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Abstract

Aqueous humor (AH), the clear fluid in front of the eye, maintains the pressure and vitality of 

ocular tissues. This fluid is accessible via the clear cornea which enables use of AH as a liquid 

biopsy source of biomarkers for intraocular disease. Extracellular vesicles are detectable in the 

AH and small extracellular vesicles (sEVs) are present in the AH from adults. However, EVs 

in AH from pediatric eyes in vivo have never previously been explored. We know very little 

about the heterogeneity of AH EV populations in ocular disease. Twenty-seven processing-free 

AH samples from 19 patients across four different pediatric ocular diseases were subjected to 

Nanoparticle Tracking Analysis (NTA) and Single Particle-Interferometric Reflectance Imaging 

Sensor (SP-IRIS) analysis. NTA demonstrated the concentration of AH EV/EPs is 3.11 × 109–

1.38 × 1010 particles/ml; the majority sized 76.8–103 nm. SP-IRIS revealed distinct patterns of 

tetraspanin expression of AH sEVs. An enriched mono-CD63+ sEV subpopulation identified in 

AH indicates this is a potential AH-specific biomarker. In the setting of retinoblastoma there 
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was a more heterogeneous population of sEVs which normalized with treatment. This suggests 

a potential clinical application of direct measurement of sEV subpopulations in AH samples to 

monitor successful tumor response to therapy.
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1 | INTRODUCTION

Accurate assessment and monitoring of eye disease in children have always been 

challenging and often relies on clinical features alone. Mechanisms for objective molecular 

diagnosis combining genomic, proteomic and metabolomic translational medicine is needed 

and will potentially enable precise management of these diseases. Recent advances in 

genomics play a key role in the diagnosis and management of pediatric eye disease, and 

organ-specific genetic testing is becoming more common in the routine care of eye disease 

(Gerrish et al., 2019). Thus, innovative methods of objectively diagnosing and evaluating 

organ-specific pediatric ocular diseases is an area of great clinical need.

Evaluation of biomarkers in the aqueous humor (AH) is of particular value. The AH is 

a dynamic, clear fluid in the anterior chamber of the eye secreted by the ciliary body 

as a source of nutrition for ocular tissues and to maintain the intra-ocular pressure. As 

it is an eye-specific fluid, AH liquid biopsies enable diagnosis and monitoring of ocular 

diseases. Repeated sampling provides the ability for longitudinal data to better understand 

molecular dynamics associated with disease states. Even in the setting of intraocular cancer, 

a systematic review of AH paracentesis in retinoblastoma (Rb) demonstrated no seeding 

from needle tracts or evidence of metastases (Smith & Smith, 2013), illustrating the safety 

of AH liquid biopsy via paracentesis. Biomarkers (Berry, Xu et al., 2017; Berry et al., 2018; 

Gerrish et al., 2019; Xu et al., 2020) found in the cell free DNA of AH may serve as 

objective measures to aid in clinical management of Rb. This biomarker assessment is not 

unique to Rb; differential miRNA profiles (Edward et al., 2016) and inflammatory protein 

markers (Wu et al., 2018; Zhao et al., 2020) in AH of patients with congenital glaucoma 

and congenital cataracts have also been recently investigated. However, while extracellular 

vesicles have been hypothesized to be a key player in the ocular system and are known to be 

present in the AH, they have not yet been investigated in pediatric eye disease (Delsin et al., 

2019).

Extracellular vesicles (EVs) is the collective term for various secreted membrane-enclosed 

nano-sized vesicles released by virtually every cell type (Yu et al., 2014). They have critical 

functions in cell-to-cell communication, and understanding their role in biological processes 

is essential in elucidating disease progression and response to the environment (Bordanaba-

Florit et al., 2021). EVs hold proteins, nucleic acids, lipids, sugars, and membrane markers 

of the cells that secrete them (He et al., 2016). Most studies have relied on isolation 

and enrichment followed by biochemical analysis of bulk EVs separated from biofluids 

