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Background and Objective: Gingival keratinocytes are used in model systems to

investigate the interaction between periodontal bacteria and the epithelium in

the initial stages of the periodontal disease process. Primary gingival epithelial

cells (GECs) have a finite lifespan in culture before they enter senescence and

cease to replicate, while epithelial cells immortalized with viral proteins can exhi-

bit chromosomal rearrangements. The aim of this study was to generate a telo-

merase immortalized human gingival epithelial cell line and compare its in vitro

behaviour to that of human GECs.

Material and Methods: Human primary GECs were immortalized with a bmi1/

hTERT combination to prevent cell cycle triggers of senescence and telomere

shortening. The resultant cell-line, telomerase immortalized gingival keratino-

cytes (TIGKs), were compared to GECs for cell morphology, karyotype, growth

and cytokeratin expression, and further characterized for replicative lifespan,

expression of toll-like receptors and invasion by P. gingivalis.

Results: TIGKs showed morphologies, karyotype, proliferation rates and

expression of characteristic cytokeratin proteins comparable to GECs. TIGKs

underwent 36 passages without signs of senescence and expressed transcripts for

toll-like receptors 1–6, 8 and 9. A subpopulation of cells underwent stratification

after extended time in culture. The cytokeratin profiles of TIGK monolayers

were consistent with basal cells. When allowed to stratify, cytokeratin profiles of

TIGKs were consistent with suprabasal cells of the junctional epithelium. Fur-

ther, TIGKs were comparable to GECs in previously reported levels and kinetics

of invasion by wild-type P. gingivalis and an invasion defective DserB mutant.

Conclusion: Results confirm bmi1/hTERT immortalization of primary GECs

generated a robust cell line with similar characteristics to the parental cell type.

TIGKs represent a valuable model system for the study of oral bacteria interac-

tions with host gingival cells.
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Gingival epithelial cells (GECs) are

an important tool to study interac-

tions between periodontal pathogens

such as Porphyromonas gingivalis and

the host, and the consequences of this

interaction for the progression of

periodontal disease (1–3). Primary

epithelial cells have a finite lifespan in

culture of about nine passages, after

which they cease to replicate and

enter a state of senescence (4,5).

Furthermore, although cells from

different donors exhibit consistent phe-

notypic properties (6–8), there can be

donor-to-donor variability in tran-

scriptomic or proteomic studies (9,10).

Oral epithelial cell lines have previously

been immortalized using viral oncopro-

teins, commonly through expression of

human papillomavirus (HPV) E6 and

E7 (5,11) or SV-40 large T antigen (12).

However, such cells can display chro-

mosomal abnormalities (13), in addi-

tion to altered expression of cell cycle

regulatory proteins (14).

The limited lifespan of somatic cells

in culture can be triggered by progres-

sive telomere shortening through a

p53-/p21cip1-dependent senescence

mechanism (15–17). The enzyme telo-

merase contains a catalytic subunit,

hTERT, expressed solely in germ cells

and immortal cancer cells (18,19), and

introduction of hTERT into fibro-

blasts and some epithelial cells confers

telomere maintenance and unlimited

replicative potential (20). However, the

expression of hTERT alone does not

convey immortality in all cell types,

including oral keratinocytes and mam-

mary epithelial cells (21,22). The repli-

cation potential of these cell types

during serial passaging is generally

limited by a telomere independent

mechanism mediated by the attenuated

repression of CDKN2A (cyclin-depen-

dent kinase inhibitor 2A), which

encodes p16INK4A and p14ARF (23).

The function of p16INK4 is to attenuate

Cdk4/6 phosphorylation of retinoblas-

toma protein and thus promote cell

cycle arrest, whereas p14ARF functions

in the p53 pathway to inhibit MDM2-

mediated degradation of p53 and pro-

mote p53-mediated transcriptional

activation (e.g. p53-/p21cip1-dependent

senescence) (15). Transduction of

cells with bmi1 (BMI1 polycomb ring

finger oncogene), a natural repressor

of CDKN2A, facilitates immortaliza-

tion upon subsequent expression of

hTERT (23,24). Keratinocytes immor-

talized by bmi1 + hTERT display

unaffected cell morphology, growth

control and differentiation potential

(21), consistent with p16INK4a having

no apparent role in epithelial homeo-

stasis or development and with its

upregulation in rodent and human tis-

sues with age and with cell senescence

(15,21).

