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Abstract 

The number of resear c h papers published on the involvement of the oral microbiota in systemic diseases has grown exponentially 
over the last 4 years clearly demonstrating the gr owing inter est in this field. Indeed, accumulating evidence highlights the central role 
of ectopic colonization by oral bacteria in n umer ous noncomm unica b le diseases including inflammator y bowel diseases (IBDs), un- 
dern utrition, pr eterm birth, neur ological diseases, li v er diseases, lung diseases, heart diseases, or colonic cancer. There is thus much 

interest in understanding the molecular mechanisms that lead to the colonization and maintenance of ectopic oral bacteria. The aim 

of this re vie w is to summarize and conceptualize the current knowledge about ectopic colonization by oral bacteria, highlight wher- 
ev er possib le the underl ying molecular mechanisms and describe its implication in health and disease. The focus lies on the newly 
discov er ed molecular mechanisms, showcasing shared pathophysiological mechanisms across different body sites and syndromes 
and highlighting open questions in the field regarding the pathway from oral microbiota dysbiosis to noncommunicable diseases. 

Ke yw or ds: or al micr obiota; ectopic colonization; dysbiosis; noncomm unica b le diseases; molecular mechanisms 
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Introduction 

Micr obial comm unities (micr obiomes) usuall y play important 
roles in the ecosystems or hosts where they live. In the case 
of animal microbiomes, they contribute to the ov er all mainte- 
nance of healthy physiological functions, de v elopment, and nu- 
trition and provide protection against infectious microorganisms. 
These micr obe–micr obe and micr obe–host inter actions include 
competition for resources and niches, production of antibiotic 
substances, metabolic inhibition as well as modulation of host im- 
munity, influencing in turn also the composition of the microbial 
community (Ursell et al. 2012 , Belkaid and Harrison 2017 , Von- 
aesch et al. 2018 ). When these stable (healthy) communities are 
perturbed, they enter a dysbiotic state, which is defined as a mi- 
cr obial comm unity displaying an imbalanced composition asso- 
ciated with a disease status. A common hallmark of dysbiosis are 
taxonomic changes in the overall microbial community, e.g. due 
to ectopic colonization by exogenous or endogenous micr oor gan- 
isms (Al-Rashidi 2022 ). 

After the fecal microbiota, the oral microbiota is the second 

most important microbial community inhabiting the human body, 
both regarding absolute numbers as well as in terms of diversity 
(Escapa et al. 2018 ). The or al micr obiota plays a role in oral health 

but also in that of many systemic sites. For instance, the oral mi- 
crobiota contributes to the establishment and maintenance of a 
healthy immune barrier (Hooper et al. 2012 ), provides protection 

against pathogens that invade the oral space (Wade 2013 ), and 

contributes to cardiovascular health through the production of 
vasodilatory compounds such as nitric oxide (Cyr et al. 2020 ). 

Or al commensals ar e consider ed good colonizers in general 
since they can colonize almost any part of the buccal cavity 
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Caselli et al. 2020 ). Similarly, under certain conditions, specific
pecies of oral origin, or even more likely, oral communities can
olonize ectopically in distant sites and trigger dysbiosis in the
olonized environment. Ectopic colonization by oral bacteria in 

he intestinal tract has been known since a long time. Howe v er,
n the last years, there has been accum ulating e vidence high-
ighting the centr al r ole of ectopic colonization by oral bacteria
n distant places including the intestine, placenta, nasal tissue,
ungs and upper airwa ys , and aorta, contributing to many non-
ommunicable diseases including inflammatory bo w el diseases 
IBDs) (Atarashi et al. 2017 , Dinakaran et al. 2019 , Hu et al. 2021 ,

oliner o et al. 2022 , Rojas-Ta pias et al. 2022 , Rashidi et al. 2023 ),
ndernutrition (Vonaesch et al. 2018 , 2022 , Chen et al. 2020 , Col-

ard et al. 2022 ), preterm birth (Van der Haar et al. 2018 , Yin et al.
021 ), neurological diseases (Nicholson and Landry 2022 ), liver
iseases (Joossens 2021 ), lung diseases (Joossens 2021 ), heart dis-
ases (Hodel et al. 2023 ), or colonic cancer (Flemer et al. 2018 ,
ashidi et al. 2023 ). There is thus an increased interest in under-
tanding the molecular mechanisms that lead to the colonization 

nd maintenance of oral bacteria at ectopic sites. Se v er al mec ha-
isms have been proposed for ectopic colonization to occur, such
s sw allo wing the or al bacteria with saliv a or mec hanical injuries
n the oral cavity that allow microbes to directly enter the blood-
tr eam and spr ead to distant sites. Ne v ertheless, the specific cir-
umstances that can lead to permanent colonization and expan- 
ion of these bacteria in secondary places are only poorly under-
tood to date . Furthermore , there is an ongoing debate whether
he or al str ains found at ectopic sites ar e constantl y seeding in
rom the oral cavity or if they have adapted to the new niche , i.e .
ithin the lo w er gastr ointestinal (GI) tr act (Sc hmidt et al. 2019 ,
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ough et al. 2020 ). Also, regarding community dynamics, it re-
ains unclear whether the ectopic colonization by oral bacte-

ia is leading to an expansion of oral bacteria at distant sites
r if a decrease in the resident microbiota is leading to a rela-
iv e incr ease in these oral bacteria, while the absolute counts re-

ain constant (Liao et al. 2022 ). Finally, to date microbiome re-
earch has often leaned towards the oral and intestinal micro-
iomes, because of their easier accessibility, leading to the iden-
ification of numer ous str ains in these extensiv el y studied en-
ironments . T his inclination fosters a misconception that some
pecific bacterial species are predominantly oral inhabitants,
vershadowing the versatile nature of certain bacterial species
hat can potentially primarily inhabit less investigated body
ites. 

Despite large efforts directed on understanding the role and
unction of the human microbiome during the past decades, the
ausal association between ectopic colonization by oral bacte-
ia and pathophysiology remains poorly understood. Recent lit-
r atur e starts to shed light on the molecular mechanisms that
ink ectopic colonization by oral bacteria with pathophysiologi-
al disturbances such as inflammation (Atarashi et al. 2017 , Von-
esch et al. 2022 , Bergsten et al. 2022 , Conde-Pérez et al. 2023 ,
iao et al. 2023 ), immune system subversion (Bergsten et al. 2022 ,
onde-Pérez et al. 2023 ) or decreased lipid absorption (Vonaesch
t al. 2022 ). The aim of this r e vie w is to pr o vide an o v ervie w,
ummarize and conceptualize the current knowledge about ec-
opic colonization by oral bacteria and describe its implication
n health and disease. Understanding the molecular mechanisms
eading to the observed pathophysiology will be crucial to find
uccessful interventions to diagnose, treat, and prevent disease
inked to this ectopic colonization. Further, we aim to showcase
har ed pathophysiological mec hanisms acr oss differ ent body
ites and syndromes linked to ectopic colonization by oral bac-
eria, to then highlight open questions in the field regarding the
athway fr om or al micr obiota dysbiosis to noncomm unicable
iseases. 

r al micr obiota 

fter the fecal micr obiota, acr oss all human-associated habitats,
he oral microbiota is the second most abundant both in terms of
otal biomass (absolute number of micr oor ganisms) and in terms
f variety of bacterial species (Wade 2013 , De Vos et al. 2022 ).
he oral cavity is easily accessible and samples for microbiome
nalysis can be taken in a noninv asiv e way, compar ed to other
ody sites [i.e. lo w er (GI) tr act compartments]. For that r eason,
he composition of the oral microbiota has been widely studied
cr oss differ ent geogr a phic ar eas and life sta ges and information
n its taxonomy and ecology have been summarized and made
r eel y accessible on the Human Oral Microbiome Database web-
ite (Dewhirst et al. 2010 ) and the Or al Micr obiome Bank of China
atabase (Xian et al. 2018 ). Ne v ertheless, it is undeniable that
o far, oral microbiome studies have neglected populations from
onindustrialized countries: to date, there are only a few studies
n African, Asian, or Indigenous cohorts (Yang et al. 2019 , Nath
t al. 2021 , Yeo et al. 2022 , Araújo et al. 2023 ). Recent r esearc h
as clearly shown that the oral bacterial community structures of
ealthy individuals is distinct from individuals suffering from dis-
ases such as periodontitis, dental caries, oral cancer, IBDs, colonic
ancer, and preterm birth (reviewed by Peng et al. 2022 ). Here, we
rovide a brief ov ervie w of the composition of the oral microbiota

n healthy subjects as well as the main changes occurring during
tates of disease. 
ealthy oral microbiota 

he oral microbiota encompasses a variety of bacteria, viruses,
rchaea, fungi, and protozoans distributed in almost any part of
he oral tissue, including tongue, teeth, saliva, mucosa, and gin-
iv a. These micr ohabitats differ in their exact taxonomic compo-
ition yet share a large set of species (Verma et al. 2018 , Caselli
t al. 2020 ). In the whole microbiome field, the definition of a
healthy” micr obiome r emains a contr ov ersial topic. This is not
ifferent for the oral microbiome, where attempts to define a
normal” micr obiota hav e been based on studying the or al micr o-
iota in seemingly healthy subjects. Despite the high level of in-
erindividual variation, Firmicutes , Proteobacteria , Bacteroidetes , Fu-
obacteria , Actinobacteria , and Spirochaetes are typically represent-
ng around 96% of the total sequences derived from oral bacteria
Bik et al. 2010 , Dewhirst et al. 2010 , Verma et al. 2018 , Caselli et
l. 2020 ) and Streptococci , Neisseria , Prevotella , Veillonella , and Rothia
re the most typical genera (Bik et al. 2010 ). On the species level,
here is high prevalence of different species of Streptococci , in-
luding S. mitis , S. oralis , S. salivarius , and S. sanguinis (Dewhirst et
l. 2010 , Caselli et al. 2020 ). In addition, although r epr esenting a
maller part of the total biomass of the oral microbiome, several
ungi ar e typicall y pr esent in the or al cavity of healthy subjects.
hese include members of the genera Candida , Cladosporium , As-
ergillus , Fusarium , Sacc harom ycetales , Aureobasidium , and Cryptococ-
us (Ghannoum et al. 2010 , Caselli et al. 2020 ). Further, the pro-
ozoa Entamoeba gingivalis and Trichomonas tenax , as well as bacte-
iopha ges fr om the Caudovirales ar e fr equentl y r ecov er ed (Caselli
t al. 2020 ). Together, this microbial community plays important
 oles in ov er all human health, influencing imm une r esponses and
r oviding pr otection a gainst pathogens inv ading the or al space.
s an example, Streptococcus species, the earliest colonizers of the
pper GI tract after birth, and one the most frequently detected
acterial taxa in the buccal cavity, produce hydrogen peroxide
nd bacteriocins, which possess antimicrobial properties capa-
le of inhibiting the growth of multiple pathobionts (Baty et al.
022 ). 

