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Abstract

Carcinoembryonic antigen-like cell adhesion molecules (CEACAMS) are human cell-surface
proteins that can exhibit increased expression on tumor cells, and are thus a potential target for
novel tumor-seeking therapeutic delivery methods. We hypothesize that engineered nanoparticles
containing a known interaction partner of CEACAM, the NeJsseria gonorrhoeae outer membrane
protein Opa, can be used to deliver cargo to specific cellular targets. In this study, the cell
association and uptake of protein-less liposomes and Opa proteoliposomes into CEACAM-
expressing cells was measured using imaging flow cytometry. A size-dependent internalization of
liposomes into Hel a cells was observed through endocytic pathways. Opa-dependent,
CEACAM1-mediated uptake of liposomes into HeL a cells was observed, with very little
colocalization with endosomal and lysosomal trafficking compartments. Given the overexpression
of CEACAML1 on several distinct cancers and the strong interest in using CEACAML1 as a
component in treatment strategies, these results support further pursuit of investigating Opa-
dependent specificity and internalization mechanism for therapeutic delivery.
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Introduction

Carcinoembryonic antigen-like cell adhesion molecules (CEACAMS) are a family of
glycoproteins in the immunoglobulin (Ig) superfamily. At least twenty-seven human splice
variants exist across twelve unique members; eleven members are found on the cell surface
and one member is secreted!. Members of the CEACAM family have wide-ranging tissue
expression as well as homo- and heterotypic interactions!. CEACAM1 (formerly Bgp/
CD66a) is the most widely distributed CEACAM member and is found on a broad range of
epithelial cells, endothelial cells, and immune cells, such as neutrophils and lymphocytesl2.

"Corresponding author.
Declarations of Interest: None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kuhn et al.

Page 2

CEACAML exists as 12 splice variants, with most containing a transmembrane domain and
up to four extracellular Ig-domains. Long (L) splice variants in humans contain a 71 amino
acid intracellular region with an immunoreceptor tyrosine-based inhibitory motif (ITIM),
while short (S) splice variants contain only ten intracellular residues and lack
phosphorylation sites?. In addition to participating in cell adhesion through homophilic and
heterotypic interactions, CEACAM1 can modulate cell proliferation and differentiation?,
promote insulin internalization3~4 and neovascularization®, as well as inhibit T cell and
Natural Killer cell activity 6-7.

Perhaps due to its role in proliferation and differentiation, CEACAML is overexpressed on
several types of cancers. Compared to corresponding healthy cells, in which approximately
1-10% of patient samples show CEACAML1 expression, CEACAML is significantly
overexpressed in melanoma (97% of metastatic tumor cells express CEACAML), colorectal
cancer (94% expression on metastatic cells), lung cancer (81% expression on metastatic
cells), pancreatic cancer (71% expression in early carcinoma cells), and bladder cancer
(nearly 100% expression on metastatic cells)8. Importantly, CEACAML1 drives progression
of both lung adenocarcinomas and melanomas as well as serve as a marker of poor
prognosis 8. As a result of the significant role of CEACAML in driving cancer progression
and its overexpression on several carcinomas, CEACAML is proposed to be a target for
receptor-mediated therapeutic delivery®.

Neisseria meningitidis and Neisseria gonorrhoeae are bacterial pathogens that trigger their
engulfment into human cells through binding to CEACAMSs. Neisserial Opacity-associated
(Opa) proteins bind to several members of the CEACAM family. Opa proteins are eight-
stranded beta barrels that span the outer membrane. To date, 345 unique gpa alleles have
been identified, which generate substantial Opa sequence diversity on the Neisserial
surfacel0. Engagement of the N-terminus of CEACAM1, CEACAM3, CEACAMS5, or
CEACAMG with Opa extracellular hypervariable regions (HV1 and HV2) induces bacterial
phagocytosis into human host cells1-12, Subsequent to binding, the Opa-CEACAM
interaction induces bacterial uptake into non-phagocytic cells, including HeLa cells stably
transfected to express CEACAMSs13, Given the overexpression of CEACAM1 on several
distinct cancers and the strong interest in using CEACAML1 as a component in treatment
strategies, the specificity and internalization mechanism of the Opa — CEACAML interaction
is of interest for therapeutic delivery. Although full-length Opa is likely not the final design
of this therapeutic, the requirement of different regions of the protein (HV1 and HVv2)11
prevents single HV-derived peptide designs and requires an understanding of the structure
and function of the system. The ability to investigate the surface adherence and
internalization facilitates these investigations and provides a comparison for future
therapeutic designs. For these reasons, the Opa-CEACAM interaction was investigated as a
platform for liposomal delivery.

