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Abstract

Purpose: Recent studies have shown that two-dimensional (2D) culture of primary rabbit and 

immortalized human meibomian gland epithelial cells (iHMGEC) do not recapitulate normal 

meibocyte differentiation and fail to express critical enzymes necessary for synthesis of meibum 

lipids. The purpose of this study was to test the hypothesis that 3D-spheroid culture of iHMGEC 

can facilitate meibocyte differentiation and induce the expression of acyl-CoA wax-alcohol 

acyltransferase 2 (AWAT2), shown to be required for synthesis of meibum wax esters.

Methods: iHMGEC were suspended in matrigel/basement membrane matrix and grown in 

proliferation media to form distinct cell clusters or spheroids. Cells were then treated with serum-

free, differentiation media (advanced DMEM/F12) with and without FGF10 and synthetic agonists 

for the nuclear lipid receptor, peroxisome pro-liferator activator receptor gamma (PPARγ). Cells 

were then evaluated for differentiation markers using western blotting, immunocytochemistry 

(ICC) and real-time PCR. Control cells were grown in standard 2D culture systems.

Results: Under proliferative conditions, 3D culture induced the formation of KRT5+ spheroids 

that contained a Ki67+/P63+ undifferentiated, basal cell population. When spheroids were 

switched to differentiation media containing PPARγ agonists, two different organoid populations 

were detected, a KRT6low population that was AWAT2+/PPARγ+ and a KRT6high population that 

was AWAT2−/PPARγ−, suggesting that iHMGEC exhibit a dual differentiation potential toward 

either a ductal or meibocyte organoid phenotype.
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Conclusion: The 3D culturing of iHMGEC can induce the formation of both meibocyte and 

ductal organoids and may thus serve as a better in vitro model system for studying the regulatory 

mechanisms controlling meibomian gland function.

Keywords

AWAT2; dry eye; Meibocytes; Meibomian gland dysfunction; Meibum; PPAR-γ; Two 
dimensional culture system; Three dimensional culture system; Acinar organoids

1. Introduction

The meibomian gland (MG) is a holocrine secretory gland, similar to sebaceous glands, 

that is comprised of a long central duct lined with ductal epithelial cells and attached acini 

comprised of lipid synthesizing meibocytes [1–3]. Fully differentiated meibocytes produce 

and secrete a lipid-rich compound called meibum, which is largely made up of neutral/

nonpolar lipids, such as wax esters (WE), cholesteryl esters (CE), triacylglycerols (TAG), 

(O-acyl)-ω-hydroxy fatty acids (OAHFA) and free cholesterol (Chl), and smaller amounts 

of polar lipids such as phospholipids (PL), free fatty acids (FFA), ceramides (Cer), and 

sphingomyelins (SM) [4–9]. The secreted meibum is delivered by the central duct to the 

eyelid margin and onto the ocular surface where it forms the tear film lipid layer (TFLL) that 

stabilizes the tear film and retards tear evaporation [10–12].

Meibomian gland dysfunction (MGD) is a disorder caused by functional and/or anatomical 

abnormalities of the MG leading to altered meibum quality and aberrant secretion [13–

16]. MGD is broadly classified based on the clinical impression of the secretory state 

of the gland into high delivery (hypersecretion) MGD, or low delivery (hyposecretion 

or obstruction) MGD, for which the underlying pathogenetic mechanisms are poorly 

understood [13,14]. Low delivery MGD is associated with an evaporative dry eye disease 

(DED), which is an ocular surface disorder characterized by unstable tear film, increased 

tear evaporation and tear film hyperosmolarity that causes ocular surface irritation, 

inflammation, discomfort, fatigue and impaired vision [13–17]. MGD accounts for about 

two-thirds of all DED, and is a rising public health concern, especially among women and 

the elderly [14,16].

Current treatments for MGD and DED are lacking and/or ineffective, and it is thought 

that understanding the cellular and molecular mechanisms controlling meibomian gland 

function, progenitor cell renewal, gland keratinization, lipid/meibum synthesis and meibum 

secretion would help in identifying new and more effective therapies. For the most part, 

studies have used an immortalized human meibomian gland epithelial cell line (iHMGEC) 

[18] that has been noted to have many limitations, including differentiation conditions that 

favor a ductal keratinization pathway [19], the formation of lipid droplets in the lysosomal/

degradation intracellular compartment [20], absence of the biosynthesis of WE and other 

major meibum lipids [21], as well as many other concerns that have been recently reviewed 

in depth by Phan et al. [22]. Of particular concern has been the failure to detect the 

expression and/or upregulation of critical enzymes known to be required for the synthesis 

of meibum specific lipids, particularly acyl-CoA wax-alcohol acyltransferase 2 (AWAT2). 
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AWAT2 is required for the synthesis of WE by the meibomian gland, and deletion of this 

enzyme reportedly leads to an MGD and DED phenotype in mice [23,24]. Recent studies 

have also shown that AWAT2 expression abruptly disappears when primary cells are placed 

in culture and that expression is not up-regulated when progenitor meibocytes are induced to 

differentiate and synthesize lipids under standard culture conditions [25].

