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Abstract

Extracellular vesicles (EVs) are lipid-bound vesicles that originate from the endosomal system 

or budded off from the plasma membrane. EVs are involved in cell-cell communication via 

transporting DNA, RNA, and proteins from one cell to another. Tear EVs (tEVs) have been 

reported in dry eye, Sjӧgren’s Syndrome, and primary open-angle glaucoma. In this study, we 

sought to investigate the presence of tEVs in relation to keratoconus (KC). Tears were passively 

collected from the lateral meniscus from 10 healthy (5 males and 5 females) and 9 KC (4 males 

and 5 females) subjects. Tear samples were processed and analyzed using the ExoView™ R100. 

Statistical analysis was performed using a Mann-Whitney U non-parametric Student’s t-test. All 

tEVs, in both Healthy and KC subjects, showed a CD9+ dominant tEV cohort independent of 

sex. A significant decrease in CD63+/CD9+ and CD63+/CD81+/CD9+ was found in the male 

KC tEVs (p<0.05), but not in females compared to their healthy counterparts. Neither Healthy 

nor KC tEVs showed differences in the total number of tEVs, however significant differences 

1EVs: Extracellular vesicles, KC: Keratoconus, tEVs: tear extracellular vesicles, HM: Healthy Males HF: Healthy Females, KCM: 
Keratoconus Males, KCF: Keratoconus Females, ARC: Anterior radius curvature.
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were identified between the sexes (p<0.05), with males having a higher number of tEVs. tEVs 

diameters ranged from 50–200nm, in both Healthy and KC cohorts, with the majority in the 

50–80nm range suggesting exosome-dominant cohorts. To our knowledge, this is the first time, to 

date, that tEVs have been isolated and characterized in KCs. While further studies are warranted, 

the tEVs differences between KC and Healthy subjects suggest a potential role for tEVs in KC 

pathogenesis.1

Keywords

Keratoconus; tear; extracellular vesicles; cornea; tetraspanin; phenotype

1. Introduction

Extracellular vesicles (EVs) are membranous structures released from cells originated 

from the endosomal system or shed from the plasma membrane (Koritzinsky et al. 2017; 

Batrakova and Kim 2015; van Niel, D’Angelo, and Raposo 2018; Raposo and Stoorvogel 

2013; Cocozza et al. 2020). Currently, EVs are divided into three types: microvesicles, 

apoptotic vesicles, and exosomes (Batrakova and Kim 2015; Cocozza et al. 2020; Akers et 

al. 2013; O’Brien et al. 2020). Briefly, microvesicles range from 100–1000nm in diameter 

and are released from cells by shedding of the plasma membrane (Zhang and Yu 2019). 

Apoptotic vesicles are products of an apoptotic cell disassembly process (Zhang and Yu 

2019) with a size range of 1000–5000nm in diameter (Zhang and Yu 2019; Crescitelli et 

al. 2013). In contrast, exosomes are released from multivesicular bodies with sizes ranging 

from 50nm to 150nm (Zhang and Yu 2019). Exosomes carry a wide variety of cargos, such 

as proteins, cell-surface receptors, microRNAs, and mRNAs that aid in vesicle formation 

and trafficking (Dai et al. 2020; Koritzinsky et al. 2017). Currently, there are three main 

types of tetraspanins used to identify EVs: CD63, CD81, and CD9 (Mathieu et al. 2021; 

Huang et al. 2019). Tetraspanins are scaffold proteins that span the membrane four times 

and is present in all cell types (Ghossoub et al. 2020; Huang et al. 2019). EVs are found in 

the cornea, and have been reported to assist in corneal epithelium wound healing, however 

their role in the corneal pathobiology remains elusive (Zieske, Hutcheon, and Guo 2020). 

All three EV types have been reported in human bodily fluids, including blood, urine, saliva, 

and tears (Aqrawi et al. 2017; Alberro et al. 2021; Erdbrugger et al. 2021; Li et al. 2020; 

Akers et al. 2013; de Freitas et al. 2021).

