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Abstract

Periodontal diseases are initiated by bacteria that accumulate in a biofilm on the tooth surface and affect the adjacent periodontal
tissue. Systemic diseases such as diabetes, rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE) increase susceptibility to
destructive periodontal diseases. In human studies and in animal models, these diseases have been shown to enhance inflammation in
the periodontium and increase the risk or severity of periodontitis. All 3 systemic diseases are linked to a decrease in bacterial taxa
associated with health and an increase in taxa associated with disease. Although there is controversy regarding the specific oral bacterial
changes associated with each disease, it has been reported that diabetes increases the levels of Capnocytophaga, Porphyromonas, and
Pseudomonas, while Prevotella and Selenomonas are increased in RA and Selenomonas, Leptotrichia, and Prevotella in SLE. In an animal model,
diabetes increased the pathogenicity of the oral microbiome, as shown by increased inflammation, osteoclastogenesis, and periodontal
bone loss when transferred to normal germ-free hosts. Moreover, in diabetic animals, the increased pathogenicity could be substantially
reversed by inhibition of IL-17, indicating that host inflammation altered the microbial pathogenicity. Increased IL-17 has also been shown
in SLE, RA, and leukocyte adhesion deficiency and may contribute to oral microbial changes in these diseases. Successful RA treatment
with anti-inflammatory drugs partially reverses the oral microbial dysbiosis. Together, these data demonstrate that systemic diseases
characterized by enhanced inflammation disturb the oral microbiota and point to IL-17 as key mediator in this process.
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Oral Microbiome in Health Changes in the Oral Microbiota

The microbiome has a significant impact on the host, as germ- Caused by Periodontal Disease

free mice have increased immune diseases, such as asthma and In a National Health and Nutrition Examination Study, 47% of
inflammatory bowel disease, indicating a dynamic relationship US adults had evidence of periodontitis, and 10% to 15% had
between them (Olszak et al. 2012). The oral microbiome  advanced periodontitis (Kinane et al. 2017). Periodontal dis-
includes bacteria, fungi, archaca, viruses, and protozoa eases are thought to result from opportunistic infections. The
(Dewhirst et al. 2010). The bacterial component is the best  gpecific factors leading to changes in bacteria that cause peri-
understood and is the focus of this review. The formation of  dontal diseases are unknown, although it is recognized that
dental plaque is affected by the mode of delivery (vaginal or  ponideal restorations, genetic conditions that alter the host
caesarean), breast or bottle-feeding, and proximity to siblings response, and systemic diseases, such as diabetes and rheuma-
and pets (Dewhirst et al. 2010). Bacteria can be found on all toid arthritis (RA), predispose to disease (Kinane et al. 2017).
oral tissues, and there is overlap in the bacteria found on each. The The relationships between the biofilm and the host immune
most abundant bacteria are Streptococcus oralis, Streptococcus response are dynamic, and the ecologic interactions between

mitis, and Streptococcus peroris. Bacteria associated with peri- them determine local homeostasis or transition to a state of
odontal health include Streptococcus, Granulicatella, Neisseria, disease (Dewhirst 2010; Griffen 2012). Inflammation occurs
Haemophilus, Corynebacterium, Rothia, Actinomyces, Prevotella, — when bacteria or their products encounter leukocytes in the

and Capnocytophaga (Segata et al. 2012). A biofilm forms on
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epithelium or underlying connective tissue. Bacterial challenge
leads to the migration of dendritic cells (DCs) to lymph nodes
and gingival epithelium. A loss of DCs in experimental peri-
odontitis or a decrease in DC function through lineage-specific
gene deletion increases periodontal inflammation, receptor
activator of nuclear factor kappa-B ligand (RANKL) expres-
sion, and bone loss (Xiao et al. 2015). Interestingly, reduced
DC activity diminishes activation of lymphocytes and forma-
tion of antibodies and is linked to increased periodontal disease
susceptibility (Xiao et al. 2015).

