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The gastrointestinal tract traverses from 
mouth to anus and harbours diverse 
communities of bacteria that are specifically 
evolved to survive in each of the ecological 
niches along its length. The complex 
mutualistic relationship between host and 
microorganism has evolved over many 
thousands of years1 and is important 
in the maintenance of human health2. 
Perturbations to the host–microbiota 
network in the gastrointestinal tract are 
linked to numerous localized and systemic 
diseases, including inflammatory bowel 
disease (IBD)3, periodontitis4, liver disease5 
and colorectal cancer (CRC)6.

IBD refers to a number of conditions 
characterized by chronic, patchy and 
remittent gastrointestinal inflammation. 
Ulcerative colitis and Crohn’s disease are 
the most common forms of IBD but have 
distinct aetiologies and manifestations, with 
ulcerative colitis localizing to the colon 
and Crohn’s disease occurring anywhere 
along the gastrointestinal tract. IBD has a 
high prevalence in Western societies and 
increasing incidence in newly industrialized 
nations7. The pathogenesis of IBD is 
complex and multifactorial, with genetic, 
environmental and microbial factors 
converging to initiate dysregulated immune 

translocate from the oral cavity to directly 
exacerbate diseases of distal locations, 
particularly the intestine. This Perspective 
highlights an accumulating body of literature 
that outlines a direct role for oral-​associated 
bacteria in IBD pathogenesis. We explore the 
altered bacterial and immune compartments 
in periodontitis and IBD, proposing a 
model by which oral-​associated species 
might expand in the inflamed intestinal 
environment to exacerbate inflammation. 
We highlight oral bacteria that have been 
associated with other diseases that have a 
high co-​occurrence with IBD, including liver 
disease and CRC. In our opinion, further 
research is warranted to characterize the 
microbial and immune players involved in 
intestinal disease driven by oral bacteria.

Oral bacteria in the intestine
The microbiotas of the oral cavity, small 
intestine and large intestine have distinct 
bacterial compositions11–13. Microhabitats 
with divergent bacterial communities exist 
within each of these anatomical sites11,12, 
which might not be well represented by 
commonly used sampling methods (Box 1).

Intestinal bacterial dysbiosis, defined 
as a substantial change in the microbial 
population structure accompanied by a 
pathological change, is common in IBD with 
general decreases in intestinal bacterial load, 
diversity and stability often observed14–16. 
Signatures such as a decrease in obligate 
anaerobic butyrate-​producing strains 
with a concomitant increase in facultative 
anaerobes have been well described14–19. 
In the following section, we evaluate the 
evidence suggesting that oral-​associated 
microbial species are enriched in the 
intestine of patients with IBD. Studies have 
also implicated non-​bacterial microbes 
and viruses in periodontitis and IBD, 
particularly certain fungi, including Candida 
albicans20,21. However, owing to the relative 
paucity of studies that have explored the 
potential role of non-​bacterial species in 
IBD and periodontitis, we have focused 
this Perspective on the bacterial element of 
the microbiota. We discuss the increased 
incidence of bacterial-​associated oral 
disease, particularly periodontitis, within 
IBD cohorts22–26 and the potential effects on 
bacterial composition and function in the 
oral cavity.

activation towards the intestinal microbiota8. 
The role of the intestinal microbiota in IBD 
is an area of intense research and clinical 
interest, with alterations — particularly to 
the bacterial microbiota — well documented 
and specific taxa implicated in pathogenesis8.

Genomic sequencing has identified 
intestinal enrichment of oral-​associated 
bacteria as a potential microbial signature 
in IBD (Table 1). As in IBD, dysregulated 
host–microbiota interactions are crucial 
to the pathogenesis of many oral diseases, 
particularly periodontitis. Periodontitis 
is a chronic, progressing inflammatory 
condition that can lead to localized bone 
loss but is additionally linked with multiple 
systemic diseases4. Unresolved inflammation 
during the progression of periodontitis 
selects for the outgrowth of virulent 
bacteria that continue to drive disease4. 
Several systemic markers of inflammation 
are elevated in patients with periodontitis, 
which might provide an indirect mechanism 
by which oral bacteria contribute to 
systemic diseases9. Other mechanisms might 
include myeloid skewing of haematopoietic 
progenitor cell differentiation, which can 
further exacerbate inflammatory disease10.

However, emerging evidence supports 
the hypothesis that bacteria might also 
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Abstract | Over the past two decades, the importance of the microbiota in health 
and disease has become evident. Pathological changes to the oral bacterial 
microbiota, such as those occurring during periodontal disease, are associated 
with multiple inflammatory conditions, including inflammatory bowel disease. 
However, the degree to which this association is a consequence of elevated oral 
inflammation or because oral bacteria can directly drive inflammation at distal sites 
remains under debate. In this Perspective, we propose that in inflammatory bowel 
disease, oral disease-​associated bacteria translocate to the intestine and directly 
exacerbate disease. We propose a multistage model that involves pathological 
changes to the microbial and immune compartments of both the oral cavity and 
intestine. The evidence to support this hypothesis is critically evaluated and the 
relevance to other diseases in which oral bacteria have been implicated (including 
colorectal cancer and liver disease) are discussed.
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In the healthy intestine
Before attempting to draw conclusions 
on the potential intestinal enrichment 
of oral-​associated bacteria in IBD, it 
is important to consider the degree to 
which these bacteria might colonize the 
healthy intestine. The oral cavity contains 
a number of microbial niches, which can 
be divided into the soft buccal, lingual and 
tongue mucosae and the hard supra and 
subgingival surfaces of the teeth; these sites 
have divergent microbiotas13,27,28 (Fig. 1) 

defined by varying substrata and nutrient, 
oxygen, salivary and pH gradients11. Unlike 
the communities in the intestine, the oral 
bacterial microbiota is remarkably stable 
over time29. In oral mucosal sites such as 
the tongue dorsum, Streptococcus is the 
most abundant genus, with Haemophilus, 
Prevotella, Veillonella, Rothia and Neisseria 
also prevalent29. Some of these organisms 
act as consortia, forming complex organized 
structures that are intimately attached to 
host epithelial cells30. The tooth-​adherent 

plaque microbial communities are the 
most diverse in the oral cavity and form 
complex multispecies biofilms11,31. Physical 
and metabolic interactions between species 
within this biofilm, such as the structural 
linkage between Corynebacterium spp., 
Streptococcus spp. and Actinomyces spp.31, 
are critical for supporting healthy dynamics 
within the oral microbial community. Many 
organisms in the oral bacterial microbiota 
are capable of using nitrate as a terminal 
electron acceptor during metabolism13, 

Table 1 | Oral-​associated bacterial species enriched in the intestine of patients with IBD

Species Cohort Method Sample Comments Ref.

