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Abstract

Dry eye disease (DED) affects hundreds of millions of people worldwide. It is characterized 

by the production of inflammatory cytokines and chemokines as well as damaging matrix 

metalloproteinases (MMPs) at the ocular surface. While proteoglycan 4 (PRG4), a mucin-like 

glycoprotein present at the ocular surface, is most well known as a boundary lubricant that 

contributes to ocular surface integrity, it has been shown to blunt inflammation in various cell 

types, suggesting a dual mechanism of action. Recently, full-length recombinant human PRG4 

(rhPRG4) has been shown to improve signs and symptoms of DED in humans. However, there 

remains a significant need for basic science research on rhPRG4’s biological properties and its 

potential therapeutic mechanisms of action in treating DED. Therefore, the objectives of this 
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study were to characterize endogenous PRG4 expression by telomerase-immortalized human 

corneal epithelial (hTCEpi) cells, examine whether exogenous rhPRG4 modulates cytokine and 

chemokine secretion in response to dry eye associated inflammation (TNFα and IL-1β), explore 

interactions between rhPRG4 and MMP-9, and understand how experimental dry eye (EDE) 

in mice affects PRG4 expression in mice. PRG4 secretion from hTCEpi cells was quantified 

by Western blotting and expression visualized by immunocytochemistry. Cytokine/chemokine 

production was measured by ELISA and Luminex, while rhPRG4’s effect on MMP-9 activity, 

binding, and expression was quantified using an MMP-9 inhibitor kit, surface plasmon resonance, 

and RT-PCR, respectively. Finally, EDE was induced in mice, and PRG4 was visualized by 

immunohistochemistry in the cornea and Western blotting in lacrimal gland lysate. In vitro results 

demonstrate that hTCEpi cells synthesize and secrete PRG4, and PRG4 secretion is inhibited by 

TNFα and IL-1β. In response to these pro-inflammatory stresses, exogenous rhPRG4 significantly 

reduced the stimulated production of IP-10, RANTES, ENA-78, GROα, MIP-3α, and MIG, 

and trended towards a reduction of MIP-1α and MIP-1β. The hTCEpi cells were also able to 

internalize fluorescently-labelled rhPRG4, consistent with a mechanism of action that includes 

downstream biological signaling pathways. rhPRG4 was not digested by MMP-9 and it did not 

modulate MMP-9 gene expression in hTCEpi cells, but it was able to bind to MMP-9 and inhibited 

in vitro activity of exogenous MMP-9 in the presence of human tears. Finally, in vivo results 

demonstrated EDE significantly decreased immunolocalization of PRG4 on the corneal epithelium 

and trended towards a reduction of PRG4 in the lacrimal gland lysate. Collectively these results 

demonstrate rhPRG4 has anti-inflammatory properties on corneal epithelial cells, particularly as 

it relates to mitigating chemokine production, and is an inhibitor of MMP-9 activity, as well as 

that in vivo expression of PRG4 can be altered in preclinical models of DED. In conclusion, these 

findings contribute to our understanding of PRG4’s immunomodulatory properties in the context 

of DED inflammation and provide the foundation and motivation for further mechanistic research 

of PRG4’s properties on the ocular surface as well as expanding clinical evaluation of its ability as 

a multifunctional therapeutic agent to effectively provide relief to those who suffer from DED.

1. Introduction

Dry eye disease (DED) affects hundreds of millions of people worldwide, and effective 

treatment options are lacking. It is associated with significant pain, limitations in daily 

activities, diminished vitality, poor health in general, and often depression.(Miljanović et 

al., 2007; Smith et al., 2007; Stapleton et al., 2017). DED is highly prevalent, affecting 

10–20% of the population between 20 and 40 years of age and more than 30% of those 

above 70 years of age (Stapleton et al., 2017). While treatment options do exist for DED, 

they are often misaligned with the fundamental mechanisms of the disease and do not fully 

address patient symptoms (Holland et al., 2019). Indeed, a recent study demonstrated more 

than 60% of DED patients using either of the two FDA-approved drugs had discontinued 

treatment within 12 months, thus indicating effective treatment options are lacking (White et 

al., 2019).

Recently, topical administration of a full length recombinant human proteoglycan 4 

(rhPRG4) was shown to be clinically effective in improving signs and symptoms of patients 

with DED (Lambiase et al., 2017). This small, single site, clinical trial (NCT02507934) on 
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39 subjects with moderate DED assessed the safety and efficacy of rhPRG4 at 150 μg/ml 

as compared to a 0.18% sodium hyaluronate (HA) eye drop in subjects with moderate 

DED. The rhPRG4 solution demonstrated statistically significant effects compared to HA 

in: a) symptomatic improvements in foreign body sensation, sticky feeling, blurred vision, 

and photophobia in at least one eye; b) improvement in objective signs of DED in corneal 

fluorescein staining, tear film break-up time, eyelid and conjunctival erythema, and daily 

mean instillations; and c) no treatment-related adverse events. While PRG4 is most well­

known for its boundary lubricating properties on biointerfaces, including cornea-conjunctiva 

as well as conjunctiva/cornea –contact lens or contact lens biomaterials (Korogiannaki et al., 

2021, 2018; Samsom et al., 2018b, 2018a, 2015, 2014; Schmidt et al., 2013), which may 

contribute to maintaining ocular surface integrity, recent studies increasingly demonstrate 

it also has biological activity. Specifically, PRG4 has shown the ability to function as an 

anti-inflammatory agent on various cell types (Al-Sharif et al., 2015; Alquraini et al., 2017, 

2015; Das et al., 2019; Iqbal et al., 2016; Qadri et al., 2018; Richendrfer et al., 2020; Sarkar 

et al., 2019). However, within the context of the ocular surface, there remains a lack of 

knowledge on, and significant need for basic science research on, rhPRG4’s biological 

properties and its potential therapeutic mechanisms of action in treating DED. Given 

the complex and multi-factorial pathogenesis of this disease, understanding the potential 

mechanisms of action at a molecular level should help identify which patients would best 

align with those mechanisms and stand to benefit from a course of therapy.