Periodontitis is associated with a shift in the bacterial com-
munity structure and composition (Dewhirst 2010; Diaz 2012;
Griffen et al. 2012). A noticeable change in this equilibrium is
quantitative, with an increased bacterial biomass with up to a
3-log increase in subgingival bacterial load in periodontitis sub-
jects (Diaz 2012). Qualitative changes also occur as a result of
competitiveness among species (Diaz 2012; Griffen et al. 2012),
leading to an increase in bacterial taxa that are pathogenic. Thus,
the dynamic balance among various bacterial taxa is likely to
be instrumental in determining periodontal disease activity.
Socransky and colleagues (1998) identified combinations of
Bacteroides  forsythus, Porphyromonas gingivalis, and
Treponema denticola as being highly associated with clinical
measures of periodontal disease. Fine and coworkers (2013)
reported that a combination of Aggregatibacter actinomy-
cetemcomitans, Streptococcus parasanguinis, and Filifactor
alocis was associated with bone loss in localized aggressive
periodontitis (Fine et al. 2013).

In gingivitis and periodontitis, there is likely to be an altera-
tion in microbial composition or bacterial pathogenicity which is
currently referred to as microbial dysbiosis (Roberts and Darveau
2015). Unlike many infectious diseases, periodontitis is initiated
by bacteria that are likely already present, rather than by the intro-
duction of an exogenous taxa. Putative periodontal pathogens are
often found at healthy sites with no evidence of periodontal
breakdown (Dewhirst 2010; Diaz 2012; Griffen et al. 2012). The
composition of the microbiota is governed by local factors, but
systemic factors can also have a significant effect. One mecha-
nism is that systemic inflammatory diseases may increase local
inflammation, which alters the expression of inflammatory medi-
ators locally and increases recruitment of leukocytes to the peri-
odontium (see Fig. 1). An alternative hypothesis that was popular
in the mid-1900s and has some recent support postulates that an
overall increase in microbial biomass, rather than a specific
change in composition, may promote periodontitis. This is sup-
ported by increased bacterial loads in humans with periodontitis
and in mice as they age and develop periodontitis, with increased
susceptibility to colonization by periodontal pathogens such as P.
gingivalis (Wu et al. 2016).

Changes in the Oral Microbiota
Caused by Diabetes
Systemic diseases with increased inflammation are frequently

linked to increased risk of periodontal disease (Jepsen et al.
2018). Increased levels of periodontal disease, diabetes,

Inflammatory

Health mediators

o %

Leukocytes

Tooth surface

Neutrophils
/ Blood vessel
i

N

o

Gram-positive Bacteri

(o) e
l; o . -. ‘. Alveolar bone g

Gram-negative Bacteria

Systemic
Inflammatory
Condition

Tooth surface

L7

Blood vessel

; |

e *

e
0 ee * Alveolar bone

Figure I. The impact of a systemic health condition on the
periodontium and associated microbiota. In periodontal health there

is little inflammation and gram-positive, aerobic species predominate.
With a systemic inflammatory diseases associated with increased
inflammation, there is a subsequent increase in periodontal inflammation,
with recruitment of more inflammatory cells favoring colonization by
facultative and anaerobic bacteria and gram-negative taxa. The change in
bacteria may enhance inflammation.

