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Abstract

Aim: To systematically review the evidence regarding immune senescence in the
pathogenesis of periodontitis and dental caries.

Methods: A systematic search of electronic databases utilizing medical subject
headings (MeSH terms) supplemented by screening of review articles and other
relevant texts was undertaken.

Results: Seventy-three articles were included (43 for periodontitis, 30 for caries).
Study results were found to be generally heterogeneous. Regarding periodontitis,
human studies suggest evidence for altered neutrophil function and increased produc-
tion of pro-inflammatory mediators (e.g. interleukin-1p, interleukin-6 and prostaglan-
din E,) in older compared to younger subjects, and animal experiments suggest
increased expression of genes that contribute to a pro-inflammatory state in older
compared to younger animals. Regarding dental caries, research relating to changes
in immune functioning and the impact of ageing is in its infancy. A small number of
studies have reported components of innate and adaptive immunity that affect the
composition of saliva and dental biofilms with possible impacts on caries progression.
Conclusion: There is evidence that immune functioning related to periodontitis and
(less investigated) dental caries alters with increasing age. In both conditions, age-
associated mechanistic changes in immune functioning are complex and incom-
pletely understood and it is not clear how these relate to disease susceptibility.
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immune  senescence  results  in
increased susceptibility of older indi-
viduals to infections. Our environ-
ment contains a wide range of
potential infectious agents, including
viruses, bacteria, archaea, fungi, pro-
tozoa and parasites, many of which

Immune senescence refers to the pro-
cess of altered immune functioning
that accompanies increasing age.
The cellular and molecular mecha-
nisms that characterize the ageing
process are, as yet, incompletely
defined, but it is considered that

may reside within the oral cavity.
Some are transient whereas others
are acquired in different phases of
life and remain as an element of the
human microbiome. These microbes
may cause and/or contribute to the
aetiology of two of the most
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prevalent diseases known to the
human race, periodontitis and dental
caries. The immune system plays a
fundamental role in combatting
microbial infections, but with
increasing age, there is evidence that
aspects of immune function may
alter, such that susceptibility to
infections increases. Ageing results in
alterations to both the adaptive and
innate arms of the immune system,
not necessarily leading to immune
deficiency, but rather to dysregula-
tion of immune responses (Gomez
et al. 2008, Hajishengallis 2010). The
term “inflammaging” has been used
to refer to an increased systemic
chronic inflammatory status in older
individuals (Franceschi et al. 2000,
Franceschi 2007), which may result
from both an increase in pro-inflam-
matory status and a reduced ability
to control infections in older age.
Periodontal diseases include a
number of conditions affecting the
supporting structures of the teeth,
with chronic periodontitis being
highly prevalent, particularly in
older populations. In this review, the
term periodontitis is used to indicate
chronic periodontitis, unless other-
wise specified. In general terms, an
estimated 10-15% of adult popula-
tions are affected by severe peri-
odontitis, and it has been reported
that severe periodontitis is the sixth
most prevalent condition worldwide,
with prevalence gradually increasing
with age (Kassebaum et al. 2014).
Periodontitis is a chronic inflamma-
tory condition in which tissue dam-
age results from dysregulated and
prolonged inflammatory responses to
the persisting subgingival biofilm. It
is therefore relevant to consider
whether changes in immune func-
tioning as a result of increasing age
may be relevant in the pathogenesis
of  periodontitis. Furthermore,
changes in immune function in gen-
eral, and particularly in mucosal
immune function, might be relevant
not only for periodontitis, but also,
albeit less explored, for tooth decay.
Dental caries is a destructive process
causing decalcification of the teeth
leading to continued destruction of
enamel and dentine. Similar to peri-
odontitis, dental caries is a highly
prevalent condition, affecting 60—
90% of schoolchildren and the vast
majority of adults in most industrial-
ized countries according to World

Health Organization (WHO) statis-
tics (http://www.who.int/oral_health/
disease_burden/global/en/  accessed
21 October 2016). The frequency of
dietary sugar consumption (espe-
cially sucrose) is key to the major
differences in caries prevalence rates
that have been observed around the
world. However, caries is a multifac-
torial condition as the disease pro-
cess also involves other
carbohydrates, oral microorganisms
(especially Streptococcus mutans, lac-
tobacilli, bifidobacteria and yeasts),
acids from food and beverages, dif-
fering susceptibilities of different
teeth/surfaces, and salivary flow and
salivary compounds (Sheiham &
James 2015). One of the main rea-
sons for failing to control dental car-
ies globally is that most researchers
and  healthcare planners have
focused on preventing caries in chil-
dren. However, the extent of caries
(in both individuals and populations)
increases progressively as people get
older (Sheiham & James 2015).
According to National Institutes of
Health (NIH) statistics (http://www.
nidcr.nih.gov/DataStatistics/FindData
ByTopic/DentalCaries/ accessed 21
October 2016), dental caries, both
treated and untreated, in seniors aged
65 years and older declined from the
early 1970s until 1999-2004. But,
despite this decline, prevalence is still
high: 93% of adults aged >65 years
and 92% of adults aged 20-64 years
have dental caries (treated or
untreated). Caries, once seen as a dis-
ease of childhood, is clearly a lifelong
disease and factors associated with
ageing can also increase the risk of
dental caries (Miyazaki et al. 1992,
Peltola et al. 2004, Batchelor 2015,
Baumgartner et al. 2015).

The aim of this systematic review
was to consider the evidence for a
role for immune senescence in the
pathogenesis of both periodontitis
and dental caries.

Materials and Methods

Literature search

A systematic search strategy was
developed, utilizing medical subject
headings (MeSH terms) to search the
relevant literature electronically in
Medline/PubMed up to 30 May 2016.
The systematic search strategy and
search terms are shown in Fig. 1.

Bibliographies of review articles, rele-
vant texts such as WHO and NIH
documents, books and book chapters
were also screened. The search strat-
egy was employed consistently for
both the periodontitis and caries
search terms other than at the final
stages of the search, when context-
specific terms were utilized for peri-
odontitis and caries (as shown in
Fig. 1).