Campylobacter concisus Paediatric CD, 
Australia

Species-​specific PCR Stool Enriched in disease 46

Fusobacterium nucleatum CD and UC, 
Canada

Isolation, culture, 16S 
rRNA gene sequencing

Colonic biopsy Enriched in disease 37

F. nucleatum, Haemophilus 
parainfluenzae, Veillonella 
parvula, Eikenella corrodens, 
Gemella morbillorum

Paediatric CD, USA 16S rRNA gene 
sequencing

Ileal and rectal 
biopsies, stool

Enriched in disease; associated with disease 
progression; oral-​associated species better 
represented in biopsy samples than in 
stool; changes observed upon antibiotic 
treatment

18

C. concisus CD and UC, 
Denmark

Isolation, culture, PCR Ileal and 
colonic biopsies

Enriched in disease 47

Streptococcus spp. 
and Collinsella spp. in 
UC, Dialister spp. and 
Fusobacterium spp. in CD

CD and UC, Spain, 
Belgium, UK and 
Germany

16S rRNA gene 
sequencing

Stool Higher relative abundance of Streptococcus 
spp. in patients with postoperative 
recurrence when compared to patients who 
remained in remission

50

Rothia spp., Streptococcus 
spp., Neisseria spp., 
Prevotella spp., Gemella 
spp., Klebsiella pneumoniae, 
Klebsiella aeromobilis

CD and UC, Japan 
and USA

16S rRNA gene 
sequencing, 
metagenomic database 
analysis

Stool Enriched Klebsiella spp. in disease and 
enrichment of virulence genes within  
these species

51

Veillonella dispar, 
Aggregatibacter segnis, 
Campylobacter spp.,  
V. parvula, H. parainfluenzae

Paediatric UC, USA 
and Canada

16S rRNA gene 
sequencing

Rectal biopsies 
and stool

Enriched in disease; associated with disease 
progression; some oral-​associated species 
better represented in biopsy samples than 
in stool

48

Veillonella spp., 
Fusobacterium spp., 
Streptococcus spp.

PSC, IBD (UC or 
CD) or PSC with 
concomitant IBD 
(PSC–IBD, which 
includes PSC–UC 
and PSC–CD), 
Belgium

16S rRNA gene 
sequencing

Stool Abundance is associated with levels of 
faecal calprotectin

129

Prevotella spp. (including  
P. melaninogenica and  
P. tannerae), Gemella 
spp., Fusobacterium spp., 
Aggregatibacter spp., 
Corynebacterium spp.

CD and UC, USA 16S rRNA gene 
sequencing

Diseased 
and adjacent 
healthy colonic 
biopsies

Enriched in diseased biopsy samples 49

K. pneumoniae,  
H. parainfluenzae,

CD and UC, USA Metagenomic, 
metatranscriptomic and 
metabolite profiling, 16s 
rRNA gene sequencing

Colonic biopsy, 
stool

Acylcarnitine and bile acid levels associated 
with K. pneumoniae and H. parainfluenzae 
during dysbiosis

130

Klebsiella spp. CD and UC, Ireland 16S rRNA gene 
sequencing

Diseased 
and adjacent 
healthy colonic 
biopsies

Klebsiella spp. enriched in disease and has 
100% 16S rRNA gene sequence identity to 
the antibiotic-​resistant Klebsiella isolated 
from the oral cavity of a patient with  
CD in ref.51

131

F. nucleatum CD and UC, China 16S rRNA gene 
sequencing

Stool Enriched in disease; associated with disease 
activity

113

Key papers that show enrichment of oral-​associated bacterial species in the intestine of individuals with inflammatory bowel disease (IBD) are included. CD, 
Crohn’s disease; PSC, primary sclerosing cholangitis; rRNA, ribosomal RNA; UC, ulcerative colitis.
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outlining the importance of this community 
in processing host nitrate excreted in the 
saliva. However, these normally stable 
community structures in the mouth do 
change substantially in disease32.

A study involving the analysis of 
large faecal and salivary datasets from 
different countries suggested high levels of 
colonization of the intestine by oral species, 
which purportedly account for ~2% of 
classifiable microbial abundance in faeces29. 
Profiling of microbial single nucleotide 
variants as a proxy for strain population 
structure demonstrated that oxygen-​tolerant 
species were highly represented in oral 
bacteria that had reportedly translocated 
to the intestine in healthy individuals, 
including Fusobacterium spp., Streptococcus 
spp., Veillonella spp. and Haemophilus 
spp.29. However, a considerable limitation 
of this study is the lack of culture-​based 
analysis to determine the presence of viable 
oral bacteria in the intestine. Numerous oral 
bacteria are swallowed daily33,34, which might 
provide the material that is detected in the 
genomic content of stool in the absence of 
live cells. The oral bacteria Dialister invisus 
has, for example, been detected at the DNA 
level in stool; however, transcriptomic 
sequencing has determined that it might 
be transcriptionally inactive, suggestive of 
a non-​growing or non-​viable population14. 
However, viable oral-​associated species, 
including Streptococcus salivarius, Veillonella 
parvula, Fusobacterium nucleatum and 
Campylobacter concisus, have been cultured 
from healthy human intestinal content35–37, 
although the small sample sizes of these 
studies makes it difficult to conclude the 
prevalence in the wider population. Further 
research is required to establish the viability 
of oral bacteria in the intestine, although 
these culture-​based studies do indicate 
that the presence of live organisms derived 
from the oral cavity might not be an isolated 
occurrence.

The acidic conditions of the stomach 
and resistance to colonization provided 
by the intestinal microbiota have largely 
been thought to prevent extensive live 
bacterial transmission to more distal 
parts of the gastrointestinal tract38,39. The 
mechanisms behind colonization resistance 
are manifold, including a commensal 
competitive advantage during homeostasis 
and interactions with the host immune 
system39,40. Murine models have supported 
the importance of colonization resistance in 
limiting the colonization of the intestine by 
oral bacteria41. Human oral species colonize 
the intestine of germ-​free mice but these 
species are largely out-​competed following 

co-​housing with mice colonized with 
faecal microbiota41. In this model, however, 
increased proportions of Streptococcus 
spp. and Porphyromonas spp. persisted in 
the small intestine even upon co-​housing, 
suggesting that this site might permit the 
survival of some oral bacteria41 — perhaps 
because of its closer proximity to the oral 
cavity and lower microbiota stability in 
comparison to the colon.

The minimal overlap observed in 
microbiota composition between faecal 
and oral samples from multiple cohorts42–45 
suggests that, in health, colonization of the 
intestine by oral bacteria is limited. However, 
the presence of viable oral species, such as 
F. nucleatum, indicates that certain bacteria 
can translocate from the oral cavity to 
colonize the intestine35–37.

In the IBD intestine
We now discuss the clinical data that 
describes the expansion of oral-​associated 
bacteria in the intestine as an emerging 
microbial signature in IBD (Table 1). 
C. concisus and F. nucleatum were amongst 
the first oral bacteria implicated in IBD, in 
2010 and 2011, respectively37,46. Both of these 
bacteria are enriched in IBD as detected 
not only by genomic analysis of stool but 
also by culture from intestinal biopsy 
samples37,47 (Table 1). These findings suggest 
that viable C. concisus and F. nucleatum can 
translocate to the intestine to colonize the 
mucosal niche and that this phenomenon is 
associated with IBD. However, as the sample 
sizes of these initial studies were small, did 
not span multiple geographic locations 
and were conducted at a single time-​point, 
the degree to which they could implicate 
C. zconcisus and F. nucleatum in IBD of a 
wider demographic was limited.