Tear film instability and tear hyper-osmolarity contribute to a positive feedforward loop in 

DED, leading to ocular surface damage and inflammation. Indeed, DED is characterized 

by the production of inflammatory cytokines and chemokines, as well as damaging 

matrix metalloproteinases (MMPs), at the ocular surface. Environmental stress, aging, 

bacterial infection, and contact lens wear can cause damage in the eye, specifically in 

the corneal epithelium and conjunctiva, which can lead to changes in tear film stability 

and osmolarity (Stevenson et al., 2012). These changes can increase the production of pro­

inflammatory cytokines, including interleukin (IL)-1β and tumor necrosis factor (TNF)-α, 

from corneal epithelial cells, which further degrades the tear film and contributing to a 

vicious inflammatory cycle (Massingale et al., 2009; Stern and Pflugfelder, 2004). Elevated 

levels of IL-1β, IL-6, and TNFα have also been reported in tears of patients with DED 

(Lam et al., 2009; Pflugfelder et al., 1999). Indeed, 1L-1β and TNFα are two critical 

innate cytokines involved in DED (Bron et al., 2017; Roda et al., 2020). Changes in 

tear film stability and osmolarity also cause increased release of chemokines, including 

CCL5 (RANTES) (El-Annan et al., 2010; Lam et al., 2009), CXCL8 (IL-8) (Enríquez-de­

Salamanca et al., 2010; Pflugfelder et al., 1999), CXCL1 (GROα) (Reins et al., 2018), 

and CXCL10 (IP-10) (Enríquez-de-Salamanca et al., 2010), which attract immune cells to 

the corneal epithelium and further stimulate the proinflammatory cytokine production and 

matrix metalloproteinase (MMP) activity (El-Annan et al., 2010; Enríquez-de-Salamanca 

et al., 2010; Stern and Pflugfelder, 2004; Stevenson et al., 2012). MMP-9 levels also 

increase in the tears of patients with DED, where they increase with DED severity, as 

well as in mice with experimental DED, and MMP-9 is used as a biomarker for DED 

(Kaufman, 2013; Luo et al., 2004; Pinto-fraga et al., 2018). T-cell dysregulation has also 

been implicated in the development and progression of DED. Specifically, upregulation of 
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T-helper cell 17 (Th17) cell activity plays a critical role in DED (Chauhan et al., 2009). The 

expansion of Th17 cells with desiccating stress, and their reduced response to regulatory 

T cells, can lead to an increase in the secretion of MMPs and inflammatory cytokines in 

the corneal epithelium (De Paiva et al., 2009). Several Th1-related chemokines have been 

shown to be upregulated in DED in both murine models and human patients, including 

CCL20 (MIP-3α), CXCL9 (MIG), CCL3 (MIP-1α), and CCL4 (MIP-1β) (Choi et al., 

2012; De Paiva et al., 2009; Dohlman et al., 2013; Yoon et al., 2007). Given the role 

inflammation plays in the pathogenesis of DED, molecules that are able to appropriately 

modulate inflammatory activity in the cornea could lead to potential, more effective, future 

treatment options.

PRG4, also known as lubricin, is a mucin like glycoprotein that is present on the ocular 

surface where it plays a critical protective role in maintaining ocular surface integrity. 

PRG4 is present at the epithelial surface of human cornea and conjunctiva, where it helps 

maintain the tear film (Rabiah et al., 2020). Lack of PRG4 in mice results in increased 

ocular surface damage (Samsom et al., 2014; Schmidt et al., 2013), suggesting PRG4 

contributes to the maintenance of ocular surface integrity. Mechanically, PRG4 functions 

as an ocular surface boundary lubricant, reducing friction at the interface between the 

eyelid, cornea, and contact lenses (Samsom et al., 2015). Full length rhPRG4 exhibits 

similar in vitro boundary lubricating properties to native PRG4, on both the ocular surface 

(Samsom et al., 2014) and articular cartilage (Abubacker et al., 2016). Biologically, recent 

studies in the context of synovial joint health and disease demonstrated that rhPRG4 

has anti-inflammatory properties, including the ability to bind to and antagonize toll-like 

receptors, reducing inflammation by dampening nuclear factor kappa B (NF-κB) activation 

and inflammatory cytokine expression (Alquraini et al., 2015), as well as the ability to 

inhibit fibroblast-like synoviocyte proliferation (Al-Sharif et al., 2015; Alquraini et al., 

2017). However, despite rhPRG4’s promising potential as a treatment for DED, rhPRG4’s 

anti-inflammatory properties and endogenous PRG4 expression in the context of ocular 

surface health and DED have yet to be examined.

The primary objectives of this study were therefore to characterize endogenous PRG4 

expression by human corneal epithelial cells, and to examine the ability of exogenous 

rhPRG4 to modulate cytokine and chemokine secretion in response to dry eye associated 

inflammatory stimuli, TNFα and IL-1β, in human corneal epithelial cells. Secondary 

objectives were to explore rhPRG4 as a potential substrate and/or inhibitor of MMP-9 and to 

determine whether EDE modulates corneal and lacrimal gland PRG4 expression.

2. Methods

2.1 Human Corneal Epithelial Cell Culture

2.1.1 Expansion & Differentiation: hTCEpi cells (kindly provided by Dr. James 

Jester) (Robertson et al., 2005) were expanded with Keratinocyte Serum-Free Medium 

(KSFM) supplemented with 5 ng/mL epidermal growth factor (EGF) and 25 μg/mL bovine 

pituitary extract (BPE) (Gibco, Grand Island, NY) and seeded in 12 well plates. Each well 

received 100,000 cells in 2 mL of KSFM media. Cells were allowed to expand, to 80–90% 

confluency, for 48 hours. Cells in each well were then differentiated using DMEM/F12 
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(Gibco, Grand Island, NY) + 10% FBS (R&D Systems, Minneapolis, MN) + 10 ng/mL EGF 

(Gibco), as described previously (Ding et al., 2015).

