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Comparative Analysis of Gene
Expression Patterns for Oral
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Introduction

The majority of agents that cause infections in
humans gain access through the mucosal sur-
faces of the body. As such, the epithelium and
epithelial cells have evolved to provide an array
of features to protect from pathogenic chal-
lenge. These include barrier functions in which
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the epithelial cells rapidly mature and are
sloughed from the surface while maintaining tight
junctions enhancing exclusion of deleterious
agents at luminal surfaces (Parrish 2017; Yu
et al. 2012). In addition to these mechanical bar-
riers, recent evidence has supported the capacity
of epithelial cells to constitutively synthesize an
array of innate immune protective molecules, as
well as a range of cell communication factors
providing an “early warning system” to the host
inflammatory and immune armamentarium
(Pardo-Camacho et al. 2018; Partida-Rodriguez
et al. 2017; Ahluwalia et al. 2017). Moreover, a
number of these protective signaling molecules
are induced through engagement of microbial-
associated molecular patterns (e.g., MAMPs,
PAMPs) and danger-associated molecular pat-
terns (DAMPs) (Rajaee et al. 2018; Patel 2018;
De Lorenzo et al. 2018; Stocks et al. 2018;
Walsh et al. 2013; Olive 2012). The functions of
the epithelial cells continue to emerge as critical
determinants of maintaining host integrity from
challenge with pathogenic bacteria, viruses, and
fungi, which includes receptor recognition and
engagement resulting in specific intracellular
signaling pathways leading to antimicrobial
activities in the local mucosal environment
(Jin and Weinberg 2018; Guncu et al. 2015;
Sukhithasri et al. 2013; Ho et al. 2013;
McCormick and Weinberg 2010).

The oral cavity is somewhat unique in the
properties of its epithelium. While other mucosal
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sites in the body consider it a substantial benefit to
maintain the integrity of the barrier function, in the
oral cavity, the epithelium is routinely deliberately
breached from about 6 months to 21 years of age
with eruption of the deciduous and permanent
dentition. This developmental anomaly of innate
immune protection has fostered the development
of a unique junctional epithelium that covers con-
nective tissue cells and a collagen matrix that
attaches the erupted teeth to the underlying alve-
olar bone. This junctional epithelial lining of the
subgingival sulcus, in health, is attached to the
cementoenamel junction of the teeth (Tsukamoto
et al. 2012; Hatakeyama et al. 2006; Bosshardt
and Lang 2005). Interestingly, in health, this
junctional epithelium is somewhat leaky and
allows that passage of a low protein fluid transu-
date in the gingival crevice that mechanically
aids in rinsing colonizing bacteria into the saliva,
which is swallowed approximating 1 L/day.
Accompanying accumulation of bacterial depos-
its supra- and subgingivally, the gingival tissue
reacts with an inflammatory response with the
classic signs of acute inflammation. This inflam-
mation, termed gingivitis, is considered a revers-
ible process that responds rapidly to removal of
the bacterial insult (Tonetti et al. 2015; Chapple
etal. 2015). An inability to clear this stimulus can
lead to a persistent immunoinflammatory lesion,
i.e., periodontitis, with ulceration of the epithe-
lium, influx of an array of inflammatory cells,
breakdown of connective tissue and collagen,
vasculitis, and net resorption of alveolar bone at
the localized site of the microbial challenge
(Tonetti et al. 2015). While substantial strides are
being made in the area of tissue regeneration to
reestablish normal function for the periodontium
following disease, periodontitis remains consid-
ered as irreversible once tissue destruction has
occurred.

Age-dependent variations in epithelial barrier
function have been previously described in dif-
ferent tissues (e.g., skin, lung, intestine, and kid-
ney) of humans and animal models. A common
finding is an impaired cell-cell adhesion medi-
ated by tight junctions consistent with aging-
increased  permeability  (Parrish  2017).
Additionally, this decline in epithelial barrier
function and repair seems to be associated with

an alteration in epithelium stem cells niches
(Doles et al. 2012; Moorefield et al. 2017).
Nevertheless, the molecular mechanisms associ-
ated to these observations remain unclear. Thus,
as the epithelial cells and functions of the epithe-
lium are critical to the health of the oral cavity,
we used a nonhuman primate model to profile the
transcriptome of gingival tissues in health across
the lifespan. It was hypothesized that in younger
animals, epithelial genes related to functions of a
more rigid, less developmentally flexible tissue
would be decreased, enabling these young ani-
mals to respond to the microbial burden by
enhanced signaling pathways associated with
rapid wound healing, anti-inflammatory/inflam-
mation resolution, maintaining an effective bar-
rier. In contrast, in older animals, these patterns
would differ creating epithelial cells highly
responsive to the surrounding environment and
less able to modulate and resolve the noxious
challenge from the bacteria in the absence of
some collateral damage of the periodontal tissues
and enhancing the long-term risk for initiation
and progression of periodontitis.

Methods

Nonhuman Primate Model and Oral
Clinical Evaluation

Rhesus monkeys (Macaca mulatta) (n = 23; 10
females and 13 males) housed at the Caribbean
Primate Research Center (CPRC) at Sabana
Seca, Puerto Rico, were used in these studies.
Healthy animals (5—7/group) were distributed by
age into four groups: <3 years (young), 3—7 years
(adolescent), 12-16 years (adult), and
18-23 years (aged). The nonhuman primates are
typically fed a 20% protein, 5% fat, and 10%
fiber commercial monkey diet (diet 8773, Teklad
NIB primate diet modified: Harlan Teklad). The
diet is supplemented with fruits and vegetables,
and water is provided ad libitum in an enclosed
corral setting.

A protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of
the University of Puerto Rico enabled anes-
thetized animals to be examined for clinical



Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging

145

measures of periodontal including probing
pocket depth (PD) and bleeding on probing
(BOP) as we have described previously
(Ebersole et al. 2008).

Tissue Sampling and Gene Expression
Microarray Analysis

A buccal gingival sample from healthy tissues
from the premolar/molar maxillary region of
each animal was taken using a standard gingivec-
tomy technique and maintained frozen in
RNAlater solution. Total RNA was isolated from
each gingival tissue using a standard procedure
as we have described, and tissue RNA samples
submitted to the microarray core to assess RNA
quality analyze the transcriptome using the
GeneChip® Rhesus Macaque Genome Array
(Affymetrix) (Meka et al. 2010; Gonzalez et al.
2011). Individual samples were used for gene
expression analyses.

Data Analysis

Normalization of values across the chips was
accomplished through signal intensity standard-
ization across each chip using Affymetrix PLIER
algorithm. The GeneChip® Rhesus Macaque
Genome Array contained matched and mis-
matched pairs allowing the MAS 5 algorithm to
be used. For each gene, we first determined dif-
ferences in expression across the groups using
ANOVA (version 9.3, SAS Inc., Cary, NC). The
healthy-aged tissues were then compared among
the age groups using a #-test and accepting a
p-value <0.05 for significance. Because of the
cost of these types of nonhuman primate experi-
ments and availability of primates of the various
ages, we did not have sufficient samples to iden-
tify if the relationship between age and gene
expression could be treated using a linear model;
thus, the subjects were classified and ANOVA
was used for analysis. Correlations with aging
and clinical parameters in healthy tissues were
determined using a Spearman Rank correlation
analysis. A p-value <0.05 was used to evaluate
the significance of the correlation. The data have

been uploaded to http://www.ncbi.nlm.nih.gov/
geo/info/submission.html.

Results

Epithelium Gene Transcriptome
in Healthy Gingival Tissues

Using the microarray results, we examined 336
genes that are linked to epithelium and epithelial
cells functions (Table 1). The set of genes were
categorized into 9 broad functional groups: extra-
cellular matrix and cell structure; extracellular
matrix remodeling enzymes; cell adhesion mole-
cules, cytoskeleton regulation; inflammatory
response; growth factors; kinases/cell signaling;
cell surface receptors; junction associated mole-
cules; autophagy/apoptosis; antimicrobial pep-
tides; and transcription factors.