(Bordanaba-Florit et al., 2021). EVs in the eye are scarcer than in other biofluids due to 
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the blood-retinal barrier, thus EVs found in the AH are mostly secreted by intraocular 

tissues, making EV investigation in ocular disease even more compelling (Hsu et al., 

2018). Research has shown that EVs contribute to the pathophysiology in glaucoma and 

age-related macular degeneration (Hsu et al., 2018). The role of myocilin protein alterations 

in causing glaucoma has been established, with one study reporting that myocilin-associated 

EV enrichment in the AH suggests a physiological importance in the regulation of trabecular 

drainage and thus intraocular pressure (Perkumas et al., 2007). Although informative, 

these approaches do not capture the dynamics of EV biogenesis, distribution and other 

contributions to pathophysiology (Arab et al., 2021; Bordanaba-Florit et al., 2021).

Nanoparticle tracking analysis (NTA) and Single Particle-Interferometric Reflectance 

Imaging Sensor (SP-IRIS) facilitates quantification and phenotyping of EV and extracellular 

particle (EP) subpopulations on single vesicle resolution. The optical clarity of the AH 

enables single vesicle analysis with unprocessed biofluid to minimize artifacts and bias 

generated by sample processing. However, to our knowledge, no studies have investigated 

EVs in the AH from pediatric eyes through a single vesicle approach. Tetraspanin proteins 

are organized into tetraspanin-enriched microdomains in the plasma membrane and serve a 

diverse number of roles such as adhesion, cell-cell fusion, endocytosis and migration (Lang 

& Hochheimer, 2020). Quantification of EVs, identification of particle size distribution 

and of EV tetraspanin expression profiles may elucidate molecular pathogenesis of eye 

diseases and have future clinical application. The expression profiles of common tetraspanin 

markers, including CD63, CD81 and CD9 were defined (Klingeborn et al., 2017; Kowal et 

al., 2016; Zhang et al., 2016) but whether these tetraspanins are expressed on AH-derived 

EVs remains unclear. In this pilot study, we evaluated 27 AH samples from 24 eyes of 

19 patients with four different types of pediatric eye diseases: congenital cataract (CAT), 

congenital glaucoma (GLC), pediatric retinal disease (PRD) and retinoblastoma (Rb). EV 

subpopulations in treatment naïve retinoblastoma and treatment active retinoblastoma eyes 

were also evaluated. AH-derived EV/EP size distribution, EV quantification and tetraspanin 

subpopulation profiling was analysed by NTA and SP-IRIS, respectively.

2 | MATERIALS AND METHODS

Per MISEV2018 (Minimal information for studies of extracellular vesicles 2018) guidelines 

(Théry et al., 2018), EVs will be identified by bona fide markers (such as CD9+ EV) or by 

size (small EVs) in this publication.

2.1 | Patients and sample collection

The study was conducted under the Institutional Review Board approval at Children’s 

Hospital Los Angeles, and it conformed to the requirements of the United States Health 

Insurance Portability and Privacy Act and adhered to the tenets of the Declaration of 

Helsinki. This publication was written adhering to MISEV2018 (Minimal information for 

studies of extracellular vesicles 2018) guidelines (Théry et al., 2018). Analysis was done 

as part of an IRB approved biorepository; parental consent was obtained from all patients 

from whom AH samples were taken and stored. Data was kept separate from clinical 

data until final analysis, which was done retrospectively. Clear corneal paracentesis was 
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performed with extraction of up to 0.1 ml of AH as part of the procedure of routine 

anterior segment surgery for congenital cataract, congenital glaucoma and pediatric retinal 

disease, at diagnosis or during treatment for Rb, including during intravitreal injection of 

chemotherapy or immediately after enucleation. Treatment of all Rb patients was carried out 

in a non-randomized manner per CHLA protocol (Berry et al., 2013; Berry, Bechtold et al., 

2017; Berry, Kogachi et al., 2017), and treating physicians were blinded to the results of AH 

analyses. Samples were aliquoted and stored at −80°C until analysis. (Kim et al., 2021).