Liposomes can be used to encapsulate hydrophilic and hydrophobic compounds, facilitating
their use as vehicles for drug delivery. By incorporating receptor ligands on the liposomal
surface, such as peptides'4, antibodies!5-16, or small molecule ligands!’, liposomes can
target specific receptors18-19, Receptor binding may subsequently lead to liposome
internalization and delivery of encapsulated drugs to the interior of target cells.
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Recombinantly-expressed Opa proteins can be folded into unilamellar liposomesZ°. Opagg
proteoliposomes bind the soluble N-terminus of CEACAM1 and CEACAM32!, indicating
that liposomal Opa proteins retain their interaction with CEACAMS.

In this study, the binding and internalization of Opa-reconstituted liposomes by CEACAM-
expressing human cells was investigated using liposome internalization assays and imaging
flow cytometry. Using imaging flow cytometry, a method was developed to differentiate
surface-bound liposomes from internalized liposomes with high confidence. The high-
throughput method described to measure liposome internalization is applicable to studying
uptake of other types of particles and in other cellular contexts. This approach was used to
investigate the internalization of liposomes and nonspecific uptake of liposomes and Opagg
proteoliposomes into HeL a cells. A size-dependent internalization of unilamellar vesicles
(diameters approximately 50-300 nm) into HeLa cells was observed. Minimizing non-
specific uptake with 300 nm liposomes facilitated the detection of CEACAM1 mediated
uptake of Opagg liposomes into HeL a cells.

Experimental Methods

Propagation of HelLa cells.

HeLa cells stably transfected to express CEACAM1, CEACAMS or a control plasmid
(generously provided by Scott Gray-Owen, University of Toronto)3 were cultured in a 37°C
incubator with 5% CO5 in 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 limit the potential for endogenous CEACAM
expression in control cells. HeLa CEACAM expression was monitored through staining of
surface CEACAM using a polyclonal CEACAM antibody (Dako, A0115) and imaging flow
cytometry.

Staining of HelLa cells for surface CEACAM.

HeL a cells were allowed to grow to ~60% confluence before dissociation with 2 mM EDTA
in phosphate buffered saline (PBS). Cells were centrifuged at 300 x 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) diluted in PBS-NGS 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 diluted in PBS-NGS
(ThermoFisher, A-21245). Cells were washed with PBS and stored at 4°C for imaging.

Expression and purification of recombinant Opa proteins.

opagp and opa(HV—-) genes for the Hisg-tagged mature protein were subcloned into pET28b
vectors and transformed into a BL21 (DE3) E. coli strain in order to produce Opa proteins as
described previously2%-21, Opa(HV-) (described in Supplemental Figures) was generated in
the pET-28b plasmid by General Biosystems (Morrisville, NC). Briefly, cells were grown in
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LB supplemented with kanamycin until they reached an ODggg ~ 0.8, when protein
expression was induced with isopropyl-B-D-thiogalactoside. Following Opa expression,
which expresses into inclusion bodies, cells were centrifuged and then resuspended in lysis
buffer [50 mM Tris (pH 8.0), 150 mM NaCl, Complete protease inhibitor tablet] before
being lysed. The insoluble protein fraction was 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 (Molecular Weight Cutoff = 10 kDa) and the final Opa concentration was
determined by Asgy (MW= (29367.5 Da), £=41830 M~1 cm™1 for Opagy; MW=22487.8 Da,
£=37360 M~1 cm™1 for Opa(HV-)). Protein purity was assessed with sodium dodecy!
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Preparation of fluorescent liposomes and size determination by dynamic light scattering.

A fluorescent lipid mixture composed of 62 mol% 1,2-dimyristoyl-sr-glycero-3-
phosphocholine (DMPC), 16 mol% 1,2-dimyristoyl-sr-glycero-3-phospho(1’-rac-glycerol)
(sodium salt) (DMPG), 16 mol% cholesterol, 5 mol% 1,2-dimyristoyl-srglycero-3-
phosphoethanolamine- A-[methoxy-(polyethylene glycol)-1000] (ammonium salt) (DMPE
PEG 1000), and 1 mol% (Dil) (ThermoFisher, D282) was dried under nitrogen gas and
resuspended in 10 mM HEPES in Hank’s Balanced Salt Solution (HBSS, components
purchased from Sigma-Aldrich). 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 pm, or 0.4 um (Whatman). Liposome
sizes after extrusion were determined by dynamic light scattering (DLS) using a Wyatt
DynaPro Plate Reader Il and Dynamics V7 software (Supplemental Table S1 and Fig. S1).
Ten repeats were measured for each condition and the average liposome size was reported
along with the polydispersity.

