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Alissa M. Weaver, Department of Cell and

Developmental Biology, Vanderbilt University (2021-2025),” which listed EV research as a priority within the domain of Regenera-
SBill‘;‘:L‘g’f ;\gzgl;‘e‘fcffv:ii“’l‘:iﬁi‘jﬁfﬂN tive Medicine, a pivotal area outlined in the Plan. In alignment with this prioritization,
37232-6840, USA. Email: NEI organized a workshop inviting twenty experts from within and beyond the visual
alissa.weaver@vanderbilt.edu system. The workshop aimed to review current knowledge in EV research and explore

gaps, needs and opportunities for EV research in the eye, including EV biology and
applications of EVs in diagnosis, therapy and prognosis within the visual system.
This perspective encapsulates the workshop’s deliberations, highlighting the current
landscape and potential implications of EV research in advancing eye health and
addressing visual diseases.
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1 | INTRODUCTION

Extracellular vesicles (EVs) are heterogenous lipid membrane-bound nanoparticles (e.g., exosomes, ectosomes, microvesicles,
apoptotic bodies) released by cells, facilitating cell-cell communication through their varied cargo, including RNA, DNA, pro-
teins and lipids (Ludwig & Giebel, 2012; Ratajczak et al., 2006; Valadi et al., 2007; Van Der Pol et al., 2012; Welsh et al., 2024;
Wortzel et al., 2019). Concurrently with the rapid growth of the EV field in medicine and bioengineering, EVs have emerged as
significant contributors to eye health and disease. Their potential as diagnostic markers and a cell-free approach for regenerative
medicine has also attracted special attention for translational applications to treat eye diseases. However, the full diagnostic and
therapeutic capabilities of EVs in vision research are yet to be fully explored. Additionally, the fundamental comprehension of
EV biology within the visual system is still in its early stages.

The eye, with its unique anatomy (Kels et al., 2015; Ludwig, Aslam et al., 2024; Ludwig, Jessu et al., 2024; Ludwig, Lopez et al.,
2024), initially admits light through the transparent cornea, where it undergoes its first refraction. Subsequent to this, the aqueous
humour and crystalline lens collaborate to further refract and focus the light onto the retina at the back of the eye. This delicate
process facilitates the formation of a clear and inverted image on the retina, thus initiating the transmission of visual signals
to the brain via the optic nerve. Both the cornea and the retina are composed of unique cell types and layers that contribute
to their physiology (Figure 1) and thus, studying EV biogenesis, transport, release and uptake in these cells requires tailored
approaches (Kolb etal., 1995). In addition to its unique anatomy and cell composition, the eye possesses several characteristics that
distinguish it, including a relatively small scale, immune-privileged organ physiology with blood-ocular barriers, the presence of
its own biofluid and accessibility for local drug delivery. Vision research has been at the forefront of technological advancements,
exemplified by the introduction of optical coherence tomography, anti-vascular endothelial growth factor intraocular therapy
and ocular gene therapy (Aiello et al., 1994; Bouma et al., 2022; Rosenfeld et al., 2006; Russell et al., 2017). Therefore, vision
research holds significant potential to pioneer developments in the field of EVs, presenting a special opportunity for exploration
and advancement.

In line with this aspiration, the National Eye Institute (NEI) identified EV research as a top priority in Regenerative Medicine,
one of seven cross-cutting areas of emphasis in the NEI Strategic Plan: Vision for the Future (2021-2025) (Chiang, 2021; Chiang &
Tumminia, 2022). As part of the implementation efforts for EV research as a priority, the NEI organized the Extracellular Vesicle
Workshop, bringing together a diverse group of experts in EV research. The workshop aimed to review current EV studies,
explore the utility of EVs, and identify critical knowledge gaps, needs and opportunities for studying EVs in eye health and
disease.

The current perspective seeks to offer insights from an EV workshop discussion, covering three key sections: (1) EVs from
biology to biomarkers, (2) EVs for regenerative medicine and (3) Tools and approaches for the rigorous study of EVs. Addition-
ally, it aims to share a summary of the roundtable discussion on gaps, needs and opportunities. While beyond the scope of the
workshop, there are numerous review articles related to EV biology (Dixson et al., 2023; van Niel et al., 2018; 2022), therapeutic
implications for EVs (Carney et al., 2024; Kalluri & LeBleu, 2020; Németh et al., 2024) and EVs related to eye health and disease
(Anand et al., 2022; Harrell et al., 2023; Pedersen et al., 2024) that may provide additional context. The objective of this summary
is to provide guidance to current and future investigators, fostering acceleration of the advancement of EV research in vision
science.
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FIGURE 1 Anatomy of the eye.

2 | SECTION I: EVS FROM BIOLOGY TO BIOMARKERS

Over the last decade, substantial progress has been achieved in deepening our understanding of EV biogenesis, secretion and
cellular uptake (Ludwig & Giebel, 2012; Ratajczak et al., 2006; Valadi et al., 2007; Van Der Pol et al., 2012; Welsh et al., 2024;
Wortzel et al., 2019). These advancements highlight the important role played by EVs in various organ physiologies and diseases.
However, a significant gap remains in understanding the regulation of diverse EV cargo loading, cellular uptake and/or interaction
and cargo unloading mechanisms that influence their functional impact on target cells. This knowledge is also essential for
investigating EVs as biomarkers in diverse disease processes. Additionally, a critical aspect to consider is the conservation of
these mechanisms across different tissue types and organs.

Several recent publications and reviews have specifically focused on EV cargo content and function related to eye health and
disease (Cioanca, Natoli et al., 2023; Cioanca, Wooft et al., 2023; Demais et al., 2022; Kalargyrou et al., 2022; Wooft et al., 2020).
Nonetheless, compared to other fields, EV biology and diagnostics are at a nascent stage in vision research. Thus, this section
offers insights from experts in EV biology and diagnostic biomarkers both outside of and within the vision research fields. They
presented recent findings and identified gaps in our general understanding of EV biology (Sections 2.1 and 2.3). Additionally, the
section features presentations on the latest advancements in EV biology and biomarkers, specifically within the context of vision
research (Sections 2.2 and 2.3).