We have generated an oral

epithelial cell line immortalized upon

introduction of hTERT into bmi1-

transduced primary GECs by sequen-

tial transfection. The resultant cells

were compared to GECs for cell

morphology, growth and cytokeratin

expression, and further characterized

for replicative lifespan and the

expression of toll-like receptors

(TLRs). In addition, confirmation

that bmi1/hTERT-immortalized cells

could be used to model P. gingivalis

interactions with GECs was achieved

by assessing the internalization levels

and kinetics of P. gingivalis strains

with established invasive properties.

Material and methods

Isolation and routine culture of

primary gingival epithelial cells

GECs were isolated and grown as

previously described (4). Briefly, gingi-

val tissue was obtained from a healthy

human adult undergoing third molar

extraction. Following washing in

calcium- and magnesium-free phos-

phate-buffered saline (PBS) containing

streptomycin–penicillin and Fungi-

zone, 0.3 cm2 pieces of tissue were

incubated overnight in 0.4% dispase

at 4°C. Epithelial strips were then

mechanically separated and trypsi-

nized for 10–15 min at 37°C in 0.05%

trypsin/0.53 mM EDTA. After vigor-

ous pipetting, the cell suspension was

centrifuged for 5 min at 700 g and

the cell pellet resuspended in keratino-

cyte growth medium (Dermalife Basal

Medium; Lifeline, Walkersville, MD,

USA). Keratinocyte growth medium

is a serum-free medium supplemented

with 10 ng/mL epidermal growth

factor, 5 lg/mL insulin, 0.5 lg/mL

hydrocortisone, 0.15 mM calcium and

gentamicin/amphotericin B. Cells were

cultured at 37°C, 5% CO2, with

humidity, and used for assays between

passages 4 and 6.

Immortalization of gingival epithelial

cells with human telomerase reverse

transcriptase and culture of

telomerase immortalized gingival

keratinocyte cells

GECs were immortalized with bmi1

transduction followed by human telo-

merase reverse transcriptase (hTERT)

(21,23,24), by the Rheinwald Labora-

tory at the Harvard Skin Disease

Research Center. Briefly, GECs were

cultured in keratinocyte serum-free

medium (K-SFM; Invitrogen, Carls-

bad, CA, USA) supplemented with

0.4 mM calcium chloride, 25 lg/mL

bovine pituitary extract and 0.2 ng/mL

epidermal growth factor. Cells were

transduced with amphotropic BABE-

bmi1.puro retroviral supernatants with

2 lg/mL polybrene (Sigma-Aldrich, St

Louis, MO, USA) for 6 h. Cells were

subcultured in K-SFM and subjected

to drug selection (0.5 lg/mL puromy-

cin) for 7 d. GECs previously bmi1-

transduced were then transduced in a

similar manner with amphotropic

Wzl-TERT.Bsd retroviral supernatants

with polybrene followed by subculture

and drug selection (5 lg/mL

blasticidin) in K-SFM. The bmi1/

hTERT-immortalized gingival kerati-

nocytes (TIGKs) were routinely

cultured at 37°C, 5% CO2 in K-SFM.

Cells were subsequently used for

assays from passages 9 to 36. Karyo-

typing was performed by Applied

Genetics Laboratories (Melbourne,

FL, USA).

Porphyromonas gingivalis culture

Wild-type P. gingivalis ATCC 33277

and isogenic DserB (2) were

cultured in trypticase soy broth sup-

plemented with yeast extract (1 mg/

mL), hemin (5 lg/mL) and menadi-

one (1 lg/mL), anaerobically, at

37°C. Overnight cultures were diluted

1 : 100 and grown to exponential

phase (OD600 nm 0.7).
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Telomerase immortalized gingival

keratinocyte seeding/proliferation

morphology

To compare the morphology of GECs

with TIGKs from seeding through

subsequent growth, glass coverslips

(18 mm diameter in 12-well plates)

were seeded with 2.0 9 104 cells and

incubated under standard culture

conditions. After 5 h, 24 h, 48 h and

72 h incubation, cells were fixed in

95% methanol and stained with hae-

matoxylin and eosin. Following a

wash in dH2O, coverslips were

mounted using Faramount aqueous

mountant. Slides were left to dry for a

minimum of 24 h before being photo-

graphed using a Nikon T120 inverted

microscope.

