Future directions for studying resilience of the oral
ecosystem
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There is an urgent need for a better
understanding of what constitutes a healthy and
resilient oral ecosystem.

Longitudinal studies are essential for understanding
resilience against oral disease.

Mathematical modelling approaches hold great
promise for interpreting complex longitudinal
data and identifying key biomarkers for health-

disease thresholds.

Abstract

The oral ecosystem is shaped by complex interactions between systemic health disease and the resident oral
microbiota. Research in the last two decades has produced datasets describing the genetics and physiology of the
host and the oral microbiome in health and disease. There are inter-individual differences in the ability to tolerate
oral disease-promoting challenges. Identification of the key factors that drive a healthy and resilient oral ecosystem
is urgently needed. So far, progress is being made towards replicating the host-microbiota interplay in vitro. Clinical
studies may shed light on the mechanisms of oral health resilience. However, most clinical studies are cross-sectional
and are insufficient for understanding resilience or for identifying biomarkers that correlate with the point of
transition from oral health to dysbiosis. Mathematical and computational models, including artificial intelligence
approaches, offer an opportunity to inform the design of clinical studies by identifying key biomarkers and interaction
networks in complex datasets and predicting important parameters. This paper discusses some of the challenges and
opportunities for understanding the biological basis of resilience of the oral ecosystem. It discusses the current status

and challenges, and proposes a way forward to better understand resilience towards oral diseases.

Introduction

There has been intensive research on oral
microorganisms for over one hundred years
that has aimed to understand the disease
state and how it comes about.! However,
before disease can be fully understood, it is
necessary to have a clear definition of oral
health, in terms of both the clinical signs and
symptoms and the profile of key biomarkers
that correlate with health. The oral cavity is a
complex ecosystem and potential biomarkers
include host immunological and biochemical
mediators as well as the microbiota residing
on different surfaces in the mouth.>* The
large-scale identification of key factors that
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contribute to the maintenance of oral health
requires holistic top-down approaches that
can simultaneously monitor multiple factors
within the complex environment of the
human oral cavity. For example, the analysis
of biochemical, metabolomic and microbiome
constituents in saliva of 268 healthy adults
has shown that multiple ecological states or
‘ecotypes’ are found in oral health.* It is not
yet known whether any of these ecotypes
correlate with increased predisposition to
oral disease. In addition, it is not clear how
ecotypes change with the normal ageing
process. There is evidence that both the host
immune response and the oral microbiome
change through the life course.>®” Therefore,
it is likely that additional ecotypes will be
identified in individuals from different age
groups. Although a great deal of research has
been performed to identify individual species
that correlate with oral health or disease, it is
likely that the overall functions encoded and/
or expressed within the microbiome may be
more important for determining health or
disease status than the taxa present. It has
been proposed that there may be a core set of
functions required for a health-associated oral
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microbiome, just as a core set of human genes
is needed for health.”*

It is now well established that dental plaque-
related diseases such as dental caries and
periodontitis are associated with shifts in the
oral microbiome at the site of disease.! This
basic concept dates back to the ‘Ecological
Plaque Hypothesis’ that was proposed by
Marsh et al. in the 1990s to rationalise
previous conflicting ideas that either (i)
certain species (pathogens) are responsible
for dental plaque-mediated diseases, or (ii) it
is the amount of dental plaque rather than the
species present that is important for driving
disease.”'®!! According to the Ecological
Plaque Hypothesis, the development of disease
involves an initial disturbance which is then
amplified by a selection for microbial species
that contribute to the disease process. In the
case of dental caries, the process is driven
by excess amount or frequency of sugars
intake. This selects initially for moderately
acidogenic genera such as Streptococcus or
Actinomyces, which then further contribute
to acid production in the local environment
of dental plaque.'? Eventually, the population
becomes enriched in more acidogenic species
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such as Streptococcus mutans (S. mutans) or
Scardovia wiggsiae."*™ S. mutans also produces
insoluble glucans from sucrose that create
pockets of low pH close to the tooth surface.'>'¢
In periodontitis, the interplay between bacteria
and the host is critical for disease. The
accumulation of dental plaque at the gingival
margin is considered the primary trigger for
the initiation of inflammation in most cases.’
The transition from gingivitis to periodontitis
is associated with a shift in the population
that particularly enriches gram-negative
anaerobic proteolytic species including
Socransky’s ‘red complex’ Porphyromonas
gingivalis (P. gingivalis), Tannerella forsythia
and Treponema denticola, as well as gram-
positive anaerobes such as Filifactor alocis and
a variety of other species."'”'® Using a mouse
model of periodontitis, Hajishengallis et al.
demonstrated that P. gingivalis can induce
strong pathogenic host responses even when
present at very low abundance in the oral
microbiome.” They designated this species a
‘keystone pathogen’ on the basis that its impact
on disease is disproportionate to its abundance
in the microbiome.” They proposed a model
whereby the commensal microbiota includes
species that are incompatible with disease
and those that can potentially promote
disease in the presence of risk factors through
interactions with keystone pathogens.
These keystone pathogens trigger changes
in the host (inflammation, in the case of
subgingival biofilms), which then select for
more pathogenic species termed pathobionts.
Overall, this results in microbial dysbiosis and
destructive host responses.”

