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Figure 2.3. Representative nanoparticle tracking analysis (NTA) size
distributions. a) differential centrifugation, b) Qiagen exoEasy Maxi kit, c)
centrifuged milieu + PET C-CP fibers, and d) filtered Milieu + PET C-CP

Imaging of exosomes adsorbed onto C-CP fibers

While the size distributions of the D. discoideum EVs were very similar to those

previously reported by Tatischeff et al. 38, the standard method of verifying the presence

of EVs or exosomes generally includes NTA size distribution results in conjunction with

Western Blot verification of the presence of known exosomal protein markers, and a

TEM micrograph to visualize and verify sizes of individual vesicles. However, this trio of
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Figure 3.10. Super-resolution confocal fluorescence microscopy of
ITHOE-CD81-GFP and SKOV-3-CD9-RFP-expressing small extracellular
vesicles on PET C-CP fibers. Super-resolution confocal fluorescence
microscopy of (a) IHOE-CD81-GFP sEVs, (b) non-transduced IHOE sEVs
(non-fluorescent), (c) PBS (d) SKOV-3-CD9-RFP sEVs, (e) non-transduced
SKOV-3 sEVs (non-fluorescent) and (f) PBS spun down onto PET C-CP
fibers in a micropipette tip format. Images a, b, and ¢ were captured under
GFP imaging conditions (see Materials and Methods) and images d, e, and
were captured under RFP imaging conditions. Arrows indicate distinct
exosomal adherence regions along the fibers.
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IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV mixed samples spun onto PET C-
CP fibers demonstrated similar patterns to the IHOE-CD81-GFP and SKOV-3-CD9-RFP
samples alone (see Figure 3.11). The mixed samples demonstrated fluorescent particles
within both the green emission range (500-541 nm, see Figure 3.11a) and red emission
range (564-628 nm, see Figure 3.11b). An overlaid image of the green and red emission
channels (see Figure 3.11c¢), revealed the presence of green and red fluorescent particles

in both overlapping and distinct locations along the fibers (see arrows on Figure 3.11).
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Figure 3.11. Super-resolution confocal fluorescence microscopy of IHOE-
CD81-GFP and SKOV-3-CD9-RFP small extracellular vesicles on PET C-CP
fibers. Super-resolution confocal fluorescence microscopy of IHOE-CD81-GFP
and SKOV-3-CD9-RFP sEVs mixed prior to being spun down onto PET C-CP
fibers in a micropipette format. Observations in (a) green and (b) red channels were
(c) overlaid showing distinct exosomal adherence locations along the fibers
(arrows)
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Selective immunoaffinity capture of SEVs

Following determination of average fluorescence values for the sample area of the
controls for normalization (Figure 3.6), immunoaffinity capture experiments were set up
as described in Figure 3.1 using nitrocellulose strips dotted with the antibodies listed in
Table 3.1. IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV samples were added to
separate nitrocellulose antibody-dotted capture strips (see Figure 3.1a and Table 3.1) and
imaged with multichannel widefield fluorescence microscopy (see Figures 3.12-3.16,
Table 3.2). In a separate experiment, [HOE-CD81-GFP and SKOV-3-CD9-RFP sEVs
were mixed prior to addition to a single nitrocellulose antibody-dotted capture strip (see
Figure 3.1b and Table 3.1) and imaged with multichannel widefield fluorescence
microscopy (see Figures 3.17-3.18, Table 3.2). The positive control capture antibody
against tGFP (rabbit anti-tGFP) demonstrated significant GFP fluorescence intensity
when incubated with IHOE-CD81-GFP sEVs alone (see Figure 3.12a) or with a sample
containing both IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (see Figure 3.12¢), as
compared to the negative PBS controls (no antibody, [HOE-CD81-GFP or SKOV-3-
CDO9-RFP sEV samples; see Figure 3.12e,f). Similarly, the positive control capture
antibody against RFP (rabbit anti-RFP) demonstrated significant mCherry fluorescence
intensity when incubated with SKOV-3-CD9-RFP sEVs alone (see Figure 3.12h) or with
a sample containing both IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs(see Figure
3.12j), as compared to the negative PBS controls (no antibody, [HOE-CD81-GFP or
SKOV-3-CD9-RFP sEV samples; see Figure 3.12k,1). No spectral crossover was

observed between the red and green channels (see Figure 3.12g,i,b,d) Fluorescence of the
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captured [HOE-CD81-GFP and SKOV-3-CD9-RFP sEVs appeared to be more
homogeneous as opposed to punctate in nature as compared to IHOE-CD81-GFP and
SKOV-3-CD9-RFP sEV samples dotted directly onto a nitrocellulose surface without

specific capture antibodies (Figure 3.6).
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Figure 3.12. Immunoaffinity blot capture using rabbit anti-tGFP and
rabbit anti-RFP antibodies. [HOE-CD81-GFP and/or SKOV-3-CD9-RFP
sEVs were isolated by UC and captured on a nitrocellulose membrane using
rabbit anti-tGFP or rabbit anti-RFP antibodies. Each type of sEV was exposed
to antibody-dotted nitrocellulose for 2 hours at a protein concentration of 125
pg/mL followed by a 1 hour wash in TBS-Tween. GFP images were obtained
using a 100 ms exposure and mCherry images were obtained using a 2 s
exposure.

142




CD63 is a generic exosomal marker protein. When rabbit anti-CD63 antibodies
were used to capture IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs, there was
significant relative fluorescence intensity for IHOE-CD81-GFP sEVs (Figures 3.13-3.14,
Table 3.2) and mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (Figures 3.17-
3.18, Table 3.2) in the green channel. Rabbit anti-CD63 dots also demonstrated
significant relative fluorescence intensity for SKOV-3-CD9-RFP sEVs (Figures 3.15-
3.16, Table 3.2) and mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (Figures
3.17-3.18, Table 3.2) in the red channel. The rabbit anti-CD63 normalized relative
fluorescence intensity for [HOE-CD81-GFP sEVs in the green channel and the
normalized relative fluorescence intensity for SKOV-3-CD9-RFP sEVs in the red
channel were not significantly different (see Figures 3.13-3.16). Likewise, the rabbit anti-
CD63 normalized relative fluorescence intensities in both the green and red channels for
mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs were not significantly different

