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Interaction network of extracellular vesicles building
universal analysis via eye tears: INEBULA
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Discovering the secrets of diseases from tear extracellular vesicles (EVs) is well-recognized and appreciated.
However, a precise understanding of the interaction network between EV populations and their biogenesis
from our body requires more in-depth and systematic analysis. Here, we report the biological profiles of differ-

Copyright © 2023 Tiic
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

ent-size tear EV subsets from healthy individuals and the origins of EV proteins. We have identified about 1800
proteins and revealed the preferential differences in the biogenesis among distinct subsets. We observe that
eye-related proteins that maintain retinal homeostasis and regulate inflammation are preferentially enriched
in medium-size EVs (100 to 200 nm) fractions. Using universal analysis in combination with the Human
Protein Atlas consensus dataset, we found the genesis of tear EV proteins with 37 tissues and 79 cell types.
The proteins related to retinal neuronal cells, glial cells, and blood and immune cells are selectively enriched
among EV subsets. Our studies in heterogeneous tear EVs provide building blocks for future transformative

precision molecular diagnostics and therapeutics.

INTRODUCTION

Extracellular vesicles (EVs) can be shed from almost all tissues and
cells to shuttle intercellular signals and effector molecules via circu-
lating body fluids, making them essential sources in medical diag-
nostics and therapeutics. Now, EVs are predominantly classified as
exosomes (30 to 150 nm) originating from the endosome, microve-
sicles (150 to 1000 nm) budding from the plasma membrane, and
apoptotic bodies (200 to 5000 nm) released during apoptosis (1, 2).
Despite the homogeneous lipid bilayers of EV subsets, cargos in-
cluding proteins, RNAs, and metabolites are selectively packaged
into EV subpopulations, playing distinct roles in intercellular com-
munication (2). Thus, understanding the heterogeneous nature of
EV compositions and biofunctions is critical for their development
as clinical biomarkers and therapeutic carriers. To date, increasing
efforts have been made to deconstruct the EV subsets that are found
principally in cell culture medium (3), plasma (4), and urine (5).
With these biofluid sources, the distinct molecular profiles, biolog-
ical and biophysical properties, and organ biodistribution patterns
of EV subpopulations have been demonstrated by analyzing their
secretome landscapes.

By detecting and transforming views via neuronal signals to the
brain's visual centers, our ocular system allows us to see and activate
the inner emotional response (6). Human tears, serving as a liquid
barrier for maintaining and protecting ocular health, have been
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considered EV sources for liquid biopsy resembling blood (7).
Notably, the value of tear analysis can be extended beyond the
ocular system. It is because tears are secreted by the lacrimal
glands, which contain enriched biological molecules filtrated from
the circulating blood system. Therefore, tears carry rich bioinforma-
tion from other seemingly unrelated body organs (8). Studies using
bulk tear EV have shown this value by estimating their capabilities
in discerning the pathological changes of the ocular system [e.g., dry
eye (9) and glaucoma (10)] and non-ocular tissues [e.g., breast
cancer (11), prostate cancer (12), and multiple sclerosis (13)]. Nev-
ertheless, although most, if not all, of the protein components in
tear EVs have been described, the information regarding subset dis-
tribution patterns still needs to be determined, especially because
the interaction network between tear EV subgroups and human
tissues still needs to be seen. To share insights into the biological
connections of tear EV subsets and the origins of EV proteins in
the visual system (Fig. 1A), in this study, we report a resource de-
picting the Interaction Network of Extracellular Vesicles Building
Universal Analysis via Eye Tears iNEBULA).