The rapid advancement of sequencing 
technology has provided a wealth of 
information that can associate specific 
taxa with disease over large multinational 
cohorts. The characterization of bacterial 

composition via 16S rRNA gene sequencing 
has been hugely popular in this regard 
and has provided further evidence of the 
association of intestinal enrichment of 
oral-​associated bacteria with IBD (Table 1). 
This signature was first well defined in 
treatment-​naive paediatric patients with 
Crohn’s disease18 in whom F. nucleatum, 
Haemophilus parainfluenzae and V. parvula 
were found to be enriched in the mucosa 
and stool18. Notably, other oral taxa 
were associated with disease severity; 
for example, Veillonella spp. and Rothia 
mucilaginosa were enriched in patients with 
deep ulcers18. Intestinal expansion of oral 
bacteria in treatment-​naive IBD was later 
observed in paediatric ulcerative colitis48. 
Longitudinal analysis illustrated that severe 
disease in this ulcerative colitis cohort was 
associated with the presence of oral taxa, 
including Veillonella dispar, V. parvula, 
H. parainfluenzae and Campylobacter spp.48. 
Oral species were better represented in the 
mucosa than in stool – with Fusobacterium 
spp. found at twice the abundance in 
intestinal tissue biopsy samples than 
in stool48. Some oral bacteria might 
therefore highly colonize the inflamed 
intestinal mucosa. Indeed, Prevotella spp., 
Streptococcus spp., Veillonella spp. and 
Fusobacterium spp. are enriched in diseased 
colonic biopsy samples when compared 
to adjacent healthy tissue of an adult IBD 
cohort49. Faecal samples from diverse 
IBD cohorts have also illustrated intestinal 
enrichment of oral bacteria. Fusobacterium 
spp. are among those enriched in Crohn’s 
disease, forming part of a microbial 
signature that accurately classifies disease; 
however, increased taxonomic resolution is 
needed to accurately describe oral strains50.

Intestinal enrichment of Klebsiella spp., 
particularly Klebsiella pneumoniae, has been 
associated with IBD in multiple studies 
(Table 1). Klebsiella spp. are members of the 
Proteobacteria family and are considered 
important opportunistic pathogens of 

Box 1 | Sampling challenges for defining microhabitat-​specific microbiota composition

Distinct microhabitats with divergent microbiota compositions exist within the oral cavity, small 
intestine and large intestine. Although the microbiota consists of multiple forms of life, including 
bacteria, fungi, protozoa and viruses, the bacterial component has been the most well characterized 
and is therefore the focus of this article. Owing to ease of sampling, saliva and faeces are often used 
to determine the composition of the oral and intestinal microbiotas, respectively. However, these 
types of samples are not representative of the distinct microbial niches at these sites, with the 
salivary microbiota largely a combination of bacteria derived from the tongue dorsum and buccal 
mucosa and the faecal microbiota mostly representative of the colonic microbial community43,132. 
To determine localized changes in microbiota composition it is therefore preferable to sample sites 
directly as with plaque scrapings or intestinal mucosal biopsies. However, this approach introduces 
potential sampling bias, particularly for intestinal biopsy samples, for which only a small proportion 
of the tissue is analysed. The appropriateness of sampling methods must be considered when 
attempting to characterize localized microbiota composition.
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multiple tissues. As such, their presence in 
the oral cavity has largely been thought to 
be indicative of systemic illness. However, 
Klebsiella spp. have been identified in healthy 
human saliva51,52, although substantial strain 
variability exists when compared to isolates 
from the saliva of individuals with IBD51 
(Box 2). The oral cavity could therefore act as 
a reservoir for opportunistic pathogens able 
to colonize the intestine, which might be 

more prevalent in individuals with chronic 
illnesses such as IBD.

The genomic sequencing approaches 
used in many of these studies have allowed 
for the association between the intestinal 
enrichment of oral taxa and IBD to be made 
in large longitudinal datasets over multiple 
sizable cohorts. As described previously, 
these studies must be complemented by 
culture-​based analysis to determine the 

presence of viable bacteria as has been 
done for C. concisus and F. nucleatum37,47. 
However, the finding that oral bacteria 
are highly enriched in IBD biopsy 
samples that are cleared of faecal material 
suggests that these bacteria might actively 
colonize the intestinal mucosal niche. 
A direction for future studies should be 
meta-​transcriptional analysis to determine 
the active functional pathways that might be 
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Fig. 1 | Commonalities in the inflammatory pathology of the gingiva in 
periodontitis and the intestine in IBD. In both periodontitis and inflam-
matory bowel disease (IBD), multiple factors converge to initiate disease. 
In periodontitis, the expansion of keystone pathogens able to penetrate 
gingival tissue and evade aspects of host immunity contributes to the 
emergence of dysbiosis6. The response to the emerging dysbiosis includes 
inflammation mediated by IL-1β, IL-6 and TNF, orchestrated by gingival 
structural cells and immune cells70. This environment promotes T helper 1 
(TH1) and TH17 responses, which increase levels of reactive oxygen species 
(ROS) and nitric oxide (NO), contributing to further tissue destruction and 
TH17 involvement in the establishment of chronic disease70. The subse-
quent increase in available degraded host proteins and haem facilitates 
the further expansion of virulent bacteria, including Klebsiella spp., 

Prevotella spp. and Campylobacter spp.4. In IBD, impaired barrier function, 
characterized by a reduction in the integrity of the mucus and epithelial 
barrier and an increase in epithelial apoptosis, is an early pathological 
event3. This promotes the dissemination of microbes into the underlying 
tissue3. As in periodontitis, this drives a pathological feedback loop 
between a dysbiotic microbiota and the host immune system8. In IBD, an 
influx of activated granulocytes increases O2 concentrations, partially 
through the release of ROS. Pro-​inflammatory cytokines drive TH1 and TH17 
responses that promote further tissue damage and chronic disease3. This 
inflammatory environment supports the outgrowth of virulent bacterial 
strains, such as Escherichia coli, Ruminococcus spp. and Campylobacter  
spp., at the expense of obligate anaerobic commensals, including 
Faecalibacterium prausnitzii3.
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involved in the pathogenesis of oral bacteria 
in the intestine during IBD.

The oral microbiota in IBD
The potential intestinal enrichment of 
oral-​associated bacteria in IBD promotes 
discussion on changes to the oral bacterial 
community that might be implicated in 
turn. IBD is associated with a bacterially 
driven oral disease, namely periodontitis22–25. 
Periodontitis is a chronic inflammatory 
disease of the tooth-​supporting tissues 
(Box 3), during which species diversity and 
bacterial load in the subgingival biofilm are 
substantially increased32. In patients with 
active periodontal disease, periodontitis 
severity and biofilm abundance are 
reportedly higher in individuals who 
also have IBD25. Genetic risk-​association 
studies have identified some commonalities 
in pathways implicated in both diseases, 
including inflammasome-​mediated 
inflammation53,54. However, further research 
is warranted, particularly in individuals 
who seem to have periodontitis and IBD as 
comorbidities, to provide insight on genetic 
susceptibility to both diseases and the 
pathways important in this association.