Criteria for considering publications for
this review

After identification, relevant articles
were selected based on the PRISMA
flow diagram (Moher et al. 2009).
The decision was made a priori to be
as inclusive as possible during the
search to identify relevant literature
that would inform this topic. Given
the wide variety of different study
types in this subject area, it was con-
sidered not appropriate to define
stringent criteria for selecting studies
to be reported in this review, but to
adopt broad inclusion/exclusion cri-
teria as shown below.

Inclusion criteria:

e studies in which immune function
and/or immune senescence and/or
ageing had been considered in the
context of periodontitis or caries

e human studies of all types (in-
cluding laboratory-based studies)

e animal studies of all types

Exclusion criteria:

e reviews (although these were
nonetheless obtained to permit
review of reference lists as part
of the hand-searching process)
case reports

letters/editorials

conference abstracts

articles not in English and unable
to be translated or not available
online or by inter-library loans.

Selection of studies

Titles derived from the searches were
screened based on the inclusion and
exclusion criteria to assess potential
eligibility. Abstracts of titles that
were considered potentially eligible
were obtained and independently
screened by two authors for further
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Step 1: Search for
terms relating to
general immune
function

“immunity”[MeSH Terms] OR “immunity”(All Fields) OR “adaptive immunity”[MeSH Terms] OR
“adaptive immunity”[All Fields] OR “immunity, innate”[MeSH Terms] OR “innate immunity”[All
Fields] OR “immune system processes”[MeSH Terms] OR “immune system”[MeSH Terms] OR
“immune system”[All Fields] OR “immune function”[All Fields] OR “immune$”[All Fields] OR
“inflammation” [MeSH Terms] OR “inflammat$”[All Fields] OR “leukocytes”’[MeSH Terms] OR
“leukocyte$” [All Fields] OR “leukocytes, mononuclear”[MeSH Terms] OR “phagocytes”[MeSH
Terms] OR “phagocytosis”[MeSH Terms] OR “phagocyt$”[All Fields] OR “macrophages” [MeSH
Terms] OR “macrophage$”[All Fields] OR “monocytes”[MeSH Terms] OR “monocyte$”[All Fields] OR
“neutrophils”[MeSH Terms] OR “neutrophil$”[All Fields] OR “granulocytes”[MeSH Terms] or
“granulocyte$”[All Fields] OR “mast cells”[MeSH Terms] OR “mast cellS”[All Fields] OR “antigen-
presenting cells”[MeSH Terms] OR “antigen-presenting cell$”[All Fields] OR “dendritic cells”[MeSH
Terms] OR “dendritic cell$”[All Fields] OR “fibroblasts” [MeSH Terms] OR “fibroblast$”[All Fields] OR
“osteoblasts”[MeSH Terms] OR “osteoblast$”[All Fields] OR “osteoclasts”[MeSH Terms] OR
“osteoclast$” [All Fields] OR “keratinocytes”[MeSH Terms] or “keratinocyte$”[All Fields] OR
“epithelial cells”[MeSH Terms] OR “epithelial cell$”[All Fields] OR “periodontal ligament cell$”[All
Fields] OR “endothelial cells”[MeSH Terms] OR “endothelial cell$”[All Fields] OR “stem cells”[MeSH
Terms] OR “stem cell$”[All Fields] OR “pluripotent stem cells”[MeSH Terms] OR “pluripotent stem
cell$”[All Fields] OR “lymphocytes”[MeSH Terms] OR “lymphocyte$”[All Fields] OR “T-
lymphocytes”[MeSH Terms] OR “T-lymphocyte$” [All Fields] OR “T-cell$”[All Fields] OR “B-
lymphocytes”[MeSH Terms] OR “B-lymphocyteS” [All Fields] OR “B-cell$”[All Fields] OR “plasma
cells”[MeSH Terms] OR “plasma cell$”[All Fields] OR “major histocompatibility complex”[MeSH
Terms] OR “major histocompatibility complex”[All Fields] OR “MHC"[All Fields] OR “HLA
antigens”[MeSH Terms] OR “HLA antigens”[All Fields] OR “antigens”[MeSH Terms] OR
“antigen$”[All Fields] OR “antibodies”[MeSH Terms] OR “antibod$”[All Fields] OR “cytokines”[MeSH
Terms] OR “cytokine$”[All Fields] OR “chemokines”[MeSH Terms] OR “chemokineS”[All Fields] OR
“chemotaxis”[MeSH Terms] OR “chemotaxis”[All Fields] OR “chemotaxis, leukocyte”[MeSH Terms]
OR “interleukins”[MeSH Terms] OR “interleukin$”[All Fields] OR “apoptosis” [MeSH Terms] OR
“apoptosis”[All Fields] OR “programmed cell death”[All Fields] OR “reactive oxygen species”[MeSH
Terms] OR “reactive oxygen species”[All Fields] OR “repair”[All Fields] OR “resolution”[All Fields]
“aging”[MeSH Terms] OR “aging”[All Fields] OR “ageing”[All Fields] OR “aged”[MeSH Terms] OR
“aged”[All Fields] OR “elderly”[All Fields] OR “older”[All Fields] OR “geriatric”[All Fields] OR “old
age”[All Fields] OR “older age”[All Fields] OR “age changes”[All Fields]

Step 2: Search for
terms relating to
ageing

Step 3: Combine the results for Step 1 and Step 2 using an AND operation

Step 4: Search for “immunosenescence” [MeSH Terms] OR “immunosenescence”[All Fields] OR “immune

terms relating to senescence”[All Fields] OR “senescence”[All Fields] OR “cell senescence”[All Fields] OR “cell
immune aging”[MeSH Terms] OR “cell aging”[All Fields] OR “telomere”[MeSH Terms] OR “telomere”[All
senescence Fields] OR “telomere shortening”[MeSH Terms] OR “telomere shortening”[All Fields]

Step 5: Combine the results for Step 3 and Step 4 using an OR operation

Step 6a: Search for terms relating to periodontitis Step 6b: Search for terms relating to dental caries