Figure la—d summarizes the level of expres-
sion of genes in which the normalized signal was
>100 in gingival tissues from any of the 4 groups
of animals that included 255 genes. From these
data, we identified a group of genes that were
altered in younger and aged animals when com-
pared to expression levels in the adult tissues,
which included selected extracellular matrix
components (e.g., KRT2, KRT4, MMP1, MMP9,
TIMP1, FI3A1, SERPINFI, CTSK, FBNI,
LADI1, CHI3L1), cytoskeleton regulators (e.g.,
ACTNI1, TAGLN, ZYX, DES), cell surface
receptors and adhesion molecules (e.g., SELL,
ICAM2, ITGAL, SPP1, ITGB2, ITGAS, SELP,
ITGAM, ICAMI, ITGAX), and host response
genes (e.g., PPBP, CAMP, DEFB4, CXCL11).

Aging Effects on Epithelium Gene
Transcriptome

Within the subset of 255 genes, Fig. 2a—c pro-
vides volcano plot visualization of the distribu-
tion of altered responses and significant
differences in the young, adolescent, and aged
animals versus healthy adult levels that were con-
sidered to be the normal expression level. From
these analyses, it appeared that a lower number of
genes were significantly different in the young


http://www.ncbi.nlm.nih.gov/geo/info/submission.html
http://www.ncbi.nlm.nih.gov/geo/info/submission.html

J.L.Ebersole et al.

146

surjoxd uonoun( 103dodar 114 Ai1d SI0Je[NSAT UOJQ[AYS0IKD ‘UTWe1] aNTd AIMoONNs NDH ‘UneIoy] cI

surjoad uonoun( ‘unyerdoauy 1dAA S10JB[NTAI UOID[AYSOIAD ‘UTWE[I] VN4 amonns DY ‘uneroy (AR |

surdjoad uonoun( ‘unyeidowsoq dsa S10JB[N3A1 UOIA[AS0IAD ‘dsed 1V 010g 1ad.LNA AImonns NDH ‘UneIoy] LTI

surajoxd uonoun( ‘urei3owsag £€0SA SI0JB[NIQI UOJR[AYSOIAD ‘UTreuA (g TIANA aImonns DA ‘uneIoy] [YARD |
S10)e[N3a1

surajoxd uonoun( ‘urej3owsag 7OSsd U03[YS01A0 ‘urajold pajerdosse e[eSey/eI) 61DdDD aImonns DA ‘uneroy] AR |
s103e[N3aI

surajoxd uonoun( ‘uro3owsag 1DSA U0)o[Ys01Ld ‘Kemyyed A1030100s ased [V 707dIV aImonns DA ‘uneIoy] [SYARD |
s10ye[N3a1

surajoxd uonoun( ‘urfjooowsag €0sd U0)9[Ys01Ld ‘Kemyed A1030100s ased [V 1D7d1V aImonns DA ‘uneIoy] AR |

surajoxd uonjoun( ‘urfooowsag 70SAa SI0JB[NSQI UOJR[ANSOIAD ‘UNOY NIV AImonns NDH ‘uneIoy] ARSI

surjoxd uonoun( ‘urfodowsAq 10Sd SI0JB[NSAT UOJQ[AS0IAD ‘UNOY ENLDV AIMoONNs NDH ‘UneIoy] 61

surajoxd uonoun( ‘UISOWSIPOAUIO)) NSdD SI0JB[NT2I UOID[AYS0IAD ‘UNOY INLDV amonns DA ‘uneIoy ST

s10)dadar ‘parerdosse JN.L dViL SI01B[NSAI UOII[AS0IAD ‘UNIY INLDV AImoNns NDH ‘UneIoy] ARRS: |

s10)dodar ‘parerdosse JN.L 1AViL UOISAYPE [[99 I0JOBJ PUBIQI[[IAN UOA AMA AImonns NDH ‘Uneroy] 91

s101dadar ‘Afrurey NI, q94S¥ANL UOISIYPE [[30 ‘UNOSUONIA NLA SImoInNs NDH ‘UneIy SILIX

s101dooar ‘Ajrwurey NI VIASYANL uorsaype (139 ‘urajordoydsoyd pajeroag 1ddS AImonns NDH ‘UneIY Y1

s10)dooar ‘urpnpowoquiory ], dgHL UOISAYPE ([ ‘UIIIJ[AS d1dS AImonns NDH ‘UneIoy] [ARRD |

s10ydaoar ¢ urejoig AD0O¥Ud UOISAYPE [[30 ‘UNIIAS TT14S AIMONNS JADH ‘UNRISY] RN |

s101dooar [eroyIOpudARARId TIAVOAd uoIsAYpeE [0 ‘paje[ar 103dadar SnIIAoIod Y TIAd AIMoONNs NDH ‘UneIoy] 01

s10)dada1r ‘up[nafIalu] 611 UoISaYpe ([0 ‘paje[al 103dadar snIAoIod cTIAd amonns DY ‘uneroy AR

Imonns

s103daoar ‘urquioayJ, dcd UOISaYpE ([0 ‘pAje[al 103dadal SnIIA0I0q TTIAd | INDT ‘ueok[3o01d arejns urredop 7OdSH

s10)dooar ‘uadonsy 1959 UoISAUpE [[99 ‘paje[al 103dadar snIAoIod 1 TIAd AImonns ADH ‘UnoduoIqly INA

s101dodar 1039.) YImoi3 ewtopidy RElL! UOISAYPE [[9D ‘UISIOIN NSIN aImonns ADH ‘UI[uql] INgd

s101dadar ‘stsk[ pajerpawr 0 65dD UOISIYPE [[9J ‘Undsen €STIVDT 2ImINIs NOH ‘uInqry SNTdd

s10ydaoar ‘proe oruonfe A +AD UOISAYPE [0 ‘ULIZAIU] 9gD 1l armonns DA ‘uage[[o) 1VLT0D

s10)dooar ‘1a3uoaeog 9¢dD UOISAYpE [ ‘ULISAIU] Sgnll aImonns NDH ‘ude[o) 1VST0D

s101dadar ‘s1onpoid pus uoneok|n JAOV UOISaYPE [ ‘ULIZaIu] +gDLI aImonns NDH ‘udse[[o) 1VET10D

soseuny ‘Oseyiuks uagodA[H ge3Sn UOISaYpE [ ‘ULISaIu] ¢gnll aImonns NDH ‘udde[[o) V110D

soseuny ‘urojoid rejonoep VEISdA UOISAYpE [ ‘ULISAIU] 79011 armonns NDH ‘udde[[o) IVITO0D

Soseury “Iy1/I98 [21dId UOTSAUPE [[90 ‘ULIZa)u] 1dDLI amonns WOH ‘USSe[[0) IVLITOD