systemic lupus erythematosus (SLE), and RA may reflect a
common susceptibility, since each has inflammation as a com-
mon risk factor. Those individuals with a greater tendency
toward inflammation have enhanced susceptibility and risk of
periodontitis as well as increased levels of diabetes, SLE, and
RA. The increased inflammation in each of these diseases pro-
vides a common framework for altering the oral microbiota.
Systemic diseases have a significant impact on periodonti-
tis, with diabetes mellitus having one of the strongest linkages.
Type 1 and type 2 diabetes mellitus (T1DM and T2DM) affect
the periodontium in children and adults, with an increase in
periodontal inflammation similar to the increased inflamma-
tion in other tissues affected by diabetes (Wu et al. 2015).
Inoculation of the same bacterial load in the connective tissue
of diabetic animals stimulates a greater inflammatory response
compared with normoglycemic controls (Naguib et al. 2004).
Diabetes potentially affects a number of factors that can
enhance inflammation in periodontal tissues, including high
glucose levels, increased formation of advanced glycation end
products, and enhanced cytokine expression (e.g., tumor
necrosis factor [TNF]; Wu et al. 2015). Neutrophils and mono-
cytes/macrophages from diabetic patients express higher levels
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of cytokines in response to stimulation and are less effective in
bacterial killing (Omori et al. 2008). Diabetes also affects mes-
enchymal cells in the host, including periodontal ligament
cells, osteoblasts, and osteocytes that increase RANKL expres-
sion, and reduce coupled bone formation following an episode
of periodontal bone loss (Wu et al. 2015). Cause-and-effect
relationships have been established showing that blocking
advanced glycation endproduct (AGE) signaling reduces
inflammatory cytokine levels (including TNF), matrix metal-
loproteinase expression, and periodontal bone loss (Lalla et al.
2000).

T1DM and T2DM are associated with similar complications,
particularly those linked to increased inflammation, such as car-
diovascular disease, impaired wound healing, neuropathy,
nephropathy, and periodontal disease (Chapple et al. 2013; Wu
et al. 2015). TIDM and T2DM increase the inflammatory
response to the same bacterial challenge (Naguib et al. 2004;
Graves et al. 2005). The increased periodontal inflammation
observed in T1DM and T2DM has been implicated in periodon-
tal tissue damage triggered by bacteria that colonize the tooth
surfaces. An important question is whether the increased peri-
odontal destruction in diabetic subjects is strictly due to an altered
host response, whether there is a change in bacterial pathogenic-
ity that leads to greater inflammation and damage, or both.

A consensus report from the European Federation of
Periodontology and the American Academy of Periodontology
found no compelling evidence that diabetes has a significant
impact on the oral microbiota (Chapple et al. 2013). Thus,
human studies examining the impact of diabetes in the oral
microbiome have not provided conclusive evidence for a sig-
nificant change or no change. Similarly, there is no consensus
that TIDM induces a specific bacterial change as compared
with T2DM. However, some studies do report diabetes-induced
alterations in the oral microbiome. Examples of these bacterial
changes include 1) increased Capnocytophaga in patients
with diabetes mellitus (Mashimo et al. 1983); 2) increased
P. gingivalis and Tannerella forsythia (Campus et al. 2005;
da Cruz et al. 2008); and 3) increased Capnocytophaga,
Pseudomonas, Bergeyella, Sphingomonas, Corynebacterium,
Propionibacterium, and Neisseria in hyperglycemic individu-
als (Ganesan et al. 2017). Note that these results are often not
consistent, as it has been reported that diabetes reduces
Porphyromonas,  Filifactor, Eubacterium, Synergistetes,
Tannerella, and Treponema genera (Casarin et al. 2012). Thus,
previous human studies have not revealed consistent changes
in microbial composition, in part because of the limited num-
bers of bacteria surveyed. It has also been proposed that there
are differences in overall oral microbiome in normoglycemic
and diabetic subjects rather than between healthy and diseased
sites in the same individual (Ganesan et al. 2017). Recent high-
throughput analysis suggests that there may be differences
between diabetic and normal cohorts, but there is yet no con-
sensus on the changes induced, as shown in Table 1 (Casarin
etal.2012; Aemaimanan etal. 2013; Zhou et al. 2013; Merchant
et al. 2014; Sakalauskiene et al. 2014; Castrillon et al. 2015;

Demmer et al. 2016). There may be a number of potential rea-
sons for a lack of consensus—including statistical reasons
based on large numbers of oral microorganisms yielding false
positives; insufficient subject numbers, which may contribute
to false negatives; presence of confounding factors, including
the degree of hyperglycemia, duration of disease, and medica-
tions; technical limitations, such as the lack of unbiased
approaches to identify oral bacteria; and a limited number of
longitudinal studies.

