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PURPOSE. Meibomian gland epithelial cells are essential in main-
taining the health and integrity of the ocular surface. However,
very little is known about their physiological regulation. In this
study, the cellular control mechanisms were explored, first to
establish a defined culture system for the maintenance of
primary epithelial cells from human meibomian glands and,
second, to immortalize these cells, thereby developing a pre-
clinical model that could be used to identify factors that regu-
late cell activity.

METHODS. Human meibomian glands were removed from lid
segments after surgery, enzymatically digested, and dissoci-
ated. Isolated epithelial cells were cultured in media with or
without serum and/or 3T3 feeder layers. To attempt immortal-
ization, the cells were exposed to retroviral human telomerase
reverse transcriptase (hTERT) and/or SV40 large T antigen
cDNA vectors, and antibiotic-resistant cells were selected, ex-
panded, and subcultured. Analyses for possible biomarkers,
cell proliferation and differentiation, lipid-related enzyme gene
expression, and the cellular response to androgen were per-
formed with biochemical, histologic, and molecular biological
techniques.

RESULTS. It was possible to isolate viable human meibomian
gland epithelial cells and to culture them in serum-free me-
dium. These cells proliferated, survived through at least the
fifth passage, and contained neutral lipids. Infection with
hTERT immortalized these cells, which accumulated neutral
lipids during differentiation, expressed multiple genes for lipo-
genic enzymes, responded to androgen, and continued to pro-
liferate.

CONCLUSIONS. The results show that human meibomian gland
epithelial cells may be isolated, cultured, and immortalized.
(Invest Ophthalmol Vis Sci. 2010;51:3993–4005) DOI:
10.1167/iovs.09-5108

Meibomian glands are essential in maintaining the health
and integrity of the ocular surface.1–6 These glands ac-

tively synthesize lipids and secrete them at the upper and
lower eyelid margins just anterior to the mucocutaneous junc-
tions. These glandular lipids then spread onto the tear film and
promote the stability and prevent the evaporation of this
film.1–6 Meibomian gland lipids may also help preserve visual

acuity, provide lubrication during blinking, interfere with bac-
terial colonization, and prevent tear overflow.1–6 Meibomian
gland dysfunction (MGD), in turn, leads to tear film instability
and evaporation1–6 and is thought to be the major cause of dry
eye syndrome throughout the world.7

However, aside from its regulation by sex steroids8–13 or
the negative impact of retinoic acid,14 almost nothing is known
about the physiological control of the meibomian gland in
health or disease. This dearth of knowledge is somewhat sur-
prising, given that the meibomian gland is a large sebaceous
gland, and numerous articles have been published about the
neural, hormonal, and secretagogue modulation of nonocular
sebaceous gland tissue.15–24 These reports have shown that
the nature of sebaceous gland regulation may vary signifi-
cantly depending on the type of gland and its skin location.
And of particular importance, much of this knowledge of
sebaceous gland control has been generated by research
with primary, and especially, immortalized sebaceous gland
epithelial cells.25–28

We seek to advance our understanding of the regulation of
meibomian gland function and the mechanisms underlying
MGD. We also seek to translate this knowledge into the devel-
opment of novel and unique therapeutic strategies to treat
MGD and evaporative dry eye. Toward that end, we had a
twofold purpose in this study: first, to establish a defined
culture system for the maintenance of primary epithelial cells
from human meibomian glands and, second, to immortalize
these meibomian gland epithelial cells, thereby developing cell
cultures that could be useful for identifying factors that regu-
late meibomian gland epithelial cell activity.

MATERIALS AND METHODS

Cellular Procedures

Isolation and Initial Culture of Primary Human
Meibomian Gland Epithelial Cells. Human eyelid tissues were
obtained within 24 hours after eyelid surgeries (five women, four men;
age range, 32–85 years). These tissues were used for evaluating pri-
mary cell culture conditions, generating cells for immortalization, and
conducting immunohistochemical studies. The use of human tissues
was approved by the Institutional Review Boards of Massachusetts Eye
and Ear Infirmary and Schepens Eye Research Institute and adhered to
the tenets of the Declaration of Helsinki. Tarsal plates were isolated
from eyelid tissues under a dissecting microscope (Bausch & Lomb,
Rochester, NY) by removing skin, SC tissue, muscle, and palpebral
conjunctiva. The tarsal plates, which contained two to five meibomian
glands, were further digested with 0.25% collagenase A (Roche Diag-
nostics, GmbH, Mannheim, Germany) and 0.6 U/mL dispase II (Roche
Applied Science, Indianapolis, IN) at 37°C for 3 hours. Single glands
were then isolated under a dissecting microscope (Bausch & Lomb).
Epithelial cells were dissociated into a single-cell suspension by 0.05%
trypsin and 0.05% EDTA (Invitrogen-Gibco, Grand Island, NY) treat-
ment for 5 minutes and cultured in keratinocyte serum-free medium
(SFM) (Invitrogen-Gibco) for 10 to 12 days before subculture. The
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fibroblasts were removed with a rubber policeman 6 to 7 days after
seeding.

Preparation of 3T3 Fibroblasts. 3T3 fibroblasts (a gift from
Andrius Kazlauskas, Schepens Eye Research Institute, Boston, MA) at
80% confluence were incubated with mitomycin C (4 �g/mL; Roche
Diagnostics, GmbH) for 2 hours at 37°C under 5% CO2/95% air,
trypsinized, and plated onto cell culture dishes (BD Biosciences, Lin-
coln Park, NJ) at a density of 2.2 � 104 cells/cm2. These feeder cells
were used 4 to 24 hours after plating.

Incubation of Primary Human Meibomian Gland
Epithelial Cells in Various Culture Conditions. Primary
human meibomian gland epithelial cells were cultured at passage 2
under three conditions: SFM, SFM in the presence of a mitomycin
C-treated 3T3 feeder layer, and serum-containing medium with the
mitomycin C-treated 3T3 feeder layer. The serum-containing medium
consisted of an equal volume of Dulbecco’s modified Eagle’s medium
(DMEM) and Ham’s F12, supplemented with 10% fetal bovine serum
(FBS; Invitrogen-Gibco), 5 �g/mL insulin, 2.5 �g/mL epidermal growth
factor (EGF), 8.4 ng/mL cholera toxin A subunit (Sigma-Aldrich, St.
Louis, MO), 0.5 �g/mL hydrocortisone, 50 �g/mL gentamicin, and 1.25
�g/mL amphotericin B (Invitrogen-Gibco). Cultures were incubated at
37°C with 5% CO2/95% air. Media were changed every 2 days. On
reaching 70% to 80% confluence, the feeder layer was removed, and
the epithelial cells were subcultured to the next passage.