One possible explanation for these findings is that normal meibocyte differentiation requires 

contextual signals that are not provided to cells attached to planar, 2 dimensional (2D) 

surfaces. In this regard, three-dimensional (3D)/multilayer cell culture system, which 

permits cell-cell and cell-matrix interactions similar to physiological conditions [22,26], 

may thus provide a more suitable microenvironment for the activation of such biological 

signals as occurs in MG acini. Indeed, 3D cultures have been studied using sebocytes which 

share many similarities with meibocytes [27]. The only 3D culture study using iHMGEC 

was published by Asano et al. [28] using hard polymer scaffolds and showed cytoplasmic 

lipid droplet accumulation over a longer period of time, indicating the ability of iHMGEC 

to differentiate in long-term 3D cultures. However, no analysis of the lipid composition or 

expressions of lipid synthesizing enzymes were reported.

In this study, we aimed to evaluate the 3D culture of iHMGEC using the thermo reversible 

protein-based, extracellular matrix (ECM), matrigel. Matrigel is a self-polymerizing, 

ECM based hydrogel, consisting of laminin (~90%), collagen, entactin, heparin sulfate 

proteoglycans, matrix metalloproteinases (MMP), and several growth factors, extracted from 

the basement membrane of the mouse sarcoma, Engelberth–Holm–Swarm (EHS) [29]. In 

previous studies using immortalized sebocytes, 3D culture in matrigel induced spheroid 

formation that showed mature, differentiated sebocytes with lipid droplets surrounded by 

undifferentiated, stem-like sebocytes [30]. We therefore hypothesized that 3D culture of 

iHMGEC with matrigel would induce the formation of spheroids that could differentiate 

toward meibocyte organoids with centrally located mature differentiated cells surrounded by 

basal proliferating cells, mimicking normal MG acinar structure.

2. Materials and methods

2.1. Two-dimensional cell culture

iHMGEC, a generous gift from Dr Sullivan, (Schepens Eye Research Institute, Boston, 

MA, USA) were used in this study. The cells were cultured until 80% confluent in a 6 

well plate with proliferation media, comprised of keratinocyte serum free media (KSFM) 

supplemented with bovine pituitary extract (BPE) and recombinant human epidermal 

growth factor (EGF) (Gibco Life Technologies, Waltham, MA USA), as well as 20 

ng/mL recombinant human fibroblast growth factor (FGF-10) (PeproTech, Seoul, Korea), 

a growth factor required for the development of meibomian and lacrimal glands [31], 

and 1% antibiotics/antimycotics (streptomycin, penicillin, and amphotericin B; Gibco Life 

Technologies). After confluency, media was changed to a differentiation media comprised of 

advanced Dulbecco’s Modified Eagle Medium:Nutrient Mixture F-12 (DMEM/F-12) (Gibco 

Life Technologies) supplemented with 20 ng/mL FGF-10, 20 ng/mL EGF, (PeproTech) and 

1% antibiotics/antimycotics. Various studies have shown that PPAR-γ signaling, activated 

by synthetic or natural ligands (i.e. essential fatty acids), is required for meibocytes 
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differentiation [1,32]. Therefore to initiate differentiation, cells were treated with the 

synthetic PPARγ ligands, rosiglitazone (Cayman Chemical, Ann Arbor, MI, USA) at 20 μM 

and lobeglitazone (Chong Keun Dang Pharmaceutical Corp., Seoul, South Korea) at 5 μM 

dissolved in dimethyl sulfoxide (Duchefa Biochemie, Haarlem, Netherlands) and incubated 

up to 5 days to achieve maximum lipid accumulation [33]. Vehicle treated cells were used 

as control. The media was renewed every 2 days. The incubation period was determined 

by prior cell viability experiments with trypan blue assay. Cell viability remained over 95% 

during proliferation and between 85% and 90% for both the control and PPARγ ligand 

treatment groups after 1 week differentiation.

