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Abstract

Purpose: Extracellular vesicles (EVs) are predicted to represent the internal state of cells. In
polarized RPE monolayers, EVs can mediate long-distance communication, requiring endocytosis
via protein-protein interactions. EV uptake from oxidatively stressed donor cells triggers loss in
transepithelial resistance (TER) in recipient monolayers mediated by HDAC6. Here, we examine
EVs released from RPE cells with identical nuclear genes but different mitochondrial (mt)DNA
haplogroups (H, J). J-cybrids produce less ATP, and the J-haplogroup is associated with a higher
risk for age-related macular degeneration.

Methods: Cells were grown as mature monolayers to either collect EVs from apical surfaces

or to serve as naive recipient cells. Transfer assays, transferring EVs to a recipient monolayer
were performed, monitoring TER and EV-uptake. The presence of known EV surface proteins was
quantified by protein chemistry.

Results: H- and J-cybrids were confirmed to exhibit different levels of TER and energy
metabolism. EVs from J-cybrids reduced TER in recipient ARPE-19 cells, whereas EVs

from H-cybrids were ineffective. TER reduction was mediated by HDACS activity, and EV
uptake required interaction between integrin and its ligands and surface proteoglycans. Protein
quantifications confirmed elevated levels of fibronectin and annexin A2 on J-cybrid EVs.

Conclusions: We speculate that RPE EVs have a finite set of ligands (membrane proteoglycans
and integrins and/or annexin A2) that are elevated in EVs from stressed cells; and that if EVs

"Corresponding author at: Department of Ophthalmology, Medical University of South Carolina, 167 Ashley Avenue, Charleston, SC
29425, United States of America. rohrer@musc.edu (B. Rohrer).
These two authors contributed equally.

Declaration of Competing Interest
The authors have no financial or non-financial competing interests to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nicholson et al.

Page 2

released by the RPE could be captured from serum, that they might provide a disease biomarker of
RPE-dependent diseases.
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1. Introduction

Age-related macular degeneration (AMD) is a slowly progressing multifactorial disease
involving genetic abnormalities and environmental insults [1]. Inflammation, smoking [2]
and polymorphisms in some complement proteins can increase the risk for AMD [3].
Hence, the concept has emerged that abnormalities in controlling oxidative stress and the
complement system may lead to inflammation in retinal pigment epithelium (RPE)/Bruch’s
membrane, generating a pathological environment favorable for AMD development [4].

A feature of atrophic AMD is localized damage and ultimately loss of RPE cells,
predominantly at the posterior pole. Mitochondria play an essential role in cell health

and death. The majority of the RPE cell’s energy is generated in the mitochondria by
oxidative phosphorylation (OXPHOS) [5]. Mitochondria contain circular DNA, inherited
through the maternal linage. The highly polymorphic mitochondrial DNA is critical for
energy production, since 13/37 genes code for protein subunits used in OXPHQOS. In
OXPHQOS, a proton gradient across the mitochondrial inner membrane is created, which

is used to generate ATP. Under certain conditions however, partial uncoupling of the two
processes occurs, increasing the proton leak and decreasing ATP production. Importantly,
single nucleotide polymorphisms of the mitochondrial DNA (haplogroups) can change
mitochondrial function [6]. These haplogroups are associated with geographic origins

of different populations, allowing the establishment of a mtDNA phylogenetic tree, and
providing a tool for medical genetics [7]. Interestingly, the J, T, and U haplogroups have
been found to be associated with AMD [8-11], while the H-haplogroup is not [12],

yet all are of European origin. While it is unclear how mtDNA variants contribute to

AMD risk and by which cellular mechanisms or pathways, Kenney and coworkers have
speculated that the altered energy metabolism and modified expression of nuclear genes
might play a role [13]. In other diseases such as Parkinson’s disease and Alzheimer’s
disease, mitochondrial cybrids have provided important insights as to how mtDNA induces
differences in mitochondrial biology, and how altered mitochondrial function influences
cell physiology; however animal-based models to assess these mtDNA genotype—phenotype
correlations should be developed and studied in addition [14]. We have created cybrids
(cytoplasmic hybrids) which were generated by introducing mitochondria from individuals
that are either haplogroup J or H into an immortalized human RPE cell (ARPE-19 cells)
from which the mitochondria (U5 haplogroup) were removed, so the two cybrids carry

the same nuclear genes [13]. Specifically, while cell viability is similar between the two
APRE-19 cell haplogroups, J-cybrids generate significantly less reactive oxygen species and
ATP when compared to H-cybrids. In addition, expression levels for nuclear genes involved
in complement and metabolism are also altered in J- versus H-cybrids [13]. We have shown
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that mitochondrial ATP production is affected by age; human embryonic RPE cells have
small, dynamic mitochondria that generate large amounts of ATP; cells derived from old
donors have larger, less dynamic mitochondria that generate smaller amounts of ATP [15].
And age-related accumulation of damaged mtDNA has been reported in the RPE, which is
also exacerbated by disease [16] and in subjects with AMD gene mutations [17].

RPE pathology in AMD has been shown to be initiated in multiple patches at the posterior
pole, rather than to emanate from a single location. We have speculated that this pattern
might be mediated by short-distance communication, such as gap-junction communication
[18,19], and long-distance communication that might be mediated by extracellular vesicles
(EVs) [20], between diseased and healthy parts of the tissue.

EVs are small vesicles with an approximate size of 40-150 nm. They are released from
many different cells and consequently have been isolated from many body fluids. Our
understanding of EVs has covered the spectrum from EVs as the cell’s garbage bin, to
intercellular communication devices, to promising therapeutic targets [21]. This change in
sentiment occurred as we discovered that EVs not only contain protein, but also RNA,
miRNA, IcCRNA and play a crucial role in intercellular communication [22].