2.2 | Transmission electron microscopy (TEM)

AH samples were fixed by adding 2 μl of 16% paraformaldehyde to 14 μl of sample and 

mixed by gently drawing up mixture into the pipet tip three times. Immediately before 

adding sample, the 400 mesh coper grids with a carbon support film (EMS, Hatfield PA, 

USA) were made hydrophilic using a Pelco EasiGlow glow discharge unit (Ted Pella, 

Redding CA, USA). Four micro litre of sample/fix mixture was deposited on a grid and 

allowed to incubate for 6 min. This was blotted off onto filter paper, and replaced with 4 

μl of NanoW (Nanoprobes, Yaphank NY, USA). After 2 min, the NanoW was blotted off, 

and replaced with a fresh droplet of NanoW and incubated for 2 min. This was repeated 

a third time with a 4-min incubation. Negative stained samples were allowed to fully air 

dry before imaging on a Talos F200C transmission electron microscope at 200 KeV(Thermo 

Fisher Scientific, Waltham MA, USA). Images were collected on a Seta CMOS 4 K camera 

(Thermo Fisher Scientific, Waltham MA, USA).

2.3 | Nanoparticle tracking analysis (NTA)

The nanoparticle size and concentration from 10uL unprocessed AH samples were diluted in 

PBS and analysed using the Nanoparticle tracking analysis system NanoSight NS300 (The 

Malvern Panalytical, UK) equipped with a 405 nm laser and a sCMOS camera. Under the 

laser path, Brownian movement of the particles in suspension was recorded by the camera 

and the moving tracks were analysed via Stokes-Einstein equation to get the hydrodynamic 

radius and the vesicle count for each modal size. Results were displayed as particle count 

per size distribution. Particle concentration was calculated based on the input volume. Data 

analysis was performed by NTA software 3.4 and the data are presented as the average and 

standard deviation of at least five video recordings.

2.4 | Single particle-interferometric reflectance imaging sensor (SP-IRIS) and Triton-x 100 
treatment assay

Single particle interferometric reflectance imaging sensing by Exoview R100 SP-IRIS 

analysis was performed using the ExoView Human Tetraspanin Kit (NanoView Biosciences, 

USA). Desired volume (tested by serial dilution, between 0.25 and 10 ul) of unprocessed 

AH samples were diluted in buffer A to a final volume of 40 μl. Thirty-five micro 

litre of each diluted sample was incubated on ExoView Tetraspanin Chip for 16 h at 

room temperature. The chips were then washed three times in solution A (ExoView 

Human Tetraspanin Kit, NanoView Biosciences, USA) and followed by incubation with 

Immunocapture antibodies that consist of anti-CD9 CF488, anti-CD81 CF555, and anti-

CD63 CF647. The antibodies were pre-diluted 1:500 in solution A. Two hundred and fifty 

microlitre of the antibody solution was added onto the remaining 250 μl solution A after the 
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chip washing step (1:1000, final antibodies dilution for incubation). After 1 h incubation at 

room temperature, the chips were washed, dried and then imaged with the ExoView R100 

reader using the ExoView Scaner 3.0 acquisition software. The data was then analysed using 

ExoView Analyzer 3.0.

A Triton-X 100 treatment assay was performed. AH samples from one PRD and one CAT 

patient were diluted 1:1 with a 0.2% Triton-X 100 in PBS to achieve a final Triton-X 100 

concentration of 0.1%, incubated for 10 min at room temperature and then processed on the 

ExoView platform as described.

2.5 | Statistical analysis

Categorical variables including eye laterality, gender and age at diagnosis were compared 

using the Fisher’s exact test. Continuous variables were summarized as the mean ± standard 

error of mean (S.E.M.) and average percentages ± S.E.M. All continuous variables are non-

normal distributed based on the Shapiro-Wilk testing. Non-normally distributed variables 

were compared by the pairwise Mann–Whitney U test. All statistical tests were two-tailed, 

and p < 0.05 was considered statistically significant. P-value were represented as: *p < 0.05; 

**p < 0.01; ***p < 0.001. All statistical analyses and plots were conducted using the Prism 

8 (GraphPad).