Growth kinetics and replicative

lifespan determination

T75 culture flasks were seeded with

TIGKs at varying densities: high

density = 1.0 9 105 cells, medium

density = 5.0 9 104 cells and low den-

sity = 1.0 9 104 cells; and incubated

for 72 h. Cells were harvested by

trypsinization and counted using a

haemocytometer. For replicative life-

span determination, cells were seeded

at 1 9 103 cells/cm2 in K-SFM and

passaged every 4 d (passages 9–15) or
8 d (passages 16–36). The medium

was changed every 2 d. Population

doubling was calculated as log2 (cell

number at subculture/cell number pla-

ted). Under these conditions, cells

obtained less than 50% confluency.

Cytokeratin expression

GECs and TIGKs were seeded at

5.0 9 104 cells per T75 culture flask

and cultured to 60–70% confluence.

The monolayer cultures were lysed in

sodium dodecyl sulphate–polyacryl-
amide gel electrophoresis sample

buffer then separated by sodium

dodecyl sulphate–polyacrylamide gel

electrophoresis, and transferred on to

nitrocellulose membranes by electrob-

lotting. Blots were blocked with 10%

skimmed dry milk in Tris-buffered

saline overnight at 4°C. Primary anti-

bodies were mouse monoclonal anti-

cytokeratins 1/10 (clone LH1), 13

(clone Ks 13.1), 14 (clone LL002), 19

(clone BA 17) and AE1 (all from

EMD Millipore, Billerica, MA, USA),

diluted 1 : 1000 and incubated for 2 h

at room temperature. Antigen–anti-
body binding was detected using

horseradish peroxidase-conjugated

species-specific secondary antibodies

followed by ECL Western Blotting

detection reagents (Thermo Scientific,

Waltham, MA, USA). Blots were

stripped and probed with GAPDH

antibodies as a loading control.

Immunohistochemical detection of

cytokeratins was performed with

TIGKs cultured under conditions to

promote stratification of cell colonies.