The micr oor ganisms found in the or al cavity r ar el y liv e as
lanktonic cells, but they fr equentl y form associations and live

n micr obial comm unities that can then easil y e volv e in a biofilm
hen they attach to a tissue (Welch et al. 2016 , Simon-Soro et al.
022 ). Only 3% of the microorganism in saliva are found as single-
ree-living cells, thus not associated with other bacterial or oral
pithelial cells (Simon-Soro et al. 2022 ). Certain taxa are more
rone to form aggregates, as it is the case of Fusobacterium , Rho-
anobacter , and P orph yromonas , while others such as Streptococcus ,
revotella , Veillonella , and Neisseria , can be found in both forms, as
ingle-free-living-cells and forming aggregates (Simon-Soro et al.
022 ). Inter estingl y, r ecent work from Simon-Soro and collabora-
ors sho w ed that pol ymicr obial a ggr egates formed by Streptococ-
us , Haemophilus , Veillonella , Gemella , Neisseria , Fusobacterium , Por-
hyromonas , and Prevotella colonize and grow faster than single-
ree-living-cells of these species in in vitro biofilm models (Simon-
oro et al. 2022 ). These findings provide a better knowledge on
r al bacterial comm unities than pr e vious models of sequential
ingle-free-living-cells of early colonizer species attachment and
iofilm de v elopment in an orderl y ecological succession of differ-
nt species (Welch et al. 2016 , Bo w en et al. 2018 ). 

ral microbiota dysbiosis 

r al micr obial comm unities, as an y micr obiome, can also expe-
ience perturbations leading to an altered composition (dysbio-
is) and, e v entuall y, to disease. Changes in micr obial composition
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usually consist of changes in abundance, expressed as relative 
abundance in most of the or al micr obiome studies published so 
far. Indeed, it has been described that strains associated with dis- 
ease can still be found in healthy individuals, but in lo w er rela- 
tiv e abundance compar ed to diseased individuals (Bik et al. 2010 ,
Caselli et al. 2020 ). For example, S. mutans , a carcinogenic bac- 
terium that promotes tumor progression in oral cancer, is de- 
tected in low r elativ e abundance in the oral microbiota of healthy 
subjects but is found in higher abundance in the teeth biofilm of 
precar cinogenic and car cinogenic subjects (Caselli et al. 2020 , Tsai 
et al. 2022 ). In addition, specific co-occurrences between bacteria 
correlate with disease. Fusobacterium nucleatum and P orph yromonas 
gingivalis often coaggregate in the oral cavity of patients with 

or al cancer, wher e they inter act to pr omote eac h other’s gr owth 

and lead to enhanced inflammation and faster tumor pr ogr es- 
sion (Diaz et al. 2002 , Gallimidi et al. 2015 ). Similarl y, high r el- 
ative abundance of Veillonella , P orph yromonas , Fusobacterium , and 

Candida correlates with severe dental caries. It is belie v ed that 
the presence of species from these genera facilitates adherence of 
pathogenic bacteria within the oral cavity, which ultimately leads 
to disease (Darrene and Cecile 2016 , Verma et al. 2018 ). The same 
bacterial communities are also associated with systemic disease 
including IBDs and cardiovascular disease (review ed b y Thomas 
et al. 2021 , Peng et al. 2022 ). To date, the specific molecular mech- 
anisms behind these associations remain unclear. 

The most immediate and w ell-kno wn consequences of oral mi- 
crobiota dysbiosis are dental caries and periodontitis. Changes 
in the oral microbiome of patients with these oral diseases typi- 
cally indicate a decrease in alpha diversity. Alpha diversity is com- 
monly assessed by measuring the number of different bacterial 
taxa and species present in the or al cavity. Furthermor e, they ar e 
associated with the presence of pathobionts, whic h ar e nonharm- 
ful micr oor ganisms under normal circumstances, but which po- 
tentially cause disease in a susceptible individual (Belstrøm et al.
2015 ). Mor eov er, an unbalanced or al micr obial comm unity can af- 
fect human health also beyond the oral cavity. Widely known ex- 
amples of this systemic effects are the association of poor oral 
health and metabolic diseases such as obesity and diabetes , IBDs ,
Alzheimer or rheumatoid arthritis (r e vie w ed b y Thomas et al.
2021 , Peng et al. 2022 ). This effect is usually due to the genera- 
tion of a sustained inflammatory micr oenvir onment at the site 
of the disease (i.e. periodontitis) that contributes to the secre- 
tion of proinflammatory cytokines into the bloodstream. This then 

creates inflammatory environments in distal body sites and con- 
tributes to disease (Lira-Junior and Boström 2018 , Kitamoto et al.
2020 ). Ho w e v er, the effect can also be due to translocation of oral 
bacteria in the bloodstream and ectopic colonization at distant 
sites. Studies describing the latter case will be r e vie wed in the 
next section of this paper. Although fungal members of the hu- 
man or al micr obiota hav e been less studied compar ed to bacte- 
ria, r ecent e vidence suggest that oral fungi (i.e. Candida , Cladospo- 
rium , Fusarium , and Malassezia ) likewise impact several systemic 
diseases , including IBDs , Crohn’s disease (CD), chronic respira- 
tory diseases, and hepatitis B (Ghannoum et al. 2010 , Dupuy et al.
2014 ; and r e vie w ed b y Baker et al. 2017 ). Despite a clear correla- 
tion between these fungal taxa and disease, little is known about 
the underlying molecular mechanisms (Cui et al. 2013 ; and re- 
view ed b y Baker et al. 2017 ). Recent work indicates the presence of 
cr oss-kingdom inter actions, exemplified thr ough the fungus Can- 
dida albicans , whic h inter acts with members of the bacterial genus 
Streptococcus increasing the severity of oral diseases. C. albicans in- 
teraction with S. oralis results in increased levels of μ-calpain, a 
molecule that degrades epithelial junctions and thus enhances 
issue invasion by these microorganisms (Diaz et al. 2012 , Xu et al.
016 ; and r e vie w ed b y Baker et al. 2017 ). In contr ast, in the pr es-
nce of macr opha ges, inter action between C. albicans and the bac-
erium F. nucleatum results in reduced growth but increased sur-
ival of both the bacterium and the fungus . T his then leads to
ampening of the host immune response (Allison et al. 2016 ; and
 e vie w ed b y Baker et al. 2017 ). 

T here is , thus a clear link between oral dysbiosis , local ill-health
s well as a variety of systemic diseases . T his phenomenon will be
iscussed in detail in the following sections of this r e vie w. 

ctopic colonization by oral bacteria 

nder certain conditions micr oor ganisms of oral origin ectopi-
ally colonize distant body sites . T his phenomenon has been asso-
iated with negative health outcomes, mainly noncommunicable 
iseases (pr e viousl y r e vie wed in Lu et al. 2019 , Peng et al. 2022 ). In
his c ha pter, we aim to giv e a short ov ervie w of the latest r esearc h
n these diseases (Fig. 1 ). We will discuss the specific molecular
echanisms associated with this ectopic ov er gr owth in the next

ections of this r e vie w. 