While these models present a broad view of
the distinction between oral health and disease,
they are currently focused on explaining disease
in terms of the microorganisms present rather
than the functions that these species encode. In
addition, current models do not yet account for
underlying inter-individual differences in the
capacity to tolerate cariogenic or periodontal
disease drivers.”’ The risk of oral diseases
changes dramatically through the life course.
Whereas dental caries is prevalent even among
young age groups, the prevalence of severe
periodontitis increases with age and appears
to be higher in males than females.”? In each
case, certain forms of disease are associated
with particular life stages. For example, early
childhood caries is an aggressive form of disease
that affects the primary dentition whereas root
caries occurs later in life.>*** Similarly, forms
of grade C periodontitis (formerly localised
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aggressive periodontitis’) tend to onset around
the time of puberty, between ages 11-13. Risk
factors for caries and periodontitis are complex
and it is not entirely clear how age impacts host-
microbiome interactions. In the case of early
childhood caries, enamel defects and modifiable
risk factors such as sugar intake and low fluoride
exposure influence disease development early
in life.* By contrast, ageing of the immune
system (‘immunosenescence’) combined
with a low-grade inflammation that develops
during ageing (‘inflammaging’) are thought
to impact the outcomes of the periodontitis
challenge from the subgingival microbiota and
potentially contribute to the increase in disease
seen in older people.””” However, the limited
evidence available to date indicates that ageing
does not directly change the oral microbiome to
a great extent.”” Similarly, the oral microbiome
is relatively stable over the short term in the
absence of gross perturbations.” It is thought
that the microbiome is dynamic, and that
stability is maintained by intrinsic factors that
counter the changes and continually restore the
system.”” Minor challenges can be absorbed
within the natural dynamics of the system. The
capacity to resist change will be dependent on
the individual. If the perturbation overcomes
this natural resistance, the system will depart

RESISTANCE

HEALTH

from its natural homeostasis. The challenge for
the individual is then to restore health rather
than allowing a more extensive shift to dysbiosis
or disease. The natural ability to revert to the
original state or an alternative health-associated
stable state is termed ‘resilience’ (Fig. 1).

In an excellent recent review, Rosier et al. have
discussed some of the mechanisms that may
determine resilience in the oral microbiome.*
These include mechanisms intrinsic to the
microbiota (such as bacteriophage and the
production of antimicrobials including
bacteriocins and hydrogen peroxide that
mediate inter-microbial competition), as
well as host immunity and environmental
modulators, such as nutrition and growth
factors. In vitro and animal models have been
developed to study the effects of these factors
on preventing or reversing microbial dysbiosis
and/or oral disease.’*> However, these models
have a limited capacity to characterise those
components of the system that become
important or increase in importance only
when they interact with one another. In
addition, animal models will never fully
replicate all factors of human biology, even
though advancements have been made towards
developing models with ‘humanised’ versions
of both immune system components and the
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Fig. 1 Resistance and resilience of the oral ecosystem. a) In health, the supragingival (yellow)
and subgingival (blue) dental plaque microbiomes are in a state of homeostasis. b) Each
individual has a capacity to resist pathogenic changes that lead to early signs of dental