We carried out a longitudinal study in mice that spontane-
ously develop diabetes. The diabetes-prone and normoglycemic
littermates initially had similar oral microbiomes. Development
of hyperglycemia induced a shift in the bacterial composition
(Xiao et al. 2017), increasing the levels of Proteobacteria
(Enterobacteriaceae) and Firmicutes (Enterococcus, Staphylo-
coccus, and Aerococcus) associated with pathologic changes
(Demmer et al. 2016; Grice et al. 2010). Diabetes also reduced
the diversity of oral microbiota as reported in other tissues
where diabetes reduces bacterial diversity (Ussar et al. 2016).
Interestingly, we have found that aging in mice also reduces
oral bacterial diversity, which is accompanied by greater colo-
nization of P. gingivalis when exposed to this human pathogen
(Xiao et al. 2016).

Studies were undertaken to establish whether diabetes ren-
dered the oral microbiota more pathogenic and to identify the
potential mechanisms involved. To accomplish the former, the
diabetic oral microbiota was transferred from diabetic hosts to
normal germ-free mice and compared with the transfer of bac-
teria from normoglycemic donors to similar hosts. Transfer
from hyperglycemic mice stimulated greater neutrophil infil-
tration and increased expression of bone-resorbing cytokines
(IL-6 and RANKL), enhanced osteoclast numbers, and stimu-
lated more periodontal bone loss than bacteria from normogly-
cemic controls. Inhibition of IL-17 altered the microbial
composition in diabetic mice so that it was more similar to the
normoglycemic oral microbiota and reduced the abundance of
Enterococcus in particular. IL-17 inhibition decreased the
capacity of bacteria from diabetic animals to stimulate inflam-
mation and alveolar bone loss in normal germ-free recipients.
We propose that chronic inflammation enhanced by diabetes
causes microbial dysbiosis that increases bacterial pathogenic-
ity (see Fig. 2). Inhibition of IL-17 could alter the microbiota
by reducing inflammation, which in turn affects bacterial
growth or colonization. This may occur as a result of reduced
formation of substrates generated as a by-product of inflamma-
tion or, alternatively, by affecting antibacterial defenses (Curtis
et al. 2011). Interestingly, high IL-17 levels are found in
humans with periodontitis, and IL-17 induces RANKL
(Abusleme and Moutsopoulos 2017). Leukocyte adhesion
deficiency in humans results in greater IL-17 production and
formation of dysbiotic bacterial communities, thereby identify-
ing IL-17 as a cause of microbial dysbiosis (Abusleme and
Moutsopoulos 2017). Similarly, patients with oral lichen pla-
nus have increased disease-associated bacterial species and
increased IL-17 in saliva (Wang et al. 2014).
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Table I. Major Changes in Bacterial Community Associated with Diabetes, RA, or SLE.

Bacterial Changes Associated with

Oral Bacterial Diversity Oral Bacterial Biomass Bacterial Changes Associated with Disease Health

Human Animals Humans Animals Humans Animals Humans Animals

Effect of diabetes

Reduced?; no Reduced® Increased®*®  No change® Increased |) facultative Increased disease- Reduced health- Reduced health-
change in alpha bacteria in subjects associated associated associated
diversity” with periodontitis, 2) bacteria® bacteria™ bacteria®

anaerobes in subjects
with no periodontitis,®
and 3) disease-associated
bacteria’
Effect of SLE
Reduced® No data Increased®  No data Increased disease- No data Reduced No data
associated bacteria® abundance
of health-
associated
bacteria®
Effect of RA
Increased" No data Increased”  Increased' Increased disease- Increased Reduced Reduced
associated bacteria™ anaerobes* abundance abundance
of health- of health-
associated associated
bacteria™ bacteria*

RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.

*Ganesan et al. (2017).

®de Groot et al. (2017).

“Xiao et al. (2017).

Anbalagan et al. (2017).

°Coelho et al. (2018).

Zhou et al. (2013).