3 | RESULTS

3.1 | Participant demographics and treatment conditions

A total of 24 eyes of 19 patients were included in the study; five patients presented with 

bilateral disease; two Rb patient presented for secondary enucleation after treatment. No 

participants withdrew consent or were lost to follow-up over the study period. Demographics 

and treatment conditions at the time of sample collection are summarized in Table 1. 

Study group comparisons had no significant differences in eye laterality, gender, or age 

at diagnosis: Retinal pathology (Rb + PRD) versus non-retinal pathology (CAT+GLC) 

and treatment naïve Rb (Diagnosis + Primary enucleation) versus treatment active Rb 

(Secondary enucleation + chemotherapy), but the age at diagnosis was significantly lower 

for Rb patients: Normal (CAT + GLC + PRD) versus tumor (Rb). Treatment courses for 

eye salvage were nonrandomized and decided by the treating physicians without a prior 

knowledge of AH biomarkers. No patients had complications secondary to AH sampling, 

including infection, iris trauma, synechiae, hyphema or secondary cataract. No child with Rb 

developed extraocular disease or metastatic disease throughout the follow-up period.

3.2 | Size, quantity and concentration of AH EV/EPs

To characterize the EVs present in pediatric AH, the morphology and distribution of 

particles were examined under TEM. As seen in Figure 1a, a wide-field and close-up view of 

an individual unprocessed pediatric AH sample revealed a membrane-enclosed particle with 

a round morphology.

EV/EPs were obtained and quantified in all AH samples in four different pediatric eye 

diseases: congenital cataract (CAT), congenital glaucoma (GLC), pediatric retinal disease 
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(PRD) and retinoblastoma (Rb). Rb containing eyes were evaluated in two different 

groups, into treatment naïve retinoblastoma (Rb_Tn) and retinoblastoma treatment active 

retinoblastoma (Rb_Tx) containing eyes, making a total of five different pediatric eye 

disease states. Unprocessed AH samples were subjected to nanoparticle tracking analysis 

(NTA) for EV/EP quantification and comparison between different study groups (Figure 1, 

Supplementary Figure 1 and Table 2). The EV/EPs were detectable in all AH samples with 

a dominant proportion observed at the 80~100 nm size range (Figure 1b) and the AH EV/EP 

concentrations were determined in 3.11 × 10 (Delsin et al., 2019)~1.38 × 10 (Yu et al., 2014) 

particles per mL (Figure 1c). The nanoparticle modal size (76.8~103 nm, Figure 1d) and 

mean size (97.4~134.5 nm, Figure 1e) of the detected AH EV/EPs were <200 nm suggesting 

that small EV/EPs are a major constituent in AH. Study group comparisons showed that 

non-tumor containing eyes (CAT + GLC + PRD) had a smaller nanoparticle mean size 

compared to Rb containing eyes (P value 0.002, Table 2). More EV/EPs were significantly 

detected in Rb_Tn containing eyes compared to Rb_Tx containing eyes (P value 0.022, 

Table 2), suggesting the possibility of tumor-derived EV/EPs presence in Rb_Tn which were 

subsequently eliminated by treatment.

3.3 | Tetraspanins expression profile and quantification of AH EVs

A non-vesicular fraction (protein aggregates or other small particles) may be present in 

our unprocessed AH samples. To exclude the possibility of non-vesicular observations, 

immunocapture-based detection method for tetraspanin markers was applied to ensure the 

particles analysed are truly the tetraspanin-positive vesicles. Tetraspanin markers were 

evaluated in all AH samples obtained in all five different disease states. Single Particle-

Interferometric Reflectance Imaging Sensor (SP-IRIS) was utilized for and fluorescent-

based immunophenotyping of tetraspnin CD63-AF647 (red channel), CD81-AF555 (green 

channel) and CD9-AF488 (blue channel) in all unprocessed 27 AH samples at a single 

vesicle level (Figure 2a). Total fluorescent count in each spot pre-conjugated with anti-

CD63, anti-CD81 and anti-CD9 antibodies were examined in each sample (Figure 2b). 