RESULTS

Synchronized preparation of different-size EV subsets

We first prepared tear EV populations with distinct size ranges via
our recently established tool (14, 15). We highlighted the diversity of
tear EVs with wide size distribution and multimodal peak profile
(fig. S1A), and have observed comparable quantitative results of
particles among healthy individuals (fig. S1, B, and C). We then sep-
arated the different-size EV subpopulations that were defined as
small EVs (sEVs; 20 to 100 nm), medium EVs (mEVs; 100 to 200
nm), and large EVs (IEVs; 200 to 450 nm) fractions. Evident size
clustering and peak shifting could be depicted among the distinct
EV subgroups (mode size of 101, 141, and 204 nm for sEV, mEV,
and IEV fractions, respectively) (fig. S2A). At the same time, the
particle and protein levels showed little difference (fig. S2, B, and
C). We also used transmission electron microscopy (TEM)
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Fig. 1. The composition and biofunction profiles of tear EV subsets. (A) Schematic illustration of tear-derived EVs in the visual system. Exosomes originate from the
endosomal pathway and are released after the fusion of multivesicular bodies (MVBs) with the plasma membrane. Microvesicles are released through plasma membrane
budding. (B) Cluster patterns (left) and top 5 biological processes (right) of cluster proteins. The proteins with relatively higher abundance in the sEVs (20 to 100 nm) were
included in clusters 1, 5, and 6, while clusters 2, 4, and 6 for mEVs (100 to 200 nm) and clusters 3, 4, and 5 for IEVs (200 to 450 nm). (C) Radar graph of the top 5 cellular
components in the six clusters of the three EV subsets. The Z-score assessment was used for normalization (Nor.). (D) Heatmap of the relative abundance of identified EV
proteins among subgroups. The scale indicates Z-score-transformed intensity. (E) Heatmap of the relative abundance of the visual system-related proteins in tear EV
subsets. (F) Top 8 biological functions of the visual system-related proteins from cluster 2. VPS28, vacuolar protein sorting—associated protein 28 homolog; CHMP4B,
charged multivesicular body protein 4b; PDCD6IP, programmed cell death 6 interacting protein; TSG101, tumor susceptibility gene 101 protein; SDCBP, syndecan binding
protein; FLOT1, flotillin-1; RAB27B, Ras-related protein Rab-27B; RAB7A, Ras-related protein Rab-7a; ANXA1/A5/A6, annexin A1/A5/A6; TGFBI, transforming growth factor-
beta- induced protein ig-h3; LRP2, low-density lipoprotein receptor(LDL)-related protein 2; TF, transferrin; HOOK, protein Hook homolog 1; COL9A3, collagen alpha-3(IX)
chain; GNB1, guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1; NT5E, 5'-nucleotidase; PROM1, prominin-1; PFKP, ATP-dependent 6-phosphofructokinase,
platelet type; LCN1, lipocalin-1; SPRR2D, small proline-rich protein 2D; LTF, lactotransferrin; LYZ, lysozyme C; SERPINF1, serpin family F member 1; UBA52, ubiquitin-60S

ribosomal protein L40; CALML5, calmodulin-like protein 5; MUC5AC, mucin-5AC.

imaging to compare their size and morphology. Although the size
overlaps between each EV subgroup to some extent (fig. S2A), TEM
images evidenced a bona fide property of distinct EV particle size
ranges (fig. S2D). Besides, we found that the medium-size fractions
were rich in cup-shaped vesicles of morphology consistent with
exosomal properties. We lastly evaluated the exosome-specific pro-
teins in EV subsets by Western blot (WB) because nanoscale exo-
somes are a vital component of EVs. Most groups could be detected
with classical exosomal markers without obvious albumin contam-
ination (fig. S3).

Mapping the biofunctions and origins of tear EV subsets
within the ocular system

We first investigated the coexpression clusters and biological pro-
cesses involved in the differentially expressed proteins among
sEVs, mEVs, and IEVs. With a comprehensive proteomic analysis
of EV subsets from the tear pool of 38 healthy human subjects,
we identified 1815, 1829, and 1892 proteins from sEV, mEV, and

Hu et al., Sci. Adv. 9, eadg1137 (2023) 15 March 2023

IEV fractions, respectively, in which 1470 proteins were quantifiable
(fig. S4). We found six distributional trajectories of coexpressed
proteins (Fig. 1B and table S2), demonstrating subset-specific clus-
ters with high- or low-abundance proteins. Expectedly, we found an
enrichment of proteins related to vesicle-mediated transport in all
three EV subgroups (table S3). The proteins participating in the
protein modification and biological metabolism processes, such as
small protein removal and organonitrogen compound metabolic
process, were relatively highly abundant in the sEV's (corresponding
to clusters 1, 5, and 6). Proteins associated with immune response
and immunoregulation functions were preferentially enriched in
the mEVs (clusters 2, 4, and 6), while more plasma membrane as-
sembly- and translation initiation-associated proteins were pack-
aged in IEVs (clusters 3, 4, and 5). The above results suggested
that transportation of the intracellular proteins via EV subsets con-
tributes to various biofunctions.

