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Abstract: Cell replacement therapy using mesenchymal (MSC) and other stem cells has been evalu-
ated for diabetic retinopathy and glaucoma. This approach has significant limitations, including few
cells integrated, aberrant growth, and surgical complications. Mesenchymal Stem Cell Exo-
somes/Extracellular Vesicles (MSC EVs), which include exosomes and microvesicles, are an emerg-
ing alternative, promoting immunomodulation, repair, and regeneration by mediating MSC’s para-
crine effects. For the clinical translation of EV therapy, it is important to determine the cellular des-
tination and time course of EV uptake in the retina following administration. Here, we tested the
cellular fate of EVs using in vivo rat retinas, ex vivo retinal explant, and primary retinal cells. Intrav-
itreally administered fluorescent EVs were rapidly cleared from the vitreous. Retinal ganglion cells
(RGCs) had maximal EV fluorescence at 14 days post administration, and microglia at 7 days. Both
in vivo and in the explant model, most EVs were no deeper than the inner nuclear layer. Retinal
astrocytes, microglia, and mixed neurons in vitro endocytosed EVs in a dose-dependent manner.
Thus, our results indicate that intravitreal EVs are suited for the treatment of retinal diseases affect-
ing the inner retina. Modification of the EV surface should be considered for maintaining EVs in the
vitreous for prolonged delivery.

Keywords: astrocytes; exosomes; extracellular vesicles; in vivo imaging; ischemia; microglia; retina;
retinal ganglion cells

1. Introduction

Cell replacement therapy using mesenchymal (MSC) and other stem cells has been
evaluated to treat diabetic retinopathy and glaucoma [1]. While attractive, this approach
has significant limitations, including few cells integrated into the retina, aberrant growth,
and surgical complications [2]. Recent studies have shown that Mesenchymal Stem Cell
Exosomes/Extracellular Vesicles (MSC EVs), which include exosomes and microvesicles,
are in fact largely responsible for the paracrine effects of MSCs [3]. As a result, EVs are
rapidly emerging as an alternative tool because they promote immunomodulation, repair,
and regeneration by mediating the paracrine effects of MSCs [4,5]. The therapeutic effi-
cacy of EVs derived from various precursor cell types hasbeen demonstrated in models
of injury in a variety of organs, including myocardium [6], brain [7], kidney [8], and lung
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[9]. MSC EVs trigger specific cellular responses, with micro RNA (miRNA) from EVs play-
ing a key role [10]. Compared to MSCs, their EVs have the unique advantages of being
non-immunogenic and non-tumorigenic, and they are readily endocytosed by target cells
to exert specific cellular effects [11]. EVs are a novel, effective means to deliver therapeutic
molecules as well as their intrinsic neuroprotective, anti-inflammatory, and vascular-pro-
tective properties to the retina [4]. Two recent reviews highlighted the potential for EV
therapy in the retina [12,13].

Intravitreal MSC EVs attenuated nerve fiber layer and RGC functional loss in a rat
model of glaucoma, and in optic nerve crush injury [14]. We demonstrated that MSC EVs
prevented functional loss, and suppressed apoptosis and neuro-inflammation in acute ret-
inal ischemia in rats [11]. Agents injected into the vitreous can directly access retinal cells
and achieve higher concentrations vs. systemic administration. Thus, intravitreal injection
is now a standard clinical procedure in age-related macular degeneration (AMD) or dia-
betic retinopathy for the administration of anti-vascular endothelial growth factor (VEGF)
therapy [15]. However, the movement of EVs within the vitreous, retina, and cells that
take up injected EVs has not been determined.

The vitreous humor is mainly water with structural components, type II collagen,
hyaluronic acid, glyco-aminoglycans, heparin sulfate, and chondroitin sulfate [16]. EVs
bind to extracellular matrix components, including fibronectin, via proteins, such as a4{31
integrins [16]. This suggests that EVs binding to vitreous components could serve as a
reservoir for EV delivery to the retina. To access the retina, particles must cross the retinal
inner limiting membrane (ILM) of collagen IV, laminin, and fibronectin connected by pro-
teoglycans [17]. Apaolaza showed that 90 nm gold nanoparticles (NPs) transited the ILM
in retinal explants [18]; thus, EVs, with a size range of 100-200 nm, would be expected to
cross the ILM into the retina. Accordingly, we hypothesized that EVs would demonstrate
prolonged residence in the vitreous and delivery into the retina after intravitreal injection.

Our study objectives included determining the cells taking up EVs as well as the time
course of uptake. EV uptake was determined in multiple cell types in the retina following
intravitreal administration. We used in vitro and in vivo systems to study EVs in retinal
neurons, astrocytes, and microglia, relevant translationally to the treatment of blinding
diseases, including glaucoma, AMD, and diabetic retinopathy [11]. These data are essen-
tial for ensuring the future clinical translatability of EV therapy. We also sought to deter-
mine the vitreous kinetics of injected EVs, relevant to studies aiming to optimize intravi-
treal injection treatment strategies for EVs. We also investigated the toxicity of injected
EVs, a necessary component of moving EV therapy toward clinical translation.

2. Materials and Methods
2.1. Culture of Human MSCs and Isolation of EVs

We previously described the procedures for preparing EVs from human MSCs
[11,19]. In brief, human bone marrow-derived MSCs (hMSCs) from Lonza (PT-2501, Basel,
Switzerland) were cultured in a-MEM/20% FBS, 1% L-Glutamine, and 1% antibiotic-anti-
mycotic solution (Thermo-Fisher, Waltham, MA, USA). After seeding to confluence, EVs
were isolated, as we reported previously [20]. Briefly, cultures were washed with serum-
free medium and cultured for 48 h under normoxia (21% O2). Conditioned medium was
collected, then whole cells and debris were removed by centrifugation. Supernatant was
filtered with a 0.22 um pore filter, transferred to a 100 kDa cut-off ultra-filtration tube
(Amicon Ultra-15, Millipore, Burlington, MA, USA), then centrifuged (3000x g) at 4 °C for
45 min. EVs were isolated using Exo Quick-TC EV Precipitation Solution (EXOTC10A-1,
System Biosciences, Palo Alto, CA, USA), [21] then resuspended in phosphate-buffered
saline (PBS). In earlier studies, it was shown that precipitation-isolated EVs were of a sim-
ilar size to those prepared by ultracentrifugation, contain the same markers and micro
RNA (miRNA), and were functionally active [22-24]. Suspensions were normalized to the
cell number from the tissue culture plate, and diluted. As we previously reported, the ma-
jority of EVs isolated from MSCs were exosomes [11,25]. While the 0.22 um filter reduced
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contaminants, EVs isolated from MSCs using this polytheylene glycol-based method may
also precipitate some lipoproteins, protein aggregates, and apoptotic bodies [26].

EVs were labeled using green-fluorescent Exo-Glo Protein labeling reagent (EX-
OGP300A1, System Biosciences) as previously reported [27]. Exo-Glo labels amine groups
of internal proteins of EVs using carboxy-fluorescein diacetate succinimidyl ester (CFSE)
chemistry [11,21,28]. Unlike lipid and RNA-binding dyes, CFSE does not undergo non-
specific aggregation; rather, it stains single EVs, and does not alter the size distribution or
concentration of EVs [29]. MSC EVs were incubated with Exo-Glo for 20 min at 37 °C.
Labeled MSC EVs were then precipitated by adding Exo Quick-TC, incubated overnight
at 4 °C, and centrifuged for 10 min at 10,000 rpm. The pellet was re-suspended in PBS.

2.2. In Vivo Administration of EVs

Procedures conformed to the Association for Research in Vision and Ophthalmology
Resolution on the Use of Animals in Research and were approved by our Animal Care
Committee. Experiments were conducted during daylight hours. Using Sprague Dawley
rats (200-250 g; Harlan, Indianapolis, IN, USA) maintained on a 12 h on/12 h off light
cycle, we injected Exo-Glo labeled hMSC EVs (4 uL of 1 x 10? particles/mL) into the mid-
vitreous, as we previously described [11]. Eyes were removed at 1, 7, 14, and 28 days after
injection to determine the time course of uptake by retinal cells.