ctopic colonization and intestinal diseases 

n the past, there have been several studies that have shown an
ssociation between ectopic colonization by oral bacteria in the 
ntestinal tract and different intestinal diseases . T he most studied
henomenons include IBDs (Atarashi et al. 2017 , Dinakaran et al.
019 , Hu et al. 2021 ), colorectal cancer (CRC; Castellarin et al. 2012 ,
lemer et al. 2017 , 2018 , Osman et al. 2021 , Conde-Pérez et al. 2023 )
nd childhood undernutrition (Vonaesch et al. 2018 , 2022 , Chen
t al. 2020 , Collard et al. 2022 , Donowitz et al. 2022 ). In a hallmark
tudy, Atarashi et al. ( 2017 ) analyzed the fecal microbiota of pa-
ients with CD, ulcer ativ e colitis (UC), primary scler osing c holan-
itis (a c hr onic liv er inflammatory disease), gastr oesopha geal r e-
ux disease, and alcoholism using amplicon sequencing and com- 
ared them with fecal samples of healthy individuals . T hey found
hat se v er al gener a typicall y belonging to members of the oral

icrobiota, including Rothia , Streptococcus , Neisseria , Prevotella , and
emella , wer e significantl y mor e abundant in the samples fr om
iseased patients (Atarashi et al. 2017 ). Interestingly, the same au-
hors also found that some species that make up only a minor por-
ion of the oral microbiota can proliferate and get establish in the
ntestinal tract. This was proven by administering saliva samples 
rom healthy individuals and patients suffering from CD and UC
nto germ-free (GF) mice. Klebsiella pneumoniae , which was present
n low abundance in saliva samples of patients suffering of CD,
r e w to high absolute abundance and was r ecov er ed aliv e in the
ecal samples collected from the mice that where transplanted 

ith saliva from the CD patients. Similarly, Klebsiella aeromobilis ,
resent in low absolute abundance in the saliva from UC donors
as r ecov er ed on a gar plates fr om the fecal samples of the tr ans-
lanted mice, indicating successful ectopic colonization (Atarashi 
t al. 2017 ). A further study using amplicon sequencing sho w ed
ncr eased r elativ e abundance of species of the or al gener a Strep-
ococcus , Staphylococcus , Peptostreptococcus , Prevotella , Veillonella , and
usobacterium in the feces of individuals with CD and UC compared
o healthy controls (Dinakaran et al. 2019 ). In a mor e r ecent study
sing shotgun metagenomic sequencing, Hu et al. ( 2021 ) found ec-
opic intestinal colonization by oral bacteria in an Asian cohort of
atients suffering of CD (Hu et al. 2021 ). In this study, S. salivarius
as one of the most pr e v alent species both in the oral and intesti-
al microbiome. Of note, the oral and fecal strains were clustering
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Figure 1. Ectopic colonization of oral microbiota in different body sites and associated diseases. 
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ogether in CD patients based on multiple sequence alignment of
pecific marker genes of S. salivarius . This phenotype was espe-
iall y pr onounced in patients suffering of active disease, yet not
bserved in healthy patients (Hu et al. 2021 ). 

Another intestinal disease with a well-established link with ec-
opic colonization by oral bacteria is CRC. In the last decade, sev-
ral studies have reported a higher relative abundance of oral bac-
eria in intestinal samples of cancer patients, including in whole
eces, mucosa samples as well as colonic tumor tissue compared
o healthy controls (Castellarin et al. 2012 , Flemer et al. 2017 ,
018 ). These studies reported members of the genera Fusobac-
erium , Actinomyces , Rothia , Veillonella , and Streptococcus , as poten-
ially colonizers of oral origin by metagenomic sequencing and
PCR confirmation (Castellarin et al. 2012 ) and 16S rRNA sequenc-

ng (Flemer et al. 2017 , 2018 ). Of note, Castellarin et al. ( 2012 ) were
lso able to r ecov er F. nucleatum isolates fr om colonic tumor sec-
ions. Another study r e v eals that at the species le v el, the peri-
dontal pathogens F . nucleatum , P . gingivalis , and Parvimonas mi-
ra are overrepresented in CRC tumor tissues, assessed by 16S
RNA amplicon sequencing (Osman et al. 2021 ). In recent years,
umer ous studies hav e found an incr eased pr esence of F. nu-
leatum in both colorectal tissues and stools of individuals with
RC or pr ecancer ous conditions (Flana gan et al. 2014 , Mima et al.
016 , Osman et al. 2021 ; and r e vie w ed b y Alon-Maimon et al.
022 ). The presence of F. nucleatum in the intestine appears to be
inked to periodontal sites, which may provide a plausible expla-
ation for the observed association between periodontal disease
nd CRC (Flemer et al. 2018 , Xuan et al. 2021 ). Mor eov er, F. nu-
leatum and F. necrophorum have also been isolated and detected
y qPCR in liver metastatic tissues (Bullman et al. 2017 ). Sim-

larly , P . micra is typically found as a commensal with low ab-
olute abundance within the subg ing iv al cavity, r espir atory sys-
em, and GI tract. Ho w ever, under certain conditions, it can ex-
ibit opportunistic pathogenic behavior, particularly in the con-
ext of periodontal disease (Conde-Pérez et al. 2023 ). Recent re-
orts based on 16S rRNA gene amplicon sequencing show that
his bacterium is present in higher r elativ e abundance in fecal
amples from CRC patients and can be isolated from colonic
arcinoma tissue (Osman et al. 2021 , Zhao et al . 2022 , Bergsten
t al. 2022 ). Mor eov er, P. micra w as also detected b y 16S rRN A
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gene amplicon sequencing in liver tissue in a patient with liver 
metastasis, although in this case the authors were unable to iso- 
late the bacterium (Conde-Pérez et al. 2023 ). These observations 
suggest a causal link between invasion of distant places by P. micra 
and CRC. Ho w e v er, the causal r elationship as well as the molec- 
ular mechanism associated with this phenomenon remain to be 
elucidated. Regarding the existence of a tumor microbiome or the 
infiltration of bacteria within tumors, w e ackno wledge it remains 
a focal point of discussion within the microbiome research com- 
m unity. In fact, r ecent r esearc h has r aised doubts on the pr es- 
ence of bacteria in tumor tissues (Braitwieser et al. 2019 , Manni 
and Zdobnov 2020 ). These studies have identified human DNA 

sequences within multiple microbial assemblies, some of which 

wer e subsequentl y annotated as pr otein-coding sequences, r e- 
sulting in the creation of erroneous bacterial proteins that have 
spr ead thr oughout public databases . T hus , the contro versy sur- 
rounding this issue stems from challenges in distinguishing be- 
tween bacterial and host DNA, particularly in instances where 
genomic reads mistakenly match bacteria instead of host DNA.
This highlights the potential limitations of metagenomics-based 

microbiome quantification in tumor tissues, which should be con- 
firmed by other a ppr oac hes (i.e. qPCR or 16S rRNA amplicon se- 
quencing), and reinforces the need of increasing efforts to w ar d 

isolating live bacteria to corroborate ectopic colonization. Despite 
this contr ov ersy, most of the studies mentioned in this r e vie w 

pointed out ectopic colonization by oral bacteria in CRC through a 
combination of metagenomic analysis confirmed by qPCR (Castel- 
larin et al. 2012 ), 16S rRNA amplicon sequencing (Flemer et al.
2017 , 2018 , Osman et al. 2021 ), and direct isolation of the ectopic 
colonizer strain (Bullman et al. 2017 , Conde-Pérez et al. 2023 ).
T hus , we consider they have provided solid evidence for ectopic 
colonization by oral bacteria in tumor tissue. 

Stunting is a syndrome characterized by a low height-for-age,
r esulting fr om c hr onic undernutrition. Two studies of the small 
intestinal content of stunted c hildr en using 16S rRNA gene ampli- 
con sequencing r e v ealed an ov er gr o wth b y oral bacteria in tw o dif-
ferent countries in Africa (Afribiota project) (Vonaesch et al. 2018 ,
2022 , Collard et al. 2022 ) as well as in Bangladesh (Chen et al. 2020 ,
Donowitz et al. 2022 ). In all three countries, an increased absolute 
abundance of members of the genera Prevotella , Streptococcus , Pro- 
phyromonas , Neisseria , Fusobacterium , Veillonella , and Gemella was ob- 
serv ed. Furthermor e, in the Afribiota pr oject, ther e was confirma- 
tion of small intestinal bacterial ov er gr o wth b y culture methods,
showing that these bacteria are viable (Vonaesch et al. 2018 , 2022 ,
Collard et al. 2022 ), while the study team in Bangladesh could 

show that absolute abundance of these strains is correlated with 

stunting se v erity (Chen et al. 2020 ). Finally, an association between 

this oral bacterial overgrowth and small intestinal inflammation 

has been described in the two African sites (Vonaesch et al. 2022 ).
Together, these studies suggest that ectopic colonization by oral 
bacteria is str ongl y associated with inflammation in the small in- 
testine. 

Ectopic colonization and lung diseases 

The oral cavity is the major gateway not only to the intestinal 
tract but also to the lungs. Se v er al studies hav e r eported the pr es- 
ence of oral species in the r espir atory system, especiall y in the 
context of pulmonary diseases. Studies from cystic fibrosis (CF) 
patients sho w ed that or al bacterial species ar e ov err epr esented 

in r espir atory secr etions and distal lung areas of diseased com- 
pared to healthy subjects (Tunney et al. 2008 , Brown et al. 2014 ).
A mor e r ecent study assessed for associations between early life 
ctopic colonization of the r espir atory system and disease (Muh-
ebach et al. 2018 ). The authors c har acterized the micr obiome of
he lo w er airw ays of CF toddlers and found that the microbiome
s dominated by oral bacteria as exemplified by a higher r elativ e
bundance of Rothia , Prevotella , Veillonella , and Streptococcus (Muh-
ebach et al. 2018 ). In children aged 3–5 years, there seems to be
 transition to a pathogen dominated phenotype c har acterized
y the presence of Staphylococcus , Haemophilus , Pseudomonas , and
oraxella , whic h incr eases inflammation and worsens the disease

v er all (Muhlebac h et al. 2018 ). Based on these results, the hypoth-
sis arises that early ectopic colonization by oral bacteria of lo w er
irways can facilitate r espir atory infections later in life . T here is
learl y mor e r esearc h needed to elucidate the exact links between
ctopic colonization by oral bacteria, colonization resistance to- 
 ar d lung pathogens and lung disease. 

ctopic colonization and adverse pregnancy 

utcomes 

r obabl y less expected, but well documented, is the ectopic colo-
ization of the maternal placenta by or al bacteria, whic h is associ-
ted with negative pregnancy outcomes, including preterm birth 

nd stillbirth (r e vie w ed b y Van der Haar et al. 2018 ). One of the
ain bacteria put in relation with stillbirth is the oral pathobiont

. nucleatum. This species has been isolated fr om intr a-amniotic
amples and has been detected by 16S rRNA gene amplicon se-
uencing in placental and fetal tissues from women with preterm
irth (Chaim and Mazor 1992 , Cahill et al. 2005 , Doyle et al. 2014 ;
nd r e vie w ed b y Van der Haar et al. 2018 ). Similarly, in a stillbirth
ase, the same strain of F. nucleatum has been detected in the ma-
ernal subg ing ival plaque, the placenta, and the stillborn respi-
 atory and GI tr act tissues (Han et al. 2010 ). Further, P. gingivalis ,
nother oral pathobiont, has been found in uterus-related sam- 
les in adverse pregnancy outcomes including in amniotic fluid 

nd placenta of mothers experiencing preterm birth and in pla-
enta of women with preeclampsia (Barak et al. 2007 , León et al.
007 , Kotz et al. 2009 ). 