2.1.2 Inflammatory Stimuli & rhPRG4 Treatment: After 4 days of differentiation, 

each well received 0.45mL of stock rhPRG4 (1.33 mg/mL, Lubris Biopharma, Framingham, 

MA) or sterile PBS containing 0.01% Tween-20 immediately followed by 1.55 mL of 

treatment media (DMEM/F12 + 12.9% FBS + 12.9 ng/mL EGF). The treatment media 

was spiked with IL-1β (Peprotech, Cranbury, NJ), TNFα (Peprotech) or left alone as a 

control. The final concentrations were 10 ng/mL for IL-1β, 100 ng/mL for TNFα, and 0 or 

300 μg/mL for rhPRG4. After 48 hours of treatment, the conditioned media was collected, 

aliquoted, and stored at −20°C. Each treatment was tested in triplicate in each experiment, 

and the experiment was performed three or four times (N=3–4).

2.2 Western blot

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

with 3–8% Tris-Acetate gels (Invitrogen, Carlsbad, CA), as described previously (Steele et 

al., 2013). Briefly, samples (15 μL of conditioned media per well) were electrophoresed, 

followed by electroblotting to a PVDF membrane and blocked in 5% non-fat dry milk 

(Biorad, Hercules, CA) in Tris-buffered saline + 0.05% Tween-20 (TBST) for 1h at room 

temperature. Membranes were then probed with anti-PRG4 Ab LPN (1:1000, Invitrogen, 

PA3–118) in 3% non-fat dry milk in TBST overnight at 4°C. After washing with TBST, 

membranes were incubated with HRP-conjugated anti-rabbit secondary antibody (1:2000, 

MilliporeSigma, Burlington, MA) for 1 hour and imaged on a G:Box Chemi XX9 imager 

(Syngene, Frederick, MD) using SuperSignal West Femto (Thermo Fisher Scientific, 

Waltham, MA). Resulting intensity of bands were quantified by densitometry with the 

Genetools software (Syngene).

2.3 Chemokine & cytokine analysis

2.3.1 ELISA analysis—Conditioned media samples were analyzed using commercially 

available ELISAs as per manufacturer guidelines (BioLegend, San Diego, CA), at 2X 

and 8X dilutions for IL-6, IP-10, RANTES, ENA-78, and MIP-3α and at 8X and 32X 

dilution of IL-8. Conditioned media was also analyzed using a GROα ELISA kit following 

manufacturer guidelines (R&D Systems, Minneapolis, MN) at 2X dilution. Resulting data 

was collected on a SpectraMax i3x plate reader (Molecular Devices, San Jose, CA), and 

concentrations were calculated using OD values within the standard curve range.

2.3.2 Luminex analysis—Conditioned media samples were analyzed using a custom 

MILLIPLEX® Human Cytokine/Chemokine/Growth Factor Panel A - Immunology 

Multiplex Assay as per manufacturer guidelines (EMD Millipore, Burlington, MA), at 

1X and 10X dilutions for MIG, MIP-1α, and MIP-1β. Analysis was completed in the 

CLIA certified Clinical Research Center Core Lab (UConn Health) on Luminex 200 

instrumentation.
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2.4 Immunofluorescence Imaging

hTCEpi cells were seeded at a density of 30,000 cells per well on sterile glass coverslips 

in 4-well dishes (Thermo Fisher Scientific). Cells were differentiated and treated using 

FITC-tagged rhPRG4 as described above (2.1.2). After 2 days, conditioned media was 

collected, and cells were fixed with 0.5 mL of 4% paraformaldehyde for 20 minutes at room 

temperature, permeabilized with 0.5 mL of 0.1% Triton X-100 in PBS for 5 minutes at room 

temperature, and blocked with 5% normal goat serum (Rockland, Pottstown, PA) and 5% 

BSA (MilliporeSigma) in PBS. Wells without FITC-rhPRG4 were probed with anti PRG4 

Ab LPN (1:500, Invitrogen) in blocking solution overnight at 4°C. The next day, wells were 

appropriately treated with anti-rabbit 594 antibody (1:1200, MilliporeSigma) for 1 hour 

at room temperature and then DAPI (1:1000, Thermo Fisher Scientific) for 15 minutes at 

room temperature. The cover slips were then mounted with gold anti-fade mounting media 

(Thermo Fisher Scientific) and imaged on a Zeiss Axioskop2 microscope with an AxioCam 

digital camera (Zeiss, Oberkochen, Germany) using 63x oil objective. Slides with samples 

containing FITC-PRG4 were also imaged on a Zeiss LSM 880 confocal microscope with a 

63x oil objective and a slice height of 0.36 μm.

2.5 Interaction between MMP-9 and rhPRG4

2.5.1 rhPRG4 degradation by MMP-9—rhPRG4 degradation from exogenous 

MMP-9 was assessed using gel electrophoresis and SimplyBlue protein stain. Briefly, 

rhPRG4 at 0.77 mg/mL was incubated with or without 9 mU of MMP-9 enzyme for 60 

minutes at 37°C. These samples were then electrophoresed on a 3–8% Tris-Acetate gel and 

stained with SimplyBlue, following manufacturer guidelines (Thermo Fisher Scientific).

2.5.2 Inhibition of in vitro MMP-9 activity by rhPRG4—To assess the extent to 

which rhPRG4 inhibited in vitro MMP-9 activity, an MMP-9 inhibitor testing kit was used 

following manufacturer guidelines (Abcam, Cambridge, MA). Briefly, MMP-9 enzyme, 

N-Isobutyl-N-(4-methoxyphenylsulfonyl) glycyl Hydroxamic Acid (NNGH) inhibitor, and 

rhPRG4 were warmed to 37°C, and the enzyme was incubated with either NNGH at 

150 μg/mL or rhPRG4 at 150 μg/mL, 300 μg/mL, or 450 μg/mL for 60 minutes. Then, 

the fluorogenic substrate was added, and fluorescence was measured using an excitation 

wavelength of 328 nm and an emission wavelength of 420 nm. To assess any potential effect 

of tear matrix on the results from the experiments above, this experiment was repeated using 

the same concentrations of rhPRG4 and MMP-9 in the presence of human tears. The tears 

were warmed to 37°C before being incubated with the MMP-9 and rhPRG4 for 60 minutes. 

All measurements were performed on a SpectraMax i3x microplate reader.