(see Figures 3.17-3.18).
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Figure 3.13. IHOE-CD81-GFP sEVs immuno-captured on a nitrocellulose
membrane and imaged with multichannel microscopy. IHOE-CD81-GFP
sEVs were exposed to antibody-dotted nitrocellulose for 2 hours at a protein
concentration of 125 pg/mL followed by a 1 hour wash in TBS-Tween. GFP
images were obtained using a 100 ms exposure and mCherry images were
obtained using a 2 s exposure.
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Figure 3.14. Normalized relative fluorescence intensities of IHOE-CD81-GFP
immuno-captured on a nitrocellulose membrane and imaged with multichannel
microscopy. IHOE-CD81-GFP sEVs were captured and imaged on a nitrocellulose
test strips. SEVs were exposed to the multiple antibody-dotted nitrocellulose test
strip for 2 hours at a protein concentration of 125 pg/mL followed by a 1 hour wash
in TBS-Tween. GFP (green bar) images were obtained using a 100 ms exposure and
mCherry (red bar) images were obtained using a 2 s exposure. (* - Significantly
different from PBS control and corresponding fluorescence channel data based on a
one-tailed t-test)
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Figure 3.15. SKOV-3-CD9-RFP sEVs immuno-captured on a nitrocellulose
membrane and imaged with multichannel microscopy. SKOV-3-CD9-RFP
sEVs were exposed to antibody-dotted nitrocellulose for 2 hours at a protein
concentration of 125 pg/mL followed by a 1 hour wash in TBS-Tween. GFP
images were obtained using a 100 ms exposure and mCherry images were
obtained using a 2 s exposure.
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Figure 3.16. Normalized relative fluorescence intensities of SKOV-3-CD9-
RFP sEVs immuno-captured on a nitrocellulose membrane and imaged with
multichannel microscopy. SKOV-3-CD9-RFP sEVs were captured and imaged
on nitrocellulose test strips. SEVs were exposed to multiple antibody-dotted
nitrocellulose test strips for 2 hours at a protein concentration of 125 pg/mL
followed by a 1 hour wash in TBS-Tween. GFP (green bar) images were obtained
using a 100 ms exposure and mCherry (red bar) images were obtained using a 2 s
exposure. (* - Significantly different from the PBS control, based on a one-tailed
t-test; **- Significantly different from PBS control and corresponding
fluorescence channel data based on a one-tailed t-test)
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Dot blots with antibodies against the ovarian cancer sEV marker proteins, CD24,
Her2, LICAM, and EGFR, demonstrated significantly greater red relative fluorescence
intensities when incubated with the SKOV-3-CD9-RFP sEVs than green relative
fluorescence intensity when incubated with IHOE-CD81-GFP sEVs (see Figures 3.13-
3.16, Table 3.2). Similarly, the dot blots demonstrated significantly greater red relative
fluorescence intensity than green relative fluorescence intensities when incubated with
mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (see Figures 3.17-3.18, Table
3.2). Dot blots with mouse anti-L1CAM antibody did not show significantly greater red
relative fluorescence intensity than green fluorescent intensity when incubated with
mixed IHOE-CDS81-GFP and SKOV-3-CD9-RFP sEVs. However, the mouse anti-
L1CAM dot blots did show slightly lower mean red relative fluorescence intensity with
higher variance when incubated with mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP
sEVs compared to dot blots with mouse anti-Her2 and mouse anti-EGFR (see Figure
3.17-3.18, Table 3.2). Dot blots using ovarian cancer sEV marker antibodies
demonstrating significant relative fluorescence intensities following sEV incubations had

normalized relative fluorescence intensities ranging from approximately 0.10 to 0.24

(a.u.) (see Figures 3.15-3.18, Table 3.2).
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Figure 3.17. IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs immuno-
captured on a nitrocellulose membrane and imaged with multichannel
widefield fluorescence microscopy. [IHOE-CD81-GFP and SKOV-3-CD9-RFP
sEVs were mixed prior to capture on a single test strip. Mixed sEVs were exposed
to multiple antibody-dotted nitrocellulose for 2 hours at a protein concentration of
125 pg/mL followed by a 1 hour wash in TBS-Tween. GFP images were obtained
using a 100 ms exposure and mCherry images were obtained using a 2 s exposure.
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Figure 3.18. Normalized relative fluorescence intensities of mixed IHOE-CD81-
GFP and SKOV-3-CD9-RFP sEVs captured by ovarian cancer EV marker
antibodies. [IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs were mixed prior to
capture on a single test strip. Mixed sEVs were exposed to antibody-dotted
nitrocellulose for 2 hours at a protein concentration of 125 pg/mL followed by a 1
hour wash in TBS-Tween and then imaged using multichannel widefield
fluorescence microscopy. GFP (green bar) images were obtained using a 100 ms
exposure and mCherry (red bar) images were obtained using a 2 s exposure. (* -
Significantly different from the PBS control, based on a one-tailed t-test; **-
Significantly different from PBS control and corresponding fluorescence channel
data based on a one-tailed t-test)
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Table 3.2. Relative fluorescence intensities (a.u.) of captured IHOE-CD81-GFP
and SKOV-3-CD9-RFP sEVS using multichannel widefield fluorescence
imaging with GFP filter set (450-490 nm excitation/500-550 nm detection) and
mCherry filter set (540-580 nm excitation/592-667 nm detection)

Sample Type
GFP Filter Set mCherry Filter Set
IHOE-CDS1- IHOE-CDS1-

Capture Antibody IH 02}76;)81 } orr ggg;';]') GJ}:P

SKOV-3- SKOV-3-

CDY9-RFP CDY-RFP
Rabbit anti-tGFP 1.082 1.592 0.001 0.007
Rabbit anti-RFP -0.005 -0.002 0.843 1.109
Rabbit anti-CD63 0.061 0.075 0.119 0.101
Mouse anti-CD24 0.012 0.020 0.174 0.241
Mouse anti-Her2 0.009 0.011 0.125 0.139
Mouse anti-L1CAM 0.003 -0.004 0.154 0.100
Mouse anti-EGFR 0.006 0.010 0.108 0.144
PBS 0.004 0.004 0.009 -0.002
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Discussion

Although there is currently no agreement or official guidelines on the
classification of EV populations, there is consensus on the need for new EV isolation
methods, particularly those with greater specificity, selectivity, purity, and yield. In
response, immunoaffinity SEV isolation techniques have emerged as promising methods
with respect to SEV specificity and selectivity and have demonstrated results similar to or
better than those of ultracentrifugation.’® Thus far, immunoaffinity capture techniques
have largely been dominated by magnetic bead and microfluidics approaches. Magnetic
bead approaches have demonstrated high capture efficiency and sensitivity due the to
enhanced surface area available for capture and mixture homogeneity.®? Microfluidics
devices employing immunoaffinity approaches in tandem with other separation factors,
including size, density, hydrophobicity, and biochemical profile, may allow for the
greatest specificity and selectivity and may prove ideal for diagnostic purposes. Strategies
employed in these methods include generic capture of SEVs using tetraspanin marker
antibodies followed by tumor-specific marker identification, as well as sEV capture using
tetraspanin and tumor-specific markers simultaneously. While both strategies have
certain advantages, recent studies appear to primarily focus on tetraspanin capture alone
prior to tumor-specific SEV marker identification. This workflow is likely due to low

overall SEV yield values.

As new EV isolation and quantification methods are designed, they will require
more systematic comparison protocols for overall efficacy evaluation. The overall goal of

this study was to develop a model system (IHOE-CD81-GFP- and SKOV-3-CD9-RFP-
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expressing cells) to produce fluorescent sEVs for use in optimization of the newly
developed PET C-CP EV isolation platform. Specifically, this model system, by
distinguishing between cancerous and non-cancerous cell-derived sEVs via fluorescence,
will be used to develop the selective capture component of the PET C-CP EV isolation
platform in a quick and cost-effective manner prior to patient sample investigation. Once
refined, selective OC-specific capture antibodies coupled to the isolation platform may be
able to streamline EV capture and be employed for early OC diagnosis. The aims of this
work included establishment and verification of the [IHOE-CD81-GFP- and SKOV-3-
CD9-RFP-expressing cell lines for production of fluorescently-labelled sEVs,
demonstration of the ability of PET C-CP fibers to capture IHOE-CD81-GFP and SKOV-
3-CD9-RFP sEVs effectively, and demonstration of OC-specific antibody capture and
discrimination of IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs, thus demonstrating
the ability to distinguish between non-cancerous and cancerous cell-derived sEVs. This
study details the development of a model system that can be used to further develop the
PET C-CP EV isolation platform by improving selectivity and specificity and allowing

for its optimization prior to testing with highly variable and costly patient samples.