Clonal Analysis. Human meibomian gland epithelial cells were
seeded in SFM at a plating density of 1000 cells per 60-mm dish and
cultured for 5 days. The cells were fixed with 4% paraformaldehyde
and stained with 1% rhodamine B (Sigma-Aldrich). The total number of
colonies that consisted of four or more cells was counted under a
dissecting microscope. Colony-forming efficiency equaled the (number
of colonies/number of cells seeded) � 100%. Each experiment was
performed in triplicate.

Cell Proliferation Assay. Cell proliferation was assessed by
measuring the incorporation of 5-bromo-2-deoxyuridine (BrdU) into
the newly synthesized DNA of replicating cells (Cell Proliferation
Biotrak ELISA System; Amersham Biosciences, Piscataway, NJ). Meibo-
mian gland epithelial cell cultures were plated at a seeding density of
5000 cells/well in 24-well dishes and allowed to grow for 5 days in the
above three culture conditions. Then, BrdU (10 �M) was added 4
hours before the termination of the incubation. The detection of BrdU
was performed according to the manufacturer’s instructions. Statistical
analysis was performed by using ANOVA and the Fisher PLSD multiple
comparisons test.

Retroviral Immortalization of Human Meibomian
Gland Epithelial Cells. Retroviral vectors were used to introduce
exogenous genes into human meibomian gland epithelial cells. In
brief, bacteria containing pBABE-puro-hTERT plasmid29 (plasmid 1771,
Addgene, Cambridge, MA) or pBABE-neo-large T cDNA plasmid30

(Addgene plasmid 1780, Cambridge, MA) were grown overnight at
37°C in LB broth. Plasmid DNA was extracted with a kit (Plasmid Maxi
Kit; Qiagen, Valencia, CA). Plasmid DNA (25 �g) or transfection re-
agent (156 �L; Lipofectamine; Invitrogen-Gibco) was each mixed in-
dividually with 1.8 mL of reduced-serum medium (OptiMem; Invitro-
gen-Gibco). The two were then mixed and kept at room temperature
for 45 minutes to allow complexing of the DNA with the transfection
reagent. The mixture was added slowly to 293GPG viral packaging
cells (a gift from Andrius Kazlauskas), which had been cultured on
15-cm culture dishes in DMEM containing 10% heat-inactivated FBS, 50
U/mL penicillin-streptomycin, 1 �g/mL tetracycline, 2 �g/mL puromy-
cin (Sigma-Aldrich), and 3 mg/mL geneticin (G418; Sigma-Aldrich).
After a 7-hour incubation period, additional DMEM containing 10%
heat-inactivated FBS and 50 U/mL penicillin-streptomycin was
added. Medium containing virus was collected from days 2 to 6 after
transfection and spun at 1500 rpm for 10 minutes in a centrifuge
(GPK; Beckman, Fullerton, CA). The virus pellet was collected by
centrifuging the supernatant at 25,000g for 90 minutes at 4°C. The
virus pellet was resuspended in sterile medium which contained 50

mM Tris (pH 7.8), 130 mM NaCl, and 1 mM EDTA. The virus solution
was stored at �80°C until use.

First-passaged human meibomian gland epithelial cells from a 58-
year-old man were used for the immortalization. The cells were seeded
on a six-well culture plate at 2 � 105 cells/well in SFM. When the cells
grew to 60% and 70% confluence, the medium was changed to 2 mL
SFM containing 8 �g/mL polybrene (Millipore, Billerica, MA). The
concentrated virus solution containing pBABE-puro-hTERT or pBABE-
neo-large T cDNA, or both, was added to the well and incubated at
37°C in 5% CO2/95% air for 24 hours.

The cells were subcultured into 10-cm culture dishes and incubated
with SFM containing selective antibiotics: puromycin (2 �g/mL) for
cells infected with pBABE-puro-hTERT alone or combined with pBABE-
neo-large T cDNA, and neomycin (2 mg/mL) for cells infected only
with pBABE-neo-large T cDNA-infected cells. The cells were selected
for 7 to 14 days. Drug-resistant cells were expanded and subcultured.

Androgen Treatment of Immortalized Human Meibomian
Gland and Conjunctival Epithelial Cells. Immortalized mei-
bomian gland (passage 11) and conjunctival (passage 26; generous gift
from Ilene Gipson, Schepens Eye Research Institute, Boston, MA)
epithelial cells (3 � 105/well; n � 3 wells/treatment group) were
cultured to 80% confluence, then treated with either the ethanol
vehicle or 10 nM DHT (Steraloids, Wilton, NH) for 3 or 4 days,
respectively, as previously described (Khandelwal P, et al. IOVS 2009;
50:ARVO E-Abstract 4266).

Growth Kinetics. Immortalized human meibomian gland epi-
thelial cells were seeded in SFM in six-well culture plates at a density
of 3.76 � 104 cells per well and cultured for 1, 3, 5, 7, and 10 days.
Total cells at each time point were counted with a hemocytometer.

General Procedures

Karyotype Analysis. Karyotype analysis of the immortalized
human meibomian gland epithelial cells was performed at the Center
for Human Genetics, Boston University School of Medicine (Boston,
MA). The cells were treated with colcemid, lysed, and fixed in meth-
anol-acetic acid. Chromosomes were stained with Wright solution, and
15 cells in metaphase were analyzed.

Nile Red Staining. Neutral lipid expression during differentia-
tion was determined by staining the cells with the lipophilic dye Nile
red (Sigma-Aldrich). The hTERT-immortalized human meibomian gland
epithelial cells were cultured on chamber slides in SFM to 70% to 80%
confluence and then changed to three types of media: SFM, SFM with
1.2 mM calcium, and serum-containing medium which consisted of an
equal volume of DMEM and Ham’s F12, supplemented with 10% FBS,
and 10 ng/mL EGF. The cells were cultured for an additional 1, 3, 5, 7,
and 14 days, then fixed with 4% paraformaldehyde for 10 minutes and
stained with Nile Red for 15 minutes at room temperature. After
extensive washing, the cells were observed with a confocal micro-
scope (TCS SP2; Leica, Bannockburn, IL) using a 580 � 30-nm band-
pass filter, which detects neutral lipid and phospholipids.31

Oil Red O Staining. To detect neutral lipids, the cells were
cultured in the above three media conditions for 5 days and fixed with
10% neutral buffered formalin for 15 minutes. The samples were then
stained with 0.3% Oil red O (Fisher Biotec, Wembley, WA, Australia) in
60% isopropanol for 15 minutes, rinsed with 60% isopropanol, and
observed under a phase-contrast microscope (Eclipse TS100; Nikon,
Avon, MA).