caries (small grey area indicating early lesion) or gingivitis (reddening of the gingival tissue).
Changes are associated with shifts in the microbiome. c) The ability to reverse the early signs
of dental caries or gingivitis and restore oral health is termed resilience. This is accompanied
by a restoration of the dental plaque microbiome. d) If early changes are not reversed and
there is continued exposure to disease-promoting factors, irreversible damage ensues in the
form of more significant carious lesions (black area on the tooth) or periodontitis (indicated
as reddening/inflammation and the presence of a periodontal pocket). The microbiome
associated with disease is in a state of dysbiosis
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microbiome.’*** Therefore, there is still a need
to conduct clinical studies on humans to gain
a holistic understanding of the key features
of the oral ecosystem that contribute to oral
health. Resistance and resilience are temporal
concepts and cannot be fully understood
with cross-sectional studies. However, with
the exception of the well-characterised
experimental gingivitis model,” relatively few
studies have investigated longitudinal changes
in the oral microbiome or in host inflammatory
mediators through the course of cariogenic or
gingivitis/periodontitis challenges. As a result,
there are currently no strong biomarkers that
can classify different levels of resistance or
resilience, or that can explain the mechanistic
basis of these differences.

Evidence from longitudinal studies

While biomarkers for resistance and resilience
are urgently needed, interpreting the function
of these markers is often not straightforward.
Although there is a desire to identify host and
microbiological changes that occur at the site
of initiation of carious or periodontal lesions,
this is almost impossible to achieve practically
at present as it would require sampling from
a very large number of sites in the mouths of
many volunteers over an extended time period.
Therefore, most longitudinal studies on the
microbiology of periodontitis have focused
on sites where disease is already present and
have assessed responses to treatment rather
than disease development.***”

As noted by Rosier et al.,’* the impact
of microorganisms on other aspects of the
innate immune system such as interleukin
(IL)-8 can also be interpreted differently
depending on whether species are associated
with health and disease. Thus, both P, gingivalis
and Streptococcus salivarius (S. salivarius)
suppress IL-8 secretion. In the case of the
keystone pathogen P. gingivalis, this is thought
to aid virulence,’® whereas inhibition of IL-8
secretion by the oral commensal S. salivarius
is considered to prevent unnecessary and
destructive inflammation and contribute to
homeostasis.” However, P. gingivalis is also
present at low levels in periodontal health and,
in these circumstances, suppression of IL-8
production may help to maintain homeostasis.
There is also evidence that the role of certain
microorganisms in the transition from health
to disease may be specific for one certain
population and not others.” These complexities
make it difficult to find a robust biomarker that

can identify the tipping point between health
and irreversible disease.

Early longitudinal studies investigating
the microbiology of dental caries relied on
microbiological culture and were limited
in their ability to sample the microbiome
holistically.***** More recently, a number
of longitudinal studies of dental caries have
employed culture-independent microbiome
analysis methods.*****¢ Due to limitations
with cost and sensitivity of the methods, these
studies have so far used pooled dental plaque
rather than plaque isolated from specific sites
of caries development. It appears that shifts in
the population in supragingival dental plaque
precede the development of dental caries.*

The early stages of periodontal disease can
be modelled experimentally in humans using
the ‘experimental gingivitis’ approach that
was pioneered by Loe et al. in the 1960s.*
We have recently reviewed the evidence for
resistance and resilience to experimental
gingivitis.*® Fluctuations of immunological,
biochemical and microbiological biomarkers
were identified throughout different phases
and challenges to the oral cavity. In some cases,
trends in biomarkers appeared to correlate
with resilience. For example, lactoferrin was
reported to increase in concentration during
experimental gingivitis and return to baseline
upon disease resolution. However, in general,
few of the studies covered by the review had
investigated the recovery phase following
gingivitis and therefore it remains unclear
which factors contribute to resilience.

Mathematical opportunities to
model challenges to an ecosystem

Experimental in vivo studies face numerous
challenges including the availability of
participants, ethical regulations, cost, extended
time to study the onset of a disease or clinical
outcomes, and the fact they are limited in the
range of conditions they can screen. Moreover,
it is often difficult or impossible to identify
mechanisms directly in human subjects.*®
One promising approach to study challenges
in the oral ecosystem is through mathematical
modelling.” Models have long been used in
microbial ecology.”® A model can simulate
any feasible hypothetical oral ecosystem
or scenario to identify which parameters
(biomarkers) have the strongest influence
on an outcome. For example, a model can
include hypothetical nutritional regimes to
study perturbing factors, within any timeframe

BRITISH DENTAL JOURNAL | VOLUME 229 NO. 12 | DECEMBER 18 2020

| OPINION |—

or exposure time, without having to burden
study participants (for example, a sustained
high/frequent sugar intake). The outcome of
the simulations can then be used to inform
targeted in vivo experiments.