Development and analysis of the cell line model system

In order to engineer non-cancerous (IHOE) and cancerous (SKOV-3) cell lines to
release fluorescent sEVs for downstream selective capture, generic endosomal proteins
were identified as candidates for addition of fluorescent tags. Both CD81 and CD?9 are
tetraspanin proteins that, due to their involvement in endosomal vesicle transport, are

expressed on plasma membrane components of cells. They are both reported sEV
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markers, are typically highly expressed in populations of sEVs, and are often used as
protein controls in SEV experiments.®* % Specifically, IHOE cell sEVs contain high
amounts of CD81 and SKOV-3 cell sEVs are highly enriched in CD9.% Therefore, to
create fluorescent SEVs from IHOE and SKOV-3 cells, IHOE and SKOV-3 cells were
transduced with commercially obtained pCT-CD81-GFP (CYTO124-VA-1, System
Biosciences, Palo Alto, CA) or pCT-CD9-RFP (CYTO125-VA-1, System Biosciences,
Palo Alto, CA) plasmids, respectively. The plasmids were designed by System
Biosciences to add fluorescent tags to the C-terminus, intracellular domains of the
specific tetraspanin proteins (CD81 and CD9).%¢ Each plasmid was independently
prepackaged into an HIV lentiviral construct purchased from System Biosciences to be
used for transduction of the appropriate cell line. To assess the optimal multiplicity of
infection (MOI, the ratio of virus particles to cells) required, transduction efficiency was
calculated using the pre-packaged control plasmids, pCT-Cyto-GFP (CYTO118-VA-1,
SBI, Palo Alto, CA) and pCT-Cyto-RFP (CYTO119-VA-1, SBI, Palo Alto, CA) for the
IHOE and SKOV-3 cells, respectively. pCT-Cyto-GFP showed an optimal transduction
efficiency at an MOI of 5 and pCT-Cyto-RFP showed optimal and maximum
transduction efficiency at an MOI of 10. Given these results, an MOI of 5 for pCT-CD81-
GFP and IHOE cells and a MOI of 10 for pCT-CD9-RFP and SKOV-3 cells were chosen

for future experiments.

THOE cells and SKOV-3 cells were successfully transduced with either pCT-
CD81-GFP or pCT-CD9-RFP, respectively, selected for plasmid expression with

puromycin, and subjected to limited dilution cloning. Clones with the highest cell lysate
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fluorescence intensities, as measured using a Biotek Synergy H1 Hybrid Reader (Biotek,
Winooski, VT), from identical cell densities were chosen for use in subsequent
experiments. Laser scanning confocal images of IHOE-CD81-GFP and SKOV-3-CD9-
RFP cells, as seen in Figures 3.2 and 3.3, demonstrate the successful cell transductions
and expression patterns of fluorescently-labelled CD81 and CD9 in the IHOE and
SKOV-3 cell lines. As the CD81 and CD9 transmembrane proteins are typically enriched
in extracellular vesicles, they would be expected to be expressed in many small, punctate
transport vesicles across the cell, resulting in scattered, intense fluorescence spots as
opposed to uniform fluorescence expression throughout the cytoplasm. The micrographs
of the IHOE-CD81-GFP and SKOV-3-CD9-RFP expressing cells (see Figures 3.2 and
3.3) as compared to the micrographs of the IHOE-Cyto-GFP and SKOV-3-Cyto-RFP
expressing control cells (general cytoplasm expression; see Figures 3.2 and 3.3)
demonstrate these expected localization patterns. TEM imaging (see Figure 3.4) of sEVs
isolated from IHOE-CD81-GFP and SKOV-3-CD9-RFP cells demonstrated typical
“dimpled” EV morphology and maintenance of EV structure. Additionally, IHOE-CD81-
GFP and SKOV-3-CD9-RFP sEV samples demonstrated higher relative fluorescence
intensity per ug of protein than cell lysates from the corresponding cell types (see Figure
3.7), further indicating that the expressed CD81-GFP and CD9-RFP proteins are
localized to extracellular vesicles, rather than generically expressed throughout the

cytoplasm.

An important step in the development of a new cell line is to verify that the

engineered cell line expresses the correct recombinant proteins using semi-quantitative
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methods. However, there are several factors that make this challenging for sEV specific
recombinant proteins. First, SEVs can be difficult to quantify due to their size and
heterogeneous makeup and, to date, there is no reliable method for accurate
quantification.®’ Thus, obtaining a correct measure of protein concentration per vesicle is
difficult. Furthermore, it can be problematic to normalize protein data against standard
loading controls when dealing with sEVs, as there is significant variation in sEV protein
expression and enrichment, which can also be influenced by different sEV isolation
methods.®® Even when populations of SEVs are isolated from the same cell type, there can
be considerable variation between resulting isolate densities due to the crude, and
sometimes difficult, isolation processes often employed. While antibodies against
standard loading control proteins, such as IgG or GAPDH, can be used in certain
situations, the replication of samples is not always reliable or trustworthy for semi-
quantification via western blot analysis.** % ¢-7! Despite these issues, in an effort to
move forward with fundamental research, the EV community has deemed certain sEV
markers, such as CD81 and CD?9, as suitable loading controls for sEV research.”
However, when using these loading controls, it is important to understand that they are
quite limited as they are only reliable when comparing sEVs from the same source or cell
type. With this in mind, any attempt to normalize or quantify this data based on western
blot band intensity would be unreliable. Therefore, there was no attempt to quantify or
statistically compare intensity values among western blot results. All western blot results
were evaluated only for specific protein presence or absence with limited relative

comparison based on amount of total protein loaded in each well.
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To verify the recombinant protein expression of CD81-GFP and CD9-RFP in the
IHOE-CDS81-GFP and SKOV-3-CD9-RFP cells and sEVs, western blots using primary
antibodies against tGFP or RFP (see Figure 3.5) were performed. As seen in Figure 3.5a,
probing IHOE-CD81-GFP sEVs with rabbit anti-tGFP reveals bands at approximately 24
kDa, 41 kDa, 55 kDa, and > 62 kDa as compared to the non-transduced control [HOE
sEVs and cell lysate controls. The copGFP tag is a monomer with a molecular weight of
26 kDa and the CD81 protein has a molecular weight of 26 kDa.>”* Thus, CD81 with
the addition of a GFP molecule should have a molecular weight of ~52 kDa. According
to the manufacturer’s instructions, rabbit anti-tGFP antibody only detects copGFP under
non-reduced conditions. During western blots, reduced conditions are used to break the
disulfide bridges that maintain protein tertiary structure’® but, in some cases, they may
restrict antibody access to the protein epitope. Therefore, the western blot was run under
non-reduced conditions to preserve protein disulfide bridges and maintain antibody
access to the epitope. This can change the migration properties of the recombinant CD81-
GFP protein as the two disulfide bonds of the CD81 portion do not unfold properly,
causing an uneven charge distribution across the entire molecule.” A change in the
migration properties can lead to a slightly higher indicated size than expected (~55kDa),
as was observed. The IHOE-CD81-GFP cell lysate sample displayed a similar, albeit less
intense band at ~55 kDa, representative of CD81-GFP as well. As non-transduced control
IHOE sEVs and cell lysate did not display any bands, western blot evidence suggests that
the CD81-GFP recombinant protein is being successfully expressed in the IHOE-CD81-

GEFP cells. Furthermore, GFP fluorescence is detected in the IHOE-CD81-GFP cell
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micrographs (see Figure 3.2) and IHOE-CD81-GFP sEVs and cell lysate dotted on
nitrocellulose (see Figure 3.6 and 3.7), suggesting CD81-GFP is being expressed in the

IHOE-CD81-GFP cells.