The placenta is not the only body site ectopically colonized by
ral bacteria in the context of preterm birth. Recent studies point
o a positive correlation between preterm birth and ectopic col-
nization of the intestinal tract by members of the oral genera
 orph yromonas , Streptococcus , and Fusobacterium (Yin et al. 2021 ). In-
eed, the r elativ e abundance of common or al bacteria was signif-

cantly higher in fecal samples from mothers delivering preterm 

ompared to mothers that deliv er ed on term (Yin et al. 2021 ).
her efor e, ectopic colonization by oral bacteria seems to influ-
nce pregnancy outcomes . T he molecular mechanisms underla y-
ng this phenomenon remain ho w ever largely unknown. 

ctopic colonization and autoimmune diseases 

here is less literature investigating the role of ectopic coloniza-
ion by oral bacteria in autoimmune diseases . Nevertheless , a
tudy on systemic lupus erythematosus, a c hr onic inflamma-
ory autoimmune condition, reports higher relative abundances 
f oral strains from the species Actinomyces massiliensis , Shutlewor- 
hia satelles , and Atopobium rimae in fecal samples from patients
ompared to healthy controls (Chen et al. 2021 ). 

Recent r esearc h has also associated periodontal disease caused
y the oral pathogen Porphyromonas gingivalis with an increased 

isk of rheumatoid arthritis (RA) (Scher et al. 2012 , Mikuls et al.
014 ; and r e vie w ed b y Maeda and Takeda 2019 ). P eriodontitis is
ssociated with higher le v els of anticyclic citrullinated peptide
anti-CCP) antibodies in RA patients and is closely tied to RA
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isease activity . P . gingiv alis expr esses g ing ipain, an enzyme, i.e.
orrelated with anti-CCP antibody production in RA patients.
o w e v er, whether ectopic colonization by P. gingivalis is causally

inked with RA remains unclear. Currently the most accepted hy-
othesis is that P. gingivalis causing chronic periodontitis increases
ustained systemic inflammation that exacerbates autoimmunity
n RA. 

Allergic rhinitis (AR) is a chronic inflammatory autoimmune
isease that causes sneezing, itching, and nasal obstruction. A re-
ent study has found that the nasal microbiome of patients suffer-
ng from AR shows a distinct composition compared to healthy in-
ividuals . T he AR nasal microbiome shows increased relative and
bsolute abundance of the oral bacterium S. salivarius , although
ts oral origin has not been confirmed (Miao et al. 2023 ). In the
ame study, the authors investigate whether S. salivarius is impli-
ated in the pathophysiology of AR. Their findings are discussed
n c ha pter 5 of this r e vie w. 

ctopic colonization and neurological diseases 

lthough a positive correlation between oral dysbiosis and neuro-
ener ativ e diseases including Alzheimer and Parkinson’s disease
as been established by many authors (r e vie w ed b y Nicholson and
andry 2022 ), there is little evidence of ectopic colonization linked
o neurological diseases. We found a single review that postulates
hat periodontal pathogens can tr anslocate fr om the oral cavity to
he bloodstream and travel to the brain where they might eventu-
lly colonize (Olsen 2008 ). Experimental evidence of such a phe-
omenon has, ho w e v er, not been reported so far. 

ctopic colonization and cardiovascular diseases 

s in the case of neurological diseases, there is still little evidence
o support a role for ectopic colonization by oral bacteria in car-
io vascular diseases . Very r ecentl y, Hodel et al. ( 2023 ) pointed out
 positive correlation between the detection of antibodies against
he oral pathobiont F. nucleatum and a higher risk of suffering
r om cor onary heart disease. A pr e vious study demonstr ated that
. nucleatum can migrate from the oral cavity to arterial plaques
Figuero et al. 2011 ). This is an important finding since F. nuclea-
um’s ability to ectopically colonize has been pr e viousl y associ-
ted with inflammation and disease . T his suggests that ectopic
olonization by F. nucleatum might indeed dir ectl y contribute to
nflammation and cardiovascular disease, yet further r esearc h is
eeded to elucidate a possible association and investigate the un-
erl ying mec hanisms. 

In conclusion, the phenomenon of ectopic colonization by oral
acteria and associated (inflammatory) disease has emerged as
n important area of research with far-reaching implications for
uman health. This c ha pter pr ovided a compr ehensiv e ov ervie w
f the diverse diseases and conditions associated with ectopic col-
nization by oral bacteria. Although much remains to be explored,
 growing body of research underscores the need for a deeper un-
erstanding of the mechanisms underlying ectopic colonization
nd its implications for human health. 

ctopically colonizing strains: insights into 

heir origin and adaptation 

e v er al contr ov ersial questions r emain open in the field of ectopic
olonization by oral bacteria. As an example, the transmission dy-
amics of ectopically colonizing oral species and the relationship
etween strains in distant body sites and oral strains remain un-
lear. It is uncertain if ectopically colonizing oral species are con-
istentl y tr ansmitted fr om the or al cavity. Alternativ el y, str ains in
istant body sites may be closely related to oral strains of the
ame species , ha ving ada pted and div er ged as longer-term r esi-
ents in new niches. Further, if there is indeed such a “constant
eeding,” we ignore if this seeding is a rare event or a more fre-
uentl y encounter ed pr ocess. In this c ha pter, we will summarize
he main findings regarding these questions and highlight knowl-
dge gaps regarding the colonization process. 

For years, the exact origin and nature of ectopically colonizing
r al str ains has been an open question in the field. Indeed, most
f the studies assessing for ectopic colonization by oral bacteria
re based on 16S rRNA gene amplicon sequencing data (Muhle-
ac h et al. 2018 , Dinakar an et al. 2019 , Chen et al. 2020 , 2021 ,
in et al. 2021 , Hodel et al. 2023 ), thus not allowing for strain-

e v el infer ence and comparisons. In r ecent years, se v er al stud-
es have started to tackle this question by analyzing in parallel
he microbiome in the saliva as well as from ectopically colo-
ized sites. To infer strains and perform str ain-le v el comparisons,
he authors applied either shotgun metagenomic sequencing, ge-
omic comparisons of isolated strains, or arbitrarily primed PCR

AP-PCR). These studies have confirmed that ectopically coloniz-
ng str ains ar e indeed closel y r elated to or al str ains in patients
ith CRC and preterm birth (Han et al. 2010 , Atarashi et al. 2017 ,
omiya et al. 2019 , Schmidt et al. 2019 , Chen et al. 2021 , Hu et al.
021 ). 

Recentl y, Sc hmidt et al. ( 2019 ) hypothesized that the trans-
ission of oral strains could be more common than previously

hought, since the ectopic colonization of or al micr obiota has
een neglected in healthy subjects . T hus , using shotgun metage-
omic sequencing and reconstruction of metagenome-assembled
enomes they compared 310 bacterial species originating from
aliva and feces from 470 subjects, both healthy and diseased,
ncluding patients with RA, type-1 diabetes, and CRC from Fiji,
hina, Luxembour g, Fr ance, and German y. They sho w ed that 125
f these species wer e equall y pr e v alent in the or al cavity and the
ntestine . Moreo ver, the authors performed single nucleotide vari-
nt profiling allowing for str ain-le v el anal ysis within each species
nd were able to delineate two categories of species transmitted
long the oral-fecal axis: frequent oral-fecal transmitters, whose
ransmission along the GI tract was found in most of the individ-
als independently of their health status, include strains of the
ener a Streptococcus , Veillonella , Actinom yces , and Haemophilus ; and
ccasionall y tr ansmitted species, suc h as members of the genus
revotella (Schmidt et al. 2019 ). Furthermore, they sho w ed that the
igh absolute abundance of bacteria from oral origin in the fecal
amples exceeds the order of magnitude that can be explained by
assiv e tr ansmission alone (i.e. thr ough saliv a ingestion) (Sc hmidt
t al. 2019 ). They, thus speculate that ther e m ust be activ e colo-
ization by oral strains in the lo w er intestinal tract. 