2.1 | EV biogenesis, regulation of cargo content and signalling in vivo

Alissa Weaver presented her recent work elucidating the biogenesis of RNA-containing EVs. Her research group identified endo-
plasmic reticulum membrane contact sites (ER MCSs) as platforms for the generation of RNA-containing EVs in cancer cells.
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Additionally, the study revealed that a specific subpopulation of small EVs, highly enriched in RNA, is regulated by the ER
MCS linker protein vesicle-associated membrane protein-associated protein-A (VAP-A). Lipid analysis of VAP-A-knockdown
EVs demonstrated reductions in the EV biogenesis lipid ceramide. Knockdown of the VAP-A-binding ceramide transfer protein
(CERT) resulted in similar defects in EV RNA content. Imaging experiments showed that VAP-A promotes luminal filling of
multivesicular bodies (MVBs), CERT localizes to MVBs and the ceramide-generating enzyme neutral sphingomyelinase 2 colo-
calizes with VAP-A-positive endoplasmic reticulum (Barman et al., 2022). Given their findings that RNA-containing EV's are a
small subpopulation of the total isolated EVs, she outlined future directions for more studies in this area, including investigating
the regulatory mechanisms influencing the subset of RNA-containing EV biogenesis. Furthermore, she highlighted the need to
explore cellular and tissue uptake of these RNA-containing EV's and to determine whether these systems are conserved from
cancer cells to the eye.

Christie Fowler addressed the challenges associated with studying EV signalling in vivo, emphasizing the heterogeneous
nature of cell-secreted EV's with diverse cargo profiles. This complexity is further compounded by complex cellular release and
uptake dynamics influenced by microenvironmental changes. Existing techniques and approaches also pose limitations. To over-
come these challenges, Fowler’s research group developed novel transgenic animal model, ExoMapl mouse line. This mouse line
features a fluorescent marker, mNeonGreen, tagged to the EV protein CD81. The efficacy of this approach was validated by cross-
ing the ExoMapl mouse with a cell type-specific cre driver mouse line. Her group demonstrated that quantitative single-molecule
localization microscopy, utilizing the ExoMapl mouse, enabled the calculation of cell type-specific contributions to biofluid exo-
some populations. Specifically, neurons were found to contribute approximately 1% to plasma and cerebrospinal fluid exosome
populations, while hepatocytes contributed around 15% to plasma exosome populations. These figures align with known vascu-
lar permeabilities of the brain and liver. With a growing demand for tools to assess EV signalling, the ExoMapl mouse model
emerges as a highly valuable resource for in-depth exploration of EV biology, especially within the eye. For instance, it could be
utilized by administering AAV-cre under a cell-type-specific gene promoter, such as RPE65 (Fordjour et al., 2023).

2.2 | EVsin retinal health and disease

With the diverse array of specialized cell types unique to retina, investigating EV biogenesis, transport, release and uptake in
these cells necessitates tailored methodologies. The retinal pigment epithelium (RPE) cells, for example, are highly metabolically
active cells located between the photoreceptor and choroid that possess distinctive pathways for EV biogenesis. These RPE cells
are highly polarized and contain separate machineries for apical and basolateral EV cargo sorting and release. Additionally, they
constitute a crucial component of the outer blood-retinal barrier (Bowes Rickman et al., 2013). The RPE also has a highly active
lipoprotein metabolism that intersects with pigment granule (melanosome) formation, cholesterol metabolism pathways and
EV pathways, resulting in unique EVs with constituents of lipoproteins, melanosomes and EVs (Van Niel et al., 2015). Mikael
Klingeborn and several other investigators have shown that polarized EV release from apical versus basal sides of the RPE
contain tightly controlled protein cargo in both retinal health and disease (Flores-Bellver et al., 2021; Hernandez et al., 2023;
Klingeborn et al., 2017). Interestingly, a recent study from the Klingeborn lab has shown that inhibition of basolateral EV release
in RPE can decrease abnormal deposition of proteins and lipids (known as drusen) into the pentalaminar collagen- and elastin-
rich extracellular matrix (called Bruch’s membrane) in vivo, under chronic subtoxic oxidative stress conditions mimicking the
earliest stages of RPE dysfunction in age-related macular degeneration (AMD) (Hernandez et al., 2023).

In addition to the example above of the role of EV biology in RPE cell health and AMD, there are a number of recent publi-
cations and reviews which describe new methods, approaches, understanding and discourse on EV isolation, characterization,
uptake pathways, role in drusen formation and communication in the retina in both health and degeneration (Cioanca, Natoli
et al,, 2023; Cioanca, Wooft et al., 2023; Demais et al., 2022; Kalargyrou et al., 2022; Wooff et al., 2020; Martins et al., 2024).

2.3 | EV-based diagnostics and biomarkers

For a long time, detecting RNA in biofluids like plasma and urine seemed implausible due to RNA’s instability and the presence
of RNAses. However, a breakthrough came when researchers found tumour-derived RNA in serum and plasma EVs from cancer
patients, even after long storage. Johan Skog highlighted that this discovery led to a shift in RNA-based liquid biopsies, along with
advancements in EV isolation and characterization (Skog et al., 2008). In 2016, the world saw the first EV-based diagnostic, using
three RNA targets in urine EV's to predict prostate cancer likelihood (Mckiernan et al., 2016). Subsequently, EV-based diagnostics
gained clinical acceptance, securing insurance coverage and becoming part of cancer care guidelines (Moses et al., 2023). Beyond
carrying RNA, EVs contain a diverse mix of multi-omic content, including proteins, lipids, carbohydrates, DNA and metabolites.
This unique feature has driven the development of second-generation EV-based assays, offering a comprehensive understanding
of molecular changes in various diseases. The evolution of EV-based diagnostics, from biomarker discoveries to influencing
clinical applications, represents a transformative journey.
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Within the cardiovascular system, Saumya Das and his team have previously shown strong connections between plasma
microRNA (miR) levels, particularly miR-30d and cardiac function (Danielson et al., 2018). While miR-30d is found in small
extracellular vesicles (sEVs) and has higher levels associated with cardioprotection, its transfer between cells may play a role in
disease development. Their work highlights the role of cardiomyocyte miR-30d in protecting against adverse cardiac remodelling
after a heart attack, acting on both cardiomyocytes and fibroblasts. This suggests that EVs and small RNAs could be considered
‘functional biomarkers’ in cardiovascular diseases (Li et al., 2021, 2022; Melman et al., 2015; Murillo et al., 2019).