The RFP tag used in this experiment has a molecular weight of approximately 27
kDa and CD9 molecules have a molecular weight of approximately 25 kDa.!”- 6% 6!
Therefore, CD9-RFP molecules should have a theoretical molecular weight of ~52 kDa.
SKOV-3-CD9-RFP sEVs and cell lysate probed with rabbit anti-RFP show a band at
approximately 54 kDa (see Figure 3.5b, band VI), suggesting that CD9-RFP molecules
are present in the SEV and cell lysate samples. Moreover, RFP fluorescence is also
detected in SKOV-3-CD9-RFP cell images (see Figure 3.3) and in micrographs of
SKOV-3-CD9-RFP sEVs and cell lysate (see Figure 3.6 and 3.7) dotted on nitrocellulose,

further suggesting that CD9-RFP is being expressed in the SKOV-3-CD9-RFP cells.

To investigate the potential additional feature of using IHOE-CD81-GFP and
SKOV-3-CD9-RFP sEVs for testing the PET C-CP EV isolation platform, protein
concentrations were compared to relative fluorescence intensities as a means for simple
sEV quantification. The fluorescently-labeled IHOE-CD81-GFP and SKOV-3-CD9-RFP
sEVs demonstrated a high correlation between protein content and relative fluorescence
compared to non-fluorescent [HOE and SKOV-3 sEV controls (see Figure 3.8),
suggesting that the relative fluorescence of IHOE-CD81-GFP and SKOV-3-CD9-RFP
sEVs may be an alternative means of sEV quantification. Although protein concentration
is by no means considered an accurate method of sEV quantification, it does provide an

sEV concentration approximation and is widely reported in literature. With the use of
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fluorescence detectors (which are already incorporated into the PET C-CP fiber HIC
isolation platform reported in Chapter 2), sEV fluorescence protein correlation may hold
value as a simple method of SEV quantification approximation during PET C-CP fiber-

based EV isolation.

Taken together, these results demonstrate that IHOE-CD81-GFP and SKOV-3-
CD9-RFP cells were successfully established and verified to express the fluorescent tags
on the appropriate proteins (CD81-GFP and CD9-RFP). Therefore, IHOE-CD81-GFP
and SKOV-3-CD9-RFP cells may assist in the development of the PET C-CP EV
isolation platform through EV binding verification via fluorescence imaging and EV
quantitative analysis through fluorescence detection. However, in order for the sEVs
derived from the IHOE-CD81-GFP and SKOV-3-CD9-RFP cells to be utilized for

evaluation of PET C-CP fibers, they must first be captured on the fiber surfaces.

PET C-CP fiber-based sEV capture

To evaluate the PET C-CP fiber utility for EV separation of and compatibility
with [HOE-CD81-GFP and SKOV-3-CD9-RFP sEVs, IHOE-CD81-GFP and SKOV-3-
CDO9-RFP sEVs were isolated by UC and spun down through PET C-CP fibers in a
micropipette tip format (see Materials and Methods). Under SEM observation, IHOE-
CD81-GFP (see Figure 3.9a) and SKOV-3-CD9-RFP (see Figure 3.9b) sEVs demonstrate
capture without significant morphological damage. Some vesicle aggregation on the
fibers is observed but is likely due to the tendency for UC to cause vesicles to aggregate

prior to spinning through the C-CP fibers.
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While this study did observe GFP and RFP extracellular vesicle aggregates and
vesicles in close proximity through fluorescent microscopy, it is important to note that
single vesicle observation is not possible with a limit of resolution of approximately 150
nm using the Leica SP8 Hyvolution super-resolution imaging system and software.
However, in future studies, the addition of stimulated emission depletion (STED) super-
resolution to the existing Leica SP8, with resolutions down to 50 nm, may make
individual vesicle imaging of fluorescent sEVs possible and allow samples to be more
easily distinguishable.” 7> With this in mind, IHOE-CD81-GFP and SKOV-3-CD9-RFP
vesicles, again collected by UC and spun down through PET C-CP fibers, were observed
using super-resolution (~150 nm) fluorescence confocal microscopy. Initial observation
of PBS controls revealed significant autofluorescence from the PET fibers in both the
green (see Figure 3.10c) and red (see Figure 3.10f) channels with RFP emission
wavelengths displaying greater intensity than GFP emission wavelengths. However, after
application of the IHOE-CD81-GFP (see Figure 3.10a) and SKOV-3-CD9-RFP (see
Figure 3.10a) sEVs, groups of fluorescent particles could be observed beyond the fiber
autofluorescence. To verify that the IHOE-CD81-GFP and SKOV-3-CD9-RFP samples
were not emitting significant autofluorescence, non-transduced IHOE (see Figure 3.10b)
and SKOV-3 (see Figure 3.10e) sEVs, collected by UC and spun down through PET C-
CP fibers were observed under the same fluorescence imaging conditions. Non-
transduced IHOE and SKOV-3 sEVs did not display any evidence of additional
fluorescence as compared to the PBS controls. This further demonstrates that the

fluorescent particles observed in the IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV
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sample micrographs are fluorescently-labelled sEVs captured on the PET C-CP fiber
surfaces (Figures 3.10a,c). This observation is further confirmed by SEM images (see
Figure 3.9) and the previous protein and fluorescence analyses of the IHOE-CD81-GFP
and SKOV-3-CD9-RFP sEVs (see Figures 3.2, 3.3, 3.5-3.7). In addition, mixed IHOE-
CD81-GFP and SKOV-3-CD9-RFP sEV samples were spun down on PET C-CP fibers
and imaged under the same conditions as the IHOE-CD81-GFP and SKOV-3-CD9-RFP
samples alone (see Figure 3.11). After overlaying the channels, both GFP and RFP sEVs
can be observed in separate and coinciding locations, suggesting that, while there is
significant overlap, IHOE-CD81-GFP and SKOV-3-CD9-RFP vesicle groupings may be
distinguished from each other on fiber surfaces using super-resolution confocal

microscopy.

As these results show, IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs are
captured on the surface of PET C-CP fibers and can be detected and distinguished using
fluorescence microscopy. The addition of the fluorescent labels do not appear to impede
the adherence of the tagged sEVs to the PET C-CP fiber surfaces, therefore, the model
fluorescent SEVs provide a useful tool for validation and optimization of the PET C-CP
fiber-based EV isolation platform. Additionally, the ability to readily distinguish between
non-cancerous and cancerous cell-derived sEVs via green and red fluorescence provides
a means of evaluating the specificity of exosomal biomarker antibodies for use in lateral

flow assay-based ovarian cancer diagnostics.
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Selective immunoaffinity capture of SEVs

Like any complex system, access to a complete dataset would be ideal
when observing the properties of a population. However, as sampling can rarely, if ever,
include every member of a population, statistical analysis is used to look for patterns and
correlations that may explain or predict characteristics and sub-populations based on a
few variables. In lieu of technology capable of selectively identifying the proteome of
individual sEVs and for clinical practicality, only a few parameters are employed to
distinguish cancerous and non-cancerous sEVs. Although the number of parameters is
limited, as OC is a heterogeneous disease with many subtypes and origins, multiple
markers would be more effective for early screening. Here, selective immunoaffinity
capture provides a means to identify SEV sub-populations via multiple biomarker
antibodies with the goal of distinguishing between cancerous and non-cancerous ovarian

cell-derived sEVs and translating that technology to the PET C-CP EV isolation platform.