2.3. Immunostaining of Retinal Flat Mounts and Cryosections

For flat mounting, after euthanasia and whole animal perfusion-fixation with PBS
and 4% paraformaldehyde (PFA) [30], eye cups were prepared by removing the cornea,
lens, and vitreous as we previously reported, [11] post-fixed in 4% PFA for 30 min, washed
in PBS, permeabilized with phosphate buffered saline/Tween, 0.3% Triton X-100 (PBST),
then blocked overnight in 2% Triton X-100, 10% normal serum and 1 mg/mL bovine serum
albumin (BSA) [31]. Primary antibodies (Suppl. Table S1) were incubated with eyecups at
4 °C for 48 h, followed by washing and incubation with secondary antibodies (Alexa Fluor
555 and 647, Molecular Probes, Thermo-Fisher) for 48 h at 4 °C. After washing, retinal
tissues were dissected from the choroid, placed on a glass slide, and mounted with Pro-
Long Diamond Antifade Mounting Solution with DAPI (4',6-diamidino-2-phenylindole,
P36962, Life Technologies, Thermo-Fisher). Slides were imaged with a Zeiss (White Plains,
NY, USA) 710 Confocal Microscope, and images were de-convoluted with Zeiss Zen v2.4
software.

Cryosections were fixed in 4% PFA for 2 h, and blocked with 10% donkey serum,
0.5% Triton-X, and 1 mg/mL BSA in PBS. Sections were exposed to primary antibodies
overnight, followed by secondary antibodies for 30 min at room temperature. Sections
were mounted with Prolong Diamond Antifade Mounting Agent containing DAPI.

2.4. EV Localization and Quantitation of Uptake and Co-Localization

To determine the uptake of EVs by retinal cells, and to prove intracellular localiza-
tion, we used specific protein markers for retinal cell types as previously described [32].
The degree of overlap between channels (green-labeled EVs and cell-specific markers) was
quantitated on flat mount images using Fiji and associated plug-ins.

Images were tested with the Co-localization Threshold Plugin (https://im-
agej.net/Colocalization_Threshold, accessed 28 Feb 2021). To minimize the impact of back-
ground [33], a region of interest (ROI) was used; at least two different ROIs were tested
for consistency in each image. We used the Costes Auto-threshold Method from the Co-
loc2 plugin (https://imagej.net/Coloc_2, accessed 28 Feb 2021), and the Thresholded Man-
ders’ split colocalization coefficients (0 = no colocalization; 1= perfect colocalization), for
linear regression between channels [34]. The Costes non-biased automated method pre-
vents subjectivity that might otherwise result if the thresholds were to be set manually
[35]. When Manders” was > 0, with linear correlation present between channels, we then
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tested the same ROIs using the Coloc 2 plugin. (alternative co-localization programs, such
as JACOP, https://imagej.net/JaCoP (accessed 28 Feb 2021), require testing of the entire
image and cannot test ROIs, thereby increasing the influence of background and introduc-
ing risk of error) [36]. From Coloc 2, we report threshold regression, Costes Pearson’s R,
Li’s ICQ [37], Spearman’s correlation, Thresholded Manders” M1/M2, and Costes P [38].

To quantify the fluorescence intensity of EVs in retinal cells in flat mounts, an outline
was drawn in 3-4 ROIs, and the area and mean fluorescence were measured using Fiji.
ROIs were measured from non-stained areas in the same images to account for back-
ground. The Corrected Total Cell Fluorescence (CTCF) was calculated as CTCF= inte-
grated density—[Area of ROI x (Average Intensity of Background ROIs)/(Average area of
Background ROIs)], modified from McCloy et al., to account for variation in the size of
the selected area of background [39]. When specific cells were identifiable, e.g., RGCs or
microglia, CTCF was divided by the area of the ROI for the cells, resulting in a CTCF/cell
intensity. Where specific cells were not identifiable because of overlap of cellular pro-
cesses, e.g., Muller cells, we divided CTCF by the measured area of the cells. Results were
expressed as mean fluorescence +/- SEM, and compared over time using analysis of vari-
ance (ANOVA). Results were considered significant for p <0.05.

2.5. Retinal Cell Culture

We cultured astrocytes, microglia, and mixed retinal neurons from retinae of new-
born rat pups. Primary enriched cultures of rat retinal microglia and astrocytes were pre-
pared from mixed cultures of retinal glial cells as we described previously [40]. Briefly,
aseptically collected retinal tissues were mechanically dissociated by pipetting up and
down and centrifuged to collect cells, re-suspended in Dulbecco’s Modified Eagle Me-
dium (DMEM): F12 (1:1) / 20% fetal bovine serum (FBS) / 1% penicillin / streptomycin,
and plated. The culture medium was changed within 24 h, and then twice a week until
the astrocytes formed a monolayer. At that time, the culture medium was replaced with
PBS without Ca? and Mg? (Sigma-Aldrich) and the flasks vigorously shaken to remove
non-adherent microglia from the astrocyte bed. Microglial cells were plated onto 96-well
plates or on cover slips. Astrocytes obtained with this procedure were then passaged twice
for the first time in 75-cm? flasks and for the second time directly in multi-well plates used
for the experimental procedures, carried out in 1% fetal calf serum (FCS)-DMEM.

Primary neurons were cultured from neonatal E19-P1 rat pups as previously de-
scribed [41-43]. Briefly, retinal tissues were separated from enucleated eyeballs and incu-
bated in Hank’s Balanced Salt Solution (#14025092, Gibco) containing 10 U/mL papain, 0.2
mg/mL L-cysteine, and 0.4% DNase I for 5-8 min at 37 °C. They were transferred to ovo-
mucoid solution containing 0.0.4% DNAse and 1% ovomucoid (#19253, Sigma-Aldrich)
in DPBS (#194146, Gibco) to fully quench residual papain activity. Using P1000, retinal
pieces were gently triturated, forming a unicellular suspension. After centrifugation at
200x g for 11 min, cells were resuspended in rapidly growing mycobacteria (RGM) me-
dium containing 250 ug/mL epidermal growth factor (EGF, #10770-910, Prep-Tech), 100
ug /mL fibroblast growth factor (FGF, #,10018B, Prep-Tech), 50 pg/mL brain-derived neu-
rotrophic factor (BDNF, #450-02, Prep-Tech), and 100 ug/mL neurotrophic factor-3 (NT-3,
#450-03, Prep-Tech), plated on poly-D-Lysine and laminin pre-coated cover slips and in-
cubated at 37 °C with 8% CO.. Cells were fed every 3—4 days by removing 50% media and
adding the same amount of RGM and used within 2 weeks.

For immunocytochemistry, cells were seeded onto glass coverslips in 6-well tissue
culture plates; then, 24 h later, 50 pL fluorescently labeled MSC EVs were added and in-
cubated for 1 h at 37 °C. Coverslips were washed in PBS three times, fixed in 4% neutral
buffered formalin, and immuno-labeled as previously described [11,44]. Slides were im-
aged using a Zeiss LSM 710 confocal microscope.
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2.6. Evaluation of EV Uptake in Cultured Retinal Cells

We studied the uptake of EVs in vitro in astrocytes, microglia, and mixed retinal neu-
rons as we previously described [11]. Quantitation was performed in 96-well plates, with
30,000 or 50,000 cells/well. At 24 h post seeding, increasing amounts of MSC EVs were
added and incubated for 1 h at 37 °C. Wells were washed 3 times in PBS, fixed using 4%
neutral buffered formalin, and fluorescence measured using a BioTek (Winooski, VT,
USA) plate reader with the appropriate band pass filter sets. Uptake curves were fitted by
non-linear regression with GraphPad Prism (San Diego, CA, USA).

2.7. Uptake of EVs into Retinal Cells in Explants

An advantage of this system is that it resembles the in vivo retina to a greater extent
than retinal cells in culture, and is not influenced by diffusion of EVs through the vitreous
nor by retinal blood flow [45]. Explants were collected from postnatal day 1-4 rat pups as
previously described [46]. In brief, enucleated whole eyes were immersed in ice-cold
HBSS and the retina collected carefully, and peeled away from retinal pigment epithelium.
Pieces of retina were transferred to Millipore trans-well filter inserts and positioned with
the RGC side up in 300 pL of media. Explants were incubated with EVs (5 puL), and main-
tained for 6 or 14 days; then, cryosections were prepared for immunostaining.