Their study also found that analysis of EV nucleotide cargo including mRNA and LncRNAs revealed distinct patterns in
different heart failure subtypes, reflecting specific pathways related to cardiomyocytes in heart failure with reduced ejection
fraction and more diverse pathways centred around metabolism and immune response in heart failure with preserved ejection
fraction. Mapping these transcripts to single nuclear RNAseq datasets further demonstrated their potential as a liquid biopsy for
understanding dynamic changes in cellular stress and disease pathways (Gokulnath et al., 2023, 2024). Future development of
methods to isolate tissue-specific EVs in human diseases may have significant value as high fidelity markers of disease progression
in many human diseases, including ocular diseases.

Sarah Hamm-Alvarez introduced her current research studying EV's in tears. The tear fluid contains EVs, which are relatively
abundant per volume of tears (Grigoreva et al., 2016). EV's may reach the tears through different pathways including secretion and
transcytosis from the epithelial cells lining the ocular surface and from the lacrimal gland. By transmission electron microscopy
evaluation of mouse lacrimal gland, her team has documented the presence of intralumenal vesicles in subapical MVBs in mouse
lacrimal gland acinar cells. They have also identified EVs in the lumena formed by adjacent apices of lacrimal acinar cells that
collect secreted material which is then drained through intra- and interlobular ducts to the ocular surface. These findings suggest
that EVs are actively secreted from lacrimal gland acinar cells into tears. Other ocular surface epithelia and supporting cells which
provide other content to the tears may also secrete EV's to tears (Dartt & Willcox, 2013; Hodges & Dartt, 2013; Van Haeringen, 1981;
Willcox et al., 2017). Tear EVs have been shown to contain neuronal and glial cell markers of origin, suggesting that circulating
EVs can reach tears (Pieragostino et al., 2019). Tear collection from human subjects is non-invasive and typically uses Schirmer’s
strips or glass capillaries (Pieczynski et al., 2021). Although EV purification from tears uses established methods for EV isolation
from other biofluids, specialized devices such an iTEARS has recently been developed to purify and concentrate tear EVs (Hu
et al., 2022). The number of studies evaluating changes in tear EV abundance, content and cargo in association with disease
development is so far limited, but studies have yielded promising data identifying specific EV surface and luminal cargo proteins
and miRNAs as putative biomarkers for diverse ocular and systemic diseases (Inubushi et al., 2020; Shi et al., 2022; Zhang et al.,
2020).

2.4 | Gaps, needs and opportunities

During the discussion, it was noted that the study of EVs in vision research lags behind, as evidenced by the numbers of pub-
lications and clinical trials, as also discussed in depth in a recent publication (Dhodapkar et al., 2024). In addition to collective
acknowledgement of the general gaps, needs and opportunities across the EV field, specific considerations were discussed for
vision research. For instance, tears provide an easily accessible biofluid offering valuable biological information relevant to numer-
ous anterior segment ocular diseases, including dry eye disease, keratoconjunctivitis, Sjogren’s syndrome, meibomian gland
dysfunction and ocular graft versus host disease (OGVHD) (Tamhane et al., 2019). Recent studies have demonstrated that tears
contain a myriad of molecules, including lipids, electrolytes, proteins, peptides and various small molecule metabolites, originat-
ing from multiple sources such as the lacrimal glands, Meibomian glands, goblet cells and ocular surface epithelial and nerve cells
(Zhou & Beuerman, 2012). Nevertheless, challenges persist in studying EVs in tears and other ocular biofluids such as aqueous
humour and vitreous humour. These challenges include limited sample volumes leading to restricted EV abundance for discov-
ery studies, variability in experimental results, a lack of knowledge regarding specific markers indicating the origin of EVs from
ocular cells and tissues and uncertainties surrounding the functions of altered EV's in ocular disease (Figure 1). Additionally, the
extent to which systemically circulating EVs are relevant to eye diseases remains to be determined.

Due to these gaps in the knowledge about EVs in the vision field, some opportunities were felt to lie in leveraging insights
from other EV fields. For example, since the blood-retinal barrier is similar to the blood-brain barrier, data from this area in
neuroscience could be applied to the study of the retina. Nonetheless, the field must recognize unique characteristics of specialized
cell types within the eye. Establishing collaborations to cross-validate EVs from various ocular tissues could potentially expedite
the understanding of the distinctiveness of EV involvement in eye-related pathologies. This endeavor must be achieved through
a reproducible framework for EV isolation and characterization that can reflect the structural and molecular heterogeneity of
naturally cell-secreted EVs.
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TABLE 1 Presented studies of EV therapeutics for ocular and non-ocular diseases.

Cell source or bioengineering of

Investigator EV Testing tissue/species Endpoint

Ali Djalilian hBM-MSC Cornea Safety

(An et al., 2023; Samaeekia (mouse and human) Corneal wound healing
et al., 2018)

Ben Mead hBM-MSC Traumatic optic neuropathy and RGC survival

(Mead, Ahmed et al., 2018;
Mead, Amaral et al., 2018; Mead
& Tomarey, 2017)

glaucoma
(mouse and rat)

Sun Young Lee hESC-RPE Retina degeneration (rat) PR cell rescue and in vivo function

(Pollalis, Georgescu et al., 2024;  Bioengineered EV Chorioretinal neovascularization Active targeting
Pollalis, Nair et al., 2024; Pollalis (mouse)

etal., 2022)

Charles Egwuagu IL-35- or IL-27- Breg Cell Uveitis/GVHD (mouse) Inflammation in uveitis

(Kang et al., 2020; Kang et al., hUC-MSC K GVHD (human) Corneal healing in GVHD

2023; Zhou et al., 2022)

Sriram Ravindran hBM-MSC Retina Ischemia Neuroinflammation, neuroprotection
(Huang, Kang, Lu et al., 2020; (Hypoxia preconditioned) (rat) Functional recovery

Huang, Kang, Narayanan et al.,
2020; Kang et al., 2022)