2.5.3 Binding between rhPRG4 and MMP-9—To assess the strength of binding 

between MMP-9 and rhPRG4, surface plasmon resonance (SPR) was performed using a 

Biacore T200 (GE Healthcare Life Sciences, Marlborough, MA). rhMMP-9 (RD17439100, 

Biovender, Asheville, NC) at 1607 nM in 10 mM sodium acetate buffer (pH 4.5) was flowed 

at 20 ul/min for 20 minutes and immobilized on a CM5 Series S chip using EDC/NHS 

chemistry, producing a signal of 14200 RU. Next, rhPRG4 was flowed over the chip at 0, 

100, 250, 500, 750, 1000, and 1500 nM in 10 mM sodium HEPES (pH 7.4, 175 mM NaCl, 

0.05% polysorbate 20) at a flow rate of 30 ul/min, contact time of 180s, and dissociation 
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time of 180s. Bound rhPRG4 was removed using 100 mM glycine (pH 2.0) at a flow rate of 

50 ul/min with a contact time of 30s. The dissociation constant was calculated using Biacore 

T200 Evaluation software and fitted using 1:1 binding.

2.5.4 Effect of rhPRG4 on MMP-9 gene expression—To assess the effect 

of rhPRG4 on MMP-9 gene expression in hTCEpi cells, RNA was isolated from 

the cells after inflammatory stimulus treatment (as described in 2.12) using TRIzol 

according to manufacturer’s instructions (Invitrogen, Carlsbad, CA). DNA synthesis 

was performed using Invitrogen Superscript III Reverse Transcriptase according 

to manufacturer’s instructions (Invitrogen, Carlsbad, CA). Quantitative PCR was 

performed as described previously (Ghosh et al., 2018). Primer sequences were 

determined using established GenBank primer sequences (http://pga.mgh.harvard.edu/

primerbank/). The sequences of PCR primers are as follows: Matrix Metalloproteinase 

9 (MMP9), forward primer 5’- GGGACGCAGACATCGTCATC −3’, reverse primer 5’- 

TCGTCATCGTCGAAATGGGC-3’; 18s, forward primer 5’- CGT TCA GCC ACC CGA 

GAT T −3’, reverse primer 5’- GAC CCG CAC TTA CTG GGA ATT-3’. The gene 18s was 

used as an internal control. The relative fold increase in MMP9 expression was normalized 

to 18s expression and to MMP9 expression in the control sample without rhPRG4 using the 

ΔΔCt method. All data was analyzed using CFX Manager (Biorad).

2.6 Experimental Dry Eye Model

2.6.1 Sample Collection and Preparation: Mice with experimental dry eye (EDE) 

were obtained as previously described (Lema et al., 2018; Reins et al., 2018). Briefly, 8 to 

12-week old C57BL/6 mice (equal number male and female) were housed in a controlled 

room in which humidity was maintained at approximately 20% and temperature was 

maintained at 21°C to promote ocular surface desiccation. Additionally, mice were given 

subcutaneous scopolamine hydrobromide injections three times daily for five consecutive 

days to reduce tear production. After treatment, whole eyes were collected, snap frozen 

in optimal cutting temperature compound to obtain frozen tissue sections, and stored at 

−80°C until PRG4 immunohistochemistry analysis. Lacrimal glands were also harvested and 

homogenized as described previously. Briefly, a small incision was made in the epidermis at 

the base of the ear with the mouse laid mouse was laid lateral side up (Finley et al., 2014; 

Redfern et al., 2013). The orbital gland was exposed, using small dissection scissors and 

forceps, then gently separated from the surrounding tissue. The excised gland was then lysed 

in 0.2% Triton X-100 (MilliporeSigma) containing a protease inhibitor cocktail (Roche) and 

stored at −80°C until PRG4 western blotting (2.2). Animal experiments were approved by 

the Institutional Animal Care and Use Committee at the University of Houston and adhered 

to the standards of the Association for Research in Vision and Ophthalmology Statement for 

the use of animals in ophthalmic and visual research.

2.6.2 PRG4 Immunohistochemistry: Ten μm thick frozen mouse eyeball sections 

were obtained on glass slides, fixed in cold acetone and then permeabilized with 0.1% 

Triton X-100/PBS. The sections were blocked with 15% goat serum (Abcam, Cambridge, 

United Kingdom) and then incubated overnight with antiPRG4 Ab LPN primary antibody 

(Invitrogen) at 4°C. The sections were then incubated for 1h with Alexa Fluor 488 antibody 

Menon et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pga.mgh.harvard.edu/primerbank/
http://pga.mgh.harvard.edu/primerbank/


(Abcam) and counterstained with DAPI. Images were captured by using the Delta Vision 

microscope (GE Healthcare, Chicago, IL). Fluorescence intensity was quantitated from 

captured images using ImageJ.

2.7 Statistical Analysis

Data are expressed as the mean ± SEM. The effect of inflammatory stimuli on endogenous 

PRG4 secretion by hTCEpi cells was assessed by one-way ANOVA followed by Dunnett’s 

post hoc testing. The effect of inflammatory stimuli on cytokine and chemokine secretion 

by hTCEpi cells was also assessed by one-way ANOVA followed by Dunnett’s post hoc 

testing. The effect of rhPRG4 treatment on cytokine and chemokine secretion within each 

inflammatory stimulus condition was assessed by two-tailed t-test. The effect of rhPRG4 on 

MMP-9 activity was assessed by one-way ANOVA followed by Tukey post-hoc testing. The 

effect of inflammatory stimuli on MMP-9 expression was assessed by one-way ANOVA 

followed by Dunnett’s post hoc testing. The effect of rhPRG4 treatment on MMP-9 
expression within each inflammatory stimulus condition was assessed by two-tailed t-test. 

The effect of EDE on PRG4 localization in the cornea was assessed by two-tailed t-test. 

Finally, the effect of EDE on PRG4 expression in lacrimal gland lysate was assessed by 

two-tailed t-test.