dnoin ux, 9onpoid 1 Quen dnoip uxq 9onpoid ] Quen dnoin uxq 9onpoid 1 Quen

wniEyde jo suonouny 10j ouad pajedie], | ajqeL



147

Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging

(panunuoo)
surajoxd uonoun( ‘urrydoyeld ed3d uonewweguI ‘g/-VNH §I0XD 2ImonNs ADH ‘UneISY 6L
sutojord uonoun( ‘urrgdoyerd ddd uoneWwRYUI “0g-dIIN [40)@) amonns WOH ‘Unesyy SN
surojoxd uonoun( ‘urrydoyerq 1d431d uoneWWRPUI ‘QuIyowayd ALoououw/H LITOXD amonns DY ‘uneroy AR
sutajo1d uondun( ‘uIpn[2Q NID0 uonewweyul ‘QVL- [1TTDXD Imonns ADH ‘UneISYy 08I
surojoxd
uonoun( ‘aseury ajejAuens CIDVIN uonewwegul ‘01-dI 01" TOXD IMonNs D ‘UneISY LI
surojoxd
uonoun( ‘oseury ajejAuens ITOVIN uonewweyur ‘¢-ddON LTOD IMonNs ADH ‘UneISY O6LLIA
sutajold uondun/ ‘uiqo[Soye|d dnr uonewweyul ‘SHINVY S10D 2IMONNS NDH ‘UNRISY] 8LLIA
surojoxd
uopoun( ‘uorsaype feuonouny SINVI uonewwegul ‘1-dOIN 7100 amonns DY ‘uneroy LLI
surojoxd
uopnoun( ‘uorsaype feuonouny SINVI uonewwegur ‘urordodijody HOdV amonns DY ‘uneIoy YRR
surojoxd
uonoun( ‘uorsaype feuonouny TNV uonewwepur ‘aseudgAxodry SXOTV amonns DY ‘uneroy] SLIMY
surajoxd uonoun( ‘uonoun( den zdaro SI07R[NZAI UOJQ[NS0IAD ‘UTXAZ XAZ aImonns NDH ‘uneIoy] PLI
s1oye[n3a1
surojold uonoun( ‘uonoun( den I%e1) U0)I[YSOILD “QUIOIPUAS YOLIPIY-1OISIA ISVM amonns DY ‘uneroy LI
s107e[N3a1
surojoxd uonoun( ‘uonoun( den 700D U0JI[YSOILD “QUIOIPUAS YOLIPIY-1OISIA 1ASVA amonns DY ‘uneroy LI
s107e[N3a1
surojoxd uonoun( ‘uonoun( den cdro U0JI[YSOIAD “QUIOIPUAS YOLIPIY-1OISIA SVAM amonns DY ‘uneIoy ITARD
surojord uonoun/ ‘uonoun( den Ao SI0JB[NTI UOID[AYS0IAD ‘UINOUTA TOA monns DY ‘uneroy LI
surajoxd uonoun( ‘uonoun( den €dro SI0JB[N3AT UOJR[AYSOIAD ‘UI[E], ZNIL aImonns DA ‘uneroy] D9
surajoxd wonoun( ‘vonoun( den 74aro SI0JB[NIAT UOJR[ANSOIAD ‘UI[E], INTIL AImonns NDH ‘UneIoy] g9
SI0JL[NSAT UOJO[AYS0IAD
surajoxd uonoun( ‘uvonoun( den 1400 ‘sasejselow/uorseaut ewoydwAy [[90-, TINVIL aImonns NDH ‘uneIoy] VoI
surajoxd wonoun( ‘uonoun( den SVID SI0JB[NSAT UOJO[YS0IAD ‘UT[agsuei], NIOVL AImonIns NDH ‘UneIay] ST
surajoxd wonoun( ‘uonoun( den SVID SI0JB[NSAT UOJI[AYS0IAD ‘UIXBIUAS GXIS aImonns NDH ‘uneIay] AR |
surajoxd uonoun( ‘uonoun( den VD SI07e[N3AT U0J[YS0IAD ‘@se3I uninbiqn 1TININS aImonns DA ‘uneroy] e
surajoxd uonoun( ‘vonoun( den €VID SI0JR[NZAI UOJ[NS0IAD ‘@SB 1.0 A[TUIe] sey] 1OVY AImonns NDH ‘uneIoy] LEL
SI0)B[N3AT UOII[OYS0IAD
surajoxd uonoun( ‘uonoun( den IV[D 103do0a1 10J08] YIMOIT PoALIOP-19[Ae[d aII0ad aImonns DA ‘uneIoy] SE




J.L.Ebersole et al.

148

Jurfepourar
SJINV ‘suisuajog yvIdd $10J0BJ ImoIs ‘asereydsoyq IVydLd NDA ‘IojeAnoe uaSourwse[q nv1d
Jurepourar
SJINV ‘SuIsuoja 1vdad s10308] 3moIs ‘ossarddns zowng, NALd NDH ‘IojeAnde uaSouruse[q IV 1d
Jurfopourar
SANY ‘UIpIpPyIe) dINVD SI010B] (IMOIT ‘Sa[NqMIOIdIA VOtddd NDH ‘oseurajordof[erou Xue 6dININ
sisoydode LTOXD Surjopowar
/ASeydoine 101093J0 €Gd.L d94ad SI0)0BJ YIMOIS “ONSSI) QAIIOAUUOD) /dddd NDH ‘oseurajoidofelowr XLejA LANIN
sisojdode Surfopouwrar
/A3eydoine 103dosar yreaq SV SI010BJ [IM0I3 ‘urdjord-o T11OND DA ‘oseurajoidofreiow XIme ZdININ
sisojdode Surfopouwrar
/ASeydoine ‘urewop yleaq XXvd S10J0B] 3M0I3 ‘ISe[qoIqr] LADA NDH ‘oseurajoidofelowr XIeA TdININ
sisojdode/ASeydoine ‘osedse)) €dSVD SI0JORJ IMOIS )Se[qOIqL] 01404 Surfopowral JNDH ‘@SepIxo [ASA XO1
sisojdode
/A3eydoine Jojqryur sisojdody covIg $1030BJ (IM0I3 ‘Tewrapidg Bisk Surpepowar NDF ‘unsejdoquoayJ, el
sisojdode Surfopouwrar
/&Seydone ‘1oyqryur sisojdody od1ga SI10J0BJ YIMOIS ‘Onss1) dATIOUUOD) ADLD NDH ‘IIIX lo1oe] uone[ngeo)) IVEId
sisojdode
/ASeydoine ‘10jern3ar sisoydody 7109 s10308) ImoIs ‘urjord onousSoydiow suog LANG Surjepowar D ‘eseise[q v 1d
sisoydode/A3eydoine ‘O8O TV | T1dVIVIVD s1030B] 3moi3 ‘urajord onousdoydiow suog zdINg Surpopowar INDH ‘ursdoyie) SISLD
sisojdode/A3eydone ‘y8O 1V AVIVEVYD s10308] 1moi3 ‘urajord onousdoydiow suog 1dINg Surfepowar NDH ‘ursdoyie) DSLD
sisojdode/ASeydoiny CIDIV SI0)OBJ YIMOIS ‘paje[n3ar o[nqMIOII | ZIADHUY Surfepowral N ‘@seuniy)) TTSTHD
sisoydode/ASeydoiny 7IDLV UONBWWERHUT ‘10}0BJ SISOIOU Jown], ANL AImonns NDH ‘UNUWIA WIA
sisoydode/A3eydoiny 01DLV uoneWWRPUI ‘ZX0D) 7SO1d AMONNS ADH ‘UBISIIA NVDA
surejoxd uonoun( ‘uonoun( Y31y, 7drL UoTRWWEPUL ‘[ UTJBISOdUQ NSO armonns NDH ‘UNodu0dlsQ V4SS
amyonns
surajoxd uonoun( ‘uonoun( Jysiy, IdfL uonBWWEHUI ‘AN VIDAN DA ‘ueok[3oajoid urdrejoig JdT1Tdd
surojoxd
uonoun( ‘pajeroosse uonoun( 1ysiy, IdVIL uonewwegul ‘g3IN 1IN QImdNNS ADH ‘Ururwe| CONV1
surojoid uonoun ‘unyerdog 1dd uoneWWEUI ‘10JOBJ A10JIQIYUT BTN AT aImonns ADH ‘urure| CANVT
surojoxd uonoun/ ‘ururg NNd UONRWWEUT QU 0} VETII AImonns DY ‘Ururwe| SVINVT
surojod uonoun( ‘unoord 10d1d uonewwegul 9siuosejue 103dosar -1 NY1TI AImoNNs D ‘ururue | SVIAVT
surajoxd uonosun( ‘urprydoyeld d3d uonBwIWeyuI I0JqIYul gOIN a1 SIMONNS ADH ‘UruIpe ] 1avl
dnoin) ux,] yonpoig ] Puen dnoin ux, 9onpoid (] dueD) dnoiny ux, yonpoig ] Puen

(ponunuoo) | ajqey



149

Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging

(panunuod)
$10)0BJ

uonduosuer ‘sno3ojowoy S1H AHA SOSBULY ‘PAIBANOR UASONMA ISAVIN UOISAYPE [[90 ‘UIUR)) TANNLD

s1030ej uonduosuen ‘roddiz no vdgaD SOseUDy ‘pajeAndr UQSOIA SEAVIN UOISAYPE [ ‘UIue)) TANNLD

SJINY ‘Teseu/suny/alefed ONN'1d SOSEUDY ‘PAILANIOR UOSONN | HTSIEdVIN UOISaYpe [[30 ‘urue) | [TINNLD

SANV ‘esedrjoydsoyq VIOv1d SASBUTY ‘PAJLALOE USTONIA IXEdVIN UOISIYPE [[30 ‘utuaie) | [JIANNLD

SJINY QwAzueln VINZD SASBULY ‘PALANOE UASONA LATAVIN UOISaYPE [[90 ‘UIue) TANNLD

SAINV ‘susuapa(q yad44d SASEUDY ‘PALANIL UISONA OACdVIN UOISaYPe [[30 ‘Urue) | [TYNNLD

SJINV ‘susuaja( celrdg4da SOSEUDY ‘PAJEANOL UASONIA PATAVIN UOISaYPE [[39 ‘UIuAe) EVNNLD

SJINV ‘suisuajag 6cldddd SASBUTY ‘PAJLALOE USTONIA EATdVIN UOISIYPE [[30 ‘Utuale) CVNNLD