Due to their rich composition in nutrients, metabolic products, water, electrolytes, proteins, 

lipids, mucins, and defensins (Tiffany 2003; Pieczynski et al. 2021) tear fluids operate 

as both a delivery and an excretory system directly interacting with and influencing the 

human cornea (Tiffany 2003). The presence of tear EVs (tEVs) was originally reported 

by Grigor’eva et al. in 2016 (Grigor’eva et al. 2016) but remains vastly understudied 

(Pieczynski et al. 2021). In the context of the human cornea, to date, tEVs have been 

reported in subjects with dry eye, Sjӧgren’s Syndrome, and primary open angled glaucoma 

(POAG) (Aqrawi et al. 2017; Zhang et al. 2020; Tamkovich et al. 2019). Considering the 

close proximity of tear fluid to the cornea and the number of diseases/dystrophies that could 

be affected by the presence of tEVs, clinical studies are lacking.
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Keratoconus (KC) is a human cornea disease characterized by significant thinning, bulging, 

and scarring (Fournie et al. 2013; Asimellis and Kaufman 2022; Lang, Maier, and Reinhard 

2021), which can ultimately lead to devastating vision loss if left untreated (Moussa et 

al. 2017; Jian et al. 2018; Fournie et al. 2013). KC is generally considered as a non-

inflammatory, progressive condition that affects approximately 1:400 people worldwide 

(Sharif et al. 2018; Sharif, Fowler, and Karamichos 2018; Fournie et al. 2013). It typically 

starts during puberty (Vohra, Tuteja, and Chawla 2022; Santodomingo-Rubido et al. 2022) 

and affects both sexes and all ethnicities (Santodomingo-Rubido et al. 2022). The tear fluid 

in those who suffer from KC has been investigated using proteome (Lopez-Lopez et al. 

2021; Nishtala et al. 2016; de Almeida Borges et al. 2020; Galvis et al. 2015) and cytokine 

(Balasubramanian et al. 2012; Fodor et al. 2021; Zhang et al. 2021; Sorkhabi et al. 2015; 

Galvis et al. 2015) screening, but to date, there are no studies showing the existence of tEVs 

in those subjects. Our study serves as the first insight into the presence and phenotype of 

tEVs in KC.

Overall, tEVs are a rich, untapped resource that may hold vast clues to the health status 

of the individuals producing them. Consequently, it is paramount to determine better 

understanding both ocular homeostasis and pathology. Understanding their potential role and 

function in corneal health and disease states is of significant potential interest to researchers 

and clinicians alike.

2. Materials and Methods:

2.1 Ethics Statement

All experiments described in this study adhered to the Declaration of Helsinki. Prior to 

inclusion in the study, written consent was obtained from each subject. Institutional Review 

Board (IRB) approval from Dean McGee Institute (1576837-2) and Aarhus University 

Hospital (1-10-72-77-14) was received according to the institutional and federal guidelines. 

All tear samples were de-identified before processing. In addition, all studies were reviewed 

and approved by the North Texas Regional Institutional Review Board (#2020-030).

2.2 Experimental design

Tears were collected from both healthy and KC subjects. Tear collections were performed 

using glass capillary tubes, passively collected from the lateral meniscus after inducing 

tear flow (McKay et al. 2020; Karamichos et al. 2015; Sharif et al. 2019; Priyadarsini et 

al. 2014). Collected samples were given a unique identification code and were stored in 

Eppendorf tubes at −20°C.

2.3 Cohort included

Tear samples were collected from 5 healthy males (HM), 5 healthy females (HF), 4 KC 

males (KCM), and 5 KC females (KCF) (Table 1). KC subjects included in this study were 

diagnosed clinically via slit-lamp biomicroscopy and ancillary diagnostic testing, including 

ultrasound pachymetry and computerized corneal tomography (Pentacam, Oculus Inc., 

Wetzlar, Germany). Corneal curvature, refractive astigmatism, keratometric astigmatism, 

best-corrected visual acuity, and corneal thickness measurements were recorded. KC 
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severity was determined using the ABCD grading system (Belin et al. 2020; Dubinsky-

Pertzov et al. 2021). Group 1 was the least severe KC group with an anterior radius 

curvature (ARC), converted to dioptric values, of <48.0D, followed by group 2 with ARC 

<53.0D, then group 3 with an ARC<55.0D, and finally group 4 being the most severe group 

with an ARC >55.0D, but no subjects in this presented study met criteria for inclusion in 

this category. For this cohort, 4 subjects were in Group 1, 4 in Group 2, and 1 in Group 

3. The Healthy subjects included had no previous or active ocular or systemic disease(s). 

Furthermore, HM and HF subjects had no prior or future scheduled ocular surgeries. The 

average age for the healthy cohort was 55.5±18.69 years old and 32.2±9.17 for KCs (Table 

1).