3. Results

3.1 PRG4 secretion

First, to determine endogenous secretion of PRG4 as well as any changes with the addition 

of inflammatory stimuli, conditioned media from cells treated for 48h was collected and 

analysed using Western blotting. hTCEpi cells secreted PRG4, and this was reduced by 

treatment with inflammatory stimuli IL-1β and TNFα. Conditioned media from hTCEpi 

cells contained PRG4, in both monomeric and dimeric form, as assessed by western blotting 

(Fig. 1A). The addition of either IL-1β or TNFα reduced levels of PRG4 secretion to 0.84 ± 

0.02 (p < 0.05) and 0.82 ± 0.06 (p < 0.05) fold of control, respectively (Fig. 1B).

3.2 Cytokine & chemokine secretion

To determine how cell secretion of cytokines and chemokines is influenced by inflammatory 

stimuli and rhPRG4, cells were treated with IL-1β or TNFα with or without the addition 

of rhPRG4 for 48h, and conditioned media was collected and analysed by ELISA and by 

Luminex. IL-1β and TNFα increased inflammatory cytokine and chemokine production by 

hTCEpi cells (Fig. 2). Specifically, TNFα significantly increased production by hTCEpi 

cells of all detectable cytokines and chemokines analysed (IP10, RANTES, ENA-78, 

GROα, IL6, IL8, MIP-3α, MIG, MIP-1α, and MIP-1β). IL-1β significantly increased 

production of ENA-78, GROα, MIG, and MIP-1β, and trended towards an increase 

for MIP-1α (p=0.073). Basal expression levels and fold changes relative to CTRL are 

summarized in Table 1.

Treatment with rhPRG4 decreased the production of several inflammatory cytokines/

chemokines (Fig 2). In the absence of inflammatory stimuli, exogenous rhPRG4 

significantly reduced levels of GROα, IL-6, MIP-3α, and MIP-1β in the conditioned media, 
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and trended towards a reduction for IL8 (p=0.070) and MIP-1α (p=0.062). For samples 

treated with TNFα, exogenous rhPRG4 significantly reduced levels of IP-10, RANTES, 

ENA-78, GROα, and MIP-3α, and trended towards a reduction for MIP-1α (p=0.076) 

and MIP-1β (p=0.075). For samples treated with IL-1β, exogenous rhPRG4 significantly 

reduced levels of ENA-78, GROα, and MIP-3α. The fold changes with or without rhPRG4 

relative to control are summarized in Table 1.

3.3 PRG4 visualization and internalization

To visualize endogenous PRG4 expression and exogenous rhPRG4 internalization under 

normal and inflammatory conditions, hTCEpi cells were seeded onto glass coverslips 

and received IL-1β or TNFα with or without FITC-tagged rhPRG4 for 48h. Endogenous 

expression and rhPRG4 internalization was assessed by immunofluorescence and confocal 

microscopy, respectively. hTCEpi cells expressed PRG4 endogenously and were able to 

internalize exogenous rhPRG4 in response to inflammatory stimuli. Endogenous PRG4 was 

immunolocalized within and at the cell surface of hTCEpi cells both with and without the 

addition of inflammatory stimuli (Fig. 3A–C). Confocal imaging demonstrated slices within 

the cell contained exogenous FITC-tagged rhPRG4 as punctate staining (supplemental data), 

confirming that it can be internalized by hTCEpi cells in both control and IL-1β stimulation 

(Fig 3D–F). Interestingly, TNFα stimulation led to internalization of rhPRG4 with apparent 

loss of surface staining.

3.4 Inhibition of MMP-9 activity by PRG4

rhPRG4 is not degraded by MMP-9, and in vitro activity of exogenous MMP-9 was 

inhibited by rhPRG4 both in solution and in the presence of human tear. No evidence of 

rhPRG4 in vitro degradation by exogenous MMP-9 was observed using gel electrophoresis 

and protein staining after co-incubation for 1h at 37°C (Fig. 4A). Analysis with an in 
vitro MMP-9 specific inhibitor assay demonstrated that rhPRG4 reduced in vitro activity 

of exogenous MMP-9 to 23% ± 11% for 150 μg/mL (p < 0.001), 16.5% ± 8.2% for 300 

μg/mL (p < 0.001), and 5.3% ± 2.6% for 450 μg/mL (p < 0.001, Fig. 4B) compared to no 

rhPRG4 control. rhPRG4 also reduced in vitro activity of exogenous MMP-9 in the presence 

of human tears, (Fig. 4C) to 80.9% ± 6.6% for 150 μg/mL (p > 0.05), 41.1% ± 7.6% for 

300 μg/mL (p < 0.001), and 15.6% ± 5.7% for 450 μg/mL (p < 0.001, Fig. 4B) compared to 

no rhPRG4 control. Additionally, there was a dose-dependent effect in reducing exogenous 

MMP-9 activity in the presence of tears (p < 0.001 –p < 0.05).

3.5 Protein-protein interaction between MMP-9 and rhPRG4

The strength of binding interaction between MMP-9 and rhPRG4 was assessed by SPR. 

MMP-9 was immobilized to a CM5 chip using EDC/NHS chemistry, rhPRG4 was flowed 

over the chip at various concentrations, and HEPES buffer containing 175 mM NaCl was 

flowed for the dissociation phase. The resulting sensograms were generated, and association 

and dissociation rate constants were calculated using a 1:1 Langmuir binding model (Fig. 

4D). From the binding model, the Rmax value was calculated to be 293.8 RU, and the ka and 

kd values were calculated to be 2.23 × 104 1/Ms and 9.37 × 10−4 1/s, respectively, resulting 

in a KD value of 4.21 × 10−8 M.
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3.6 Effect of rhPRG4 on MMP-9 gene expression

To assess the effect of rhPRG4 on MMP-9 gene expression in hTCEpi cells, quantitative 

RT-PCR was employed on RNA samples isolated from hTCEpi cells treated with IL1β or 

TNFα with or without rhPRG4. There was no significant increase in the samples treated 

with IL-1β compared to CTRL, while the addition of TNFα did significantly increased 

MMP-9 expression (12.6-fold, p < 0.001). This increase was not affected by the addition of 

rhPRG4, nor did rhPRG4 have an effect on MMP-9 expression in CTRL or IL-1β treated 

cells (Fig. 4E).