Despite the apparent association between 
periodontitis and IBD, data regarding 
the oral microbiota in IBD is limited. 
Salivary oral dysbiosis at baseline in IBD 
has been associated with local and systemic 
inflammatory markers55,56. Veillonella 
spp. were substantially enriched in the 
saliva of two IBD cohorts, correlating 
with increased levels of circulating 
lymphocytes55,56. Prevotella spp. were also 
enriched in the saliva of an IBD cohort 
and positively correlated with increased 
levels of salivary IL-1β56. Prevotella spp. 
expand during periodontitis and upregulate 
the expression of virulence-​associated 
genes57,58. Enrichment of pathways involved 
in oxidative stress and virulence has also 
been documented in the salivary IBD 
microbiota55, which might contribute to 
localized and systemic inflammation. The 
correlation of oral dysbiosis with local and 
systemic immune markers indicates that the 
interaction between the oral microbiota and 
immune system in IBD might be disrupted, 
even in the absence of obvious oral disease.

To determine compositional changes 
in IBD that are relevant in periodontitis 
it is preferable to characterize the 
tooth-​adherent microbiota (which 
drives the pathology of periodontitis) 
rather than the total salivary microbiota 
(Box 1); however, few data are available 
regarding this community in patients 
with IBD. At baseline, Capnocytophaga 

spp. and Rothia spp. were enriched in the 
subgingival biofilm of a paediatric Crohn’s 
disease cohort59. Treatment of this cohort 
with an anti-​TNF biologic agent that 
improved clinical outcomes reduced the 
biofilm abundance of Fusobacterium spp., 
Porphyromonas spp. and Prevotella spp.59. 
Mechanisms underlying anti-​TNF-​induced 
changes in the oral biofilm and how this 
contributed to improved clinical outcome 
are probably linked to the anti-​inflammatory 
properties of this regime. Enhanced oral 
dysbiosis might contribute to the increased 
periodontitis prevalence and severity 
amongst individuals with IBD22–25.

Although preliminary evidence 
supports enhanced oral dysbiosis at 
baseline and during periodontitis in IBD, 
higher powered longitudinal studies that 
consider confounding clinical, demographic 
and geographic factors are required. 
If accompanied by paired analysis at a 
sub-​species resolution of the intestinal 
microbiota within the same individual, the 
possibility of oral seeding of the intestinal 
microbiota could be characterized. 
Combining this approach with longitudinal 
analysis of clinical data would determine if 
an association exists between oral dysbiosis, 
oral disease, colonization of the intestine 
by oral-​associated bacteria and intestinal 
inflammation in IBD.

Oral and intestinal inflammation
At oral and intestinal sites, the interaction 
between the immune system, epithelium 
and microbiota is crucial to maintain 
proper tissue function and homeostasis. 
In periodontitis and IBD, dysregulated 
interactions between these compartments 

underlie chronic inflammatory pathology3,4 
(Box 3; Fig. 1). In the following section, we 
describe the oral and intestinal immune 
landscape in periodontitis and IBD to 
highlight potential shared mechanisms that 
promote dysbiosis.

Oral inflammation in periodontitis
A particularly vulnerable site in the oral 
cavity is the junctional epithelium, a thin 
undifferentiated layer within the gingival 
crevice that attaches the mucosa to the tooth 
and contacts the tooth-​adherent biofilm60 
(Fig. 1). To protect this highly vulnerable site, 
the gingival immune system is specialized 
for continued surveillance, activity and 
defence60. Neutrophils constitute a key 
defensive measure in the gingiva, controlling 
the microbiota through phagocytosis, 
degranulation, secretion of antimicrobial 
peptides and the formation of neutrophil 
extracellular traps61.

Multiple factors, including genetic 
susceptibility, microbiota composition and 
lifestyle are thought to converge to initiate 
and promote periodontitis4. As described in 
Box 3, feedback between the host immune 
system and a dysbiotic biofilm is central 
to disease pathogenesis4 (Fig. 1). The early 
stages of the disease are often characterized 
by destructive inflammation orchestrated by 
IL-1β, IL-6 and TNF signalling that recruits 
myeloid cells, which, when activated, release 
reactive oxygen species and nitric oxide62,63. 
T helper 1 (TH1)-​mediated immunity has 
been implicated in oral inflammation in 
periodontitis64. However, the importance 
of TH17-​associated responses in chronic 
periodontitis has also become apparent62,65 
(Fig. 1), with expansion of IL-17+ T memory 

Box 2 | Sub-​species level variability within the oral bacterial microbiota

The substantial genotype and phenotype diversity of the bacterial microbiota at the subspecies 
level has become apparent. A meta-​analysis of salivary and faecal microbiomes (the collective 
genomes of the microorganisms) from healthy individuals documented a large amount of genetic 
diversity between individuals, whereby approximately half of the microbial genomic content  
was reported to be unique to each sample and partially attributed to the presence of multiple 
sub-​species within individuals44. This genomic diversity is reflected in oral disease-​associated 
bacteria, with subsequent consequences on virulence. As well characterized by Atarashi et al., 
phylogenetically distinct human, mouse and environmental Klebsiella pneumoniae strains vary  
in their ability to promote colonic T helper 1 responses in a murine model51. Genes predicted  
to encode components of the T6SS (Type VI Secretion System) and enzymes involved in long-​ 
chain fatty acid uptake were enriched in the T helper 1-​inducing strains and in patients  
with inflammatory bowel disease (IBD), suggesting a potential role for these pathways in  
K. pneumoniae-​mediated intestinal inflammation51. Strain-​dependent variability in epithelial  
cell invasion and induction of pro-​inflammatory cytokine release has also been characterized  
for Fusobacterium nucleatum37 and Campylobacter concisus133. C. concisus genomic variants that 
contain secreted toxins and T4SS (Type IV Secretion System) homologous proteins have been 
identified and preliminarily associated with IBD and intestinal colonization, respectively90,92. 
Determining the genetic diversity of oral-​associated bacteria implicated in IBD and how this 
diversity translates to virulence will be crucial for understanding the mechanisms by which  
these microbes might be involved in pathogenesis.
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cells further contributing to neutrophil 
activation and inflammatory bone loss65. 
In accordance with some of these cells 
having a circulating phenotype, activated 
TH17 cells are enriched in the blood of 
patients with periodontitis66.

Oral inflammation in IBD
Preliminary investigations have shown 
changes to the oral immune compartment 
in patients with IBD that might 
contribute to enhanced oral disease in 
this population. Salivary inflammatory 
markers, including IL-1β, IL-6 and TNF, 
were enriched in a Crohn’s disease cohort 
at baseline and correlated with oral disease 
manifestation67,68. Baseline enrichment 
for TGFβ1 and nitric oxide has also been 
observed in the saliva of individuals with 
Crohn’s disease and ulcerative colitis69,70. 
The early inflammatory response might 
be upregulated in the IBD oral cavity, 
which might contribute to the reported 
increased severity of oral disease in some 
IBD cohorts22–26. However, the underlying 
mechanisms and the subsequent effect 
on microbial and immune compartments 
are unclear. Interestingly, reduced 
salivary neutrophil activation and defective 
neutrophil chemotaxis in patients with 
IBD and periodontal disease have been 
observed71,72. Indeed, defects in neutrophil 
recruitment and function are documented 
in the intestinal mucosa in Crohn’s disease73. 
Given the importance of neutrophils in 
the control of oral pathogens, potential 
differences in neutrophil recruitment and 
activity in the oral mucosa of patients with 
IBD could contribute to changes in the oral 
microbial community and disease in this 
population. This factor, in combination 
with an increased concentration of early 
destructive pro-​inflammatory cytokines, 

could create a perfect storm for the 
enrichment of virulent bacteria in the oral 
cavity in IBD.