As only a fraction of an SEV population may express a specific OC tumor-specific
sEV marker, such as CD24 or Her2%% 76, SEV capture using only one of these SEV OC
markers may lead to lower numbers of captured sEVs, resulting in low signal and
decreased disease screening success. Generic sEV markers, such as CD9, CD81, and

CD63 are present in a higher proportion of sEVs®!: 477

and would likely lead to higher
capture yields. However, ovarian cancer tumor-specific sSEV marker capture may allow

for greater sEV population selectivity. The immunocapture experiment described here

162



employs strategies from other sEV lateral flow and immunoaffinity blot techniques and
provides a means for validating the model sEV system for use in the development of

immunoaffinity capture and isolation techniques for ovarian cancer diagnostics.’ 7

To provide a means of appropriate comparison and normalization of SEV
immunocapture, dotting of concentrated IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs
on nitrocellulose was used to set a threshold of maximum fluorescence intensity (Figure
3.6). (Of note, IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV samples captured on
nitrocellulose were imaged with exposure times of 100 ms and 2 s, respectively. The
discrepancy in these exposure times was appropriated to account for the differences in
documented brightness between copGFP (42 cm™ M1)*”-38 and mRFP (12.5 cm™ M1)%°
molecules and any potential quenching due to the molecular environment in vitro). The
ability to selectively capture GFP- or RFP-expressing sEVs from independent and mixed
IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV (see Figure 3.1 for experimental setup)
samples via a dot blot immunoaffinity assay using rabbit anti-tGFP and rabbit anti-RFP
antibodies was successfully demonstrated These positive controls show that the dot blot
technique can be used to visually confirm the capture of specific SEVs based on their

protein expression.

Once it was demonstrated that selective capture of [HOE-CD81-GFP and SKOV-
3-CD9-RFP sEVs was possible via rabbit anti-tGFP and rabbit anti-RFP antibodies (see
Figure 3.12, Table 3.2) the next step was to show that specific capture of the cancer and
non-cancer cell-derived sEVs could be performed using antibodies to known ovarian

cancer exosomal biomarkers. In addition to using specific ovarian cancer biomarkers, a
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known universal exosomal biomarker was also investigated as a capture antibody. In this
manner, the capture results from mixed cancer and non-cancer cell-derived sEV samples
may be interpreted in terms of capture specificity. The universal exosomal biomarker,
CD63, was selected as a positive control for the validation of the study dot blot assays.
For the control assays, [IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs were
immunocaptured from both independent (see Figures 3.13-3.16, Table 3.2) and mixed
(see Figures 3.17-3.18 , Table 3.2) samples on dot blots with rabbit anti-CD63 antibody.*
When imaged, the dot blots displayed similar fluorescence intensities for all of the
samples. Although CD63 expression likely differs somewhat between the IHOE-CDS81-
GFP and SKOV-3-CD9-RFP cells, positive fluorescence in both the red and green
channels for the mixed samples indicates that CD-63 can be used as a positive control for
the immunocapture assays. This positive control antibody may be used to show that sEVs
are present and that the capture assay is working properly, just as the positive control line

functions in a lateral flow immunoassay.

The potential to differentiate between IHOE-CD81-GFP and SKOV-3-CD9-RFP
sEVs was assessed using antibodies to various known ovarian cancer tumor-specific
exosomal marker proteins. CD24, Her2, EGFR, and LICAM molecular markers have all
been identified in previous studies as candidate biomarkers for the diagnosis and
prognosis of ovarian cancer.!”-2346.76.80-82 Therefore, dot blots using antibodies to these
ovarian cancer exosomal marker proteins were designed to test whether or not
immunoaffinity assays could be used to specifically capture cancer-cell derived sEVs

(see Figures 3.13-3.18, Table 3.2). For these assays, individual and mixed samples of
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IHOE-CDS81-GFP (non-cancerous cell-derived) and SKOV-3-CD9-RFP (cancerous cell-
derived) sEVs were added to the dot blots. Dot blot results for the non-cancer cell-
derived (IHOE-CD81-GFP) sEVs alone showed no red fluorescence and significant green
fluorescence only for dots containing antibodies to CD63 (control). This indicates that
these non-cancer cell-derived sEVs were captured by the antibody to the generic
exosomal marker tetraspanin protein, CD63, but were not captured by antibodies to any
of the ovarian cancer exosomal marker proteins (CD24, Her2, EGFR, LICAM).
Conversely, the dot blot results for the cancer cell-derived (SKOV-3-CD9-RFP) sEVs
alone showed no green fluorescence and significant red fluorescence for the dots
containing antibodies to the CD63 control and for all of the dots containing antibodies to
the ovarian cancer exosomal marker proteins (CD24, Her2, EGFR, LICAM). Finally, the
dot blot results of a mixture of the non-cancer and cancer cell-derived sEVs showed
significant green and red fluorescence for the dots containing antibody to CD63, while
significant fluorescence was only seen in the red channel for the dots containing
antibodies to the ovarian cancer marker proteins. These results indicate that SEVs from
the model cell lines may be employed in the future development and optimization of

lateral flow immunocapture assays for rapid, early ovarian cancer diagnostics.

Compared to the utilization of single markers, use of a multiplexed approach to
identify multiple exosomal biomarkers at once may diagnose a greater proportion of
ovarian cancers.'® In this case, a panel of tumor-specific protein markers was successfully
used to differentiate between cancerous and non-cancerous sEVs. Multiple marker “hits”

provides greater assurance that less false negative test results will occur. As cells in the
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tumor environment may undergo changes that can lead to differences in exosomal

83-85

biomarker expression® >, screening for a panel of biomarkers can increase the overall

robustness of an exosomal liquid biopsy-based diagnostic test.”> 2% 3840

The impact of IHOE-CD81-GFP and SKOV-3-CD9-RFP cell lines and immunoaffinity

capture on development of a PET C-CP fiber-based EV isolation platform

The IHOE-CD81-GFP and SKOV-3-CD9-RFP cell lines developed in this study
provide an extremely valuable tool for the development, optimization, and proof of
concept testing of the PET C-CP EV isolation platform, and its potential use in a simple,
cost effective, early ovarian cancer diagnostics test. As the Marcus group has previously
shown, antibodies may be grafted onto the surfaces of the PET C-CP fibers or
alternatively to channeled films for selective protein capture.®¢° This study shows that
sEVs expressing biomarker proteins may be selectively captured using immobilized
antibodies. The model system may be used to produce sEVs for laboratory use instead of
having to rely on expensive, limited availability human patient samples. Specifically, the
incorporation of fluorescent markers into sEVs and the proven utility of the tagged sEVs
for self-reporting immunocapture characterization studies provide a framework to further
investigate selective SEV capture parameters, PET C-CP fiber and film-based sEV
selective capture and separation, diagnostic accuracy, and clinical replication. Moreover,
multiplexed immunoaffinity capture using OC tumor-specific EV markers has
demonstrated the potential for these methods to distinguish between malignant and
benign tumor cell-derived sEVs. The IHOE-CD81-GFP and SKOV-3-CD9-RFP cell

model system may also allow for advancement of EV imaging and quantification via
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efficient sample prep, easier live cell imaging, and quantitative fluorescence correlations.
The versatility of the sEVs generated by these cell lines will prove useful as new
applications come to light and the EV community begins to focus more on selective EV

capture and super-resolution microscopy.

167



References

1. Doubeni CA, Doubeni AR, Myers AE. Diagnosis and Management of Ovarian
Cancer. Am Fam Physician. Jun 2016;93(11):937-44.

2. Taylor D, Gercel-Taylor C. MicroRNA signatures of tumor-derived exosomes as
diagnostic biomarkers of ovarian cancer. Article. Gynecologic Oncology. JUL 2008
2008;110(1):13-21. doi:10.1016/j.ygyno.2008.04.033

3. Torring ML, Falborg AZ, Jensen H, et al. Advanced-stage cancer and time to
diagnosis: An International Cancer Benchmarking Partnership (ICBP) cross-sectional
study. Eur J Cancer Care (Engl). Sep 2019;28(5):e13100. doi:10.1111/ecc.13100

4. American Cancer Society. Survival Rates for Melanoma Skin Cancer: Early
Detection, Diagnosis, and Staging.

5. Jin X, Chen Y, Chen H, et al. Evaluation of Tumor-Derived Exosomal miRNA as
Potential Diagnostic Biomarkers for Early-Stage Non-Small Cell Lung Cancer Using
Next-Generation Sequencing. Clin Cancer Res. Sep 2017;23(17):5311-5319.
doi:10.1158/1078-0432.CCR-17-0577

6. Yamashita T, Kamada H, Kanasaki S, et al. Epidermal growth factor receptor
localized to exosome membranes as a possible biomarker for lung cancer diagnosis.
Pharmazie. Dec 2013;68(12):969-73.