2.8. In Vivo Imaging of EVs in the Vitreous

Rats were injected intraperitoneally with ketamine (35 mg/kg), and xylazine (5
mg/kg), and pupils dilated with 0.5% tropicamide (Alcon), and cyclomydril. Fluorescent
fundus images were obtained using a Micron IV Retinal Imaging Microscope (Phoenix
Research Labs, Pleasanton, CA, USA) after intravitreal injections as we previously re-
ported [11,47].

2.9. Quantitation of In Vivo Release Kinetics of EVs in the Vitreous

We determined fluorescence intensity from in vivo images using Fiji (https://im-
agej.net/Image_Intensity_Processing, accessed 28 Feb 2021). We assumed intensity was
proportional to the concentration of EVs diffusing through the vitreous. We hypothesized
that the excitation process was short, and thus the rate of production of fluorescence fol-
lowed the profile for the ordinary level of illumination; that is, % =
rate of production of C = E(t) (Equation (1)), where E(t) is the net rate of excitation. We
also assumed that the rate of disappearance was proportional to ¢ with a proportionality
constant k,rr, which was assumed to be identical to the rate constant associated with the
unbinding of EVs from the vitreous. Incorporating the unbinding rate, we defined the net
rate of production:% = E(t) — kosC. (Equation (2)). To simplify analysis of unbinding ki-
netics, we further assumed that the initial excitation was proportional to an initial condi-
tion at t=0. Thus, from the above, we obtained the following:C = aexp(—k,srt)+b
(Equation (3)), where a and b are two constants to be found by fitting, and bk,;; consti-
tutes the initial excitation. Reciprocal of the rate-constant, k,y, is often called the natural
lifetime, which is the lifetime for the EVs residence in the vitreous, r. Hence, 7 = —

Kors
(Equation (4)).

2.10. Histology

To examine the impact of EVs on retinal structure, and in particular for possible tox-
icity of the injected EVs, eyes were enucleated 7 days after intravitreal injection of EVs or
control PBS, and placed in Davidson's fixative (11% glacial acetic acid, 2% neutral buffered
formalin, and 32% ethanol in H20) for 24 h, transferred to 70% ethanol for 24 h, and stored
in PBS at 4 °C. Eyes were embedded in paraffin, sectioned to 5 pm, and stained (hematox-
ylin and eosin, H&E); they were then examined by light microscopy and cell layer thick-
ness quantitated similarly to our previous descriptions [47,48]. A standardized region of



Cells 2021, 10, 730

6 of 22

retina centered 1280 um from the thinning of the neurofilaments arising from the optic
nerve head was used to ensure consistency of counts in comparable retinal eccentricities.
Cell layer thicknesses were determined using Micron 2.0 (Westover Scientific, Mill Creek,
WA, USA) in 3-5 regions about 100 um apart on both sides of the optic nerve, in a blinded
manner, and averaged.

3. Results
3.1. Uptake of EVs by Retinal Cells In Vivo after Intravitreal Injection

In retinal flat mounts (Figures 1-3), we examined colocalization of the intravitreally
administered fluorescent EVs in RGCs with anti-brain-specific homeobox/POU domain
protein 3A (Brn3a) to stain nuclei [49], and anti-B-tubulinIIl (BT3) for cytoplasm. Micro-
glial cells were stained with anti-ionized calcium-binding adaptor molecule (IBA-1) [50],
and astrocytes and Muller cells with anti-vimentin [51]. The staining pattern for EVs was
different in the three cell types. EVs stained soma and axons/dendrites of RGCs in a vesi-
cle-appearing staining pattern. EVs were present intracellularly in RGCs, as shown by co-
localization with BT3 [52] in Brn3a-co-staining cells. Although visible in RGCs and their
projections within a day after injection, staining for EVs in RGCs peaked at 14 d after
administration; no EVs were visible at 28 d (Figure 1). RGCs were also stained in flat
mounts with anti-RNA-binding protein (RBPMS) [53]. EVs were visible in a vesicle-ap-
pearing pattern around or overlapping the RBPMS-staining nucleus as with Brn3a (Figure
4D). The indices of co-localization with BT3 in Brn3a-positive cells (Suppl. Table S2) con-
firmed EV uptake into RGCs.
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Figure 1. Staining for Extracellular Vesicles (EVs) in retinal ganglion cells (RGCs) in flat mounts of rat retinas. The results
show that EV staining in RGCs peaks at 14 days after intravitreal injection of EVs. Fluorescent colors are as follows: anti-
B-tubulinIII (BT3, red), anti-Brn3a (magenta), EVs (green), DAPI (blue). Orthogonal 3D projection shown as a composite
for each day’s panel, and red and magenta channels (A.1, A.7, A.14, A.28) and green channels (B.1, B.7, B.14, B.28) for a
representative z-stack alongside each day’s composite. PBS injected control is bottom left; A.PBS is red and magenta chan-
nels, and B.PBS is green channel. Scale bars (10 pm) are on the bottom right of each panel. Arrows = overlap (co-localiza-
tion, yellow or yellow-orange) of green EVs and anti-B-tubulinlIIl in Brn3a-containing RGCs. Arrowheads = co-localization
of BT3 and EVs in neural projections from RGCs. 100x. Bottom right: graph of green fluorescence intensity (Y axis), ex-
pressed relative to background. N=4 per time point * p < 0.05 vs. day 1.
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Figure 2. Staining for EVs in microglia in flat mounts of rat retinas. The results show that EV staining in microglia peaks
at 7 days after intravitreal injection of EVs. Fluorescent colors are as follows: anti-IBA-1 (red), EVs (green), DAPI (blue).
Orthogonal 3D projection shown as a composite for each day’s panel, and red channels (A.1, A.7, A.14, A.28) and green
channels (B.1, B.7, B.14, B.28) for a representative z-stack alongside each day’s composite. PBS injected control is bottom
left; A.PBS is red channel, and B.PBS is green channel. Scale bars (10 pm) are on the bottom right of each panel. Arrows =
overlap (co-localization, yellow or yellow-orange) of green EVs and anti-IBA-1 in microglia. Arrowheads point to vesicu-
lar-appearing staining pattern of EVs in microglia. 100x. Bottom right: green fluorescence intensity (Y axis) was expressed
relative to background. N = 4 per time point * p <0.05 vs. day 1.



Cells 2021, 10, 730 9 of 22

' EN s+ T

Vimentin

T

2

s

d

Corrected Total Cell Fluorescence [ Area

0-

Day 1 Day 7 Day 14 Day 28

Figure 3. Staining for EVs in astrocytes in flat mounts of rat retinas. The results show that EV staining in astrocytes re-
mained constant after intravitreal injection of EVs. Fluorescent colors are as follows: anti-vimentin (red), EVs (green),
DAPI (blue). Orthogonal 3D projection shown as a composite for each day’s panel, and red channels (A.1, A.7, A.14, A.28)
and green channels (B.1, B.7, B.14, B.28) for a representative z-stack alongside each day’s composite. PBS injected control
is bottom left; A.PBS is red channel, and B.PBS is green channel. Scale bars (10 um) are on the bottom right of each panel.
Arrows = overlap (co-localization, yellow or yellow-orange) of green EVs and anti-vimentin in astrocytes. 100x. Bottom
right: green fluorescence intensity (Y axis) was expressed relative to background. N = 4 per time point.

In microglia (Figure 2), EVs were present within a day of injection, staining intensity
peaked at7 d, and only a few scattered EVs were present at 14 d, with none at 28 d. These
EVs were intracellular and in a high concentration, which appeared to completely fill the
cytoplasm, [54] and co-localization indices confirmed the intracellular uptake of EVs
(Suppl. Table S2). On cryosections, microglia-containing EVs were confined to the RGC
and inner plexiform layers. (Figure 4B). EVs co-localized in a small number of astrocytes
and Muller cells (Figure 3) stained with vimentin, and there was no change in the degree
of staining for EVs over 28 days. Co-localization indices confirmed the intracellular uptake
of EVs into astrocytes (Suppl. Table S2). EVs were concentrated in the foot plate regions
of the Muller cells, confirmed by also staining with anti-glial fibrillary acidic protein
(GFAP) in cryosections (Figure 4B) [55]. Most injected EVs were in the inner plexiform,
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and inner nuclear layers, with very few in the outer retinal layers (Figure 4A—C). Injected
EVs did not significantly alter the thickness of the retinal cell layers (Figure 5, Table 1).