2.4 Tear fluid preparation and processing

ExoView kits (EV-TETRA-C, NanoView Biosciences, Boston, MA, USA) were used to 

analyze the tEVs (Wise et al. 2021; Deng et al. 2022; Samoylenko et al. 2021). Briefly, all 

tear samples were diluted to optimized 100x Solution B (1 μL tears + 99 μL Solution B). 70 

uL of the diluted sample were placed on the chips overnight. The chips included three mouse 

antibodies targeting human tetraspanin markers (CD9+, CD63+ and CD81+). The next 

morning, the chips were washed three times. A detection antibody cocktail containing three 

mouse antibodies, anti-human CD81+ conjugated with Alexfluor 488, CD63+ conjugated 

with Alexfluor 647, and CD9+ conjugated with Alexfluor 555 and blocking solution, was 

added to the chips and incubated at room temperature for 1 hour, and subjected to three 

cycles of washing using a chip washer (CW100, NanoView Biosciences, Boston, MA, 

USA). The chips were then dried and scanned using the ExoView Scanner software version 

3.1 (ExoView R100, NanoView Biosciences, Boston, MA, USA). The total particle counts, 

immunofluorescence, and sizes of the tEVs were analyzed using the ExoView Analyzer 

software version 3.1.

2.5 Tetraspanin fingerprinting and Statistical analysis

The tetraspanin fingerprint pie charts for the captured tEVs from each sample showed the 

breakdown of the tetraspanin phenotype for those particles captured by each wavelength. 

The colocalized staining is considered an accurate measure of identifying the phenotype 

of captured EVs (Han et al. 2021) by allowing the total tetraspanin positive cohort to be 

accurately summed across the different capture type and generating a single detected total 

value, thus allowing for comparison of both the quantity and type of tEVs in each subject 

cohort. Our analysis and dataset explored the changes in total tEVs among the KC and 

Healthy cohorts. Furthermore, we identified and defined KC-specific sub-cohorts, when 

compared to healthy subjects.

GraphPad Prism 9.2.0 software was used for statistical analysis. Mann-Whitney U 

nonparametric tests were utilized, and values of p ≤ 0.05 were considered significant. 

Figures 1, 3 and 5 were plotted with the mean ± standard error of the mean.
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3. Results:

3.1 Healthy vs. KC

Figure 1 shows that the overall tetraspanin tEV counts were increased by 1.31 fold 

in KCs, without reaching the significance threshold (p=0.3026). Among the specific sub-

cohorts, those with fold increases greater than the total were two of the mono-tetraspanin 

cohorts, CD81+ and CD9+, as shown in Figure 2A–B. These tEVs displayed only a single 

tetraspanin type with CD63+ down 1.13 fold, CD81+ up 3.77 fold, and CD9+ up 1.54 fold. 

The only multi-tetraspanin cohort greater than the total was CD81+/CD9+ at 1.79 fold. 

There was a significant decrease in CD63+/CD9+ (p=0.0228) when comparing the total 

healthy and total KC tEVs, as shown in Figure 2B.

3.2 Tear EVs are Predominantly CD9+ Positive and Uniform in Size

The tetraspanin fingerprint results for all tEVs showed a similar phenotype, with the 

largest cohort of particles being CD9+ and the second largest being CD63+/CD9+ 

colocalized. When comparing the healthy against KC tEVs, results were consistent within 

each group as 70–84% of the total captured tEV particles contained CD9+ (includes 

CD9+, CD63+/CD9+, CD81+/CD9+, and CD63+/CD81+/CD9+), 36–53% contain CD63+ 

(includes CD63+, CD63+/CD81+, CD63+/CD9+and CD63+/CD81+/CD9+) and 27–32% 

contain CD81+ (includes CD81+, CD63+/CD81+, CD81+/CD9+, CD63+/CD81+/CD9+). 

