 1,2-didecanoyl-sn-glycero-3-phosphocholine (diC10PC,
Avanti Polar Lipids) dissolved in chloroform was dried under nitrogen and resuspended in
borate buffer [10 mM sodium borate (pH 12.0) and 1 mM EDTA], then sonicated for 30

minutes at 40% amplitude (Q500, Q Sonica) in order to form liposomes. Following
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sonication, 4 M urea was added and 50 nm unfolded Opaso or Opa(HV-) was aliquoted and
mixed. The Opa/diC10PC-liposome mixture was incubated for 4 days at 37°C, after which
folding was confirmed by SDS-PAGE. Following Opa folding, diC10PC-proteoliposomes
were pelleted through ultracentrifugation (142,400 x g for 2 hrs at 12°C), resuspended in
resuspension buffer [10 mM HEPES (pH 7.4) in HBSS], and mixed with dried fluorescent
lipids (DMPC, DMPG, cholesterol, DMPE-PEG-1000) as described above. The lipid mixture
was vortexed for 5 minutes and shaken at 500 rpm for several hours before extrusion through

a Nucleopore track-etched membrane with a 0.4 or 0.2 pum pore size (Whatman).

Proteoliposome incubation with pre-fixed HeLa cells. Prior to Opaso proteoliposome
exposure, 2.0 x 106 CEACAM1 Hela cells per condition were lifted and fixed with 4%
paraformaldehyde in PBS for 10 minutes. Cells were centrifuged (300 g, 10 min) and washed
with PBS and then exposed to Opaso proteoliposomes in 10 mM HEPES/HBSS (pH 7.4) at a
final phospholipid concentration of 0.2 mM for two hours. Cells were then centrifuged and
washed with PBS before being fixed as previously described. Cells were washed in PBS and
then incubated with 1:1000 DAPI in PBS for one hour before being washed once more and

stored in PBS for imaging.

Timecourse of Opa proteoliposome uptake. Approximately 20 hours prior to liposome
exposure, 2.0 x 10 HeLa cells expressing CEACAM1, CEACAMS3, or a vector control line
were seeded onto 60 x 15 mm cell culture plates (Cellstar, 628160). Proteoliposomes were
produced as described above and extruded through a 0.4 pum membrane. Before the
experiment, the liposomal phospholipid concentration was determined according to
established protocols. HelLa cells were exposed to liposomes at a concentration of 0.2 mM
total phospholipid for 20 minutes at 37°C in serum-free DMEM. Following liposome
exposure, cells were washed again and allowed to incubate further for 0, 1, 2, or 3 hrs before

being washed again and lifted by 2mM EDTA in PBS (pH 7.4). Cells were pelleted by
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centrifugation at 300 x g for 10 minutes and then fixed in 4% PFA in PBS for 15 minutes
before being pelleted at 400 x g for 10 minutes. The cell pellet was resuspended in PBS and
stained with 1:1000 DAPI in PBS for one hour before being centrifuged and washed with

PBS. Cells were stored at 4°C prior to imaging.

Inhibition of cells with ATP-metabolic inhibitors. 2.0 x 10°% HeLa cells per plate were seeded
the day before the experiment. Opa proteoliposomes were prepared as described previously.
The day of the experiment, cells were pre-incubated for 30 minutes at 37°C with DMEM +
10 mM sodium azide and 100 mM 2-deoxyglucose (Sigma). Opa proteoliposomes were given
at a concentration of 0.1 mM total phospholipids for 1 hour at 37°C, after which the cells
were washed, lifted, and fixed as described previously. Cells were stained with 1:1000 DAPI
in PBS before centrifugation at 400 g. Cells were washed with PBS and stored at 4°C prior to

imaging.

Imaging flow cytometry. Cell imaging was performed on an ImageStream”™ Mark 11 imaging
flow cytometer (Amnis Corporation). DAPI fluorescence was excited with a 405 nm laser set
to 40.0 mW intensity and emission was collected with a 420-505 nm filter (Ch 7). TMR-
dextran fluorescence was excited with a 488 nm laser set to 100.0 mW intensity and emission
was collected with a 595-660 nm filter (Ch 4). Dil fluorescence was excited with a 488 nm
laser set to 100.0 mW intensity and a 561 laser set to 100.0 mW intensity and read using a
560-595 nm filter (Ch 3). Alexa-647 fluorescence was excited using a 642 nm laser set to
40.0 mW intensity and collected with a 660-740 nm filter (Ch 11). Brightfield images were
collected on Ch 1 (camera 1) and Ch 9 (camera 2). Images were captured using a 60X, 0.9
NA objective. Approximately 4000-8000 in-focus, nucleated cells were captured for each
sample. Single-label controls were imaged at the same settings to generate a compensation

