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The skin and orogenital mucosae, which constitute complex protective barriers against 
infection and injuries, are not only the first to come into contact with pathogens but are 
also colonized by a set of microorganisms that are essential to maintain a healthy phys-
iological environment. Using 16S ribosomal RNA metagenomic sequencing, scientists 
recognized that the microorganism colonization has greater diversity and variability 
than previously assumed. These microorganisms, such as commensal bacteria, affect 
the host’s immune response against pathogens and modulate chronic inflammatory 
responses. Previously, a single pathogen was thought to cause a single disease, but 
current evidence suggests that dysbiosis of the tissue microbiota may underlie the 
disease status. Dysbiosis results in aberrant immune responses at the surface and 
furthermore, affects the systemic immune response. Hence, understanding the initial 
interaction between the barrier surface immune system and local microorganisms is 
important for understanding the overall systemic effects of the immune response. In 
this review, we describe current evidence for the basis of the interactions between 
pathogens, microbiota, and immune cells on surface barriers and offer explanations for 
how these interactions may lead to chronic inflammatory disorders.
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iNTRODUCTiON

The skin and mucosae constitute complex protective barriers against infection and injuries. Oral 
and genital mucosae differ from those of lung or gut as they are in constant contact with extrinsic 
stimulation, such as food, medication, and physical trauma. The skin and orogenital mucosae are 
similar with respect to function, as these barriers are not only the body’s first line of defense against 
pathogens but also hosts for a substantial number of commensals, including bacteria, fungi, and 
viruses. These organisms influence the immune response at the barrier sites and can lead to aberrant 
responses and chronic inflammation. Additionally, dysbiosis caused by specific bacteria species 
in the skin and orogenital mucosae is associated with tissue-specific chronic immune-mediated 
disease. The specific species responsible for this disease include Staphylococcus aureus on skin, 
Porphyromonas gingivalis on oral mucosa, and Gardnerella vaginalis on vaginal mucosa. The asso-
ciation between certain systemic diseases and changes in the microbiota of these barrier surfaces 
has just recently been reported, due to the fact that the microbiota in these areas is given less 
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attention compared to the microorganisms residing in the gut. 
Understanding the interactions between the local commensals 
and the immune system at these barrier sites is important, how-
ever, as the initial interaction occurs at these sites and can lead to 
widespread disease. Thus, in this review, we describe the major 
immune mediators of interactions between the surface barrier 
tissue and local microorganisms with respect to the representa-
tive disease.

SKiN MiCROBiOTA

Human skin, which comprises the body’s largest organ, is home 
to many commensals. Across the 1.8 m2 of the skin surface, one 
million bacteria reside on each square centimeter, yielding a total 
of more than 1010 bacterial cells on the human body (1). While the 
gut supports 1014 bacterial cells per healthy individual, the skin 
contains the second highest number and diversity of bacterial 
cells with as many as 40 different species per individual (2, 3). The 
difference between skin microbiota and that of the large intestine 
stems largely from the direct contact of the skin with the sur-
rounding environment. The combination of the multiple niches 
with various pH and temperatures created by these interactions 
with the environment and the diversity of the epidermal compo-
sitions and dermal appendages of the skin leads to the differences 
and diversity of the resident bacteria. The initial microbial skin 
colonization depends on the delivery mode. Vaginal delivery 
results in babies with microbiota similar to that of mother’s vagina, 
whereas babies born via cesarean section acquire microbiota 
related to skin. During puberty, the skin microbiota goes through 
a major transition with domination of lipophilic bacteria, such as 
Propionibacterium and Corynebacterium.

The Skin immune System
The immune system of the skin is composed of complex network 
of keratinocytes and immune cells, including the skin-specific 
antigen-presenting cells, the Langerhans cells. As the first line 
of defense against infection, the innate and adaptive immune 
systems are delicately controlled, and even a slight interference to 
the network can initiate an inflammatory response. The immune-
microbial interaction is therefore quite important, despite 
the fact that the skin microbiota are not required for immune 
system organization (4). When in symbiosis, which is defined as 
a persistent balanced state between the skin and skin-resident 
microorganisms, a specific member of the microbiota acts to 
preserve barrier functions, but when the barrier is breeched by 
intrinsic or extrinsic factors, the very same member can initiate 
an immune response.

Skin Microbiota and innate immunity
Epidermal keratinocytes release antimicrobial peptides (AMPs), 
such as cathelicidins and β-defensins, which comprise the 
majority of these AMPs (Figure 1A). The AMPs, which are also 
produced by sebocytes, provide microbicidal activity against 
pathogens and may also trigger the inflammatory response. 
Some of these AMPs are actually controlled by the microbiota. 
For example, Propionibacterium species induce the expression of 
AMPs in human sebocytes (5).

