1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 March 01.

-, HHS Public Access
«

Published in final edited form as:
Biochim Biophys Acta Mol Basis Dis. 2020 March 01; 1866(3): 165608. doi:10.1016/j.bbadis.
2019.165608.

Mechanisms of extracellular vesicle uptake in stressed retinal
pigment epithelial cell monolayers

Crystal Nicholsonl#, Navjot Shahl# Masaaki Ishiil# Balasubramaniam Annamalail,
Carlene Brandon?, Jessalyn Rodgers3, Tamara Nowling®, Barbel Rohrerl:2:4*

1Department of Ophthalmology, Medical University of South Carolina, Charleston, SC 29425
2Department of Neurosciences, Medical University of South Carolina, Charleston, SC 29425
3Department of Medicine, Medical University of South Carolina, Charleston, SC 29425
4Department of Ralph H. Johnson VA Medical Center, Charleston, SC 29401

Abstract

Purpose: Extracellular vesicles (EVs) can mediate long-distance communication in polarized
RPE monolayers. Specifically, EVs from oxidatively stressed donor cells (stress EVs) rapidly
reduced barrier function (transepithelial resistance, TER) in naive recipient monolayers, when
compared to control EVs. This effect on TER was dependent on dynamin-mediated EV uptake,
which occurred rapidly with EVs from oxidatively stressed donor cells. Here, we further
determined molecular mechanisms involved in uptake of EVs by naive RPE cells.

Methods: RPE cells were grown as monolayers in media supplemented with 1% FBS followed
by transfer to FBS-free media. Cultures were used to collect control or stress EVs upon treatment
with H,O», others served as naive recipient cells. In recipient monolayers, TER was used to
monitor EV-uptake-based activity, live-cell imaging confirmed uptake. EV surface proteins were
quantified by protein chemistry.

Results: Clathrin-independent, lipid raft-mediated internalization was excluded as an uptake
mechanism. Known ligand-receptor interactions involved in clathrin-dependent endocytosis
include integrins and proteoglycans. Desialylated glycans and integrin-receptors on recipient cells
were necessary for EV uptake and subsequent reduction of TER in recipient cells. Protein
quantifications confirmed elevated levels of ligands and neuraminidase on stress EVs. However,
control EVs could confer activity in the TER assay if exogenous neuraminidase or additional
ligand was provided.
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Conclusions: In summary, while EVs from both stressed cells and control contain cargo to
communicate stress messages to naive RPE cells, stress EVs contain surface ligands that confer
rapid uptake by recipient cells. We propose that EVs potentially contribute to RPE dysfunction in
aging and disease.
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of visual impairment and
blindness in the elderly worldwide. The retinal pigment epithelium (RPE), which is part of
the blood retina barrier, is a primary site of damage. Persistent oxidative stress is recognized
as one of the important underlying risk factors that leads to AMD pathology. Importantly,
RPE pathology in AMD does not initiate in a single location but occurs in multiple patches
that slowly coalesce. This pattern of pathology might involve both short- and long-distance
communication between diseased and healthy parts of the RPE. We previously examined
both the role of gap-junction communication as part of the short-distance communication
mechanism [1, 2] and the role of extracellular vesicles (EVs) as part of the long-distance
communication mechanism [3] in RPE pathology.

EVs are small vesicles that are released from different types of cells with an approximate
size of 40-150 nm, and are present in almost all body fluids. EVs contain various molecular
constituents including RNA, proteins and miRNA and play a crucial role in intercellular
communication [4].

We previously characterized the release of EVs from ARPE-19 and primary porcine RPE
cells grown as stable monolayers. When polarized, RPE cells release EVs towards both the
apical and basal side. Previously, we confirmed, using five independent assays that these
EVs released by these cells and isolated by Exoquick-TC represent mainly exosomes [3];
but will be referred to here as EVs. Using these EVs from either control or H,O,-stimulated
monolayers, we established two assays to analyze EV uptake. First, we established a transfer
assay, determining the effect of EVs on the barrier function (transepithelial resistance
[TERY]) of naive recipient cells of the same maturity (i.e., cultured in parallel) over time. The
effect of EVs from H,0,-stimulated cells on barrier function was rapid, depended on
exosome uptake in a dynamin-dependent manner, and was mediated by HDACS6 activity
present in EVs. In contrast, EVs from control monolayers failed to enter the recipient cells
[3]. Second, we analyzed internalization of EVs by RPE monolayers by live cell imaging,
which revealed two differences between stress and control EVs. Stress EVs were rapidly
internalized by recipient cells (~10-20 mins), whereas control EVs were internalized slowly
(taking ~100 mins), and while the majority of stress EVs were internalized, ~80% of the
control EVs remained on the plasma membrane [3].

Finally, we reported dynamin-dependent endocytosis as one of the mechanism of vesicle
uptake, involving the ligand annexin A2 present on exosome surfaces [3]. Our results in RPE

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nicholson et al.

Page 3

were similar to those reported by Zhang and coworkers, who reported that photo-oxidative
stress results in the release of EVs that trigger stress in naive recipient cells [5]. What is
missing in our published set of data is the underlying mechanism by which stress EVs are
taken up into recipient cells, or on the flip-side by which control exosomes are excluded.

Endocytosis is the primary mechanism of EV uptake and includes caveolae-dependent
endocytosis [6], clathrin-dependent endocytosis [7], caveolae and clathrin independent
endocytosis, lipid raft-mediated endocytosis [8], macropinocytosis and phagocytosis [9],
each requiring different ligands [7, 10, 11]. In this study, we further characterize the general
EV uptake mechanisms in RPE cells and identify molecular mechanisms by which uptake of
stress EVs is mediated by employing selective inhibitors and molecular tools.