3.7 Experimental dry eye model

To evaluate changes in PRG4 expression in an EDE model, mouse corneas from untreated 

and EDE mice were evaluated by IHC and lacrimal gland lysate samples were assayed 

by Western blotting. PRG4 expression was significantly reduced in the cornea and tended 

to reduction in the lacrimal gland in EDE. PRG4 immunolocalization was clear in the 

cornea epithelium of untreated mice (Fig. 5A) and was reduced in the corneas of mice 

with EDE (Fig. 5B); there was a 2.96-fold reduction in the mean pixel intensity of PRG4 

immunostaining between corneas of untreated mice and mice with EDE (Fig. 5C, p < 0.05). 

Lacrimal gland lysate from mice with EDE had reduced PRG4 expression of 0.40 ± 0.24­

fold compared to lysate from untreated mice; however, this reduction was not statistically 

significant (Fig. 5D–E, p = 0.086).

4. Discussion

The in vivo results of this study demonstrated for the first time that ocular surface PRG4 

can be diminished in an experimental model of DED. In this model, which results in 

ocular surface damage, reduced tear production, and elevated protein levels of MMP-9 

in corneal cell lysate (Reins et al., 2018), PRG4 immunolocalization was reduced at the 

corneal epithelium. While unchallenged PRG4-deficient mice were previously shown to 

have increased ocular surface damage (Schmidt et al., 2013), suggesting PRG4 deficiency 

may play a role in promoting corneal damage, the current data establish a relationship 

between DED and diminished PRG4 expression at the ocular surface. While the apparent 

decrease in PRG4 protein in lacrimal lysate in the experimental model of DED approached 

but did not reach statistical significance, these findings do align with previously reported 

mRNA expression in the lacrimal gland (Schmidt et al., 2013). PRG4 has multiple 

properties relevant to the ocular surface, including those mechanical (e.g. lubrication 

(Korogiannaki et al., 2021, 2018; Samsom et al., 2018b, 2018a, 2015, 2014; Schmidt et 

al., 2013), maintaining tear film stability (Rabiah et al., 2020)) as well as biological (e.g. 

anti-inflammatory properties observed here) in nature. Given these properties along with 

the multiple factors that can drive and/or initiate DED, the reduction of ocular surface 

PRG4 in DED may be a key contributing mechanism in the progression of DED, leading 

directly to increased evaporation, increased friction, and a pro-inflammatory environment. 

The epithelial glycocalyx, of which PRG4 is likely an integral part, is similarly involved in 

the retention of water at the ocular surface as the lipid layer. The data herein support the 

notion that the loss of PRG4 expression in the corneal epithelia is at least a co-equal aspect 

of the positive feedback loop of disease pathogenesis in DED.
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In addition, the in vitro results presented here extend previous studies examining PRG4 on 

the ocular surface as well as the regulation of PRG4 expression by other cell types. While 

PRG4 has previously been immunolocalized in human corneal epithelium (Schmidt et al., 

2013), the results here demonstrate that PRG4 is expressed and secreted by hTCEpi cells 

and is downregulated by IL-1β and TNFα. This is also consistent with previous studies 

examining PRG4 secretion in synoviocytes (Alquraini et al., 2017), in chondrocytes with 

cartilage explants (Schmidt et al., 2008), and in synovial fluid after unilateral anterior 

cruciate ligament injury, where an increase in the concentration of inflammatory cytokines, 

including IL-1β and TNFα was associated with a reduction of PRG4 (Elsaid et al., 2008). 

Given the parallels with other organ systems, these data suggest the addition of exogenous 

rhPRG4 may contribute to restoring homeostatic biological conditions (Abubacker et al., 

2016; Al-Sharif et al., 2015; Alquraini et al., 2017; Iqbal et al., 2016; Ludwig et al., 2012).

A key finding of this study is that exogenous rhPRG4 can inhibit hTCEpi production of 

several chemokines stimulated by proinflammatory signals. Specifically, rhPRG4 treatment 

inhibited the RANTES, IP-10, ENA-78, GROα, MIP-3α, and MIG response, and tended 

toward reduction for MIP-1α and MIP-1β, to IL-1β or TNFα (Fig. 2). RANTES is known 

to play a key role in promoting lymphocyte migration to the corneal epithelium (Stern et al., 

2004) and is upregulated in the tears of patients with DED (Pinto-fraga et al., 2018). IP-10 

is a chemoattractant for Th1 lymphocytes and monocytes (Taub et al., 1993), and it is also 

upregulated in the tears of patients with DED (Pinto-fraga et al., 2018). ENA-78, which is 

involved in neutrophil activation and chemotaxis (Walz et al., 1991), is another chemokine 

found to be upregulated in the tears of patients with DED (Na et al., 2012), and it has not 

been extensively studied in the corneal epithelium. GROα is a neutrophil chemoattractant 

and has not been studied extensively in human patients with DED, but it has been shown 

to be upregulated in inflamed human corneas (Spandau et al., 2003) and in induced DED 

in mice (Reins et al., 2018). MIG, MIP-1α, MIP-1β, and MIP-3α levels were elevated with 

the addition of dry eye-associated inflammatory stimuli, which agrees with previous work 

on corneal epithelial cells and on human patients (Choi et al., 2012; Shirane et al., 2004; 

Yoon et al., 2010). While PRG4 purified from synovial fluid was previously shown to have 

anti-inflammatory effects in an induced-DED blinking eye model, where it reduced secretion 

of IL-1β, TNFα, and IL-8 (Seo et al., 2019), the present study demonstrates rhPRG4 has 

an in vitro anti-inflammatory effect on chemokines and long range signals to a variety 

of immune cell classes. These findings were observed in the hTCEpi cell line, which is 

commonly used (Alfuraih et al., 2020; Ding et al., 2015; McClintock and Ceresa, 2010; 

Reins et al., 2016; Roy et al., 2014; Shetty et al., 2015) and when compared to primary 

human corneal cultures give consistent results (Reins et al., 2018; Robertson et al., 2005; 

Roy et al., 2014). We have previously shown PRG4 expression in human corneal epithelium 

(Schmidt et al., 2013), as well as the clinical efficacy of rhPRG4 in improving signs and 

symptoms of DED (Lambiase et al., 2017); future work could examine/confirm in vitro 
effects of rhPRG4 observed here on primary human corneal epithelial cells in vitro.