By comparing the fluorescent signals from CD63-AF647, CD81-AF555 and CD9-AF488 

detected in each spot, higher vesicle count of CD63-AF647 positive EVs in CD63 spot 

could be detected in non-tumor containing eyes and Rb_Tx AH samples among all 

fluorescent positive EVs suggesting the CD63 positive EVs may be the dominant EV form 

in AH (Figure 2c). Additionally, higher CD81/CD9+ EV than CD9 positive EV counts 

were detected in CAT, GLC, and PRD in the CD9 spot (Figure 2c). Interestingly, higher 

fluorescent vesicle count could be detected in Rb_Tn samples suggesting the presence of 

tumor-derived small EVs (sEVs) before chemotherapy (Figure 2d).

We next profiled the tetraspanin subpopulations in AH EVs by analyzing the distribution 

of fluorescent tetraspanin expression in each spot (Figure 3a). The colocalization analysis 

showed that the spatial overlap fluorescent particle counts between different tetraspanins in 

each spot. Mono-CD63+ EVs were identified to be the most dominant sEV subpopulation 

from AH across CAT, GLC, PRD and Rb_Tx eyes (Figure 3b). However, more diverse 

sEV subpopulation profile was detected in Rb_Tn AH samples (Figure 3c). By converting 

each sEV subpopulation fluorescent particle count among total counts (percentages), the 

mono-CD63+ EV was highly enriched in the CD63 spot (Figure 3d,e). Significantly lower 
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percentage of mono-CD63+ EVs could be determined in Rb_Tn eyes compared to Rb_Tx 

eyes (70.3% versus 96.1%, p = 0.001, Figure 3f). However, accumulation of CD9/CD63, 

CD63/CD81 and CD9/CD63/CD81 subpopulations in Rb_Tn was observed (Figure 3f). 

These results suggested that the mono-CD63+ EV may be AH specific and additional 

tumor-related information may be carried by other sEV subpopulations which depletes the 

concentration of mono-CD63+ EVs in treatment naïve Rb eyes. Interestingly, we can detect 

greater CD9 and CD9/CD63/CD81 subpopulations but fewer CD9/CD81 subpopulations 

in retinal diseases suggesting the heterogeneity of sEV subpopulations may reflect the 

cell origin. Taken together, the colocalization analysis indicates the AH specificity of the 

mono-CD63+ EVs and the clearance of sEV heterogeneity by chemotherapy.

To determine if the particles captured on the Exoview R100 chip are membrane-enclosed, 

we pre-treated two AH samples with Triton-X 100 before loading onto the chip. Comparing 

to the untreated sample, all the fluorescent-positive particle counts were strongly decreased 

in the Triton-X 100 treated AH samples (Supplementary Figure 2) indicating that the 

majority of the particles we detected in SP-IRIS are vesicles with lipid bilayer membranes.

4 | DISCUSSION

Herein we demonstrate the first evaluation of AH-derived EVs—including quantification, 

size analysis and expression profiling—from pediatric patients with ocular disease. We 

evaluated 27 AH samples from 5 different disease states: congenital cataract, congenital 

glaucoma, pediatric retinal disease, treatment naïve and treatment active retinoblastoma in 

24 eyes of 19 patients.

NTA analysis of AH revealed that AH EV/EP concentration across pediatric disease states is 

at the level of 109–1010 particles per ml. This finding is consistent with previous EV studies 

that applied unprocessed AH as input material. Dismuke et al., identified the concentration 

of AH EV to be at the level of 108–109 vesicles per ml from adult cataract containing eyes 

(Dismuke et al., 2015), however, another group reported a concentration to the level of 1010–

1011 vesicles per ml using the pooled AH from adult diabetes and adult cataract groups (Gao 

et al., 2021). Further, by EV/EP sizing analysis, we determined that the diameter of the AH 

EV/EPs overlapped the typical small EV size range: 50–120 nm, suggesting that sEVs are 

the major constituent of the AH EV/EPs in pediatric eye disease. We also provide evidence 

that larger sized EV/EPs could be identified in AH from retinoblastoma eyes suggesting 

that tumor-derived EV/EPs may represent a heterogeneous population distinct from sEVs 

in terms of size and biogenesis (Ciardiello et al., 2020). Our investigations revealed that 

EVs can be identified in unprocessed AH, TEM images of AH revealed membrane-enclosed 

particles (Figure 1a) and confirmed that the particles analysed by NTA includes EVs.