SdINV ‘suisuaya( Lc1d44dd SASBULY ‘PAILANOE UASONA IXICdVIN UOISaYPE [[90 ‘UIue) IVNNLD

SAINV ‘susuapaq 9¢1d4dd saseury ‘SuIfeusIs y2joN 1OV[ UOISIUPE [[99 ‘ULDYPE) SHAD

SJINV ‘susuaja(q gclgddd SOSEUDY To3uY oury, y49d UOISYPE [[30 ‘ULIDYPER) YHAD

SJINV ‘suisuajag cclg4dd saseuny ‘urese) | TVTINSD UOISIYPE [[30 ‘ULI_YPED €HAD

SdINV ‘suIsudya( ccladdaa soseuny ‘uesed | [VZIANSD UOISAYPE [[90 ‘ULIdYPR]) CHAD

SJINV ‘suisuajag Icraddda soseury “0-3[31 SINHD UOISIYPE [[30 ‘ULI_YPED ITHAD

SdINV ‘suisudya(q 611d44d SISBULY “IYI/IS LAV UOISYPE [[30 ‘UI[ORA[RD) EAVO

SAINY ‘SUISuajo( 811449 SI0108] (IMOI3 ‘sisauasodipy GSINM UOISAYPE [[99 ‘UT[OIATE) TAVD

SJINV ‘suisuajaq 48014944d SI0JOBJ YIMOIT ‘2ANOUUOD) 1dSIM UOISIUPE [[30 ‘UI[O9A[RD) IAVD
Jurfopourar

SJINV ‘susudja(q vooldd4d SI01OEY (IMOIT “TR[NOSEA VADdIA INOA “Tonqruyut asepndadofrelay IdINIL
Jurfopourar

SJINV ‘susuaja(q veordaddd SI010e] (IMOI3 ‘utuedsenay, €INVdS.L WO ‘urwserdnue z-eydly | ZANIJUHIS
Jurfopourar

SAINV ‘susuapa(q v01dddd SI0108] (IMOIS “OI[-JDH [IEECIANY WO ‘urwserdnue z-eydy | [ANIJYIS

SJINV ‘suisuajaq veordddd SI0)0BJ [)MOIT ‘SuruIojsuel], €ddDL Surppowal WO ‘1-1Vd | THNIJIIS
Surjopowax

SJINV ‘SUIsuojaq 19449d SI0)OBJ IMOI3 ‘SUTULIOJSURI], 79101 INDH ‘Se[AX0IpAY [ASAT 7dO1d
Suropourar

SJINV ‘SuIsuojag ovIdd SI0)OBJ IMOI3 ‘SUTULIOJSURI], 1910L INDH ‘OSe[AX0IpAY [ASAT 1do1d
Surepowar NDH

SJINV ‘SuIsuojaq cvdad SI010BJ }M0I3 ‘Fo[owoy sey] VOHY ‘<101daoar J0jeAIOR USSOUTWISE[ NNV 1d




J.L.Ebersole et al.

150

soseuny 14, ILd UOISAYPE [0 ‘ULISAIU] XVOLI

soseuny ‘qid 1ax¥d UOISOYPE [[90 ‘ULIZAIU] AVOLI

soseury ‘O3d ZO3dd UOISAUYPE [[90 ‘ULIZaju] INVOLI

saseuny D3d DO UOISAYPE [[20 ‘ULISAIU] TVDLI

SoseuDy ‘PAIRANOE JNV | TVV A UOISAUPE [[20 ‘ULIZAIU] 6VDLI

SOseury ‘pAIANOE JNV | TVVAd UOISOYPE [[90 ‘ULIZoIU] 8VOLI
s10308} uonduosuen

‘Xoqoauoy 1e3uy oury [4:cv4 soseuny ‘prdry PAENId UOISOUPE [[90 ‘ULIZoIu] LYOLI
SI0308]) :OGQCOm:ﬁb

‘x0qoawoy 103Uy ourz, 19497 soseury ‘prdry €2€31d UOTSAYPE [0 ‘ULISAIU] 9VDLI

s10y0e} uondrosuen ‘HTH] 1LSIML soseuny ‘YO QUBIqUIdWSURIL], YHD.LON UOTSAYPE [0 ‘ULIFIU] SVD.LI

s1010e] uonduosuen ‘3| €ADL soseuny ‘YO SUBIqUISWSURIL], €HDLON UOISAYPE [[29 ‘ULIZAIU] YVD.LI
S.10)oe)

uonduosuer) ‘Quagoouo-030ld 1AV saseuny ‘JOHH SURIqUISWSURI], ZHDION UOTSIYPE [0 ‘ULIFU] CVDOLI
S.10)oe)

uondrrosuen ‘sisouaSourue[IA ALIN Saseuny| YO QUBIqUIdWISURI], THDION UOTSAYPE [0 ‘ULIFU] TVDLI
S.10joe)

uonduosuern ‘Quagoouo-0joig SV SISeUDY ‘pPajeAnOr UaSOoIA SIAAVIN UOTSAYPE [0 ‘ULIZU] TVDLI
S.10joe)

uonduosuern ‘Quagoouo-0joig aNNOr SOSBUDY ‘PajeAnOR UQSOIA CSIdVIN | UOISaype [[90 ‘UOISAYpe Je[n[[aovIu] TINVII

s1030v] uondrIosuen ‘@seury snuef VI SISEUTY ‘PIjeAnOr UASOIA PISIAVIN | UOISUpe [[20 ‘UOISAype Je[n[[oovIiu] TINVII
S.10)oe)

uondrrosuern ‘Quagoouo-0joig 1S1d SIseUDy ‘pajeAnOr uaSoIA CISIdVIN UOTSAYPR [[A0 ‘UTWSI SAHA

dnoin ux, 9onpoid ] QuaD dnoin ux,J yonpoig ] QudD) dnoin ux,J yonpoig ] Quan

(ponunuoo) | ajqey



Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging

151

a
64000

32000

—Y —ADO —AD —AG

16000 A

-

8000

4000

2000

m—
<\

1000

KRT76
KRT4
KRT6A
KRTS
KRT6B
KRT24
KRT6C
KRT16
COL1A1
KRT1
KRT13
KRT10
COL1A2
COL3A1
KRT15
COL17A1
VIM
KRT17
KRT78
KRT23
KRT2
SPARC
LGALS3
— CTNNB1
CDH1
ITGB1
ITGA6
CTNNA1

MSN
CAV1

ITGAV
TIAM1
RAC1
veL
WASL
ILIRN
CXCL17
NFKBIA
RHOA
PTEN
CD44
CD59
DsP
Dsc2
GJB2
GIAL
DSG3
PPL
DSC3
PKP1
DSG1
F11R
CDSN
TIP1
PKP3
Jup
PERP
GABARAPL2
GABARAP
DEFB1
DEFB103A
EHF

6400

L
oC
=C
o[

C

IS

—Y —ADO —AD —AG

3200 -

1600 -

800

400

ITGA:
1TGB4
W
ACTNL
FLNB
ATP2C1
FLNA
ATP2C2

SERPINF1
CTNNBIP1

TAGLN
STXS

cxctio

VEGFA

PTPAAL
MAP2K4

PRKCZ

[ TNFRSFIA

1 2 3 a4

Fig. 1 (a—d): Gene expression levels in gingival tissues
reflecting epithelium/epithelial cell functions. The lines
represent the mean normalized signal level for each age
group on animals. The genes are stratified into general
functional categories and grouped in the graphs based
upon the magnitude of signal (1: extracellular matrix

animals versus the other groups, where 10-20%
of the genes varied from healthy adult tissues.
Interrogating this dataset more specifically,
Fig. 3 provides a heatmap representation of the
fold increase or decrease in gene expression in

w

9 1n 12

components; 2: extracellular matrix enzymes; 3: cell
adhesion molecules; 4: cytoskeleton regulators; 5: inflam-
matory cytokines/chemokines; 6: growth factors; 7:
kinases/cell signaling; 8: cell surface receptors; 9: junc-
tion associated proteins; 10: autophagy/apoptosis; 11:
antimicrobial molecules; 12: transcription factors)

healthy young, adolescent, and aged tissues com-
pared to adults. Additionally, the genes were clas-
sified into 9 categories across their range of
functions for the epithelium and epithelial cells.
The results showed that the extracellular matrix
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Fig. 1 (continued)

and cell structure, cell adhesion molecules, and
cell surface receptor categories appeared to be
most frequently different. Several extracellular
matrix structural and cell adhesion molecules
were elevated in the aged tissues, with generally
decreased levels in the young tissue samples. The
cell surface receptors were, generally, increased
across the different age groups versus the adult

levels. Also of interest was the lack of effect on
the array of molecules related to epithelium junc-
tions, transcription factors, kinases, and genes
linked to autophagy/apoptosis. Of note, specific
genes such as SPP1 and PPBP showed and aging-
related increase. Table 2 provides a pathway
analysis to assess biologic processes that were
enriched in the set of genes that were significantly
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Fig.2 (a—c) Volcano
plots of gene expression
levels in young,
adolescent, and aged
animals compared to the
healthy adult tissue
levels. Each point
denotes a gene related to
fold and statistical
difference from adult
levels. The red dashed
line signifies a p-value
<0.05
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Table 2 Major pathways of epithelial gene up-regulation in healthy gingival tissues