Michael Chopp Cerebroendothelial cell Neural stem cell Neurogenesis
(Wang et al., 2019; Ding et al., (rat) (diabetic rat) Cognition
2022; Venkat et al., 2019; Zhang

et al., 2022)

Tara Moore (NHP) BM-MSC Cortical injury (NHP) Motor function

(Go et al., 2020; McCann et al.,
2023; Medalla et al., 2020; Zhou
et al., 2023)

Ashok K. Shetty
(Attaluri et al., 2023; Madhu
etal,, 2024; Upadhya et al.,

hiPSC-NSC

Alzheimer’s disease (mouse)

Neuronal penetration via intranasal
treatment
Transcriptomic analysis

2020) Amyloid-beta (Ap) plaques
Cognitive function

Christopher Cutler TGFbl and IL-10 treated dendritic Periodontitis Periodontitis
(Elashiry et al., 2020; Elashiry cell (mouse) (mouse)
et al., 2021)
Jeft Bulte hiPSC Acute kidney injury Inflammation
(Han et al., 2021) heart ischemic and reperfusion injury

(mouse)

Abbreviations: GVHD, graft versus host diseases; hBM-MSC, human bone-marrow mesenchymal stem cell; hRESC-RPE, human embryogenic stem cell-retinal pigment epithelium;
hiPSC, human induced pluripotent stem cell; hUC-MSC, human umbilical cord mesenchymal stem cell; TGF, transforming growth factor.

3 | SECTIONII: EVS FOR REGENERATIVE MEDICINE

In this section, investigators presented their recent and ongoing work aimed at developing EV therapeutics for ocular diseases
and other conditions affecting the nervous system (Table 1).

Ali Djalilian presented the potential therapeutic role of EVs derived from human bone marrow derived mesenchymal stem
cells (hBM-MSC) in wound repair in cornea. Djalilian’s group previously demonstrated the safety of hBM-MSC and potential
therapeutic benefit in non-healing corneal wounds and acute chemical injuries during a Phase 1 clinical trial (Clinicaltrials.gov
ID #NCT04626583) (Chang et al., 2023). Furthermore, his group demonstrated that human MSC-derived EVs can facilitate
corneal epithelial regeneration, nerve regeneration and enhance corneal endothelial cell survival by topical application in a mouse
model (An et al., 2023; Samaeekia et al., 2018). Expanding on these promising pre-clinical studies, a new Phase 1 clinical trial
(Clinicaltrials.gov ID #NCT05204329) sponsored by NIH is currently underway to assess the safety of MSC secreted eye drops
containing EVs as the active ingredient. The study aims to evaluate safety and explore efficacy in patients with chronic corneal
surface diseases, including limbal stem cell deficiency and neurotrophic keratitis.

Ben Mead presented the potential therapeutic role of intravitreally delivered hBM-MSC derived EV's in mouse and rat models
of traumatic optic neuropathy and glaucoma (Mead, Ahmed et al., 2018; Mead, Amaral et al., 2018; Mead & Tomarev, 2017).
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The treatment aims to protect retinal ganglion cells (RGCs) from degeneration, thereby preserving visual function. Indeed,
intravitreal delivery of hBM-MSC derived EVs, compared to fibroblast derived EV's, promotes regeneration of RGCs and restores
RGC function in a model of optic nerve crush. Further, Mead’s group also demonstrated that miRNA serves as a crucial mediator
of the therapeutic effect of hBM-MSC-derived EVs utilizing the knockdown of Argonaute-2, a key miRNA effector molecule
(Mead & Tomareyv, 2017). One of the many important unanswered questions in the field is what is driving the therapeutic effect of
EVs, and Mead’s work provides insight into this potential mechanism with evidence that miRNAs are at least partially responsible
for exerting a meaningful therapeutic effect on retinal tissue.

Sun Young Lee proposed two distinctive therapeutic strategies for ocular EV therapy in treating retinal diseases: (1) using stem
cell derived sEVs as a cell free regenerative therapy, and (2) employing bioengineered sEV's to modulate tissue targeting and drug
loading. Lee’s group observed that the sEVs secreted from human embryonic stem cells derived fully polarized RPE cells, could
rescue photoreceptor cells and their function in a retinal degeneration animal model. sSEVs treatment was administered by intrav-
itreal injection to the Royal College of Surgeons rats, which develop retinal degeneration due to a mutation in the MerTK gene in
RPE cells. Transcriptomic studies revealed detrimental alterations in gene expression in Royal College of Surgeons rats, including
essential RPE functions such as phototransduction, retinol metabolism and lipid metabolism were partially reversed. Defective
photoreceptor outer segment engulfment due to intrinsic MerTK mutation was partially ameliorated (Pollalis, Georgescu et al.,
2024; Pollalis, Nair et al., 2024). It was emphasized that RPE-secreted small EVs may play a functional role similar to that of RPE
cells. This approach aims to realign multiple RPE functions simultaneously, offering a potential avenue for therapeutic interven-
tion with broad applications for dysfunctional RPE in various retinal diseases. Secondly, Lee’s group previously demonstrated
that when intravitreally administered, surface-decorated EVs with Arginylglycylaspartic acid (RGD), a ligand targeting a chori-
oretinal neovascularization (CNV), effectively delivers EV to the areas of CNV. This EV bioengineering strategy can be utilized
as a drug delivery system that actively targets CN'V, which is a pathological feature of neovascular AMD (Pollalis et al., 2022).

Charles Egwuagu presented therapeutic benefit of exosomes derived from regulatory B-cells that produce IL-35 (i35-Bregs)
or IL-27 (i27-Bregs) and suppress neuroinflammation in mouse models of uveitis (experimental autoimmune uveitis) and
encephalomyelitis (experimental autoimmune encephalomyelitis). The Breg cells secreting IL-35-containing exosomes (i35-
exosomes) or i27-exosomes suppress uveitis (Kang et al., 2020, 2023) or graft versus host disease (GVHD; unpublished). They
suppress inflammation by inhibiting proinflammatory Th17/Thl lymphocytes, upregulating checkpoint inhibitors (PD-1, LAG-
3) that induce T-cell exhaustion and inducing bystander lymphocytes to produce immunosuppressive cytokines. Egwuagu also
presented collaborative work showing that exosomes containing miRNA-204 (MSC-exo) from mesenchymal stromal cells, when
administered as eye drops, alleviated GVHD-associated dry eye disease in a prospective clinical trial involving 28 eyes with
refractory GVHD-dry eye disease (Zhou et al., 2022). The patients experienced substantial relief after treatment as evidenced
by reduced fluorescein scores, longer tear-film breakup time, increased tear secretion and lower Ocular Surface Disease Index
scores. Mechanistically, MSC-exo reprogrammed proinflammatory M1-macrophages into immunosuppressive M2-macrophages
through targeting of IL-6/IL-6R/Stat3 pathway (Zhou et al., 2022).