Preparation of fluorescent Opa proteoliposomes.

Opa protein folding was adapted from previously published protocols?29-21, 1 2-didecanoyl-
sn-glycero-3-phosphocholine (diC10PC, Avanti Polar Lipids) dissolved in chloroform was
dried under nitrogen gas 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 sonication, 4 M urea was added and 50 nm unfolded
Opagg 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 (Fig S5).
Following Opa folding, diC10PC-proteoliposomes were pelleted through ultracentrifugation
(142,400 x g for 2 hrs at 12°C), resuspended in resuspension buffer [L0 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 um pore size (Whatman). Opagg reconstituted into liposomes are referred to
as Opagg proteoliposomes.
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Proteoliposome incubation with pre-fixed HelLa cells.

Prior to Opagg proteoliposome exposure, 2.0 x 108 CEACAM1 HeLa cells per condition
were dissociated and fixed with 4% paraformaldehyde in PBS for 10 minutes. Cells were
centrifuged (300 x g, 10 min) and washed with PBS and then exposed to Opagg
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
with PFA as described above. 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 at 4°C for
imaging.

Timecourse of Opa proteoliposome uptake.

Approximately 20 hours prior to liposome exposure, 2.0 x 108 HeLa cells expressing
CEACAM1, CEACAMS3, or the 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 um membrane. Before the experiment, the liposomal phospholipid
concentration was determined by a colorimetric assay according to established protocols??.
HeLa 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
and allowed to incubate further for 0, 1, 2, or 3 hrs before being washed and lifted by 2mM
EDTA in PBS (pH 7.4). Cells were pelleted by 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 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 and 10 mM sodium azide and 100
mM 2-deoxyglucose (Sigma) or with staurosporine (Sigma) ranging from 0 to 400 nM. 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.
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Approximately 4000-8000 in-focus, nucleated cells were captured for each sample. Single-
label controls were imaged using the same settings to generate a compensation matrix.

Image processing.

Images were analyzed 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
cutoff above 55, 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 chosen in experiments 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 £. 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.

Results and Discussion

Development of an imaging flow cytometric method to measure liposome internalization.

Distinguishing surface-bound from internalized particles in cells is an important but non-
trivial task with numerous publications describing a variety of methods. Surface washes?3,
non-cell penetrating fluorophores24, and low-temperature incubations2>-26 have all been
used, among other techniques, in an attempt to differentiate between surface and internal
fluorescent signals. Often, confocal fluorescence microscopy is used to analyze particle
localization with respect to brightfield images?’, internal stains23, or membrane stains28,
with one proposed method combining confocal fluorescence imaging of cells with flow
cytometry in an attempt to generate a high-throughput method for determining nanoparticle
internalization?®. Recently, imaging flow cytometry, which combines fluorescence
microscopy with flow cytometry, has gained attention as a technique enabling the high-
throughput evaluation of thousands of microscopic images when determining internalization
and surface binding3C of exogenous particles such as bacteria?4 3 or exosomes32.

In order to distinguish membrane-associated (also referred to as surface) from internalized
liposomes, a masking method was developed using the ImageStream* Mark Il Imaging
Flow Cytometer and IDEAS image processing software. Brightfield gradient RMS, DAPI
intensity, cell area, and cell aspect ratio were used to select images of cells that were in
focus, singlets, and nucleated (Fig. S2). Fluorescently-labelled liposomes, fluorescently-
labelled CEACAM antibody and fluorescently-labelled antibodies to endosomal proteins
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were individually evaluated using brightfield masks at varying Adaptive Erode values (95—
75%) of the full brightfield mask (100%). Internal and surface fluorescence was measured
for fluorescent Opagg proteoliposomes in pre-fixed CEACAM1 Hel a cells (Fig. 1A).
Fixation prior to liposome exposure prevents liposome internalization33; thus, any liposome
fluorescence is exclusively membrane-associated, and accurate internal masks should
measure low internal liposomal fluorescence in pre-fixed cells. Surface masks were defined
as full brightfield mask minus the internal mask for each Adaptive Erode percent value, and
are expected to report high fluorescence values for non-internalized liposomes on pre-fixed
cells. When defining internal fluorescence as all fluorescence within the full (100%)
brightfield mask, all liposomal fluorescence for pre-fixed cells is incorrectly identified as
internalized. The percent of internal fluorescence decreases and percent surface fluorescence
increases as the internal mask defined as a percent of the full brightfield mask is reduced
from 95% to 75% (Fig. 1B). An internal mask defined as 75% of the full brightfield mask
after Adaptive Erode reported nearly all fluorescence on pre-fixed cells as surface-
associated, with only 6.2% of liposomal fluorescence measured as internal. Similar results
were obtained when the same masking strategy was applied to non-permeabilized
CEACAML1 HelLa cells stained with an anti-CCM antibody to mark the cell membrane (Fig.
S3). These findings support the use of an Adaptive Erode 75% mask to delineate the internal
and surface areas for determining particle internalization.