Pioneering work on mathematical modelling
in dentistry was developed by Dibbin and
Reece.” In the decades to follow, models
were used to study disease development
in caries research®**" and progression of
periodontitis.”®** These examples cover a
variety of model types and the choice of model
should match the question asked.**” The oral
microbiome is a complex ecosystem of dynamic
multi-scalar, spatio-temporal interactions
among organisms as well as between organisms
and the environment. For questions that are
not dependent on the spatial arrangement
between species in dental plaque, a continuum
model can be used.”>* In Ilie et al.,** four
microbial groups were selected as the main
plaque components (aciduric Streptococcus,
non-aciduric Streptococcus, Actinomyces and
Veillonella). The study focused on the influence
of different factors on the pH change in time
and tooth demineralisation. In the absence of
Veillonella, the pH values were estimated to
decrease to pH 3. The pH variation was better
explained by microbial activity rather than the
buffering effect of the phosphate released by
tooth demineralisation. Such output indicates
that the presence of Veillonella, or other lactic
acid-consuming bacteria, is an important
indicator for a resilient or a healthy ecosystem.
However, care should be taken in interpreting
the data since, experimentally, Veillonella is
often observed to be increased in caries, and
may support the growth of acidogenic species
such as S. mutans. This emphasises the need
for validation in laboratory or clinical studies,
as well as for understanding the mechanisms
involved.

A continuous model cannot represent
the competition for space within the
plaque, the pH gradient or the localised
effect of the dental plaque on the tooth.
Agent-based models are better suited for
this type of problem, though they have the
disadvantage of increasing complexity and
computational requirements.’***® An agent-
based/cellular automata model was used by
Papantonoupoulos et al.>>* to simulate the
progression of periodontitis disease and its
dynamic characteristics. Their results suggest
that periodontitis is a nonlinear, chaotic
dynamical process in which the host immune
response controls its progression rate. One
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Fig. 2 Research loop for mathematical modelling leading to study setup

Test hypothesis in mathematical

model with available evidence

Identify new parameters, input
values or research questions

Select parameters and identify
cut-off points where an ecosystem
switches from one state to another

Validate the outcome and
determine scenarios in vivo.
Run the study formed by model

of the modelled findings was that, when host
immune response increases, periodontitis
progression rate decreases. The model was
validated by using clinical and immunological
data, and the data fit two distinct clinical
manifestations that were differentiated at the
time as aggressive or chronic periodontitis.

Continuous models and agent-based models
are based on first principles. An alternative
approach is the ‘black box’ models, such as
artificial neural networks (ANNs), which
use existing data as training sets to develop
patterns that can predict outcomes. For
example, ANNs have been used to discriminate
between two types of periodontitis,® using
the patient’s immune response profile. More
recent advancements in artificial intelligence-
based approaches®>** need significantly more
data and depend on coordinated international
collaboration for the development of a global
database repository. It would be interesting to
map these approaches to the new periodontal
classification scheme® to determine whether
they are able to distinguish between stages or
grades of disease.

Based on these examples, we propose
that a model can also be used to estimate
cut-off points or critical values where the
oral ecosystem will shift from a homeostatic
state (during perturbing challenges) to a
dysbiotic state. The advantages of modelling
will allow the creation of a research loop
to define research objectives and outcome
variables (see Figure 2). First, a hypothesis
can be tested in a mathematical model with
available evidence. The parameters can be
selected to identify cut-off points where an
ecosystem switches from one state to another.
The outcomes can be validated in vivo which
methodology is informed by the model. The
in vivo research outcomes then provide new
evidence and parameters used as input values
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or to generate new research questions to be
modelled. Notwithstanding the limitations of
any model (for example, inherent simplifying
assumptions), exploring changes of the
ecosystem in a mathematical model is an
inexpensive way to test hypotheses and to
identify future research aspects to confirm the
modelled outcome.

Conclusion

While many studies have investigated microbial
and host factors that are associated with dental
caries or periodontal disease, we are still a
long way off understanding human health. In
particular, the capacity of individuals to resist
or recover from cariogenic or periodontal
disease stimuli is not yet known. There is an
urgent need for additional longitudinal studies
in this area. Mathematical modelling has great
potential to guide these studies and to establish
testable hypotheses. However, investigations
will need to include multiple measurements
of host and microbial factors to provide
sufficient information to start understanding
the dynamics of changes in the microbiome in
response to disease-inducing stimuli.
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