M. mulatta Fold

PANTHER biological processes Genome # | Tissue # Expected | enrichment | RawP-value| FDR
Cell-matrix adhesion 46 5 0.16 31.16 9.18E-07 |5.06E—05
Cell adhesion 308 18 1.07 16.75 4.50E-17 |1.10E-14
Cell—cell adhesion 143 7 0.50 14.03 9.09E—-07 | 7.39E-05
MAK cascade 333 7 1.16 6.03 1.79E-04 | 5.47E-03
Signal transduction 2088 21 7.28 2.88 6.37E—-06 |3.11E-04
Cell communication 2399 21 8.37 2.51 5.16E-05 | 1.80E-03
Regulation of phosphate 509 8 1.78 4.51 4.24E-04 |1.15E-02
metabolic processes

Cell differentiation 503 7 1.75 3.99 1.96E—-03 | 4.78E-02
Developmental process 1412 16 1.93 3.25 2.54E-05 | 1.03E-03

and/or >1.25-fold-regulated. As was seen in the
heatmap, cell-matrix, cell-cell adhesion, and dif-
ferentiation were enriched. While the heatmap
did not provide a clear visualization of alterations
in MAPK signaling pathway genes, these were
enriched in the pathway analysis evaluation.
Figure 4a and b focuses on the details of
altered expression of the array of keratins that are
critical for epithelial cell functions. The results

showed that approximately 20 of the keratins
were expressed at high levels in the gingival tis-
sues. Keratins 2, 5, 6B, 13, 16, 17 were all signifi-
cantly increased in healthy-aged tissues versus
adults. In contrast, keratins 1 and 2 were signifi-
cantly decreased and keratin 17 increased in tis-
sue from young animals compared to healthy
adults. An additional set of molecules critical for
communication of the epithelial cells are the
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array of integrin surface receptors. Figure 5 pro-
vides an overview of these response profiles
across the age groups. Approximately 15 of these
integrins are highly expressed in the gingival tis-
sues across the age groups. Only ITGAS8, ITGAM
(CD11b), and ITGB2 were significantly increased
in the aged tissues compared to adults, with no
difference in the younger animals. ITGB2 is a

component portion of integrins that bind ICAMs,
VCAM, and even complement components.
ITGAM/ITGB2 is particularly implicated in
interactions of monocytes, macrophages, and
granulocytes and the uptake of complement-
coated particles. Thus, while these integrins can
be related to epithelial cell biology, their role in
these complex oral tissues may be more related to
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the physiologic inflammation of the gingiva and
reflect tissue maintenance by inflammatory cell
responses in these tissues. Lastly, we focused on
the array of biomolecules related to epithelial
junctions including desmosomal and hemides-
mosomal proteins (Fig. 6a, b). As was noted from
the heatmap, few of these proteins were signifi-
cantly altered across the age groups, with only
CDSN (corneodesmosin) being increased in
younger animals versus adults, and COL7A1
(collagen) and LAMAS (laminin) decreased in
the aged animal tissues.

The data were also analyzed beyond an age
categorization (young, adolescent, adult, aged)
by evaluating correlations of the gene expression
profiles with age as a continuous variable
(Fig. 7a). The results demonstrated about 10% of
the genes demonstrated significant correlations
(p < 0.01) with similar numbers positively and
negatively correlated. While those positively cor-
related genes represented a range of functions, of
interest was the number of collagen and integrin
genes that were significantly decreased with
aging even in healthy tissues. Figure 7b, ¢ pro-
vides a similar type of assessment, relating gene
profiles to clinical features of the periodontium in
the healthy animals (bleeding on probing—BOP;
mean probing pocket depth—PPD). In contrast to
the correlations with age, fewer relationships
were observed with either of the clinical param-

eters, with only PLAU, SMURF1, and MAP
3 K5 genes positively correlated and KRT17 and
BMP2 negatively correlated with both BOP and
PPD.

Discussion

Within the paradigms of gingivitis and periodon-
titis that affect the global population, there remain
some observations that have yet to be understood
at the molecular level. First, while gingivitis is
generally considered to presage to periodontal
lesions, identified populations have long-
standing, florid gingival inflammation and never
progress to periodontitis (Loe et al. 1986; Lang
et al. 2009). Second, many cases of localized
aggressive periodontitis that tend to occur in
younger individuals associated with infection
with Aggregatibacter actinomycetemcomitans
demonstrate substantial rapid localized bone loss
in the absence of gross inflammatory changes in
the gingival tissues (Kinane and Hodge 2001;
Jenkins and Papapanou 2001; Bimstein et al.
2002). Third, in children and adolescents, there is
a high incidence of gingivitis that increases in prev-
alence and severity through puberty, in the absence
of progressing to periodontitis (Albandar and
Tinoco 2002; Modeer and Wondimu 2000;
Bimstein et al. 2013; Bimstein and Ebersole 1989).
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Fourth, during pregnancy, subsets of women can
develop rather severe pregnancy-associated gin-
givitis that has been suggested to be linked to
hormonal changes that could influence the oral
microbial ecology, although there remains sparse

mean group levels. The asterisk () signifies statistically
different than other groups at p < 0.05

data documenting the molecular features of this
unique gingivitis that does not progress to peri-
odontitis (Gumus et al. 2016; Gursoy et al. 2014;
Barak et al. 2003). Finally, periodontitis has long
been described as a disease of aging with sub-



J.L.Ebersole et al.

158

AGE

dAyD = r ! A
— X
S " " 3
1] . ! o
=2 | — I zZ |
d8dd | == . an N
i i
1 — 1
1 1
1 1
1 1
1 1
1 oy 1
€19 } |
1 1
1 1
TAVD! -
b — N i
SHEIVIN . '
1 1
1 1
1 — I
YNLDY =T |
i i
[ I
TddS  demms !
1 b — 1
| e 7OdSH
i i
1 1
1 1
TINVD3d == !
- 1
| |
THZAYIN |
1 1
i — m
tdly ———— — ToTdLY A
1 — 1
' e TTYNNLD |
TdNIL | = T 2aoll s
1vid -~ |
! JE— +IVS10D
1 1
| —
' : SYAYY 00
1 1
1 1
1 1
1 - €250
28 . 1
I b— I
LT1DXD 4 !
TOVY ' AVOLI
1 1
7891 == :
= T - FENNLD
H V/1100
| T TVETOD
H — H
1 1
I
® © $ N O o ¥ © o

JU3ID1}J20D UOI1e[2110)

Gene ID

BOP

i i .
] ] N
i ! y
> o = " s
4 m ” veiga  Z |
1 1 ¥
1 1
1 1
1 1
[ I
| o !
1 1
1 1
1 1
1 " 1
1 1
1 1
1 1
1 1
1 1
|- i
1 L 1
1 1
1 — 1
SHEdVIN = — '
1 = 1
H —— . TN
TS ; — '
1 1
i — H
nv1d . i
1 1
| — 1
AN i i
1 = ™ 1
[Z]ay p—— i
1 1
i i
1 1
! = 7diNg
1 1
1 1
1 1
1 1
= I
1 1
TANNLD = i
1V7d |
1 - 1
1 1
1 1
1 1
! J— !
1 — 1
[ I
1 1
i i
1 1
1 1
1 1
LTIDX) b = '
1 — 1
. n 1
1 1
| ! F— LTLYN
I — I
i lﬁ |
1 1
1 1
1 1
I I
0 © & N O N < WO o

1UBID1}J902 UOII.[3410D)

Gene ID

Fig. 7 Correlation analysis of gene expression levels with age (a) and clinical parameters of mean bleeding on probing

(b) and mean probing pocket depth (c). The red dashed lines denote significance level at p < 0.01



Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging

159

stantial increases in incidence and severity in
aging populations, and thought to be related to a
lifetime accumulation of noxious challenge to the
gingival tissues (Papapanou and Susin 2017; Wu
et al. 2016; Lamster et al. 2016; Hajishengallis
2014; Huttner et al. 2009). Thus, there remains a
need to better understand the underlying molecu-
lar biology of the range of cells in gingival tissues
and how their functions can dictate variation in
disease expression across the lifespan.