We then compared the cellular components to understand the
differently sized EVs biogenesis and cargo sorting. Specifically,
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我们首先通过我们最近建立的工具（14，15）制备了具有不同大小范围的泪液EV群体。我们强调了具有宽尺寸分布和多模态峰值分布的撕裂电动汽车的多样性（图）。S1A），并在健康个体中观察到可比的颗粒定量结果（图。S1、B 和 C）。然后，我们分离了不同大小的EV亚群，这些亚群被定义为小型EV（sEV;20至100nm），中型EV（mEV;100至200nm）和大型EV（lEV;200至450nm）分数。可以在不同的EV亚群中描述明显的尺寸聚类和峰移（sEV，mEV和lEV分数的模大小分别为101，141和204 nm）（图）。S2A）。同时，颗粒和蛋白质水平几乎没有差异（图）。S2、B 和 C）。我们还使用透射电子显微镜（TEM）成像来比较它们的大小和形态。尽管每个EV子组之间的大小在某种程度上重叠（图。S2A），TEM图像证明了不同EV粒径范围的真实性质（图。S2D）。此外，我们发现中等大小的组分富含与外泌体性质一致的形态的杯形囊泡。我们最后通过蛋白质印迹（WB）评估了EV亚群中的外泌体特异性蛋白，因为纳米级外泌体是EV的重要组成部分。大多数组可以用经典的外泌体标志物检测到，没有明显的白蛋白污染（图）。S3）。
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extracellular-related proteins were mainly loaded by mEVs, while
proteasome- and cytoplasm-associated components were substan-
tially more enriched in sEVs and IEVs clusters (Fig. 1C, fig. S5,
and table S4). Previous studies (16—18) have demonstrated that exo-
somal protein sorting and loading occur at the endosomal system,
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Fig. 2. Tissue and cell type origin of the tear EV proteins. (A) Detection of tissue-specific proteins among clusters of differentially abundant proteins. (B) Detection of

cell type—specific proteins in clusters of tear EVs. (C) Distributions of th

e proteins among the different EV subsets, focusing on those specific to eye-related neuronal cells,

muiller glial cells, and blood and immune cells. The intersection of the quantifiable proteins in tear EVs with tissue- and cell type—specific proteins (or genes) from the
Human Protein Atlas (HPA) dataset. The particular tissue/cell type—enhanced, group-enriched, and tissue/cell type—enriched proteins in the HPA dataset are defined as

tissue- or cell type—specific proteins. NK, natural killer.
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protein (PDCDG6IP, synonyms: Alix), and charged multivesicular
body protein 4b (CHMP4B). We observed higher enrichment of
these proteins within mEV's (Fig. 1D), suggesting that an endosomal
pathway might be required for cargo selection for this subset of EVs.
Meanwhile, the abundance of the annexin A1/A5/A6 (ANXA1/A5/
A6) proteins, related to apoptotic processes (19-21), was higher in
the mEVs and 1EVs. In contrast, chaperonins, such as heat shock
proteins, were more enriched in sEVs and mEVs. These results
were suggestive of fundamental differences in the biogenesis
among tear EVs subsets; however, the role of a specific protein as
regulating factor for subset-specific cargo sorting remains further
investigated.

Enriching tissue-derived EVs is encouraged, as it can provide the
possibility of direct monitoring the tissue abnormality without col-
lecting the tissue (22). Because the lacrimal glands are anatomically
adjacent to the visual system (including the eye, optic nerve, and
visual cortex), we first investigated the proteins originating from
the visual system that the three EV subsets may selectively carry.
We found the elevated abundance of some proteins in mEVs, in-
cluding potential markers for the diagnosis of ocular disease [e.g.,
lactotransferrin (LTF), lipocalin-1 (LCN1), lysozyme C (LYZ), cal-
modulin-like protein 5 (MUC5AC), and small proline-rich protein
2D (SPRR2D)] (23-25), as well as components responsible for
protein modification [ubiquitin-60S ribosomal protein L40
(UBAS52)] (26), coagulation [tissue factor (F3)] (27), neuroprotec-
tion [serpin family F member 1 (SERPINF1)] (28), and inflamma-
tory responses (SI00A8 and S100A9) (29) (Fig. 1E). Subsequent
examination of the tissue locations using the STRING database
demonstrated eye-related annotations mainly in the clusters of
mEV-enriched proteins (Fig. 1F and table S5). Among the proteins
associated with the eye and nerve, only cluster 2 components (pro-
teins most enriched in mEVs) were found to have roles in retinal
homeostasis (Fig. 1F and tables S6 and S7), revealing the importance
of characterizing this EV subset for ophthalmic research. As tear EV
markers and cargos with eye origins showed an mEV synchronous
pattern, we thus speculated that the preferential packaging of ocular
proteins is probably dependent on the multivesicular endosome
biogenesis pathway.