8Corréa et al. (2017).

"Corréa et al. (2018, unpublished results).

'Queiroz-Junior et al. (2011).

1Zhang et al. (2015).

“Corréa et al. (2016).

In skin wounds, diabetes alters the wound

microbiota, which is linked to increased Normoglycemic Diabetes Diabetes

inflammation (Grice et al. 2010). Similarly, \/

. . . . ; ) IL-17 IL-17 Blocked

the gut microbiota changes with diabetes, Normal microbiota v

which is subsequently altered when diabetes Microbial dysbiosis Reduced dysbiosis

is reversed by bariatric surgery (Sweeney and
Morton 2013). Moreover, when IL-17 was
inhibited, the oral microbiota shifted in a
direction of reduced pathogenicity and to a
composition that was more similar to that
of normoglycemic control animals (Xiao
et al. 2017), suggesting that controlling
inflammation increases the likelihood of hav-
ing a “nonpathogenic” oral bacterial profile.
Furthermore, there may be a bidirectional
relationship between the gut microbiota and
diabetes whereby 1) diabetes alters bacterial
composition and 2) changes in bacterial pro-
file enhance susceptibility to diabetes through
a butyrate-mediated mechanism. Butyrate-
producing bacteria are reduced in individuals

. ;

Bacteria Transferred from Host to Normal Germ Free Mice

. :

Considerable
inflammation,
osteoclastogensis and
periodontal bone loss

Reduced inflammation,
osteoclastogenesis and
periodontal bone loss

Minimal inflammation,
osteoclastogenesis and
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Figure 2. Diabetes induces microbial changes in a murine model. Diabetes increases

IL-17 expression, leading to increased periodontal inflammation and a change in bacterial
composition that is more pathogenic when transferred to a germ-free host as compared with
a transfer from normoglycemic animals. Inhibition of IL-17 reduces the pathogenicity of the
diabetic microbiota (for details, see Xiao et al. 2017).

with T2DM, and butyrate protects against the development of ~ also have an impact on diabetes, although the evidence to sup-
diabetes (Arora and Biackhed 2016); thus, reduced production port this link is limited. Oral administration of P. gingivalis
of butyrate may increase risk of diabetes. Oral bacteria may  coincides with the development of systemic inflammation and
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onset of insulin resistance in mice (Arimatsu et al. 2014). The
increased systemic inflammation may be linked to a reduction
in barrier function in the intestine caused by oral inoculation
of P. gingivalis (Sato et al. 2017). Oral bacteria may contribute
to a bidirectional relationship between periodontal disease and
diabetes, whereby changes in the oral microbiota through
increased systemic inflammation enhance insulin resistance to
promote hyperglycemia (as discussed by Borgnakke et al.
2013).

Changes in the Oral Microbiota
Caused by Rheumatoid Arthritis

RA is a systemic autoimmune disease characterized by chronic
inflammation (de Smit et al. 2015). Periodontal disease and RA
share some pathogenic mechanisms, including enhanced
inflammation and bone loss. Increased prevalence of periodon-
titis is observed in patients with RA (de Smit et al. 2015). There
is also evidence that periodontitis can initiate RA by the pro-
duction of enzymes that form malondialdehyde-acetaldehyde,
citrullinated and carbamylated adducts that enhance self-anti-
genicity to initiate an autoimmune response (de Smit et al.
2015). We and others have shown that experimental arthritis in
rodents promotes alveolar bone loss (Ramamurthy et al. 2005;
Queiroz-Junior et al. 2011; Corréa et al. 2016; Kim et al. 2017).
Treatment with oral antiseptics that reduce the total oral bacte-
rial load protects against RA-induced periodontal bone loss,
indicating a role for oral microbiota (Queiroz-Junior et al.
2011). The data are consistent with a “2-hit” model, in which
one hit represents the oral microbiota and the second hit the
impact of the systemic disease on the local inflammation. RA
may amplify the inflammatory response in the periodontium,
which in turn modifies the microbiota (Golub et al. 2006).
Chronic systemic inflammation in RA may affect levels of
inflammatory cytokines in oral tissues (Mirrielees et al. 2010).
RA in rodents increases the expression of inflammatory cyto-
kines in the periodontium, such as TNF-a, IL-1, IL-6, and
IL-17 (Queiroz-Junior et al. 2011). RA subjects also show
increased salivary concentration of IL-17, TNF-a, and IL-33
(Corréa et al. 2018, unpublished results) similar to observa-
tions in SLE (Corréa et al. 2017). It is noteworthy that studies
examining other diseases showed a link between IL-17 and
disturbances in the microbiota, such as LAD-1 (leukocyte
adhesion deficiency 1) and oral lichen planus (Moutsopoulos
et al. 2014; Wang et al. 2014).