MATERIAL AND METHODS

Cell culture

ARPE-19 cells (ATCC® CRL-2302™; American Type Culture Collection, Manassas VA),
between 20-35 passages, were expanded in 100 mm dishes (Thermo Fisher) with Dulbecco's
modified Eagle's medium (DMEM), 10% fetal bovine serum (FBS), and 1x antibiotic-
antimycotic for 7 days or until 100% confluent. Once confluent, ARPE-19 cells were
washed with 1x Phosphate-buffered saline (Gibco), trypsinized with 0.05% trypsin (Gibco),
seeded at 3.0 x 105 cells on 6-well transwell filters (Costar), and grown for 4 weeks as a
polarized monolayer. Primary porcine RPE (pRPE) were cultured according to a published
protocol [3], using eyes obtained from a local abattoir. Pooled cells from 10 eyes were
suspended in 10% FBS Growth Medium (high glucose DMEM with I-glutamine, sodium
pyruvate, 1% nonessential amino acids, 10% FBS and Penicillin and Streptomycin),
expanded in T25 cell culture flasks until 90% confluency followed by induction of
differentiation in the presence of 1% FBS for 7 days. Cells are then transferred to 12-well
plates at 100% confluency to allow for immediate monolayer formation (6 x 10° cells/well)
and continued to grow in 1% FBS.

For ARPE-19 cells, upon reaching confluency, tight junction formation was enabled by step-
wise FBS reduction to 1%. Specifically, during the first week, cells were grown in the
presence of 10% FBS in the top and 2% on the bottom of transwells, followed by a weekly
step-wise reduction of FBS from 2% to 1%. Finally, FBS was removed completely for the
final 2-3 media changes prior to the experiments to remove any FBS-derived EVs. For
pRPE, which were plated at confluency, tight junction formation was supported by 1% FBS
for 2 weeks, or until the desired TER values are reached (see below). Since pRPE do not
tolerate serum-free conditions, for the final 2 media changes prior to the experiments
exosome-depleted FBS (ThermoFisher) was used to remove any FBS-derived EVs.

Monolayer integrity was assessed by transepithelial resistance (TER) measurements using an
EVOM volt-ohmmeter (World Precision Instruments) as described [12]. Monolayers are
considered stable when TER was repeatedly measured as ~40-45 Q cm? (ARPE-19 cells) or
~150-200 Q cm? (pRPE cells).
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Isolation of EVs

To trigger EV release, ARPE-19 monolayers were stimulated apically with 0.5 mM H,0,
(Sigma Aldrich) or pRPE with 0.3 mM once a day for 3 days without changing the media.
Supernatants were collected from the apical side (2 ml per well), spun at 3000g, and
submitted for EV isolation using Exoquick-TC (Systems Biosciences) according to the
manufacturer's instructions. Specifically, Exoquick-TC (10%) was added to the culture
media collected from the cells, incubated overnight at 4 °C, centrifuged at 1600g for 35 min
to collect the EV pellet, and resuspended into the amount of fresh media needed for the
specific experiments (0.5 ml or 2 ml for 6- and 12-well plates, respectively).

Zetaview nanoparticle tracking analysis (NTA)

EV concentrations were determined using the ZetaView PMX 110 (Particle Metrix,
Meerbusch, Germany) and its corresponding software (ZetaView 8.02.28). For each sample,
1 ul of the resuspended EV pellet isolated by Exoquick-TC was diluted into 1 mL of 1x
PBS, and loaded into the NTA cell for analysis to obtain the EV particle concentration. The
instrument measures each sample at 11 different positions throughout the cell, with two
cycles of readings at each position. The instrument pre-acquisition parameters were set to:
temperature of 23 °C, sensitivity of 85, frame rate of 30 frames per second (fps), shutter
speed of 100, and laser pulse duration equal to that of shutter duration. Automated analysis
of all 11 positions and removal of any outlier positions, the mean, median, mode sizes, and
concentration of the sample, were calculated by the optimized machine software.

Transfer assays

Transfer assays were performed to study cell-cell communication using purified EVs from
donor RPE cells. Equal amounts of EVs corresponding to the average amount of EVs
released from cells from a single well isolated by Exoquick-TC (1x10%) were diluted into
fresh media (2 mL or 0.5 mL for 6- and 12-well plates, respectively) and transferred to naive
recipient monolayers of the same age and TER as donor cells. TER measurements were
performed prior to the transfer (designated as 0 hr) and after incubation of 4 hrs for each
treatment.

Treatment of Cells or EVs

Some recipient monolayers or some donor EVs were pre-treated with compounds known to
inhibit or accelerate EV uptake. This included the following compounds: filipin which binds
to cholesterol and blocks lipid-based interactions; RGD (arginylglycylaspartic acid) peptide
which blocks the interaction between integrin and its ligands; heparinase to remove surface
proteoglycans; oseltamivir phosphate which inhibits the enzyme neuraminidase (a sialidase)
and prevents the removal of sialic acids; and neuraminidase which removes sialic acids. All
compounds were used for the pretreatment of cells or exosomes. Pretreatment of cells were
performed with RGD peptide for 1 hr (10 pug/ml, Sigma Aldrich), heparinase for 30 min (10
pg/ml, Sigma Aldrich), filipin for 30 min (250 pg/ml, Sigma Aldrich), oseltamivir phosphate
for 1 hr (400 uM, Sigma Aldrich) or neuraminidase for 1 hr (from Vibrio cholera, 15 pU,
Sigma-Aldrich). Pretreatment of EVs included incubating EVs with heparinase for 30 min
(10 pg/ml) or neuraminidase for 1 hr (15 pU) was followed by cleanup with Exoquick-TC to
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remove any unbound compounds. Finally, to assess the involvement of HDAC6 in TER
reduction, cells or EVs were preincubated with the class | and 1l mammalian HDAC family
inhibitor trichostatin A (TSA, 100 nM, Sigma) [3].