15 jum g Ay 15 pen

Figure 4. EVs in microglia and in astrocytes and additional confirmation of EVs in RGCs. Retinal 10 em-thick cryosections
were prepared 7 days after injection of fluorescent green labeled EVs, and examined using confocal microscopy. Im-
munostaining for, left to right, (A) astrocytes and Muller cell footplates (anti-GFAP), (B) microglia (anti-IBA-1), (C) cyto-
plasmic processes of astrocytes and Muller cells (anti-vimentin, “Vim”). DAPI stained nuclei blue. Arrows indicate overlap
(yellow color) of green labeled EVs and red (GFAP, IBA-1, or Vim). Arrowhead in (B) shows vesicular-appearing EV
staining inside microglial cells. Cell layer names provided in (A) and (C) also apply to (B); 40x. RGC = retinal ganglion cell
layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer.
Staining for GFAP and EVs (A) confirms that most EVs in Muller cells are in the footplates. Most staining for EVs in
microglia (yellow) in (B), and astrocytes/Muller cells (C), was in the retinal ganglion cell layer and inner plexiform layer.
(D) Flat mounts with anti-RBPMS (red), EVs (green), and DAPI blue. Nearly all red staining RGCs also contain green EV's
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(yellow overlap, arrows in top panel in D), providing further support that EVs were taken up by RGCs. Scale bars (15 pm)
are on the bottom right of each panel 63x.
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\\s,,\

»
"‘r- - ' y

Figure 5. Retinal histology after intravitreal EVs. PBS—injected eye left; EV —injected right, both 7 days after injection,
with no significant change in retinal cell layer thicknesses. 40x. RGC= retinal ganglion cell layer; INL= inner nuclear layer;
IPL= inner plexiform layer; OPL= outer plexiform layer; ONL= outer nuclear layer; PR= photoreceptor layer. Scale bars
(with black lettering, 15 um) are on bottom right of each panel.

Table 1. Retinal histology after administration of EVs. For the EV toxicity study, histological sections (Figure 5) were
stained with hematoxylin and eosin (H and E). One eye received PBS, the other EVs. N = 5. There were no significant
changes in retinal layer thicknesses, measured in um. IPL= inner plexiform layer, OPL = outer plexiform layer, SEM =

standard error of the mean.

PBS Eye EV Eye
Mean SEM Mean SEM
IPL 44.9 2.6 029 0.5
- Inner Layer 102.7 5.6 101.1 0.7
= OPL 9.9 0.4 9.5 0.7
- Outer Layer 82.5 2.3 77.2 49
Total 185.2 7.6 164.1 122

3.2. EV Fluorescence Kinetics in the Vitreous after Injection

EV fluorescence in vitreous peaked one day after injection. The unbinding kinetics of
EVs closely followed the model proposed in Equation (3). To find the EV fluorescence
lifetime, we fit Equation (3) to the fluorescence intensity obtained from in vivo images
(Figure 6). Likewise, in our model, the constant b in Equation (3) accounted for the con-
centration of EVs that remained in the vitreous for >14 days. This model suggests that the
lifetime of EVs in vitreous, which is identical to its unbinding time constant, is 2.5 days.
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Figure 6. Kinetics of fluorescent EVs in the vitreous. Representative images from 3-4 rats injected with Exo-glo and imaged
using Phoenix Micron IV. Bottom right, fluorescence decay curve with calculated parameters. From fitting the curve, the
lifetime of EVs in the vitreous is about 2.5 days. Image intensity on Y-axis is mean +/- SD.

3.3. Uptake of EVs into Retinal Cells In Vitro

Astrocytes, microglia, and retinal neurons demonstrated dose-dependent saturable
EV uptake kinetics. (Figure 7). Microglia showed dense cytoplasmic staining for EVs, con-
centrated in large vesicles (Figure 8A). Astrocytes showed smaller appearing collections
of EVs (Figure 8B). In mixed retinal neurons, EVs were mainly taken up by RGCs (Figure
9) (also see Supplementary Video Figures S1-53).
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Figure 7. Uptake of EVs by retinal cells in vitro. Fluorescence, Y-axis, is mean +/- SD. X-axis is number of EVs. Bottom row
shows the fitted curves using non-linear regression. All demonstrate saturable, dose-dependent endocytosis.
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DAPI+EVs +

Figure 8. EVs in microglia and astrocytes. (A, top) Microglia: left to right: composite, anti-CD11b/c (red), EVs (green), and
DAPI (blue). EVs are concentrated in large vesicles (arrows) in the cytoplasm. (B, bottom) Astrocytes: left to right: compo-
site, anti-GFAP (red), EVs (green), and DAPI (blue). EVs are small vesicles (arrows) in the cytoplasm. Scale bars (10 pum)
are on the bottom right of each panel 63x.
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Figure 9. EVs in mixed retinal neurons. Top panels, left to right, (i) DAPI (blue), EVs (green), anti-a-tubulin (red), and
anti-Brn3a (magenta); (ii) DAPL EVs, and anti-a-tubulin; and (iii) DAPL EVs, and anti-Brn3a. Bottom, (iv) anti-Brn3a, (v)
anti-a-tubulin, (vi) EVs, and (vii) DAPL Arrows = overlap (yellow) of a-tubulin and EVs in cytoplasm of RGCs, and ar-
rowheads = yellow overlap in nerve projections from RGCs. White in RGC nucleus in panel iii is overlap of Brn3a magenta
and green EVs. Scale bars (10 pm) are on the bottom right of each panel 63x.

3.4. EVs in Retinal Explants

Cryosections at 6 and 14 days showed EVs in RGCs, astrocytes, Muller cells, and mi-
croglia (Figure 10), similar to our findings in the in vivo retina. As expected, since the neu-
ral retinae of explants degenerate, at 14 days, the retinae appeared thinned vs. those at 6
days [56]. Few EVs were located deeper than the inner nuclear layer.
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Figure 10. EVs in retinal explants. (A,B) BT3 (red), EVs (green), and DAPI (blue) at 6 and 14 days after start of incubation
with EVs. (C,D) CD11b/c (red), EVs (green), and DAPI (blue) at 6 and 14 days. (E,F) vimentin (Vim, red), EVs (green), and
DAPI (blue) at 6 and 14 days. Arrows= yellow overlap with EVs; inserts show overlap in detail. RGC = retinal ganglion
cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer.
Scale bars (15 pum) are on bottom right of each panel 63x.

4. Discussion

A number of investigators have reported that in several different organ systems, EVs
derived from MSCs appear to be a safe alternative to the MSCs with a lower risk of onco-
genic transformation and immune reactions, and they can be altered to incorporate ther-
apeutic agents [4]. With the ability to carry therapeutic molecules directly into cells, EVs
are a potential alternative to viral gene therapy, the latter recently shown to stimulate the
immune system, thereby limiting its optimal dosing and efficacy [57]. EV therapy in the
retina has been reported in a small number of studies, including mouse and rat glaucoma,
oxygen-induced retinopathy, and in acute ischemic injury in the retina, most showing
promising improvements in the function or maintenance of retinal neurons under these
stress conditions [11,14,58,59]. Our previous study found that EVs readily entered retinal
neurons via an HSPG- and caveolin-dependent mechanism [11]. Prior studies have not
examined the time course or uptake of EVs into retinal cells. The present study provides
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an understanding of the cellular mechanisms of actions of EVs in retina, and necessary
background data toward the therapeutic use of EVs in retinal diseases.

Most studies of EVs for therapeutics involve systemic administration, which is lim-
ited by the proportion of blood supply to the tissue; barriers to diffusion, particularly the
endothelium; and uptake and destruction by the immune system [60]. Direct administra-
tion into the vitreous, therefore, offers significant advantages for the treatment of retinal
diseases. To our knowledge, there have not been any previous studies of cellular uptake
and vitreous kinetics of EVs in the eye after intravitreal injection. Negatively charged
phosphatidylserine, which may be associated with different intracellular sites of origin
and function [61], is present on some classes of EVs, including those derived from MSCs.
The negative charge is expected to enhance mobility through the vitreous. This has not
been directly tested, but the movement of nanoparticles (NPs) through the vitreous is in-
fluenced by their size relative to the vitreous pore size; thus, synthetic NPs < 500 nm in
size diffused more rapidly vs. particles >1100 nm, fitting an estimated average vitreous
mesh pore size of 550 nm [62]. Positively charged NPs showed limited mobility in the
vitreous. A large portion of positively charged NPs were immobilized and trapped within
the injection site, while anionic nanoparticles demonstrated much greater mobility, due
to electrostatic interactions with negatively charged hyaluronic acid. In contrast, polyeth-
ylene glycol (PEG)ylated nanoparticles, with no electrostatic charge, diffused more rap-
idly [63]. These principles of nanoparticle movement in the vitreous have also been pre-
dicted by computer simulation [64]. Accordingly, from our results, the EVs appeared to
readily migrate through the vitreous and into the retina. Despite the capacity of EVs to
bind vitreous proteins including fibronectin, most EVs were cleared out of the vitreous
within a week after administration.