Biochemical Methods

To evaluate the lipid profile in hTERT-immortalized human meibomian
gland epithelial cells, the lipids were extracted by the method of Folch
et al.32 Total lipids were analyzed by an adaptation of a protocol
devised by Christie,33 and phospholipids were characterized as previ-
ously described.34 For fatty acid analysis, a lipid extract aliquot was
mixed with an internal standard (FIM-FAME-7; Matreya, Pleasant Gap,
PA) and subjected to base-catalyzed methanolysis to free the ester-
bound fatty acids and convert them to their methyl esters (FAME). The

3994 Liu et al. IOVS, August 2010, Vol. 51, No. 8



FAMEs were separated by capillary gas chromatography and ionized by
ammonia chemical ionization, and their mass spectra were acquired
(Quattro-II triple quadrupole GC-MS/MS instrument; Water, Milford,
MA). Fatty acids were identified by their molecular masses as shown in
the spectra. Peak area ratios of each FAME peak to the internal standard
were compared with those ratios in an external standard mix to
calculate the concentration of each fatty acid.

Histologic Techniques

Immunocytochemistry. Meibomian gland epithelial cells cul-
tured to 70% and 80% confluence on chamber slides were fixed with
4% paraformaldehyde for 10 minutes at room temperature. After block-
ing with 3% bovine serum albumin (BSA)/0.3% Triton X-100/phosphate
buffer solution (PBS) for 30 minutes at room temperature, the cells
were incubated for 2 hours at room temperature with a mouse mono-
clonal IgG antibody to SV40 large T antigen (Calbiochem Inc., Te-
mecula, CA) in 1% BSA/PBS at a dilution of 1:100. After they were
washed with PBS, the slides were incubated with FITC-conjugated
rabbit anti-mouse IgG (Chemicon) for 1 hour at room temperature and
mounted (Vectashield antifade medium; Vector Laboratories, Burlin-
game, CA). For negative control experiments, the primary antibody
was omitted. The slides were examined with a fluorescence micro-
scope (Eclipse E800; Nikon, Tokyo, Japan).

Immunohistochemistry. Human lid, corneal, and conjuncti-
val tissues (gifts from Ilene Gipson, Schepens Eye Research Institute)
were embedded in OCT compound and frozen at �80°C until they
were used. Sections (6 �m) were cut and placed on microscope slides
(Superfrost Plus; VWR International, West Chester, PA). They were
fixed with 10% neutral buffered formalin for 10 minutes, blocked with
3% BSA/PBS (pH 7.4) for 30 minutes, and incubated with a 1:10
dilution of goat anti-human kallikrein 6 IgG antibody (R&D Systems,
Inc. Minneapolis, MN) in 1% BSA/PBS for 2 hours at room temperature.
After they were washed with PBS, the slides were incubated with
FITC-conjugated donkey anti-goat IgG (1:100 dilution in 1% BSA/PBS;
Chemicon) for 1 hour at room temperature. The slides were mounted
with mounting medium with 4�,6-diamidino-2-phenylindole (Vectash-
ield; Vector Laboratories) as a counterstain. For negative controls,
either the primary antibody was preincubated with recombinant hu-
man kallikrein 6 (1.5 �g; R&D Systems, Inc.) or it was omitted. The
slides were examined by fluorescence microscope (Eclipse E800; Ni-
kon).

Molecular Biological Procedures

Real-time PCR Detection of Telomerase Activity. Telom-
erase activity was detected by quantitative telomerase detection (Allied
Biotech Inc., Ijamsville, MD), according to the manufacturer’s instruc-
tions. Briefly, primary and hTERT-immortalized meibomian gland epi-
thelial cells were grown to 80% confluence, trypsinized, centrifuged,
and washed. The cell pellets were stored at �80°C until use. The
pellets were resuspended in 200 �L lysis buffer, incubated on ice for
30 minutes, and spun at 12,000g for 30 minutes at 4°C. The superna-
tants (i.e., cell extracts) were transferred to fresh tubes and the protein
concentrations were determined with a BCA protein assay kit (Pierce,
Rockford, lL). Protein concentrations for samples were adjusted to 500
ng/�L. In negative control experiments, aliquots of cell extracts were
incubated at 85°C for 10 minutes to inactivate enzyme activity. Dilu-
tions of an oligonucleotide with an identical sequence as telomere
primers were used to generate a standard curve. The real-time PCR
reaction system was composed of 12.5 �L premix, 1.0 �L cell extracts,
heat-inactivated extracts or template controls, and 11.5 �L water.
Real-time PCR reactions, which were performed on a sequence-detec-
tion system (model 7900; Applied Biosystems Inc. Foster City, CA),
were 25°C for 20 minutes and 95°C for 10 minutes, followed by
three-step cycling for 40 cycles: 95°C for 30 seconds, 60°C for 30
seconds, and 72°C for 30 seconds. Statistical analysis was performed by
using ANOVA and the Fisher PLSD multiple comparisons test.

Gene Expression Analyses. Total RNA was extracted (Trizol;
Invitrogen, Carlsbad, CA) from human meibomian glands (n � 12
samples), as well as from primary human meibomian gland epithelial
cells (n � 12 samples), hTERT-immortalized human meibomian gland
epithelial cells (n � 30 samples) and immortalized human conjunctival
epithelial cells (n � 6 samples) that had been cultured in a variety of
conditions, including exposure to exogenous calcium, FBS, EGF, bo-
vine pituitary extract (BPE), or DHT (i.e., Liu S, et al. IOVS 2008;49:
ARVO E-Abstract 88; Liu S, et al. IOVS 2009;50:ARVO E-Abstract 3669;
Khandelwal P, et al. IOVS 2009;50:ARVO E-Abstract 4266; Khandelwal
P, et al. IOVS 2010;51:ARVO E-Abstract 4158). Total RNA samples were
further purified (RNeasy MinElute Cleanup Kit; Qiagen Inc.) and run on
a bioanalyzer (RNA 6000 Nano LabChip. with a model 2100 Bioana-
lyzer; Agilent Technologies, Palo Alto, CA) to verify RNA integrity.