“periodontitis”[MeSH Terms] OR “periodontitis”[All Fields] OR
“chronic periodontitis”[MeSH Terms] OR “chronic
periodontitis”[All Fields] OR “aggressive periodontitis”[MeSH
Terms] OR “aggressive periodontitis”[All Fields] OR “pericdontal
diseases”[MeSH Terms] OR “periodontal diseaseS$”[All Fields] OR
“periodontal”[All Fields] OR “gingival diseases”[MeSH Terms] OR
“gingival disease$” [All Fields] OR “gingivitis”[MeSH Terms] OR
“gingivitis” [All Fields] OR “gingiva$”[All Fields]

Step 7a: Combine the results for Step 5 and Step 6a using an AND operation for terms relating to periodontal disease
and immune senescence

Step 7b: Combine the results for Step 5 and Step 6b using an AND operation for terms relating to caries and immune
senescence

“caries”[MeSH Terms] OR “caries”[All Fields] OR
“tooth decay”[MeSH Terms] OR “tooth decay”[All
Fields] OR “carious”[MeSH Terms] OR “carious”[All
Fields] OR “cariogenic”[MeSH Terms] OR
“cariogenic”[All Fields]

Fig. 1. Search strategy for identifying papers that investigated the role of immune
senescence in the pathogenesis of periodontitis and dental caries.

consideration for inclusion. Following
this, the full text of selected articles
was obtained and assessed for inclu-
sion in the review, with any disagree-
ments resolved by discussion. The
number of articles assessed at each
selection point for the periodontitis
and caries searches is shown in
Fig. 2. In the caries search, it became
obvious that no specific articles were
available for many aspects of the
search (e.g. dental caries AND B
cells). However, we utilized informa-
tion from recently published reviews
addressing those topics. Articles
addressing pulpitis or periapical peri-
odontitis, anticaries vaccinations or
immune-stimulating probiotics were
not further considered. Articles

addressing hyposalivation, oral can-
didiasis, root caries and nutritional
deficiencies were found to be very
important for explaining the caries
susceptibility of older adults but were
included for discussion only.

Assessment of quality

Given the wide variety of identified
studies, it was not possible to adopt
the PRISMA statement or develop a
focused (PICO) question for review.
None of the selected studies were
randomized controlled trials, and
none of them included any form of
intervention relevant to ageing or
immune senescence. Mostly, the
studies were descriptive reports of
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observational studies or experimental
procedures in humans or experimen-
tal animals of different ages. Given
these constraints, it was not possible
to perform an assessment of quality
of the identified papers.

Results

Search results

The flow of articles through the liter-
ature review process is presented in
Fig. 2. The electronic and manual
search strategies revealed a com-
bined total of 1689 titles of which
1424 articles were excluded following
title review, leaving 265 abstracts for
screening. Of these, the full texts of
159 papers were obtained and finally
73 articles were considered to be eli-
gible for inclusion in the review (43
for periodontitis and 30 for caries).
The reasons for excluding articles
are presented in Fig. 2.

Immune Senescence and
Periodontitis

Study characteristics

Of the 43 articles identified from the
review process, 23 related to studies
in humans and 20 related to studies
in experimental animals. The princi-
pal findings from the studies and
brief interpretations are presented in
Tables 1 and 2. A wide range of
experimental designs and methodolo-
gies were used by researchers to
study the effect of immune senes-
cence and ageing on periodontitis.

Observations — human studies

Three studies evaluated leucocyte
telomere length (LTL) in patients
with and without advanced peri-
odontitis (Masi et al. 2011, 2014,
Sanders et al. 2015). These studies
identified that patients with peri-
odontitis had shorter LTL than con-
trols, after adjusting for confounding
variables including age. In the single
longitudinal study that investigated
changes in LTL over time (Sanders
et al. 2015), there was no evidence of
any difference in the rate of shorten-
ing of LTL between the periodontitis
patients and the controls, suggesting
that LTL shortening in periodontitis
patients may have occurred in earlier
life, or alternatively that individuals
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Fig. 2. Flow of articles through the search (based on the PRISMA checklist).

with shorter LTL were more likely
to develop periodontitis.

Immune functioning in older
patients with and without periodon-
titis was assessed in a study that
evaluated neutrophil extracellular
trap (NET) formation (Hazeldine
et al. 2014). This study reported a
significant age-related decrease in
NET formation, suggesting possible
increased susceptibility to infection
in older individuals. However, the
study also revealed that expression
of IL-8 receptors and Toll-like recep-
tor (TLR)-4 was similar on neu-
trophils from old and young
patients. A further study identified a
decrease in the ratio of CD4+ T-lym-
phocyte subsets and alterations in
the ratios of antigen-presenting cells
in older patients with periodontitis
compared to younger patients with
periodontitis (Bodineau et al. 2009).

A number of studies used the
experimental gingivitis model to
assess changes in gingival inflamma-
tion in young and older participants
(Fransson et al. 1996, 1999, Tsalikis
et al. 2002). Broadly, these studies
indicated that there are differences in
the inflammatory response that
develops following biofilm accumula-
tion between young and old subjects,
with evidence of increased produc-
tion of interleukin (IL)-1f, o2-
macroglobulin and immunoglobulin
Ig (G3) in the older subjects,
together with elevated clinical signs
of gingival inflammation. The studies
are difficult to interpret, however,
given that there were inconsistent
changes in plaque levels between the
younger and older participants in
the different studies.

A large number of studies used
an ex vivo design in which fibroblasts

isolated from periodontal ligament
(PDL) or gingiva underwent a vari-
able number of passages to derive
cells of different “ages”, which were
then exposed to either mechanical
stress or challenge with lipopolysac-
charide (LPS) from various peri-
odontal pathogens (Kent et al. 1996,
Ogura et al. 1996, Takiguchi et al.
1996, 1997, Shimizu et al. 1997,
Abiko et al. 1998, Mochizuki et al.
1999, Ohzeki et al. 1999, Miura
et al. 2000). The older cells were
found to produce increased levels of
plasminogen activator, prostaglandin
E, (PGE,), IL-1§ and IL-6 com-
pared to the younger cells. A further
study in which gingival biopsies were
obtained and assayed for inflamma-
tory cytokines identified a variable
pattern of cytokine levels, with levels
generally higher in inflamed tissues,
and with older subjects generally
having higher levels of IL-1§ and
IL-6 compared to younger subjects
(Yakovlev et al. 1996).