Three similar studies to ours in rodent brain tissue found that within 2 and 6 h after
intranasal administration, EVs were widely distributed into the somatosensory and pre-
frontal cortex, amygdala, dentate gyrus, and cerebellum [65,66]. Similar to our findings,
EVs were in neurons, microglia, and astrocytes [66], and completely cleared from brain
within 24 h [67].

We found that in rat retinas, following the injection of labeled EVs into the vitreous,
they were taken up by RGCs, astrocytes, and microglia. We confirmed the findings in a
retinal explant model. The staining intensity in the cells suggested that RGCs had higher
relative fluorescence than astrocytes and microglia, and also retained EVs for a longer
period. However, few EVs were found deeper than in the inner nuclear layer in vivo or in
the ex vivo explant. An important proviso, however, when comparing in vivo results to
those in the explant and in cell culture, is that in the latter two, the retina was removed
from its environment, including the optic nerve, and in essence, the explant and cell cul-
ture models already had a degree of retinal injury vs. the normal retinal environment of
the in vivo model. In future studies for further translational relevance, it will be important
to examine the uptake of EVs into the injured retina in vivo.

EVs readily enter cells, and as we show here, in a dose-dependent and saturable man-
ner, and it is likely that most uptake occurs quickly into the first cells they encounter after
crossing the inner limiting membrane from the vitreous. This could explain their uptake
into superficially located cells including RGCs, nerve fiber layer, Muller cell endplates,
and microglia, leaving few EVs to penetrate deeper into the retina. The EVs showed no
retinal toxicity, and the present results are commensurate with our previous demonstra-
tion of no effect of EVs on retinal function in vivo, and no immune reaction in rats to EVs
from human MSCs [11]. The results are translationally relevant, as EVs may easily access
retinal cells that are affected by an array of diseases, including glaucoma, diabetic reti-
nopathy, and AMD.

In vivo, the uptake of EVs is affected by considerably more factors than in vitro, de-
pending upon the concentration of EVs, diffusion distance, cellular density, and pH of the
microenvironment and the cells encountered by EVs as they first move through the tissue
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[68,69]. The uptake of EVs into cells in vitro may not translate into the same in vivo behav-
ior. To date, the mechanisms of endocytosis of EVs in microglia and astrocytes have not
been determined, although we did show previously that retinal neurons took up EVs via
HSPGs and caveolins [11]. Here, we show that astrocytes, microglia, and retinal neurons
take up EVs via dose-dependent saturable kinetics. Accumulating data suggest that EVs
alter the pro-inflammatory properties of microglia [70], including a shift into M2-anti-in-
flammatory conditions [71]. Additionally, it has been shown recently that microglia and
astrocytes communicate in part via the release of EVs from microglia [72]. It is an intri-
guing possibility that, in vivo, microglia or astrocytes released the administered EVs for
later uptake into RGCs, although in our present study, we cannot make any conclusions
on this possible exchange mechanism.

In the retinal explant, there was expected cellular layer thinning due to cell loss over
time, as well as significant glial reaction. These changes occurred, despite the presence of
EVs, which are neuroprotective, as we showed previously. However, these results should
be considered in light of the limitation of only a single dose of EVs having been adminis-
tered. The use of this preparation for the study of the neuroprotective capacity of EVs will
likely require higher doses of EVs or repeated administration over time.

We previously showed that EVs bind isolated vitreous humor in a dose-dependent
manner [11]. This enables the vitreous to serve as a reservoir for the release of EVs into
the retina. However, the decay of fluorescence indicates that most EVs are rapidly cleared
from the vitreous. An important implication of these findings is that for therapeutic ap-
plication, repeated injections will be required or that the surface of EVs will have to be
altered to enhance vitreous retention. Since the vitreous consists largely of collagen, it may
be feasible to prolong the residence time of EVs by modifying the EV surface with peptide
sequences that bind collagen and other extracellular matrix proteins [73].

5. Conclusions

In conclusion, EVs injected into the vitreous, or administered in an ex vivo retinal
explant, were found in astrocytes, microglia, Muller cells, and retinal neurons. The time
course of retention varied in the different retinal cells, with the longest residence time
being 14 days in the retinal ganglion cells in vivo. There was no toxicity of the EVs in the
retina. These results provide important data for the design of pre-clinical studies of the
therapeutic efficacy of intravitreally injected EVs.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4409/10/4/730/s1, Table S1: Antibodies used in the study, Table S2: Co-localization results, Suppl.
Video Figure S1: Astrocytes 3-D movie, Suppl. Video Figure S2: Microglia 3-D movie, Suppl. Video
Figure S3: Retinal neurons 3-D movie.

Author Contributions: Conceptualization, B.M., D.L.F., SM., S.R. (Sriram Ravindran) and S.R.
(Steven Roth); Data curation, BM., L.A.T., L.G.A,,S.T., AL, RP,M.C, AA, C-CH,, D.LF,SM.,,
S.R. (Sriram Ravindran) and S.R. (Steven Roth); Formal analysis, L.A.T., L.G.A,, S.T.,, AL, R.P,
M.C, A.A, C.-C.H,, SR. (Sriram Ravindran) and S.R. (Steven Roth); Funding acquisition, B.M.,
D.LF, S.M. and S.R. (Sriram Ravindran); Investigation, B.M. and D.L.F.; Methodology, B.M.,
LAT,LGA,ST,DLF,SM, SR. (Sriram Ravindran) and S.R. (Steven Roth); Project admin-
istration, B.M., D.L.F., S.M.,, S.R. (Sriram Ravindran) and S.R. (Steven Roth); Resources, B.M.,
D.L.F, S.M. and S.R. (Sriram Ravindran); Supervision, D.L.F., S.R. (Sriram Ravindran) and S.R.
(Steven Roth); Validation, B.M., R.P. and Sriram Ravindran; Visualization, B.M., L.A.T., L.G.A,,
S.T., AL, M.C. and A.A.; Writing—Original draft, B.M., S.R. (Sriram Ravindran) and S.R. (Steven
Roth); Writing—Review and editing, B.M., D.L.F., S.R. (Sriram Ravindran) and S.R. (Steven Roth).
All authors have read and agreed to the published version of the manuscript.

Funding: National Institutes of Health (Bethesda, MD, USA) Grants EY028690 and EY028690-0251
to Dr. Roth; DE027404 to Dr. Ravindran; EY001792 to the Department of Ophthalmology and Vis-
ual Sciences at the University of Illinois at Chicago; UL1 TR002003 to the Center for Clinical and
Translational Sciences at the University of Illinois at Chicago; National Multiple Sclerosis Society
(New York, NY, USA) Grant PP-1905-33986 to Dr. Roth; Glaucoma Research Foundation Shaffer



Cells 2021, 10, 730 19 of 22

Grant (San Francisco, CA, USA) to Dr. Roth; Catalyst Award from the Chicago Biomedical Consor-
tium (Chicago, IL, USA) to Dr. Roth; The Michael Reese Foundation (Chicago, IL, USA) to Dr.
Roth, Grants BX004852-03 and BX002625-06 from the Department of Veterans Affairs (Washing-
ton, DC, USA) to Dr. Feinstein; National Glaucoma Grant G2018168 from the Bright Focus Foun-
dation (Clarksburg, MD, USA) to Dr. Mathew; the Illinois Society for the Prevention of Blindness
(Chicago, IL, USA) to Mr. Patel; and University of Illinois at Chicago Honors College Research
Awards to Mr. Chennakesavalu, Ms. Liu, and Ms. Tran.