Intestinal inflammation in IBD
As in the oral cavity, the epithelial barrier 
forms the interface between microbial and 
host immune interactions in the intestine. 
The gut-​resident immune system, which 
resides within and between the intestinal 
epithelium, is comprised of vastly complex 
innate and adaptive arms, which continually 
balance surveillance, response and tolerance 
to ensure protection against pathogens 
without hypersensitivity to commensal 
species and innocuous factors74.

Epithelial and immune pathology 
in IBD is complex and diverse but, as 
with periodontitis, is driven by feedback 
between a dysbiotic microbiota and the 
host immune system that is influenced by 
multiple genetic and environmental factors3 
(Fig. 1). An important early event in IBD 
pathology is thought to be the disruption 
of epithelial barrier integrity75. Subsequent 
penetration of microbes into underlying 
tissue might then promote destructive 
host inflammatory responses that drive 
microbial dysbiosis in IBD3. This response 
is characterized by an influx of granulocytes 
and macrophages that exacerbate 
pro-​inflammatory cytokine signalling3. 
As in periodontitis, TH1-​associated and 
TH17-​associated responses seem to underlie 
chronic pathology (Fig. 1), which is partially 
attributed to dysregulation of regulatory 
T cells3,76.

Shared inflammatory mechanisms
Given that the host immune response 
contributes to the expansion of virulent 
bacteria in both periodontitis and IBD, 
shared inflammatory mechanisms might 

promote the intestinal expansion of oral 
disease-​associated bacteria in IBD (Fig. 1). 
Increasing concentrations of nitrate during 
inflammation are of particular interest 
in this regard. Intestinal concentrations 
of nitrate, a by-​product of the host 
inflammatory response, increase rapidly 
in murine colitis models77. Here, nitrate 
respiratory-​sufficient Enterobacteriaceae 
spp. quickly outcompete obligate anaerobic 
commensals to exacerbate disease77. The 
oral bacterial microbiota is particularly 
enriched for pathways involved in nitrate 
reduction13. As with colitis, elevated nitrate 
concentrations in a murine periodontitis 
model facilitate the expansion of nitrate 
reductase-​capable bacteria, including 
Proteobacteria spp. and Veillonella spp.78. 
Transcriptome analysis of the subgingival 
microbiota in patients with periodontitis 
has revealed the increased expression of 
nitrate reductase genes, suggesting the 
importance of this pathway in the expansion 
of virulent bacteria79. Intermediary and end 
products of the nitrate reduction pathway 
are enriched in the oral cavity during 
clinical periodontitis and in the saliva, 
serum and urine in IBD and correlate with 
disease activity69,70,80–82, which suggests 
that this pathway might be upregulated in 
IBD. Several of the oral-​associated species 
enriched in the IBD intestine, including 
Veillonella spp.83, are known nitrate reducers, 
which might confer a selective advantage in 
the inflamed intestine.

The TH17 inflammatory axis has 
been implicated in both periodontitis 
and IBD3,62,65,76 (Fig. 1). The ability of 
oral migratory TH17 cells to drive 
intestinal inflammation in mice has been 
demonstrated, highlighting a shared 
intermucosal inflammatory mechanism 
between the oral cavity and intestine84. 
In this study, the authors conclusively 
demonstrated transmigration of TH17 
cells from the oral lymph to the intestinal 
lamina propria using photoconvertible 
reporter mice and parabiosis experiments84. 
The ability of these oral migratory TH17 
cells to drive intestinal inflammation in an 
IL-1β-​dependent fashion was demonstrated 
upon transfer into susceptible mice treated 
with oral Klebsiella spp.84. These findings 
clearly implicate both the microbial and 
immune compartments in the intermucosal 
inflammatory axis between the oral cavity 
and intestine. Activated TH17 cells are 
enriched in the blood of patients with 
periodontitis, although the potential 
systemic consequences of this are unclear66. 
However, the increased level of circulating 
TH17 in clinical periodontitis does raise the 

Box 3 | Feedback between microbial dysbiosis and the host inflammatory response  
in periodontitis

The pathology of periodontitis is attributed to a feedforward loop between host inflammation  
that drives the selective expansion of dysbiotic communities and the ability of these communities 
to exacerbate inflammation. The central microbial players in this pathological interaction are 
keystone pathogens, crucial to initially subvert the host immune response and instigate an 
inflammatory environment127. Porphyromonas gingivalis is the best-​defined keystone pathogen  
in periodontitis and has multiple mechanisms by which it can subvert host immunity127. Other 
periodontal microbes, such as Fusobacterium nucleatum, have shown a similar capacity to subvert 
aspects of host immunity and might also be important in disease progression134. Importantly, this 
initial impairment of host defence facilitates the outgrowth of oral biofilm, which exacerbates 
inflammation and tissue destruction127. The ongoing inflammatory environment favours the 
outgrowth of inflammophilic bacteria, such as Prevotella spp.4, that are present in healthy tissue 
but hold a selective advantage in the inflammatory state4. The diseased inflammatory environment 
can also induce transcriptional changes to promote virulence in species that are normally commensal 
in eubiosis as with the upregulation of iron uptake systems by Streptococcus oralis in periodontitis57. 
The ability of periodontal pathogens to initiate and exacerbate destructive tissue inflammation 
might be important in their role in inflammatory bowel disease.
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question as to whether these cells migrate to 
the intestine and drive inflammation as has 
been demonstrated in mice84.

Although similarities exist in 
the inflammatory environments in 
periodontitis and IBD that could 
contribute to the intestinal expansion of 
oral disease-​associated bacteria in IBD, 
substantial differences between these 
diseases must also be considered in the 
context of disease heterogeneity, particularly 
in IBD. For example, in ulcerative colitis but 
largely not in Crohn’s disease, the role of TH2 
responses has become evident, with elevated 
levels of IL-13, IL-15 and IL-33 thought to 
play a role in pathology85. However, a role 
for these cytokines and TH2-​associated 
immunity has not been well characterized 
in periodontitis. Therefore, the intestinal 
expansion of oral disease-​associated bacteria 
might be more prominent and relevant 
in certain forms of IBD. The finding that 
TH17 cells can migrate from the oral cavity 
during periodontitis and exacerbate murine 
colitis84 highlights the fact that shared 
immune mechanisms might underlie both 
diseases. Continued work characterizing 
epithelial and immune profiles that associate 
with the intestinal expansion of oral 
disease-​associated bacteria in IBD would 
help delineate the host immune factors 
important in this phenomenon.