Data indicates that tEVs have a consistent CD9+ dominant phenotype. Strong colocalization 

of CD81+/CD9+ (13–17%) and CD63+/CD9+ (17–29%) was also found, but less frequently. 

Furthermore, CD81+ and CD63+/CD81+ tEVs comprised 8–17% of the total tEVs when 

not colocalized with CD9+ as shown in Table 2. This general phenotype persisted across all 

tEVs, as shown in Figure 3A–B. The HM tEVs showed counts that were more spread out 

compared to HF tEVs whose counts were more grouped/closer together. The same was true 

between KCM and KCF tEVs. Overall, total tEV counts in the healthy cohort appeared to be 

grouped/closer together than the KC tEVs, as shown in Figure 3A–B.

The overall size of the tEVs was uniform with less frequent larger particles, as shown in 

Figure 4A–C. Most of the tEVs for healthy and KC samples ranged in sizes of 50–80nm, 

suggesting heavy exosome presence. Regarding sex dependence, HMs had more tEVs above 

80nm in diameter, while HFs had less measuring above 80nm. Interestingly, such differences 

were not seen in the KC cohort, where KCMs and KCFs showed an even size distribution of 

tEVs.

3.3 Sex-Based Differences are Revealed in Total EV Counts

Figure 5A–B describes sex-dependent differences in the total tEVs. In healthy, the total 

tetraspanin tEVs detected were 1.27 fold higher in HMs than HFs (p=0.0046) (Fig. 5A). 

Similarly, in KCs, the total tetraspanin tEVs were 3.16 fold higher in KCMs than KCFs 

(p=0.0122) (Fig. 5B). Despite the differences between the sexes in tEV counts, the total 

number of tEVs was still increased in KCM and KCF with the KCMs having a fold increase 

of 1.89 and the KCFs having a fold increase of 0.76 when compared to their healthy 

counterparts.
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When examining the sex differences in the KCs, CD81+/CD9+ were upregulated compared 

to healthy (Figure 6A–D). The CD81+ cohort also showed an increase of 2.06 fold for HF 

and KCF and 4.81 fold for HM and KCM when stratified by sex. CD63+/CD9+ (p=0.0317) 

and CD63+/CD81+/CD9+ (p=0.0476) had a significant decrease between the HMs and 

KCMs, as shown in Figure 6D.

These data revealed subtle changes in the makeup of tEVs within the different cohorts. 

Further, while tEVs general phenotype seems conserved between sexes, males showed 

higher counts of tEVs.

4. Discussion

Our study represents the first report of tEVs isolated from KC subjects. KC is 

primarily considered a bilateral disease of the cornea (Asimellis and Kaufman 2022) with 

multifactorial onset (de Azevedo Magalhaes, Goncalves, and Gatinel 2021; Bykhovskaya 

and Rabinowitz 2021; Nishtala et al. 2016) which include: the interaction of hormonal 

(Karamichos et al. 2021; Escandon et al. 2022; McKay, Priyadarsini, and Karamichos 

2022), genetic (Gordon-Shaag et al. 2015; Ates, Estes, and Liu 2021; Wheeler et al. 2012), 

environmental (Gordon-Shaag et al. 2015), and biochemical factors (Mohammadpour, 

Heidari, and Hashemi 2018). A simple mechanical action, such as eye-rubbing, is also 

speculated to increase the risk of KC onset (Nishtala et al. 2016). Down syndrome 

and Leber’s congenital amaurosis have also been reported to have a high incidence of 

KC, attributed to the eye rubbing habits associated with the two disorders (Rabinowitz 

1998). Currently, treatment options for KC remain limited and include non-surgical 

treatments, such as glasses and contact lenses, and surgical interventions such as corneal 

crosslinking, intrastromal corneal ring segments, and keratoplasty (Seitz et al. 2021) (corneal 

transplantation). Unfortunately, significant drawbacks still exist with these options, as well 

as an economic burden on patients and the healthcare system.