This study used a nonhuman primate model to
focus in the biology of the epithelium and epithe-
lial cells in gingival tissues to test a hypothesis
that alterations in the transcriptome representing
a range of functions of these cells/tissues would
be altered with aging even in clinically healthy
sites. We had previously reported on rather dra-
matic changes in various immune and inflamma-
tory cells in gingival tissues in this model. There
were clear alterations even in healthy-aged tis-
sues with regard to lymphocyte classes (Ebersole
et al. 2014, 2016a), apoptosis (Gonzalez et al.
2011, 2013), macrophage function and antigen
recognition and presentation (Gonzalez et al.
2014, 2015, 2018), hypoxia (Ebersole et al.
2018), and inflammasome characteristics
(Ebersole et al. 2016b). However, while there
were some differences in the epithelial-related
gene expression profiles in periodontal health
with aging, the number of genes affected with a
fold-change >1.25 was only about 30% and only
8% >1.5-fold. These alterations were also focused
on a more limited functional activity of the epi-
thelium/epithelial cells with extracellular matrix
structural components, cell adhesion molecules,
and cell surface receptors appearing to be most
greatly affected.

Drilling down into these categories, multiple
collagen and keratin gene levels were lower in
young versus aged tissues, which were confirmed
with correlation analysis related to aging. These
findings suggested that these altered structural
components in healthy aging could either reflect
a physiological adaptation with aging that helps
to maintain healthy tissues, or potentially these
changes reflect altered epithelium characteristics
that could increase the risk for initiation of peri-
odontitis. Clear histopathological results demon-

strate a breakdown in epithelium integrity
accompanying the chronic inflammation of peri-
odontitis (Bosshardt and Lang 2005; Dale 2002;
Van der Velden 1984). It is accepted that these
microulcerations enhance access of the microbi-
ome components (e.g., bacteria, bacterial struc-
tures) into deeper tissues contributing to
activating the local inflammatory response
responsible for tissue destruction. Additionally,
this process is considered as part of the feature
allowing bacteria to traverse the gingival tissues
and enter into the systemic circulation (Cardoso
et al. 2018; Abbayya et al. 2015; Maddi and
Scannapieco 2013; Kumar 2013). However,
examination of the genes related to cell—cell
interactions and cell-matrix interactions (desmo-
somes, hemidesmosomes) did not show a sub-
stantial impact of aging on the expression of
these molecules. Thus, how these patterns reflect
aging processes in health and risk for disease
remains ill-defined, and further studies will be
required to discriminate between these options.
An array of genes for cell adhesion molecules
including cadherins, integrins, caveolins, and
selectins were increased with aging. These mol-
ecules are critical for maintaining homeostasis of
the epithelium in the septic environment of the
oral cavity. Thus, since the tissue samples were
from clinically healthy sites in the aged animals,
this type of response profile may signify an effec-
tive healthy aging process in the tissues from
these animals. Of note, remarkably elevated gin-
gival expression levels of SPP (osteopontin) and
PPBP (pro-platelet basic protein: CXCL7:NAP-2)
were observed with aging. SPP has been shown
to play important roles in wound healing seem-
ingly through inhibiting apoptosis and modulat-
ing the expression of MMPs (Icer and
Gezmen-Karadag 2018). From an epithelial cell
function viewpoint, PPBP as a heterodimer with
other chemokines is involved in glycosaminogly-
can interactions with cells via the CXCR?2 recep-
tor (Brown et al. 2017). It is a chemoattractant for
neutrophils and has some antimicrobials activi-
ties. This chemokine has been associated with the
pathogenesis of chronic diseases, such as cancer
and arthritis (Yeo et al. 2016; Desurmont et al.
2015). It is also identified as one of a group of
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platelet-associated chemokines that were system-
ically elevated in patients with antiphospholipid
syndrome (Patsouras et al. 2015), which has also
been linked to the microbiome in periodontitis
(Schenkein et al. 2003). Finally, a recent study by
Shusterman et al. (2017) combining data from
murine studies and an existing human dataset
identified a gene cluster of platelet factor 4
(PF4:CXCL4)/PPBP/CXCLS5 (neutrophil acti-
vating peptide 78: ENA-78) being significantly
associated with aggressive periodontitis. These
variations are consistent with previous reports
demonstrating the persistence of inflammatory
cells in diseased gingiva that may results from
decreased apoptotic responses and/or enhanced
transmigration of neutrophils into the inflamma-
tory lesion with aging (Gonzalez et al. 2013;
Wael Youssef 2018; Xia et al. 2017; Zhang et al.
2016; Jang et al. 2015; Sakai et al. 1999). Since
this study showed elevations in “clinically
healthy” aging tissues, there is a potential that
this profile describes an enhanced risk of exhibit-
ing disease initiation in the aged individuals.
While considerable effort has been delivered
in attempting to delineate the microbiome and
host response parameters that drive the disease
process, there remains much less information
defining, at the molecular level, what tissue
responses are required to help maintain health.
Recently, understanding the characteristics of the
bacteria that constitute a healthy microbiome and
the metabolic functions for these commensal
bacteria has come under increasing scrutiny as
both an explanatory variable in determining the
population variation in disease and as a potential
therapeutic target for more biologically oriented
treatment strategies (Nassar et al. 2017; Ebersole
et al. 2017; Hajishengallis and Lamont 2016;
Lamont and Hajishengallis 2015; Wade 2013).
However, much less is known regarding the host
features controlling the periodontal microbiome
in health. As an example, there is limited litera-
ture that the expression of various epithelial
genes/proteins can be regulated by microbial bio-
films and that members of the “red complex” can

alter components of the epithelial junctions, par-
ticularly desmosomal components (Belibasakis
et al. 2015). However, if age-associated altera-
tions in these epithelial functions can affect the
characteristics of the subgingival microbiome in
moving from health to disease related remains
unknown.

As noted, our previous examination of the gin-
gival transcriptome in healthy nonhuman primates
with aging, as well as with naturally occurring
periodontitis demonstrated significant differences
in gene profiles that supported innate and adaptive
immune responses, inflammation, and cellular
senescence changes occur in aging gingival tissues
even when clinically healthy. These findings sug-
gested that a basis for increased periodontitis in
the human population with age may be linked to
inherent changes in the biology of the gingival tis-
sues during aging decreasing the capacity of the
tissues to respond to local environmental changes,
including alterations in the pathogenic capacity of
the microbiome (Belibasakis 2018). The findings
from this study suggested some changes in the
functional activities of the epithelium and epithe-
lial cells with aging; however, these differences
were considerably less that noted with aging
effects on immune system components. These
more marginal changes in healthy aging will need
to be evaluated in the context of the changes taking
place in naturally occurring periodontitis, as well
as the dynamics of epithelial responses in the gin-
gival during ligature-induced periodontitis using
this human-like disease model. Therefore, a more
clear understanding of the fundamental biologic
responses of the epithelium should provide insight
into disease variation related to increased suscepti-
bility or resistance to periodontitis across the
population.

Acknowledgements This work was supported by
National Institute of Health grants P20GM103538 and
ULITRO00117. We express our gratitude to the Caribbean
Primate Research Center (CPRC) supported by grant
P40RR03640, and the Microarray Core of University
Kentucky for their invaluable technical assistance. We
thank M. Kirakodu for data management support.



Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging 161

References

Abbayya, K., Puthanakar, N. Y., Naduwinmani, S., &
Chidambar, Y. S. (2015). Association between peri-
odontitis and Alzheimer’s disease. North American
Journal of Medical Sciences, 7, 241-246.

Ahluwalia, B., Magnusson, M. K., & Ohman, L. (2017).
Mucosal immune system of the gastrointestinal
tract: Maintaining balance between the good and the
bad. Scandinavian Journal of Gastroenterology, 52,
1185-1193.