The studies described focus on sequencing-based comparisons,
s do most of the other studies published to date (Table 1 ). The
rst few studies to compare isolated strains focused on the com-
arison of strains of the oral species F. nucleatum in between the
ral cavities and ectopically colonized sites from the same pa-
ients. A first stud y re ported the same clone of F. nucleatum in
he subg ing ival tissue and placenta of a woman after stillbirth
Han et al. 2010 ). Later, a study on cancer compared strains of F.
ucleatum in the oral cavity and cancerous colonic tissue in pa-
ients with CRC (Komiya et al. 2019 ). The authors isolated F. nu-
leatum str ains fr om saliv a and CRC of 14 patients and c har acter-
zed the strains by AP-PCR. They confirmed that strains of oral and
RC origin were identical in 42.9% of the patients. Another study,

solated Fusobacterium spp. from CRC tissues and liver metasta-
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is from two patients ( F. nucleatum in patient 1 and F. necropho-
um in patient 2). By a ppl ying whole genome sequencing to the
solates, they concluded that the isolates corresponded to the
ame strain as they shared 99.9% nucleotide similarity and spec-
late that Fusobacterium species not only ectopically colonize the
olon but can also r eac h distant places such as the liv er, pr oba-
l y migr ating together with metastatic cancer cells (Bullman et
l. 2017 ). In line with this observ ation, v ery r ecentl y, a study has
emonstrated that P. micra can also translocate from the oral cav-

ty to CRC tissues, as the same str ains wer e isolated fr om the
ubg ing ival space and CRC tissues from the same patient (Conde-
ér ez et al. 2023 ). Appl ying a gain whole genome sequencing to the
solates, the authors r e v ealed that the str ains shar e 99.2% identity
ithin each patient, a score much higher than that obtained for

nterindividual strain similarity (97%) (Conde-Pérez et al. 2023 ).
or eov er, P. micra str ains isolated fr om differ ent body sites fr om

he same patient cluster together in a pangenome clustering of P.
icra genomes sourced from this study and from NCBI (Conde-

érez et al. 2023 ). Finally, Chen et al. ( 2021 ) discov er ed similar
ndings regarding the oral species A. massiliensis , S. satelles , and
. rimae in fecal samples from individuals with systemic lupus
rythematosus compared to healthy controls, with a high similar-
ty between all strains based on single nucleotide pol ymor phisms
Chen et al. 2021 ). To the best of our knowledge these are the only
tudies that go beyond sequencing-based comparisons and report
he isolation and identification of identical strains/clones in the
ral cavity and diseased tissue from the same subject. While these
tudies are indeed pioneering, they were restricted to a low sam-
le size with a single placenta sample in the study on still-birth

Han et al. 2010 ), 14 patients in the study of F. nucleatum in CRC
Komiya et al. 2019 ), and five patients with positive isolation of P.
icra in CRC (Conde-Pérez et al. 2023 ). Furthermore, they did not

nclude healthy controls . T here is thus clearly more work needed
o understand the process of oral ectopic colonization in different
issues at distant body sites. Appr oac hes using bacterial isolation
ill be especiall y v aluable as it will allow for clear strain compar-

son and experimental follow-up studies, thus helping to validate
ossible causal relationships between ectopic colonization and
isease. 

There is an ongoing debate whether the or al str ains found at
ctopic sites are constantly seeding in from the oral cavity (Muh-
ebac h et al. 2018 , Sc hmidt et al. 2019 ) or if they hav e ada pted to
he new niche, and are thus long-term colonizers in the new body
ite (Gough et al. 2020 ). To shed light on this question, Schmidt
t al. ( 2019 ) analyzed the stability of the oral and fecal strains
f oral bacteria in a group of 46 individuals for which longitudi-
al sequencing data was a vailable . T heir findings demonstrated
hat these populations r emain stable ov er time in terms of fecal
tr ains turnov er by or al bacteria, leading the authors to conclude
hat oral transmission is a frequent and ongoing process, with
r al str ain populations consistentl y r e-establishing themselv es in
he gut (Schmidt et al. 2019 ). In contrast, the strain-level anal-
sis of gut-resident Streptococci in a children’s cohort from Zim-
abwe conducted by Gough et al. ( 2020 ) showed that S. salivarius
tr ains pr esent in fecal samples ar e differ ent fr om S. saliv arius r ef-
rence genomes isolated from the oral cavity, although the exact
enomes used as r efer ence wer e not specified. This observation
ould indicate that oral S. salivarius strains ectopically colonizing
he gut hav e e volv ed to adapt to the new environment. Interest-
ngl y, Conde-Pér ez et al. ( 2023 ) made a similar observation for one
f the CRC patients in their cohort where the paired P. micra iso-
ates from g ing ival and tumor samples exhibited less similarity
etween each other compared to isolates from the same body site
rom other patients . T his observation suggests that the isolates
ay either belong to different strains with independent origin or

hare a common ancestor in the oral cavity and adapted to the
e w nic he once tr ansmitted to the intestinal tr act. Suc h ada pta-
ions might lead to changed interactions within the overall bacte-
ial community and thus be important to consider when de v elop-
ng treatment options for syndromes linked to ectopic oral bacte-
ial ov er gr owth. Another possibility is that the intestine-resident
tr ains ar e not originating in the or al cavity but that they ar e nat-
ral members of the intestinal microbiota. Of note, Gough et al.
 2020 ) did not use salivary and fecal samples from the same in-
ividuals in their comparison but rather used oral samples from
ubjects from another country. It is, thus not possible to clearly
nfer if strains adapted to the lo w er GI tract or if they just di-
 er ge fr om the pr e viousl y published or al data due to interindi-
idual and geogr a phic differ ences in str ain occurr ence. Like wise,
s the publication by Schmidt et al. is based on a pooled dataset
Sc hmidt et al. 2019 ), ther e might be artifacts induced by tech-
ical issues , i.e . linked to differ ences in sample extr action or se-
uencing runs . T her efor e, the debate on the origin and e volution
f ectopically colonizing oral strains remains an open question.
iv en the fe w studies published so far, there is a clear need for

ar ger, rigor ousl y contr olled and ideall y longitudinall y conducted
tudies . T hese studies should include culture as well as shotgun
eta genomic anal ysis of samples fr om both, the or al cavity, and

he ectopically colonized sites. Such studies will allow to better
nderstand the origin, frequency, and disease relevance of ectopic
olonization by oral bacteria, the strains capable of translocating
o distant sites and an e v entual long-term colonization that they

ight engage in. Further studies are especially also warranted for
xtr aintestinal sites, whic h hav e been lar gel y neglected in pr e vi-
us r esearc h. In addition, it should be noticed that the oral and
olonized sites environments exhibit variances in pH levels, oxy-
en concentration, nutrient availability, host immune responses,
nd indigenous micr obial populations, whic h cr eate competitiv e
r essur es . T hese factors collectiv el y hav e the potential to signif-

cantly influence the process of ectopic colonization and shape
he ability of colonizing bacteria as well as specific bacterial taxa
r groups to adapt to their new niche . T herefore , future studies
hould take these factors into account. 

athophysiological and molecular 
ec hanisms associa ted with ectopic 

olonization by oral bacteria 

lthough we have made great progress on elucidating correla-
ions between a variety of diseases and ectopic colonization by
ral bacterial species (Fig. 1 and Table 1 ), our understanding of
he causal mechanisms leading to the observed pathophysiology
emains limited. The last years have seen an increase in stud-
es aimed at elucidating the mechanisms leading to colonization
nd persistence of or al str ains at distant body sites as well as
he bacteria–host interactions they engage in, ultimately lead-
ng to disease . T he focus has been especially on mechanisms
nderlying the role of ectopically colonizing oral bacteria in in-
ammatory diseases (i.e . IBDs , CRC, and inflammatory autoim-
une diseases) (Abed et al. 2016 , Atarashi et al. 2017 , Chen et

l. 2021 , Bergsten et al. 2022 , Rojas-Tapias et al. 2022 , Zhao et
l. 2022 ). Recentl y, pioneering studies hav e shown an additional
mplication of oral bacteria in pathophysiological changes that
r e not strictl y associated with inflammation of the intestinal
r act, including c hildhood undernutrition (Chen et al. 2020 , Von-
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aesch et al. 2022 ) and adverse pregnancy outcomes (Han et al.
2004 , 2005 , Ikegami et al. 2009 , Fardini et al. 2011 , Coppenhagen- 
Glazer et al. 2015 ). This c ha pter aims to summarize the existing 
knowledge of these bacteria-host interactions and highlight gaps 
in our understanding of the molecular mechanisms underlying 
the ectopic colonization by oral bacteria and the role they play in 

pathophysiology. 

Molecular mechanisms favoring ectopic 

coloniza tion b y or al bacteria 

To elucidate the ability and mechanisms leading to ectopic colo- 
nization of oral strains in the intestinal tract Atarashi et al. ( 2017 ) 
or all y tr ansplanted saliv a samples fr om CD and UC patients to GF 
mice . T hey then used 16S rRNA gene amplicon sequencing com- 
bined with bacterial isolations to c har acterize the salivary bac- 
teria able to colonize the intestinal tract of these mice (Atarashi 
et al. 2017 ). Their results confirmed that K. pneumoniae isolated 

from patients with CD (strain Kp-2H7) can colonize the intestinal 
tract, leading to especially high absolute abundances in the colon 

and cecum. They further observed that this ectopic colonization 

leads to significant accumulation of interferon-gamma-positive 
CD4 + T cells (Th1 cells) in the intestinal lamina propria of the col- 
onized colonic tissue . T his proinflammatory signal was specific to 
the colon and not found in non-colonized sites such as the small 
intestine and oral tissues (Atarashi et al. 2017 ). The authors then 

performed a second colonization experiment in specific pathogen 

free (SPF) mice pre-treated with the antibiotics ampicillin and tyl- 
valosin to break colonization resistance. Also here, they were able 
to colonize the mice , fa v ored b y the resistances of K. pneumoniae to 
these antibiotics (Atarashi et al. 2017 ). Similar results were found 

for K. aeromobilis isolated from saliva of UC patients in the same 
study (Atarashi et al. 2017 ). 