A multistage model
We have highlighted the apparent oral 
dysbiosis, increased susceptibility to oral 
diseases (including periodontitis) and 
intestinal enrichment of oral-​associated 
bacteria in IBD. Parallels between the 
inflammatory environments of periodontitis 
and IBD that promote the outgrowth of 
oral-​associated bacteria and disruption 
to the commensal microbiota have been 
discussed. In many complex multifactorial 
diseases, theoretical models outlining 
events that increase the risk of pathogenesis 
have been described to improve our 
understanding of the disease. These models 
include a multi-​hit model for IBD, whereby 
the convergence of multiple defects in 
intestinal homeostasis (such as genetic 
susceptibility, barrier defects and dysbiosis) 
is required for disease pathogenesis86. 
We now propose a model by which oral 
disease-​associated bacteria might expand 
in the intestine during IBD and outline the 
potential pathological consequences.

This proposed model includes the 
following stages: first, enhanced abundance 
and virulence of oral disease-​associated 
bacteria and a reduction in intestinal 
colonization resistance; second, translocation 

of these bacteria to the intestine; and third, 
colonization of the intestine by these oral 
disease-​associated bacteria and exacerbation 
of disease in IBD (Fig. 2). Importantly, unlike 
a multi-​hit model, we propose that these 
events must happen in sequence for the 
final outcome to occur.

An experimental basis for this model 
was described by Kitamoto et al.84, in 
whose study periodontitis worsened 
intestinal disease in a murine colitis 
model. Oral and intestinal expansion of 
oral disease-​associated bacteria, namely 

Klebsiella spp. and Enterobacter spp., 
exacerbated colitis through innate and 
adaptive inflammatory mechanisms 
involving both oral and intestinal immunity. 
The microbial and immune axis described in 
this pioneering study provides a framework 
to explore other experimental and clinical 
data regarding the multistage model.

Stage 1
Oral expansion of disease-​associated 
bacteria in IBD. The first stage of this model 
depends on the generation and expansion of 

Stage 1

Stage 2

Stage 3

Expansion of virulent bacteria

↑ Periodontitis incidence and severity

↑ Oral dysbiosis

Reduced colonization resistance

Medication, inflammation and infection

↑ Intestinal dysbiosis

Gastrointestinal
tract

↓  Gastric
 barrier
↑  Bacterial
 translocation

Gastric acid
inhibitors
(e.g. PPIs)

Blood
vessel

T
H
17 cell

Circulation

Liver

Colitis

IFNγ

↑ Colonization and expansion
 of oral-associated bacteria
↑ Inflammation

S. mutans

Translocation

Exacerbation
of inflammation

Intestinal
colonization

Fig. 2 | The multistage model describing the intestinal expansion of oral-associated bacteria in 
IBD. The first stage is characterized by an increased abundance and virulence of oral bacteria75. The 
increased incidence and severity of periodontitis in patients with inflammatory bowel disease (IBD), 
accompanied by exacerbated dysbiosis and inflammation, might support this expansion of virulent 
bacteria. This step coincides with a reduction in intestinal colonization resistance, which can be 
caused by multiple factors, including inflammatory relapse and medications such as 
antibiotics20,48,100,101. The second stage describes how oral-​associated bacteria might then translocate 
to the intestine via the circulation or through the gastrointestinal tract. In mouse models, intravenous 
Streptococcus mutans localizes to the liver and exacerbates colitis though IFNγ signalling104. Other 
oral bacteria, such as Fusobacterium nucleatum, can survive intracellularly in immune cells, which might 
facilitate the circulatory route106. Oral reactive T helper 17 (TH17) cells that arise during periodontitis 
also travel in the blood to the intestinal mucosa75. Other oral bacteria might travel via the gastrointes-
tinal tract. This route of transmission is enhanced by a reduction in the gastric barrier, which can occur 
following the use of gastric acid secretion inhibitors such as proton-​pump inhibitors (PPIs)109–113. 
Oral-​associated bacteria that are well adapted to an inflammatory environment might then be  
able to colonize the disrupted intestinal environment and interact with host epithelial and immune 
modules to exacerbate inflammation75.
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disease-​associated bacteria in the oral cavity 
(Fig. 2). As described, periodontitis increases 
the load of virulent bacteria in the oral 
cavity. We have highlighted the increased 
incidence and severity of periodontitis, oral 
dysbiosis and increased biofilm in IBD (see 
earlier). In the periodontitis–colitis model 
described by Kitamoto et al.84, the intestinal 
expansion of oral bacteria was dependent 
on prior periodontitis, demonstrating 
the importance of oral dysbiosis for 
translocation of these bacteria.  
Although this model suggests oral to 
intestinal transmission of oral disease-​
associated bacteria, evidence of direct 
translocation is not conclusive.

The presence of genetically identical 
microbial strains in each site strongly 
indicates oral to intestinal translocation. 
Although this idea has not been widely 
explored in IBD, salivary and faecal 
microbiota single nucleotide variant analysis 
from other large multi-​cohort databases 
suggests that strains able to translocate 
are enriched for oral disease-​associated 
bacteria, including F. nucleatum, and that 
these strains are associated with diseases 
such as CRC29 (Box 4). Indeed, identical oral 
and intestinal F. nucleatum strains have been 
recorded in CRC87. In the context of IBD, 
identical strains of C. concisus, enriched in 
both the oral and intestinal mucosa in IBD47, 
have been identified47,88,89. This finding has 
determined an oral C. concisus genomic 
variant, containing a 6-​base pair insertion 
into the secreted enterotoxin B homologue 
Csep1 gene (Csep1-6bpi), which is potentially 
enriched in IBD88,90,91. An enteric strain 
containing the Csep1-6bpi gene has been 
isolated from an individual with ulcerative 

colitis92; however, further work is required 
to determine the effect of Csep1-6bpi on 
C. concisus pathogenicity, virulence and 
intestinal colonization. Metagenomic 
and metatranscriptomic analysis of oral and 
intestinal samples from larger cohorts at fine 
taxonomic resolution will be necessary to 
determine the presence and enrichment of 
identical oral bacterial strains at both sites 
in IBD, which might also define microbial 
adaptations that promote oral–intestinal 
transmission.

Disruption to the intestinal microbiota 
reduces colonization resistance. The 
second component of the initial phase 
of the multistage model postulates that 
intestinal microbiota disruption is required 
for colonization by oral-​associated 
bacteria (Fig. 2). Although the healthy 
intestinal microbiota is largely thought to 
outcompete oral strains (see earlier section), 
disruption to the intestinal environment 
permits intestinal enrichment of oral 
disease-​associated bacteria following 
periodontitis as demonstrated by Kitamoto 
et al.84. Multiple factors might reduce 
intestinal colonization resistance in IBD, 
including medication (Fig. 2).