Cells were seeded into two-well Lab-

Tek Permanox plastic chamber slides

(Thermo Scientific) at 104 cells/cm2 in

K-SFM medium and cultured for

19 d, then fixed with acetone/metha-

nol (3:2). Immunohistochemistry was

performed as described previously,

with minor modifications (25). Cells

were rehydrated in graded ethanol

solutions and permeabilized in 0.4%

Tween 20 in PBS. After inhibition of

endogenous peroxidase activity (100%

methanol containing 0.3% H2O2) and

incubation with 10% normal goat

serum (Vector Laboratories, Burlin-

game, CA, USA) in PBS, cells were

incubated overnight (4°C) with pri-

mary antibody or negative control

IgG at the same concentration

(diluted in 10% normal goat serum in

PBS). Primary antibodies were mouse

monoclonal anti-cytokeratin 10 (clone

DE-K10), 13 (clone 2D7), 19 (clone

Ks 19.1), 16 (clone LL025) and rabbit

polyclonal IgG anti-cytokeratin 14

(all from Thermo Scientific). Non-

immune negative controls (mouse IgG

and rabbit IgG) were from (Santa

Cruz Biotechnology, Santa Cruz, CA,

USA). Mouse and rabbit IgGs were

used at 2 lg/mL and 1 lg/mL,

respectively. Cells were washed (PBS

with 0.05% Tween 20) and incubated

2 h with either biotinylated goat anti-

mouse or biotinylated goat anti-rabbit

(both from Vector Laboratories) at

2 lg/mL in PBS. Immunodetection

was performed using the avidin–biotin
–peroxidase complex method with

3,3′-diaminobenzidine tetrahydrochlo-

ride as peroxidase substrate and Ni

enhancement according to manufac-

turer’s instructions (Vectastain Elite

kit; Vector Laboratories). Following

antibody detection, cells were washed,

dehydrated and mounted in VECTA-

SHIELD� HardSetTM Mounting

Media (Vector Laboratories). Images

were captured with a Micropublisher

5.0 RTV digital camera (Q Imaging,

Pleasanton, CA,USA) usingQCAPTURE

PRO software (v5.01; Q Imaging) on a

Leica DM LB2 microscope (Leica

Microsystems, Bannockburn, IL, USA)

under differential interference contrast

optics.

Expression of toll-like receptor

transcripts

Reverse transcription–polymerase

chain reaction (RT-PCR) was as

described previously with slight modi-

fications (26). Briefly, cell cultures

were homogenized directly in TRIzol�

Reagent (Invitrogen), total RNA iso-

lated using standard protocols and

then treated with DNase I using

Ambion’s DNA-freeTM Reagent Kit

(Applied Biosystems, Foster City,

CA, USA). DNase I treated RNA

was reverse transcribed with random

primers (High Capacity cDNA

Archive kit; Applied Biosystems), and

the resultant cDNA purified

(QIAquick� PCR purification system;

Qiagen, Valencia, CA, USA) and

quantified (Quant-iTTM dsDNA HS

assay kit; Invitrogen). PCR reactions

(25 lL) contained as template 10 ng

cDNA, equivalent DNase I-treated

RNA (negative controls) or 200 ng

human genomic DNA (Promega,

Madison, WI, USA) as positive con-

trols. Amplification used AccuprimeTM

high fidelity Taq DNA polymerase

(Life Technologies, Carlsbad, CA,

USA) with cycling conditions of:

3 min at 94°C; 35 cycles of 30 s at

94°C, 30 s at 52°C and 30 s at 68°C
followed by 5 min at 68°C. Products
were resolved in 3% agarose gels

made in TAE buffer. Digital images

of gels were obtained with a Scion

Grayscale 1394 Digital Camera (Foto-

dyne, Hartland, WI, USA). PCR

products were confirmed by direct

sequencing of gel-purified bands
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(QIAquick Gel Extraction Kit;

Qiagen). Sequencing was performed

at the University of Florida Interdisci-

plinary Center for Biotechnology

Research (ICBR) using Applied Bio-

systems 3100 Genetic Analyzer ABI

and Big Dye version 3.1 chemistry.

Primer pairs are shown in Table 1

and are within the terminal exon of

each TLR gene. The terminal exons

encode the majority of each potential

mRNA sequence and are included in

all currently known splice variants.

Each template cDNA was run in

duplicate reactions.

Bacterial invasion

TIGKs were seeded at 1.0 9 105 cells

on 18 mm diameter glass coverslips in

12-well plates and grown until � 40%

confluent. Cells were infected with

P. gingivalis 33,277 or DserB at MOI

100 for 5 or 60 min. Coverslips were

washed four times in PBS and fixed

for 10 min in 4% paraformaldehyde.

Permeabilization was with 0.2%

Triton X-100 for 10 min at room tem-

perature, before blocking in 10% goat

serum for 20 min. Bacteria were

detected by reacting with primary rab-

bit anti-P. gingivalis antibodies at

1 : 1000 dilution for 1 h, followed by

Alexa-568-conjugated anti-rabbit sec-

ondary antibody (1 : 200) for 1 h in

the dark. Following a 20 min block in

0.1% goat serum, actin was labelled

using 1 : 100 fluorescein isothiocya-

nate-phalloidin (Sigma-Aldrich) for

40 min at room temperature. After

four washes in PBS, coverslips were

mounted using ProLong Gold with

DAPI mounting medium (Invitrogen).

Images were acquired on an Olym-

pus FV1000 inverted fluorescent

microscope, with a spectral confocal

scanner and FLUOVIEW software, using

a 60 9 oil immersion objective.