matrix.
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Image processing. Images were analysed using IDEAS V. 6.2.64.0 software (Amnis
Corporation). For each file, a compensation matrix created using single-label controls was
applied to reduce spectral overlap between channels. In-focus cells were selected using a
Brightfield RMS gradient, while single cells were gated on by plotting the Brightfield area
against the aspect ratio. An internalization mask was created by an Adaptive Erode algorithm
(100-75%, with 75% Adaptive Erode used to define the internal mask) applied to a
Brightfield mask in order to exclude fluorescence at the membrane. A surface mask was
designed by subtracting a 90% Adaptive Erode mask from the full Brightfield mask in order
to capture fluorescence only at the cell surface. For Dil fluorescence measurements, a mask
was applied to each cell to select for Ch3 (Dil) fluorescence intensity between 100-4095
greyscale value in order to exclude low-level background fluorescence (background
threshold). An internalization or cell surface mask was combined with a Dil background
threshold mask in order to quantify above-background Dil fluorescence either within or at the
surface of the cell. For E. coli, a spot count algorithm was used instead of intensity in order to
quantify the average number of spots (bacteria) per cell. To measure internalized TMR-
dextran fluorescence, a background threshold mask was created to exclude Ch4 TMR
intensity outside a 70-4095 greyscale value range. Ch4 (TMR) fluorescence intensity was

quantified within the TMR background threshold mask and the Internalization mask.

E. coli growth conditions and labelling

A BL21 (DE3) E. coli cell strain was transformed with either a pEX vector subcloned with
the opal gene or an empty control vector. Cells were grown for 17 hours in ampicillin-
supplemented Lysogeny Broth (LB) media containing 15 pg per mL of 1,1°-Dioctadecyl-

3,3,3”,3’-Tetramethylindocarbocyanine Perchlorate (Dil) (Thermo Fisher, D282) until they
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reached an ODeoo Of 1.0 (approximately 8.0 x 108 cfu/mL). E. coli were centrifuged at 4000 g
for fifteen minutes and red cell pellets were observed. The pellets were washed twice in LB
media before being suspended in LB to a final concentration of approximately 2.5 x 10°

cfu/mL.

Incubation of Fluorescent E. coli with HeLa cells

HeLa cells stably-transfected to express CEACAM1, CEACAMS3, or a vector control line
were seeded onto plastic plates approximately 20 hrs prior to the experiment. The day of the
experiment HeLa cells were washed with fresh media without FBS and cell counts for each
line were determined. E. coli cells were diluted in DMEM and exposed to cells at a MOI of
50 cfu/cell for one hour at 37°C. Following a one hour exposure to bacteria, the HeLa cells
were washed with fresh DMEM and allowed to incubate at 37°C for another four hours. At
the end of the experiment, the cells were washed with DMEM before being lifted by 2mM
EDTA in PBS (pH 7.4). Cells were spun at 300 g for 10 minutes and then fixed in 4%
paraformaldehyde (PFA) for 15 minutes at room temperature. Cells were centrifuged at 400 g
for 10 minutes, washed with PBS, and then stained with 1:1000 DAPI in PBS for 1 hour.

Cells were washed again with PBS and then stored at 4°C prior to imaging.
Determining Macropinocytic Uptake of HeLa Cells

Macropinocytosis was quantified according to a published protocol as described in the text.
Briefly, 2.0x10° cells were plated one day prior to the experiment. The day of the experiment,
HelLa cells were washed with serum-free DMEM and incubated with 1 mg ml? lysine-fixable
70kDa Tetramethylrhodamine (TMR)-dextran (Invitrogen, D1818) at 37°C for 30 min. After,
the cells were washed twice with serum-free DMEM then lifted with 2 mM EDTA in PBS

and centrifuged at 300 g for 10 minutes. Cells were fixed with 4% PFA in PBS for 15
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minutes at room temperature, centrifuged at 400 g, and stained with 1:1000 DAPI in PBS for
one hour. Cells were finally centrifuged again and washed in PBS before being stored at 4°C
prior to imaging. To inhibit macropinocytosis, cells were pre-exposed to 100 uM 5-(N-Ethyl-
N-isopropyl)amiloride (EIPA) (Sigma) for 30 minutes in serum-free DMEM just prior to

liposome exposure.

Colocalization of Opaeo proteoliposomes with EEA1 or LAMP1

0.2 mM [phosopholipid] of Opaso protecliposomes were exposed to 2.0x10° CEACAM1
HeLa cells for 20 minutes in DMEM. Following liposome exposure, cells were washed and
allowed to incubate further for 0, 20, 40, or 60 minutes. After incubation, cells were washed
again with media, lifted with 2mM EDTA in PBS, and fixed with 4% PFA in PBS as
described in Materials and Methods. Cells were centrifuged and resuspended in 10% normal-
goat serum in PBS with 0.2% saponin to permeabilize the membranes. Antibodies to EEA1
(BD Biosciences, 610456) or LAMP1 (DSHB, H4A3) were incubated with cells 1:100
concentration along with 1:1000 DAPI, following which cells were centrifuged and washed
with PBS. A goat anti-mouse Alexa488 secondary antibody was incubated with cells 1:1000

for 1 hour before cells were centrifuged and washed again in PBS for imaging.
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