In general, rhPRG4 inhibited the stimulatory effect of TNFα and at times that of IL-1β. 

In other studies, fibroblast-like synoviocytes have shown rhPRG4 can inhibit inflammatory 

output simulated by both TNFα and IL-1β together (Al-Sharif et al., 2015; Alquraini et 

al., 2017). While both these cytokines can activate NF-κB and MAPK (ERK, JNK, p38) 
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signaling, there are different molecular mediators in their pathways. These, in addition to 

further time courses and TNFα/IL-1β dose dependent studies, are of interest but beyond 

the scope of the current investigation. Irrespective, the anti-inflammatory effect of PRG4 

may stem from its ability to normalize the microenvironment through simultaneous friction 

reduction, downregulation of proinflammatory cytokines, and reduction of the recruitment of 

new immune cells. This pleiotropic nature of the molecule is unique, and strongly motivates 

its use for, and study in, DED, where multiple coincident etiologies are commonly observed.

Another key finding of this work is the visualization of exogenous FITC-labelled rhPRG4 

being internalized by hTCEpi cells (Fig. 3 and supplemental data). Both in basal conditions 

and with the addition of inflammatory stimuli, exogenous rhPRG4 was internalized and 

localized inside the cell, as visualized through confocal microscopy (Fig. 3), suggesting 

coupling of the molecule to intracellular signaling pathways, as seen in macrophages 

previously (Qadri et al., 2018) and not simply acting as a passive mechanical mucin-like 

coating or barrier on the cells that might inhibit the stimulatory effect of the inflammatory 

inputs. Given that rhPRG4 can modulate NF-κB activity in other systems (Al-Sharif et al., 

2015; Seo et al., 2019), future studies could also examine the effect of rhPRG4 on NF-κB 

signaling, or other signaling pathways, as a potential mechanism by which rhPRG4 exerts 

its anti-inflammatory properties on corneal epithelial cells. Interestingly, and qualitatively, 

there appeared to be an increase in internalization with the addition of TNFα. Future work 

examining colocalization of rhPRG4 with endosomal markers will provide important clues 

to the fate of rhPRG4 post internalization. It is also worth noting rhPRG4 tagged with FITC 

also retained its ability to reduce levels of cytokine and chemokine secretion from hTCEpi 

cells (data not shown). This suggests that rhPRG4’s biological activity, at least in the context 

studied here, was not negatively affected by fluorescent tagging and therefore FITC-tagged 

rhPRG4 could be a useful reagent in the future to explore PRG4’s internalization into cells 

as well as its biological mechanism of action. rhPRG4 has been previously shown to be 

internalized in macrophages mediated, in part, through interactions with CD44 (Qadri et al., 

2018). However, the precise processes by which PRG4 is internalized in hTCEpi cells (i.e., 

through receptor interactions, endocytosis, or a combination of the two) and the role it plays 

in rhPRG4’s anti-inflammatory mechanism of action remain under study.

Initial in vitro analysis here demonstrated that rhPRG4 is not a proteolytic substrate of 

MMP-9 and that rhPRG4 inhibits in vitro activity of exogenous MMP-9 (Fig. 4). While 

PRG4 is a substrate of other enzymes, including cathepsin S (Regmi et al., 2017), cathepsin 

G (Huang et al., 2020), MMP-1 (Jones et al., 2003), and MMP-7 (Jones et al., 2003), it is 

not subject to degradation by MMP-9. Therefore, the observed inhibition of in vitro activity 

of exogenous MMP-9 is not due to rhPRG4 functioning as an alternative substrate. Other 

studies have demonstrated that exogenous purified PRG4 can decrease MMP-9 levels in 

tears from a DED cell model (Seo et al., 2019) and MMP-9 gene expression stimulated by 

IL-1β in synoviocytes (Alquraini et al., 2017). Under the conditions and time point studied 

here, rhPRG4 did not have any inhibitory effect on MMP-9 expression in hTCEpi cells, 

whether under basal or stimulated conditions. However, the inhibition of MMP-9 activity 

by rhPRG4 observed here is an important and potentially significant discovery. An MMP 

inhibitor, NNGH, was used as a positive control for testing inhibition, and 300 μg/mL of 

rhPRG4 displayed the same inhibitory ability as 150 μg/mL of NNGH (data not shown). 
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Additionally, bovine serum albumin was tested for inhibition at 775 μg/mL, and there was 

no significant reduction in MMP9 activity, supporting the specificity of inhibition observed 

with rhPRG4 (data not shown). This inhibition effect was also observed in solution and 

in the presence of human tears in a dose dependent manner. While one cannot make any 

claims as to potential intracellular interaction/binding of PRG4 and MMP-9, the SPR results 

clearly demonstrate biophysical evidence that rhPRG4 binds to MMP-9, with a relatively 

high affinity as demonstrated by a dissociation constant of 42 nM, which could indicate 

a potential mechanism of MMP-9 activity inhibition. Indeed, rhPRG4 may inhibit MMP-9 

activity through binding at the hemopexin-like (PEX) domain present on both rhPRG4 and 

MMP-9 (Piccard et al., 2007; Roeb et al., 2002). The MMP-9 PEX domain binds to CD44, 

gelatin and α4β1 integrins, and its inhibition may prevent homodimerization and reduce 

additional inflammatory signaling, including through MMP-9 damage-associated molecular 

pattern related pathways, such as MyD88 and TLR4, which are strongly associated with 

DED severity (Dufour et al., 2010; Redfern et al., 2015; Reins et al., 2018). Future studies 

could examine if ocular surface MMP-9 levels and/or activity are altered (i.e. diminished) 

in PRG4 deficient mice (Schmidt et al., 2013), given that MMP-9 expression and activity 

have been shown to be elevated in Prg4 −/− superficial zone chondrocytes (Maenohara et 

al., 2020), as well as any potential intracellular interaction between the two. Given the role 

MMP-9 plays in the pathogenesis of DED, and the known correlation between MMP-9 

activity and ocular surface signs (Chotikavanich et al., 2013), these data may help elucidate 

some of the clinical efficacy of PRG4 in treating DED.