The RNA (100 ng) samples were processed by Asuragen (Austin,
TX) for the quantitation of mRNA levels by using gene expression
profiling (HumanHT-12 v3 Expression BeadChips; Illumina San Diego,
CA), as reported elsewhere (Liu S, et al., manuscripts in preparation;
Khandelwal P, et al., manuscripts in preparation). These chips target
more than 25,000 annotated genes with more than 48,000 probes
derived from National Center for Biotechnology Information (NCBI)
reference sequences and the UniGene databases (provided in the
public domain by the NCBI, Bethesda, MD, http://www.ncbi.nlm.nih.
gov/UniGene). Data were processed (BeadStudio software v3; Illu-
mina) using background subtraction and cubic spline normalization.
Normalized hybridization intensity values were adjusted by adding
a constant such that the lowest intensity value for any sample
equaled 16.35

Normalized data were evaluated with a comprehensive program
(GeneSifter.Net software; Geospiza, Seattle, WA) that also produced
gene ontology and z-score reports. These ontologies encompassed
biological processes and molecular functions and were organized ac-
cording to the guidelines of the Gene Ontology Consortium (http://
www.geneontology.org/GO.downloads.ontology.shtml).36

The gene expression of the various human meibomian gland sam-
ples was compared to the gene expression profile of human conjunc-
tival and corneal epithelia, as shown in the Gene Expression Omnibus
Series accession number GSE5543,37 as well as to genes expressed in
sebaceous glands and immortalized human sebaceous gland epithelial
cells (GSE10432).26–28,38

RESULTS

Culture of Primary Human Meibomian Gland
Epithelial Cells

Single attached primary human meibomian gland epithelial
cells divided to form four-cell colonies by days 3 to 4 after
seeding and continued to proliferate to form 16- to 32-cell
colonies by day 6 (Fig. 1). Each colony consisted of a collection
of small, ovoid or polygonal cells. Confluent colonies at day 12
had cobblestone morphology (Fig. 1).

FIGURE 1. Appearance of primary human meibomian gland epithelial
cells after culture in SFM for 6 and 12 days. Magnification, �200.
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Early passages of meibomian gland epithelial cells cultured
in SFM continued to proliferate rapidly and could be passaged
at least five times (Fig. 2). Human meibomian gland epithelial
cells cultured in SFM in the presence of the 3T3 feeder layer
formed four- to six-cell colonies by day 3. Epithelial cells
continued to proliferate and distributed among the 3T3 cells
(Fig. 2). Human meibomian gland epithelial cells cultured in
serum-containing medium in the presence of the feeder layer
formed four- to six-cell colonies by day 3. The colonies grew in
size over time. Cells in these colonies were small and tightly
arranged, whereas 3T3 cells around the colonies formed a
distinct clonal margin (Fig. 2).

There was a significant (P � 0.05) increase in the prolifer-
ation of primary human meibomian gland epithelial cells when
cultured in SFM, compared with incubation on a feeder layer in
the presence or absence of serum (Fig. 3). Cell proliferation in
SFM with the feeder layer, in turn, was significantly (P � 0.05)
greater than that in serum-containing medium with the feeder
layer (Fig. 3).

Neutral lipid droplets in primary human meibomian gland
epithelial cells were detected by Oil red O staining. Cells
cultured in serum-containing medium with the feeder layer
appeared to have more pronounced staining when compared
with cells grown in SFM or SFM with the feeder layer. Cells
cultured in SFM showed minimal Oil red O staining (Fig. 4).

Immortalization of Human Meibomian Gland
Epithelial Cells

To attempt immortalization, we exposed human meibomian
gland epithelial cells to retroviral hTERT and/or SV40 large T
antigen vectors and selected antibiotic-resistant cells.

Only one cell colony infected with SV40 large T antigen
retroviral vector survived antibiotic selection. The cells in the
colony were serially subcultured (Fig. 5). After 4.5 months,
they had reached passage 13, but then stopped proliferating.

Human meibomian gland epithelial cells infected with both
SV40 large T antigen and hTERT retroviral vectors kept prolif-
erating and grew beyond passage 25 during a 6-month culture
period (Fig. 5).

Human meibomian gland epithelial cells infected with the
hTERT retroviral vector survived antibiotic selection and pro-
liferated. Cell division seemed to slow at passage 5 to 6.
However, small, rapidly dividing cells appeared at passage 6
and continued to proliferate beyond passage 70 over a 15-
month time span (Fig. 5). Under phase-contrast microscopy,
these cells show typical polygonal epithelial cell morphology
and form a cobblestone-like cell sheet when confluent. This
epithelial-cell–like appearance was maintained at every pas-
sage.

FIGURE 2. Appearance of primary
human meibomian gland epithelial
cells (passage 2) after culturing in
SFM, SFM in the presence of a 3T3
feeder layer, and serum-containing
medium in the presence of a 3T3
feeder layer for 3 and 5 days. Arrows:
the meibomian gland epithelial cell
colonies. Magnification, �200.

FIGURE 3. Proliferation of primary human meibomian gland epithelial
cells (passage 2; n � 3 wells/condition) in different culture conditions.
*Significantly (P � 0.05) greater proliferation than when cultured on a
feeder layer in the presence or absence of serum; †significantly (P �
0.05) greater proliferation than when cultured in serum-containing
medium on a feeder layer.
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Immunofluorescent staining for SV40 large T antigen dem-
onstrated nuclear expression in SV40-infected large T cells, as
well as in large T cells infected with SV40 antigen and hTERT
(Fig. 6).

Quantitative real-time PCR analysis showed that telomerase
activity in hTERT-immortalized cells (n � 3 wells/passage) at
passages 11, 27, 37, and 43 was significantly (P � 0.05) higher
than that of the primary cultured cells at passage 2 (Fig. 7).

Cellular Growth Kinetics and
Colony-Forming Efficiency

Measurements of cellular growth kinetics were obtained on
hTERT-immortalized cells (n � 3 wells) at passage 16. By 24
hours after plating, the number of cells increased by 6%, from
3.76 � 104 cells/well to 3.99 � 0.38 � 104 cells/well. From 24
to 72 hours, the cell number rose by 40%, to 5.58 � 0.88 � 104

cells/well. From 72 to 120 to 168 hours, cells underwent
successive 1.12 (to 12.11 � 1.01 � 104 cells/well) and 2.09 (to
51.64 � 1.14 � 104cells/well) population doublings, respec-
tively. The average population-doubling time during the log
growth phase was 27.39 hours. By 168 hours, the cells had
reached 90% confluence. Cells reached confluence by 240
hours (day 10) after plating (Fig. 8).