RA alters the oral microbiome qualitatively and quantita-
tively in animal studies. Mice with RA exhibit higher levels of
Parvimonas micra, Selenomonas noxia, and Veionella parvula
(Corréa et al. 2016). In humans, the RA-associated microbi-
ome is substantially different from that of healthy controls.
Anaerobic species such as Lactobacillus salivarius, Atopobium,
Leptotrichia, Prevotella, and Cryptobacterium curtum are
enriched in the oral microbiota of RA patients, and health-
associated Corynebacterium and Streptococcus genera are
reduced (Scher et al. 2012; Zhang et al. 2015). We also found
that RA increases the microbial biomass approximately 1-log

and alters the composition with increased numbers of patho-
genic bacteria (Corréa et al. 2018, unpublished results). RA
patients without periodontitis have an enrichment in periodon-
titis-associated bacteria, such as Prevotella (e.g., P. melanino-
genica, P. denticola, P. histicola, P. nigrescens, P. oulorum, and
P. maculosa), and other pathogenic species (S. noxia, S. sputi-
gena, and Anaeroglobus geminatus) (Corréa et al. 2018,
unpublished data). In addition, RA subjects have a reduction of
health-associated species (Streptococcus, Rothia aeria,
Kingella oralis, Haemophilus, and Actinomyces) (Corréa et al.
2018, unpublished data). These data are summarized in Table 2.

The microbial composition of the gut in early RA differs
from controls, with a reduction of Bifidobacterium and
Bacteroides and an increase in Prevotella (Horta-Baas et al.
2017). Similarly, Prevotella species are also enriched in the
saliva (Zhang et al. 2015) and subgingival microbiota (Corréa
et al. 2018, unpublished) of RA subjects. Interestingly,
Prevotella copri has a high capacity to induce Thl7-related
cytokines, and Prevotella sp. is associated with Th17-mediated
mucosal inflammation (Larsen 2017).

The increased levels of inflammatory mediators in the peri-
odontal tissues of subjects with RA and other diseases may
change the ecologic conditions to favor pathogenic bacterial
species and promote periodontitis (Abusleme and Moutsopoulos
2017). Inflamed subgingival sites, which exhibit a low redox
potential, support a microbial community with higher propor-
tions of obligate anaerobic bacteria (Dewhirst 2010; Diaz
2012; Griffen et al. 2012). Local inflammation enhanced by
systemic disease may change the microbial composition
toward one that is adapted to an inflammatory environment
and more capable of inducing inflammation. The increased
inflammation caused by RA coupled with microbial changes
may amplify periodontal inflammation and explain the greater
susceptibility to periodontitis that we and others have observed
in these patients (de Smit et al. 2015). Therefore, changes in
systemic and local inflammation may disrupt microbial homeo-
stasis and consequently increase bacterial pathogenicity and
periodontal disease susceptibility (see Table 1). Conversely,
RA treatment improves periodontal status and affects the oral
microbiome (Zhang et al. 2015). Disease-modifying antirheu-
matic drugs reduce inflammation and the severity of RA, and
alter the gut and oral microbiota (Zhang et al. 2015). For exam-
ple, bacteria that are associated with oral health as Prevotella
maculosa are increased after RA treatment. These results sug-
gest that controlling inflammation can shift the microbiota to a
“healthy status,” restoring systemic and oral/periodontal
homeostasis.