Western Analysis

Protein was extracted by solubilizing EVs (1.7 x 1019) in RIPA buffer (10 mM Tris-HCI, pH
7.5, 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% SDS, and 0.1% sodium
deoxycholate; Fisher Scientific) containing a cocktail of protease inhibitors (Sigma). EV
lysates were added to Laemmli sample buffer and rocked at room temperature for 15
minutes and boiled for 5 minutes. Samples were separated by electrophoresis on a 4-20 %
Criterion™ TGX™ Precast Gels (Bio-Rad Laboratories, Inc), and proteins transferred to a
PVDF membrane. Membranes were incubated with the primary antibody against annexin-
A2 (1:1000; ab41803, Abcam) or fibronectin (1:1000; ab610077, BD Bioscience) over
night. Proteins were visualized with horseradish peroxidase-conjugated secondary antibodies
(anti-mouse IgG and IgM; Santa Cruz Biotechnology) followed by incubation with
Clarity™ Western ECL Blotting Substrate (Bio-Rad Laboratories) and chemiluminescent
detection. Protein bands were scanned and densities quantified using ImageJ software.

ELISA

The glypican 1 ELISA was carried out according to manufacturer instructions (ELH-
GPC1-1, RayBioTech). EVs pellets were dissolved in ice cold PBS buffer by passing the
sample through a syringe tip (20x). Equal numbers of EVs (1.38 x 1011) were added to each
well of a 96 well plate and incubated overnight to enhance binding. Measurements were
obtained at 450 nm using the microplate reader.

Neuraminidase (NEU) activity assay

Neuraminidase (NEU) activity in isolated, intact EVs was measured in a black 96 well clear-
bottom plate (CoStar 3603) using a SpectraMax i3c fluorometer and SoftMax Pro 6 software
(Molecular Devices, San Hose, CA). EVs (4.5 x 10° per well) in 37 °C warmed sterile-
filtered Tris Buffered Saline (TBS) at pH 7.4 were incubated with 15 pyM 2” (4-
Methylumbelliferyl) a-D-N-acetylneuraminic acid (4AMU-NANA,; Sigma Aldrich) substrate
suspended in 200 pl TBS). The fluorescence intensity (excitation/emission [ex/em] in nm:
365/460) was measured at baseline before substrate addition and in the presence of substrate
between 2 and 35 min at 37°C.

Imaging

Two systems were used for live cell imaging; the WiScan Hermes High Content Imaging
System (IDEA Bio-Medical; Rehovot, Israel) and confocal microscopy. For the Hermes,
cells were plated in glass bottom 96-well plates (Mattek; Ashland, MA). Recipient cells
were labeled with CellTrackerTM Red (1:1000; ThermoFisher, Waltham, MA) and Hoechst
33342 (Thermofisher), EVs were labeled with ExoGlow according to the manufacturer’s
instructions (Systems Biosciences, EXOC300A-1). Uptake was imaged using the Wiscan®
Hermes Imaging system with a 10x objective; using the following LED light sources: ex/em
in nm, 390/440 for Hoechst 33342, 485/525 for ExoGreen and 560/607 for CellTracker Red.
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Images were acquired every 20 minutes for 2 hours after adding EVs (1.95 x 108) and stored
as tif files. For confocal microscopy, recipient cells were plated on glass bottom 96-well
plates (Mattek) with cells and EVs labeled as above. Image acquisition was performed 120
minutes after adding EVs (5.2 x 108) using the UltraViewVoX spinning disk confocal
microscope equipped for spinning disk confocal microscopy (Eclipse Ti, Nikon, Tokyo,
Japan), running Volocity software (Perkin EImer, Wokingham, UK) on a Windows 64- bit
system as previously published [1, 3]. Confocal images were converted into tif files. All tif
files were processed using ImagelJ software (NIH). The EV (green) - CellTracker (red)
colocalized particles were detected with the Colocalization plugin (yellow) and quantified
with the Particle analyzer module in ImageJ.

X-stamp mediated targeting of EVs

Statistics

RESULTS

The Systems Biosciences surface display system was used to place annexin A2 on the
surface of EVs. In short, a lentiviral vector was designed and generated by Systems
Biosciences, to place Annexin A2 (Addgene; [13]) into the multicloning site of their
proprietary XSTP710PA-1 plasmid, flanked by a built-in signal sequence and the
downstream C1C2 EV-targeting domain sequence [14]. ARPE-19 cells were grown to 75%
confluency in the presence of 10% FBS without antibiotics, followed by transfection in the
presence of polybrene (8 pg/mL; Sigma) using 1x10° to 1x107 infectious units [ifus]/mL.
Puromycin (GenDEPQOT) was added 72 hrs after transduction at 100 pg/ml, and dropped to
50 pg/ml after 1 week. Once 100% confluent, the transduced ARPE-19 cells were
trypsinized and seeded onto 6-well transwell filters for the generation of exosomes (see
section on Cell culture and Isolation of EVs). Based on cell survival in the presence of
puromycin, a final concentration of 2.5x106 ifus/mL was chosen for the final experiment.

Data are presented as mean £ SEM. Each TER experiment reflects the average of 3
independent experiments with 3 biological replicates of transwells with 3 measurements
taken from different points on the transwell, unless otherwise indicated. TER percentage
reflects the change in the TER measurements performed prior to the transfer at 0 hours
compared to the measurements performed 4 hours after the exposure to EVs. Western blots
and ELISA reflect 3 independent experiments, and neuraminidase activity assay reflects 3
independent experiments with 3 biological replicates. Single comparisons were analyzed
using unpaired 7-tests; experiments containing multiple parameters were analyzed using
ANOVA with Bonferroni correction (Statview; SAS Institute, Cary NC). For imaging, data
analysis was performed using Prism GraphPad software (San Diego, CA) using a Student’s
T-test.

Bystander effect elicited by EVs requires ligand-dependent EV uptake by ARPE-19
recipient cells.