Institutional Review Board Statement: UIC Institutional Animal Care Committee, approval # 17-
229.

Informed consent statement: Not applicable.
Data availability statement: Data are available from the authors upon request.

Conflicts of interest: Drs. Ravindran and Roth are on the Editorial Board of Cells.

References

1.  Harrell, C.R,; Fellabaum, C.; Arsenijevic, A.; Markovic, B.S.; Djonov, V.; Volarevic, V. Therapeutic Potential of Mesenchymal
Stem Cells and Their Secretome in the Treatment of Glaucoma. Stem Cells Int. 2019, 2019, 7869130, d0i:10.1155/2019/7869130.

2. Kuriyan, A.E.; Albini, T.A; Flynn, HW., Jr. The growing “stem cell clinic” problem. Am. J. Ophthalmol. 2017, 177, xix—-xx.

3. Zhang, Z.G; Chopp, M. Exosomes in stroke pathogenesis and therapy. ]. Clin. Investig. 2016, 126, 1190-1197,
doi:10.1172/jci81133.

4. Zhang, Z.G.; Buller, B.; Chopp, M. Exosomes—Beyond stem cells for restorative therapy in stroke and neurological injury. Nat.
Rev. Neurol. 2019, 15, 193-203, doi:10.1038/s41582-018-0126-4.

5. Balbi, C.; Costa, A; Barile, L.; Bollini, S. Message in a Bottle: Upgrading Cardiac Repair into Rejuvenation. Cells 2020, 9, 724,
do0i:10.3390/cells9030724.

6. Chung, J.J; Han, J.; Wang, L.L.; Arisi, M.F.; Zaman, S.; Gordon, J.; Li, E.; Kim, S.T.; Tran, Z.; Chen, C.W.; et al. Delayed delivery
of endothelial progenitor cell-derived extracellular vesicles via shear thinning gel improves postinfarct hemodynamics. J.
Thorac. Cardiovasc. Surg. 2020, 159, 1825-1835.€2, d0i:10.1016/j.jtcvs.2019.06.017.

7.  Venkat, P.; Zacharek, A.; Landschoot-Ward, J.; Wang, F.; Culmone, L.; Chen, Z.; Chopp, M.; Chen, J. Exosomes derived from
bone marrow mesenchymal stem cells harvested from type two diabetes rats promotes neurorestorative effects after stroke in
type two diabetes rats. Exp. Neurol. 2020, 334, 113456, doi:10.1016/j.expneurol.2020.113456.

8.  Wang, B.; Yao, K.; Huuskes, B.M.; Shen, H.H.; Zhuang, J.; Godson, C.; Brennan, E.P.; Wilkinson-Berka, J.L.; Wise, A.F.; Ricardo,
S.D. Mesenchymal stem cells deliver exogenous microrna-let7c via exosomes to attenuate renal fibrosis. Mol. Ther. 2016, 24,
1290-1301.

9. Lee, ]J.H,; Park, J. Therapeutic use of mesenchymal stem cell-derived extracellular vesicles in acute lung injury. Transfusion 2019,
59, 876-883, doi:10.1111/trf.14838.

10. Alexander, M.; Hu, R.; Runtsch, M.C.; Kagele, D.A.; Mosbruger, T.L.; Tolmachova, T.; Seabra, M.C.; Round, J.L.; Ward, D.M.;
O’Connell, R.M. Exosome-delivered microRNAs modulate the inflammatory response to endotoxin. Nat. Commun. 2015, 6, 7321,
d0i:10.1038/ncomms8321.

11. Mathew, B.; Ravindran, S.; Liu, X.; Torres, L.; Chennakesavalu, M.; Huang, C.-C.; Feng, L.; Zelka, R.; Lopez, ]J.; Sharma, M.; et
al. Mesenchymal stem cell-derived extracellular vesicles and retinal ischemia-reperfusion. Biomaterials 2019, 197, 146-160,
doi:10.1016/j.biomaterials.2019.01.016.

12.  Klingeborn, M.; Dismuke, W.M.; Rickman, C.B.; Stamer, W.D. Roles of exosomes in the normal and diseased eye. Prog. Retin.
Eye Res. 2017, 59, 158-177, d0i:10.1016/j.preteyeres.2017.04.004.

13. Mead, B., Tomarev, S. Extracellular vesicle therapy for retinal diseases. Prog. Retin. Eye Res. 2020, 79, 100849,
doi:10.1016/j.preteyeres.2020.100849.

14. Mead, B.; Amaral, J., Tomarev, S. Mesenchymal stem cell-derived small extracellular vesicles promote neuroprotection in rodent
models of glaucoma. Invest. Ophthalmol. Vis. Sci. 2018, 59, 702-714, doi: 10.1167/iovs.17-22855.

15. Adamis, A.P; Brittain, C.J.; Dandekar, A.; Hopkins, J.J. Building on the success of anti-vascular endothelial growth factor
therapy: A vision for the next decade. Eye 2020, 34, 1966-1972, d0i:10.1038/s41433-020-0895-z.

16. Késdorf, B.T.; Arends, F.; Lieleg, O. Diffusion Regulation in the Vitreous Humor. Biophys. ]. 2015, 109, 2171-218]1,
doi:10.1016/j.bpj.2015.10.002.

17.  Peynshaert, K.; Devoldere, J.; De Smedt, S5.C.; Remaut, K. In vitro and ex vivo models to study drug delivery barriers in the
posterior segment of the eye. Adv. Drug Deliv. Rev. 2018, 126, 44-57, doi:10.1016/j.addr.2017.09.007.

18. Apaolaza, P.; Busch, M.; Asin-Prieto, E.; Peynshaert, K.; Rathod, R.; Remaut, K.; Diinker, N.; Gopferich, A. Hyaluronic acid

coating of gold nanoparticles for intraocular drug delivery: Evaluation of the surface properties and effect on their distribution.
Exp. Eye Res. 2020, 198, 108151, doi:10.1016/j.exer.2020.108151.



Cells 2021, 10, 730 20 of 22

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Huang, C.-C.; Kang, M.; Narayanan, R.; DiPietro, L.A.; Cooper, L.F.; Gajendrareddy, P.; Ravindran, S. Evaluating the
Endocytosis and Lineage-Specification Properties of Mesenchymal Stem Cell Derived Extracellular Vesicles for Targeted
Therapeutic Applications. Front. Pharmacol. 2020, 11, 163, d0i:10.3389/fphar.2020.00163.

Narayanan, R.; Huang, C.-C; Ravindran, S. Hijacking the Cellular Mail: Exosome Mediated Differentiation of Mesenchymal
Stem Cells. Stem Cells Int. 2016, 2016, 3808674, doi:10.1155/2016/3808674.

Huang, C.-C.; Narayanan, R.; Alapati, S.; Ravindran, S. Exosomes as biomimetic tools for stem cell differentiation: Applications
in dental pulp tissue regeneration. Biomaterials 2016, 111, 103-115, doi:10.1016/j.biomaterials.2016.09.029.

Sohel, M.H.; Hoelker, M.; Noferesti, S.S.; Salilew-Wondim, D.; Tholen, E.; Looft, C.; Rings, F.; Uddin, M.].; Spencer, T.E.;
Schellander, K.; et al. Exosomal and Non-Exosomal Transport of Extra-Cellular microRNAs in Follicular Fluid: Implications for
Bovine Oocyte Developmental Competence. PLoS ONE 2013, 8, 78505, doi:10.1371/journal.pone.0078505.

Chugh, P.E.; Sin, S.-H.; Ozgur, S.; Henry, D.H.; Menezes, P.; Griffith, J.; Eron, ].J.; Damania, B.; Dittmer, D.P. Systemically
Circulating Viral and Tumor-Derived MicroRNAs in KSHV-Associated Malignancies. PLoS Pathog. 2013, 9, 1003484,
doi:10.1371/journal.ppat.1003484.

Umezu, T.; Ohyashiki, K.; Kuroda, M.I.; Ohyashiki, J.H. Leukemia cell to endothelial cell communication via exosomal miRNAs.
Oncogene 2012, 32, 2747-2755, doi:10.1038/onc.2012.295.

Lotvall, J.; Hill, A.F.; Hochberg, F.; Buzas, EI; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V.; Mathivanan, S.;
Quesenberry, P.; et al. Minimal experimental requirements for definition of extracellular vesicles and their functions: A position
statement from the isev. J. Extracell. Vesicles 2014, 3, 26913.