Oral Microbiota and SLE

SLE is an autoimmune disease characterized by persistent
inflammation that leads to tissue damage in multiple organs,
including kidneys, lungs, joints, heart, and brain. The etiology
of SLE includes genetic and environmental factors (Lopez
et al. 2016) and is linked to microbial dysbiosis (Hevia et al.
2014; Lopez et al. 2016; Corréa et al. 2017).
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Table 2. Specific Changes in the Bacterial Community Associated with Diabetes, RA, or SLE.

Genera

Elevated in Human Diabetes

Elevated in Human SLE

Elevated in Human RA

Capnocytophaga, Pseudomonas, Bergeyella,
Sphingomonas, Corynebacterium,
Propionibacterium, and Neisseria®

Streptococcus, Actinomyces, and Rothia®

Prevotella, Tannerella, and Pseudomonas’

TM7, Aggregatibacter, Neisseria, Gemella, Eikenella,
Selenomonas, Actinomyces, Capnocytophaga,
Fusobacterium, Veillonella, and Streptococcus”

Prevotella oulorum, P. nigrescens, P. oris, Selenomonas Lactobacillus salivarius, Atopobium, and
noxia, Leptotrichia, and Lachnospiraceae”

Cryptobacterium curtum®

Leptotrichia and Prevotella®

Prevotella (e.g., P. melaninogenica, P. denticola, P.
histicola, P. nigrescens, P. oulorum, P. maculosa),
Selenomonas noxia, S. sputigena, and Anaeroglobus
geminatus®

Reduced in Human Diabetes

Reduced in Human SLE

Reduced in Human RA

Actinomyces, Atopobium, Bifidobacterium, Scardovia, Capnocytophaga, Rothia, Haemophilus
parainfluenzae, and Streptococcus®

Atopobium, Corynebacterium, and Rothid'
Porphyromonas, Filifactor, Eubacterium, Synergistetes,
Tannerella, and Tre,’,)onemah

Corynebacterium, Streptococcus, and Haemophilus®

Streptococcus, Rothia aeria, Kingella oralis,
Haemophilus, and Actinomyces®

RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.
*Ganesan et al. (2017).

®Corréa et al. (2017).

“Zhang et al. (2015).

dde Groot et al. (2017).

Scher et al. (2012).

Zhou et al. (2013).

&Corréa et al. (2018, unpublished results).

"Casarin et al. (2012).

‘Long et al. (2017).

In the oral cavity, the manifestations of SLE include unspec-
ified oral ulcers (Jensen et al. 1999), xerostomia, hyposaliva-
tion (Jensen et al. 1999), and increased periodontal disease
(Mutlu et al. 1993; Kobayashi et al. 2003; Corréa et al. 2017).
In a meta-analysis, a 1.76-fold increased risk of periodontal
disease in SLE subjects was reported (Rutter-Locher et al.
2017). The increased risk is associated with changes in local
and systemic inflammatory pathways, as demonstrated by ele-
vated levels of cytokines (e.g., IL-6, IL-17, and IL-33) in the
saliva of SLE patients (Marques et al. 2016; Corréa et al. 2017,
Mendonga et al. 2018). The inflammatory changes have been
linked to dysbiosis of the subgingival biofilm in SLE subjects,
as described in Figure 1. These observations are based on
human studies. However, functional studies linking specific
microbiota disturbances and inflammatory pathways with peri-
odontal damage in SLE have not been reported as they have
been for diabetes (Xiao 2017).