Michael Chopp presented the biphasic role of EVs in neurovascular injury, discussing the detrimental effects of EVs generated
post neural injury, such as in stroke and diabetic vascular dementia, which provoke vascular endothelial cells to become pro-
inflammatory, pro-thrombotic, pro-coagulant and permeable (Chen et al., 2019; Li et al., 2021; Wang et al., 2019; Zhang & Chopp,
2016). In addition, these post stroke and neural injury EVs induce secondary organ, such as heart and liver, dysfunction (An
et al,, 2021; Li et al., 2018; Venkat et al., 2018, 2023; Yan et al., 2020). Conversely, he emphasized the potential therapeutic effects
of sEV's from healthy vascular endothelial cells in promoting vascular and neurological recovery post neural injury and diabetic
vascular dementia (Ding et al., 2022; Venkat et al., 2019). Healthy EV's derived from cerebral vascular endothelial cells were shown
to reverse vascular dysfunction and enhance neurological recovery (Wang et al., 2019). Chopp demonstrated that sEVs derived
from primary rat cerebral endothelial cells of aged diabetic rats suppress neurogenesis in rat neural stem cells. Further, treatment
with small EVs derived from healthy cerebral endothelial cells increased neurogenesis in neural stem cells. Consequently, the
administration of sEVs from healthy cerebral endothelial cells improved cognitive function in aged diabetic rats (Zhang et al,,
2022). Based upon his study in the extraocular nervous system, he concluded that vascular endothelial cell-derived EVs may
have potential therapeutic applications for eye diseases.

Tara Moore presented that MSC-derived EVs accelerate and enhance recovery of motor function following cortical injury in
aged monkeys. In a histologic study, compared to vehicle-treated monkeys, EV-treated monkeys exhibited greater frequencies of
ramified microglia labelled with Ibal and P2Y12, a purigenic receptor important for motility in the homeostatic state. EV treated
monkeys had lower densities of pro-inflammatory hypertrophic microglia expressing LN3+, a marker for MHC II receptors
upregulated with immune activation suggesting suppressed microglial activation by EV treatment. EV-treated monkeys exhibited
full recovery by 3-5 weeks post-injury and untreated monkeys reached a plateau in recovery by 8-12 weeks post-injury (Go et al.,
2020; McCann et al., 2023; Medalla et al., 2020; Zhou et al., 2023).

Ashok K. Shetty demonstrated the beneficial effects of human induced pluripotent stem cell-neural stem cell-derived EVs
(hiPSC-NSC-EVs) in an early-stage mouse model of Alzheimer’s disease (3-month-old 5xFAD mice). Weekly intranasal adminis-
tration for two weeks led to improvements in proficiency for hippocampus-dependent cognitive and memory tasks (Attaluri etal.,
2023). Additionally, there were reductions observed in astrocyte hypertrophy, microglia density, plaque-associated microglia
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(microglial clusters), microglia presenting inflammasomes, the expression of disease-associated microglia genes, oxidative stress
markers and multiple proinflammatory cytokines in the hippocampus (Attaluri et al., 2023). The hiPSC-NSC-EV treatment
also contributed to a decrease in amyloid-beta load and phosphorylated tau concentrations while maintaining a higher level of
neurogenesis in the Alzheimer’s disease mice (Attaluri et al., 2023). Shetty’s group also demonstrated that intranasal adminis-
tration leads to the delivery of EVs directly into neurons and microglia in virtually all regions of the Alzheimer’s disease brain
(Madhu et al., 2024). The team has also identified specific naturally enriched miRNAs (e.g., miR-21-5p, miRNA-26a, miRNA-
103a, miRNA-181) contained in hiPSC-NSC-EVs, known for their involvement in neuroprotection, anti-inflammatory responses,
long-term potentiation (LTP) and cognition/memory enhancement effects (Upadhya et al., 2020).

Christopher W. Cutler introduced immunomodulatory therapeutic effects of small EVs derived from dendritic cells (DCs),
known as the ‘directors’ of the immune response. Building upon the promise of DC derived exosomes for treatment of diseases
of aging, most notably cancer (Chen et al., 2020; Pitt et al., 2016), autoimmune diseases (Yin et al., 2013) and severe COVID-19
(Elashiry et al., 2021), Cutler’s group has been studying the therapeutic benefits of DC-derived EVs in periodontitis. Periodontitis
is oral degenerative bone disease affecting 50% of Americans and has been linked with Alzheimer’s disease (Dominy et al., Jan
2019; Teixeira et al., 2017), cancer (Michaud et al., 2017) and other chronic conditions such as AMD (Arjunan et al., 2020). Cutler’s
laboratory has demonstrated that EVs derived from engineered mouse DCs exposed to TGFbl and IL-10 (Regulatory DCs) are
effective in promoting a T regulatory response to prevent or resolve periodontitis, or a Th17 response to potentiate cytotoxic T cell
responses in a mouse model when delivered by local injection. In contrast, EVs derived from DCs exposed to LPS (stimulatory
DCs) promoted inflammatory bone loss (Elashiry et al., 2020, 2021). Additionally, Cutler’s team has shown that EVs derived from
autologous human monocyte-derived DCs exhibit similar efficacy in vitro (Elsayed et al., 2023).