Commonly used medications, 
including proton-​pump inhibitors 
(PPIs)93 and antibiotics94,95, can cause 
long-​term alterations to intestinal 
microbiota composition. Antibiotics  
are frequently used in the treatment  
of severe periodontitis and following 
periodontal surgery96. Enrichment of  
oral taxa in the intestine, including  
R. mucilaginosa48 and a tenfold increase 
in ileal Fusobacteriaceae18, following 

antibiotic use in IBD has been observed. 
Antibiotics also alter the oral microbiota, 
including enrichment of Fusobacterium 
spp. in the saliva94, which might further 
promote intestinal translocation and 
colonization. Intestinal translocation 
and colonization of oral bacteria might 
be exacerbated by the development of 
antibiotic resistance as demonstrated with 
an oral Crohn’s disease K. pneumoniae 
isolate able to colonize the murine 
intestine and exacerbate colitis following 
antibiotic administration51. Although the 
association between antibiotic use and 
IBD is unclear, antibiotic use in early life is 
consistently implicated in the development 
of paediatric IBD97. The contribution of oral 
disease-​associated bacteria in this context 
is not known; however, these bacteria seem 
to be enriched in the intestine of paediatric 
patients with IBD18,48.

Stage 2
Translocation to the intestine. Stage 2 in 
the proposed multistage model involves 
translocation of oral disease-​associated 
bacteria to the intestine. The route of 
translocation has not been conclusively 
determined and might vary depending on 
the bacterium involved. Bacteraemia, the 
presence of bacteria in the circulation, has 
been argued to occur during periodontitis 
owing to intimate contact of biofilm with 
damaged tissue, with some evidence that 
bacteraemia is enhanced by periodontal 
procedures98. In a mouse model, oral 
Streptococcus mutans (of which specific 
salivary serotypes are enriched in IBD) 
aggravates colitis following intravenous 
but not gastrointestinal travel99. However, 
the worsening of colitis in this model was 
driven by IFNγ-​mediated inflammation 
via localization to the liver and not the 
intestine99 (Fig. 2). Bacteraemia is not 
reported in some experimental periodontitis 
models84 and is infrequent in hospitalized 
patients with IBD100. However, the ability of 
periodontal pathogens, such as F. nucleatum, 
to evade the immune system and survive 
intracellularly in immune cells101 makes this 
route of transmission hypothetically feasible. 
Indeed, the enrichment of F. nucleatum 
in tumours from locations outside of the 
gastrointestinal tract, such as mammary 
tissue102, suggests that the circulation might 
be the primary means of travel for this 
bacterium.

An alternative route of transmission 
is via the gastrointestinal tract (Fig. 2). 
Interestingly, disruption of the gastric barrier 
might increase intestinal colonization 
by oral bacteria (Fig. 2). When colonized 

Box 4 | The role of oral bacteria in other systemic diseases

Oral bacteria have been increasingly implicated in multiple systemic diseases via diverse 
mechanisms134,135. Two diseases of particular interest in the context of inflammatory bowel disease 
(IBD) are primary sclerosing cholangitis (PSC) and colorectal cancer (CRC). PSC is characterized by 
inflammation of the bile ducts, which can progress to severe liver fibrosis and liver cirrhosis136. The 
aetiology of PSC is unknown but this disease has a high co-​occurrence with IBD, which is present in 
60–80% of patients with PSC137. Changes in the oral microbiota were apparent in a small paediatric 
PSC cohort, including an increase in Prevotella spp.138. Intestinal enrichment of oral bacteria has 
been reported in PSC, with increased abundances of Rothia mucilaginosa, Veillonella parvula,  
V. dispar and Streptococcus spp.139. These oral bacteria might be important in the pathology of both 
IBD and PSC. Whether these bacteria play a role because of systemic signalling pathways involved 
in the gut–liver axis or because of localization of oral bacteria to the liver (as demonstrated with  
S. mutans99) is yet to be determined.

CRC is one of the most common forms of cancer, to which multiple factors, including diet, 
lifestyle and genetic disposition, are thought to contribute. IBD has been identified as a major  
risk factor in the development of CRC140. The role of the microbiota in CRC has become an area  
of substantial research interest141, with oral dysbiosis and periodontitis associated with CRC142,143. 
Several oral bacteria are enriched in mucosal CRC samples, including Fusobacterium nucleatum, 
Haemophilus spp. and Rothia spp.143. Indeed, substantial evidence has implicated a mechanistic role 
for F. nucleatum in CRC, including binding to epithelial residues upregulated in CRC144, promotion 
of epithelial proliferation116 and inhibition of immune cell-​mediated toxicity towards tumours126. 
These mechanisms might also be implicated in the role of F. nucleatum in IBD.
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with human faecal microbiota, germ-​free 
mice that are genetically altered to have a 
higher gastric pH have increased intestinal 
colonization of some oral-​associated 
species such as S. salivarius103. Sequencing 
of faecal microbiota from patients who use 
drugs that increase gastric pH, including 
PPIs, has determined an enrichment 
of oral bacteria104–107. These bacteria 
include R. mucilaginosa, S. salivarius, 
H. parainfluenzae, S. mutans and 
V. parvula, the levels of which positively 
correlate with the inflammatory marker 
calprotectin104–107. Longitudinal analysis 
has demonstrated an increased abundance 
of Streptococcus spp. and Enterobacteria 
spp. after PPI use, although a higher 
taxonomic classification is needed to assign 
oral strains108. PPIs are also directly toxic 
to certain intestinal commensals93, which 
might promote oral bacterial colonization 
through the disruption of colonization 
resistance. Interestingly, PPI use might 
alter the oral microbiota as demonstrated 
by increased periodontal Fusobacterium 
spp. abundance in a small healthy cohort109. 
PPIs and other gastric acid inhibitors are 
preliminarily associated with worsening 
disease in patients with IBD, with one H2 
receptor antagonist seeming to double 
the risk of surgery or hospitalization 
in a Crohn’s disease cohort110–112. 
Determining whether intestinal expansion 
of oral bacteria is related to gastric acid 
inhibitor-​induced exacerbation of IBD 
requires longitudinal microbial and clinical 
analysis of this cohort.

Stage 3
Having discussed the evidence for the 
translocation of oral bacteria to the intestine 
in IBD, we now highlight the potential 
direct mechanisms by which these bacteria 
might be causative agents of intestinal 
inflammation. As such, the final stage of the 
multistage model suggests that, once in the 
intestine, the inflammatory environment 
in IBD permits the expansion of oral 
disease-​associated bacteria that hold a 
selective advantage in this state (see earlier 
section), through which they might then 
exacerbate inflammation and contribute to 
IBD (Fig. 3).

We explore this idea through three 
oral-​associated bacteria, F. nucleatum, 
Klebsiella spp. and C. concisus (Fig. 3). All 
are enriched in the IBD intestine and both 
F. nucleatum and K. pneumoniae exacerbate 
colitis in mouse models51,84,113. Although 
these taxa are phylogenetically diverse, 
commonalities exist in their possible 
pathological interaction with the host intestine.