Veillonella strains are versatile commensals inhabiting various 
regions of the human body, including the oral cavity, lungs (Dick- 
son et al. 2017 ), and v a gina (Piot et al. 1982 ). Veillonella parvula is 
a primary inhabitant and early colonizer of the oral cavity (Gia- 
comini et al. 2023 ). Regarding potential ectopic colonization from 

the oral cavity to distant sites, this bacterium has been shown to 
colonize the intestinal tract in a mouse model of colitis. To do so,
it relies on a metabolic shift from fermentation to w ar d anaero- 
bic nitrite r espir ation, thus allowing it to colonize . T his might po- 
tentially also give it an advantage over the resident microbiota,
although it has not been confirmed in this study (Rojas-Tapias 
et al. 2022 ). Nitrite is an abundant metabolite in inflammatory en- 
vir onments, suc h as IBDs (Hu et al. 2020 ). V. parvula uses the nar 
genes (cluster of genes implicated in nitrate reduction) for nitrite 
r espir ation and in consequence, a V. parvula mutant lacking narG 

sho w ed lo w er colonization ability in the lo w er GI tract in a mouse 
model ov er exposed to this or al bacterium. Mor eov er, the authors 
also observe a higher relative abundance of V. parvula in fecal and 

colonic tissue of mice with colitis compared to wild-type mice and 

observe a reduced colonization by V. parvula in the colon of mice 
unable to produce nitric oxid (iNOS knock out mice) (Rojas-Tapias 
et al. 2022 ). 

In a study in humans, Rashidi et al. ( 2023 ) analyzed the oral 
and fecal microbiota composition in a diverse group of subjects 
including healthy volunteers treated with an antibiotic, acute 
leukemia patients and stem cell transplant recipients, which both 

r eceiv e antibiotics for their medical follow-up. They used 16S 
rRNA gene amplicon sequencing and exact amplicon sequence 
v ariants to compar e or al and fecal micr obiota members . T he 
authors observed an opposite phenomenon to the role of colo- 
ization resistance, as no ectopic colonization was observed in 

ntibiotic-treated healthy patients and, even with significant an- 
ibiotic exposur e, onl y one or al species colonized the gut in eac h of
he latter two gr oups, Actinom yces odontol yticus in acute leukemia
atients and Streptococcus spp. in stem cell transplant recipients.
 he authors , thus concluded that colonization resistance impair-
ent may not be the primary factor allowing ectopic coloniza-

ion by oral bacteria and that additional mec hanisms ar e needed
or successful ectopic colonization at distant body sites (Rashidi 
t al. 2023 ). While this is an interesting study and hypothesis, it is
mportant to k ee p in mind that the study was r etr ospectiv e and
ur el y based on sequencing data. The conclusions thus need to
e corr obor ated by additional in vitro and in vivo studies. In line
ith this observ ation, r ecent studies in animal models support

he existence of specific additional colonization factors beyond 

imple colonization resistance. For F. nucleatum , one of the most
tudied oral pathobionts associated with CRC, it has been shown
hat the lectin-type adhesin Fap2 is an essential factor mediat-
ng bacterial adhesion to tumorigenic tissue, and thus a crucial
olonization factor for this bacterium in CRC (Abed et al. 2016 ).
f F. nucleatum is intr av enousl y injected in an adenocarcinoma

ouse model (mimicking the transient bacteremia during peri- 
dontal disease), it has been observed that F. nucleatum comes to
he cancerous sites and uses Fap2 to bind to a host polysaccharide
Gal-GalNAc) ov er expr essed in CRC cells. As a r esult of this Fa p2-
al-GalNAc adhesion, the absolute abundance of F. nucleatum is 
igher in tumor tissues compared to adjacent healthy tissues 

Abed et al. 2016 ). Inter estingl y, in the same study, there was no
redisposition of ectopic colonization by P. gingivalis in the lo w er
I tract of CRC patients, suggesting that the molecular mecha-
isms used by oral bacteria to ectopically colonize distant body
ites vary in between different species . Nevertheless , the same
echanism can be used by the same bacteria to colonize diverse

ody sites. Indeed, Fap2 has been shown to be likewise essential
or F. nucleatum to colonize the placenta, whose cells also express
al-GalNAc in high le v els (Coppenha gen-Glazer et al. 2015 ). Fur-

her, there is evidence suggesting that this mechanism could be
xtended for F. nucleatum colonization of other adenocarcinomas 
prostate , o vary, colon, uterus, pancreas, breast, and esophagus),
ince co-occurrence of high le v els of Gal-GalNAc and F. nucleatum
NA has been found in these tissues (r e vie wed by Alon-Maimon
t al. 2022 ). In fact, in murine breast cancer models, the intravas-
ular inoculation of F. nucleatum expressing fap2 resulted in the
pecific colonization of mammary tumors, while tumor coloniza- 
ion was compromised when fap2 was inactivated (Parhi et al.
020 ). 

Regarding community dynamics, it remains unclear whether 
he ectopic colonization by oral bacteria is leading to an expan-
ion of oral bacteria at distant sites or if a decrease in the res-
dent microbiota is leading to a r elativ e incr ease in these or al
acteria, while the absolute count remains constant (Liao et al.
022 ). Liao et al. ( 2022 ) have recently provided evidence that tips
he balance in favor of the second option. Indeed, displacement
f autoc hthonous str ains has been observ ed in se v er al diseases,
ncluding IBDs (Metwaly et al. 2020 ) or childhood undernutrition
Vonaesch et al. 2018 , 2022 ) and it is thus not clear if the disappear-
nce of these strains and/or the overrepresentation of oral strains
re the main disease-inducing entities. Chen et al. ( 2020 ) reported
hat an increase in absolute abundance of oral species in stunted
 hildr en corr elates with stunting se v erity. Clearl y, mor e studies
eporting absolute abundance data are needed to shed light onto
ommunity dynamics during colonization of distant sites by oral 
acteria. 
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echanisms leading to inflammation at sites 

ctopically colonized by oral bacteria 

ysr egulated imm une r esponses and persistent inflammation are
ecognized as k e y factors in the pathogenesis of IBDs, CRC, and un-
ernutrition (Belkaid and Hand 2014 , Chen et al. 2020 ). It has been
ostulated that this inflammation is linked to ectopically coloniz-

ng oral bacteria (reviewed by Peng et al. 2022 ). In the study of
tar ashi et al. ( 2017 ), ectopicall y colonizing K. pneumoniae str ains
tr ongl y induce Th1 cells in the colon of colitis-mouse model com-
ared to wild-type mice, leading to an upregulation of proinflam-
atory genes such as cxcl9 , tnfa , and ifng , and an increase in the

roduction of IL-18 as well as to visible cell damage in histol-
gy section. Of note, all these changes that are not observed in
ild-type animals after colonization with or all y deriv ed K. pneu-
oniae . Later, Federici et al. ( 2022 ) analyzed the composition of

ecal microbiome of four separate IBDs cohorts (France, USA, Is-
 ael, and German y) comprising a total of 537 participants by shot-
un metagenomic sequencing. They detected a specific group of
trains of K. pneumoniae with a distinct antibiotic resistance and
obilome profile (Kp2 strains). Additionally, the presence of these

trains in fecal samples from IBDs patients strongly correlated
ith the exacerbation and se v erity of the disease (Federici et al.
022 ). The introduction of these K. pneumoniae strains into mice
ith a predisposition to colitis resulted in an increased intestinal

nflammation, exemplified through induction of colonic Th1 cells,
ncr eased expr ession of ifng and il17 and ele v ated fecal lipocalin
e v els. While the r esults of this study sustain the findings by
tarashi et al. ( 2022 ), it must be noted that Federici et al. ( 2022 )
id not confirm the oral origin of the inflammation-inducing K.
neumoniae strains in their study. Furthermor e, Rojas-Ta pias et al.
 2022 ) sho w ed a correlation betw een a higher r elativ e abundance
f Veillonella species, in particular V. parvula and V. dispar , in the
eces and increased levels of fecal calprotectin in patients with
C. This suggests that the intestinal inflammation encountered

n the context of IBDs facilitates ectopic colonization by Veillonella
pp., as well as Klebsiella spp. (Atarashi et al. 2017 ). It thus seems
hat inflammation encountered in the context of IBDs does not
nl y cr eate a mor e permissiv e envir onment for the colonization
y or all y deriv ed bacteria but that it also exacerbates intestinal

nflammation thus contributing to the perpetuation of c hr onic in-
ammation. To date, it is unclear which molecular mechanisms
nderl y this imm une activ ation clearl y demonstr ating that mor e
ork is needed to understand this phenomenon in detail. 
Yet another oral bacterium, P. micra, has been also widely asso-

iated with CRC (Zhao et al. 2022 , Conde-Pérez et al. 2023 ). Re-
ent mechanistic studies performed in vivo have demonstrated
hat ectopic colonization by this oral pathobiont in the colon pro-

otes colonocytes pr olifer ation and metastasis and leads to in-
reased Th17 cell infiltration and upregulation of the proinflam-
atory cytokines Il-17, Il-22, and Il-23 (Zhao et al. 2022 ). Another

tudy in mice shows that Th17 cells infiltration and upregulation
f proinflammatory cytokines is likewise associated with P. gin-
ivalis after its translocation from subg ing ival tissue to the in-
estinal tract (Nagao et al. 2022 ). In the intestine, P. gingivalis is
nternalized in P ey er’s patches , facilitating T h17 cell differentia-
ion and infiltration to peripheral immune tissues . Moreo ver, T h17
ells can then migrate to and accumulate in the oral cavity, induc-
ng inflammatory cytokines (i.e. CCL20) and worsening periodon-
itis. Importantl y, the de v elopment of periodontitis thr ough these
. gingiv alis -r esponsiv e Th17 cells seems to be dir ectl y influenced
y the intestinal micr obiome, as alter ations with antibiotics lead
o an ameliorated phenotype (Nagao et al. 2022 ). Taken together,
i  
hese studies suggest that ectopic colonization by P. micra and
. gingiv alis acceler ates cancer pr ogr ession and periodontitis, r e-
pectiv el y, and cr eates a pr oinflammatory micr oenvir onment that
orsens disease. At the same time, this inflammation also poten-

ially facilitates ectopic colonization by other oral bacteria, such
s F. nucleatum , pr ofiting fr om the pr oinflammatory envir onment.
 recent study conducted by Bergsten et al. ( 2022 ) confirmed that

. micra leads to upregulation of inflammatory pathways in colonic
ucosa samples from CRC patients. In addition, the authors elu-

idate the involvement of P. micra in the epigenetic r epr ogr amming
f human primary intestinal epithelial cells, altering the methy-
ation profile of promoters for oncogenes and tumor-suppressor
enes, thus showing a direct and causal role of this bacterium in
he de v elopment of cancer (Ber gsten et al. 2022 ). 