Additional refinement of the masking strategy was accomplished by staining intracellular
markers, such as Early Endosomal Antigen 1 (EEA1), and comparing whether this
intracellular fluorescence appears in surface masks (Fig. 2). When the cell surface mask is
defined as the cell area outside the 90% Adaptive Erode mask, low EEA1 fluorescence was
measured within the surface mask consistent with the expected intracellular staining of
EEA1 within early endosomes. However, EEA1 localization was inaccurately quantified as
within the surface mask when less restrictive surface masks covering a larger cell area were
used, such as when the surface was defined as the cell area outside the 75% Adaptive Erode
mask (Fig. 2). Therefore, in all subsequent experiments, cell surface fluorescence is defined
as all fluorescence within the full brightfield mask that is not also within the 90% Adaptive
Erode mask, and internal fluorescence was defined as fluorescence only within the 75%
Adaptive Erode mask. Using these two definitions results in a zone within each cell between
the edge of 75% and 90% Adaptive Erode in which fluorescence cannot be completely
categorized as internal or surface fluorescence as both surface and intracellular fluorescence
was observed within this area. Fluorescence from surface-particles appearing in this zone,
which can appear by eye as internalized, may be due to uneven ruffling at the cell
membrane, as has been observed for extracellular bacteria?4. Fluorescence intensity within
this zone is therefore not used when calculating fluorescence specific to the internal or
surface compartment.

Opa-independent HelLa cell uptake of different size liposomes.

HeLa cells are generally reported to be non-phagocytic and often do not internalize large
particles unless promoted by particle binding to cell surface proteins34-36, There are,
however, several reports of liposomes without receptor-specific targeting gaining entry into
HeLa cells37-39. Many endocytic processes are limited based on the size of the cargo
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entering the cell*?; therefore, to limit non-specific liposome uptake, optimization of
liposome size was investigated in order to determine how liposome size affects non-specific
uptake of liposomes into CEACAM1, CEACAMS3, and control HelL a cells. CEACAM
expression across cell lines was monitored by imaging flow cytometry and the presence of
CEACAM on the surface of HelLa cells transfected to express CEACAM1 or CEACAM3
was visualized and quantified (Fig 3).

To investigate non-specific liposome uptake, CEACAM1, CEACAMS3, and control cells
were incubated with non-proteinaceous liposomes between 50 and 300 nm diameter. Internal
fluorescence of non-proteinaceous liposomes was observed within cells, with an inverse
correlation observed between liposome size and non-specific liposome internalization into
cells (Fig. 4). This non-specific, size-dependent internalization of liposomes likely results
from cellular processes that are CEACAM-independent, due to the absence of Opa proteins
on the liposomes. Uptake pathways that may be capable of internalizing liposomes without
Opa/CEACAM interactions include clathrin-mediated endocytosis (CME)*?, clathrin-
independent carriers (CLIC)*2, and macropinocytosis*3-44. There is evidence
macropinocytosis is occurring in these cells as fluorescent dextran, a fluid-phase marker of
macropinocytosis*®, was internalized into control and CEACAM expressing HelLa cells (Fig
S4). CEACAML1 expressing cells had higher dextran internalization than control or
CEACAMS cells, implying CEACAM1 may promote macropinocytic processes as has been
shown for other cell surface adhesion molecules, such as cadherins#6. Uptake of fluorescent
dextran into HelLa cells was decreased by treatment with the macropinocytic inhibitor
ethylisopropyl amiloride (EIPA)*’ in control and CEACAM1 Hela cells, but not
CEACAMS (Fig S4). These results demonstrate the importance of correlating the size of
nanoparticles with their propensity for non-specific uptake into cells in targeted
internalization experiments and that overexpression of surface adhesion proteins can impact
internalization processes. Because high levels of non-specific internalization could obscure
CEACAM-mediated uptake, Opa proteoliposomes in all subsequent experiments are with
300 nm, the size with the lowest non-specific internalization.