Colonization of the intestine. We propose 
that one such similarity is the interaction 
with the intestinal epithelium to disrupt 
barrier integrity and instigate inflammation 
(Fig. 3). The increased abundance of oral 
disease-​associated bacteria, such as  
F. nucleatum, in mucosal intestinal samples 
in IBD suggests adaption to this niche48. 
Indeed, K. pneumoniae invades the colonic 
mucus layer in mono-​colonized mice114. 
F. nucleatum, K. pneumoniae and C. 
concisus invade human intestinal epithelial 
cell lines in a strain-​dependent fashion 
(Box 2), with intestinal IBD isolates being 
substantially more invasive37,89,113,115–121. 
These microbes disrupt junction protein 
expression and localization, which might 
increase epithelial barrier permeability 
to exacerbate disease37,89,113,115–120. The 
induction of pro-​inflammatory cytokines, 

including IL-8, IL-1β and TNF, from human 
intestinal epithelial cells by F. nucleatum, 
K. pneumoniae and C. concisus might 
promote further inflammatory pathology 
and tissue destruction120,122–124 (Fig. 3). This 
pathology might be augmented in the case 
of C. concisus through the secreted zonula 
occludens toxin (Zot)120,125 (Fig. 3).

Exacerbation of disease. Following  
F. nucleatum, Klebsiella spp. and C. concisus 
disruption to the epithelial barrier, these 
microbes might interact with the gut-​
associated immune system to drive disease 
(Fig. 3). In the innate immune arm, Klebsiella 
spp. activate intestinal mononuclear 
phagocyte IL-1β signalling to exacerbate 
colitis in a mouse model84. C. concisus 
also activates macrophage inflammasome 
signalling, partially mediated by the toxin 
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Fig. 3 | Mechanisms by which oral-associated bacteria might mediate intestinal inflammation. 
The oral-​associated Klebsiella spp., Fusobacterium nucleatum and Campylobacter concisus have mul-
tiple mechanisms by which they might promote intestinal inflammation. All three species have been 
reported to invade intestinal epithelial cells and drive pro-​inflammatory cytokine release39,57,97,119–125. 
Pro-​inflammatory cytokine release is augmented by the zonula occludens toxin (Zot) released by  
C. concisus124,129. Both Klebsiella spp. and C. concisus interact with macrophages to promote the release 
of IL-1β and TNF, respectively75,129. F. nucleatum also can subvert aspects of innate immunity, with the 
ability to reduce the killing capacity of macrophages and natural killer (NK) cells106. Klebsiella spp. and 
F. nucleatum can also promote pro-​inflammatory T helper 1 (TH1) and TH17 responses. Klebsiella spp. 
drives the accumulation of colonic TH1 cells via IFNγ in murine models51. Klebsiella spp. can also acti-
vate TH17 cells that have migrated from the oral cavity during periodontitis in a murine model75.  
F. nucleatum directly promotes the differentiation of TH1 and TH17 cells from naive CD4+ T cells in a 
murine model57. IEC, intestinal epithelial cell.
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zot, to enhance pro-​inflammatory TNF and 
IL-8 signalling125. However, F. nucleatum 
can subvert aspects of host innate immunity, 
which is particularly relevant in CRC 
(Box 4). F. nucleatum blocks natural killer cell 
killing capacity through direct binding to 
an inhibitory receptor126 and survives inside 
macrophages whilst reducing their capacity 
to induce lymphocyte-​mediated killing101 
(Fig. 3). The importance of host immune 
subversion for the expansion and pathology 
of oral disease-​associated bacteria has been 
characterized in periodontitis127 but is not 
known in the context of IBD.

F. nucleatum, Klebsiella spp. and 
C. concisus might also promote intestinal 
pathology through interactions with 
adaptive immunity (Fig. 3). K. pneumoniae 
induces the colonic accumulation of TH1 
cells, supported by IFNγ signalling, in 
genetically susceptible mice51. A correlation 
between the enrichment of K. pneumoniae 
genes involved in TH1 induction and IBD 
suggests that this finding might be relevant 
in a human setting51 (Box 2). A novel 
adaptive immune axis between the oral 
cavity and intestine was characterized in the 
Kitamoto et al. periodontitis–colitis model84. 
In this model, TH17 cells that arise in the 
oral cavity during periodontitis migrate to 
the intestine (Fig. 2) and, upon recognition of 
oral disease-​associated bacteria, including 
Klebsiella spp., instigate the TH17-​associated 
and TH1-​associated responses that drive 
colitis84. Although this finding has yet to 
be investigated in a human setting, clinical 
periodontitis increases circulating TH17 
cell numbers66. F. nucleatum is also able 
to induce TH1 and TH17 differentiation 
from CD4+ T cells to exacerbate colitis in 
a mouse model113. Given the importance 
of TH1 and TH17 inflammation in IBD, the 
ability of oral-​associated bacteria to drive 
expansion of this compartment provides 
further evidence of their possible role 
in pathology.

Intestinal colonization and exacerbation 
of inflammation by oral-​associated bacteria 
is probably dependent on many complex 
interactions with host microbial, epithelial 
and immune compartments. Characterizing 
these interactions and the effect of 
exogenous factors, such as medication, will 
be crucial in understanding the mechanisms 
underlying the role of oral disease-​associated 
bacteria in IBD.

Conclusions
The implication of oral-​associated bacteria 
in IBD highlights the importance of 
the axis between the oral and intestinal 
microbial and immune compartments. 

The direct mechanism (described in this 
Perspective) through which oral bacteria 
might exacerbate intestinal inflammation 
in IBD does not preclude the contribution 
of periodontitis-​associated systemic 
inflammation described elsewhere9,10. 
The involvement of oral bacteria in other 
diseases, such as CRC and liver cirrhosis, 
suggests that this axis might be relevant 
in settings outside of IBD (Box 4). Indeed, 
analysis of stool metagenomic sequencing 
from 34 independent studies investigating 
multiple diseases, such as rheumatoid 
arthritis, type 2 diabetes mellitus and 
IBD, identified enrichment of several 
oral-​associated species, including  
F. nucleatum, K. pneumoniae and 
Streptococcus gordonii, in non-​healthy 
samples128. Certain oral taxa, such as  
F. nucleatum, seem to be involved in multiple 
systemic diseases. Such microbes should 
be a priority for future research to identify 
differences in strain, host genetics and 
environment that might dictate how oral 
bacteria can promote systemic disease.

Future research should focus on 
clarifying our understanding of the 
pathological role of the oral microbiota in 
IBD and to translate these findings into 
clinical benefit. Correlation of the oral and 
intestinal microbiotas at a high taxonomic 
resolution with clinical phenotypes in 
longitudinal datasets of large multinational 
IBD cohorts, could help further identify 
the oral bacterial signatures associated with 
disease. Functional analysis will be crucial 
to identify the pathways and mechanisms 
of virulence enriched in oral bacteria in 
IBD. Moreover, these approaches should be 
combined with experimental models, such as 
that used by Kitamoto et al.84, to deconstruct 
the possible causative role of oral bacteria 
in intestinal inflammation. This approach 
might provide targets for therapeutic 
intervention to limit the expansion of 
virulent oral bacteria during inflammation. 
Our multistage model provides several 
therapeutic avenues whereby the initial 
oral expansion of virulent bacteria, their 
intestinal translocation or their intestinal 
colonization could be targeted. Although the 
efficacy of these approaches will probably 
be dependent on the multiple complex 
and distinct factors that underlie disease 
aetiology, targeting oral-​associated bacteria 
might alleviate disease in a proportion of 
individuals with IBD and other associated 
diseases.
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