Using a single vesicle analysis approach offers valuable biological information about the 

subpopulations of EVs in the AH in these pediatric patients. We found that there is a low 

expression of both CD81+ and CD9+ EVs, but a significant enrichment of CD63+ EVs 

across all eyes (Figure 3f), thus demonstrating CD63+ EVs as the dominant AH-specific 

EV in the eye. Furthermore, CD63+ EVs enrichment consisted of almost exclusively mono-

CD63+ EVs. Hoshino et al. characterized EVs from 426 human samples including different 
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human biofluids and demonstrated CD63 was rarely present in human derived samples, 

however no ocular biofluids were evaluated (Hoshino et al., 2020). CD63 was present in 

≤10% of human plasma, serum, lymphatic, and bile duct fluid samples. Notably, our report 

of mono-CD63+ EV enrichment in the AH of all samples suggests that CD63+ EV is 

AH-specific and not enriched in other human biofluids such as plasma. The rrCD9/CD81 

EV subpopulation was dominant in the plasma of 2 Rb patients (Supplementary Figure 3). 

Interestingly, Otsuki et al. reports CD63+ EVs from murine retinal pigment epithelial (RPE) 

cells participates in cell to cell communication with macrophages (Otsuki et al., 2021). RPE 

cell derived EV involvement with cell to cell communication with macrophages was first 

suggested by the same authors in 2016 and CD63+ EVs role was only recently delineated. 

Macrophages are closely involved in ocular inflammation and are the source of tumor 

necrosis factor-α, an activator of RPE cells. Thus, implicating CD63+ EVs are involved in 

the pathogenesis of macrophage-driven ocular inflammation. The eye, like the brain, is an 

unique area of immune privilege with strict immune regulation regulated by the blood-ocular 

barrier (Forrester & Xu, 2012). Ciliary body and iris pigment epithelial cells, which are 

in contact with the AH, are involved in cell-to-cell communication in maintaining the 

immune system of the eye (Mochizuki et al., 2013). Importantly, our report of CD63+ EV 

enrichment in the AH suggests that CD63+ EV may have a role in the immunoregulatory 

microenvironment in the eyes. The microenvironment surrounding the immune response in 

the ocular system is an area of active research.

One particularly interesting aspect of our investigation is that we demonstrated that eyes 

with retinoblastoma had a significant increase in concentration of EV/EPs, including CD63+ 

EVs, compared to other pediatric eyes diseases but no significant difference in modal size 

or mean size distribution (Table 2). In retinoblastoma eyes before treatment (treatment naïve 

Rb_Tn), there was a significantly more heterogeneous EV population; this heterogeneity 

decreased significantly after therapy (treatment active Rb_Tx) leaving primarily mono-

CD63+ EVs as is seen in the AH from other pediatric eye diseases (CAT+GLC+PRD) 

(Figure 3f). Thus, the heterogeneity in EVs before treatment is likely tumor-derived and 

the post-treatment enrichment of CD63+ EVs in AH suggests a positive treatment response 

demonstrating that the eye is approaching a more ‘normal’ ocular state with a concomitant 

decrease in tumor-derived EVs. This further supports that CD63+ EVs may be the most 

abundant and AH specific EV across multiple disease states; it may also be a potential 

biomarker to indicate positive treatment response in children with Rb.

However, one limitation of our study is our small sample size and further studies on large 

patient cohorts with orthogonal methods, such as vesicle flow cytometry will be required to 

validate these findings. Another limitation to this investigation is the variability of diseases 

represented in this study and small cohort numbers within these diseases. Larger cohort 

sizes within each pediatric ocular disease cohorts are needed to further validate our findings 

within these groups. Finally, our methodology to characterize the extracellular particles 

present in the AH are limited to TEM, SP-IRIS and NTA analyses, and thus we present these 

findings as specific to the platforms utilized in this report.