CEACAM-mediated uptake of Opagg proteoliposome into HelLa cells.

Opa-expressing Neisseria bacteria induce phagocytosis of the bacteria into HeLa cells
displaying CEACAM113. Proteoliposomes containing refolded recombinant Opagg bind the
soluble N-terminus of CEACAM1 and CEACAM3 /n vitro with approximately 50% of Opa
proteins facing outward and 50% facing into the liposomes as determined by trypsin
cleavage assays?l. Opa(HV-) has the hypervariable regions required to engage
CEACAM!-12 removed (Fig. S5) and are internalized by non-CEACAM mediated
internalization as was demonstrated for liposomes. Opa(HV-) proteoliposomes may better
mimic the physical properties of Opagg proteoliposomes such as membrane rigidity
compared to liposomes without protein?é.

To determine the contribution of the Opa-CEACAM interaction to proteoliposomal uptake,
proteoliposomes containing folded (Fig. S6) Opagg or Opa(HV-) protein were exposed for
fifteen minutes to control Hela cells and HeLa cells expressing CEACAM1 or CEACAMS.
After washing, the cells were imaged immediately (0 hrs) and at 1, 2, and 3-hour incubation
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time to monitor liposomes uptake (representative images are provided in Fig. S7). The
amount of internal and surface Dil fluorescence was quantified (Fig. S8) using Adaptive
Erode masks (Fig. 2 and 3 and S3). In order to capture binding and internalization into one
measurement, the ratio of internal fluorescence to surface fluorescence was used to evaluate
uptake efficiency at each time point (Fig. 5). A ratio greater than one indicates there are
more internalized liposomes than surface bound liposomes, and a ratio less than one
indicates there are more liposomes on the surface of the cell than exist internalized.

As anticipated from the Opa-independent uptake of liposomes presented in Figure 4,
CEACAM-independent binding and internalization of Opa(HV-) proteoliposomes was
observed with control HeL a cells (Fig. S8 and S9). More total fluorescence was observed for
Opagg compared to Opa(HV-) (Fig. S9) indicating the amount of endogenous CEACAM1
expressed by the control cells (Fig. 3A) was sufficient to promote uptake. Approximately
50% of Opagg proteoliposome internalization into control cells was not inhibited by
treatment with the metabolic inhibitors sodium azide and 2-deoxyglucose (Fig. 6), however,
suggesting non-active uptake processes contribute to liposome uptake into control HeLa
cells.

In CEACAML expressing cells, immediately after liposome exposure (0 h) Opagg
proteoliposomes have a higher surface fluorescence than Opa(HV-) proteoliposomes (Fig.
S8), suggesting higher initial binding of Opagg proteoliposomes to CEACAML cells. In
addition, Opagg proteoliposomes already demonstrate a higher internal fluorescence than
Opa(HV-) proteoliposomes immediately after liposome exposure, indicating internalization
for Opagg proteoliposomes can be rapid. Higher internal and surface fluorescence of Opagg
proteoliposomes compared to Opa(HV-) proteoliposomes results in a higher total
fluorescence for Opagg proteoliposomes than Opa(HV-) proteoliposomes with CEACAM1
cells (Fig. S9). As time extends beyond the initial liposome exposure, proteoliposomes on
the cell surface decrease and internalized proteoliposome fluorescence increases up to 2
hours following exposure. Starting at 2 hours, the surface fluorescence of Opagg
proteoliposomes is lower than Opa(HV-) surface fluorescence (Fig. S8), suggesting Opagg
proteoliposomes are internalized faster than Opa(HV-). Over the time investigated, the
internal fluorescence is higher for Opagg proteoliposomes in CEACAML1 cells compared to
Opa(HV-) and correlates with the decrease in fluorescence observed on the cell surface
(Fig. S8). The ratio of internal to surface captures these trends and indicates Opagg
proteoliposomes are more efficiently internalized than Opa(HV-) (Fig 5B). The
internalization of Opagg proteoliposomes was reduced by 93% with the metabolic inhibitors
sodium azide and 2-deoxyglucose (Fig. 6), suggesting that unlike in control cells, Opagg
proteoliposome internalization into CEACAML cells is almost entirely dependent on active
uptake processes that require ATP.