Currently, genetic research is being conducted to discover and confirm potential genes 

associated with KC. The genes that are known to be involved in the development of KC 

include Superoxide dismutase 1 (SOD1), Visual system homeobox (VSX1), Dedicator 

of cytokinesis 9 (DOCK9), lysyl oxidase (LOX), type IV collagen alpha 3 (COL4A3), 

and type IV collagen alpha 4 (COL4A4) (Wheeler et al. 2012; Barrientez et al. 2019; 

Burdon and Vincent 2013; Saravani et al. 2015). Not only is KC influenced by genetic 

variations, but hormones are also known to enhance the risk of KC onset. In 2019, our 

group showed downregulation of Estrone and Estriol and significant upregulation of adrenal-

derived DHEA-S in KC vs. healthy patients (Karamichos et al. 2021). More recently, we 

reported sex biases between Estrone/Estriol and sex hormone receptors in the KC corneal 

stroma (Escandon et al. 2022). The thyroid hormone, Thyroxine, has also been reported to 

be present in higher levels in KC vs. healthy tears (McKay, Priyadarsini, and Karamichos 

2022; Gatzioufas and Thanos 2008). Additionally, due to hormonal changes, pregnancy has 

been reported to be a risk factor for KC onset and progression.

Biomechanics are also considered critical to KC pathobiology. KC is known to disorient 

the collagen fibrils, reducing the cross-links between them and decreasing the number of 
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lamellae found in the cornea, leading to significant instability (Karamichos et al. 2021). 

Markers for corneal biomechanics, such as corneal hysteresis (CH) and corneal resistance 

factor (CRF) that are commonly used for defining corneal biomechanics, are also altered 

in KC subjects (Karamichos et al. 2021). Overall, the use of tears in KC studies provides 

an easily-accessible, minimally-invasive, and cost-effective resource that can be utilized to 

understand the disease better. Recent studies on KC tear fluid have revealed an increase 

in systemic levels of pro-inflammatory factors (McKay et al. 2020) and have shown 

significant differences in biochemical factors (Shetty et al. 2020). Tear fluid has also aided in 

determining biomarkers specific to KC, such as Prolactin-Induced Protein (PIP) (Sharif et al. 

2019). Proteomics and metabolomics have been utilized, by many, revealing a large number 

of proteins and metabolites significantly altered in KCs when compared to healthy subjects, 

including hormones (Lopez-Lopez et al. 2021), immunoglobins (McKay et al. 2020), and 

metabolites (Karamichos et al. 2015).

Due to the EV biogenesis process, either from the endosomal system or from being shed 

from the plasma membrane, EVs have different proteins located on their surface (van Niel, 

D’Angelo, and Raposo 2018; Colombo, Raposo, and Thery 2014). The three tetraspanins, 

CD63+, CD81+, and CD9+, each play their unique roles in the cell. CD63+ is associated 

with the endosomal system, which produces exosomes and assists in membrane transport, 

fusion, and protein kinase signaling, and also aids in releasing EVs from the cell (Yanatori 

et al. 2021). CD81+ plays a role in membrane organization, protein trafficking, and cell-cell 

interactions in the immune system (Vences-Catalan et al. 2017) and helps regulate adaptive 

and innate immune suppression (Vences-Catalan et al. 2017). CD9+ plays a role in cell 

adhesion, motility, growth, differentiation, and in the immune system as well (Lorico et al. 

2021). Studies have shown that all three tetraspanins found on human corneal tissue-derived 

EVs can aid in corneal wound healing (Samaeekia et al. 2018; Shojaati et al. 2019). In 

this study, we identified for the first time, significant decreases in the CD63+/CD9+ and 

CD63+/CD81+/CD9+ KC tEVs, possibly indicating a reduction in exosome release from the 

endosomal system and reduced immune response ability.

EVs have been thoroughly investigated throughout the body, especially in cancer research 

(Zieske, Hutcheon, and Guo 2020; Dai et al. 2020). On the other hand, tEVs research is 

an area that is severely understudied, with only a few studies published in the last decade. 