To globally understand the interaction networks of tear EVs with
the human body, we then analyze the tissue and cell contributions
of these secretory proteins by using the Human Protein Atlas [HPA;
based on immunohistochemistry or single-cell RNA sequencing
(RNA-seq) analysis] consensus dataset (30-32). Regarding the
overall assessment, we first analyzed the quantifiable proteins
carried by tear EVs and found that they were annotated to 37
tissues and 79 cell types (fig. S6). We further investigated the
tissue origins of differentially expressed proteins among EV sub-
populations. In addition to the lacrimal gland-specific proteins in
Fig. 1E (e.g., LTF, LCN1, and LYZ) (33), 2 and 7 proteins that were
respectively identified as eye- and retina-specific proteins in the
HPA dataset (recognized by immunohistochemistry or RNA-seq
in the cornea, vitreous body, and retina) were found differential ex-
pressions among tear EV subsets (Fig. 2A). These ocular system—
specific proteins were more enriched in mEVs and 1EVs than in
sEVs. We lastly used the HPA single-cell RNA profiles based on
tissue-specific data to explore the distribution of EV proteins relat-
ing to the circulating plasma cells, immune cells, and retina neuro-
nal cells. We found that IEVs contain relatively more proteins
originating from eye-specific neuronal cells including cone

Hu et al., Sci. Adv. 9, eadg1137 (2023) 15 March 2023

photoreceptor cells, rod photoreceptor cells, bipolar cells, and hor-
izontal cells, while miiller glia cell proteins showed little differences
among all EV subsets (Fig. 2, B and C). In addition, proteins rele-
vant to blood and immune cells were sorted more into sEVs and
mEVs (Fig. 2C), suggesting a closer connection of smaller-size
EVs with the circulation system.

Distinct fingerprint profiles of tear EV fractions

Last, we used matrix-assisted laser desorption/ionization—time-of-
flight mass spectrometry (MALDI-TOF MS) fingerprints for dis-
criminating the tear-derived EV subfractions for validation. The
fingerprints of the EV subsets were compared based on the relative
intensities of peaks that originated mainly from proteins with a
mass range of 2000 to 20,000 mass/charge ratios (m/z) (fig. S7A).
The averaged fingerprints from the individual trials revealed dis-
tinct profiles across the three subsets (fig. S7B). Protein abundance
showed a higher correlation between sEVs and mEVs (fig. S7C).
The principal components analysis (PCA) scores further suggested
the distinct protein compositions of the EV subpopulations (fig.
S7D). A series of differentiating peaks from the three subsets were
found (table S8), and two strong specific peaks with repeatable
signals were further selected at m/z of 7719 and 14,654, which
can be served as potential markers for subset classification (fig.
S7E). In addition, these two peaks were observed relatively higher
abundance in the mEV subpopulation (fig. S7F). Following conjoint
analysis of the proteomics data, proteins matching the molecular
mass (SPRR2D of 7.9 kDa and UBA52 of 14.7 kDa) were extrapo-
lated to be potentially consistent with the observed pattern in
MALDI fingerprints (fig. S7, G and H), that is, showing the
highest relative intensities in the mEV pool.

DISCUSSION

Despite mounting methodologies for deconstructing EV subpopu-
lations from various biological fluids, more is needed regarding the
heterogeneity of EVs in human tears. In this work, we successfully
separated the tear EV subsets with different sizes and contents,
owing to the favorable performance of the established isolation
tool in manipulating the small volume tear sample and separating
different-size particles. The measurements in the physical parame-
ters of the nanoparticles indicated that the particles in the small-size
group were more homogeneous than those in the larger fractions. In
addition, the broadening and positive offset of the particle size dis-
tribution were observed in the nanoparticle tracking analysis (NTA)
results compared with those of TEM, probably due to vesicle aggre-
gation, signal enhancement induced by microsampling, and the de-
tection limit of NTA. WB analysis demonstrated that tetraspanin
markers (CD63 and CD9) and exosomal component mac-2
binding protein (Mac-2BP) showed a preferential expression in
those fractions with smaller sizes, although they could be consis-
tently detected in all subsets. Alix, an ESCRT-associated protein
(34), was not detected in large particles. Heat shock protein
HSP90, a presumed exomere (35) (depicted as membrane-free
nanoparticles) marker, was readily detectable in small and
medium rather than large fractions.