After differentiation, the cells were detached with 0.25% trypsin (Gibco Life Technologies), 

transferred into 1.5 mL Eppendorf tubes and centrifuged at 1500×g for 5 min. The 

supernatant was discarded and the cells pellets retrieved for biochemical analysis. The 

appearance of the cells was documented before and after differentiation using the 

Invitrogen™ EVOS™ XL core imaging system, (Thermo Fisher Scientific, Bothell,WA, 

USA) at 10X magnification.

2.2. Three-dimensional cell culture

To induce spheroid formation and mimic acinar structure, we seeded iHMGEC into 

matrigel and cultured cells in proliferation media for up to three weeks as illustrated 

diagrammatically in Fig. 1. iHMGEC were suspended in KSFM at 4 °C and added 

to Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix 

(Discovery Labware Inc., Bedford, MA) at 4 °C, to achieve a 4:1 matrigel:KSFM dilution 

(80% matrigel) at a final concentration of 5 x 104 cell/ml. Fifty micro liters (50 μL) of the 

cold matrigel/iHMGEC suspension (2.5 x 103 cells) was then pipetted into each well of a 24 

well plate (Corning Incorporated, Keennebunk, ME, USA) to form a dome in the center of 

the wells. This number of cells avoided overcrowding so as to allow room for the formation 

of large and distinct spheroids.

The plate was then incubated for 30–60 min at 37 °C in a humidified 5% CO2 incubator 

to polymerize the matrigel. The KSFM proliferating media was then added to each well 

and incubated at 37 °C in a humidified 5% CO2 incubator to allow the cells to grow 

and proliferate. iHMGEC spheroids began to form after 3 days of incubation and became 

more obvious after 1 week of incubation. The spheroids were cultured for 2 more weeks, 

making a total of 3 weeks of the proliferation with media changes every two days, within 

which time most spheroids grew in size to greater than 100 μm diameter, in close proximity 

to the human MG acini diameter size of 150 μm–200 μm [15]. After three weeks, the 

proliferation media was changed to differentiation media supplemented with FGF10 and 

EGF with and without 20 μM rosiglitazone or 5 μM lobeglitazone. To confirm PPARγ 
signaling effects, cultures were also treated with 5 μM GW9662 (Tocris Bioscience, Bristol, 

UK), a synthetic PPARγ inhibitor. Vehicle treated cells/spheroids were used as control. Cells 

were then incubated for one week with media changed every 2 days. The incubation period 

was determined prior by cell viability experiments with trypan blue assay. Cell viability was 

over 90% during proliferation and averaged 76.5% for the control groups and 69% for the 

PPARγ ligand treatment groups after 1 week differentiation. Decreased viability following 

Nuwormegbe et al. Page 4

Ocul Surf. Author manuscript; available in PMC 2023 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differentiation was most likely due to holocrine secretion and cell death by the differentiated 

cells.

After one week differentiation, the media was removed and 200 μL of cell recovery solution 

(Discovery Labware Inc.) was added to each well. The plate was incubated at 4 °C for 

about 2–3 h to completely dissolve the matrigel. The solution containing the spheroids was 

then transferred into 1.5 mL Eppendorf tubes and then centrifuged at 1500×g for 5 min, 

the supernatant discarded, and the cells/spheroids pellets retrieved for biochemical analysis. 

Spheroid appearance was documented during the course of the culture period using an 

EVOS™ XL core microscope at 10X magnification.

2.3. Real time PCR

To evaluate iHMGEC proliferation and differentiation in our 3D culture system compared 

to the 2D culture system, we analyzed the transcription of the progenitor/stem cell marker, 

leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1), a type 1 transmembrane 

protein found to be stimulated and accumulated in proliferating iHMGEC [34,35], and 

the meibocytes differentiation marker AWAT2 [36]. PPAR-γ signal activation was also 

confirmed by perilipin 2 (PLIN2) transcription, a lipid droplet-associated protein [37]. 

Total RNA was extracted with an extraction kit (Qiagen, Hilden, Germany) following 

the manufacturer’s protocol. The quality and quantity of the RNA extracts were assessed 

with NanoDrop One spectrophotometer (Thermo Fisher Scientific). RNA quality (A260/

A280 ratio) ≥ 1.8 was used for further processes. LaboPass™ cDNA synthesis kit (Cosmo 

Genetech, Seoul, Korea) was used to synthesize cDNA according to the manufacturer’s 

protocol. RT-qPCR was done with primer pairs of target genes in a 10 μL reaction mixture 

with SYBR green PCR mix (Applied Biosystems, Life Technologies, Foster City, CA, 

USA). The experiments were done in triplicates. Relative quantitation was performed using 

the comparative Ct method using GAPDH as the normalizing housekeeper gene. The list of 

the primer pair sequences used are provided in Supplemental Table 1.