EVs released apically from either control or HoO5-stimulated monolayers were isolated,
equal numbers were transferred to stimulate naive monolayers, and TER measurements
between 0 (baseline) and 4 hours (post treatment) were obtained. As demonstrated
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previously [3], EVs from stressed cells (exposed to 0.5 mM H»05, “stress EVs”) elicited a
drop in TER (bystander effect) in recipient cells, whereas EVs released from control cells
(“control EVs”) had no effect on TER (Fig. 1A).

To study the role of ligands potentially involved in EV uptake, known ligand-receptor and
lipid-based interactions were probed. Previously, we implicated clathrin-dependent
endocytosis, a mechanism involving the GTPase dynamin, as well as annexin-A2, a known
mediator of endocytic entry into cells, in this process [3]. However, a clathrin-independent
mechanism, such as lipid raft-mediated internalization was not investigated. Thus, stress
EVs were pretreated with filipin to block lipid interactions and prevent EV uptake [15]. Both
filipin-treated and untreated stress EVs resulted in a 20-25% drop in TER after 4 hours (Fig.
1A), suggesting lipid interactions do not play a role in TER reduction of recipient cells by
stress EVs. Hence, we next tested protein-based interactions.

Proteins can be stripped from the surface of EVs using proteinase K to reduce their uptake
[2], and there is a growing list of protein-protein interactions identified that mediate EV
uptake. These include immunoglobulin-integrin interaction or integrin-matrix
macromolecule interaction, proteogylcans and their modifications, and annexin-A2 [2][3]. In
this study, we focused on the role of integrin and proteoglycans. Pretreatment of the
recipient cells with RGD peptide, which blocks the interaction between integrin and its
ligands, prevented the drop in TER after exposure to stress EVs compared to untreated cells
exposed to stress EVs (Fig. 1A). Proteoglycans, in particular heparin sulphate proteoglycans
(HSPG), are required for EVs as well as other complexes such as viruses to enter cells [2].
These HSPGs might be required on the surface of the EVs or recipient cells [16]. Therefore,
either recipient cells or EVs were pretreated with heparinase to remove surface
proteoglycans prior to the EV transfer assay. Heparinase treatment of cells (Fig. 1A, B), but
not EVs (Fig. 1B), completely prevented TER reduction by stress EVs. This suggests that
the presence of HSPGs on the cell surface is more important than on the EV surface for the
effect of stress EVs on TER. Finally, many glycoproteins are enriched in specific sialic acid
residues, and removal of sialic acids from cell surfaces can facilitate virus entry into cells
[17]. Pretreatment of cells with oseltamivir phosphate, which inhibits the enzyme
neuraminidase and prevents the removal of sialic acids, prevented the drop in TER normally
elicited by stress EVs (Fig. 1A, C). Taken together, protein- rather than lipid-based
interactions appear to mediate the uptake of stress EVs.

Analysis of potential ligands and enzymes in EVs derived from ARPE-19 cells

In light of the functional assays implicating annexin-Az2 [3], integrin, and proteoglycans in
EV uptake (Fig. 1A), a preliminary mass spectrometry-based proteomic analysis was
performed on control and stress EVs for potential candidates enriched in stress EVs (data
not shown). A number of ligands, including annexin-A2, integrin receptor ligands
vitronectin and fibronectin, and proteoglycans glypican 1 and HSPG2 (basement membrane-
specific heparan sulfate proteoglycan core protein or endorepellin) were identified. In
addition, the level of the enzyme neuraminidase (NEU1) was also elevated. To confirm the
preliminary proteomic results, EVs from control and H,O,-stressed cells were analyzed by
Western blotting (fibronectin, annexin-A2), ELISA (glypican 1), or activity assay (NEU),
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using equal numbers of EVs per sample. Stress EVs contained ~5 fold more fibronectin than
control EVs (Fig. 2B), and annexin-A2, which is present in control EVs at very low levels,
was also significantly increased in stress EVs (Fig. 2A). Likewise, EVs released from
stressed cells contained ~3 fold more glypican 1 than EVs from control cells (Fig. 2C).
Finally, NEU activity was significantly elevated on intact stress EVs compared to control
EVs (Fig. 2D). Thus, ligands required for EV uptake, or an enzyme known to aid in uptake,
were elevated in stress EVs.

Analysis of EV uptake using live-cell imaging in ARPE-19 cells

Previously, we analyzed internalization of EVs by RPE monolayers by live cell imaging [3].
Due to the large number of parameters in this study, imaging was performed using the
WiScan Hermes High Content Imaging System, to accommodate analyses in a 96-well plate
format. Recipient cells were labeled with CellTracker (red) and DAPI (blue), to visualize
cytoplasm and nuclei, respectively. EVs were labeled with ExoGlow (green), which labels
proteins present in EVs, prior to addition to recipient cells. Intracellular EVs were identified
as co-localized dots between the red and green channel (yellow). As we observed previously
[3], stress EVs were rapidly taken up by naive ARPE-19 cells, whereas EVs derived from
control cells showed little uptake over the 2 hour imaging period (Fig. 3A, B). Uptake of
stress EVs was inhibited in the presence of RGD peptide, heparinase, or oseltamivir
phosphate added to the cells, but not filipin (Fig. 3A, B). Interestingly, fewer EVs overall
entered the cell when filipin was added, leading to some aggregation of EVs on the cell
surface (Fig. 3A). Hence, the imaging experiments confirmed that interfering with ligand-
receptor (i.e., protein-protein) interactions prevented uptake of EVs as predicted by the
functional readout.

Control EVs contain sufficient cargo to generate bystander effect if enabled to enter the

cells.

The results presented above demonstrated that interfering with ligand-receptor interactions
between the surfaces of stress EVs and recipient cells prevented uptake of stress EVs when
compared to control EVs. But can control EVs get taken up if a critical ligand-receptor
interaction is established? Two separate mechanisms were investigated.