A number of studies reported no
clear differences in inflammatory sta-
tus between young and older partici-
pants. One study reported no
differences in serum IL-6 levels
between 70- and 80-year-old patients
with periodontitis; however, there
was no control group of younger
patients in this study (Murata et al.
2001). Furthermore, studies of leuco-
cyte subsets in peripheral blood sam-
ples and anti-Prevotella intermedia
IgG levels in serum samples did not
reveal evidence of consistent or sig-
nificant differences between young
subjects without periodontitis and
older patients with mild-to-severe
periodontitis (McArthur et al. 1995,
1996).

Observations — animal studies

A number of studies have evaluated
gene expression profiles in a variety
of different animal models, utilizing
animals of different ages. Broadly,
these suggest increased expression of
genes that contribute to a pro-
inflammatory state in older animals,
although there was often a variable
pattern of gene expression that can
be difficult to interpret. Further-
more, the ages of experimental ani-
mals are difficult to align to human
ageing. Increased age and the pres-
ence of periodontitis were associated
with a differential pattern of
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macrophage development that
tended towards a more tissue-
destructive pro-inflammatory macro-
phage phenotype, as well as
increased expression of genes for
chemokines and receptors including
TLR-4 and CDI14 (Gonzalez et al.
2015). In a mouse model of cultured
macrophages challenged with Por-
phyromonas gingivalis, a variable pat-
tern of gene expression was observed
when comparing older and younger
mice, with evidence of increased
expression of genes for pro-inflam-
matory mediators such as IL-1a, IL-
15, TL-6, CCL3 and CXCLI10, but
decreased expression of genes for
mediators such as IL-10 and TNF-«
in the older mice. There was also
evidence of a trend for reduced
expression of TLR-pathway-asso-
ciated genes and genes involved in
intracellular signalling in older mice
(Shaik-Dasthagirisaheb et al. 2015).
Similarly, in a study in which mouse
gingival fibroblasts were challenged
with P. gingivalis, a variable pattern
of increased and decreased gene
expression was again noted when
comparing young and older mice.
However, there were some contrast-
ing findings compared to the previ-
ous study of mouse macrophages,
such as decreased expression of
genes for pro-inflammatory media-
tors such as IL-6, CXCL1, TLR-2
and TLR-4, and increased expression
of genes for MMP-3 and MMP-13
in older mice compared to younger
mice (Domon et al. 2014). In a study
of macrophages isolated from the
peritoneal cavity of young and old
mice that were cultured with P. gin-
givalis, various age-dependent
increases and decreases in gene
expression were noted, including
increased expression of receptors
that amplify inflammation (such as
C5a anaphylatoxin receptor and
TREM-1) in older mice, although no
differences in bacterial killing were
noted between the young and older
mice (Liang et al. 2009). In apparent
contrast, a further study of gingival
fibroblasts from old and young rats
reported decreased expression of
matrix metalloproteinase (MMP)-9
in the older rats, together with evi-
dence of cell cycle dysregulation
(Kim et al. 2009).

Histological studies have reported
reduced collagen density and
increased collagen degradation in the
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Table 2. (continued)

Main findings Interpretation

Study design

Study population/experimental

Author, year

model

Preshaw

Ageing was associated with increases
in circulating oxidative stress, and
rCoQI10 suppressed age-related
inflammatory reactions and

dependent increase in circulating oxidative
significantly lower in the experimental group
than the control group at 6 months of age.

The vehicle-treated rats showed an age-
stress (8-OHAG), and these levels were

Q10 (rCoQ10) or vehicle only in the
4-month-old rats for 2 months.

Applied topical reduced co-enzyme
Histological assessments were

Male Fischer 344 rats aged 2
(n = 6) and 4 months (n = 18)

Yoneda et al.
(2013)

et al.

osteoclast differentiation by
inhibiting oxidative stress.

performed and serum assay of 8-

rCoQI10 decreased oxidative DNA damage and
tartrate-resistant acid-phosphatase (TRAP)-
positive osteoclasts in the periodontal tissues

OHAG (oxidized derivative of

deoxyguanosine, one of the major

products of DNA oxidation) was
undertaken using ELISA.

at 6 months of age compared to controls, and
lowered gene expression of caspase-1 and IL-

1p in the periodontal tissue.

gingival tissues of old rats compared
to younger rats (Irie et al. 2014),
and ageing has been associated with
increased oxidative stress in rats
(Kim et al. 2007, Yoneda et al.
2013). Increased alveolar bone loss
and elevated expression of mRNA
for inflammatory cytokines and
other pro-inflammatory mediators
have been reported in old mice com-
pared to young mice (Liang et al.
2010), but, on the other hand,
P. gingivalis-challenged macrophages
from older mice produced signifi-
cantly less tumour necrosis factor
(TNF)-o, 1IL-6, NO, monocyte
chemoattractant protein (MCP)-1
and macrophage inflammatory pro-
tein (MIP)-1o compared to younger
mice, although there were no differ-
ences in the levels of IL-1f, IL-10,
PGE, and RANTES (regulated on
activation, normal T cell expressed
and secreted, also known as CCL)Y)
between the young and old animals
(Shaik-Dasthagirisaheb et al. 2010).
In 24-month-old rat gingival tissues,
RANTES (CCL5) and C-C chemo-
kine receptor 5 (CCRS5) mRNA and
protein levels were significantly
higher compared to those in younger
rats, as well as ERK, JNK and p38
MAPK, suggesting that increased
RANTES and CCRS expression are
associated with increased NF-xB
and MAPK activity (Kim et al.
2006). Similar to studies conducted
using human tissue samples, cultured
PDL cells from older rats that were
exposed to mechanical tension pro-
duced increased levels of PGE, and
IL-1p compared to cells from
younger rats (Shimizu et al. 2000).
In apparent contrast, a study of sys-
temic inflammation (serum analysis
of a wvariety of pro-inflammatory
mediators) reported the serum bacte-
ricidal permeability-inducing factor
(BPI), RANTES (CCLS5), MMP-1
and MMP-9 were significantly higher
in the serum samples of younger pri-
mates compared to older primates,
whereas serum antibody responses to
periodontal pathogens were generally
lower in the younger animals (Eber-
sole et al. 2008).