7. Beach A, Zhang H, Ratajczak M, Kakar S. Exosomes: an overview of biogenesis,
composition and role in ovarian cancer. Review. Journal of Ovarian Research. JAN 25
2014 2014;7ARTN 14. doi:10.1186/1757-2215-7-14

8. Chen IH, Xue L, Hsu CC, et al. Phosphoproteins in extracellular vesicles as
candidate markers for breast cancer. Proc Natl Acad Sci U S A. 03 2017;114(12):3175-
3180. doi:10.1073/pnas.1618088114

9. de la Torre Gomez C, Goreham RV, Bech Serra JJ, Nann T, Kussmann M.
"Exosomics"-A Review of Biophysics, Biology and Biochemistry of Exosomes With a
Focus on Human Breast Milk. Front Genet. 2018;9:92. doi:10.3389/fgene.2018.00092

10. Eichelser C, Stiickrath I, Miiller V, et al. Increased serum levels of circulating
exosomal microRNA-373 in receptor-negative breast cancer patients. Oncotarget. Oct
2014;5(20):9650-63. doi:10.18632/oncotarget.2520

11. American Cancer Society. Survival Rates for Pancreatic Cancer: Early Detection,
Diagnosis, and Staging.

12. Melo SA, Luecke LB, Kahlert C, et al. Glypican-1 identifies cancer exosomes and
detects early pancreatic cancer. Nature. Jul 2015;523(7559):177-82.
doi:10.1038/nature14581

168



13. QiuJ, Yang G, Feng M, et al. Extracellular vesicles as mediators of the
progression and chemoresistance of pancreatic cancer and their potential clinical
applications. Mol Cancer. 01 2018;17(1):2. doi:10.1186/s12943-017-0755-z

14. Sancho-Albero M, Navascués N, Mendoza G, et al. Exosome origin determines
cell targeting and the transfer of therapeutic nanoparticles towards target cells. J
Nanobiotechnology. Jan 2019;17(1):16. doi:10.1186/s12951-018-0437-z

15. Properzi F, Logozzi M, Fais S. Exosomes: the future of biomarkers in medicine.
Biomark Med. Oct 2013;7(5):769-78. do0i:10.2217/bmm.13.63

16. Yokoi A, Yoshioka Y, Hirakawa A, et al. A combination of circulating miRNAs
for the early detection of ovarian cancer. Oncotarget. Oct 2017;8(52):89811-89823.
doi:10.18632/oncotarget.20688

17. Sandfeld-Paulsen B, Aggerholm-Pedersen N, B&k R, et al. Exosomal proteins as
prognostic biomarkers in non-small cell lung cancer. Mol Oncol. 12 2016;10(10):1595-
1602. doi:10.1016/j.molonc.2016.10.003

18. Urbanelli L, Buratta S, Sagini K, Ferrara G, Lanni M, Emiliani C. Exosome-based
strategies for Diagnosis and Therapy. Recent Pat CNS Drug Discov. 2015;10(1):10-27.

19.  Boukouris S, Mathivanan S. Exosomes in bodily fluids are a highly stable
resource of disease biomarkers. Proteomics Clin Appl. Apr 2015;9(3-4):358-67.
doi:10.1002/prca.201400114

20.  Cheng L, Sharples RA, Scicluna BJ, Hill AF. Exosomes provide a protective and
enriched source of miRNA for biomarker profiling compared to intracellular and cell-free
blood. J Extracell Vesicles. 2014;3d01:10.3402/jev.v3.23743

21.  KogaY, Yasunaga M, Moriya Y, et al. Exosome can prevent RNase from
degrading microRNA in feces. J Gastrointest Oncol. Dec 2011;2(4):215-22.
doi:10.3978/j.1ssn.2078-6891.2011.015

22. Di Meo A, Bartlett J, Cheng Y, Pasic MD, Yousef GM. Liquid biopsy: a step
forward towards precision medicine in urologic malignancies. Mol Cancer. 04
2017;16(1):80. doi:10.1186/s12943-017-0644-5

23. Zhao Z, Yang Y, Zeng Y, He M. A microfluidic ExoSearch chip for multiplexed
exosome detection towards blood-based ovarian cancer diagnosis. Lab Chip. Feb
2016;16(3):489-96. d0i:10.1039/c51c01117e

24. Reid BM, Permuth JB, Sellers TA. Epidemiology of ovarian cancer: a review.
Cancer Biol Med. Feb 2017;14(1):9-32. doi:10.20892/].1ssn.2095-3941.2016.0084

169



25. Jacobs 1J, Menon U, Ryan A, et al. Ovarian cancer screening and mortality in the
UK Collaborative Trial of Ovarian Cancer Screening (UKCTOCS): a randomised
controlled trial. Lancet. Mar 2016;387(10022):945-956. doi:10.1016/S0140-
6736(15)01224-6

26. Menon U, Ryan A, Kalsi J, et al. Risk Algorithm Using Serial Biomarker
Measurements Doubles the Number of Screen-Detected Cancers Compared With a
Single-Threshold Rule in the United Kingdom Collaborative Trial of Ovarian Cancer
Screening. J Clin Oncol. Jun 2015;33(18):2062-71. doi:10.1200/JC0O.2014.59.4945

27. Bandu R, Oh JW, Kim KP. Mass spectrometry-based proteome profiling of
extracellular vesicles and their roles in cancer biology. Exp Mol Med. Mar 2019;51(3):30.
doi:10.1038/s12276-019-0218-2

28. Hegmans JP, Bard MP, Hemmes A, et al. Proteomic analysis of exosomes
secreted by human mesothelioma cells. 4m J Pathol. May 2004;164(5):1807-15.
doi:10.1016/S0002-9440(10)63739-X

29. LiY, Zhang Y, Qiu F, Qiu Z. Proteomic identification of exosomal LRG1: a
potential urinary biomarker for detecting NSCLC. Electrophoresis. Aug
2011;32(15):1976-83. doi:10.1002/elps.201000598

30. Pietrowska M, Funk S, Gawin M, et al. Isolation of Exosomes for the Purpose of
Protein Cargo Analysis with the Use of Mass Spectrometry. Methods Mol Biol.
2017;1654:291-307. doi:10.1007/978-1-4939-7231-9 22

31. Zhang W, Ou X, Wu X. Proteomics profiling of plasma exosomes in epithelial
ovarian cancer: A potential role in the coagulation cascade, diagnosis and prognosis. Int J
Oncol. May 2019;54(5):1719-1733. do0i:10.3892/ij0.2019.4742

32. Bellingham S, Coleman B, Hill A. Small RNA deep sequencing reveals a distinct
miRNA signature released in exosomes from prion-infected neuronal cells. Article.
Nucleic Acids Research. NOV 2012 2012;40(21):10937-10949. doi:10.1093/nar/gks832

33. Huang X, Yuan T, Tschannen M, et al. Characterization of human plasma-derived
exosomal RNAs by deep sequencing. BMC Genomics. May 2013;14:319.
doi:10.1186/1471-2164-14-319