In order to probe further the dependence of CEACAM on liposomal uptake, the correlation
between CEACAM expression levels and Opagg proteoliposome internalization was
investigated. A positive correlation was observed between surface CEACAML expression
levels on CEACAM1+ cells and Opagg proteoliposome uptake after one hour (Fig 7A),
suggesting that CEACAM1+ HelL a cells with higher CEACAML1 expression levels have
more internalized proteoliposomes than CEACAM1+ cells with less CEACAML expression.
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Previously published experiments using Ne/sseria bacteria have demonstrated that
staurosporine, a broad-spectrum serine kinase inhibitor, decreases uptake of Opa-expressing
bacteria into human cells through CEACAM1 without affecting bacterial surface adhesion?3.
To determine the effect of staurosporine treatment on CEACAM-dependent proteoliposomal
uptake, CEACAML1 cells were pre-treated with increasing concentrations of staurosporine
before proteoliposome exposure. Similar to results using Opa-expressing Neisseria, pre-
treatment of CEACAML Hel a cells with increasing concentrations of staurosporine inhibits
Opagg proteoliposomal uptake while leaving surface binding of proteoliposomes unaffected
(Fig. 7B). The combined results suggest that Opagg liposomes are internalized through a
CEACAM1-dependent uptake pathway.

In CEACAMBS expressing HelLa cells, both the surface and internal fluorescence of Opagg
proteoliposomes was higher than for Opa(HV-) proteoliposomes (Fig S8). As time extends
(1 to 3 hrs) beyond the initial liposome exposure to cells (0 hrs), the internal fluorescence of
Opagg liposomes increases while surface fluorescence decreases (Fig. S8). Over the time
investigated, Opagg proteoliposomes were more efficiently internalized than Opa(HV~-)
proteoliposomes (Fig. 5C). Similar to CEACAML1 cells, the internalization of Opagg
proteoliposomes into CEACAMS3 cells was almost entirely reduced when cells were treated
with metabolic inhibitors (Fig. 6).

Based on the combined results, the different HeLa cells are difficult to compare. The cells
differ in CEACAM expression levels and different internalization pathways. The difference
in the ratio of internal to surface fluorescence between Opagg and Opa(HV-) allows a
comparison of uptake efficiency between the different cells that is independent of CEACAM
expression levels (Fig. 5D). Over the entire time investigated, Opagg proteoliposomes show
greater uptake efficiency than Opa(HV-) proteoliposomes; however, the difference between
the Opagg and Opa(HV-) proteoliposomes over time was different between the three types
of HeL a cells. The difference in uptake efficiency between Opagg and Opa(HV-)
proteoliposomes decreases over time in CEACAM3-expressing cells, while CEACAM1
expressing cells were the only cell line for which the uptake efficiency of Opagg
proteoliposomes increases over time compared to Opa(HV-) (Fig. 5D). The differences in
uptake observed between CEACAM1 and CEACAM3 could be due to different signal
transduction processes that initiate internalization, such as the use of an immunoreceptor
tyrosine-based inhibition motif (ITIM) on the intracellular region of CEACAML, and an
immunoreceptor tyrosine-based activation motif (ITAM) on CEACAMS3, which recruits Src
kinases and Rac1 prior to bacterial internalization!3. It is interesting to note that .
gonorrhoeae bacteria expressing Opas; had similar trends in the percent of intracellular
bacteria?® with CEACAM1 and CEACAMS3 expressing HeLa cells. In that study, the percent
of bacteria internalized in CEACAML expressing HeLa cells increased over 3 hours, while
CEACAM3 expressing HeL a cells had a maximum uptake by 1-2 hours. In experiments
performed using E. coli expressing Opal (Opagg expressed recombinantly in £. coli), a
similar internalization was measured at the one-hour time point for CEACAM1 and
CEACAM3 expressing Hel a cells (Fig. S10), as determined using a spot count algorithm.
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Cellular-fate of Opagg proteoliposomes.