Briefly, z-stacks were obtained (10

layers/stack, 2 lm between layers)

through the z-axis of cells (three

z-stacks/coverslip). Internal P. gingi-

valis were enumerated by counting

intracellular bacteria for each z-stack,

thus allowing bacteria to be visualized

throughout cytoplasmic layers and

ensuring that the bacteria counted

were within the host cell cytoplasm.

Results

Cell morphology and karyotype

The post-seeding morphology of

GECs was compared with TIGKs.

Following seeding at 2.0 9 104 cells/

coverslip, the cells underwent similar

patterns of growth and morphological

changes (Fig. 1). The GECs were

slightly faster to attach and begin

cytoplasmic spreading, apparent at

5 h post-seeding. At this time-point,

TIGKs were attached but still had a

rounded morphology, with little evi-

dence of cytoplasmic spreading. At all

other time-points the GECs and TIG-

Ks showed very similar morphology.

Cell clusters were visible 24 h

post-seeding with active cell division

evident. Cells then continued to divide

and spread until an � 80% confluent

monolayer was achieved after 72 h

incubation with both cell types. The

normal karyotype of the TIGKs is

shown in Fig. S1; no chromosomal

aberrations were found in 100 cells

analyzed at passage 30.

Growth kinetics replicative lifespan

Cells were seeded at varying densities

and harvested after 72 h to ascertain

the affect of cell seeding density on

subsequent proliferation (Fig. 2A).

GECs and TIGKs showed similar

rates of growth, but there were small

differences in the sensitivity of each

cell type to initial seeding density. At

the highest seeding density, GECs

proliferated slightly more efficiently

compared with the TIGKs, producing

about 3.5 9 105 cells in a 72 h period,

compared to � 1.25 9 105 cells pro-

duced by TIGKs. At medium seeding

density the difference between the two

cell types was less, with TIGKs pro-

ducing only 5.0 9 104 cells fewer than

the primary GECs. At the low seeding

density, proliferation in both cell

types was reduced, though the final

number of cells produced in 72 h was

virtually identical between the two cell

types (2.75 9 104 cells). As shown in

Fig. 2B, TIGKs failed to demonstrate

senescence over a 188 d period, from

passage 9 through passage 36. The

doubling rate was mostly consistent

although there was an apparently

slight increase after passage 25.

Cytokeratin expression

Western blot analyses were under-

taken to compare the expression of

cytokeratins between primary GECs

and TIGKs in monolayer cultures

(Fig. 3). Cytokeratins 13, 14 and 19

were expressed in both cell types.

Table 1. Primers for human toll-like receptors (TLRs) 1–10

TLR Forward primer reverse primer Product (bp) Exon

1 5′-GTCTTGCTGGTCTTAGGAGAGACTTATG-3′
5′-GGGGAACACAATGTGCAGACTC-3′

93 3

2 5′-CCAAAAGGAAGCCCAGGAAAG-3′
5′-GACCATAAGGTTCTCCACCCAGTAG-3′

101 4

3 5′-GGTACATCATGCAGTTCAACAAGC-3′
5′-CATTCCTCTTTCGCAAACAGAGTG-3′

118 5

4 5′-GGATGAGGACTGGGTAAGGAATG-3′
5′-ATGGATGATGTTGGCAGCAATG-3′

124 4

5 5′-GGTGCTGGAGATACTAGAATGTTTCTG-3′
5′-GGTGGGCAAGAATCAAAGAGAAG-3′

110 6

6 5′-GGGAGGAGATCCAACAGAACTTTG-3′
5′-GGGATTATAGATGTGAGCCAACGTG-3′

127 2

7 5′-CCATACGGAGGTGACTATTCCTTACC-3′
5′-CAGATCCAGGGAGATCACACTTTG-3′

94 3

8 5′-CAAAGGTCTCAAGAATCTGACACG-3′
5′-CGAGGAAACTGCTGGAGTAATG-3′

162 2

9 5′-CTGGAAGAGCTAAACCTGAGCTAC-3′
5′-AACAGTTGCCGTCCATGAATAG-3′

163 2

10 5′-CTTTGCCCACCACAATCTCTTC-3′
5′-CCCACATTTACGCCTATCCTTG-3′

163 4
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Cytokeratin 13 was expressed at

slightly higher levels in the primary

GECs, compared with TIGKs. Similar

expression levels of cytokeratin 14

were apparent in both cell types. TIG-

Ks expressed higher levels of cytokera-

tin 19 compared with GECs. Neither

of the two cell types expressed cyto-

keratin 1/10. GECs and TIGKs

expressed similar AE1-reactive cyto-

keratin proteins, although higher

expression levels of these proteins

were apparent in TIGKs.