Our differential proteomic analysis further revealed that the
mEV subpopulation contained more proteins associated with exo-
somal biogenesis than the other two productions. High enrichment
of proteins for plasma membrane localization and cytoplasm
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composition was present in IEVs, extrapolating a possible subcellu-
lar origin of these particles through plasma membrane budding. A
unique protein distribution was also revealed in mEVs, in which the
histologic origins and biological functions of the proteins exhibited
a close correlation with visual sense and ocular health. Tissue factor
that was well-demonstrated abundance in tear EVs (36) and lyso-
some-associated membrane glycoprotein 2 (LAMP2) that plays es-
sential roles in retinal pigment epithelium biology (37) were further
noted to be preferentially enriched within mEVs (table S1). The
recent study also suggested an ESCRT-independent manner using
LAMP2A (isoform A of LAMP2) to regulate the protein loading
into the exosomes (38). In addition, we found that the proteins
related to the immune organs (lymphoid tissue and bone
marrow), as well as the immune cell (e.g., T cells, B cells, natural
killer cells, granulocytes, monocytes, macrophages, and dendritic
cells), showed higher intensities in smaller size EVs, particularly
mEVs (Fig. 2, A and B), further suggesting the potential roles of
medium-size EVs in participating in immunomodulation in the
visual system. Noticeably, the consensus has yet to emerge on spe-
cific markers of EV subsets [the Minimal Information for Studies of
Extracellular Vesicles 2018 (1)]. Nevertheless, our observations
provide useful evidences for deconstructing the heterogeneous
protein compositions and functional preferences among different-
size EV subpopulations in human tears.

The fingerprints of the intact EV particles were also generated by
MALDI-TOF MS. Both MS peaks and the PCA scores based on
these peaks suggested the feasibility of our established tools for sep-
arating tear EV subpopulations with distinct protein compositions.
Because proteins of 2000 to 20,000 m/z are easier to ionize (39, 40),
the EV components within this mass range were mainly detected.
Among these peaks, we found two differential MALDI peaks
(7719 and 14,654 m/z) with the most abundant signals in the sub-
group of 100 to 200 nm, which showed a similar expression pattern
with liquid chromatography with tandem MS (LC-MS/MS) results
of SPRR2D and UBAS52. This finding also revealed the potential role
of the medium-size tear EV's as the biomarker resources for ocular
disorders, which has been supported by previous reports demon-
strating the accumulation of SPRR2 in the conjunctival epithelium
of the dry eye (24) and the role of the ubiquitin-proteasome system
in the clearance of pathogenic proteins of neurodegeneration (26).

In conclusion, we have developed an iNEBULA that can provide
evidence of the heterogeneous protein compositions and functions
of different-size EV subpopulations in human tears. We have sys-
tematically identified that visual system—related proteins are prefer-
entially loaded into mEVs and play crucial roles in maintaining
retinal homeostasis and regulating inflammation. Unraveling the
protein components and functional outcomes and better under-
standing the heterogeneity among tear-derived EV subsets with
large-scale clinical cohorts is encouraged in the future, promoting
tear-based diagnostics and therapeutics.

MATERIALS AND METHODS

Collection of tear fluid samples

Tear samples were obtained from healthy donors (aged 18 to 42
years) following the protocols approved by the Research Ethics
Committee at the Eye Hospital of Wenzhou Medical University
(2020-203-k-185-01). Informed consent was obtained from all
human subjects. The tear fluid was collected by placing the
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Schirmer test strips (Jingming, China) in the lower lid for 5 to 10
min at room temperature (RT), and the imbibed strips from both
two eyes were subsequently transferred to 2 ml of 10 mM phos-
phate-buffered saline (PBS; Thermo Fisher Scientific). The eluted
tear fluid was centrifuged at 300¢ for 10 min and at 2000g for
10 min to remove cells and debris. Unless otherwise indicated, a
tear sample from the individual was collected six times and
pooled as the final suspension.