Virus entry into cells is facilitated by removal of sialic acids from cell surfaces by viral
neuraminidase [17]; and inhibiting neuraminidase by oseltamivir phosphate to block the
removal of sialic acids from the recipient cell surface, prevented a drop in TER elicited by
stress EVs (Fig. 1A, C). To determine if removing sialic acids from the recipient cell
glycocalyx would aid in uptake of control EVs, recipient cells were pretreated with the
native Vibrio cholerae neuraminidase prior to addition of EVs. Pretreatment of the recipient
cells with neuraminidase alone had no effect on TER (Fig. 4B), but in the presence of
control EVSs, resulted in a significant drop in TER (Fig. 4A). Neuraminidase pretreatment
did not further increase the TER reduction induced by stress EVs alone (Fig. 4A). In
contrast, pretreatment of EVs with neuraminidase had no effect (Fig. 4A). Confocal
microscopy at the 120 minute time point confirmed that control EVs were taken up by naive
ARPE-19 cells pretreated with neuraminidase, whereas untreated cells showed little uptake
(Fig. 5A, B). Likewise, stress EV uptake by naive cells was significantly inhibited by the
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addition of oseltamivir phosphate (Fig. 5A, B). Three conclusions can be drawn from these
results. First, control EVs contain sufficient cargo to reduce TER when aided to enter the
cells by exogenous neuraminidase added to the recipient cells. Second, exogenous
neuraminidase is unable to bind to/interact with control EVSs, such that transfer of pretreated
EVs had no effect on TER (i.e. the uptake of the EVS) in the recipient cells. And third, this
suggests the neuraminidase in stress EVs desialylates proteins on recipient cells facilitating
their uptake. Finally, the effect of stress EV's on TER was previously shown to be mediated
by HDACG6 packaged within EVs; and while HDACS activity was found to be higher in
stress EVs when compared to control EVs, both contain the enzyme [3]. To determine if
control EVs can affect barrier function in RPE monolayers in an HDAC6-dependent manner,
EVs were added to recipient cells pretreated with the HDACSG inhibitor TSA (pan class | and
I1 HDAC inhibitor) and/or neuraminidase. TSA had no effect on TER following addition of
control EVs and prevented TER drop by stress EVs. TSA also reversed the TER drop by
control EVs when added to neuraminidase-treated cells (Fig. 4B).

Annexin A2 levels are high in stress EVs (Fig. 2A, C) and previously we reported that
knockdown of annexin-A2 using siRNA prevented the uptake of stress EVs by naive
ARPE-19 cells [3]. Thus, here we asked if increased delivery of annexin A2 to EVs would
enable control EVs to reduce TER in the transfer assays. Lentiviral-mediated delivery of
annexin A2 was accomplished using the C1C2 domain known to be involved in targeting
ligands to the EV surface [14]. Elevated levels of annexin A2 in control EVSs released from
transfected cells were confirmed using Western blotting over a 2 log unit range of viral
vector load (Fig. 6A). A final dose of 2.5x10 ifus/mL was chosen based on cell survival in
the presence of puromycin for selection, resulting in an ~2000 fold increase in annexin A2
associated with EVs (data not shown). Delivery of annexin A2 control EVs to recipient cells
resulted in a significant drop in TER (Fig. 6B), an effect that could not be further augmented
by H,0, treatment of the EV donor cells (Fig. 6B). These results further support the
conclusion that control EVs contain sufficient cargo to reduce TER when aided to enter the
cells by addition of a ligand involved in EV uptake.

Extracellular vesicle-mediated TER reduction and uptake mechanisms are replicated in
primary porcine RPE.

To confirm that ligand-receptor interactions mediating RPE-derived EV uptake by recipient
RPE cells is universal, and not an artifact of the ARPE-19 cells, primary porcine RPE cells
(pRPE) were examined. As we demonstrated previously, EVs from H,0,-treated donor
pRPE reduced TER significantly in recipient pRPE cells, whereas control EVs had no effect
(Fig. 7A). The bystander effect elicited by stress EVs from pRPE cells was inhibited in the
presence of RGD peptide and heparinase, but not filipin (Fig. 7A), confirming the results
obtained from the ARPE-19 cells. Pretreatment of recipient pRPE cells with neuraminidase
resulted in a significant drop in TER in response to the addition of control EVs, suggestive
of EV uptake (Fig. 7B), an effect that was prevented by pretreatment with TSA (Fig. 7A).
Hence, the effect of control EVs is not specific to ARPE-19 cells, but was also verified in
neuraminidase treated pRPE cells.
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DISCUSSION

The main results of the current study are: 1) EV uptake in RPE cells is mediated by clathrin-
dependent endocytosis rather than lipid raft-mediated internalization; 2) Three ligand-
receptor interactions, integrins, proteoglycans, and annexin A2 known to be involved in EVs
uptake were demonstrated to be necessary for stress EV uptake by naive RPE cells; 3)
Elevated levels of ligands were identified on stress EV's compared to control EVs; 4)
Functional readouts, barrier function measurements and live cell imaging, demonstrated the
uptake of EVs; 5) A pathway typically used by viruses to enter cells, involving desialylation
of cell surface molecules by neuraminidase, was identified as a mechanism involved in RPE
uptake of EVs; and 6) Excess targeting of annexin A2 was shown to enable control EVs to
reduce TER. In summary, these results suggest that EVs from stressed cells differ from those
of control cells predominantly in their ligands on the EV surface for uptake by recipient
cells, since control EVs contain sufficient cargo to generate bystander effect if enabled to
enter the recipient cells.

Uptake of EVs by recipient cells or cargo transfer from EVs into recipient cells is mediated
in two different ways. EVs can fuse with the recipient cell membrane or be taken up via
phagocytosis or receptor-/raft-mediated endocytosis to empty/transfer their cargo into
recipient cells [18-20]. In RPE cells, we excluded fusion as a mechanism, as membrane
patches associated with EV membranes within cell membranes were not observed using
live-cell imaging [3]. In contrast, an endocytic mechanism involving clathrin-dependent
coated-vesicle formation was suggested based on the inhibitory effect of dynasore, a cell-
permeable small molecule that inhibits the GTPase activity of dynamin [3]. However,
dynasore does not distinguish between receptor- or raft-mediated endocytosis. Here we
addressed the contribution of receptor- or raft-mediated endocytosis to the entry of RPE EVs
into recipient RPE cells, and identified potential ligands involved in this process.