Albandar, J. M., & Tinoco, E. M. (2002). Global epide-
miology of periodontal diseases in children and young
persons. Periodontology 2000, 29, 153—-176.

Barak, S., Oettinger-Barak, O., Oettinger, M., Machtei,
E. E., Peled, M., & Ohel, G. (2003). Common
oral manifestations during pregnancy: A review.
Obstetrical & Gynecological Survey, 58, 624—628.

Belibasakis, G. N. (2018). Microbiological changes of
the ageing oral cavity. Archives of Oral Biology, 96,
230-232.

Belibasakis, G. N., Kast, J. I., Thurnheer, T., Akdis, C. A.,
& Bostanci, N. (2015). The expression of gingival epi-
thelial junctions in response to subgingival biofilms.
Virulence, 6, 704-7009.

Bimstein, E., & Ebersole, J. L. (1989). The age-dependent
reaction of the periodontal tissues to dental plaque.
ASDC Journal of Dentistry for Children, 56, 358-362.

Bimstein, E., Ram, D., Irshied, J., Naor, R., & Sela, M. N.
(2002). Periodontal diseases, caries, and microbial
composition of the subgingival plaque in children:
A longitudinal study. ASDC Journal of Dentistry for
Children, 69, 133-137. 123.

Bimstein, E., Huja, P. E., & Ebersole, J. L. (2013). The
potential lifespan impact of gingivitis and periodon-
titis in children. The Journal of Clinical Pediatric
Dentistry, 38, 95-99.

Bosshardt, D. D., & Lang, N. P. (2005). The junctional
epithelium: From health to disease. Journal of Dental
Research, 84, 9-20.

Brown, A. J., et al. (2017). “Chemokine CXCL7
Heterodimers: Structural Insights, CXCR2 Receptor
Function, and Glycosaminoglycan Interactions.” Int J
Mol Sci 18(4).

Cardoso, E. M., Reis, C., & Manzanares-Cespedes, M. C.
(2018). Chronic periodontitis, inflammatory cyto-
kines, and interrelationship with other chronic dis-
eases. Postgraduate Medicine, 130, 98—104.

Chapple, I. L., Van der Weijden, F., Dorfer, C., et al.
(2015). Primary prevention of periodontitis: Managing
gingivitis. Journal of Clinical Periodontology, 42, S71.

Dale, B. A. (2002). Periodontal epithelium: A newly rec-
ognized role in health and disease. Periodontology
2000, 30, 70-78.

De Lorenzo, G., Ferrari, S., Cervone, F., & Okun, E.
(2018). Extracellular DAMPs in plants and mam-
mals: Immunity, tissue damage and repair. Trends in
Immunology, 39, 937-950.

Desurmont, T., Skrypek, N., Duhamel, A., et al. (2015).
Overexpression of chemokine receptor CXCR2 and

ligand CXCLY7 in liver metastases from colon cancer is
correlated to shorter disease-free and overall survival.
Cancer Science, 106, 262-269.

Doles, J., Storer, M., Cozzuto, L., Roma, G., & Keyes,
W. M. (2012). Age-associated inflammation inhibits
epidermal stem cell function. Genes & Development,
26, 2144-2153.

Ebersole, J. L., Steffen, M. J., Gonzalez-Martinez, J.,
& Novak, M. J. (2008). Effects of age and oral dis-
ease on systemic inflammatory and immune param-
eters in nonhuman primates. Clinical and Vaccine
Immunology, 15, 1067-1075.

Ebersole, J. L., Kirakodu, S., Novak, M. J., et al. (2014).
Cytokine gene expression profiles during initiation,
progression and resolution of periodontitis. Journal of
Clinical Periodontology, 41, 853.

Ebersole, J. L., Kirakodu, S. S., Novak, M. J., et al.
(2016a). Transcriptome analysis of B cell immune
functions in periodontitis: Mucosal tissue responses
to the oral microbiome in aging. Frontiers in
Immunology, 7, 272.

Ebersole, J. L., Kirakodu, S., Novak, M. J., et al. (2016b).
Effects of aging in the expression of NOD-like recep-
tors and inflammasome-related genes in oral mucosa.
Molecular Oral Microbiology, 31, 18-32.

Ebersole, J. L., Dawson, D., 3rd, Emecen-Huja, P., et al.
(2017). The periodontal war: Microbes and immunity.
Periodontology 2000, 75, 52-115.

Ebersole, J. L., Novak, M. J., Orraca, L., et al. (2018).
Hypoxia-inducible transcription factors, HIFIA
and HIF2A, increase in aging mucosal tissues.
Immunology, 154, 452-464.

Gonzalez, O. A., Stromberg, A. J., Huggins, P. M.,
Gonzalez-Martinez, J., Novak, M. J., & Ebersole, J. L.
(2011). Apoptotic genes are differentially expressed in
aged gingival tissue. Journal of Dental Research, 90,
880-886.

Gonzalez, O. A., John Novak, M., Kirakodu, S., et al.
(2013). Effects of aging on apoptosis gene expression
in oral mucosal tissues. Apoptosis, 18, 249-259.

Gonzalez, O. A., Novak, M. J., Kirakodu, S., et al. (2014).
Comparative analysis of gingival tissue antigen pre-
sentation pathways in ageing and periodontitis.
Journal of Clinical Periodontology, 41, 327-339.

Gonzalez, O. A., Novak, M. J., Kirakodu, S., et al. (2015).
Differential gene expression profiles reflecting macro-
phage polarization in aging and periodontitis gingival
tissues. Immunological Investigations, 44, 643—-664.

Gonzalez, O. A., Kirakodu, S., Novak, M. J., et al. (2018).
Comparative analysis of microbial sensing molecules
in mucosal tissues with aging. Immunobiology, 223,
279-287.

Gumus, P, Ozturk, V. O., Bozkurt, E., & Emingil, G.
(2016). Evaluation of the gingival inflammation in
pregnancy and postpartum via 25-hydroxy-vitamin
D3, prostaglandin E2 and TNF-alpha levels in saliva.
Archives of Oral Biology, 63(1-6), 1.

Guncu, G. N,, Yilmaz, D., Kononen, E., & Gursoy, U. K.
(2015). Salivary antimicrobial peptides in early
detection of periodontitis. Frontiers in Cellular and
Infection Microbiology, 5, 99.



162

J.L.Ebersole et al.

Gursoy, M., Zeidan-Chulia, F., Kononen, E., et al.
(2014). Pregnancy-induced gingivitis and OMICS in
dentistry: In silico modeling and in vivo prospective
validation of estradiol-modulated inflammatory bio-
markers. Omics: A Journal of Integrative Biology,
18, 582-590.

Hajishengallis, G. (2014). Aging and its impact on
innate immunity and inflammation: Implications for
periodontitis. Journal of Oral Biosciences/JAOB,
Japanese Association for Oral Biology, 56, 30-37.

Hajishengallis, G., & Lamont, R. J. (2016). Dancing
with the stars: How choreographed bacterial interac-
tions dictate nososymbiocity and give rise to keystone
pathogens, accessory pathogens, and pathobionts.
Trends in Microbiology, 24, 477-489.

Hatakeyama, S., Yaegashi, T., Oikawa, Y., et al. (2006).
Expression pattern of adhesion molecules in junctional
epithelium differs from that in other gingival epithelia.
Journal of Periodontal Research, 41, 322-328.

Ho, S., Pothoulakis, C., & Koon, H. W. (2013).
Antimicrobial — peptides and  colitis.  Current
Pharmaceutical Design, 19, 40-47.

Huttner, E. A., Machado, D. C., de Oliveira, R. B.,
Antunes, A. G., & Hebling, E. (2009). Effects of
human aging on periodontal tissues. Special Care in
Dentistry, 29, 149-155.

Icer, M. A., & Gezmen-Karadag, M. (2018). The multiple
functions and mechanisms of osteopontin. Clinical
Biochemistry, 59, 17-24.

Jang, D. H., Bhawal, U. K., Min, H. K., Kang, H. K.,
Abiko, Y., & Min, B. M. (2015). A transcriptional
roadmap to the senescence and differentiation of
human oral keratinocytes. Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences,
70, 20-32.

Jenkins, W. M., & Papapanou, P. N. (2001). Epidemiology
of periodontal disease in children and adolescents.
Periodontology 2000, 26, 16-32.