The colony-forming efficiency (n � 3 wells/group) of pri-
mary human meibomian gland epithelial cells at passage 2
equaled 11.20% � 1.39%, whereas that of hTERT-immortalized
cells at passage 17 was significantly (P � 0.05) greater at
24.78% � 1.62%.

FIGURE 4. Accumulation of neutral lipid droplets in primary human
meibomian gland epithelial cells (passage 2). The cells were cultured
for 5 days in SFM, or on feeder layers in the presence or absence of
serum and stained with Oil red O. The cells cultured in serum-contain-
ing medium with the feeder layer appeared to have more pronounced
staining than did the cells grown in SFM with or without the feeder
layer. Magnification, �200.

FIGURE 5. Appearance of human mei-
bomian gland epithelial cells after in-
fection with SV40 large T antigen
(passage 9), SV40 large T antigen and
hTERT (passage 16), or hTERT (pas-
sage 23). Magnification: (A) �100;
(B) �200.

FIGURE 6. Immunofluorescent staining of SV40 large T antigen in
nuclei of cells infected with SV40 large T antigen or with SV40 large T
antigen and hTERT. Magnification: (left) �400; (right) �200.
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Karyotypes of Immortalized Human Meibomian
Gland Epithelial Cells

The karyotype of hTERT-immortalized human meibomian gland
epithelial cells at passage 23 was 46, XY. This represented a
normal male karyotype and was identical with that of the “male”
parent primary cells. No evidence of any chromosome abnormal-
ity was observed (Fig. 9).

At later passages, the karyotype of hTERT-immortalized hu-
man meibomian gland epithelial cells underwent some alter-
ations. Cells at passage 35 revealed the presence of three
subpopulations: 46, XY; 47, XY, �5; 48, XY, �5, �20. Cells at
passage 46 showed a male karyotype with trisomy 5 and
trisomy 20. Cells at passage 59 showed additional changes at
chromosomes 4 and 1.

The karyotype of human meibomian gland epithelial cells
immortalized with both SV40 large T antigen and hTERT was
quite abnormal. These cells at passage 23 showed tetraploidy
and hypotetraploidy, 88-92, XXYY. Moreover, these cells had
extra chromosomes 7 and 14, three further copies of chromo-
some 20, and loss of one of the chromosomes 2, 3, 6, 10, 15,
17, and 22. A marker chromosome of unknown origin was also
detected (Fig. 9).

Neutral Lipid Accumulation during
Differentiation of hTERT-Immortalized Human
Meibomian Gland Epithelial Cells

Neutral lipids accumulate in sebaceous gland epithelial cells dur-
ing differentiation,39,40 which, in turn, may be induced in various
cell types by exposure to calcium or serum.41–43 Given this
background, we sought to determine whether hTERT-immortal-
ized human meibomian gland epithelial cells accumulate intracel-
lular neutral lipids during differentiation. Cells were cultured in
SFM, SFM with 1.2 mM calcium, or serum-containing medium for
increasing lengths of time and then stained with Nile red.

Our microscopy results show minimal staining of cells when
subconfluent and then an apparent, time-dependent increase in
granular lipid staining (Fig. 10). Cultures containing serum ap-
peared to express lipids more rapidly (e.g., by 24 hours), but
ultimately all culture conditions led to increased staining. These
findings indicate that the hTERT-immortalized cells differentiate in
serum-free, as well as in serum-containing, media.

Preliminary analyses of the lipid profile of hTERT-immortalized
human meibomian gland epithelial cells (1.5 � 106 cells; passage
41),that had been cultured in SFM indicated the presence of wax
esters; cholesterol esters; tri-, di-, and monoglycerides; choles-
terol; phosphocholine; sphingolipids; and oleic, palmitic, palmi-
toleic, and stearic fatty acids, among other species.

Comparison of the Gene Expression Profile in
hTERT-Immortalized Meibomian Gland Epithelial
Cells to Those of Sebaceous Gland Epithelial
Cells, Primary Human Meibomian Gland
Epithelial Cells, and Human Meibomian
Gland Tissues

To determine whether hTERT-immortalized human meibomian
gland epithelial cells express genes common to other sebaceous
gland epithelial cells, we scanned meibomian samples for the
expression of lipid-, keratin-, and protease-related genes known to
be transcribed in sebocytes, as reported in Gene Expression
Omnibus Series accession number GSE10432 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE10432).27 We also ex-
amined whether these selected genes were expressed in pri-
mary human meibomian gland epithelial cells and in human
meibomian glands.

As shown in Table 1, the genes encoding acyl-coenzyme A
dehydrogenase, farnesyl diphosphate synthase, farnesyl-diphos-
phate, farnesyltransferase 1, farnesyltransferase, CAAX box �,
farnesyltransferase, CAAX box �, fatty acid desaturase 1, fatty
acid synthase, kallikrein-related peptidase 6, kallikrein-related
peptidase 6, keratin 7, keratin 13, squalene epoxidase, stearoyl-
CoA desaturase, and sterol regulatory element binding tran-
scription factor 1 were expressed in all sebaceous gland sam-
ples. Similarly, these genes were expressed in almost all
meibomian gland cell and tissue samples.

Influence of Androgen Treatment on
Lipid-Related Gene Expression in
hTERT-Immortalized Human Meibomian Gland
Epithelial Cells

Nonocular sebaceous gland epithelial cells are known to re-
spond to androgens by increasing the transcription of lipid-
related genes and producing proteins that augment both the
synthesis and secretion of lipids.44,45 To determine whether
hTERT-immortalized human meibomian gland epithelial cells
respond in a similar manner, we analyzed the effect of DHT on
the cellular expression of lipid-related gene ontologies. For
comparison, we also evaluated the influence of androgen ex-
posure on immortalized human conjunctival epithelial cells.
These conjunctival epithelial cells, because they are not of
sebaceous gland origin, should not respond to androgen treat-
ment with an upregulation of numerous genes associated with
lipid pathways. Meibomian gland (passage 11) and conjunctival
(passage 26) epithelial cells (3 � 105/well; n � 3 wells/

FIGURE 8. Kinetics of growth of hTERT-immortalized human meibo-
mian gland epithelial cells. During the log growth phase, the average
population-doubling time was 27.39 hours. Cells reached 90% conflu-
ence by 168 hours and 100% confluence by 240 hours after plating.