2.4. Western blot

Western blotting was performed to determine the expression of AWAT2 protein to 

ascertain the presence or absence of translation signals, since 3D cultures allow cellular 

communications which are not present in 2D cultures [22]. Total protein was extracted with 

radio-immunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific) with phosphatase 

and protease inhibitors (Roche Diagnostic GmbH, Mannhiem, Germany). After protein 

quantification with bradford assay reagent (Bio-Rad Laboratories, Inc. Hercules, CA, USA), 

50 μg of the cell extract was run on 10% sodium dodecyl sulfate polyacrylamide gels and 

then transferred onto polyvinylidene fluoride membranes (Millipore, Italy). The membranes 

were blocked with 5% skimmed milk solution prepared with 1X Tris-buffered saline with 

0.1% Tween® 20 detergent (1X TBST) for 2 h on a shaker at room temperature, washed and 

incubated with primary antibodies (list provided in Supplemental Table 2) overnight on a 

shaker at 4 °C. Membranes were washed (3 × 5 min) with 1X TBST, followed by incubation 

with horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. 

The membranes were finally washed (3 × 5 min) with 1X TBST and the blots detected with 

Pierce™ enhanced chemiluminescence western blotting substrate (Thermo Fisher Scientific, 
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Rockford, IL USA). The immunostained band images were captured with Image Lab™ 

software version 6.0.1 (Bio-Rad Laboratories Inc.). The relative quantization of the target 

protein AWAT2 was done after normalization to the house-keeping protein beta-actin in 

same blots using the Lab™ software version 6.0.1 image analysis tool. The experiments were 

done in triplicates.

2.5. Immunofluorescence staining

Immunofluorescence staining analyses were performed to assess the expression and 

localization of various proteins. The spheroids were stained with the proliferation marker, 

Ki67, the basal epithelial progenitor cell marker, ΔNp63, and the basal epithelial cell marker, 

cytokeratin 5 (KRT5), to assess the presence of progenitor/proliferating basal cells under 

the different culture conditions. Staining for the ductal epithelial cell marker, cytokeratin 6 

(KRT6), and the meibocyte marker, PPARγ, were used to characterize the spheroids. The 

expression and localization of differentiated and undifferentiated cells in the spheroids was 

evaluated by AWAT2 and LRIG1 respectively.

Spheroids embedded in the matrigel were fixed with 4% paraformaldehyde overnight at 4 

°C. The spheroids were then cryoprotected by directly perfusing with 30% sucrose solution 

overnight at 4 °C after which they were embedded in optimal cutting temperature (OCT) 

compound (Sakura Finetek, Torrance, CA, USA) and quickly frozen. Ten micrometer (10 

μm) thick sections were cut on a freezing microtome and mounted on poly-L-lysine coated 

slides (Fisherbrand, Pittsburgh, PA, USA). Sections were washed with phosphate buffered 

saline (PBS-T, 3 × 5 min), permeabilized with 0.1% Triton X-100 and then incubated in 

protein blocking solution (5% BSA) in PBS-T for 1 h at room temperature. After protein 

blocking, the slides were incubated with primary antibodies overnight at 4 °C. The slides 

were washed with PBS-T (3 × 15 min) and then incubated with Alexa Fluor 488 or Alexa 

Fluor 594 conjugated secondary antibodies (Life Technologies Corporation, Eugene, OR, 

USA) in the dark for 2 h at room temperature. The slides were finally washed (3 × 15 min) 

in 1X PBS and dried. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) 

in mounting solution (ProLong™ Gold Antifade Mountant, Thermo Fisher Scientific) and 

cover slipped. Cells incubated with PBS and secondary antibodies without prior primary 

antibody treatments were used as negative controls. The list of primary antibodies used is 

provided in Supplemental Table 2.

For neutral lipid staining, sections of spheroids on poly-L-lysine coated slides were prepared 

as previously stated [33]. The slides were then washed with 1X PBS and incubated in 

HCS LipidTOX™ green neutral lipid stain (Thermo Fisher Scientific) at 1:1000 dilution 

for 30 min in the dark at room temperature. The slides were finally washed with PBS, 

mounted with DAPI mounting solution and cover slipped. The fluorescence images were 

captured with the Olympus BX51 fluorescence microscope (Olympus, Tokyo, Japan) using 

the fluorescein isothiocyanate (FITC), rhodamine and DAPI channels at 20X magnification.