3.1 | Gaps, needs and opportunities

During the round table discussion, investigators agreed on the significant therapeutic potential of EVs for eye diseases. Given
their ability to bypass the blood-brain barrier and blood-retinal barrier, the biocompatibility of both native (unmodified) and
bioengineered (modified) EVs holds promise as multi-molecular therapeutics and targeted drug delivery cargos. EVs represent
the potential next-generation of cell-free regenerative and gene therapies. Feasible local delivery to the eye could enhance the
therapeutic potential of EVs by bypassing entrapment sites such as the liver and spleen, thus achieving higher therapeutic concen-
trations. Furthermore, there was agreement that heterogeneous EV particles cannot be defined by a single set of molecules and
require characterization through comprehensive approaches. Delineating the key mechanisms of action, which are likely multi-
ple, and identifying bioactive molecules, also likely multiple, to optimize EV treatment, remains to be fully elucidated. Currently,
itis also challenging to correlate the effects derived from multiple molecules across various pathways. A better strategy for multi-
dimensional and multitudinal analyses is necessary. The progress in AI-based computation analyses may aid in addressing these
challenges. All of these efforts are critical for establishing potency markers, release criteria and streamlining the manufacturing
process, all of which are necessary steps toward scaling up production and establishing regulatory guidelines.

4 | SECTION III: TOOLS AND APPROACHES FOR THE RIGOROUS STUDY OF EVS

In this section, investigators presented their recent and ongoing work aimed at developing new tools and approaches to study
and characterize EVs in ocular diseases and other conditions affecting the nervous system.

Kenneth Witwer began this section by clarifying that he represents the current perspectives of the EV community on behalf
of International Society of Extracellular Vesicles (ISEV). He introduced the goals and aims of the ‘Minimal information for the
studies of EVs’ (MISEV) guidelines, that were recently updated (Welsh et al., 2024). MISEV aims to provide researchers with
an updated overview of available approaches, their advantages and limitations for production, separation and characterization
of EVs from multiple sources, including cell culture, body fluids and solid tissues as well as the latest state-of-art principles of
EV research. The main ideas include using nomenclature that convey concepts and information, while avoiding dogma, and
steering clear of potentially misleading EV subpopulation nomenclature due to the evolving understanding of EV biogenesis
(Witwer & Théry, 2019). MISEV advocates for a strategic approach to selecting EV separation and characterization methods
(Tables 2 and 3). Each method has its own set of advantages and disadvantages, and it is important to provide description in
sufficient detail, ensuring alignment with the experimental goals.

Witwer further discussed how many published studies of EVs lack scientific rigor and rationale due to inadequate EV separa-
tion methods, such as reliance on certain commercial kits. Although advertised as EV-specific, these kits may rely on undisclosed
principles, such as polyethylene glycol-based precipitation, and thus co-concentrate many non-EV extracellular particles. Even
prevalent methods like ultracentrifugation are not highly EV-specific. The focus on ‘EVs’ is often unjustified, based on mistaken
assumptions about EV biogenesis and its relationship to size, morphology and phenotype. He also highlighted concerns about
contamination of the EV literature with fraudulent papermill products and the misinterpretation of in vitro and in vivo studies.
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TABLE 2 A summary of the most relevant characteristics of common EV isolation methods for use in ocular tissues.

Isolation methods

Method Yield EV purity Optimal input volume Biological activity®  Preferred analysis”

DUC ++ ++ Medium—Large ++ EM, NTA, WB, FC/dFC

PEG AFEar 4 Small—Large F 2nd isolation method required

DGUC + +++ Medium—Large ++ EM, WB, NTA, MS, NGS, LA, FC/dFC
IAC S SRR Small T WB, MS, NGS, LA

SEC +/++ ++ Small—Medium +++ EM, NTA, WB, MS, NGS, LA, FC/dFC
TFF FF 4F Large ArraE EM, NTA, WB, MS, NGS, LAFC/dFC
HiMEX + ++/+++ Small + N/A; combines isolation and analysis

*Biological activity is impacted by different isolation methods by altering exosome integrity. Examples of biological activity includes exosome binding and uptake, enzyme activity, and
other protein and nucleic acid-induced activity measured in target cells.

b Analyses that the resulting EV preparation is most suited/optimal for based on purity and physical integrity of the exosomes and small EVs. Abbreviations: DUC, differential ultracen-
trifugation; DGUC, density gradient ultracentrifugation; EM, electron microscopy; FC/dFC, (digital) Flow Cytometry; HIMEX, high-throughput magneto-electrochemical extracellular
vesicles system; IAC, immunoaffinity capture; LA, lipidomic analysis; MS, mass spectrometry; NGS, next-generation sequencing; NTA, nanoparticle tracking analysis; PEG, polyethylene
glycol precipitation; SEC, size exclusion chromatography; TFF, tangential flow filtration; WB, western blotting.

TABLE 3 A summary of the most relevant characteristics of EV analysis methods for use in ocular tissues.

Biophysical Cargo composition

Method EV Concentration EV Size Protein RNA DNA Lipid
EM Yes Yes Yes Yes Yes Yes
NTA Yes Yes Yes Yes Yes Yes
ExoView Yes Yes Yes No No No
TRPS Yes Yes No No No No
WB Semiquant No Yes No No No
ELISA Semiquant No Yes Yes Yes Yes
MS Semiquant No Yes No No See LA
NGS Semiquant No No Yes Yes No
LA Semiquant No No No No Yes
FC/dFC Yes Yes Yes Yes Yes Yes
HiMEX Semiquant No Yes Yes No No

Abbreviations: EM, electron microscopy; FC/dFC, (digital) flow cytometry; HIMEX, high-throughput magneto-electrochemical extracellular vesicles system; LA, lipidomic analysis;
MS, mass spectrometry; NGS, next-generation sequencing; NTA, nanoparticle tracking analysis; TRPS, tunable resistive pulse sensing; WB, western blotting; ELISA, enzyme-linked
immunosorbent assay.

For example, in vitro, molecules often reported to be specifically packaged into ‘EVs’ (e.g., miRNAs such as liver-specific miR-122
and red blood cell-specific miR-451a) may actually originate from bovine serum and other cell culture media additives, leading
to misconceptions. Similarly, confusing secondary effects, such as liver damage, with primary causes (e.g., mistaking miR-122 as
a biomarker of non-liver diseases when it is actually indicative of liver damage) can result in erroneous conclusions.