Borger, V.; Staubach, S.; Dittrich, R.; Stambouli, O.; Giebel, B. Scaled Isolation of Mesenchymal Stem/Stromal Cell-Derived
Extracellular Vesicles. Curr. Protoc. Stem Cell Biol. 2020, 55, 128, doi:10.1002/cpsc.128.

Shah, N.; Ishii, M.; Brandon, C.; Ablonczy, Z.; Caj, J.; Liu, Y.; Chou, C.J.; Rohrer, B. Extracellular vesicle-mediated long-range
communication in stressed retinal pigment epithelial cell monolayers. Biochim. Biophys. Acta (BBA) 2018, 1864, 26102622,
doi:10.1016/j.bbadis.2018.04.016.

Gutkin, A.; Uziel, O,; Beery, E.; Nordenberg, J.; Pinchasi, M.; Goldvaser, H.; Henick, S.; Goldberg, M.; Lahav, M. Tumor cells
derived exosomes contain hTERT mRNA and transform nonmalignant fibroblasts into telomerase positive cells. Oncotarget
2016, 7, 59173-59188, do0i:10.18632/oncotarget.10384.

Morales-Kastresana, A.; Telford, B.; Musich, T.A.; McKinnon, K.; Clayborne, C.; Braig, Z.; Rosner, A.; Demberg, T.; Watson,
D.C; Karpova, T.S. et al. Labeling Extracellular Vesicles for Nanoscale Flow Cytometry. Sci. Rep. 2017, 7, 1-10,
doi:10.1038/s41598-017-01731-2.

Roth, S.; Dreixler, J.; Newman, N.J. Haemodilution and head-down tilting induce functional injury in the rat optic nerve: A
model for peri-operative ischemic optic neuropathy. Eur. ]. Anaesthesiol. 2018, 35, 840-847.

Feng, L.; Puyang, Z.; Chen, H,; Liang, P.; Troy, ].B.; Liu, X. Overexpression of Brain-Derived Neurotrophic Factor Protects Large
Retinal Ganglion Cells After Optic Nerve Crush in Mice. eNeuro 2017, 4, doi:10.1523/eneuro.0331-16.2016.

Dunn, K.W.; Kamocka, M.M.; McDonald, J.H. A practical guide to evaluating colocalization in biological microscopy. Am. J.
Physiol. Physiol. 2011, 300, C723-C742, doi:10.1152/ajpcell.00462.2010.

Landmann, L. Deconvolution improves colocalization analysis of multiple fluorochromes in 3D confocal data sets more than
filtering techniques. J. Microsc. 2002, 208, 134-147, d0i:10.1046/j.1365-2818.2002.01068.x.

Zinchuk, V.; Zinchuk, O.; Okada, T. Quantitative Colocalization Analysis of Multicolor Confocal Immunofluorescence
Microscopy Images: Pushing Pixels to Explore Biological Phenomena. Acta Histochem. ET Cytochem. 2007, 40, 101-111,
doi:10.1267/ahc.07002.

Costes, S.V.; Daelemans, D.; Cho, E.H.; Dobbin, Z.; Pavlakis, G.; Lockett, S. Automatic and Quantitative Measurement of
Protein-Protein Colocalization in Live Cells. Biophys. |. 2004, 86, 3993-4003, d0i:10.1529/biophys;j.103.038422.

Stauffer, W.; Sheng, H.; Lim, H.N. EzColocalization: An Image] plugin for visualizing and measuring colocalization in cells and
organisms. Sci. Rep. 2018, 8, 1-13, doi:10.1038/s41598-018-33592-8.

Li, Q.; Lau, A.; Morris, T.]J.; Guo, L.; Fordyce, C.B.; Stanley, E.F. A Syntaxin 1, G o, and N-Type Calcium Channel Complex at a
Presynaptic Nerve Terminal: Analysis by Quantitative Immunocolocalization. ]. Neurosci. 2004, 24, 4070-4081,
doi:10.1523/jneurosci.0346-04.2004.

Van Steensel, B.; Van Binnendijk, E.P.; Hornsby, C.D.; Van Der Voort, H.T.; Krozowski, Z.S.; De Kloet, E.R.; Van Driel, R. Partial
colocalization of glucocorticoid and mineralocorticoid receptors in discrete compartments in nuclei of rat hippocampus
neurons. J. Cell Sci. 1996, 109 Pt 4, 787-792.

McCloy, R.A.; Rogers, S.; Caldon, C.E.; Lorca, T.; Castro, A.; Burgess, A. Partial inhibition of Cdk1 in G2phase overrides the
SAC and decouples mitotic events. Cell Cycle 2014, 13, 1400-1412, doi:10.4161/cc.28401.

Lisi, L.; McGuire, S.; Sharp, A.; Chiosis, G.; Navarra, P.; Feinstein, D.L.; Russo, C.D. The novel HSP90 inhibitor, PU-H71,
suppresses glial cell activation but weakly affects clinical signs of EAE. ]. Neuroimmunol. 2013, 255, 1-7,
doi:10.1016/j.jneuroim.2012.10.008.

Cayouette, M.; Whitmore, A.V.; Jeffery, G.; Raff, M. Asymmetric Segregation of Numb in Retinal Development and the Influence
of the Pigmented Epithelium. J. Neurosci. 2001, 21, 5643-5651, doi:10.1523/jneurosci.21-15-05643.2001.

Gao, F.; Li, T; Hu, J.; Zhou, X.; Wu, J.; Wu, Q. Comparative analysis of three purification protocols for retinal ganglion cells
from rat. Mol. Vis. 2016, 22, 387-400.

Jolicoeur, C.; Cayouette, M. Dissociated Retinal Cell Culture. Bio-Protocol 2014, 4, 1033, d0i:10.21769/bioprotoc.1033.



Cells 2021, 10, 730 21 of 22

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Mathew, B.; Chennakesavalu, M.; Sharma, M.; Torres, L.A.; Stelman, C.R,; Tran, S.; Patel, R,; Burg, N.; Salkovski, M,;
Kadzielawa, K., et al. Autophagy and post-ischemic conditioning in retinal ischemia. Autophagy 2020, 1-21,
doi:10.1080/15548627.2020.1767371.

Schnichels, S.; Paquet-Durand, F.; Loscher, M.; Tsai, T.; Hurst, J.; Joachim, S.C.; Klettner, A. Retina in a dish: Cell cultures, retinal
explants and animal models for common diseases of the retina. Prog. Retin. Eye Res. 2021, 81, 100880,
doi:10.1016/j.preteyeres.2020.100880.

Kechad, A Jolicoeur, C.; Tufford, A.; Mattar, P.; Chow, RW.Y.; Harris, W.A.; Cayouette, M. Numb is Required for the
Production of Terminal Asymmetric Cell Divisions in the Developing Mouse Retina. ]. Neurosci. 2012, 32, 17197-17210,
doi:10.1523/jneurosci.4127-12.2012.

Mathew, B.; Poston, J.N.; Dreixler, J.C.; Torres, L.; Lopez, J.; Zelkha, R.; Balyasnikova, I.; Lesniak, M.S.; Roth, S. Bone-marrow
mesenchymal stem-cell administration significantly improves outcome after retinal ischemia in rats. Graefes Arch. Clin. Exp.
Ophthalmol. 2017, 255, 1581-1592, d0i:10.1007/s00417-017-3690-1.

Roth, S.; Li, B.; Rosenbaum, P.S.; Gupta, H.; Goldstein, L M.; Maxwell, K.M.; Gidday, J.M. Preconditioning provides complete
protection against retinal ischemic injury in rats. Investig. Ophthalmol. Vis. Sci. 1998, 39, 775-785.

Guymer, C.; Damp, L.; Chidlow, G.; Wood, J.; Tang, Y.F.; Casson, R. Software for Quantifying and Batch Processing Images of
Brn3a and RBPMS Immunolabelled Retinal Ganglion Cells in Retinal Wholemounts. Transl. Vis. Sci. Technol. 2020, 9, 28,
doi:10.1167/tvst.9.6.28.