To analyze differences in LRIG1 and AWAT2 immunostaining between spheroids, the 

average fluorescence intensity per spheroid area was calculate and used for statistical 

comparisons between different treatment groups. For Ki67, ΔNp63, and KRT5, the 

percentage of positive cells was calculated by dividing the number of positive cell by 
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the total number of cells. To calculate the lipid content per cell in each image, the 

thresholded lipid pixel area was divided by the total number of cells in each image. At 

least 20 spheroids of diameters 100 μm and above were analyzed per treatment group. 

All analyses for 3D spheroids are semi-quantitative since randomly cut sections were 

obtained as representative of the spheroids. Images were analyzed with Image J [https://

imagej.nih.gov/ij/download.html]. All experiments were done in triplicates.

2.6. Statistical analysis

All numeric data were reported as mean ± standard error. Differences in mRNA and protein 

expression between different groups were assessed by one-way analysis of variance and 

Tukey’s multiple comparisons test in both cultures using GraphPad Prism 5.0 software 

(GraphPad Software, USA). All experiments were repeated at least 3 times and a P value of 

<0.05 was considered statistically significant.

3. Results

3.1. The 3D cell culture induced formation of iHMGEC spheroids

As shown in Fig. 2A, iHMGEC cultured on planar surfaces in proliferation media alone 

showed a uniform rounded, epithelioid morphology with no clustering of cells throughout 

the culture dish. When iHMGEC were grown to near confluence (80%) and then switched 

to differentiation media, cells became clustered together and assumed a flattened, elongated 

morphology that was distinct from the epithelioid cells grown in low calcium proliferation 

media.

When iHMGEC cells were grown in 3D matrigel, cells formed loosely packed spheroids 

averaging 23.5 μm ± 0.77 in diameter by 1 week (Fig. 2B). Spheroid diameters increased 

significantly over time, averaging 46 μm ± 1.73 and 121 μm ± 4.20 by two and three 

weeks, respectively (P < 0.001). When the media was switched to differentiation media for 

one week, no significant change in spheroid size was detected, averaging 148 μm ± 3.73 

(Fig. 2B), however, spheroids appeared dark by transmitted light, most likely due to the 

accumulation of light scattering lipid droplets as seen in normal meibomian glands [38].

3.2. Effect of FGF10 and PPAR-γ signaling on 3D cultured iHMGEC

When 3D cultured spheroids grown in proliferation media were stained with antibodies to 

the Ki67 (Fig. 3A), or the basal epithelial progenitor cell marker ΔNp63 (Fig. 4A), both 

Ki67 and ΔNp63 were detected in basal cells, averaging 27.75% ± 2.01 Ki67+ (Figs. 3E) 

and 48.53% ± 3.03 ΔNp63+ (Fig. 4E). When spheroids were switched to DMEM/F12 

media containing FGF10 there was no significant decrease in either cell proliferation, 

averaging 24.47% ± 1.83 Ki67+ (Fig. 3, B and E) or number of progenitor cells, averaging 

33.39% ± 5.90 ΔNp63+ (Fig. 4, B and E). However, when rosiglitazone was added to 

the culture media without the addition of FGF10, there was a significant decrease in the 

number of Ki67+ and ΔNp63+ cells (P < 0.001; Fig. 3, C and E and P < 0.001; Fig. 

4, C and E, respectively), averaging 3.17% ± 1.08 Ki67+ and 3.16% ± 1.52 ΔNp63+ 

cells. In contrast, maintaining spheroids in FGF10 containing media in the presence of 

rosiglitazone maintained significantly higher levels of cell proliferation averaging 10.77% ± 
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0.48 Ki67+ cells (Fig. 3D and E), but still significantly lower (P < 0.01) than cells grown 

in the absence of rosiglitazone. Similarly, the numbers of progenitor cells in the basal cell 

layer was significantly higher with the addition of FGF10 with rosiglitazone averaging 

24.78% ± 3.51 ΔNp63+ (Fig. 4D and E), which was not significantly different from that 

of spheroids cultured in with FGF10 alone. As shown in Fig. 5, iHMGEC differentiated 

with FGF10 alone maintained KRT5 expression and showed no lipid droplet accumulation 

(Fig. 5A and D), while spheroids differentiated with rosiglitazone with FGF10 (Fig. 5B) or 

rosiglitazone (Fig. 5C) both showed significantly reduced KRT5 staining limited to the basal 

cell compartment (Fig. 5D), and significantly increased lipid accumulation (Fig. 5E).