We have started characterizing EVs in intercellular communication in RPE monolayers.
Previously, we have shown that EVs are released from both the apical and basal surfaces
of ARPE-19, the same cells used here but with a U5 mitochondrial DNA haplogroup, as
well as primary porcine RPE cells when grown as stable monolayers [20]. The ARPE-19
cell EVs were carefully characterized based on morphology, size and markers based on
MISEC 2018 guidelines [23]. In short, nanoparticle tracking analysis confirmed that the
average diameter of EVs was 127.5 + 10.0 nm with an average zeta-potential of —25.70
3.07 mV. Transmission electron microscopy (EM) demonstrated that some of the vesicles
exhibited the central depression characteristic for exosomes, and immunogold labelling
EM confirmed the presence of the exosome marker tetraspanin protein CD81, previously
shown by Knickelbein and colleagues to be present on ARPE-19 cell EVs [24]. Additional
experiments to confirm purity of the samples using ELISA measurements to quantify
syntenin-1 (exosome marker) [25] and ApoB (modified lipo-protein particles known to be
secreted by ARPE-19 cells) [26], revealed that the EV preparations contained syntenin-1,
whereas no ApoB was detected [20]. Furthermore, two additional markers, annexin A2 and
fibronectin were identified in these vesicles; two proteins that are within the list of top

100 proteins that are often identified in exosomes (exocarta.org). Follow-up experiments
were performed on ARPE-19 cell EVSs to characterize their potential function in cell-cell
communication [20,27]. Using transfer assays, adding labeled or un-labeled EVs released
from either control or H,O,-stimulated monolayers, we showed EV uptake by confocal
microscopy and a functional readout [20]. Confocal microscopy demonstrated that EVs
from oxidatively stressed cells added to a monolayer of naive recipient cells were taken

up within ~10-20 min, with very few EVs remaining on the cell surface. In contrast, EVs
from control were internalized slowly (taking ~100 min) and incompletely, with ~80% of the
control EVs remaining outside the cell [20]. As a functional readout, we demonstrated that
stress EVs taken up by recipient cells resulted in a loss of barrier function (transepithelial
resistance [TER]) that was mediated by HDACS activity present in the EVs [20]. TER loss
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was dependent upon the presence of EVs and not other secreted proteins, as ARPE-19 cell
supernatant depleted of EVs, was ineffective [20]. Using these two readouts (imaging and
TER), we showed that uptake is dependent on ligands on the EV surface [27]. Those include
three ligand-receptor interactions, integrins, proteoglycans, and annexin A2. Elevated levels
of these ligands were identified on stress EVs when compared to control EVs; and uptake
could be inhibited by interfering with integrin signaling, stripping of proteoglycans from

the recipient cells as well as knocking down gene expression for annexin A2 [20,27]. In
contrast, elevating annexin A2 gene expression allowed for uptake of EVs from non-stressed
cells [20]. These results suggest that EVs from stressed cells differ from their control
counterparts in the level of ligands present on their surfaces. Not only does that affect uptake
by recipient cells, but suggests that oxidative stress in general leads to increased targeting of
ligands, such as fibronectin and annexin A2, to EVs.

Here, we ask the question whether oxidative stress mediated by mitochondrial haplogroups
results in the production of EVs with similar characteristics as those generated by H,0,.

2. Material and methods

2.1. Cell culture

Parent ARPE-19 cells (ATCC® CRL-2302™; American Type Culture Collection, Manassas
VA, obtained as passage 20) that carry the U5 mitochondrial DNA haplogroup between
passages 20-35 and ARPE-19 cell lines that carry either the H- or J-haplogroup (called
transmitochondrial cybrids) [28] between passages 10-18 were expanded in 100 mm dishes
(Thermo Fisher) with Dulbecco’s modified Eagle’s medium (DMEM). ARPE-19 cells were
provided with 10% fetal bovine serum (FBS), cybrids with 10% dialyzed fetal bovine serum
(dFBS), and 1x antibiotic-antimycotic for 7 days or until 100% confluent. Once confluent,
cells were washed with 1x Phosphate-buffered saline (PBS, Gibco), trypsinized with 0.05%
trypsin (Gibco), seeded at 3.0 x 10° cells on 6-well transwell filters (Costar), and grown for
4 weeks, or on 96-well custom plates designed for use in the Seahorse assay. Passages 20-35
were used for ARPE-19 cells to match them for comparison with our previous manuscript
[27].

2.2. Monolayer development and transepithelial resistance assay

Upon reaching confluency on transwell plates, tight junction formation and creating of a
polarized monolayer was enabled by step-wise FBS or dialyzed FBS (dFBS) reduction to
1%. During the first week, cells were grown in the presence of 10% FBS or dFBS in the top
and 2% on the bottom of transwells (10%/2% top/bottom), followed by a weekly step-wise
reduction of FBS or dFBS from 10%/2% to 2%/2% to 1%/1% top/bottom. Finally, FBS or
dFBS was removed completely for the final 2—-3 media changes prior to the experiments to
remove any serum-derived EVs.