Isolation of tear EV subpopulations

After a 0.45-um prefiltration step, tear suspension was isolated
based on the EXODUS method (15) under an alternative vacuum
actuation with the experimental condition of —20 kPa and 10-s con-
version time. Following isolation, each subfraction was further
eluted twice with PBS via EXODUS. Last, the reserved three frac-
tions were recovered in 200 pl of PBS and stored at —80°C for sub-
sequent analysis.

Nanoparticle tracking analysis

Size distribution and concentration of the tear EV subtypes were
measured using a NanoSight NS300 (Malvern) equipped with a
488 nm laser. Before NTA detection, the samples were diluted in
PBS. Each sample was analyzed by recording 30-s videos in three
replicates with optimal set parameters (the detection threshold of
15). For consistency, all NTA measurements were performed with
a syringe pump (the speed used was 30 pl/min).

Transmission electron microscopy

TEM imaging was conducted to observe the morphology of the tear
EV subtypes. Specifically, a 40 pl of sample solution with an equal
volume of 4% paraformaldehyde was spotted on a piece of parafilm,
followed by its absorption with the formvar/carbon copper grids for
30 min. Following PBS washing, the sample on the grid was fixed
with 1% glutaraldehyde for 5 min, negatively stained with 2% uranyl
acetate for 30 s, and left to air dry. Imaging was lastly performed
with a transmission electron microscope at 200 kV (Talos F2008S,
Thermo Fisher Scientific).

Protein immunoblotting

WB detection was performed using samples with an equal protein
mass (3 pg; measured by Qubit Protein Assay Kits), which were
loaded onto a 4 to 20% precast polyacrylamide slab mini-gel for
electrophoresis, and subsequently transferred onto a polyvinylidene
fluoride membrane by Trans-Blot Turbo Transfer System (Bio-
Rad). The membranes were blocked with 5% nonfat dry milk in
PBS containing 0.1% Tween 20 at RT for 1 hour, followed by
primary antibody incubation overnight at 4°C. After PBS
washing, the membranes were immersed in horseradish peroxidase
(HRP)-conjugated anti-mouse immunoglobulin G (IgG) (7076,
Cell Signaling Technology) or HRP-conjugated anti-rabbit IgG
(7074, Cell Signaling Technology) at RT for 60 min. The images
were performed using enhanced chemiluminescence for immuno-
detection (Peiging Science & Technology). All the primary antibod-
ies were diluted to 1:1000, whereas the secondary antibodies were
diluted to 1:3000. The primary antibodies used for WB included
the following: anti-Alix (sc-53540, Santa Cruz Biotechnology),
anti-Mac-2BP (sc-374541, Santa Cruz Biotechnology), anti-
HSP90 (sc-69703, Santa Cruz Biotechnology), anti-CD63
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(ab134045, Abcam), anti-CD9 (sc-13118, Santa Cruz Biotechnol-
ogy), and anti-albumin (ab151742, Abcam).

LC-MS/MS and proteomic analysis

The EV subpopulations (size range of 20 to 100, 100 to 200, and 200
to 450 nm) from the pooled tear sample were isolated via EXODUS,
and an equal amount of each sample (30 ug of proteins based on
bicinchoninic acid quantification; Beyotime Biotechnology) was
subjected to label-free LC-MS/MS analysis. The complete list of
the identified proteins is provided in table S1.

For sample preparation, lysis buffer containing 1% protease in-
hibitor (Merck Millipore) and 8 M urea (Sigma-Aldrich) was added
to the EV sample, followed by ultrasonic lysis. The protein solution
was reduced with 5 mM dithiothreitol (Sigma-Aldrich) at 56°C for
30 min and alkylated with 11 mM iodoacetamide (Sigma-Aldrich)
in the dark at RT for 15 min. Following dilution of the lysate with
tetraethylammonium bromide (Sigma-Aldrich) to reduce the urea
concentration below 2 M, trypsin (Promega) was added at a ratio of
1:50 (w:w) for digestion at 37°C overnight. A second treatment with
trypsin (mass ratio of 1:100) was performed for the subsequent 4-
hour incubation.