Previously, we showed that knockdown of annexin-A2 using siRNA, prevented the uptake of
stress EVs by naive ARPE-19 cells [3], and here we documented that delivering extra
annexin A2 to EV surfaces enabled the uptake of control EVs by naive ARPE-19 cells. In
cancer cells, annexin-A2 associates with cholesterol-rich lipid raft microdomains, and filipin
disrupts those associations [21]. Thus, if annexin-A2 dependent uptake were mediated via
lipid raft-mediated endocytosis, filipin should prevent uptake of stress EVs and prevent the
drop in TER. However, both TER measurements and live-cell imaging experiments showed
that EV uptake, while diminished, was not driven by this mechanism. Thus, annexin-A2-
mediated endocytosis is dependent on an interaction with a yet to be identified endosomal
protein receptor, as speculated by others [22]. Our results suggest lipid raft-mediated
endocytosis can be excluded as an uptake mechanism based on the lack of inhibition by
filipin. While it would be advantageous to test additional raft-disrupting drugs, such as
methyl-p-cyclodextrin or statins, those two drugs have direct effects on tight junction
integrity and barrier function [23, 24], the readout of our EV transfer assay. Thus, we further
investigated receptor-mediated endocytosis. Known ligand-receptor interactions involved in
clathrin-dependent endocytosis of EVs include integrins and proteoglycans.
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Integrins are transmembrane receptors whose ligands include many extracellular matrix
molecules, including fibronectin, vitronectin, collagen and laminin. In RPE cells, apical
integrin receptors (alpha,betas) are essential for photoreceptor outer segment phagocytosis
[25]; however the involvement in EV uptake is unknown. Pretreatment with an RGD
peptide, which blocks integrin receptor ligand binding sites, was shown to reduce EV uptake
in some, but not all cell types [15]. Here we demonstrated RGD peptide treatment of the
recipient RPE cells, in both human ARPE-19 cells and pRPE cells, prevented the uptake of
stress EVs based on both functional and imaging readouts. Furthermore, the integrin ligand
fibronectin was increased in stress EVs compared to control EVs.

Proteoglycans are proteins that have multiple, covalently attached, glycosaminoglycan
chains. Proteoglycans can be modified with sulphated glycosaminoglycan polysaccharides
[26] or sialic acids [27]. Pretreatment of cells with a heparin sulphate mimetic or heparinase
to remove heparin sulphate was shown to reduce EV uptake in different cell types [15, 28].
Pretreatment of naive recipient cells with heparinase prevented the drop in barrier function
normally produced by stress EVs, as well as the rapid uptake seen in live-cell imaging ,and
we identified increased levels of the proteoglycan glypican 1 in stress EVs. Interestingly,
uptake via heparin sulfate proteoglycans is a mechanism commonly used by viruses [28].

A second mechanism used by viruses for cell entry is sialic acid linked to glycoproteins and
gangliosides. Removal of sialic acids from cells by viral neuraminidases facilitate viral entry
[17]. Alternatively, sialic acid modified proteins can serve as receptors for cell entry [29].
There are at least four mammalian neuraminidase homologues (NEU1-4) with different
cellular distributions, including lysosomal, cytosolic and cellular membrane localization
[30]. Here we demonstrated that neuraminidase activity was increased in stress EVs
compared to control EVs. Pretreatment of naive recipient cells with the neuraminidase
inhibitor oseltamivir phosphate prevented uptake of stress EVs and prevented the drop in
barrier function, further highlighting the similarity between viral particles and EVs [31].
Both are small particles (EVs: 40-150 nm, [5]; viruses: 20 and 300 nm) with a protein coat,
carrying cargo (EVs: DNA, RNA, protein; viruses: DNA or RNA). And many viruses not
only use the EV pathway for cell entry, but also hijack the EV pathway for cellular protein
trafficking, packaging viral components into EVs for delivery to distant cells [31]. Finally,
neuraminidase has been identified on the surfaces of exosomes secreted by HeLa cells based
on enzyme activity assays and topology analysis, and a proteomic study identified
neuraminidase in cancer EVs, suggesting neuraminidase could be involved in differential
uptake of these EVs by cells [32].

Taken together, while we provide an example for a potential integrin ligand (fibronectin) and
glycan (glypican 1) to be elevated in stress EVs, their role in EV uptake remains to be
completely defined. However, our results support membrane proteoglycan and integrin
cooperation, and neuraminidase activity in reducing the negative charge and hydrophilicity
of the recipient glycocalyx as mechanisms enabling EV uptake/internalization.

Previosuly, HDACG6 packaged into EVs was identified as a mediator of the stress signal
released from the apical side leading to TER loss [3]. Specifically, we showed that EVs from
oxidatively stressed RPE cells contained substantial amounts of active HDAC6, and when
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transferred to naive recipient RPE monolayers lead to tubulin deacetylation and impaired the
integrity of tight junctions leading to reduced TER. HDACS inhibition by either pretreating
the recipient cells or incubating the EVs with TSA prevented these effects. HDAC6 was
shown to be the effector mediating this bystander effect of stress EVs generated by H,0,
treatment in both ARPE-19 and pRPE monolayer. The mechanism by which HDAC6
mediates its effect on barrier function in RPE cells was discussed previously [3]. In short, a-
tubulin is a substrate of HDACS6 [33, 34], its acetylation stabilizes microtubule structure [33,
35], overexpression of HDACG6 reduces a-tubulin acetylation [36], and tight junction
stability in various endothelial [37, 38] and epithelial tissues [39, 40] was shown to improve
in the presence of the HDACSG inhibitor TSA. A question that could not be asked in our
previous publication was whether the amount of HDACG present in control EVs is sufficient
to reduce tight junction stability, as the control EVs did not enter the recipient cells [3].
Physiological concentrations of neuraminidase added to the recipient cells enabled the
uptake of control EVs as shown by live-cell imaging, followed by a drop in barrier function.
This drop in barrier function was inhibited by TSA. Thus, while we originally speculated
that stress EV's mediate their effect on barrier function by virtue of the high levels of
HDACS they transfer to the recipient cells [3], our results here suggest the levels of HDAC6
present in control EVs is sufficient to trigger the partial disassembly of tight junctions when
enabled to enter the cells.