Hu, P.; Hunt, N.H.; Arfuso, F.; Shaw, L.C.; Uddin, M.N.; Zhu, M.; Devasahayam, R.; Adamson, S.J.; Benson, V.L.; Chan-Ling,
T.; et al. Increased Indoleamine 2,3-Dioxygenase and Quinolinic Acid Expression in Microglia and Miiller Cells of Diabetic
Human and Rodent Retina. Investig. Opthalmol. Vis. Sci. 2017, 58, 5043-5055, doi:10.1167/i0vs.17-21654.

Casola, C.; Reinehr, S.; Kuehn, S.; Stute, G.; Spiess, B.M.; Dick, H.B.; Joachim, S.C. Specific Inner Retinal Layer Cell Damage in
an Autoimmune Glaucoma Model Is Induced by GDNF With or Without HSP27. Investig. Opthalmol. Vis. Sci. 2016, 57, 3626~
3639, d0i:10.1167/iovs.15-18999r2.

Chen, H.; Wei, X.; Cho, K.-S.; Chen, G.; Sappington, R.; Calkins, D.J.; Chen, D.F. Optic Neuropathy Due to Microbead-Induced
Elevated Intraocular Pressure in the Mouse. Investig. Opthalmol. Vis. Sci. 2011, 52, 36—44, d0i:10.1167/iovs.09-5115.

Kwong, ].M.K,; Caprioli, J.; Piri, N. RNA Binding Protein with Multiple Splicing: A New Marker for Retinal Ganglion Cells.
Investig. Opthalmol. Vis. Sci. 2010, 51, 1052-1058, d0i:10.1167/iovs.09-4098.

Shapiro, L.A.; Perez, Z.D.; Foresti, M.L.; Arisi, G.M.; Ribak, C.E. Morphological and ultrastructural features of Ibal-
immunolabeled microglial cells in the hippocampal dentate gyrus. Brain Res. 2009, 1266, 29-36,
doi:10.1016/j.brainres.2009.02.031.

Fukuda, M.; Nakanishi, Y.; Fuse, M.; Yokoi, N.; Hamada, Y.; Fukagawa, M.; Negi, A.; Nakamura, M. Altered expression of
aquaporins 1 and 4 coincides with neurodegenerative events in retinas of spontaneously diabetic Torii rats. Exp. Eye Res. 2010,
90, 17-25, d0i:10.1016/j.exer.2009.09.003.

Miiller, B.; Wagner, F.; Lorenz, B.; Stieger, K. Organotypic Cultures of Adult Mouse Retina: Morphologic Changes and Gene
Expression. Investig. Opthalmol. Vis. Sci. 2017, 58, 1930-1940, doi:10.1167/iovs.16-20718.

Bucher, K.; Rodriguez-Bocanegra, E.; Dauletbekov, D.; Fischer, M.D. Immune responses to retinal gene therapy using adeno-
associated viral vectors—Implications for treatment success and safety. Prog. Retin. Eye Res. 2020, 100915,
doi:10.1016/j.preteyeres.2020.100915.

Mead, B.; Tomarev, S. Bone marrow-derived mesenchymal stem cells-derived exosomes promote survival of retinal ganglion
cells through mirna-dependent mechanisms. Stem Cells Transl. Med. 2017, 6, 1273-1285.

Moisseiev, E.; Anderson, J.D.; Oltjen, S.; Goswami, M.; Zawadzki, R.J.; Nolta, J.A.; Park, S.S. Protective Effect of Intravitreal
Administration of Exosomes Derived from Mesenchymal Stem Cells on Retinal Ischemia. Curr. Eye Res. 2017, 42, 1358-1367,
doi:10.1080/02713683.2017.1319491.

Busatto, S.; Pham, A.; Suh, A.; Shapiro, S.; Wolfram, J. Organotropic drug delivery: Synthetic nanoparticles and extracellular
vesicles. Biomed. Microdevices 2019, 21, 1-17, d0i:10.1007/s10544-019-0396-7.

Lai, R.C,; Tan, S.S.; Yeo, RW.Y.; Choo, A.B.H.; Reiner, A.T.; Su, Y.; Shen, Y.; Fu, Z.; Alexander, L.; Sze, S.K,; et al. MSC secretes
at least 3 EV types each with a unique permutation of membrane lipid, protein and RNA. . Extracell. Vesicles 2016, 5, 29828,
doi:10.3402/jev.v5.29828.

Xu, Q.; Boylan, N.J; Suk, J.S.; Wang, Y.-Y.; Nance, E.A.; Yang, ].-C.; McDonnell, P.J.; Cone, R.A.; Duh, E.J.; Hanes, ]. Nanoparticle
diffusion in, and microrheology of, the bovine vitreous ex vivo. J. Control. Release 2013, 167, 76-84,
doi:10.1016/j.jconrel.2013.01.018.

Peeters, L.; Sanders, N.N.; Braeckmans, K.; Boussery, K.; Van De Voorde, J.; De Smedt, S.C.; Demeester, J. Vitreous: A Barrier to
Nonviral Ocular Gene Therapy. Investig. Opthalmol. Vis. Sci. 2005, 46, 3553-3561, doi:10.1167/i0vs.05-0165.

Stay, M.S.; Xu, J.; Randolph, T.W.; Barocas, V.H. Computer simulation of convective and diffusive transport of controlled-
release drugs in the vitreous humor. Pharm. Res. 2003, 20, 96102, doi:10.1023/a:1022207026982.

Thomi, G.; Joerger-Messerli, M.; Haesler, V.; Muri, L.; Surbek, D.; Schoeberlein, A. Intranasally Administered Exosomes from
Umbilical Cord Stem Cells Have Preventive Neuroprotective Effects and Contribute to Functional Recovery after Perinatal
Brain Injury. Cells 2019, 8, 855, d0i:10.3390/cells8080855.



Cells 2021, 10, 730 22 of 22

66.

67.

68.

69.

70.

71.

72.

73.

Upadhya, R.; Madhu, L.N.; Attaluri, S.; Gitai, D.L.G.; Pinson, M.R.; Kodali, M.; Shetty, G.; Zanirati, G.; Kumar, S.; Shuai, B.; et
al. Extracellular vesicles from human ipsc-derived neural stem cells: Mirna and protein signatures, and anti-inflammatory and
neurogenic properties. J. Extracell. Vesicles 2020, 9, 1809064-1809064.

Betzer, O.; Perets, N.; Angel, A.; Motiei, M.; Sadan, T.; Yadid, G.; Offen, D.; Popovtzer, R. In Vivo Neuroimaging of Exosomes
Using Gold Nanoparticles. ACS Nano 2017, 11, 1088310893, doi:10.1021/acsnano.7b04495.

Parolini, I.; Federici, C.; Raggi, C.; Lugini, L.; Palleschi, S.; De Milito, A.; Coscia, C.; Iessi, E.; Logozzi, M.; Molinari, A.; et al.
Microenvironmental pH Is a Key Factor for Exosome Traffic in Tumor Cells. ]. Biol. Chem. 2009, 284, 34211-34222,
doi:10.1074/jbc.m109.041152.

Engin, A. Dark-side of exosomes. Adv. Exp. Med. Biol. 2021, 1275, 101-131.

Rodriguez-Gémez, J.A.; Kavanagh, E.; Engskog-Vlachos, P.; Engskog, M.K.; Herrera, A.J.; Espinosa-Oliva, A.M.; Joseph, B.;
Hajji, N.; Venero, J.L.; Burguillos, M.A. Microglia: Agents of the CNS Pro-Inflammatory Response. Cells 2020, 9, 1717,
doi:10.3390/cells9071717.

Spellicy, S.; Stice, S.L. Tissue and Stem Cell Sourced Extracellular Vesicle Communications with Microglia. Stem Cell Rev. Rep.
2020, 1-12, d0i:10.1007/s12015-020-10011-y.

Nieland, L.; Morsett, L.M.; Broekman, M.L.; Breakefield, X.O.; Abels, E.R. Extracellular Vesicle-Mediated Bilateral
Communication between Glioblastoma and Astrocytes. Trends Neurosci. 2021, 44, 215-226, doi:10.1016/j.tins.2020.10.014.
Elangovan, S.; Gajendrareddy, P.; Ravindran, S.; Salem, A.K. Emerging local delivery strategies to enhance bone regeneration.
Biomed. Mater. 2020, 15, 062001, doi:10.1088/1748-605x/aba446.