The “vicious cycle of inflammation” has been proposed as a core driver of DED, 

which consists of a 4-part process including initiation (proinflammatory cytokine release), 

amplification (T-cell differentiation and proliferation), recruitment (T cell) and damage/self­

perpetuation with the involvement of the innate and adaptive immune system (Periman et 

al., 2020). The ocular surface immune response occurs at the corneal surface, in ocular 

tissue and reginal lymph nodes, and involves various T cells. While in vitro models are 

inherently limited as to the insight into disease pathogenesis they provide, the commonly 

studied hCTEpi cells and DED relevant stimuli/output was not meant to elucidate the role 

of PRG4 in all of the multitude of inflammatory mechanisms that exist in various forms 

of DED. Indeed, it is largely limited to the innate responses of the epithelial cells with the 

motivation to inquire as to whether rhPRG4 can blunt the inflammatory response. Future 

work that explores the effect of rhPRG4 on T cell immunity and if/how rhPRG4 can stop 

or slow the vicious cycle of DED would further elucidate rhPRG4’s function on the various 

aspects of DED.

5. Conclusion

In conclusion, these results underpin the understanding of PRG4 expression and anti­

inflammatory properties of rhPRG4 within the context of corneal epithelium in DED. The 

demonstrated clinical utility of rhPRG4 in improving signs and symptoms in a small single 

site clinical trial, combined with ongoing research studying rhPRG4’s anti-inflammatory 

properties in other systems (Al-Sharif et al., 2015; Alquraini et al., 2017, 2015; Das et 

al., 2019; Iqbal et al., 2016; Qadri et al., 2018; Richendrfer et al., 2020; Sarkar et al., 

2019), as well as established mechanical lubricating properties (Korogiannaki et al., 2021, 
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2018; Samsom et al., 2018b, 2018a, 2015, 2014; Schmidt et al., 2013), strongly suggests 

a multimodal therapeutic mechanism of action. While primary human corneal epithelial 

cells were not examined in vitro here, nor were in vivo mechanisms explored in the animal 

model, these findings collectively provide the foundation and motivation for continued basic 

research in further mechanistic understanding PRG4’s properties on the ocular surface and 

associated glands, both in vitro and in vivo, as well as expanding clinical evaluation of its 

ability as a multifunctional therapeutic agent to effectively provide relief to those who suffer 

from DED.
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Highlights

• hTCEpi cells express PRG4, which is decreased by IL-1β and TNFα

• rhPRG4 reduces IL-1β and TNFα stimulated hTCEpi cell cytokine/

chemokine secretion

• Exogenous rhPRG4 is internalized by hTCEpi cells

• rhPRG4 is not degraded by and binds to MMP-9, and can inhibit in vitro 
exogenous MMP-9 activity

• Ocular surface PRG4 expression is decreased in experimental dry eye disease
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Figure 1. 
Effect of inflammatory stimuli on PRG4 secretion in hTCEpi cells. Western blot analysis of 

conditioned media samples from control, 100 ng/mL TNFα, or 10 ng/mL IL-1β conditions 

with anti-PRG4 Ab (A). Densitometry values of relative secretion compared to control (B). * 

p < 0.05. Data are mean ± SEM (n=4).

Menon et al. Page 21

Exp Eye Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Effect of rhPRG4 on proinflammatory cytokine and chemokine secretion with inflammatory 

stimuli. Relative fold change in production of IP-10 (A), RANTES (B), ENA-78 (C), GROα 
(D), IL-6 (E), IL-8 (F), MIP-3α (G), MIG (H), MIP-1α (I), and MIP-1β (J) by differentiated 

hTCEpi cells treated with 100 ng/mL TNFα or 10 ng/mL IL-1β with or without 300 μg/mL 

of rhPRG4, measured by ELISA (A-G, n=10) or Luminex (H-J, n=6). * p < 0.05, **p < 

0.01, *** p < 0.001. Data are mean ± SEM.
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Figure 3. 
Effect of inflammatory stimuli on endogenous and exogenous PRG4 immunolocalization. 

Immunolocalization of PRG4 in hTCEpi cells with anti-PRG4 Ab LPN (A), and those 

treated with 10 ng/ml IL-1β (B) or 100 ng/ml TNFα (C). Confocal microscopy visualization 

of hTCEpi cells treated with FITC-tagged PRG4 (D), along with IL-1β (E), or TNFα (F). 

Nuclei are stained with DAPI. Scale bar is 10 μm, 63X magnification for A-C, 63X (x2) 

magnification for D-F.
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Figure 4. 
Effect of rhPRG4 on in vitro exogenous MMP-9 activity and endogenous gene expression, 

as well as binding between MMP-9 and rhPRG4. rhPRG4 incubated with or without MMP-9 

for 60 minutes at 37C (A). Exogenous MMP-9 activity with 150 μg/mL, 300 μg/mL, and 

450 μg/mL of rhPRG4 in solution (B) or in the presence of normal human tears (C). Surface 

plasmon resonance sensograms of binding between rhMMP-9 and rhPRG4 (D). Endogenous 

MMP-9 expression in hTCEpi cells with or without inflammatory treatment and rhPRG4. 

Samples normalized to housekeeping gene 18s and to control samples using ΔΔCt method 

(E). * p < 0.05, *** p < 0.001. Data are mean ± SEM (n=4) for (A-C) and n=3 for (E).
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Figure 5. 
Effect of experimental dry eye (EDE) on PRG4 expression in the cornea and the lacrimal 

gland in vivo. PRG4 in mouse cornea immunolocalized with anti-PRG4 Ab LPN from 

untreated mice (A) and mice with EDE (B), quantified using ImageJ, * p < 0.05, n = 4 

(C). Lacrimal gland lysate analyzed by western blot using anti-PRG4 Ab LPN as primary 

antibody (D), densitometry of relative fold change in PRG4 (E). Data are mean ± SEM (n = 

3–5).
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