One of the goals of this research was to identify EVs that are specific to control or stressed
RPE cells as a means to monitor the health of the tissue. The results presented here
demonstrates EVs from stressed cells differ from those of control cells specifically in the
amount of ligands on their surface. However, the ligands identified here are not unique to
RPE cells. Fibronectin, annexin-A2, and glypican 1 are common markers of EVs [15].
Fibronectin and annexin-A2 were identified in pRPE EVs by the Bowes-Rickman lab [41],
whereas NEU1 has so far only been identified by proteomic analysis of human parotid gland
EVs collected in human saliva [42]. Based on published DNA microarray data, ARPE-19
cells express NEU1 [43], an enzyme required in RPE cells to digest rod outer segments.
Analyzing the effects of neuraminidase on lectin binding sites in photoreceptor cells of the
rat, monkey and human retina identified terminal sialyl residues on rod outer segments
[44-46], suggesting that neuramindase expression by RPE is not species-specific. However,
whether NEU1 enrichment is unique to RPE-derived stress EVs requires further
investigation.

In conclusion, as demonstrated by the results presented here, we further characterized the
uptake mechanism for EVs released from stressed RPE cells by naive RPE cells. Receptor-
mediated uptake mechanisms, in particular those also used for viral entry into cells, were
identified as playing a critical role in transferring the information from donor to recipient
cells. Surprisingly, control EVs were shown to contain sufficient cargo to generate a
bystander effect if enabled to enter the recipient cells. These findings increase our basic
understanding of cell-cell communication between RPE cells, and will aid in future
biomarker development characterizing the health of the RPE.
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SUMMARY

Extracellular vesicles (EVSs) from stressed cells (= stress EVS) but not control
cells (= control EVs) are taken up by naive recipient cells.

Internalization of stress EVs by recipient cells requires integrin signaling and
the presence of glycans as shown by imaging and functional assays.

Stress EVs contain elevated levels of an integrin ligand and a proteoglycan
both known to be required for EV uptake in other cells.

Elevated levels of neuraminidase activity is associated with intact stress EVS,
and pre-treatment of recipient cells with neuraminidase enables control EVs
previously unable to enter the cells, to be rapidly taken up.

Elevated levels of annexin A2 is associated with stress EVs, and targeting of
annexin A2 to control EVs enables singling based on functional assays

We speculate that membrane proteoglycans and integrins and/or annexin A2
cooperate during EV uptake, and neuraminidase activity on EVs reduces the
negative charge and hydrophilicity of the recipient cell glycocalyx to enable
EV internalization.

EV-mediated cell-cell communication might contribute to RPE dysfunction in
aging and disease.
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Figure 1. Transfer assays to study ligands required for cell-cell communication by EVs.
Transepithelial resistance (TER) assays are used to study bystander effects elicited by EV

transfer as published, comparing TER measurements between 0 (baseline) and 4 hour time
point (post treatment). A reduction in TER is taken as successful uptake of EVs by recipient
cells [3]. Tables are arranged as follows indicating the type of EV (stress/H,O5 or control),
the inhibitor used, and the location to which the inhibitor is added (recipient cell or EV), if
location varies within a graph. (A) EVs from ARPE-19 cell monolayers (donor cells) of
control or stressed (H,0,) were transferred directly to the apical side of naive monolayers
(recipient cells). EVs from stressed cells reduced TER. Pretreatment of recipient cells with
RGD peptide (integrin receptor inhibitor), heparinase (removes surface proteoglycans) or
oseltamivir phosphate (OP; inhibits neuraminidase activity) prevented TER reduction,
whereas filipin (inhibits lipid-based interaction) did not. (B) Surface proteoglycans might
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play a role in binding of EVSs to the recipient cell surface. Proteoglycans can be on the EV or
the cell membrane of the recipient cell. Incubation of either cells, EVs or both with
heparinase confirmed the importance of proteoglycans on the cell membranes of the
recipient cells. (C) Transfer assays were repeated on EVs isolated from control or stressed
donor ARPE-19 cells and preincubated with OP, which revealed the lack of an effect of OP
added to EVs on TER. Bar graphs represent mean £SEM. Significance was obtained using a
posthoc ANOVA with Bonferroni correction. * indicates difference of indicated TER values
with those elicited by control EVs; # indicates difference of indicated TER values with those
elicited by stress (H,O,) EVs.
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Figure 2. EVs contain ligands/enzymes required for uptake by recipient cells.
(A) Annexin-A2 and (B) fibronectin levels were obtained by Western blotting, (C) glypican

1 by ELISA and (D) neuraminidase (NEU) activity was measured with a homogenous
fluorescence release assay. In summary, all four readouts were significantly elevated in EVs
isolated with stressed cells (H,0,) when compared to controls. Bar graphs represent mean
+SEM (n=3 independent experiments for Western, n=3 independent experiments with 3
biological repeats each for ELISA and NEU assay). Significance was obtained using a T-test
(Western, ELISA) or posthoc ANOVA with Bonferroni correction (NEU assay). All four
comparisons were significant (A<0.01 or less).

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nicholson et al.