34, Kobayashi M, Salomon C, Tapia J, [llanes SE, Mitchell MD, Rice GE. Ovarian
cancer cell invasiveness is associated with discordant exosomal sequestration of Let-7
miRNA and miR-200. J Trans! Med. Jan 2014;12:4. do1:10.1186/1479-5876-12-4

35.  Lasser C, Eldh M, Latvall J. Isolation and characterization of RNA-containing
exosomes. J Vis Exp. Jan 2012;(59):€3037. doi:10.3791/3037

36. Nakamura K, Sawada K, Yoshimura A, Kinose Y, Nakatsuka E, Kimura T.
Clinical relevance of circulating cell-free microRNAs in ovarian cancer. Review.
Molecular Cancer. JUN 24 2016 2016;15ARTN 48. doi:10.1186/s12943-016-0536-0

170



37. Rabinowits G, Gercel-Taylor C, Day J, Taylor D, Kloecker G. Exosomal
MicroRNA: A Diagnostic Marker for Lung Cancer. Article. Clinical Lung Cancer. JAN
2009 2009;10(1):42-46. doi:10.3816/CLC.2009.n.006

38. Sharma S, Zuiiga F, Rice GE, Perrin LC, Hooper JD, Salomon C. Tumor-derived
exosomes in ovarian cancer - liquid biopsies for early detection and real-time monitoring
of cancer progression. Oncotarget. Nov 2017;8(61):104687-104703.
doi:10.18632/oncotarget.22191

39, Sueta A, Yamamoto Y, Tomiguchi M, Takeshita T, Yamamoto-Ibusuki M, Iwase
H. Differential expression of exosomal miRNAs between breast cancer patients with and
without recurrence. Oncotarget. Sep 2017;8(41):69934-69944.
doi:10.18632/oncotarget.19482

40.  Kanwar SS, Dunlay CJ, Simeone DM, Nagrath S. Microfluidic device (ExoChip)
for on-chip isolation, quantification and characterization of circulating exosomes. Lab
Chip. Jun 2014;14(11):1891-900. doi:10.1039/c41c00136b

41. Mathivanan S, Lim JW, Tauro BJ, Ji H, Moritz RL, Simpson RJ. Proteomics
analysis of A33 immunoaffinity-purified exosomes released from the human colon tumor

cell line LIM1215 reveals a tissue-specific protein signature. Mol Cell Proteomics. Feb
2010;9(2):197-208. doi:10.1074/mcp.M900152-MCP200

42. Sharma P, Ludwig S, Muller L, et al. Immunoaffinity-based isolation of
melanoma cell-derived exosomes from plasma of patients with melanoma. J Extracell
Vesicles. 2018;7(1):1435138. doi:10.1080/20013078.2018.1435138

43, Pan C, Stevic I, Miiller V, et al. Exosomal microRNAs as tumor markers in
epithelial ovarian cancer. Mol Oncol. Nov 2018;12(11):1935-1948. doi:10.1002/1878-
0261.12371

44, Cheng L, Wu S, Zhang K, Qing Y, Xu T. A comprehensive overview of
exosomes in ovarian cancer: emerging biomarkers and therapeutic strategies. J Ovarian
Res. Nov 2017;10(1):73. doi:10.1186/s13048-017-0368-6

45. LiJ, Sherman-Baust CA, Tsai-Turton M, Bristow RE, Roden RB, Morin PJ.
Claudin-containing exosomes in the peripheral circulation of women with ovarian cancer.
BMC Cancer. Jul 2009;9:244. doi:10.1186/1471-2407-9-244

46. Luo H, Xu X, Ye M, Sheng B, Zhu X. The prognostic value of HER2 in ovarian
cancer: A meta-analysis of observational studies. PLoS One. 2018;13(1):e0191972.
doi:10.1371/journal.pone.0191972

47. Wu Y, Deng W, Klinke DJ. Exosomes: improved methods to characterize their
morphology, RNA content, and surface protein biomarkers. Analyst. Oct
2015;140(19):6631-42. doi:10.1039/c5an00688k

48. Diaz G, Bridges C, Lucas M, et al. Protein Digestion, Ultrafiltration, and Size
Exclusion Chromatography to Optimize the Isolation of Exosomes from Human Blood
Plasma and Serum. J Vis Exp. 04 2018;(134)doi:10.3791/57467

171



49. Helwa I, Cai J, Drewry M, et al. A Comparative Study of Serum Exosome
Isolation Using Differential Ultracentrifugation and Three Commercial Reagents. Article.
Plos One. JAN 23 2017 2017;12(1)ARTN e0170628. doi:10.1371/journal.pone.0170628

50. Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in Exosome Isolation
Techniques. Theranostics. 2017;7(3):789-804. doi:10.7150/thno.18133

51. Tang YT, Huang YY, Zheng L, et al. Comparison of isolation methods of
exosomes and exosomal RNA from cell culture medium and serum. /nt J Mol Med. Sep
2017;40(3):834-844. doi:10.3892/ijmm.2017.3080

52. Van Deun J, Mestdagh P, Sormunen R, et al. The impact of disparate isolation
methods for extracellular vesicles on downstream RNA profiling. J Extracell Vesicles.
2014;3d0i:10.3402/jev.v3.24858

53. Prendergast EN, de Souza Fonseca MA, Dezem FS, et al. Optimizing exosomal
RNA isolation for RNA-Seq analyses of archival sera specimens. PLoS One.
2018;13(5):¢0196913. doi:10.1371/journal.pone.0196913

54. Quek C, Bellingham SA, Jung CH, et al. Defining the purity of exosomes
required for diagnostic profiling of small RNA suitable for biomarker discovery. RNA
Biol. 02 2017;14(2):245-258. d0i:10.1080/15476286.2016.1270005

55. Heinemann ML, Ilmer M, Silva LP, et al. Benchtop isolation and characterization
of functional exosomes by sequential filtration. J Chromatogr A. Dec 2014;1371:125-35.
doi:10.1016/j.chroma.2014.10.026

56. Bruce TF, Slonecki TJ, Wang L, Huang S, Powell RR, Marcus RK. Exosome
isolation and purification via hydrophobic interaction chromatography using a polyester,
capillary-channeled polymer fiber phase. Electrophoresis. 2018;40(4):571-581.

57. Shagin DA, Barsova EV, Yanushevich YG, et al. GFP-like proteins as ubiquitous
metazoan superfamily: evolution of functional features and structural complexity. Mo/
Biol Evol. May 2004;21(5):841-50. doi:10.1093/molbev/msh(079

58. Evdokimov AG, Pokross ME, Egorov NS, et al. Structural basis for the fast
maturation of Arthropoda green fluorescent protein. EMBO Rep. Oct 2006;7(10):1006-
12. doi:10.1038/sj.embor.7400787

59. Kitadokoro K, Bordo D, Galli G, et al. CD81 extracellular domain 3D structure:
insight into the tetraspanin superfamily structural motifs. EMBO J. Jan 2001;20(1-2):12-
8. d0i:10.1093/emboj/20.1.12

60. Campbell RE, Tour O, Palmer AE, et al. A monomeric red fluorescent protein.
Proc Natl Acad Sci U S A. Jun 2002;99(12):7877-82. doi:10.1073/pnas.082243699

61.  Umeda R, Nishizawa T, Nureki O. Crystallization of the human tetraspanin
protein CDO9. Acta Crystallogr F Struct Biol Commun. Apr 2019;75(Pt 4):254-259.
doi:10.1107/S2053230X1801840X

172



62. Contreras-Naranjo JC, Wu HJ, Ugaz VM. Microfluidics for exosome isolation
and analysis: enabling liquid biopsy for personalized medicine. Lab Chip. 10
2017;17(21):3558-3577. doi:10.1039/c¢71c00592;

63.  Yanez-Mo6 M, Siljander PR, Andreu Z, et al. Biological properties of extracellular
vesicles and their physiological functions. J Extracell Vesicles. 2015;4:27066.