Monolayer integrity was assessed by TER measurements using an EVOM volt-ohmmeter
(World Precision Instruments) as described [29], with monolayers considered stable when
TER was repeatedly measured as ~40-45 Q cm? [30].
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2.3. Seahorse assay

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) measurements
of cybrids were performed using a Seahorse Bioscience XF96 instrument (Seahorse
Bioscience, Billerica, MD), as previously published [31]. Cells were plated at a density

of 1.4 x 10% cells on 96-well custom plates designed for use in the XF96 and grown to ~90%
confluency in DMEM +10% dFBS (or FBS), after which the dFBS (or FBS) was reduced
to 1% for 24 h and completely eliminated for the last 48 h. No cells were plated in outer
wells, 100 pL. media was added for warmth/humidity. Prior to running the experiment, the
growth medium was removed and the cells were washed with PBS containing Ca?*/Mg2*
(pH 7.4), which was then aspirated and replaced with 150 pL reduced serum (RS) buffer
containing 1.8 mM CacCly, 0.6 mM MgCly, 0.5 mM KH,POy, 6.3 mM KCI, 0.5 mM
NayHPO,4, 135 mM NaCl, 5.6 mM glucose, 1 mM glutamine, minimum essential medium
(MEM) amino acids solution, MEM non-essential amino acids, MEM vitamin solution,
penicillin/streptomycin, 1% bovine serum albumin (BSA, factor V fatty-acid-free), 1% FBS,
and insulin (100 nM); the pH was adjusted to 7.4 prior to filter sterilization. The XF-96
protocol consists of three measurements each (1 measurement/5 min) of basal OCR/ECAR,
and after injections of oligomycin (1.0 uM), p-trifluoromethoxyphenylhydrazone (FCCP)
(1.0 uM), and rotenone and antimycin A (each at 2 uM) optimized for ARPE-19 cells (data
not shown). Oxygen consumption rates were calculated from the continuous average slope
of the O partitioning among plastic, atmosphere, and cellular uptake; and pH levels were
calculated, which represent lactic acid extrusion [31]. Data were normalized to area of well
covered by cells using the IncuCyte Zoom system imaging in high definition phase-contrast
mode (Essen BioScience, Ann Arbor, MI). The following parameters are reported for OCR:
basal respiration, ATP production, maximum respiration, proton leak, spare respiratory
capacity and coupling efficiency, using the Agilent Seahorse XF Cell Mito Stress Test
Report Generator; for ECAR, we only report ECAR after eliminating ATP synthase with
oligomycin. Results are presented as mean = SEM. The average of 28/29 wells for each
condition is reported.

2.4. EV generation and concentration

To trigger EV release from oxidatively stressed ARPE-19 cells grown on 6 well transwell
plates (~1 x 10° cells per well), monolayers switched to serum-free media, were stimulated
apically with 0.5 mM H,0, (Sigma Aldrich) as described [20]. Supernatants from ARPE-19
cells or cybrids were collected from the apical side only (2 mL per well, pooled samples
from 6 wells for a total of 10 mL). After preclearing the samples using a low speed spin
(3000 g), EV isolation was performed using Exoquick-TC (Systems Biosciences) according
to the manufacturer’s instructions. Exoquick-TC (10%) was added to the 10 mL of culture
media, incubated overnight at 4 °C, followed by pelleting of the EVs by centrifugation at
1600 g for 35 min and resuspension into fresh media. The ZetaView PMX 110 (Particle
Metrix, Meerbusch, Germany) and its corresponding software (ZetaView 8.02.28) was used
to obtain EV concentration and size, as described previously in detail [20,27]. Protein
concentration in the samples was assessed using the PierceTM BCA Protein Assay kit
(Thermo Fisher Scientific, Waltham, MA, USA,; 23225) according to the manufacturer’s
instructions. We have submitted all relevant data of our experiments to the EV-TRACK
knowledge-base (EV-TRACK ID: EV200087) [32].
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2.5. Transfer assays

Cell-cell or more precisely, EV-cell communication was studied using transfer assays as
described previously [20,27]. Purified apically released H-EVs, J-EVs or ARPE-19 cell EVs
(control or H,0,) were resuspended in fresh serum-free media and transferred to the apical
compartment of naive recipient monolayers of the same age and TER as donor cells. To keep
these experiments physiologically relevant, EVs corresponding to the average amount of
EVs released from cells from a single well were transferred per experimental condition. TER
measurements were performed prior to the transfer (designated as 0 h) and after incubation
of 4 h for each treatment with 3 measurements taken from different points on the transwell.
Each TER experiment reflects the average of 3 independent experiments with 3 biological
replicates of transwells, unless otherwise indicated.

Some recipient monolayers were pre-treated for 30-60 min with compounds known to
inhibit EV uptake [27] or block histone deacetylase 6 (HDACS6) activity [20], including
filipin (blocks lipid-based interactions, 250 pg/mL, Sigma Aldrich), arginylglycylaspartic
acid (RGD) peptide (blocks integrin signaling, 10 ug/mL, Sigma Aldrich), heparinase (to
remove surface proteoglycans, 10 pg/mL, Sigma Aldrich) and the class I and Il mammalian
HDAC family inhibitor trichostatin A (TSA, 100 nM, Sigma).