Immune Senescence and Dental
Caries

Whereas a number of articles have
specifically addressed immune senes-
cence in relation to periodontitis,

this is not the case for caries and
immune senescence. However, there
are immune processes affecting the
dental biofilm which have an impact
on caries susceptibility, and studies
have evaluated components of the
innate and the adaptive immune
responses which have an impact on
caries risk. Information regarding
senescence of these components was
identified from the literature and is
discussed below, with key findings
from the studies presented in
Table 3. As the field of caries and
immune senescence is  relatively
unexplored (this article aims to
encourage researchers to work in
this area), some conclusions might,
at this stage, be considered more the-
oretical.

Innate immune response

Ageing affects the phenotype and
functions of cells and secretory com-
ponents (e.g. antimicrobial peptides,
cytokines) of innate immunity. For
example, the expression and function
of innate receptors as well as subse-
quent signal transduction in phago-
cytes and dendritic cells is altered in
the aged. Furthermore, production
of interferon I/III and other cytoki-
nes by leucocytes (e.g. neutrophils,
dendritic cells) is decreased in the
elderly  (Solana et al. 2012).
Although little is known regarding
senescence with respect to salivary
antimicrobial factors, it can be pre-
sumed that reduced saliva flow in
many elderly individuals could
reduce their concentration in the oral
cavity. A caries-protective role of
mucins and cathelicidin  LL-37,
together with age-related changes in
concentrations, has been demon-
strated (Baughan et al. 2000, Davi-
dopoulou et al. 2012, Culp et al.
2015), and it has been reported that
levels of salivary antimicrobial pep-
tides are variable over the lifetime
and between individuals and are
linked with bacterial colonization
(Malcolm et al. 2014).

The Toll-like receptors TLR-2
and TLR-4 have been shown to
recognize the peptidoglycan of
Gram-positive and the LPS of
Gram-negative bacteria, respectively,
either alone or in association with
the common coreceptor CD14 (Zhao
et al. 2014). Microbial invasion of
dentin has been shown to upregulate
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TLR-4 in odontoblasts and mediate
transforming growth factor-f (TGF-
p) secretion facilitating collagen syn-
thesis. Soluble TLR-2 and its core-
ceptor CD14 identified in saliva can
bind to the cell wall components of
cariogenic bacteria and modulate the
disease process. Both were found to
be either upregulated (Biria et al.
2010, Zhao et al. 2014) or absent
(Bergandi et al. 2007) in children
with early childhood caries. In mice,
a reduction in the expression of
TLR-2 and TLR-4 on macrophages
during ageing has been described
(Sharma et al. 2014). Other out-
comes of immune senescence, such
as decreases in activities of respira-
tory burst enzymes and neutrophil
phagocytosis, or of CD28 expression
in lymphocytes, have also been
described for mice.

Release of NETs (a mixture of
DNA, histones, antimicrobial pro-
teins and granule content) as an
antimicrobial defence strategy is
gaining increasing attention. Neu-
trophils are attracted towards dental
biofilms in which they become incor-
porated and stimulated, possibly by
microbes, to release microbicidal
NETs and immune-stimulatory pro-
teins controlling biofilm growth
(Hirschfeld et al. 2015). More com-
pounds of leucocytes such as azuro-
cidin, cysteine-rich secretory protein
3, cathelicidin LL-37, neutrophil
defensin 1, cathepsin G, coronin 1A
and BPI, integrin alpha-M, profilin-
1, hASC-3, RAC-2 and CEACAMI,
and alpha- and beta-2-macroglobulin
are found in the biofilm of palatal
and lingual tooth surfaces, and some
have been correlated with caries pro-
gression (Belda-Ferre et al. 2015). As
age-related decreases in chemotaxis,
phagocytosis and intracellular killing
of pathogens have been described
(Solana et al. 2012), it is possible
that NETs and other leucocyte com-
pounds are less effective in control-
ling the biofilm in older people.
Furthermore, the phenotype and
function of natural killer (NK) cells
from elderly individuals showed
remodelling of the different subsets
(decrease in CDS56bright subpopula-
tion and increase in the CDS56dim
cells) and decreased expression of
activating natural cytotoxicity recep-
tors. These changes also explain
the decreased production of cytoki-
nes and the lower  per-cell

Senescence in caries and periodontitis

cytotoxicity observed in older indi-
viduals (Solana et al. 2012). A
higher proportion of CD69(+)NK
cells is associated with the incidence
of dental caries and the number of
opportunistic pathogens and total
streptococci in the oral cavity of the
elderly, and the proportionate num-
ber of CD69(+)NK cells has been
suggested as a useful indicator for
oral infections in elderly subjects
(Kamoda et al. 2008).

Adaptive immune response

During an immune response, B cells
can switch the expression of surface
Ig from IgM to IgG, IgE or (sali-
vary) secretory IgA (sIgA). The class
switch recombination requires chro-
matin opening of the so-called S
regions, recognition and cleavage of
the target DNA by an endonuclease,
and repair and ligation of the
cleaved ends. Class switch recombi-
nation is extremely important for the
humoral immune response, because
it generates antibodies of the same
specificity but with different effector
functions. At least one contributing
factor in B cells from older individu-
als responsible for their inability to
respond well to vaccination or
invading pathogens is a defect in
these molecular events essential for
the production of secondary isotypes
(Frasca et al. 2011), among them
anticariogenic IgG and IgA. The
weakened class shift increases IgM
isotype concentrations. As IgM
affinity to antigens is lower than in
secondary isotypes, the total affinity
of immunoglobulins is reduced with
ageing.