In conclusion, we present a novel study that quantifies and identifies EV subpopulations 

in the AH in pediatric ocular diseases. This single vesicle analysis of AH EVs further 
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validated the presence of sEVs as the dominant EV/EP size present in the AH and 

confirms that EVs are readily detectable in the AH by NTA and SP-IRIS. Additionally, 

our findings suggest that CD63+ EVs are specific to the AH as compared to other human 

biosufluids. Future studies validating CD63+ EVs as an AH-specific biomarker in both 

pediatric and adult ocular disease are warranted as these may serve as a critical player 

in the immunoregulatory system in eyes. Finally, we also offer supporting evidence that 

heterogenous EV subpopulations are normalized after treatment in retinoblastoma eyes, thus 

suggesting that tumor associated EVs in the AH could be used as a biomarker to monitor 

successful tumor response to treatment. However, this needs to be validated in future studies 

with a larger cohort of Rb eyes to evaluate response to therapy. The findings of this initial 

study suggest that further studies utilizing single vesicle analysis of sEVs in the AH are 

warranted to elucidate the ocular microenvironment and molecular cargo in pediatric eyes; 

using this technology there is potential to identify and validate biomarkers of multiple 

diseases causing childhood blindness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Characterization of EV/EPs from unprocessed aqueous humor by Transmission Electron 

Microscopy (TEM) and NTA scatter analysis. (a) Representative TEM wide-field and close-

up images of extracellular vesicles in a pediatric aqueous humor sample. (b) Average 

particle counts versus size distribution plots in each disease state. (c–e) Average particle 

concentration, modal, and mean size in each disease state. Error bars represent standard 

deviations obtained from each study group. See also Supplementary Figure 1 for particle 

counts versus size distribution plot for each sample
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FIGURE 2. 
Tetraspanin expression analysis of unprocessed aqueous humor samples using the SP-

IRIS analysis. Samples were analysed by the Exoview R100 system. (a) Representative 

fluorescent images detected by fluorescent-conjugated antibodies (red: CD63-AF647, green: 

CD81-AF555 and blue: CD9-AF488) on Exoview tetraspanin chip immunocapture spots. (a) 

Total fluorescent particle counts normalized to isotype control IgG on a single capture spot 

in individual samples. (c,d) Total fluorescent particle counts normalized to isotype control 

IgG determined by detection antibody on three capture spots in five pediatric disease states. 

Error bars represent ± one S.E.M
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FIGURE 3. 
Colocalization analysis of tetraspanin subgroups of unprocessed aqueous humor samples 

using the SP-IRIS analysis. Samples were analysed by the Exoview R100 system. (a) 

Representative fluorescent images detected by fluorescent-conjugated antibodies (red: 

CD63-AF647, green: CD81-AF555 and blue: CD9-AF488) on one immunocapture spot. 

(b,c) Tetraspanin subpopulation distribution in five pediatric disease states. Data were 

denoted as normalized fluorescent particle counts. (d–f) Percentages of tetraspanin 

subpopulation distribution in five pediatric disease states. Error bars represent ± one S.E.M. 

* p < 0.05, ** p < 0.01 calculated by Mann-Whitney U test
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TABLE 1

Clinical demographic for each study participant eye

Patient Eye_ID Disease Eye Gender Age at Dx (mos) Treatment when sample collected