3.3. The 3D culture system promotes expression of meibocytes differentiation markers

We next evaluated the effect of 2D and 3D culture on expression of meibocyte 

differentiation markers by treating spheroids with synthetic PPARγ agonists, rosiglitazone 

(20 μM) and lobeglitazone (5 μM) (Fig. 6). Real-time PCR showed that activation of the 

PPAR-γ pathway in both 3D and 2D culture systems significantly increased PLIN2 and 

significantly decreased LRIG1 mRNA transcription as shown in Fig. 6A, consistent with 

early meibocyte differentiation and lipid synthesis (Fig. 5B and C). By contrast, expression 

of AWAT2, the critical enzyme required for synthesis of WE and the highest lipid enzyme 

expressed in the meibomian gland, was only detected in 3D spheroid cultures treated with 

either rosiglitazone or lobeglitazone (Fig. 6B) and not in 2D cultured cells. Interestingly, 

expression of AWAT2 in spheroids was localized to the suprabasal compartment similar to 

that detected in intact meibomian glands, and was associated with the loss of LRIG1 staining 

(Fig. 6C).

3.4. AWAT2 expression is modulated by PPARγ activation in spheroid culture

To determine if PPARγ signaling modulates AWAT2 synthesis, we pre-treated the cells with 

5 μM of the PPARγ synthetic inhibitor GW9662 for 5 h before PPAR-γ ligand treatment. 

Our results showed a significant attenuation of AWAT2 protein synthesis with PPAR-γ 
signal inhibition (Fig. 7) while groups without the PPAR-γ signal inhibition maintained 

AWAT2 protein expression.

3.5. Progenitor cell derivation of iHMGEC spheroids

Previous studies have suggested that there are two separate progenitor cell populations in 

the meibomian gland that are KRT6+/PPARγ− or KRT6−/PPARγ+ and give rise to the 

ductal epithelium or the acinar meibocytes, respectively [39]. To explore the presence 

of these progenitor cell populations in the immortalized iHMGEC cell line, spheroids 

were characterized for presence of KRT6/PPARγ/AWAT2. When spheroids were grown 

in differentiation media without rosiglitazone, two general types of spheroids were detected 

as shown in Fig. 8A, a KRT6low/AWAT2− and KRT6high/AWAT2− expressing spheroids. 

However, when rosiglitazone was added to the differentiation media (Fig. 8B), KRT6low 

spheroids showed staining for both AWAT2 and PPARγ, while KRT6high spheroids showed 

no staining for AWAT2 and PPARγ. The percentage of KRT6+ cells were however highly 

variable in both the KRT6low and KRT6high spheroids.
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4. Discussion

This report establishes, for the first time, that 3D matrigel culture of iHMGEC induces 

the formation of acinar-like spheroids that, when exposed to PPARγ agonists, induces 

the expression of the critical lipid synthesizing enzyme, AWAT2, that is required for 

the synthesis of WE, a principal component of meibum [23]. 3D matrigel culture also 

supported the apparent differentiation on iHMGEC into two different types of spheroids, a 

KRT6low/AWAT2+/PPARγ+ and a KRT6high/AWAT2−/PPARγ−. We also confirm findings 

of our earlier study showing that iHMGEC cultured on planar substrates only express 

extremely low levels of AWAT2 RNA that are not modulated by standard differentiation 

conditions [25]. These findings have important implications regarding our understanding 

of iHMGEC differentiation and their value to elucidating the cellular and molecular 

mechanisms regulating meibomian gland function.

First, 3D matrigel culture of iHMGEC appears to provide critical signals required for 

meibocyte differentiation that is not present in standard 2D culture. It may also have an 

advantage in providing similar polarity of differentiation as in tissues. The cell to cell and 

cell to matrix interactions may also have provided a more suitable microenvironment for 

differentiation, which is not provided to cells on 2D planar surfaces. It is well known that 

extracellular matrices provide unique structural support and stability to cells, as well as 

supporting signaling dynamics that influence cell fate [40]. In this regard, 3D matrigel 

culture combined with the addition of FGF10 seems to provide a niche environment 

necessary for the proliferation and maintenance of meibomian gland basal progenitor cells 

as identified by the expression of Ki67, ΔNp63 and LRIG1. These cells then give rise to 

early differentiating cells that appear to exit the cell cycle, lose expression of progenitor 

cell markers, and migrate into the suprabasal compartment. Some of these cells then give 

rise to more fully differentiated cells that synthesize and accumulate lipids and express 