Page 20
A  min 20 min 60 min
Cunlrol.
Ly - Control

> * H,0,
= + H,0,+RDG
E 200004 * H202+HA€Pa.rinase
= -+ H,0,+Filipin
)
o
=
& 10000
=

0

—
0 20 40 60 80 100 120
time [minutes]

Figure 3. Live cell imaging investigating ligand-dependent internalization of EVs.
(A) Images of live ARPE-19 cell monolayers exposed to EVs. EVs were labelled with

ExoGlow (green), the cytoplasm of recipient cells were labelled with cell tracker (red) and
nuclei with Hoechst (blue). Internalization of EV's was imaged using the WiScan Hermes
High Content Imaging System at 0-120 minutes. Intracellular EVs were identified as co-
localized dots between the red and green channel (= yellow). The yellow channel was
binarized (representative examples in insets) and quantified in Image J. (B) Rapid uptake of
EVs in naive ARPE-19 cells was confirmed for those derived from H,O,-treated but not
control cells. Uptake of stress-EVs was inhibited in the presence of RGD peptide and
heparinase but not filipin. Fewer EVs entered the cell when filipin was added, leading to
aggregation of EVs on the cell surface (green clumps). Graphs represent mean £SD (n=4-8
wells, 6 locations each). Significance was obtained using a posthoc ANOVA with Bonferroni
correction. The time course of uptake for control, HoO, + RGD and H,0, + heparinase were
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indistinguishable from each other (P>0.05); whereas H,0, (P<0.0001) and H,0, + filipin
were significantly increased (P<0.002) when compared to controls.
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Figure 4. Control EVs exhibit biological effect when provided with critical enzyme required for
uptake.

Transepithelial resistance (TER) assays were performed as described in Figure 1, again
taking a reduction in TER as successful uptake of EVs by recipient cells [3]. (A) EVs from
stressed cells reduce TER. Pretreatment of recipient cells with neuraminidase enabled
control EVs to reduce TER to the same level as stress EVs, whereas treatment of recipient
cells with neuraminidase (NEU) in the absence of EVs has no effect. Pretreatment of EVs
with neuraminidase had no effect on TER. (B) Stress EVs have been shown to contain active
HDACS6 that mediate the effect of EVs on tight junctions [3]. Incubation of the recipient
cells with the HDACS inhibitor TSA (trichostatin A) prevented the effect on TER elicited by
neuraminidase (NEU) pretreatment and the addition of control EVs. TSA also inhibited the
effect of stress EVs and confirmed our previous results [3]. Bar graphs represent mean
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+SEM of n=3 independent experiments with 3 biological replicates. Significance was
obtained using a posthoc ANOVA with Bonferroni correction. * indicates difference of
indicated TER values with those elicited by control EVs; # indicates difference of indicated
TER values with those elicited by stress (H,02) EVs, $ indicated difference of indicated
TER values with those elicited by neuraminidase pretreatment of cells and addition of
control EVs.
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Figure 5. Live cell imaging confirming neuraminidase-dependent internalization of control EVs.
Confocal images of live ARPE-19 cell monolayers exposed to EVs labelled with ExoGlow

(green). The cytoplasm of recipient cells was labelled with cell tracker (red) and nuclei with
Hoechst (blue). Internalization of EVs was imaged at 120 minutes. Intracellular EVs were
identified as co-localized dots between the red and green channel and quantified as described
in Figure legend 3. (B) Uptake of EVs in naive ARPE-19 cells was confirmed for those
derived from control cells when recipient cells were treated with neuraminidase. Uptake of
stress-EVs (H,0,) was inhibited in the presence of oseltamivir phosphate. Graphs represent
mean +SD (n=4-8 wells, 6 locations each). * indicates A<0.05; ** indicates A<0.01.
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Figure 6. Control EVs exhibit biological effect when provided with annexin A2 required for
uptake.

EVs were collected from annexin A2 lentiviral vector transfected cells. The expression
vector was designed to target annexin A2 to the surface of EVs. (A) Elevated levels of
annexin A2 in control EVs could be confirmed by Western blotting upon transfection with
varying concentrations of lentiviral vectors (infectious units/mL). (B) EVs from
untransfected stressed cells reduce TER, whereas those from untransfected control cells do
not. In contrast, EVs from transfected control cells do reduce TER to the same level as stress
EVs; and the addition of stress in transfected cells does not enable further reduction of TER
upon EV transfer. Graphs represent mean £SD (n=3-5 independent Western blots; and n=4-8
wells, 6 locations each for TER). Significance was obtained using a T-test (Western) or
posthoc ANOVA with Bonferroni correction (TER assay). Western analysis was significant
(P<0.001). * indicates difference of indicated TER values with those elicited by control EVs.
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Figure 7. Ligand-dependent uptake of EVs in primary porcine RPE cells.
Transepithelial resistance (TER) assays are used to study bystander effects elicited by EV

transfer as published, and described in Figure 1. The effect of EVs on TER appears universal
for RPE cells as EVs derived from stressed primary porcine RPE (pRPE) cells elicit a
bystander effect in naive porcine RPE monolayers [3]. (A) EVs from pRPE cell monolayers
(donor cells) of control or stressed (H205) cells were transferred directly to the apical side of
naive monolayers (recipient cells). As for ARPE-19 cells, EVs from stressed cells reduce
TER, and inhibition of integrin signaling (RGD) or removal of proteoglycans (heparinase)
on recipient cells prevented TER reduction, whereas filipin (inhibits lipid-based interaction)
does not. (B) To test whether EVs from control cells can be enabled to enter recipient cells,
recipient ells were pretreated with neuraminidase. This enables control EVs to reduce TER
to the same level as stress EVSs, an effect that was inhibited by incubating the recipient cells
with the HDACS inhibitor TSA. Bar graphs represent mean +SEM. Significance was
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obtained using a posthoc ANOVA with Bonferroni correction. * indicates difference of
indicated TER values with those elicited by control EVs; # indicates difference of indicated
TER values with those elicited by stress (H,0,) EVs, $ indicated difference of indicated
TER values with those elicited by neuraminidase pretreatment of cells and addition of
control EVs.
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