CAT_01 CAT_01_OD CAT OD Male 168 CE/AV/IOL

CAT_01 CAT_01_OS CAT OS Male 168 CE/AV/IOL

CAT_02 CAT_02_OD CAT OD Male 1 CE/AV

CAT_03 CAT_03_OD CAT OD Male 4 CE/AV

GLC_01 GLC_01_OD GLC OD Male 4 Trabeculotomy

GLC_01 GLC_01_OS GLC OS Male 4 Trabeculotomy

GLC_02 GLC_02_OD GLC OD Female 50 Trabeculotomy

GLC_03 GLC_03_OD GLC OD Female 168 Trabeculotomy

GLC_03 GLC_03_OS GLC OS Female 168 Trabeculotomy

GLC_04 GLC_04_OD GLC OD Female 196 Aqueous shunt revision right eye

PRD_01 PRD_01_OSA PRD OS Male 179 Vitrectomy

PRD_01 PRD_01_OSB PRD OS Male 179 Vitrectomy

PRD_02 PRD_02_OD PRD OD Male 138 Vitrectomy, lensectomy

PRD_03 PRD_03_OD PRD OD Male 15 pars plana vitrectomy OD

Rb_01 Rb_01_OD Rb OD Female 2 Secondary enucleation

Rb_02 Rb_02_OD Rb OD Female 4 Diagnosis

Rb_02 Rb_02_OS Rb OS Female 4 Diagnosis

Rb_03 Rb_03_OSD Rb OS Male 22 Diagnosis

Rb_03 Rb_03_OSC Rb OS Male 22 Carboplatin

Rb_03 Rb_03_OSE Rb OS Male 22 Secondary enucleation

Rb_04 Rb_04_OD Rb OD Male 30 Intra-arterial chemotherapy for salvage

Rb_05 Rb_05_OD Rb OD Male 25 Primary enuleation

Rb_06 Rb_06_OD Rb OD Male 9 Carboplatin, etoposide, vincristine systemic chemotherapy for 
salvage

Rb_06 Rb_06_OS Rb OS Male 9 Carboplatin, etoposide, vincristine systemic chemotherapy for 
salvage

Rb_07 Rb_07_OS Rb OS Male 24 Diagnosis

Rb_08 Rb_08_OD Rb OD Female 24 Primary enuleation

Rb_09 Rb_09_OD Rb OD Male 2 Diagnosis

Study group comparison

P-Value Eye (Fisher) Gender (Fisher) Age at Dx (MWU)

Normal (14) vs. Tumor (13) 0.704 0.999 0.045*

Retina (17) vs. Non-Retina (10) 0.448 0.415 0.464

Rb naïve (7) vs. Treatment active (6) 0.999 0.559 0.960

Abbreviations: CAT, congenital cataract; GLC, congenital glaucoma; PRD, pediatric retinal disease; Rb, retinoblastoma; OD, oculus dextrus; OS, 
oculus sinister; CE, cataract extraction; AV, anterior vitrectomy; IOL, intraocular lens.

Normal (CAT+GLC+PRD), Tumor (Rb); Retina (Rb+PRD), Non-retina (CAT+GLC); Rb naïve (Diagnosis+Primary enucleation), Treatment active 
(Secondary enucleation+chemotherapy); Fisher (Fisher’s extract test), MWU (Mann-Whitney U test).
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TABLE 2

Summary of nanoparticle tracking analysis

Concentration (Particles/ml) Modal size (nm) Mean size (nm)

# of samples Average SEM Average SEM Average SEM

CAT 3 3.11E+09 2.85E+08 93.4 15.5 114.4 6.1

GLC 5 8.47E+09 2.02E+09 89.0 4.0 110.2 3.3

PRD 4 7.36E+09 2.70E+09 76.8 1.3 97.4 3.2

Rb_Tn 7 1.38E+10 4.45E+09 103.0 6.3 134.5 7.7

Rb_Tx 6 4.55E+09 7.90E+08 84.8 3.7 117.7 1.6

Study group comparison

P-Value (Mann-Whitney U test) Conc. Modal size Mean size

Normal (12) vs. Tumor (13) 0.538 0.205 0.002**

Retina (17) vs. Non-retina (8) 0.669 0.711 0.374

Rb naïve (7) vs. Treatment active (6) 0.022* 0.073 0.138

Abbreviations: CAT, congenital cataract; GLC, congenital glaucoma; PRD, pediatric retinal disease; Rb_Tn, retinoblastoma treatment naïve; 
Rb_Tx, retinoblastoma treatment active. Normal (CAT+GLC+PRD), Tumor (Rb); Retina (Rb+PRD), Non-retina (CAT+GLC); Rb naïve 
(Diagnosis+Primary enucleation), Treatment active (Secondary enucleation+chemotherapy).
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