Naive T cells from elderly per-
sons exhibit numerous functional
defects, including significantly
shorter telomeres, a restricted T-cell
receptor repertoire, reduced IL-2
production and impaired expansion
and differentiation into effector cells,
when compared with naive cells from
young people. As a consequence,
their ability to mediate effective
immune responses against new anti-
gens is decreased (Weiskopf et al.
2009).

Taken together, senescence of the
adaptive immune response, including
reduced antibody affinity, reduced
IgG and IgA production (Tanida
et al. 2001) and defects of coordinat-
ing T cells, has a significant influence

© 2017 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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on B-cell function and humoral
immune responses. As salivary sIgA
specific to cariogenic microorganisms
is believed to play an important role
in the immune response against den-
tal caries, a reduction in sIgA will
ultimately permit increased risk of
caries progression (Challacombe &
Lehner 1976, Rose et al. 1994, Chia
et al. 2000, Nikfarjam et al. 2004,
Chawda et al. 2011, Golpasand
Hagh et al. 2013, Gomez et al. 2015,
Colombo et al. 2016). The same pro-
tective role might also be true for
IgG (Natasasmita et al. 1989), but a
more reactive role of anti-S. mutans
IgG has also been demonstrated
(Challacombe & Lehner 1976). Fur-
thermore, proteolytic periodontal
pathogens, which may have increas-
ing abundance in saliva of elderly
individuals, further suppress the
immune response to cariogenic bac-
teria by two processes: (i) cleavage
of immunoglobulins, complement
and anticariogenic peptides, and (ii)
DNA-based suppression of immune
response to mutans streptococcal
glucosyltransferase (Taubman et al.
2007).

Finally, oxidative stress which
occurs as a result of an imbalance
between free radical/reactive oxygen
species and the antioxidant system
has been implicated as one of the
important contributory aetiological
factors in many of the inflammatory
oral pathologies, and dental caries is
no exception. It seems to be impor-
tant to upregulate antioxidant capac-
ity (total antioxidant capacity,
including peroxidases) in saliva to
combat caries progression, but this
might be impaired with ageing
(Hegde et al. 2013).

Discussion

There are three key observations
that suggest that the human immune
system declines in effectiveness with
age. Firstly, the incidence of infec-
tious diseases increases in people
over 65 years as compared to
younger individuals (Boraschi et al.
2013), and there is increased autoim-
munity and degenerative diseases
that are associated with a constitu-
tive low-grade inflammation (Gor-
onzy etal. 2012, Boraschi et al.
2013). Secondly, the effectiveness of
vaccination (e.g. to the influenza
virus) is reduced in older age groups
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(Goronzy & Weyand 2012). Thirdly,
there is a delay in wound repair and
healing with old age, processes
linked with the function of immune
cells such as macrophages.

Immune senescence and periodontitis

Alterations in innate immunity influ-
ence Iimmediate defences against
infections as well as compromising
activation of adaptive immunity and
lead to heightened inflammation. It
is known that there is a functional
decline in phagocytes such as neu-
trophils and macrophages with
increasing age despite the fact that
the numbers of these cells appear to
be maintained throughout life. Func-
tional variations may relate to the
observed changes in receptor expres-
sion and signal transduction path-
ways (e.g. TLR signalling) in
phagocytes that occur with increas-
ing age (Hajishengallis 2010, Solana
et al. 2012). In the context of peri-
odontitis, age-related reductions in
the formation of NETs have been
reported, underscoring the fact that

innate immunity does alter with
increasing age (Hazeldine et al.
2014). Animal studies have also

reported reduced apoptosis in associ-
ation with ageing, suggesting that
increasing age could be associated
with increased risk of tissue damage
as a result of dysregulated immune
responses and persistence of inflam-
matory cells in the periodontal tis-
sues.

The immune system is highly
integrated, and thus, impaired
macrophage function (e.g. attenua-
tion of cytokine and chemokine
secretion) compromises neutrophil
release (from the bone marrow
stores) and neutrophil chemotaxis.
Studies of experimental animals have
clearly identified altered gene expres-
sion (both increases and decreases)
of a range of pro-inflammatory
mediators in older animals with and
without periodontitis compared to
younger animals. Results from dif-
ferent experimental models can be
difficult to interpret; for example,
increased expression of TLR-4 was
noted in the gingival tissues of aged
Rhesus monkeys compared to young
monkeys (Gonzalez et al. 2019),
whereas reduced expression of TLR-
pathway-associated genes was
noted in bone marrow-derived

macrophages of older mice com-
pared to younger mice (Shaik-
Dasthagirisaheb et al. 2015).

The effectiveness of the immune
system in old age is compromised by
other physiological changes, for
example, in the skin (and other
epithelial tissues), where there is
decreased blood vessel density with
increasing age which affects neu-
trophil diapedesis and reduces mito-
tic activity of constituent cells (e.g.
epithelial cells and fibroblasts). This
compromises opportunities  for
repair, and, linked to this, decreased
collagen density and increased colla-
gen degradation have been reported
in the gingival tissues of older rats
compared to younger animals (Irie
et al. 2014). Cellular changes in age-
ing also result in an increased num-
ber of apoptotic cells and there is
greater oxidative stress (Boraschi
et al. 2013), a finding reflected in
studies in this review, in which age-
associated increases in oxidative
stress in  gingival tissues were
observed (Yoneda et al. 2013, Irie
et al. 2014). There is also evidence
that dendritic cell populations are
more constitutively activated in the
elderly (Panda et al. 2010), a finding
that was reflected in human studies
of dendritic cell populations in
patients with periodontitis (Bodineau
et al. 2009).