FIGURE 7. Real-time PCR quantitative telomerase activity. *Telomer-
ase activity in hTERT immortalized cells (n � 3 wells/passage) at
passages 11, 27, 37, and 43 was significantly higher than that of the
primary cultured cells at passage 2 (P � 0.05).
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treatment group) were cultured to 80% confluence, then
treated with either vehicle or 10 nM DHT. After optimal time
courses (conjunctival cells, 4 days; meibomian cells, 3 days), as
previously demonstrated (Khandelwal P, et al. IOVS 2009;50:
ARVO E-Abstract 4266), the cells were processed for analysis
(Illumina BeadChips and Geospiza software).

Our results show that DHT has a significant impact on the
expression of numerous genes related to lipid metabolic path-
ways in hTERT-immortalized human meibomian gland epithe-
lial cells. As shown in Table 2, DHT stimulated 25 different
ontologies (with �5 genes) involved with lipid biosynthesis,
homeostasis, transport, and binding, as well as with choles-
terol, fatty acid, phospholipid, and steroid dynamics. Twelve of
these ontologies containing multiple genes had z-scores
greater than 3.0. Androgen exposure also significantly in-
creased the expression of ontologies (�5 genes) associated
with fatty acid elongation and phospholipid dephosphoryla-
tion, and with the activities of fatty-acyl-CoA synthase, 7-dehy-
drocholesterol reductase, C-3 sterol dehydrogenase, lathosterol

oxidase, malate dehydrogenase, C-5 sterol desaturase, 3-�-and
20-�-hydroxysteroid dehydrogenase, and ATP citrate synthase
(data not shown).

In contrast, DHT treatment had a relatively minor effect on
lipid-related ontologies in immortalized human conjunctival
epithelial cells. Androgen action upregulated several ontolo-
gies associated with lipid metabolism, but none of these effects
had a z-score higher than 3.0. Androgen administration also
downregulated several lipid-linked ontologies (Table 3).

Overall, our findings demonstrate that the effect of DHT on
hTERT-immortalized human meibomian gland epithelial cells is
quite distinct and is not duplicated in immortalized human
conjunctival epithelial cells.

Identification of a Biomarker for Human
Meibomian Gland Epithelial Cells

To determine whether we could identify a unique biomarker for
human meibomian gland epithelial cells, we compared the gene

FIGURE 9. Karyotype analyses of primary (passage 2) human meibomian gland epithelial cells, as well as cells immortalized with hTERT or SV40
large T and hTERT. The 46, XY karyotype of the hTERT-immortalized human meibomian gland epithelial cells at passage 23 was normal and
identical with that of the male parent primary cells. The karyotype of human meibomian gland epithelial cells immortalized with both SV40 large
T antigen and hTERT was abnormal.
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expression profile of normal human meibomian gland tissues
with those of human conjunctival and corneal epithelia (Gene
Expression Omnibus Series accession number GSE5543).37

Through this process, we identified several genes that were
highly expressed in human meibomian gland tissue, but mini-
mally expressed in human conjunctiva and cornea. One of these
representative genes was kallikrein-related peptidase 6 (KLK6),
transcript variant B.

Given this information, we assessed whether parallel differ-
ences exist in the expression of KLK6 protein in meibomian
gland, conjunctival, and corneal tissues. Our immunohisto-
chemical analyses showed intense staining of KLK6 protein in
the superficial layers of meibomian gland epithelia (Fig. 11).
However, similar intense staining was also identified in the
superficial layer of human conjunctival and corneal epithelia
(Fig. 11). These findings demonstrate that KLK6 protein is

not a specific marker for human meibomian gland epithelial
cells.

DISCUSSION

Our studies demonstrate that it is possible to isolate viable
human meibomian gland epithelial cells and to culture them in
serum-free medium. These cells proliferate, survive through at
least the fifth passage, and contain neutral lipids. Our results
also show that infection with hTERT immortalized these cells,
which accumulated neutral lipids during differentiation, ex-
pressed multiple genes for lipogenic enzymes, responded to
androgen exposure, and continued to proliferate. Thus, we
have created an immortalized human meibomian gland epithe-
lial cell line that may be used to evaluate the physiological
regulation of these cells.

FIGURE 10. Nile red staining of hTERT-immortalized human meibomian gland epithelial cells (passage 31) cultured in SFM, SFM, with 1.2 mM
calcium or serum-containing medium. Cells showed minimal granular lipid staining when subconfluent at day 0. This cellular staining underwent
an apparent time-dependent increase in all culture conditions. Cell cultures containing serum appeared to express lipids more rapidly (e.g., by 24
hours). Magnification, 400�.
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Primary human meibomian gland epithelial cells were cul-
tured in both serum-containing and serum-free media. When
human meibomian gland epithelial cells were cultured in se-
rum-containing media on 3T3 feeder layers, they formed colo-
nies and accumulated neutral lipids in a manner similar to
sebaceous gland epithelial cells from human skin.39,40 Primary
meibomian gland epithelial cell cultures could also be gener-
ated in SFM and without the 3T3 fibroblast layer. Fujie et al.47

showed that dispersed primary cultures of human skin sebo-
cytes could be passaged six times, whereas explant cultures
ceased growing after passage 3. We found that dispersed pri-
mary cultures of human meibomian gland epithelial cells,
when grown in SFM, could be passaged five times. We also
observed that when meibomian gland epithelial cells under-
went rapid mitosis, there was minimal intracellular lipid stain-
ing. After cell proliferation decelerated, cells started to accu-
mulate lipids and show pronounced Oil red O and Nile red
staining. This phenomenon has also been noted in other seba-
ceous gland epithelial cell cultures.39