For LC-MS/MS, the peptides were analyzed on an OrbitrapEx-
ploris 480 mass spectrometer (Thermo Fisher Scientific) equipped
with an Easy nLC-1200 (Thermo Fisher Scientific). The mobile
phase solvents included buffer A (0.1% formic acid and 2% aceto-
nitrile; Fluka and Thermo Fisher Scientific) and buffer B (0.1%
formic acid and 90% acetonitrile). The elution was achieved with
a gradient buffer B (0 to 68 min, 6 to 23% B; 68 to 82 min, 23
to 32% B; 82 to 86 min, 32 to 80% B; and 86 to 90 min, 80% B)
under a flow rate of 500 nl/min. The mass spectrum parameters
were set as follows: ion source voltage of 2.3 kV; compensating
voltage of —45 and —65 V; scanning range of primary MS and scan-
ning resolution of 400 to 1500 m/z and 60,000, respectively; the
scanning range of the secondary MS and the scanning resolution
were as follows: >110 m/z and 15,000; TurboTMT was set at off
mode. A data-dependent scan mode was used for information col-
lection. The top 25 most abundant ions were selected for fragmen-
tation using a 27% normalized collision energy and automatic gain
control (target of 5 x 10* with a maximum injection time of auto).
Dynamic exclusion was set to 20 s. Secondary MS data were re-
trieved by Proteome Discoverer software (v2.4.1.15, Thermo
Fisher Scientific) against the Homo sapiens SwissProt database.
The search criteria were used as follows: Peptide and fragment
ion tolerances were set to 10 parts per million and 0.02 Da, respec-
tively; minimum peptide length was set at 6; trypsin was specified as
a cleavage enzyme allowing up to two missing cleavages; a static
modification of carbamidomethyl on Cys and dynamic changes of
oxidation (Met), acetyl (N terminus), Met-loss, Met-loss + acetyl,
and deamidation (Asn and Gln) were allowed. Filtration was used
with a 1% false discovery rate for peptide spectrum matches and
protein quantification (requiring at least two specific peptides) to
improve the data quality.

For clustering and annotation analysis, Mfuzz with fuzzy c-
means algorithm (41) was used for the group identification of the
quantifiable proteins (SD > 0.5), and the H. sapiens SwissProt data-
base was used for Gene Ontology analysis. The tissue and cell-type
origins of the proteins from distinct clusters were retrieved from the
STRING database (v11.5; https://cn.string-db.org) and the HPA da-
tabase (v22.0; www.proteinatlas.org). At the same time, the
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biological process annotations of the visual and nerve system—
related proteins were obtained using the Metascape database
(v3.5; https://metascape.org).

MALDI-TOF MS fingerprints

The presence of acetonitrile in the matrix aids in disorganizing the
protection of the lipid bilayer. Therefore, instead of the protein ex-
tracts following lysis and labeling, EV entities could be detected di-
rectly via MALDI-TOF MS within several minutes (39). After
treating EV-matrix “co-crystals” with pulsed laser irradiation and
ionization in MALDI, the components were detected with ion
packets according to their m/z ratios in a TOF mass analyzer.
Analyte/matrix co-crystals were prepared for MALDI-TOF MS
characterization: The a-Cyano-4-hydroxycinnamic acid was dis-
solved in TA50 (acetonitrile/water/trifluoroacetic acid with a
volume percentage of 50/49.9/0.1%), which was used as the
matrix. One microliter of a sample containing EV entities (more
than 2 x 10" particles/ml) was mixed with an equal matrix
volume. The mixture was spotted on a MALDI target plate
(Ground Steel, Bruker) and dried quickly in a vacuum before anal-
ysis. Subsequently, the target plate was loaded into a MALDI-TOF
mass spectrometer (Bruker) for measurement under the linear and
positive ion mode.

The mass spectrum data were analyzed using a standardized
system (ClinProTools software, version 3.0) to obtain peak statistics,
including relative peak intensity, average spectra calculation, and
classification. To test the similarity between each two mass
spectra, the similarity score was calculated by the cosine correlation
method (42, 43).

Statistical analysis

Statistical comparisons were performed using a one-way analysis of
variance (ANOVA) followed by Tukey's post hoc test. The data are
presented as means + SEM or means + SD using GraphPad Prism
(GraphPad Software; v8.0.1). Characteristic MALDI peaks were
sorted through statistical tests of ANOVA, the Wilcoxon/Kruskal-
Wallis test, and the Anderson-Darling test. A P value < 0.05 was
considered to indicate a statistically significant difference.

Supplementary Materials
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Figs. S1 to S7

Legend:s for tables S1 to S8

Other Supplementary Material for this
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