A fe w r ecent studies hav e pointed to w ar ds an association be-
ween autoimmune diseases and ectopic colonization by oral bac-
eria and started to shed light on the underlying molecular mech-
nisms: A first study in a Chinese cohort of 49 patients with RA
nd 25 healthy patients observed that absolute abundance of F.
ucleatum in the feces correlated with RA severity. This associa-
ion was especially strong for known biomarkers as RA such as
erum le v els of the proinflammatory cytokines IL-6 and TNF α, C-
 eactiv e pr otein as well as c hanges to the erythr ocytes sedimen-
ation state (a blood test to indir ectl y assess for systemic inflam-

ation) (Hong et al. 2023 ). On an experimental le v el, or al admin-
stration of F. nucleatum to a mouse model of collagen-induced
rthritis resulted in increased arthritis severity, characterized by
igher le v els of pr oinflammatory cytokines in the serum, higher
one erosion and infiltration of macrophages and neutrophils in
he joints . Moreo ver, this phenotype was reversible upon antibi-
tic depletion of F. nucleatum from the intestinal tract of these
ice (Hong et al. 2023 ). At molecular le v el, the induction in in-

ammation seems to be due to F. nucleatum -secreted outer mem-
r ane v esicles containing the adhesin protein FadA, an essential
actor for F. nucleatum dissemination to distant sites. FadA inter-
cts with E-cadherin, and thus enables bacterial adhesion and in-
 asion of E-cadherin-positiv e cells in carcinogenic tissues (Rubin-
tein et al. 2013 ). In addition, FadA is involved in inflammation in-
uction as it dir ectl y inter acts with the host protein Rab5a, a tran-
criptional regulator, to stimulate transcription of proinflamma-
ory genes, and ultimately induce inflammation (Hong et al. 2023 ).
f note, FadA and Rab5a are both detected in joint fluids and syn-
vium tissues of RA patients. For ethical reasons, it was, ho w e v er,
ot possible to compare the levels of these two proteins in the

oint fluids of RA patients and healthy controls. Also in China,
nother study demonstrated an increase in relative abundance
f the oral species A. massiliensis , S. satelles , and A. rimae in fecal
amples of individuals suffering from systemic lupus erythemato-
us (117 patients) compared to healthy controls (115 subjects), pin-
ointing a role of secreted microbial peptides in inducing inflam-
ation (Chen et al. 2021 ). Given the difficulties to isolate these

acterial species, the authors could not experimentally test their
ndings . T hey thus used an indirect approach where they syn-
hesized autoantigens based on the genomic sequences (MAGs)
btained from the microbiome of the patients’ samples. Cocul-
uring the microbial peptides with peripheral blood mononuclear
ells they confirmed the ability of these peptides to trigger se-
retion of IL-17A and IFN (Chen et al. 2021 ). Another study as-
essed for a role of the oral commensal bacterium S. salivarius
n AR. In this study, the authors isolated S. salivarius from nasal
wabs of patients suffering from AR (Miao et al. 2023 ). Further in
itro and in vivo studies demonstrated that the isolated S. salivar-

us adhere to the nasal epithelium more efficiently under AR con-



Hernández-Caban yer o and Vonaesch | 13 

 

 

 

 

 

 

l  

e  

o
c  

c  

s  

a  

r
r  

t
n  

o

I
p
A
t
n
t
s  

r  

s  

i  

t  

c  

t  

t  

l  

t  

r  

m
w
l  

a  

e  

s  

e  

i  

a  

e  

S  

m  

a  

s  

P
a  

r  

s  

i  

p  

m  

a  

a
e
p  

c  

e  

t  

N  

c  

v  

n  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/2/fuae012/7656403 by Sebastien Baechler user on 06 M
ay 2024
ditions compared to healthy epithelial cells . T his adhesion takes 
place through Mucin5AC, a mucin protein overexpressed in ep- 
ithelial cells during AR (Evans et al. 2015 ). Once adhered to the 
nasal epithelium, the S. salivarius isolates increased the expres- 
sion of genes encoding inflammatory cytokines ( il1 β, il6 , tnfa , il25 ,
and il5 ), thus contributing to the de v elopment and worsening the 
se v erity of AR (Miao et al. 2023 ). Taken together, these studies pro- 
vide a promising foundation for exploring the mechanisms behind 

the association of ectopic colonization by oral bacteria and non- 
intestinal inflammatory diseases . T his r esearc h is, ho w e v er, at the 
beginning and there are clearly further research efforts needed 

to truly understand the molecular mechanisms underlying this 
phenomenon. 

SIBO of oral origin (SIOBO), is a different entity compared to 
SIBO (r e vie wed in Yersin and Vonaesch 2024 ) and has been well- 
documented in the context of childhood undernutrition (Von- 
aesch et al. 2018 , 2022 , Chen et al. 2020 , Collard et al. 2022 ,
Donowitz et al. 2022 ). Se v er al r ecent studies hav e shown that 
there is a clear link between SIOBO in stunted c hildr en and in- 
duction of different proinflammatory cytokines including IL-6, 
MCP1, IL-1 β, and IL-12 (Chen et al. 2020 , Vonaesch et al. 2022 ).
Chen et al. ( 2020 ) administered a bacterial community consist- 
ing of 14 oropharyngeal strains isolated from the duodenum of 
stunted c hildr en into undernourished mice and compar ed the in- 
flammatory profile and small intestinal histology to mice colo- 
nized with cecal content from a SPF mouse (control condition).
They observed that the 14-member consortium led to an inflam- 
matory infiltration of lymphocytes in the small intestinal lamina 
propria (Chen et al. 2020 ). This infiltration was associated with 

disruption of the small intestinal epithelial barrier suggesting a 
causal relationship between SIOBO and the pathophysiology ob- 
served in stunted children. The authors, ho w e v er, did not manage 
to explain the molecular mechanism leading to the observed in- 
flammatory changes. In a different study, Vonaesch et al. ( 2022 ) 
assessed for the effect of se v er al or al str ains isolated fr om the 
duodenum of stunted c hildr en on polarized epithelial cells . T hey 
observed a clear increase in permeability induced by several of 
the oral strains. Focusing on inflammation, they assessed then 

for the proinflammatory potential of a S. salivarius strain isolated 

from duodenal samples and assessed for inflammation in vitro us- 
ing coculture with polarized murine small intestinal cells and in 
vivo by or all y administering S. saliv arius to antibiotic pr etr eated 

SPF mice. As the authors failed to observe inflammation in these 
systems, they concluded that either a full bacterial community,
rather than a single strain must be responsible for the inflamma- 
tion observed in vivo or that the bacterial load needs to be higher 
(Vonaesch et al. 2022 ). 

Implication of ectopic oral bacteria in nutrient 
absorption in childhood undernutrition 

Beside intestinal inflammation, there is recent evidence of the role 
of oral bacteria in nutrient malabsorption (Vonaesch et al. 2022 ).
In this study, Vonaesch et al. ( 2022 ) cocultured polarized murine 
small intestinal cells with a collection of bacterial species isolated 

from the duodenum of undernourished African children. The bac- 
teria were chosen to represent a broad taxonomic selection, in- 
cluding Streptococcus par asanguinis , S. salivarius , S. or alis , Mor axella 
catarrhalis , Neisseria cinerea , and Haemophilus influenzae . They could 

show that coculture led to a decrease in lipid absorption by all 
or al str ains and that this decr ease in lipid absor ption seems to 
be mediated by a low-molecular weight product. Last, they could 

also confirm the decreased lipid absorption in the jejunum and 
iver in a mouse model of ov er exposur e to S. saliv arius (Vonaesc h
t al. 2022 ). Of note, similar c hanges in lipid absor ption ar e also
bserved in human small intestinal biopsies of undernourished 

 hildr en fr om P akistan, although a corr elation with micr obiota
omposition and ectopic colonization by oral bacteria was not as-
essed in this case (Haberman et al. 2021 ). While this study shows
n exciting link between lipid absorption and ectopic oral bacte-
ial colonization, the exact effector and the molecular mechanism 

 emain unknown (Vonaesc h et al. 2022 ). More work is thus needed
o elucidate the exact molecular mechanism underlying this phe- 
omenon and to unr av el its specific role in the pathophysiology
f childhood undernutrition. 