Interestingly, the manufacture of
lymphocytes (B and T cells) declines
with age. Naive T-cell production
reduces as a direct result of thymic
atrophy and this, combined with the
decreased capacity to produce new T
helper cells from memory cells and
older naive T cells, compromises the
capacity of the immune system to
mount both primary responses to
novel antigens (such as a vaccine)
and secondary responses to previ-
ously encountered pathogens (Weng
2006, Goronzy & Weyand 2012). At
the cellular level, shifts in the bal-
ance of functional T-cell subsets in
the elderly (e.g. increased dermal
Ty, cells) potentially also influence
immune responses (Vukmanovic-
Stejic et al. 2008). There is now clear
evidence for age-related intracellular
molecular changes that Ilead to
impaired T-cell receptor signalling
and compromised CD4 T-cell func-
tion (Yu et al. 2012), a finding that
was observed in older periodontitis
patients  (>75 years) who  had

reduced CD4 ratios compared to
younger periodontitis patients (50—
60 years) (Bodineau et al. 2009).
There is a similar decline in naive B-
cell production from the bone mar-
row as well as in memory B-cell
expansion with increasing age (Weng
2006). Furthermore, the B-cell reper-
toire decreases with age and is
related to poor health (Gibson
2009). Critically, the decline in B-cell
functionality and available T-cell
help leads to an age-related decline
in antibody function including
reduced production of high-affinity
antibodies (Weng 2006).
Compromised T-cell function and
increased T-cell apoptosis are conse-
quences of age-associated “telomeric
erosion” as well as reduced DNA
damage repair (Parish et al. 2010,
Brunner et al. 2012). Reduced leuco-
cyte telomere length (LTL) in
chronic periodontitis patients com-
pared to controls, even after
accounting for age, was a consistent
finding in the small number of stud-
ies that have investigated this area
(Masi et al. 2011, 2014, Sanders
et al. 2015). It has been postulated
that periodontitis could accelerate
LTL shortening as a result of
increased systemic inflammation and
oxidative stress (Steffens et al. 2013).
However, another explanation could
be that shorter LTL increases sus-
ceptibility to periodontitis; that is,
younger individuals with periodonti-
tis also have premature cell ageing
(i.e. shorter telomeres, potentially as
an inherited trait) which predisposes
them to chronic diseases. On the
other hand, a study of LTL in
peripheral blood and gingival fibrob-
lasts from aggressive periodontitis
patients and age-matched periodon-
tally healthy controls found no sig-
nificant differences in LTL between
the two groups (Takahashi et al.
2004), a finding that was also
reported in a study of both chronic
and aggressive periodontitis patients
(Masi et al. 2011). In the single lon-
gitudinal study that investigated
changes in LTL over time (Sanders
et al. 2015), there was no evidence of
any difference in the rate of shorten-
ing of LTL between chronic peri-
odontitis patients and controls,
suggesting that LTL shortening in
periodontitis patients may have
occurred in earlier life, or alterna-
tively that individuals with shorter

© 2017 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



LTL were more likely to develop
periodontitis.

Taken collectively, the above
studies suggest that there is altered
immune responsiveness associated
with ageing. The concept of inflam-
maging holds that there is a height-
ened state of basal activation of the
immune system in old age, which is
associated with inappropriate (and
damaging) inflammatory responses
(Franceschi et al. 2000, Franceschi
2007). However, it can be difficult to
conceptualize inflammaging in the
context of observations of decreased
aspects of immune responsiveness in
older age. It is clear from Tables 1
and 2 that a mixed pattern of age-
associated increases and decreases in
production of various inflammatory
mediators by defence cells such as
macrophages and neutrophils has
been reported in the context of peri-
odontal pathobiology. It is plausible
that such alterations result in an
inability to effectively control patho-
gens, which could lead to chronic
persistence  of  pathogens  and
increased accumulation of defence
cells in the periodontal tissues, in
turn leading to increased tissue dam-
age and disease.

Immune senescence and dental caries

The effect of senescence on salivary
antimicrobial  substances, TLRs,
coreceptor CD14, neutrophils,
NETs, immunostimulatory proteins
and  differential production of
immunoglobulins  with  presumed
impact on biofilm composition is
important for caries susceptibility in
the elderly patient. The 23 studies
that have been discussed above (and
summarized in Table 3) with regard
to caries-related immune senescence
each only contribute a small amount
of information to the overall picture.
However, as caries actiology is so
multifactorial, it is important to con-
sider a few additional factors associ-
ated with ageing that further
increase the risk of caries (studies
also included in Table 3 summing up
to 30 studies in total).

Firstly, the age-related progres-
sive destruction of acinar cells leads
to hyposalivation, which can be
compounded by many of the chronic
diseases of ageing and medications.
With hyposalivation, the concentra-
tions of certain lubricating mucins
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(e.g. MG2) which play a protective
role against caries are reduced in sal-
iva of the elderly (Baughan et al.
2000, Culp et al. 2015). However,
elderly patients with normal saliva
flow do exist and most non-immuno-
globulin defence factors seem to act
with full capacity over the entire life
span (Tenovuo 1992). Secondly, sal-
iva contains a variety of anticandidal
proteins. The suppression of salivary
neutrophil function and the increase

in candidal adhesion sites on
keratinocytes  predispose  elderly
individuals to oral candidiasis

(Tanida et al. 2001, Grimoud et al.
2003). The caries association of
Candida species 1is, however, still
controversial. The recently reported
cross-feeding and  inter-kingdom
communication between S. mutans
and C. albicans may support its aeti-
ological importance (Sztajer et al.
2014). Thirdly, elderly persons are
particularly at risk of root caries,
which follows as a consequence of
periodontitis (Ferro et al. 2008).
Fourthly, the elderly, and especially
the institutionalized elderly, are at
increased risk of nutritional deficien-
cies. This is because the ability to
smell and taste reduces with age,
diminishing quality of life and
impeding good nutrition. In nursing
homes, a large amount of carbohy-
drate-containing foods are often
served (Mila et al. 2012). Older sub-
jects (=75 years) seem to consume
significantly more desserts/
sweets than those aged 64-74 years
(Power et al. 2014). Toffanello et al.
investigated the dietary intake of
free-living elderly people and found
that ageing itself increases a person’s
sweet tooth and that dietary habits
are age-related (Toffanello et al.
2010). In addition, oral sugar clear-
ance, both salivary flow-dependent
and salivary flow-independent, seems
to be reduced among the elderly
(Alstad et al. 2008). Therefore, diet
clearly may contribute to increased
caries risk among the elderly.