AWAT2. Interestingly, basal spheroid cells in matrigel culture neither accumulate lipid nor 

express AWAT2, and therefore appear to mimic, in part, the organoid structure of the MG 

acinus. However, it should be noted that the expression level of AWAT2 protein in our 3D 

culture was substantially lower, compared to that of mouse meibomian glands, where RNA 

sequencing suggests that AWAT2 is the 13th most common transcript of the 16,000+ that 

were identified [41]. While the expression level of AWAT2 protein in rosiglitazone treated 

3D cultures was 2–3 fold higher than untreated cultures, this level of expression is also 

substantially below what is detected from tissue extracts. Furthermore, not all suprabasal 

cells appeared to express AWAT2, unlike the expression detected within intact meibomian 

glands [25]. Together, these findings suggest that 3D matrigel culture does not entirely 

recapitulate normal meibocyte differentiation, and that additional modifications may be 

necessary to drive complete differentiation.

In this regard we speculated that one explanation for the limited number of suprabasal cells 

that express AWAT2 may be due, in part, to the possibility that iHMGEC cultures contain 

two progenitor cell populations, one ductal and one meibocyte. To our knowledge, the 

isolation protocol for iHMGEC did not describe the cloning of cells after immortalization 

[18], and therefore iHMGEC may contain a mixed cell population. Previous studies of 

iHMGEC have shown the potential to differentiate into a ductal epithelial cell lineage as first 
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established by Hampel et al. for 2D cultures [19], and more recently by Asano et al. for 3D 

air-lifted cultures [28]. However, our report appears to be the first to establish that iHMGEC 

can differentiate to meibocytes that express the key biomarker of sebaceous/meibomian 

gland differentiation, i.e. AWAT2. While we have not as yet evaluated the lipidomic profile 

of 3D matrigel cultured iHMGEC, our findings support the hypothesis that iHMGEC can 

differentiate into the two key cell populations that comprise the meibomian gland, ductal 

epithelial and meibocytes. We would propose that it will be important to identify whether 

these observations are due to the presence of a mixed or bipotent progenitor cell population 

within iHMGEC. Of note, we observed a very high variability in the percentage of KRT6+ 

cells in the individual spheroids. This may be important, in that it may lead to discrepancies 

in AWAT2 expression levels between spheroid cultures, since levels will depend on the 

relative proportion of the different cell populations.

Secondly, if AWAT2 is a critical biomarker for meibocyte differentiation that can only 

be expressed in 3D matrigel culture, then much of the information derived from the 

study of iHMGEC in 2D cultures would appear to be most relevant to understanding MG 

ductal epithelial differentiation. While accumulation of lipid has been used as a marker for 

meibocyte differentiation in 2D culture models, previous studies have shown that this lipid 

for the most part is detected in the lysosomal compartment [20,42–44], which is generally 

thought to be associated with catabolic and/or autophagic processes [45]. Furthermore, the 

lipidome identified in these cultures is generally agreed to be not meibum-like [22]. More 

recently, we have shown that PPARγ agonists can induce lipid accumulation within the 

endoplasmic reticulum of iHMGEC [32], a similar site identified by morphologic studies 

of the MG [3], and that PPARγ agonists induces a more meibum-relevant lipid profile, 

particularly for CE [21]. However, these findings were identified in 2D culture, and whether 

MG ductal epithelium can synthesize lipid in response to PPARγ agonists is not known. 

During development, the ductal anlage shows expression of PPARγ and the appearance 

of lipid at post-natal day 5, during the formation of the ductal lumen [46]. Therefore, it 

is possible that ductal epithelia cells can respond to PPARγ signaling and induce lipid 

accumulation, but whether the ductal lipidome is similar to meibum is not known and needs 

further study.

A final interesting finding regards the expression of progenitor and differentiation cell 

markers that have recently been identified in 2D culture models. In our study we used 

LRIG1 as a biomarker for spheroid progenitor cells based on the recent findings by Xie 

et al. [35], who reported the differential expression of LRIG1 and DNase2 in progenitor 

and differentiated iHMGEC in 2D culture. While our findings were consistent with those of 

Xie et al., our earlier label retaining cell studies in mice showed that 100% of acinar slow 

cycling/progenitor cells were SOX9+ in the meibomian gland [47]. Given that iHMGEC 

may differentiate into two different lineages, ductal vs meibocyte, and that 2D culture may 

preferentially induce ductal epithelial differentiation, more detailed study is needed to clarify 

which progenitor cell markers play a role in meibocyte renewal.
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5. Conclusion

In summary, we introduced a novel 3D culture model that promoted iHMGEC proliferation 

and differentiation and may thus serve as an in vitro model for the study of meibocyte 

differentiation. It should be noted that the expression level of AWAT2 is still very low 

as compared to eyelid tissue, and that future studies need to focus on improving or 

modifying this system to more accurately recapitulate meibocytes differentiation in tissues. 