2.6. Protein analysis

Ligands were analyzed by Western blotting or ELISA, HDACS activity was assessed using
a homogenous fluorescence release HDAC deacetylase assay. For each assay, samples
from 3 independent experiments were analyzed. Equal number of EVs were solubilized
and subjected to analysis as published previously [20,27]. In short, after samples (1.7 x
1010 EVs) were separated by electrophoresis on 4-20% Criterion™ TGX™ Precast Gels
(Bio-Rad Laboratories, Inc), and proteins transferred to P\VDF membranes, membranes
were probed with primary antibodies against annexin-A2 (1:1000; ab41803, Abcam) or
fibronectin (1:1000; 610077, BD Bioscience) followed by visualization with horseradish
peroxidase-conjugated secondary antibodies and Clarity™ Western ECL Blotting Substrate
(Bio-Rad Laboratories) with chemiluminescent detection, using 10 s exposure times [27].
The glypican 1 ELISA was carried out according to manufacturer instructions (ELH-GPC1-
1, Ray-BioTech) using a microplate reader, analyzing 1.38 x 1011 EVs per sample as
published previously [27]. HDAC activity was measured with a homogenous fluorescence
release HDAC deacetylase assay, incubating EVs (1 x 10° per reaction) with (AMC)-
K(Ac)GL-Ac substrate to assess class | HDACs (HDACs 1, 2, 3, 6 and 10) in the presence
of MS-275 to block HDAC 1, 2 and 3 activities [33] and activity was calculated as reported
[34].

2.7. Imaging

Cells were plated in glass bottom 96-well plates (Mattek; Ashland, MA) analyzing 3
wells per condition. For imaging, recipient cells were labeled with the cytoplasmic dye
CellTrackerTM Red (1:1000; ThermoFisher, Waltham, MA) and the nuclear dye Hoechst
33342 (Thermofisher). To enable tracking of EV uptake, EVs were labeled with ExoGlow
(Systems Biosciences, EXOC300A-1) according to the manufacturer’s instructions, with
excess label being removed by resuspending the labeled EV pellet in PBS, followed by
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repurification with ExoQuick as published previously [20,27]. Live-cell imaging of EVs was
performed 2 h after adding EVs (5.2 x 108) using the UltraView\VoX spinning disk confocal
microscope (Eclipse Ti, Nikon, Tokyo, Japan), running Volocity software (Perkin Elmer,
Wokingham, UK) as published previously [18,20]. The particle analyzer module in ImageJ
was used to detect and quantify the EV (green) - CellTracker (red) colocalized particles
(yellow), and the number of EVs is expressed as the ratio of internalized experimental EVs
when compared to control EVs.

2.8. Statistics

Data are presented as mean £ SEM or mean =+ stdev, depending on the number of

samples analyzed. For biochemical and TER assays, single comparisons were analyzed
using unpaired £tests; experiments containing multiple parameters were analyzed using
ANOVA with Bonferroni correction (Statview; SAS Institute, Cary NC). For Seahorse and
imaging, data analysis was performed using Prism GraphPad software (San Diego, CA)
using a Student’s #test.

3. Results

3.1. Transmitochondrial J-cybrids have reduced energy metabolism

Cybrids (cytoplasmic hybrids) are cells with identical nuclear genes but different
mitochondrial DNA, generated by introducing mitochondria of choice into rho0 cells from
which mitochondria were removed [7]. The RPE cybrids chosen here are the H- and
J-haplogroups. The H-haplogroup is associated with lower, the J-haplogroup with higher
risk of developing AMD [8-12]. Cybrids with the H-haplogroup have been reported to
grow and proliferate slower than those with the J-haplogroup, but generate ~40% more ATP,
which is paralleled by altered expression in metabolism genes [7]. Here we tested the cells
ability to generate a monolayer and confirmed and expanded on the analysis of their energy
metabolism.

ARPE19 cells grown as monolayers on transwell plates develop a stable TER within 10—

14 days after plating [30]. As the growth rates differ between the two haplogroup, TER
measurements were delayed until 6 weeks after plating. At that developmental stage, TER
levels differed by ~15% between the two cell types, with barrier function being significantly
lower in J- when compared to H-cybrids (J-cybrids 38.9 + 5.57 versus H-cybrids 45.7 + 4.86
Qcm?; P<0.001).

Energy metabolism was analyzed using Seahorse assays. The Seahorse technology allows
for the analysis of oxidative phosphorylation and glycolysis in a 96-well plate format in
parallel. Specifically, the two sensors lowered towards the plated cells measure oxygen
consumption rate (oxygen tension; OCR) (Fig. 1A) and lactic acid production rate

(pH, extracellular acidification rate; ECAR) (Fig. 1B) in the media. Aspects of energy
metabolism can be evaluated using chemicals that interfere at different stages of the electron
transport chain. OCR and ECAR were measured simultaneously, and evaluated at baseline,
after ATP synthase inhibition (complex V; oligomycin), after the addition of FCCP to
collapse the proton gradient, and after complex I11 and complex I inhibition (rotenone and
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antimycin A) (Fig. 1C, D). At baseline, OCR levels were reduced in J- when compared to
H-cybrids by ~20%, as were ECAR levels. Additional analyses on OCR reveal that H- and
J-cybrids differ from each other in ATP synthase activity, proton leak, maximum respiration
and coupling efficiency, with H-cells producing more ATP, having a reduced proton leak and
a more tightly coupled electron transport chain (ETC). Taken together, H-cybrids generate
significantly more ATP than J-cybrids represented by elevated OXPHQOS parameters and
increased glycolysis to supply substrate to the tricarboxylic acid (TCA) cycle (Fig. 1E).