With extended culture of TIGKs in

K-SFM medium the cells seldom

reach 100% confluence, due likely to

the higher level of calcium (0.4 mM) in

K-FSM compared to less than 0.1 mM

in culture medium designed for clonal

cell growth. Instead, cells within the

central region of colonies start to

stratify with cell layers two to three

cells thick, suggesting they may be

transitioning to a program of gene

expression characteristic of suprabasal

cells. Under these conditions, both the

stratified cells and surrounding non-

stratified cells expressed both cytoker-

atin 14 and 19 (Fig. 4A,4B). Stratified

cells expressed cytokeratin 13 (Fig.

4C); however, cytokeratin 10 was

barely detected (Fig. 4E). Cytokeratin

16 was also expressed by stratified

cells as well as by some adjacent non-

stratified cells (Fig. 4D).

Expression of transcripts for toll-

like receptors

The gingival epithelium undergoes

continuous exposure to microorgan-

isms associated with the plaque bio-

film. Surveillance of the plaque

microbiota by TLRs functions in epi-

thelial innate immune responses to

help maintain periodontal health. Epi-

thelial cells in healthy gingival tissues

were shown by immunohistochemistry

to express TLRs 1–9, with expression

observed consistently in the basal and

lower spinous cell layers (27). As

shown in Fig. 5, transcripts for TLRs

1–6 were readily detected in TIGKs

by RT-PCR. TLR8 and TLR9 mRNA

was barely detectable, whereas expres-

sion of TLR7 was absent.

Internalization of P. gingivalis within

telomerase immortalized gingival

keratinocytes

Internalization of P. gingivalis 33,277

and DserB was compared using

CSLM (Fig. 6). Following 5 min

infection both P. gingivalis wild type

and DserB showed only low levels of

internalization. By 60 min infection,

however, there was a clear difference

in numbers of intracellular P. gingiva-

lis. TIGKs supported invasion of the

parental strain to the level of >6 bac-

teria/cell. Wild-type P. gingivalis inva-

sion of TIGKs thus showed a similar

rate and level of invasion as has been

previously demonstrated in primary

GECs (1), with low invasion levels at

Fig. 1. Morphology of TIGKs. Glass coverslips were seeded with 2.0 9 104 TIGKs and

cultured for the indicated times before fixation and subsequent staining with haematoxylin

and eosin. Magnification 9 100. Data are representative of three independent experiments.

A

B

Fig. 2. Growth kinetics and replicative lifespan. (A) Primary GECs and TIGKs were

seeded at the indicated cell numbers in T75 flasks and recovered cell numbers assessed

after 72 h by haematocytometer counts. Data are representative of three independent

experiments. (B) Cumulative population doublings of TIGKs plotted against total time

during continuous culture and passage (passages 9–36) in keratinocyte serum-free medium.

Telomerase immortalized gingival epithelial cells 717



5 min and increasing by 60 min. The

DserB mutant was severely abrogated

in invasion of TIGKs, with levels of

intracellular bacteria not significantly

increasing from 5 min to 60 min of

infection, similar to the characteristics

of invasion into GECs (2).

Discussion

Primary cells have long been used in

the elucidation of mechanisms

involved in P. gingivalis interactions

with host epithelial cells (1,28–30).
However, these cells have a finite life-

span of only eight to nine passages

before the cell population begins to

senesce. Hence immortalized cell lines,

using viral oncoproteins to affect host

cell cycle regulation are also a

valuable tool and HPV E6/E7-immor-

talized oral keratinocytes have been

used in the study of P. gingivalis

interactions with the gingival epithelia

(2,31–33). The disadvantage with

HPV-immortalized cells is there are

chromosomal abnormalities and alter-

ations in cell cycle control compared

with primary cells (13,14). Based upon

previous work with epithelial cells

from other organ systems (23), we

hypothesized bmi1/hTERT immortali-

zation of GECs would provide a

robust, proliferative cell line allowing

reproducibility of experiments in non-

senescent cells, and enabling study of

the interactions between periodontal

pathogens and cells of the gingiva in

vitro. The post-seeding morphology of

TIGKs was similar to that of GECs.