Understanding the cellular and molecular regulation of AWAT2 expression may be critical in 

helping to establish a culture model that could mimic physiologic differentiation.
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Fig. 1. 
Diagrammatic illustration of 3D culture of iHMGEC in Matrigel® matrix.
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Fig. 2. 
Generation of spheroids from iHMGEC. (A) 2D cell culture of iHMGEC; (B) Images 

showing iHMGEC spheroid formation at one week intervals during cell proliferation and 

clustering/spheroid formation and after differentiation, and a graphical representation of the 

average spheroid diameter. *** represents a P-value <0.001 compared to spheroid diameter 

at week 1). Spheroids sizes 23.5 μm ± 0.77 by 1 week, 46 μm ± 1.73 by 2 weeks, 121 μm ± 

4.20 by 3 weeks, and 148 μm ± 3.73 after 1 week differentiation, Magnification is 10X.
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Fig. 3. 
Expression of Ki-67 in 3D cultured iHMGEC spheroids

Representative IF images and their quantitative analyses for the expression of proliferation 

marker, Ki67, in spheroids cultured with KSFM (A), DMEM/F12 FGE10 (B), DMEM/F12 

+ rosiglitazone (C), DMEM/F12 + FGF10 + rosiglitazone (D). Quantitative analysis of 

the Ki67 labeling index is presented in E (*** represents P-value <0.001, ** represents a 

P-value <0.01, Green stain: Ki67; Red stain: DAPI. Magnification is 20X.
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Fig. 4. 
Expression of ΔNp63 in 3D cultured iHMGEC spheroids

Representative IF images and their quantitative analyses showing the expression of the 

epithelial progenitor cell marker, ΔNp63, in spheroids cultured in KSFM (A), DMEM/F12 

+ FGF10 (B), DMEM/F12 + rosiglitazone (C), DMEM/F12 + FGF10 + rosiglitazone (D). 

Quantitative analysis of the ΔNp63 labeling index is presented in E. (*** represents P-value 

<0.001, * represents P-value <0.05). Green stain: ΔNp63; Red stain: DAPI. Magnification is 

20X.
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Fig. 5. 
Expression of KRT5 and lipid droplet accumulation in the 3D cultured iHMGEC spheroids 

Representative IF images showing lipid droplets in spheroids co-stained with KRT5, 

cultured in DMEM/F12 + FGF10 (A), DMEM/F12 + rosiglitazone + FGF10 (B), and 

DMEM/F12 + rosiglitazone (C). Quantitative analysis is graphically presented for the 

expression of KRT5 (D) and lipid accumulation (E). (*** represents P-value <0.001, 

** represents P-value <0.01). Red stain: KRT5; Green stain: Lipid; Blue stain: DAPI. 

Magnification is 20X.
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Fig. 6. 
The 3D culture system promotes meibocytes differentiation and function. (A) Quantitative 

analyses of real-time PCR results showing the effect of PPARγ ligand treatment on PLIN2, 

AWAT2, and LRIG1 transcription in 2D and 3D culture systems; (B) Representative 

western blots and the quantitative analyses showing AWAT2 protein expression with PPARγ 
activation in 2D and 3D culture systems; (C) Representative IF images and the quantitative 

analyses showing AWAT2 and LRIG1 protein expression in spheroids (*** represents a 
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P-value <0.001, ** represents a P-value <0.01 compared with vehicle treated control). Green 

stain: LRIG1; Red stain: AWAT2; Blue stain: DAPI. DM:differentiation media.
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Fig. 7. 
Modulation of AWAT2 syntheses by PPARγ signaling in 3D cultures. Representative 

western blots and the quantitative analyses showing AWAT2 protein expression with PPARγ 
ligand treatment with and without GW9662, a PPARγ inhibitor (*** represents a P-value 

<0.001 compared with the vehicle treated control, and ## represents a P-value <0.01 

compared with the PPAR-γ ligands treated groups).
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Fig. 8. 
Immunofluorescence characterization of the iHMGEC in the spheroids. (A) Representative 

IF images showing KRT6/AWAT2 protein expression in spheroids cultured with DMEM/F12 

alone (A) or in combination with rosiglitazone (B). Green stain: KRT6; Red stain: AWAT2/

PPAR-γ Blue stain: DAPI. Magnification is 20X, DM: differentiation media.
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