mplication of ectopic oral bacteria in adverse 

regnancy outcomes 

nother disease associated with ectopic colonization by oral bac- 
eria and only involving minimal inflammation is adverse preg- 
ancy outcome. Indeed, adverse pregnancy outcomes is one of 
he first pathologies associated with ectopically colonizing oral 
trains. Han et al. ( 2004 ) were pioneers in delving into the causal
elationship between F. nucleatum , one of the oral pathobionts re-
ponsible of periodontitis, and pr eterm birth. Using intr av enous
nfection as a model of transient bacteremia caused by periodon-
itis, they administered F. nucleatum strains isolated from both oral
avities and amniotic fluids of preterm births in pregnant mice. In
hese mice, all tested F. nucleatum str ains wer e initiall y detected in
he blood vessels of the placenta and later invaded the endothe-
ial cells lining these v essels. Subsequentl y, the bacteria cr ossed
he endothelium, multiplied in nearby tissues, and e v entuall y
 eac hed the amniotic fluid. Importantly, the bacterial infection re-
ained confined to the uterus-related tissues, where it correlated 

ith neutrophilic inflammatory response . Moreo ver, the infection 

ed to an increase in pr ematur e deliv ery, stillbirths, and occasion-
ll y nonsustained liv e births compar ed to noninfected mice (Han
t al. 2004 ). Of note, v a ginal isolates of a different Fusobacterium
pecies, F. gonidiaformans , were unable of adhering and invading
ndothelial and epithelial cells (Han et al. 2004 ). This observation
s explained through later research reporting the existence of Fap2
nd FadA adhesins in F. nucleatum strains (Han et al. 2005 , Ikegami
t al. 2009 , Fardini et al. 2011 , Coppenhagen-Glazer et al. 2015 ).
imilarl y, tr anslocation of P. gingiv alis to the placenta of pregnant
ice also leads to an increase in proinflammatory cytokines IFN γ ,

nd IL-2, but in this case the outcome results in fetal growth re-
triction instead of preterm or stillbirth (Lin et al. 2003 ). Of note,
. gingivalis studies in pregnant mice used subcutaneous injection 

s infection r oute, whic h does not replicate the natural infection
outes. Later in vivo studies administering saliva and subg ing ival
amples intr av enousl y to pr egnant mice hav e pr ovided further e v-
dence of other oral microbiota species that can translocate to the
lacenta (Fardini et al. 2010 ). Beside F. nucleatum , these include S.
itis , S. salivarius , S. parasanguinis , Neisseria flavescens , V. parvula ,
nd V. atypica . Furthermore, some of the translocated species such
s Aggregibacter segnis and Peptostreptococcus stomatis seem to be 
nriched in their relative abundance in placental samples com- 
ared to the original saliva samples used for colonization, indi-
ating an expansion of oral bacteria at the colonized sites (Fardini
t al. 2010 ). In conclusion, there is thus a clear association be-
ween ectopic oral colonization and adv erse pr egnancy outcomes.
e v ertheless, except for F. nucleatum , the mechanisms of translo-
ation, colonization, and micr obe–host inter actions leading to ad-
 erse pr egnancy outcomes r emain unclear. Furthermor e, it is also
ot clear if single bacteria, or rather polymicrobial infections are
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eading to negative birth outcomes. A study on F. nucleatum sug-
ested that F. nucleatum binds to endothelial cells though the ad-
esin FadA, increasing endothelial permeability and thus allow-

ng infiltration of other bacteria, such as Escherichia coli (Fardini et
l. 2011 ). Weather this is true for other oral commensal species,
f it contributes to ectopic colonization of oral bacteria at distant
ites and if this contributes to the disease outcome needs further
 esearc h. 

In conclusion, the existing liter atur e underscor es a clear asso-
iation between ectopic colonization by oral bacteria and a wors-
ned disease outcome, yet also showcases the intricate nature of
he colonization pr ocess, whic h exhibits significant v ariation be-
ween bacterial species and specific diseases. It is thus essential
o assess for disease-specific colonization to gain deeper insights
nto the unique mechanisms associated with this complex phe-
omenon. While the initial r esearc h, especiall y r egarding mec h-
nisms, has mostl y concentr ated on intestinal inflammatory dis-
ases, there is increased evidence that this ectopic colonization
lso contributes to certain noninflammatory conditions. More re-
earch is needed on the exact molecular mechanisms underlying
hese phenomena as these endeavors hold the promise of uncov-
ring new insights and therapeutic avenues for a diverse range of
ealth conditions. 

oncluding remarks 

he complexity and close relationships of microbiomes with their
uman host, health, and disease has fascinated the scientific
ommunity since several decades. In this review, we have sum-
arized the most recent literature on the molecular mechanism

eading to ectopic colonization by members of the oral micro-
iome , the wa y they interact with their human host and the pro-
ound impact this ectopic colonization has on human health and
isease. 

Despite the significant r esearc h pr ogr ess in this field in the last
 ears, w e ar e onl y beginning to scr atc h the surface in understand-
ng the causal links between ectopic colonization by oral bac-
eria and pathophysiology. T hus , man y knowledge ga ps r emain.
irst and foremost, while there was substantial progress on un-
erstanding the role of ectopically colonizing bacteria on intesti-
al inflammatory diseases, we know m uc h less about its role in
ther pathophysiological disturbances such as nutrient absorp-
ion, cell pr olifer ation, or other mec hanisms, whic h ar e yet to be
etermined. Second, while w e kno w already quite w ell ho w cer-
ain oral species such as F . nucleatum , P . gingivalis , or Veillonella
pecies colonize the host at distant body sites, m uc h less is known
bout other members of the oral microbiota. Indeed, the recent lit-
r atur e clearl y shows that ther e ar e common themes in the way
hat different oral bacteria colonize at distant sites and predis-
ose/contribute to disease. Ho w e v er, ther e is also clear evidence
hat the exact molecular mec hanisms ar e specific to each bacte-
ial species or e v en str ain. We thus, need further studies assess-
ng also for the ectopic colonization of other oral bacteria, as well
s fungal or viral species, which have been neglected in research
tudies so far. Mor eov er, the existing liter atur e tends to focus on
ral and intestinal microbiome research, which has been histor-
call y favor ed for their accessibility, potentiall y intr oducing bias
n the micr obial str ains c har acterized to date . T his focus has led
o the identification of numerous bacteria as predominantly oral
pecies. In turn, it has overshado w ed the potential versatile nature
f some bacterial species that may also predominate in less inves-
igated body sites. Recognizing this, we emphasize the need for
 mor e compr ehensiv e explor ation of less-inv estigated envir on-
ents to avoid perpetuating misconceptions about strain-specific

abitat pr efer ences, highlighting the potential v ersatile natur e of
ertain bacterial strains that can extend beyond their presumed
abitat in the oral environment. Finally, the study of polymicro-
ial communities will be of major importance, as it has been pre-
iousl y observ ed that ectopic colonization often involv es m ulti-
le bacterial species acting in concert (Castellarin et al. 2012 , Fle-
er et al. 2017 , 2018 , Muhlebach et al. 2018 , Vonaesch et al. 2018 ,

022 , Dinakaran et al. 2019 , Collard et al. 2022 ). Understanding the
ausal links and outcomes of such complex interactions is cru-
ial for unr av elling the full spectrum of consequences and mech-
nisms associated with ectopic colonization, providing a more
ompr ehensiv e insight into the complex world of microbial com-
unities within the human body. 
To be able to pr e v ent and tr eat suc h diseases in the fu-

ure, it will be important to delineate possible host- or microbe-
ssociated features that facilitate or pr e v ent colonization at ec-
opic body sites, as this will be prime targets to develop targeted
nterv ention str ategies. In this context, ther e is a major open ques-
ion in the field, namely, if these ectopically colonizing strains are
ndeed constantly seeding from the oral cavity or if they were
ranslocated once and then adapted and multiplied at the dis-
ant body site. To answer this question, we will need experimental
 ppr oac hes in model systems such as mice. Although it is cru-
ial to experimentally investigate and validate ectopic coloniza-
ion in mouse models, it has often been demonstrated that there
re notable disparities in the microbiome composition between
arious body sites in humans compared to mice, especially in
acterial colonization patterns throughout the GI tr act, micr obial
ompositions shifts, and the host effect on host–microbe interac-
ions (Nguyen et al. 2015 , Hugenholtz and de Vos 2018 ). There-
ore, mouse experiments are not sufficient and should be com-
ined with longitudinal human studies acr oss div erse geogr a phic
nd demogr a phic populations. Another open discussion r egarding
ctopic colonization by oral bacteria is whether the translocated
tr ains ar e dead or aliv e. To pr operl y addr ess this question, we
ighlight the importance to increase efforts on bacterial isolation
ather than focusing solely on genomic studies . Moreo ver, increas-
ng the number of isolates for oral ectopic colonizers will also fa-
ilitate performing mechanistic studies, and thus contributing to
 better understanding of the causality and pathophysiology of
ctopic colonization by oral bacteria. This information will be es-
ential to finding the best pr e v entiv e methods to restrict ectopic
olonization by such bacteria in the future. 

In conclusion, our exploration of ectopic colonization by oral
acteria has unveiled a complex and intricate landscape with far-
 eac hing implications for human health. It is evident that these
icr oor ganisms hav e the potential to influence a wide array of

ealth conditions, and a deeper understanding of the underlying
echanisms is essential. We hope this review serves as a valu-

ble resource for researchers, healthcare professionals, and any-
ne interested in the evolving landscape of oral microbiota and
ts impact on human health. By focusing on r e vie wing the ne wl y
iscov er ed molecular mechanisms and the shared pathophysio-

ogical factors across different body sites and syndromes, we have
trived to offer valuable insights into this emerging field as they
old the k e y to dia gnosing, tr eating, and pr e v enting interv entions

inked to ectopic colonization by oral bacteria, ultimately enhanc-
ng the well-being of individuals around the world. 
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