To begin to evaluate the cellular fate of internalized Opagg proteoliposomes, cells were
fluorescently stained with markers for early endosomes and lysosomes. Early in the
endocytic process, primary endocytic vesicles fuse with low pH (~5.5) early endosomes
using Rab5, a small GTP binding protein that also recruits the effector protein early
endosomal antigen 1 (EEAL1) to early endosomes®?-52, Because of the specific localization,
EEA1 is used as an early endosome marker. Following early endosomes, cargo may proceed
to late endosomes and eventually lysosomes. Lysosomes are low pH (<5.0) degradative
vesicles containing numerous hydrolytic enzymes, and the trafficking of internalized
particles to degradative lysosomes has significant implications for cargo survival®3-54, The
major membrane protein constituents of lysosomes, lysosome-associated membrane protein
(LAMP)-1 and LAMP2, help maintain lysosomal integrity, and LAMPL1 is a common
lysosomal marker, although it may also be found on the cell surface®3 55, In order to explore
Opagg proteoliposomal trafficking through the endocytic pathway, the colocalization of
liposomal fluorescence with antibodies to EEAL or LAMP1 was determined over the course
of one hour following exposure to cells (Fig. S11). At 60 minutes following initial
proteoliposome exposure, colocalization between Dil and LAMP1 is highest while
colocalization between Dil and EEAL is lowest. Since cargo processed through endocytic
pathways encounters early endosomes before lysosomes, this may indicate a small fraction
of proteoliposomes are processed through the endocytic pathway and have trafficked out of
early endosomes toward lysosomes by this timepoint. Nonetheless, average bright detail
similarity scores less than 2.0 indicate very little Dil fluorescence colocalizes with either
EEA1 or LAMP1, suggesting that the majority of proteocliposomes do not colocalize with
either of these markers over the time surveyed. Trafficking through endosomes to lysosomes
is associated with cargo degradation, and a lack of significant colocalization between
proteoliposomes and endocytic markers suggests that Opa proteoliposomes and associated
cargo may be able to access the cell cytosol following cell internalization.

Conclusion

Here, we report a method to differentiate internalized from cell surface-adhered liposomes in
HeLa cells using imaging flow cytometry. This method is high-throughput, allowing for the
quantification of signals from thousands of cells, and avoids human subjectivity in defining
particle internalization and selection of cells. The approach presented here for measuring
nanoparticle internalization into cells can be applied to the cellular uptake of other
nanoparticles across many cellular contexts. In this study, non-specific liposome
internalization was quantified in HeLa cells and is inversely correlated with liposome size.
Non-specific liposome internalization into cells increases with smaller particles,
underscoring the importance of considering nanoparticle size in these kinds of targeted
uptake experiments.

In addition to the non-specific uptake observed, ATP-dependent CEACAM-mediated uptake
of Opagg proteoliposomes was observed in CEACAM1 and CEACAM3 expressing HelLa
cells. CEACAML is overexpressed on several cancers and, therefore, has the potential to
serve as a target receptor in treatment strategies. Targeting CEACAM with Opa requires both
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HV1 and HV2 regions, which are in different extracellular loops of the protein. Therefore, a
single Opa-derived peptide will not be sufficient to accomplish CEACAM mediated uptake
and full length Opa proteins currently remain our best tool to understand how to target
CEACAM. In order to design a CEACAM-targeting liposome that avoids the use of a full
length bacterial protein, the Opa-CEACAM interaction needs to be determined and assays of
internalization are needed to correlate the molecular determinants of the interaction and
cellular uptake. These combined results support further investigation of Opa proteoliposome
cell entry as models for therapeutic delivery mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Fluorescence values of surface versus internalized proteoliposomes determined in pre-fixed

CEACAM1 Hela cells. CEACAML1 Hel a cells were dissociated and fixed with 4% PFA
prior to incubation with Opagg proteoliposomes (yellow). (A) Surface and internalization
masks were used to determine adhered versus internalized liposome fluorescence.
Internalization masks were defined as being a set percent of the full brightfield mask (75—
95%) while surface masks were defined as being fluorescence outside of each internalization
mask. White scale bar is set to 7 um. (B) When used to quantify internal and surface
proteoliposome fluorescence in pre-fixed cells, which are not expected to internalize
liposomes following binding, high surface and low internal (6.2% of total) liposome
fluorescence was measured with an Adaptive Erode mask set to 75% of full brightfield.
Error bars represent 95% C.I.
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Figure 2.
Fluorescence values of anti-Early Endosomal Antigen-1 (EEA1) staining in CEACAM1

HelLa cells as determined using internalization adaptive erode masks. (A) CEACAM1 HelLa
cells were dissociated, fixed with 4% PFA, and stained with an a EEA1 antibody (green).
Internalization masks were defined as being a set percent of the full brightfield mask (75—
95%) while surface masks were defined as being fluorescence outside of a set internalization
mask. Masks were used to determine adhered versus internalized fluorescence. White scale
bar is set to 7 um. (B) When varying internalization and surface masks are used to quantify
EEAZ1 fluorescence, which should only be within cells, fluorescence was considered
internalized and not surface as long as surface masks were set to quantify fluorescence
outside of at least the 90% Adaptive Erode internal mask. Error bars represent 95% C.I.
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Figure 3.
Surface CEACAM expression on HeLa cells. (A) Control (black), CEACAM1 (red), and