However, the use of primary cultures of human meibomian
gland epithelial cells for medical research is hampered by their
finite proliferative capacity, as well as by the very limited
source amount of meibomian gland tissue available from small
lid segments. These difficulties create a need for an extended
lifespan or “immortalized” cell line, which retains the ability to
proliferate indefinitely in culture. There is substantial evidence
that human somatic cells senesce in a two-stage manner: mor-
tality stage 1 and mortality stage 2.48–51 Mortality stage 1 (M1),
also called replicative senescence, is attributed to pRb- and/or
p53-mediated cell cycle arrest. Viral oncogenes that can inac-
tivate both p53 and p16Ink4a/pRB checkpoint pathways, such
as SV40 large T antigen and the E6/E7 proteins of the HPV 16
virus, can overcome M1 and provide cells with an extended
lifespan.48,52,53 Human corneal epithelial cells and human skin
sebaceous gland epithelial cells have been successfully immor-
talized by SV40 large T antigen.26,54 Mortality stage 2 (M2), also
called crisis, is due to shortening of telomeres. In normal
human somatic cells, each cell division is associated with the
loss of 50 to 200 bp of telomeric DNA. At a critical telomere

length, cells eventually enter mortality stage 2 and die.48–51

Telomeres are maintained by telomerase, a ribonucleoprotein
enzyme normally silent in somatic cells.55 hTERT contains the
catalytic subunit for telomerase. Introduction of hTERT into
human cells leads to the activation of telomerase, preventing
telomere erosion and subsequent telomere-dependent senes-
cence.56–58 Previous reports of hTERT infection in human
epithelial cells suggest that a knockdown of p16INK4 and/or
p53 tumor suppressor pathways is required for cellular immor-
talization.49,59,60 However, many cell types including human
corneal epithelial cells, esophageal epithelial cells, fibro-
blasts, retinal pigmented epithelial cells, and endothelial
cells have been successfully immortalized by the use of
hTERT alone.56,58,61,62

Research has shown that human cell lines developed by
transformation with viral oncoproteins including adenovirus
E1A, the SV40 large T antigen, and HPV16-E6/E7 were genomi-
cally unstable and displayed cellular properties that differed
from their normal counterparts.26,54,63,64 Human cell lines im-
mortalized with hTERT exhibit genetic stability, normal con-
tact inhibition, and maintain the capacity to differentiate.58,62

In our study, we demonstrated that human meibomian gland
epithelial cells infected with SV40 large T alone had an ex-
panded lifespan. However, the cells were not immortalized
and eventually entered M2 because of shortening of telo-
meres. Meibomian gland epithelial cells were immortalized
by introduction of both SV40 large T and hTERT, but, con-
siderable variations in chromosome numbers and the pres-
ence of marked chromosomal aberrations were found in
those cells.

We immortalized human meibomian gland epithelial cells
with hTERT alone. The hTERT-immortalized human meibo-
mian gland epithelial cells maintained a polygonal epithelial
cell appearance. Their morphology was similar to that of hu-
man skin sebocytes cultured in serum-free medium.47 Their
colony-forming efficiency was higher than that of the primary
cells at passage 2, indicating that the immortalized cells main-
tained a high colony growth ability. Their population-doubling
time was much shorter than that of the human sebaceous gland

TABLE 1. Examples of Lipid-, Keratin- and Protease-Related Genes Expressed in the Various Tissues Studied

Gene ID Gene
Immortalized

SGE Cells
hTERT-Immortalized

MGE Cells
Primary Human

MGE Cells
Human

Meibomian Gland

ACADM Acyl-coenzyme A dehydrogenase 100 100 100 100
FDPS Farnesyl diphosphate synthase 100 100 100 100
FDFT1 Farnesyl-diphosphate farnesyltransferase 1 100 100 100 100
FNTA Farnesyltransferase, CAAX box, � 100 100 100 100
FNTB Farnesyltransferase, CAAX box, � 100 100 100 100
FADS1 Fatty acid desaturase 1 100 100 75 100
FASN Fatty acid synthase 100 100 100 100
KLK6 Kallikrein-related peptidase 6, Variant A 100 93 100 100
KLK6 Kallikrein-related peptidase 6, Variant B 100 100 100 92
KRT7 Keratin 7 100 100 100 100
KRT13 Keratin 13 100 100 100 100
SQLE Squalene epoxidase 100 100 100 100
SCD Stearoyl-CoA desaturase 100 100 100 100
SREBF1 Sterol regulatory element binding transcription

factor 1
100 100 100 100

Data are the percentage of samples of immortalized human sebaceous gland epithelial (SGE) cells (n � 6) primary (n � 12) and
hTERT-immortalized human meibomian gland epithelial (MGE) cells (n � 30), and human meibomian glands (n � 12) that contained the designated
genes. The data for immortalized sebocytes are reported in Gene Expression Omnibus Series accession number GSE10432 (NCBI, Bethesda, MD,
http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc�GSE10432).27 Analogous gene expression findings are published for ACADM, FNTA, FNTB, FADS1, FASN,
KRT7, KRT13, and SCD in immortalized sebocytes and/or sebaceous glands.26,28,38 The primary and immortalized meibomian gland epithelial cells
were cultured under a variety of conditions, including exposure to exogenous calcium, FBS, EGF, BPE, or DHT (i.e., Liu S, et al. IOVS:2008;49:ARVO
E- Abstract 88; Liu S, et al. IOVS 2009;40:ARVO E-abstract 3669; Khandelwal P, et al. IOVS 2009;50:ARVO E-abstract 4266; Khandelwal P, et al. IOVS
2010;51:ARVO E-abstract 4158).
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cell line (SZ 95), which was reported as 52.4 � 1.6 hours.26

The SZ95 cells were generated by SV40 large T antigen trans-
fection and had numerous chromosome aberrations, a highly

abnormal hyperdiploid-aneuploid karyotype, and structural
anomalies. Whether the difference in population-doubling
times of immortalized meibocytes and sebocytes is attributable

TABLE 2. Influence of DHT on the Expression of Lipid-Related Gene Ontologies in hTERT-Immortalized
Human Meibomian Gland Epithelial Cells

Ontologies
DHT

Genes 1
Plac

Genes 1
DHT

z-score
Plac

z-score

Lipid metabolic process 87 43 5.08 �1.94
Cellular lipid metabolic process 71 32 4.76 �2.09
Lipid binding 45 22 2.93 �1.8
Lipid biosynthetic process 34 16 3.03 �1.43
Steroid metabolic process 27 11 4 �0.88
Fatty acid metabolic process 28 6 4.25 �2.28
Lipid transport 16 7 2.44 �0.9
Phospholipid binding 16 6 2.02 �1.45
Sterol metabolic process 15 6 3.42 �0.42
Cholesterol metabolic process 13 6 3.01 �0.17
Steroid biosynthetic process 12 5 2.63 �0.55
Fatty acid biosynthetic process 12 3 2.86 �1.26
Sterol biosynthetic process 9 3 4.08 0.1
Protein amino acid lipidation 9 3 3.17 �0.35
Lipid modification 9 2 2.11 �1.4
Cholesterol biosynthetic process 7 3 3.66 0.59
Acetyl-CoA catabolic process 5 4 2.81 1.82
Acetyl-CoA metabolic process 5 4 2.48 1.54
Steroid dehydrogenase activity 6 2 3.15 0.02
Fatty acid oxidation 7 1 2.57 �1.22
Lipid oxidation 7 1 2.57 �1.22
Lipid homeostasis 6 2 2.23 �0.47
Fatty acid binding 6 1 3.05 �0.76
Steroid dehydrogenase activity, acting

on the CH-OH group of donors,
NAD or NADP as acceptor

5 2 2.7 0.2

Lipid-related gene ontologies, with some of the highest and lowest z-scores, were selected after the
analysis of log-transformed microarray data. A z-score is the statistical rating of the relative expression of
gene ontologies, and depicts how much each ontology is over- or underrepresented in a given gene list.46