At 72 h, the cells had a characteristic

‘cobblestone’ appearance previously

described for oral epithelial cells (4).

TIGKs were slightly slower in their

proliferative rate than GECs, but the

doubling rate increased slightly after

36 population doublings. This phe-

nomenon is also seen with HPV-

immortalized GECs (5), and stem

cell-derived epithelial cells (23).

The gingival as well as palatal tis-

sues of the oral cavity are stratified

keratinized (cornified) epithelia. As

daughter cells of the dividing basal cell

layer transition through the different

suprabasal cell strata, they undergo

different patterns of cell architecture

and cytokeratin expression (34). There

are more than 20 distinct cytokeratins,

representing the predominant cyto-

skeletal proteins in all epithelia and

expressed in pairs consisting of type I

and II family proteins (34,35). Within

gingivae, the pattern of cytokeratin

expression differs between the kerati-

nized region, the non-keratinized junc-

tional epithelium and the intervening

non-keratinized gingival margin and

sulcular epithelium. Cytokeratin 14 is

localized to basal cells in all regions of

gingiva (36), but has also been

reported in suprabasal cells in all

regions, with strong immunohisto-

chemical staining of all cells of the

junctional epithelium (37). Although

not expressed in keratinized gingiva,

cytokeratin 19 is localized to basal

cells of the non-keratinized regions

and to many suprabasal cells of the

junctional epithelium, especially those

nearer the tooth surface (36,37).

Suprabasal cells throughout the gin-

giva express cytokeratin 16, whereas

the cytokeratin pairs 1/10 and 4/13 are

each mainly restricted to suprabasal

cells of the keratinized and non-kerati-

nized regions, respectively (36–38).
Monolayers of GECs and TIGKs

grown under the same culture condi-

tions displayed similar patterns of cy-

tokeratin expression. Both cell types

expressed cytokeratins 13, 14 and 19,

whereas neither of the cell types

expressed cytokeratin 1/10. The

monoclonal antibody AE1 recognizes

most acidic type I keratins, including

cytokeratins 10, 11, 14, 15 and 19

(38). AE1 displayed the same banding

pattern in TIGKs as in GECs,

although expression of each protein

band was higher in the former cell

type. The pattern of cytokeratin

expression by both cell types in

monolayer cultures is consistent with

that of the non-keratinized regions of

the gingiva, especially those cells of

the basal cell layer. The apparent low

level of detection of cytokeratin 13

suggests some cells have transitioned

to a suprabasal pattern of gene

expression. Cytokeratin expression

and the potential for differentiation of

A

B

Fig. 3. Immunoblots of cytokeratin expression by primary GECs and TIGKs. (A) Whole

cell lysates of GECs and TIGKs were examined by Western blotting with antibodies to

cytokeratins as indicated. GAPDH was used as a loading control. Data are representative

of three independent experiments. (B) Scanning densitometry of Western blots showing

relative expression levels of cytokeratins in TIGK cells compared to GECs, normalized to

GAPDH. GECs, gingival epithelial cells; TIGKs, telomerase immortalized gingival

keratinocytes.
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TIGKs were further explored by

immunohistochemistry of cells cul-

tured for an extended period during

which individual colonies developed

stratified cell layers. Expression of

cytokeratins 14 and 19 in non-strati-

fied cells is consistent with their

expression in cell monolayers in Wes-

tern blots, and with the cytokeratin

profile of basal cells of the non-kerati-

nized regions of the gingiva, although

basal cells of other non-keratinized

oral epithelia (e.g. buccal mucosa)