CEACAMS (blue) HeLa cells were dissociated, fixed in 4% PFA, and stained with a pan-
CEACAM antibody. Compared to control cells, histograms of fluorescence intensity show
high fluorescence in CEACAM1 and CEACAMS cells, with highest staining on CEACAM1
cells. (B) Merged images of pan-CEACAM antibody (red) staining and brightfield images of
control, CEACAML, and CEACAMS3 cells show CEACAM localization at the cell surface.
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Opaless liposome size inversely correlates with Opa-independent uptake. Control (white),
CEACAML1 (black), and CEACAM3 (grey) HeLa cells were incubated with 0.2 mM
[phospholipid] of non-proteinaceous liposomes that ranged in diameter from approximately
30 to 400 nm. The highest Opa-independent uptake occurred in cells exposed to 30 nm
liposomes, with liposome uptake decreasing as liposome size increases. Error bars represent
95% C.I.
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Figure5.
Opagg promotes proteoliposome uptake into HeLa cells. HeLa cells were pulsed for 15 min

with proteoliposomes, then chased in fresh medium without liposomes for 0, 1, 2, or 3 hrs.
Liposome internalization efficiency (internal/surface fluorescence) was determined for
control (A), CEACAML1 (B), and CEACAMS (C) HeLa cells following exposure to Opagg
(black) and Opa(HV~-) (red) proteoliposomes. Opagg enhances proteoliposome uptake into
Hel a cells compared to Opa(HV-), shown as higher Internal/Surface values. The increase
or decrease in proteoliposome internalization efficiency from Opa(HV-) to Opagg 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 Opagg internalization when
compared to Opa(HV-) internalization increases only within the context of CEACAM1
HeLa cells. Error bars represent 95% C.I.
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Figure 6.
Cellular metabolic energy promotes internalization of Opagg proteoliposomes into HeLa

cells. Control, CEACAM1, and CEACAM3 HelLa cells were treated with metabolic
inhibitors (black) in order to deplete available cellular ATP compared to untreated cells
(white). Following treatment, cells were exposed to 0.2 mM [phospholipid] Opagg
proteoliposomes for one hour before being washed, lifted, and fixed in 4% PFA. Depletion
of cellular ATP inhibits internalization of Opagg proteoliposomes into cells, with ATP
depletion strongly inhibiting liposome uptake into HeLa cells expressing CEACAML1 or
CEACAMS. A smaller effect was seen on internalization into control cells, which could be
due to non-active uptake processes present in these cells. Error bars represent 95% C.I.
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Figure?.
Opagg proteoliposome uptake correlates with increased CEACAM expression on cell surface

and is inhibited by treatment with staurosporine. (A) CEACAML1 cells were gated in to
lowest 25%, middle 50%, and highest 25% expressing cells after staining with a pan-
CEACAM antibody and the proteoliposome fluorescence for each sub-population was
measured. A positive correlation was seen between CEACAM expression and Opagg
proteoliposome uptake. Error bars represent 95% C.1I. (B) Treatment of CEACAM1 HelLa
cells with the serine kinase inhibitor staurosporine inhibits Opagg protecliposome
internalization into cells. Binding of proteoliposomes to the cell surface was unaffected by
treatment. Error bars represent 95% C.I.

Mol Pharm. Author manuscript; available in PMC 2019 September 12.



	Abstract
	Introduction
	Experimental Methods
	Propagation of HeLa cells.
	Staining of HeLa cells for surface CEACAM.
	Expression and purification of recombinant Opa proteins.
	Preparation of fluorescent liposomes and size determination by dynamic light scattering.
	Preparation of fluorescent Opa proteoliposomes.
	Proteoliposome incubation with pre-fixed HeLa cells.
	Timecourse of Opa proteoliposome uptake.
	Inhibition of cells with inhibitors.
	Imaging flow cytometry.
	Image processing.

	Results and Discussion
	Development of an imaging flow cytometric method to measure liposome internalization.
	Opa-independent HeLa cell uptake of different size liposomes.
	CEACAM-mediated uptake of Opa60 proteoliposome into HeLa cells.
	Cellular-fate of Opa60 proteoliposomes.

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