Witwer concluded by suggesting that the future of EV studies should adhere to expert consensuses guidance, rather than inher-
ited wisdom, no matter how often it is repeated in review articles. Finally, he emphasized the importance of critically assessing
whether EVs are truly responsible for observed effects or functions, advising researchers to be pragmatic about ascribing effects
to EVs versus the ‘EV preparation’ in general, or even to different fractions of the secretome when necessary.

Yutao Liu described EV isolation and characterization in studying glaucoma, which is an optic neuropathy characterized by
progressive RGC loss and optic nerve degeneration, leading to irreversible visual impairment (Weinreb et al., 2016, Youngblood
et al,, 2019, 2023). EVs containing miRNAs, proteins and lipids have been isolated and characterized in the aqueous humour,
vitreous humour, tears and other ocular tissues related to glaucoma (Mead & Tomarev, 2017; An et al., 2022; Dismuke et al.,
2015; Hardy et al., 2005; Hefley et al., 2022; Locke et al., 2014; Mueller et al., 2023; You et al., 2023). EV's from glaucoma-relevant
tissues/cells, including trabecular meshwork, ciliary body and retinal glial cells, may contain specific contents related to glaucoma
pathogenesis and serve as potential biomarkers for glaucoma. EVs from the MSCs and other stem cells have been successfully
applied to prevent or treat glaucoma in animal models of glaucoma via targeting the retina or the trabecular meshwork (Mead,
Ahmed et al., 2018; Mead, Amaral et al., 2018; Mead & Tomarev, 2017; Pan et al., 2019; Seong et al., 2023; Yu et al., 2023). EVs
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have also been identified to function as communicators within the retinal cells or the outflow pathway (Demais et al., 2022; Aires
et al,, 2020; Lerner et al., 2017, 2020; Shah et al., 2018; Tabak, 2021; Takahashi et al., 2021). Specific EV contents such as proteins,
miRNAs and lipids have been identified as potential markers for glaucoma diagnosis or treatment by the Liu lab and others (An
etal., 2022; Mueller et al., 2023; Drewry et al,, 2018; Liu et al., 2013, 2016). Liu also highlighted that despite the success, it remains
unknown: (1) how aging and biological sex affects EV production and transportation in the eye, (2) how EVs interact with the
extracellular matrix and basement membranes in the outflow pathway, (3) how circulating EVs could be enriched as biomarkers
for glaucoma diagnosis, progression and treatment response. Simple and more efficient isolation and characterization techniques
are necessary to investigate the role of EVs in glaucoma pathogenesis. Liu suggested that engineered EV's could be optimized to
repopulate trabecular meshwork cells, lower intraocular pressure, regenerate/preserve RGCs and delay the aging effect. The
technical innovations in EV isolation and characterization are expected to significantly promote the translational potential of
EVs in glaucoma diagnosis, prevention, progression monitoring and treatment follow-up (Weinreb et al., 2016; Klingeborn et al.,
2017; Leung et al., 2024; Mead & Tomarev, 2020).

Hakho Lee emphasized that analyzing EV's in bodily fluids holds promise for improving disease detection and enabling serial
patient monitoring during therapy. Research communities have begun tackling technical hurdles such as manual processes for EV
enrichment, limited sensitivity and throughput of existing tools and the high cost of test equipment or assays, in efforts to establish
clinical EV tests by developing EV-tailored tools (Hu et al., 2023; Im et al., 2014; Jeong et al., 2016; Kilic et al., 2022; Park et al,,
2021; Redtegui et al., 2018; Yang et al., 2017). One notable example is the high-throughput magneto-electrochemical extracellular
vesicles (HiMEX) system developed by the Lee lab, which combines EV isolation and detection into a single, streamlined assay
format (Park et al., 2021). HIMEX utilizes immunomagnetic beads to enrich target-specific EVs and quantifies their protein
levels via an electrochemical reaction. This innovative approach enables rapid and sensitive EV detection directly from clinical
samples. Moreover, the assay is readily scalable for parallel detection, such as in a 96-well format. Developing such integrated
assay systems will significantly accelerate the assessment of the clinical validity and utility of EVs, ultimately paving the way for
establishing routine clinical EV analyses (Liu et al., 2019; Yan et al., 2023). Furthermore, new EV sensors can be optimized for
the small sample volumes and amounts from ocular tissues and fluids, addressing a significant impediment to EV studies in the
eye.

Daniel Chiu highlighted that EVs play a central role in liquid biopsy, intercellular communication, and disease transmission
and progression and are emerging therapeutic tools. To better understand the biology of EVs and fully unlock their diagnostic
and therapeutic potential, it is critical to access quantitative information regarding their concentration, composition, size and
biological heterogeneities. To address this need, the Chiu lab has developed a single-molecule sensitive flow platform, which
uses a high-throughput 12-colour channel flow analyser that detects every fluorescent molecule flowing through a microfluidic
channel. It enables multiparameter characterization of EVs, including single-EV particle phenotyping, sizing and the absolute
quantitation of EV concentrations and biomarker copy numbers (Andronico et al., 2021; Jiang et al., 2021). Chiu emphasized
that this new flow technology holds a potential for a broad range of applications, from analysis of single particles such as EV's
or RNA-binding protein complexes, to characterization of therapeutic lipid nanoparticles, viruses and proteins. Additionally,
it provides absolute quantitation of non-EV samples such as dyes, beads and antibody-dye conjugates. This new technology is
well-poised for studies of ocular health and disease.

Jeff Bulte shared that non-invasive, serial in vivo tracking of EVs is expected to play a key role in assessing the clinical efficacy of
EV therapy for treatment various medical conditions including cancer, neurodegenerative diseases and many more. This tracking
can address critical questions such as: (1) What is the blood half-life of EVs? (2) Do EVs reach their intended target, and if so,
when and to what extent? (3) For how long do EV's remain in which organ? (4) Is there undesired accumulation at off-target sites,
and if so, where, when and how much? (5) What are the excretion pathways? Previously, similar clinical questions pertained to
tracking their parental cells instead of EVs (Bulte & Daldrup-Link, 2018).