3.1.1. Bystander effect elicited by J-cybrids EVs requires ligand-dependent
EV uptake by naive recipient cells—ARPE-19 cells and the ARPE-19 cell J- and H-
cybrids were grown as monolayers for 5-6 weeks to form polarized cells and EVs released
from the apical side into serum-free media collected. We have carefully characterized the
vesicles released from ARPE-19 cell in a previous publication, which we have outlined

in the Introduction and have not repeated these experiments here [20]. However, based on
our published data on size range, morphology, zeta-potential and exosome-specific protein
enrichment (presence of CD81, annexin A2, fibronectin and lack of ApoB) [20,27], we
suggest that the EVs from ARPE-19 cells isolated using ExoQuick isolation are a mixture of
microvesicles and exosomes [23]. Here we confirmed that the cybrids and naive ARPE-19
release between 1.5 and 5.5 x 1010 EVs per mL of media cells towards the apical side over
the 72 h collection period, using Nanoparticle Tracking Analysis. This corresponds to on
average 1.54 £ 0.27 pg/mL of EV protein or a ratio of particles to protein [log (particle
concentration/protein concentration)] [35] of 10.1 + 0.37. Their average diameter range from
128.1 £ 5.09 nm for ARPE-19 cells, 131.7 + 3.78 nm for H-and 138.6 + 3.59 nm for
J-cybrids, with no statistical significance between the 3 groups.

EVs released apically from either control or HyO,-stimulated ARPE-19 cell monolayers or
unstimulated J- or H-cybrid monolayers were isolated and equal numbers were transferred
to stimulate naive ARPE-19 cell monolayers. TER measurements between time point 0
(baseline) and 4 h (post treatment) were obtained. EVs collected from stressed ARPE-19
cells (exposed to 0.5 mM H,0,. “stress EVs”) elicited a drop in TER (bystander effect) in
naive recipient cells (< 0.0001), whereas EVs released from control cells (“control EVs”)
had no effect on TER by the four-hour time point (Fig. 2A), confirming our previous results
[20]. Interestingly, EVs released from H-cybrids behaved like exosomes released from
control ARPE-19 cells, whereas J-cybrids elicited a reduction in TER similar in magnitude
as that of stress EVs (P< 0.0001).

We have explored the mechanism of action of EVs in TER reduction previously. Specifically
we have shown that EVs are required to induce the effect, since the media from which

the EVs were depleted failed to results in a drop in TER [20], as did the addition of the
endocytosis inhibitor (dynasore) [20]. In addition, we have examined the role of ligands
involved in EV uptake in two previous studies, examining stress EVs when compared to
control EVs. Specifically, known ligand-receptor and lipid-based interactions were probed
using specific inhibitors. Stress EV uptake was found not to be mediated by lipid raft-
mediated internalization, as pretreatment with filipin, a known blocker of lipid interactions
that prevents EV uptake in other cells [36], was found to be ineffective. On the flipside,
ligand-receptor interactions were found to be critical, including immunoglobulin-integrin
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interaction or integrin-matrix macromolecule interactions as well as proteogylcans and their
modifications [2]. Specifically, interfering with integrin signaling using the RGD peptide
which blocks the interaction between integrin and its ligands, pretreatment of recipient
cells with heparinase to remove surface proteoglycans or removal of annexin A2 by siRNA
knockdown prevented the drop in TER after exposure to stress EVs [20,27].

Similarly, the effects of J-cybrid EVs on TER of recipient ARPE-19 cells could not be
prevented by filipin; both filipin-treated and untreated J-cybrid EVs resulted in a ~ 20% drop
in TER after 4 h (Fig. 2B). However, pretreatment of the naive recipient cells with either
RGD peptide or heparinase prevented the drop in TER after exposure to J-cybrid EVs (Fig.
2B). Taken together, a similar set of interactions based on protein- rather than lipid-based
interactions appear to mediate the uptake of EVs from both oxidatively stressed (H,0,) and
metabolically stressed (J-haplogroup) RPE cells.

3.2. Cybrid EV uptake analysis using live-cell imaging in ARPE-19 cells

EV internalization by RPE monolayers was analyzed using confocal microscopy [20].

The naive recipient RPE cells were labeled with CellTracker (red) and Hoechst (blue)

to visualize cytoplasm and nuclei, respectively; and EVs added to the cells were labeled
with the RNA dye ExoGlow (green). Intracellular EVs can be identified based on the
co-localization of cytoplasm (red) and RNA (green) on a per-dot basis. This technique

had allowed us to demonstrate that stress EVs were rapidly taken up by naive ARPE-19
cells, and their uptake could be inhibited by the same inhibitors that interfered with TER
reduction, RGD peptide and heparinase, but not filipin [27]. Similar to the control and stress
EVs (H,05) reported previously [20,27], H-cybrid showed little uptake over the 2 h imaging
period, whereas uptake of J-cybrids was rapid and complete (Fig. 3A, B). Hence, the
imaging experiments confirmed the similarity in behavior between stress EVs characterized
previously [27] and those isolated from J-cybrids characterized here.

3.3. Analysis of ligands in cybrid EVs

Based on the similarities in the functional assays between the stress EVs and the cybrid EVs,
the same ligands, annexin-A2, fibronectin and glypican, which were significantly elevated
on stress EVs [20,27] were investigated here. EVs from J- and H-cybrid cells were analyzed
by Western blotting (annexin-A2 [Fig. 4A’], fibronectin [Fig. 4B’]) and ELISA (glypican 1)
using equal numbers of EVs per sample. J-cybrids EVs contain significantly more annexin
A2 and fibronectin than H-cybrid EVs (Fig. 4A, B), whereas glypican levels were similar
(H-EVs: 0.76 £ 0.19 ng/mL versus J-EVs: 1.00 + 0.26 ng/mL; P= 0.14). Thus, ligands
known to be required for EV uptake and implicated in uptake by inhibitor assays were
elevated in J-cybrid EVs.