Jin, G., & Weinberg, A. (2018). Human antimicrobial pep-
tides and cancer. Seminars in Cell & Developmental
Biology, 88, 156-162.

Kinane, D. F., & Hodge, P. J. (2001). Periodontal disease
in children and adolescents: Introduction and classifi-
cation. Periodontology 2000, 26, 7-15.

Kumar, P. S. (2013). Oral microbiota and systemic dis-
ease. Anaerobe, 24, 90-93.

Lamont, R. J., & Hajishengallis, G. (2015). Polymicrobial
synergy and dysbiosis in inflammatory disease. Trends
in Molecular Medicine, 21, 172—183.

Lamster, I. B., Asadourian, L., Del Carmen, T., & Friedman,
P. K. (2016). The aging mouth: Differentiating normal
aging from disease. Periodontology 2000, 72, 96—107.

Lang, N. P, Schatzle, M. A., & Loe, H. (2009). Gingivitis
as a risk factor in periodontal disease. Journal of
Clinical Periodontology, 36(Suppl 10), 3-8.

Loe, H., Anerud, A., Boysen, H., & Morrison, E. (1986).
Natural history of periodontal disease in man. Rapid,
moderate and no loss of attachment in Sri Lankan
laborers 14 to 46 years of age. Journal of Clinical
Periodontology, 13,431-445.

Maddi, A., & Scannapieco, F. A. (2013). Oral biofilms,
oral and periodontal infections, and systemic disease.
American Journal of Dentistry, 26, 249-254.

McCormick, T. S., & Weinberg, A. (2010). Epithelial cell-
derived antimicrobial peptides are multifunctional
agents that bridge innate and adaptive immunity.
Periodontology 2000, 54, 195-206.

Meka, A., Bakthavatchalu, V., Sathishkumar, S., et al.
(2010). Porphyromonas gingivalis infection-induced
tissue and bone transcriptional profiles. Molecular
Oral Microbiology, 25, 61-74.

Modeer, T., & Wondimu, B. (2000). Periodontal diseases
in children and adolescents. Dental Clinics of North
America, 44, 633-658.

Moorefield, E. C., Andres, S. F,, Blue, R. E., et al. (2017).
Aging effects on intestinal homeostasis associated
with expansion and dysfunction of intestinal epithelial
stem cells. Aging, 9, 1898-1915.

Nassar, M., Tabib, Y., Capucha, T., et al. (2017). GAS6
is a key homeostatic immunological regulator of
host-commensal interactions in the oral mucosa.
Proceedings of the National Academy of Sciences of
the United States of America, 114, E337-E346.

Olive, C. (2012). Pattern recognition receptors: Sentinels
in innate immunity and targets of new vaccine adju-
vants. Expert Review of Vaccines, 11,237-256.

Papapanou, P. N., & Susin, C. (2017). Periodontitis epi-
demiology: Is periodontitis under-recognized, over-
diagnosed, or both? Periodontology 2000, 75, 45-51.

Pardo-Camacho, C., Gonzalez-Castro, A. M., Rodino-
Janeiro, B. K., Pigrau, M., & Vicario, M. (2018).
Epithelial immunity: Priming defensive responses
in the intestinal mucosa. American Journal of
Physiology. Gastrointestinal and Liver Physiology,
314, G247-G255.

Parrish, A. R. (2017). The impact of aging on epithelial
barriers. Tissue Barriers, 5, €1343172.

Partida-Rodriguez, O., Serrano-Vazquez, A., Nieves-
Ramirez, M. E., et al. (2017). Human intestinal
microbiota: Interaction between parasites and the host
immune response. Archives of Medical Research, 48,
690-700.

Patel, S. (2018). Danger-associated molecular patterns
(DAMPs): The derivatives and triggers of inflamma-
tion. Current Allergy and Asthma Reports, 18, 63.

Patsouras, M. D., Sikara, M. P., Grika, E. P., Moutsopoulos,
H. M., Tzioufas, A. G., & Vlachoyiannopoulos, P. G.
(2015). Elevated expression of platelet-derived che-
mokines in patients with antiphospholipid syndrome.
Journal of Autoimmunity, 65, 30-37.

Rajaee, A., Barnett, R.,, & Cheadle, W. G. (2018).
Pathogen- and danger-associated molecular pat-
terns and the cytokine response in sepsis. Surgical
Infections, 19, 107-116.

Sakai, T., Kiyoshima, T., Kobayashi, ., et al. (1999). Age-
dependent changes in the distribution of BrdU- and
TUNEL-positive cells in the murine gingival tissue.
Journal of Periodontology, 70, 973-981.

Schenkein, H. A., Berry, C. R., Burmeister, J. A.,
et al. (2003). Anti-cardiolipin antibodies in sera



Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging

163

from patients with periodontitis. Journal of Dental
Research, 82,919-922.

Shusterman, A., Munz, M., Richter, G., et al. (2017).
The PF4/PPBP/CXCLS5 gene cluster is associated
with periodontitis. Journal of Dental Research, 96,
945-952.

Stocks, C. J., Schembri, M. A., Sweet, M. J., &
Kapetanovic, R. (2018). For when bacterial infections
persist: Toll-like receptor-inducible direct antimicro-
bial pathways in macrophages. Journal of Leukocyte
Biology, 103, 35-51.

Sukhithasri, V., Nisha, N., Biswas, L., Anil Kumar, V.,
& Biswas, R. (2013). Innate immune recognition of
microbial cell wall components and microbial strat-
egies to evade such recognitions. Microbiological
Research, 168, 396—406.

Tonetti, M. S., Chapple, I. L., Jepsen, S., & Sanz, M.
(2015). Primary and secondary prevention of peri-
odontal and peri-implant diseases introduction to,
and objectives of the consensus from the 11 European
workshop on periodontology. Journal of Clinical
Periodontology, 42(Suppl 16), S1-S4.

Tsukamoto, Y., Usui, M., Yamamoto, G., et al. (2012).
Role of the junctional epithelium in periodontal innate
defense and homeostasis. Journal of Periodontal
Research, 47, 750-757.

Van der Velden, U. (1984). Effect of age on the periodon-
tium. Journal of Clinical Periodontology, 11,281-294.

Wade, W. G. (2013). The oral microbiome in health and
disease. Pharmacological Research, 69, 137-143.

Wael Youssef, E. (2018). Age-dependent differential
expression of apoptotic markers in rat oral mucosa.
Asian Pacific Journal of Cancer Prevention, 19,
3245-3250.

Walsh, D., McCarthy, J., O’Driscoll, C., & Melgar, S.
(2013). Pattern recognition receptors--molecular orches-
trators of inflammation in inflammatory bowel disease.
Cytokine & Growth Factor Reviews, 24, 91-104.

Wu, Y., Dong, G., Xiao, W., et al. (2016). Effect of aging
on periodontal inflammation, microbial colonization,
and disease susceptibility. Journal of Dental Research,
95, 460-466.

Xia, Y., Sun, M., Xie, Y., & Shu, R. (2017). mTOR inhibi-
tion rejuvenates the aging gingival fibroblasts through
alleviating oxidative stress. Oxidative Medicine and
Cellular Longevity, 2017, 6292630.

Yeo, L., Adlard, N., Biehl, M., et al. (2016). Expression of
chemokines CXCL4 and CXCL7 by synovial macro-
phages defines an early stage of rheumatoid arthritis.
Annals of the Rheumatic Diseases, 75, 763-771.

Yu, L. C., Wang, J. T., Wei, S. C., & Ni, Y. H. (2012). Host-
microbial interactions and regulation of intestinal epi-
thelial barrier function: From physiology to pathology.
World Journal of Gastrointestinal Pathophysiology, 3,
27-43.

Zhang, J., Wang, C. M., Zhang, P., etal. (2016). Expression
of programmed death 1 ligand 1 on periodontal tis-
sue cells as a possible protective feedback mechanism
against periodontal tissue destruction. Molecular
Medicine Reports, 13, 2423-2430.



	Comparative Analysis of Gene Expression Patterns for Oral Epithelium-Related Functions with Aging
	Introduction
	Methods
	Nonhuman Primate Model and Oral Clinical Evaluation
	Tissue Sampling and Gene Expression Microarray Analysis
	Data Analysis

	Results
	Epithelium Gene Transcriptome in Healthy Gingival Tissues
	Aging Effects on Epithelium Gene Transcriptome

	Discussion
	References