It was demonstrated that SLE patients have a higher bacte-
rial load as compared with healthy subjects (Jensen et al. 1999;
Corréa et al. 2017) with an altered bacterial composition.
High counts of Lactobacilli and Candida albicans are found in
the oral cavity of SLE patients versus controls (Jensen et al.
1999). SLE subjects have reduced microbial diversity with
greater proportions of pathogenic bacteria (Corréa et al.
2017). Bacteria associated with periodontal disease, including
Prevotella oulorum, P. nigrescens, P. oris, Snoxia, Leptotrichia,
and Lachnospiraceae, are elevated in SLE subjects, even in
periodontally healthy sites (Corréa et al. 2017). In addition,

bacteria commonly associated with periodontal health, such as
Capnocytophaga, Rothia, Haemophilus parainfluenzae, and
Streptococcus, are diminished in SLE patients with periodonti-
tis. Changes in the microbiota in SLE patients are summarized
in Tables 1 and 2. Moreover, the presence of pathogenic bacte-
ria is positively correlated with the level of systemic inflamma-
tion, measured by serum C-reactive protein (Corréa et al.
2017). Overall, a worsening periodontal condition is correlated
with systemic inflammation (Corréa et al. 2017). In line with
these findings, periodontal treatment improves the response to
conventional therapy in SLE patients with a reduction of dis-
ease activity (Fabbri et al. 2014). Increased inflammation may
provide a source of nutrients in the form of tissue breakdown
products and may alter the environment, favoring the growth
of anaerobic bacteria (Hajishengallis 2014). In turn, changes in
the microbiota might be important to amplify local inflamma-
tion and periodontal tissue damage, worsening the impact of
the systemic disease on periodontal health. Taken together,
these data highlight the connection between the microbiota and
SLE and suggest that reduced inflammation will promote the
formation of a less pathogenic oral microbial profile.

Changes in the gut microbiome in SLE patients have been
reported and are reflected by increased diversity compared
with healthy individuals (Hevia et al. 2014; Lopez et al. 2016).
Lupus-prone mice have depleted lactobacilli and an increase in
Clostridial species (Lachnospiraceae) associated with an over-
all increase in bacterial diversity (Zhang et al. 2014; Mu et al.
2017). As a proof of concept, increasing Lactobacillales in the
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gut of mice by adding a mixture of 5 Lactobacillus strains led
to an improvement of SLE severity and prolonged survival
(Mu et al. 2017). In line with these results, the relative abun-
dance of Lactobacillales seems to be restored in SLE patients
without active disease (Hevia et al. 2014).

Concluding Remarks

Systemic diseases may share common risk factors that lead to
an increased inflammatory response when there is an interrup-
tion in equilibrium. For example, the host response to oral bac-
teria may be altered by systemic diseases such as diabetes, RA,
SLE, and LAD-1 so that the degree of inflammation induced is
greater than it would be in normal conditions. The local peri-
odontal inflammation may in turn alter the competition among
bacterial species by affecting nutrient availability or redox
potential and/or altering gene expression within a bacterial
community. These changes may then enhance the pathogenic-
ity of the microbiota to further activation of the inflammatory
pathways. IL-17 and other cytokines may play a pivotal role in
this process. Microbial changes observed in systemic diseases
generally reduce microbial diversity and shift bacterial compo-
sition by increasing taxa that are generally considered to be
“pbad” and reducing those that are “good” (see Table 1).
However, the assignment to “good” and “bad” categories is an
oversimplification and needs to be experimentally justified, as
recently reported for murine diabetic studies (Xiao et al. 2017).
Furthermore, it is widely recognized that several systemic dis-
eases cause increased periodontal inflammation with the
assumption that the primary component was a straightforward
upregulation of pro-osteoclastogenic factors (Xiao et al. 2016).
However, this may be an oversimplification, as the inflamma-
tory changes may induce an amplification loop in which the
bacterial component becomes more pathogenic. We propose
that a central mechanism for altering the microbiota is increased
IL-17. We also recognize that IL-17 operates in concert with
other inflammatory cytokines and that an overall dysregulation
of these mediators may contribute to host alterations that lead
to microbial dysbiosis. This concept and the downstream
events that specifically alter the composition or behavior (gene
expression) of bacteria need further investigation to render this
hypothesis more precise.
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