3.4. EVs contain HDACG6 cargo to generate bystander effect if enabled to enter the cells

The results presented above demonstrated that EVs from stress ARPE-19 cells and J-cybrids
share many similarities. Both exhibit high levels of ligands presumably on the EV surface,
and uptake leads to the reduction in barrier function. Previously we have identified HDAC6
as a cargo in EVs that can be transferred to recipient cells [20], where it is presumed to
reduce tight junction stability by deacetylation of tubulin [37]. HDACS activity levels were
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elevated in stress EVs, HDACS activity levels could be elevated in recipient cells upon EV
transfer, and reduction in TER in response to EV uptake could be prevented by HDAC6
inhibitors tubastatin A and TSA [20] added either to the EVs or the recipient cells.

Here, HDACS activity levels were determined using a homogenous fluorescence release
HDAC deacetylase assay (Fig. 5A). Levels were found to be identical between EVs isolated
from control ARPE-19 cell cultures, H- and J-cybrids; and levels were elevated in EVs
isolated from H,0O,-treated H-cybrid cells but not J-cybrid cells. To determine if inhibiting
HDACS6 would prevent the drop in TER induced by J-cybrids, recipient cells were pretreated
with TSA prior to addition of EVs (Fig. 5B). Pretreatment of the recipient cells with TSA
alone had no effect on TER ([20] and data not shown), but in the presence of J-cybrid EVs
prevented the drop in TER. These results further support our previous conclusion that the
levels of HDACG present in control, J- and H-cybrids are sufficient to reduce TER when
aided to enter the cells by the presence of ligands (fibronectin, annexin A2) involved in EV
uptake. In addition, the effect of HDACS transfer by EVs is not specific to H,O,-treated
ARPE-19 cells, but can be extended to other cells under stress conditions such as the
J-cybrids with reduced metabolic capacity.

4. Discussion

The main results of the current study are: 1) In comparison to H-cybrids, J-cybrid cells
develop monolayers with reduced barrier function, and ATP synthesis is reduced in both
aerobic phosphorylation and glycolysis; 2) Addition of EVs released from J- but not H-
cybrids to naive RPE monolayers resulted in TER reduction, and EV uptake was confirmed
by imaging; 3) Two ligand-receptor interactions, integrins and proteoglycans known to be
involved in stress EV uptake by naive RPE cells were demonstrated to also be necessary
for J-cybrid EV uptake; 4) Elevated levels of fibronectin and annexin A2 were identified

on J-cybrid EVs compared to H-cybrid EVs; and 5) HDACS signaling was identified

as a mechanism involved in J-cybrid EV induced TER reduction. In summary, these

results suggest that EVs from stressed RPE cells exhibit an overlapping profile of ligands
irrespective of how stress is created, HoO, exposure or mitochondrial energy crisis; and that
this profile differs from those of control cells. It will be great importance to demonstrate
whether these ligands can be used as a diagnostic of RPE health or dysfunction.

RPE alterations can be caused by environmental and/or genetic stressors. Only recently

have we started to investigate the mitochondrial genome and its haplogroups as one of

the potential genetic risk factors for disease. Mitochondria are a multi-functional organelle.
They are responsible for energy metabolism using the TCA cycle, OXPHQOS, and beta-
oxidation of fatty acids as well as calcium homeostasis. These roles, together with their
ability to produce reactive oxygen species (ROS), tie them into the control of cell survival
and apoptosis. Mitochondria, which are passed down via the maternal lineage of inheritance,
carry their own circular DNA with 16,569 nucleotide pairs, encoding 37 genes including 13
protein subunits required for OXPHOS. mtDNA, like nuclear DNA has accumulated specific
SNPs to adapt to diseases and environments. The two haplogroups under investigation

are both from Europe, with the H-haplogroup representing the most common European
haplogroup, and the J-haplogroup representing an adaptation to the colder climate of
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Northern Europe with SNP variants resulting in a less tightly coupled ECT chain and greater
heat production [38]. Perhaps not surprisingly, certain haplogroups are associated with
age-related macular degeneration (AMD), with the J-, T- and U-haplogroups representing
high risk, the H-haplogroup representing low risk or even protection [8-12]. While it is still
unclear how mtDNA haplogroups contribute to disease risk, the use of cytoplasmic hybrids
has started to contribute to our understanding of how mtDNA SNP variants contribute to
cellular behavior in the context of identical nuclear DNA. One of our laboratories (Kenney)
has developed human ARPE-19 cell cybrids, by introducing mitochondria from individuals
with H- or J-haplogroups [13]. In the original publication [13], it was confirmed that the
two haplogroups have identical mtDNA copy number. It was reported that while H-cybrids
have higher baseline ATP production, as a side product, they also generate higher levels

of ROS than the J-cybrids. H-cybrids grow slower, and the two haplogroups differ in the
expression of nuclear genes involved in inflammation and human retinal diseases. Here

we expanded the analysis of cellular behavior into their ability to form monolayers and

an extended analysis into energy metabolism. The slower growing H-cybrids were found

to develop better barrier function than the faster growing J-cybrids, with TER values
differing significantly by ~15%. A careful analysis of the cybrids’ energy metabolism using
Seahorse assays revealed partial agreement between our findings and that of the original
Kenney lab publication, using different techniques [28]. OCR measurements confirmed

that H-cells have higher levels of OXPHOS and glycolysis. H-cybrids when compared to
J-cybrids exhibit higher basal respiration, ATP production and maximum respiration, with
the coupling efficiency of the ECT being tighter, leading to a lower proton leak. The biggest
difference between H- and J-cybrids was the reduced effect of shutting down complex

V with oligomycin, suggesting impaired ATP synthase activity. ECAR measurements in
response to oligomycin also suggest that the rate of glycolysis is significantly reduced in