also display the same pattern of

expression (36). However, the expres-

sion pattern of stratified cells (i.e. cy-

tokeratins 14, 19, 13 and 16, with

little detectable cytokeratin 10) is fur-

ther consistent with the unique pat-

tern of the suprabasal cell layers of

non-keratinized gingival regions. In

particular, the presence of cytokera-

tins 16 and 19 in stratified cells is

analogous to suprabasal cells of the

junctional epithelium, and is consis-

tent with the expression of junctional

epithelium cytokeratin markers by

primary human gingival cells when

cultured under conditions to promote

stratification (8). Given that TIGKs

retain the karyotype, morphology,

growth and marker protein character-

istics of primary GECs, as well as

exhibiting stratification during pro-

longed culture suggests that, under

more selective organotypic culture

conditions, these cells may replicate

the parent epithelium, as demon-

strated for bmi1/hTERT-immortalized

cells from other epithelia (23).

The aetiologies of periodontal dis-

eases are multifactorial and involve

interactions between the subgingival

microbiota and epithelial cells of the

gingival crevice or periodontal pocket.

Even in the absence of clinical disease,

both the sulcular epithelium and cells

at the coronal border of the junctional

epithelium are continually exposed to

the subgingival biofilm. Disruption of

the balance between host and subgin-

gival microbiota during health leads

to an ecological imbalance, dysregula-

tion of immunity and disease. GECs

are used extensively to examine the

interactions with periodontal patho-

gens such as P. gingivalis (2,32,33).

Internalization of P. gingivalis into

primary GECs has been studied in

A B

D

E F G

C

Fig. 4. Immunohistochemical detection of cytokeratins in telomerase immortalized gingival

keratinocytes (TIGKs). TIGKS were cultured in keratinocyte serum-free medium for 19 d

to allow cells within the central regions of colonies to form stratified layers two to three

cells thick. Cells were probed with rabbit polyclonal IgG to cytokeratin 14 (A) and with

mouse monoclonal antibodies to cytokeratin 19 (B), cytokeratin 13 (C), cytokeratin 16 (D)

and cytokeratin 10 (E). Non-immune rabbit (F) and mouse (G) IgGs served as negative

controls. Immunodetection was performed using the avidin–biotin–peroxidase complex.

Cells were imaged under differential interference contrast optics without counterstaining.

Bar in lower right of E = 100 lm for all panels.

Fig. 5. Expression of transcripts for toll-

like receptors (TLR) in telomerase immor-

talized gingival keratinocytes (TIGKs).

Reverse transcription–polymerase chain

reaction of TIGK mRNA from two sepa-

rate experiments, superscripts 1 and 2, using

primers for the TLRs indicated. Genomic

DNA templates served as positive controls

(PC), and negative controls are DNase I-

treated total RNA (R). Each template

cDNA was run in duplicate reactions for

each experiment.
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detail (1,28–30) and invasion effectors

have been identified, including the ser-

ine phosphatase SerB (2,32). To evalu-

ate the suitability of TIGKs for

P. gingivalis invasion studies the inter-

nalization of a P. gingivalis SerB defi-

cient mutant was compared with the

parental strain. Similar to the results

in GECs and HPV E6/E7 immortal-

ized gingival keratinocytes, the DserB
strain showed diminished invasion

into TIGKs.

Because TIGKs retain normal

growth and differentiation control

systems, this new cell line will provide

a valuable tool for studying the inter-

actions of P. gingivalis and other spe-

cies of the subgingival microbiota

with epithelial cells resembling those

encountered in vivo. Although these

initial studies suggest TIGKs display

the junctional epithelial phenotype, it

will be of interest to determine appro-

priate culture conditions to recapitu-

late the sulcular epithelial phenotype

to compare host–pathogen interac-

tions between the two epithelial phe-

notypes of the gingival crevice or

periodontal pocket. Moreover, expres-

sion of mRNA for multiple TLRs by

TIGKs suggests these cells may func-

tion as a model to delineate mecha-

nisms of immunity by the gingival

epithelium. TIGKs further allow

reproducibility of assays, with a pro-

liferative cell line that enables stan-

dardization between experiments over

extended periods.
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