64. Kowal J, Arras G, Colombo M, et al. Proteomic comparison defines novel
markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc
Natl Acad Sci U S A. Feb 2016;113(8):E968-77. doi:10.1073/pnas.1521230113

65. Hwang JR, Jo K, Lee Y, Sung BJ, Park YW, Lee JH. Upregulation of CD9 in
ovarian cancer is related to the induction of TNF-a gene expression and constitutive NF-
kB activation. Carcinogenesis. Jan 2012;33(1):77-83. doi:10.1093/carcin/bgr257

66.  Hulme RS, Higginbottom A, Palmer J, Partridge LJ, Monk PN. Distinct regions
of the large extracellular domain of tetraspanin CD9 are involved in the control of human
multinucleated giant cell formation. PLoS One. 2014;9(12):¢116289.
doi:10.1371/journal.pone.0116289

67. Koritzinsky EH, Street JM, Star RA, Yuen PS. Quantification of Exosomes. J
Cell Physiol. Jul 2017;232(7):1587-1590. doi:10.1002/jcp.25387

68. Patel GK, Khan MA, Zubair H, et al. Comparative analysis of exosome isolation
methods using culture supernatant for optimum yield, purity and downstream
applications. Sci Rep. Mar 2019;9(1):5335. doi:10.1038/s41598-019-41800-2

69. Lobb RJ, Becker M, Wen SW, et al. Optimized exosome isolation protocol for
cell culture supernatant and human plasma. J Extracell Vesicles. 2015;4:27031.
doi:10.3402/jev.v4.27031

70. Baranyai T, Herczeg K, Onddi Z, et al. Isolation of Exosomes from Blood
Plasma: Qualitative and Quantitative Comparison of Ultracentrifugation and Size
Exclusion Chromatography Methods. PLoS One. 2015;10(12):e0145686.
doi:10.1371/journal.pone.0145686

71. Tauro BJ, Greening DW, Mathias RA, et al. Comparison of ultracentrifugation,
density gradient separation, and immunoaffinity capture methods for isolating human
colon cancer cell line LIM1863-derived exosomes. Methods. Feb 2012;56(2):293-304.
doi:10.1016/j.ymeth.2012.01.002

72. Théry C, Witwer KW, Aikawa E, et al. Minimal information for studies of
extracellular vesicles 2018 (MISEV2018): a position statement of the International
Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7(1):1535750. doi:10.1080/20013078.2018.1535750

73.  Braakman I, Helenius J, Helenius A. Manipulating disulfide bond formation and
protein folding in the endoplasmic reticulum. EMBO J. May 1992;11(5):1717-22.

173



74. Chen C, Zong S, Wang Z, et al. Imaging and Intracellular Tracking of Cancer-
Derived Exosomes Using Single-Molecule Localization-Based Super-Resolution
Microscope. ACS Appl Mater Interfaces. Oct 2016;8(39):25825-25833.
doi:10.1021/acsami.6b09442

75. Schermelleh L, Ferrand A, Huser T, et al. Super-resolution microscopy
demystified. Nat Cell Biol. 01 2019;21(1):72-84. doi:10.1038/s41556-018-0251-8

76. Tarhriz V, Bandehpour M, Dastmalchi S, Ouladsahebmadarek E, Zarredar H,
Eyvazi S. Overview of CD24 as a new molecular marker in ovarian cancer. J Cell
Physiol. Mar 2019;234(3):2134-2142. doi:10.1002/jcp.27581

77. Escola JM, Kleijmeer MJ, Stoorvogel W, Griffith JM, Yoshie O, Geuze HJ.
Selective enrichment of tetraspan proteins on the internal vesicles of multivesicular

endosomes and on exosomes secreted by human B-lymphocytes. J Biol Chem. Aug
1998;273(32):20121-7. doi:10.1074/jbc.273.32.20121

78. Oliveira-Rodriguez M, Lopez-Cobo S, Reyburn HT, et al. Development of a rapid
lateral flow immunoassay test for detection of exosomes previously enriched from cell
culture medium and body fluids. J Extracell Vesicles. 2016;5:31803.
doi:10.3402/jev.v5.31803

79. Paolini L, Orizio F, Busatto S, et al. Exosomes Secreted by HeLa Cells Shuttle on
Their Surface the Plasma Membrane-Associated Sialidase NEU3. Biochemistry. Dec
2017;56(48):6401-6408. doi:10.1021/acs.biochem.7b00665

80. Fang S, Tian H, Li X, et al. Clinical application of a microfluidic chip for
immunocapture and quantification of circulating exosomes to assist breast cancer
diagnosis and molecular classification. PLoS One. 2017;12(4):e0175050.
doi:10.1371/journal.pone.0175050

81.  Mehner C, Oberg AL, Goergen KM, et al. EGFR as a prognostic biomarker and
therapeutic target in ovarian cancer: evaluation of patient cohort and literature review.
Genes Cancer. May 2017;8(5-6):589-599. doi:10.18632/genesandcancer.142

82. Bondong S, Kiefel H, Hielscher T, et al. Prognostic significance of LICAM in
ovarian cancer and its role in constitutive NF-kB activation. Ann Oncol. Jul
2012;23(7):1795-802. doi:10.1093/annonc/mdr568

83. Shen J, Zhu X, Fei J, Shi P, Yu S, Zhou J. Advances of exosome in the
development of ovarian cancer and its diagnostic and therapeutic prospect. Onco Targets
Ther.2018;11:2831-2841. doi:10.2147/OTT.S159829

84. Milane L, Singh A, Mattheolabakis G, Suresh M, Amiji MM. Exosome mediated
communication within the tumor microenvironment. J Control Release. Dec
2015;219:278-294. doi:10.1016/j.jconrel.2015.06.029

85.  Conigliaro A, Cicchini C. Exosome-Mediated Signaling in Epithelial to
Mesenchymal Transition and Tumor Progression. J Clin Med. Dec
2018;8(1)doi:10.3390/jcm8010026

174



86. Jiang L, Marcus R. Microwave-assisted grafting polymerization modification of
nylon 6 capillary-channeled polymer fibers for enhanced weak cation exchange protein
separations. Article. Analytica Chimica Acta. FEB 15 2017 2017;954:129-139.
doi:10.1016/j.aca.2016.11.065

87. Jiang L, Marcus R. Microwave-assisted, grafting polymerization preparation of
strong cation exchange nylon 6 capillary-channeled polymer fibers and their
chromatographic properties. Article. Analytica Chimica Acta. JUL 18 2017 2017;977:52-
64. doi:10.1016/j.aca.2017.04.033

88. Trang H, Marcus R. Application of protein A-modified capillary-channeled
polymer polypropylene fibers to the quantitation of IgG in complex matrices. Article.
Journal of Pharmaceutical and Biomedical Analysis. AUG 5 2017 2017;142:49-58.
doi:10.1016/j.jpba.2017.04.028

89. Jiang L, Marcus R. Biotin-functionalized poly(ethylene terephthalate) capillary-
channeled polymer fibers as HPLC stationary phase for affinity chromatography. Article.
Analytical and Bioanalytical Chemistry. JAN 2015 2015;407(3):939-951.
doi:10.1007/s00216-014-8235-4

90. Schadock-Hewitt A, Marcus R. Initial evaluation of protein A modified capillary-
channeled polymer fibers for the capture and recovery of immunoglobulin G. Article.
Journal of Separation Science. MAR 2014 2014;37(5):495-504.
doi:10.1002/jssc.201301205

175