J- when compared to H-cybrids. Our results are identical to those generated in Seahorse
assays of human osteosarcoma cell line 143B.TK- H- and J-cybrids, which document a
reduced glycolytic rate and decreased OXPHOS in J- compared to H-cybrids [39]. In
contrast, Kenney and coworkers report an increase in ATP production for RPE H-cybrids
using a luminescence ATP detection assay, but lower levels of glycolysis based on an
overall increase in lactate production [13]. One of the critical differences is the media in
which measurements are made; here, our Seahorse assays use substrate conditions optimized
for OXPHOS, whereas Kenney et al. plated the cybrids in DMEM-F12 + 10% FBS for

24 h, rinsed with Seahorse assay media and then conducted the assay using Seahorse

based media comprised of DMEM supplemented with 17.5 mM glucose, 10 mM sodium
pyruvate and 2 mM r-glutamine. Their use of 10% FBS immediately prior to the assay

may provide excess substrate for a Warburg-like (aerobic glycolysis) metabolic profile. In
addition is likely that the faster growing J-cybrids under growth promoting conditions (10%
FBS promotes RPE cell growth, 1% promotes differentiation [30]) generate most of their
energy needed for growth using aerobic glycolysis rather than OXPHQOS [40]. Moreover,
Kenney normalized the Seahorse data to total protein from each well while we normalized to
area of wells covered by cells. Finally, plotting ECAR against OCR levels provides a snap-
shot of the bioenergetics profiles of a particular cell, which demonstrates that H-cybrids
exhibit a higher energy metabolism and increased capacity to respond to changes, when
compared to J-cybrids (Fig. 1E). Based on the SNP analysis, which revealed that cells with
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H-mitochondria carry a SNP in Cytochrome ¢ oxidase, subunit 1 (complex IV), whereas
those with J-mitochondria harbor a SNPs in NADH dehydrogenase, subunit 5 (complex 1),
there are two potential scenarios that could indirectly contribute to a reduction in complex V
activity and ATP production: first, the SNP in complex IV might increase the proton gradient
in H-cells and/or the SNP in NADH dehydrogenase could reduce the proton gradient in
J-cells by reducing the amount of NADH as the electron donor for the ETC.

Based on the differences in energy metabolism it is expected that H-cybrids might represent
a healthier, less metabolically stressed cells than J-cybrids. Here we tested whether the
difference in mitochondrial function might be reflected in the profile of the EVs. EVs

were isolated by ExoQuick, a polyethylene glycol-based precipitation method. While used
widely due to its ease of use, it may also precipitate other components such as lipid

droplets and other vesicular and non-vesicular entities. We have eliminated the presence

of lipid droplets based on the lack of ApoB present in our preparations [20]. However,

other protein contaminants cannot be excluded. A useful measure of purity of sample is the
ratio of number of particles to protein concentration [41]. Based on the measured protein
concentration of 1.54 + 0.27 pg/mL, this corresponds to a ratio of number of EVs to protein
concentration of 1.79 + 0.29 x 1010, which based on Webber and Clayton [41] represents

a value between low purity (ratios of 2 x 10° to 2 x 1010 particles/pg protein) and high
purity (>3 x 1010 particles/ug protein). Therefore, while the results based on cargo (HDAC6)
and EV ligands (annexin A2 and fibronectin) interacting with receptors on the recipient
cells, speak in favor of vesicles being endocytosed, we cannot exclude that contaminants
pulled down together with EV's may contribute to the observed effects. H- and J-cybrids
when compared to their parent ARPE-19 cells (U5 haplogroup) release similar amounts

of EVs to the apical side with a similar diameter; however, they differ in their ability to
induce a bystander effect. The bystander effect refers to the observation that biological
effects can be induced in cells that are not directly targeted, with the neighboring or naive
cells being affected by cell-cell communication via gap junctions, or long-distance via
secreted material such as EVs [42]. In RPE cells, both ARPE-19 and primary pig RPE
cells, we have shown that oxidatively stressed cells can communicate these stress messages
to naive healthy cells via EVs [20]. Our reported bystander effect triggered by the EVs
results in a reduction in barrier function in naive RPE monolayers. It is dependent on
ligand-mediated endocytosis [20,27], and one of the cargo molecules mediating the effect

is HDACS [20]. The ligand included fibronectin and annexin A2, mediating integrin and
heparin sulfate proteoglycan-mediated EV uptake. Here we showed that EVs from J-cybrids
elicited the bystander effect in an HDACG6 dependent manner, and uptake could be inhibited
by interfering with integrin signaling or by removing heparin sulfate proteoglycans. Finally,
and maybe most importantly, EVs from J-cybrids contained significantly elevated levels of
fibronectin and annexin A2. Hence this is the third preparation, H,O,-stressed ARPE-19
cells, H,O,-stressed primary pig RPE cells, and now J-cybrids that exhibit this signature.
Fibronectin and annexin-A2 were also identified in primary pig RPE EVs by the Bowes-
Rickman lab using mass-spectrometry [43]. Other than higher levels of annexin A2 in stress
RPE EVs, annexin A2 in EVs has been shown to represent a marker for breast cancer
metastasis and promote angiogenesis [44], and annexin A2 has been show to play a role in
attachment and entry of multiple epithelial cell-targeting viruses — with virus uptake sharing
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many similarities with EV uptake [45]. How does annexin A2 partition into EVs under
oxidative stress? In general, annexin A2 is a membrane curvature-inducing protein that

can contribute to the formation of vesicles [46], and has been suggested to be involved in
endocytic and exocytic vesicular transport. Interestingly, annexin A2 has been identified as a
novel cellular redox regulatory protein [47]. Specifically, the group showed that annexin A2
possesses an N-terminal reactive cysteine residue that can be oxidized by H,0,, followed
by reduction by the thioredoxin system. This reversible oxidation allows annexin A2 to
participate in multiple redox cycles. Thus, it is plausible that after multiple redox cycles,
oxidized annexin A2 is packaged into EVs for removal from the cells. Fibronectin, like
annexin, has been shown to be elevated on circulating EVs of breast cancer patients