Various imaging methods are available to track the fate of EVs in vivo (Arifin et al., 2022), including magnetic resonance imag-
ing (MRI), x-ray computed tomography, magnetic particle imaging, single-photon emission computed tomography, positron
emission tomography and optical imaging (fluorescence and bioluminescence imaging) (Table 4). Bulte and colleagues have
successfully employed MRI imaging to localize EVs labelled with magnetic nanoparticles in pre-clinical animal models, such as
mice and rats, in studies on acute kidney diseases and myocardial ischemia, respectively (Han et al., 2021). These approaches hold
significant promise for studies in the eye, as illustrated in Figure 2. MRI is uniquely suited as it has an excellent spatial resolu-
tion (~50 um using pre-clinical high-field systems) and soft-tissue contrast. Ultimately, the goal is to utilize imaging biomarkers
to predict the success or failure of EV therapy and adjust injection parameters including route, dose, speed and volume in a
personalized manner.

Sriram Ravindran introduced two engineering strategies to develop human mesenchymal stem cell (hMSC)-derived EV ther-
apeutics. First, by utilizing DICER and AGO2 knockdown, the Ravindran lab demonstrated that the miRNA cargo within EV's
was specifically responsible for the functionality of hMSC EVs (Huang, Kang, Lu et al., 2020; Huang, Kang, Narayanan et al., 2020;
Narayanan et al., 2018). His team showed that altering the hMSC state can modify the EV miRNA cargo, resulting in enhanced
regenerative or immunomodulatory function (Huang, Kang, Lu et al., 2020; Huang, Kang, Narayanan et al., 2020; Kang et al,,
2022). Secondly, through miRNA sequencing and an informatics-based approach, they identified changes to hMSC EV miRNA
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TABLE 4 A summary of the most relevant characteristics of EV tracking methods for use in ocular tissues in vivo.

In vivo tracking methods

Method Resolution Sensitivity Tissue depth Cost Speed Reference

MRI High High Deep High Slow Han et al. (2021)
CT High Low Deep High Slow Cohen et al. (2021)
MPI Low High Deep High Slow Jung et al. (2018)
SPECT Low High Deep High Slow Jung et al. (2020)
PET Low High Deep High Slow Jung et al. (2020)
Bioluminescence Low Medium Shallow Medium Medium Lai et al. (2014)
Fluorescence fundoscopy High Medium Medium Medium Fast Pollalis et al. (2022)

Abbreviations: CT, (x-ray) computed tomograpy; MPI, magnetic particle imaging; MRI, magnetic resonance imaging; PET, positron emission tomography; SPECT, single-photon
emission computed tomography.
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FIGURE 2  Workflow for magnetic labelling of (MSC)-EVs for detection by MRI. EV's are mixed with superparamagnetic iron oxide NPs used as MRI
contrast agent and then loaded in EVs by electroporation. Following purification to remove non-bound SPIOs, labelled EV's are injected at the target site. The
SPIO-EVs will disturb the local magnetic field, leading to loss of MRI signal. By comparing MRI scans made before and after injection the biodistribution of
EVs can be determined by their appearance as black spots. SPIO NPs are fully biocompatible and once taken up by host cells, will slowly biodegrade with the
elemental iron eventually recycled into the normal body iron pool. Figure courtesy of Dr. Shreyas Kuddannaya. EV, extracellular vesicle; NP, nanoparticle; MRI,
magnetic resonance imaging.
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composition in response to a hypoxic environment, reflecting changes in hMSC state. Employing this approach, they identified
miR-424-5p as a candidate miRNA capable of enhancing the anti-inflammatory and regenerative properties of hAMSC EVs. The
mature miRNA was specifically expressed in hMSC EVs by stably transfecting parental MSCs with a plasmid that constitutively
expresses this miRNA, with a GGAG tag attached to the 5p strand facilitating its shuttling specifically to the EVs (Villarroya-Beltri
etal., 2013). The efficacy of these EVs was evaluated in a rat retinal ischemia model regarding neuroinflammation, neuroprotec-
tion and functional recovery. Results indicated that the engineered EVs exhibited enhanced activity both in vitro and in vivo in
a pathway-specific manner directly linked to the targets of miR-424-5p. In the retinal ischemia model, they observed improved
recovery and reduced inflammation post-ischemia. These results indicate that MSC EV's can be engineered to possess enhanced
levels of specific mature miRNAs to elicit pathway-specific activity (Mathew et al., 2023).

4.1 | Gaps, needs and opportunities

During the discussion, panellists emphasized the importance of rigor and standardization in the EV field and introduced various
tools, techniques and approaches for studying EVs. Necessary studies in multi-omics, transcriptomics and EV bioengineering, as
well as single-particle analyses, sorting and visualization, highlight the demand for a multidisciplinary approach for rigor in EV
research. Fortunately, ongoing research across EV fields is rapidly evolving to develop these tools and techniques, which could
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significantly benefit EV research in the vision field. Proper understanding of the limitations of each technology is also necessary
for maintaining study rigor.

5 | DISCUSSION

Promising data from various disciplines highlighted the diagnostic and therapeutic potential of EVs, alongside advancements in
EV research technologies. Particularly noteworthy is the demonstration that EVs derived from stem cells and other cell types pos-
sess anti-inflammatory, regenerative, neuroprotective and pro-survival properties. Additionally, ongoing technological progress
in bioengineering EVs, including surface modification and cargo loading, holds promise for novel ocular therapeutics.

Nonetheless, significant obstacles were recognized in translating EV research into effective diagnostics and therapeutics. Fore-
most among these is the limited understanding of which EV cargoes are important for driving or treating ocular diseases and their
functional delivery mechanisms in both physiological and pathological conditions. Addressing these challenges also requires
overcoming technological barriers in EV isolation and characterization with high sensitivity, as well as achieving single-vesicle
level characterization and sorting, and enabling in vivo high-resolution EV tracking.

These gaps present an opportunity for fundamental biological studies that can drive translation and advance clinical applica-
tions centred around EVs. In parallel, the integration of novel technologies and resources developed in the broader EV field holds
promise for application in ocular research which may catalyze innovations to address the distinctive fluids or cell types in the
visual system. Thus, interdisciplinary collaborations create opportunities to propel the field forward, fostering synergy among
investigators with diverse expertise and perspectives.
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