Diet and nutrition

Age-related changes in immune func-
tion are influenced not just by intrin-
sic factors but also by factors such
as diet and nutritional status, medi-
cal conditions and stress. Immune
responsiveness has been shown to be
inadequate in those who are
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nutritionally  compromised, with
strong evidence indicating protein—
energy malnutrition, deficiencies in
several micronutrients, both vitamins
and minerals (Maijo et al. 2014), or
excessive intake of saturated trans-
fatty acids in impairing aspects of
immune function (Enos et al. 2013).
Zinc homoeostasis influences
immune functioning (although pre-
cise mechanisms are unclear), and
zinc deficiency results in complex
immune deficiencies affecting pri-
mary T cells, natural killer cells and
reduced antibody formation (Rink &
Haase 2007). Zinc is often deficient
in the diets of the elderly, and pre-
liminary evidence supports a role for
zinc imbalance in  periodontitis
(Orbak et al. 2007). Notwithstanding
these findings, the exact mechanisms
of how diet may impact on immune
senescence are unknown and further
study in this area is required (Maijo
et al. 2014).

Conclusions

Based on the studies included in this
review, we conclude that there is evi-
dence to support the assertion that
immune functioning in the context
of periodontitis alters with increasing
age. Such alterations should not be
regarded simply as a decline in
immune functioning. It is also clear
that the patterns of changes in
immune functioning with age are
complex and incompletely under-
stood. Results from different studies
that have utilized differing experi-
mental designs are variable, with
mixed patterns of increased and
decreased expression of genes and
pro-inflammatory mediators being
reported. Human studies suggest evi-
dence for altered neutrophil function
and increased production of pro-
inflammatory mediators such as
interleukin-1§ (IL-1p), IL-6 and
prostaglandin E, (PGE,) in older
subjects with various periodontal
conditions compared to younger
subjects, and animal experiments
broadly suggest increased expression
of genes that contribute to a pro-
inflammatory state in older animals
compared to younger animals. With
respect to dental caries, this review
summarizes information on certain
immune functions important for car-
ies prevention and how these factors
might change over lifetime. A
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systematic search of the literature
identified aspects of innate immunity
(antimicrobial peptides, neutrophils
and NETs, dendritic cells, natural
killer cells, Toll-like receptors) and
the adaptive immune response (B
and T cells, secretory IgA and IgG),
all of which may play a role in caries
susceptibility with increasing age.
For both periodontitis and dental
caries, it is not clear how mechanis-
tic changes in immune functioning
that occur with increasing age may
relate to susceptibility to disease in
older age.

Recommendations for research

A concern about our understanding
of the ageing immune system and its
relation to oral diseases is that many
studies have been carried out using
mouse and other animal models, and
translation of this knowledge to
human biology is not straightfor-
ward. Furthermore, it is important
that we adopt the perspective that
the immune system in old age is nat-
urally both quantitatively and quali-
tatively different to that found in
younger, healthy adults rather than
simply regarding age-related changes
as a decline in immune function.
Longitudinal prospective studies of
oral health and development, such as
the Department of Veterans Affairs
Dental Longitudinal Study (VADLS)
and the oral physiology component
of the Baltimore Longitudinal Study
of Ageing (BLSA), the Dunedin
study (http://dunedinstudy.otago.ac.
nz/ accessed 21 October 2016) or the
more recently started KOALA study
(https://www.koala-study.nl/ accessed
21 October 2016), will certainly shed
more light on the interrelation
between oral health and ageing.
Future research studies to investi-
gate changes in immune functioning
with increasing age in the context of
periodontitis and dental caries are
indicated. This is particularly impor-
tant given the increases in the pro-
portion of elderly persons in many
populations of the world currently
being observed. Studies are indicated
to identify cells that play a role in
senescence in periodontitis and car-
ies, and how their phenotype and
function contribute to disease. Stud-
ies involving human participants
should aim to evaluate longitudinal
changes in the elements of immunity

and in immune functioning over
time, and in a range of periodontal
and dental conditions as well as in
ageing individuals who are periodon-
tally and dentally healthy. This
information will be important to
develop patient-specific diagnostic
strategies such as biomarker analysis
in addition to the development of
adjuvant therapies. A non-reduction-
ist approach to investigating immune
function should be adopted, with
awareness of the importance of con-
sidering immune functioning in
broad terms rather than focusing on
individual inflammatory mediators,
proteins and receptors in isolation.
Experimental designs and models
should be used that are generalizable
to the wider human population and
that provide relevant information in
the context of periodontitis and den-
tal caries as well as considering the
role of extrinsic factors that affect
immune functioning such as nutri-
tional and general health status.

Recommendations for clinical practice

Clinicians should be aware that
immune functioning alters with
increasing age. Ultimately, this may
lead to changed susceptibility to
periodontal disease and dental car-
ies. However, the detail of how
mechanistic changes in immune func-
tioning relate to disease susceptibility
is not clear. Clinicians should there-
fore remain vigilant to the signs of
increased disease progression when
reviewing and monitoring their age-
ing patients and implement appro-
priate preventive strategies as a
matter of routine.
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Clinical Relevance

Scientific rationale for the study:
Immune functioning is known to
alter with increasing age, and this
is likely to be relevant for condi-
tions such as periodontitis and den-
tal caries.

Principal findings: There is evidence
that immune function related to

periodontitis and (less investigated)
dental caries alters with increasing
age. In both disorders, the patterns
of changes in immune functioning
with age are complex and incom-
pletely understood.

Practical  implications:  Clinicians
should be aware of altered immune
functioning with increasing age,

which may lead to changed suscep-
tibility to periodontitis and dental
caries. Clinicians should remain
vigilant to signs of disease progres-
sion in ageing patients and imple-
ment appropriate preventive
strategies.
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