Recently, tEV research was conducted on subjects diagnosed with Sjӧgren’s Syndrome 

and dry eye (Aqrawi et al. 2017). Studies conducted using tear samples from Sjӧgren’s 

Syndrome subjects reported no significant differences in the number of tEVs isolated from 

the diseased compared to healthy subjects (Aqrawi et al. 2017), similar to our findings 

with KC tEVs. A group studying EVs in dry eye discovered a significant difference in the 

expression profiles of low-molecular-weight proteins and peptides between healthy subjects 

and patients diagnosed with dry eye (Zhang et al. 2020). Our findings suggest that not only 

is there a difference between healthy and KC patients, but there is also a sex difference 

between males and females with different numbers of particles from tears. However, much 

larger cohorts are needed both in Healthy and in KCs in order to accurately determine such 

differences. Further, the connection/tie (if any) between tEVs and the EVs found within the 

cornea tissue is unknown and should be investigated. Overall, our study provides a glimpse 

Hefley et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of what the characteristics of tEVs are in KC, and shines a spotlight on their existence. 

Future studies will focus on executing a statistically powered study

5. Conclusion

The novel findings of this study provide considerable insights into KC related to tEVs.

Among all body fluids, tears present a highly advantageous and favorable entity for 

biomarker studies, mainly due to their proximity to the cornea. Tear sample collection is 

a non-invasive and economic modality with minimal clinical harm/risk to the patients, and 

can prove highly impactful when investigating tEVs. Depending on what future clinical 

studies observe, tEVs could serve as a potential executant for KC, and remains an area of 

interest for researchers and clinicians alike.
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Highlights:

• For the first time, tear extracellular vesicles were identified, isolated and 

characterized in keratoconus subjects.

• Tear extracellular vesicles, from keratoconus subjects, exhibited a distinct 

phenotype, when compared to their healthy counterparts.

• Tear extracellular vesicles from male keratoconus subjects showed higher 

total counts.
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Figure 1: 
Total tEV counts for healthy and KC subjects. Healthy: n=10, KC: n=9. p=0.3026
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Figure 2: Phenotypes of tEVs isolated from Healthy and KC samples.
A) Phenotype of Healthy tEVs. B) Phenotype of KC tEVs. CD63+/CD9+ is significantly 

decreased between healthy and KC subjects. *p<0.05
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Figure 3: Total particle count for Healthy and KC samples.
A) Total particle count for each healthy sample. B) Total particle count for each KC samples.
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Figure 4: Particle sizes.
Particle sizes were counted between the cutoff ranges of 50nm-200nm. A) Sizes of particles 

present when fluoresced at the CD63+ wavelength (647). B) Particles sizes present when 

fluoresced at CD81+ wavelength (488). C) Sizes of particles present when fluoresced at the 

CD9+ wavelength (555).
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Figure 5: Total Particle count for Male vs Female samples.
A) Total particle count for HM vs HF with a significance of **p<0.01. B) Total particle 

count for KCM vs KCF with a significant difference of *p<0.05.
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Figure 6: Phenotypes of tEVs isolated from Healthy and KC samples.
A) Phenotype of HF tEVs. B) Phenotype of HM tEVs. C) Phenotype of KCF tEVs. D) 

Phenotype of KCM tEVs with a significant decrease in CD63+ and CD63+/CD9+ when 

compared to the overall KC. *p<0.05
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Table 1:

Age, Sex, and KC severity of tear samples collected from KC subjects.

Healthy KC

Age (years)

 Overall 55.5 ± 18.69 32.2 ±9.17

 Male 61.8 ± 17.21 26.8 ± 9.23

 Female 49.4 ± 17.79 37.6 ± 5.68

Sex

 Male 5 4

 Female 5 5

KC Severity (ABCD system)

 1: <48D − 4

 2: <53D − 4

 3: <55D − 1

 4: >55D − 0
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Table 2:

Percentage of particles found in each phenotypic category.

HF HM KCF KCM

CD63+ 14% 8% 17% 10%

CD81+ 6% 3% 3% 5%

CD9+ 28% 36% 34% 41%

CD63+/CD81+ 10% 5% 5% 6%

CD63+/CD9+ 26% 29% 22% 17%

CD81+/CD9+ 13% 14% 14% 17%

CD63+/CD81+/CD9+ 3% 5% 5% 3%

HF = Healthy Female; HM = Healthy Male;

KCF = Keratoconus female; KCM = Keratoconus Male
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