[48], myeloma cell-derived EVs [49] or fibroblasts isolated from human subjects with an
age-related lung disorder [50]. While subcytotoxic oxidative stress with H,O,, has been
shown to increase the steady-state level of fibronectin in fibroblasts [51] and RPE cells [52],
fibronectin has also been suggested to also be a pro-survival component of EVs released
from melanocytes in response to UV-B radiation [53] a stressor known to produce H,05
[54]. For fibronectin and annexin A2 to be of use as biomarkers of the metabolic state of
RPE cells, additional markers for the isolation or enrichment of RPE-derived EVs from
biological fluids such as vitreous humor or serum need to be developed [55].

In conclusion, we further confirmed a receptor-mediated uptake mechanism that appears

to be common for EVs released from stressed RPE cells by naive RPE cells. In addition,
we have confirmed that fibronectin and annexin A2 are present at elevated levels on EVs
not only in EVs from H,O»-stressed, but also from metabolically stressed RPE cells. These
findings will aid with the development of future biomarkers characterizing the health of the
RPE.
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Fig. 1. Reduced energy metabolism in J-cybrids.
XFe96 high resolution respiratory assays were utilized on cybrids grown under serum

starvation conditions, which promotes OXPHOS. (A) Basal respiration is measured in

the presence of non-saturating substrate concentrations (5.6 mM glucose). The addition
of oligomycin (inhibits ATP synthesis) reveals ATP production, the uncoupler FCCP
(collapses the proton gradient across the mitochondrial inner membrane) reveals the
maximum respiration and the spare respiratory capacity, the addition of antimycin A and
rotenone (inhibitors of complex 111 and 1) block all mitochondrial function to allow for
the determination of non-mitochondrial respiration and proton leak. (B) Averaged traces of
ECAR changes in response to oligomycin, FCCP and antimycin A + rotenone. (C) With
the exception of spare respiratory capacity, all other features are impaired in J-cybrids.
(D) Average ECAR levels changes in response to oligomycin are calculated. (E) OCR
and ECAR levels normalized to values measured after antimycin A and rotenone injection
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were plotted. H-cybrid metabolism at baseline is shifted towards a more aerobic state when
compared to J-cybrids, and exhibit a greater dynamic range upon oligomycin treatment. Data
is expressed as mean = stdev, 7= 28/29 independent replicates. Student’s #test *P< 0.05, **
P<0.01, *** P<0.001.
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Fig. 2. Transfer assays to study 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 h time
point (post treatment). A reduction in TER is understood as successful uptake of EVs by
recipient cells [20]. (A) EVs from ARPE-19 cell monolayers (donor cells) of control or
stressed (HoO5) were transferred directly to the apical side of naive monolayers (recipient
cells). EVs from stressed cells reduced TER as reported [20]. EVs from H-cybrids (H
EVs) behaved like control EVs, whereas J-cybrids (J EVs) behaved like HoO5 EVs. (B)
Pretreatment of recipient cells with RGD peptide (integrin receptor inhibitor) or heparinase
(removes surface proteoglycans) prevented TER reduction induced by J EVs, whereas
pretreatment of EVs with filipin (inhibits lipid-based interaction) did not. Bar graphs
represent mean * stdev (/7= 30-35). Significance was obtained using a posthoc ANOVA
with Bonferroni correction.
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Fig. 3. Live cell imaging investigating ligand-dependent internalization of EVs.
(A) Images of live ARPE-19 cell monolayers exposed to EVs. EVs were labeled with

ExoGlow (green), the cytoplasms of recipient cells were labeled with cell tracker (red) and
nuclei with Hoechst (blue). Internalization of EVs was imaged by confocal; microscopy 120
min after the addition of EVs. 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 J EVs in naive ARPE-19
cells was confirmed but not H EVs. Graphs represent mean + stdev (/7= 4-8 wells, 6
locations each). Significance was obtained using a Student’s #test, ** £< 0.001, *** P<
0.0001.
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Fig. 4. EVs contain ligands required for uptake by recipient cells.
(A, A”) Annexin-A2 (40 kDa) and (B, B’) fibronectin (220 kDa) levels were obtained

by Western blotting, loading equal numbers of exosomes per sample. Both proteins were
significantly elevated in EVs isolated from J-cybrids when compared to H-cybrids. Bar
graphs represent mean + SEM (7= 3 independent experiments). Significance was obtained
using a #test (Western, ELISA).
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Fig. 5. Exosomes contain active HDACS.
(A) HDAC activity was measured with a homogenous fluorescence release HDAC

deacetylase assay in the presence of MS-275. HDACS6 activity was present at equal levels in
EVs isolated from the apical compartment of ARPE-19 cells, J- and H-cybrids. Interestingly,
HDACS levels could only be increased significantly in EVs from H- by not J-cybrids. Bar
graph represent mean + SEM, /7= 2-3. (B) Transepithelial resistance (TER) assays were
used to study bystander effects elicited by EV transfer as described in Figure Legend 3. Loss
of TER in recipient cells in response to the transfer of EVs from J-cybrids is prevented by
pre-treatment of recipient cells with HDACS inhibitor TSA. Bar graph represent mean +
SEM, n=9. Significance was obtained using a posthoc ANOVA with Bonferroni correction.
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