Positive z-scores reflect gene ontology terms with a greater number of genes meeting the criterion than
is expected by chance, whereas negative z-scores represent gene ontology terms with fewer genes
meeting the criterion than expected by chance. A z-score close to 0 indicates that the number of genes
meeting the criterion is approximately the expected number.46 z-scores with values �2.0 or ��2.0 are
quite significant. Biological process and molecular function ontologies with such z-scores and with �6
genes are highlighted in bold. DHT Genes 1, number of genes upregulated in DHT-treated cells, as
compared with those of the placebo group; Plac Genes1, number of genes upregulated in placebo (i.e.,
ethanol vehicle)-treated cells, relative to those of the DHT group; z-score, specific score for the upregu-
lated genes in the placebo- and hormone-treated cells.

TABLE 3. Impact of DHT on the Expression of Lipid-Related Gene Ontologies in Immortalized Human
Conjunctival Epithelial Cells

Ontologies
DHT

Genes 1
Plac

Genes 1
DHT

z-score
Plac

z-score

Lipid metabolic process 64 64 2.11 0.21
Lipid binding 40 34 2.25 �0.11
Phospholipid binding 16 13 2.2 0.46
Glycerophospholipid biosynthetic process 8 10 2.27 2.57
Regulation of lipid metabolic process 10 6 2.56 0.07
Sterol biosynthetic process 7 8 2.95 2.89
Lipid homeostasis 6 3 2.37 �0.02
Sterol homeostasis 5 3 2.32 0.42
Phospholipase activity 4 1 �0.47 �2.15
Sterol metabolic process 8 14 0.73 2.32
Protein amino acid lipidation 4 10 0.45 3.11
Acetyl-CoA catabolic process 1 5 �0.43 2.36
Fatty acid beta-oxidation 1 5 �0.52 2.15
Acetyl-CoA metabolic process 1 5 �0.56 2.05

Lipid-related gene ontologies with the highest and lowest z-scores were selected after the analysis of
log-transformed microarray data. Terms are explained in the legend to Table 2.
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to these chromosome, karyotype, and structural disparities
should be further investigated.

The hTERT-immortalized human meibomian gland epi-
thelial cells maintained normal karyotype for more than 23
passages. Even though the epithelial-cell–like appearance
and the ability to accumulate lipids were maintained in cells
of later passages, we found duplication of chromosome 5
and 20 in passage 35 and beyond. The same gain in chro-
mosomes was also noted in other epithelial cells immortal-
ized by hTERT.65– 67 Investigators have suggested that this
increased number of chromosomes may contribute to cellu-
lar immortalization.65,66 However, the chromosomal gain
could also be the result of mitotic nondisjunction due to
integration of the proviral cDNA into the cell’s genome after
retroviral transfection.65

Our microscopy results indicate that the hTERT-immortal-
ized human meibomian gland epithelial cells differentiate in
both serum-containing and serum-free media. To explain these
findings, we initially hypothesized that differentiation in SFM
(i.e., control) might simply be due to the cells’ achieving
confluence. However, a more likely explanation is that this
differentiation response in SFM is induced by EGF and BPE.
Invitrogen recommends including these supplements in SFM
when formulating their keratinocyte growth medium in serum-
free conditions. These growth factors, in turn, are known to
stimulate the differentiation of human sebaceous and rabbit
meibomian gland epithelial cells.68,69 Consequently, use of
SFM alone would be expected to promote cellular differentia-
tion.

The hTERT-immortalized meibomian gland epithelial cells
express numerous lipid-, keratin- and protease-related genes
that are common to other sebaceous gland epithelial cells, as
well as to primary human meibomian gland epithelial cells and
human meibomian glands. Also like sebocytes,70–72 the hTERT-
immortalized meibomian gland epithelial cells respond to DHT
treatment with a significant increase in the expression of genes
related to lipid metabolic pathways. This hormone response is
similar to the androgen influence on meibomian glands in
vivo,11,13,73,74 wherein testosterone upregulates many genes
related to lipogenic, steroidogenic, and cholesterogenic path-
ways. In contrast, this hTERT-immortalized meibomian gland
epithelial cell response to androgen exposure is not duplicated
in immortalized human conjunctival epithelial cells. These
combined findings demonstrate that our hTERT-immortalized
epithelial cells are not only meibomian gland in origin, but also
respond in a manner analogous to meibomian gland epithelial
cells in vivo.

We attempted to identify a unique biomarker for human
meibomian gland epithelial cells. Our comparison of the gene
expression profiles of normal human meibomian gland tissues
with those of human conjunctival and corneal epithelia indi-
cated that KLK6 may be such a marker. KLK6 is a member of
the tissue kallikrein gene family. This family consists of genes
encoding 15 different secreted serine proteases, all of which
are localized in a cluster on chromosome 19.75 The KLKs are
expressed in many tissues, including steroid hormone-produc-
ing or -dependent tissues, such as the prostate, breast, ovary,
and testis, and have diverse physiological functions.76 How-
ever, our analysis of KLK6 protein expression showed that
KLK6 was present, not only in meibomian gland tissue, but also
in the superficial layers of conjunctival and corneal epithelia.
The KLK6 protein has also been shown to be expressed in
stratum corneum and stratum granulosum in normal skin.77

Therefore, our results demonstrate that KLK6 is not a specific
biomarker for meibomian gland. One explanation for the low
KLK6 gene expression level in human conjunctiva and cornea
samples is that the superficial epithelial layers of these tissues
may have sloughed off during their processing and/or preser-
vation. Consequently, this possible source of KLK6 mRNA
would not have been available for the microarray experi-
ments.37

In conclusion, we have demonstrated that it is possible to
culture and immortalize responsive human meibomian gland
epithelial cells. We believe that these cells will be invaluable in
helping to identify factors that regulate meibomian gland epi-
thelial cell activity. We also believe that these cells will serve as
an excellent preclinical model for the development of novel
and unique therapeutic strategies to treat MGD.
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