In addition to microbiota regulation of AMPs, adipose tissue 
that interfaces with the skin may also contribute to the innate 
responses. In invasive S. aureus infection, local preadipocytes 
rapidly proliferate, leading to an expansion of the dermal fat 
layer, and simultaneously, cathelicidin is markedly increased in 
the adipose tissue and the infected skin (6). This response by the 
local adipose tissue provides both physical and immunologic 
antimicrobial defense.

Another response of the skin cells to bacterial pathogens is 
via pattern recognition receptors (PRRs). Nucleotide-binding 
oligomerization domain containing 2 (NOD2), an intracellular 
PRR, recognizes bacterial peptidoglycans of both Gram-positive 
and Gram-negative bacteria. Experimental manipulation of 
NOD2 led to bacterial dysbiosis with local changes in AMPs (7). 
Hence, although the specific mechanism has yet to be elucidated, 
NOD2-mediated immune surveillance appears to function in the 
immune response in association with the cutaneous microbiota.

Skin-resident microbes are also capable of regulating compo-
nents of the complement system. Mice deficient in complement 
develop altered skin microbial communities (8). As inhibition of 
complement component C5a receptor in germ-free mice leads to 
decreased levels of AMPs and proinflammatory factors, the skin 
microbiome closely interacts with the complement system.

A recent study using a Leishmaniasis skin infection model 
demonstrated that human skin microbiota is altered following 
infection with Leishmania and that this dysbiosis is transmissible 
and capable of exacerbating skin inflammation via recruitment 
of neutrophils and production of interleukin (IL)-1β [Figure 1B 
(9)]. The skin microbiota also controls expression of IL-1α inde-
pendently (4). The IL-1 cytokine is essential for the initiation and 
amplification of immune responses, and thus, the acute immune 
response is considered to be under the influence of host skin 
commensal interactions.

Skin Microbiota and Adaptive immunity
Skin microbiota is capable of promoting both the innate and 
the adaptive immune responses to limit pathogen invasion and 
maintain homeostasis. Mice without adaptive immunity fail to 
control their skin microbiota, allowing pathogenic microbial 
invasion to occur (10). The adaptive response, however, does 
not occur alone and is an extension of the innate response. For 
example, increased IL-1 production is followed by production of 
IL-17 and interferon-γ (IFN-γ) from dermal T cells. Reciprocally, 
T helper 17 (Th17) cells along with IL-17A-producing γδ 
T  cells are reduced in mice lacking IL-1R1 (4). Introduction 
of Staphylococcus epidermidis to germ-free mice restores the 
production of IL-17A, indicating that S. epidermidis as part of 
the skin commensal microbiome potently induces Th17  cells 
as well as other T cells that express IL-17A. Other human skin 
commensals, such as Corynebacterium pseudodiphtheriticum, 
Propionibacterium acnes, and Staphylococcus aureus, also increase 
the number of skin IL-17A+ cells and IFN-γ+ cells but do not 
induce as prominent a response as the introduction of S. epider-
midis. In addition, S. epidermis is the only commensal species 
that increased the frequency of CD8+ T cells in the skin. These 
CD8+ T  cells are capable of producing either IFN-γ or IL-17A 
and homed only to the epidermis. These commensal-specific 
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FigURe 1 | Skin microbiota and immunity. (A) The microbiome is more diverse in healthy skin. Staphylococcus epidermidis, Acinetobacter spp., and Gram-positive 
anaerobe cocci (GPAC) exhibit protective features against atopic disease. Keratinocytes and sebocytes release antimicrobial peptides (AMPs), and associations with 
skin commensals, such as Propionibacterium spp., have been demonstrated. Pattern recognition receptors (PRRs), such as nucleotide-binding oligomerization 
domain containing 2, recognize bacterial peptidoglycans to increase AMP production. Skin commensals also control the expression of interleukin (IL)-1, and 
increased IL-1 production is followed by IL-17A and subsequent interferon-γ production by dermal T helper 17 and γδ T cells. Regulatory T (Treg) cells reside 
primarily around fair follicles and interact with commensals within a specific time window to achieve immune tolerance. In addition to classical Foxp3+ Treg cells, 
Foxp3− Treg cells also interact with the bacterium Vitreoscilla filiformis to induce Foxp3− Treg cell differentiation. (B) The dysbiosis induced by Leishmaniasis infection 
is not only transmissible but also exacerbates skin inflammation via neutrophil recruitment and production of IL-1β. (C) In atopic dermatitis, Staphylococcus aureus 
proliferates and microbial diversity decreases concomitantly. Additionally, along with epithelial barrier disruption, proinflammatory cytokines are produced. Activation 
of T cells to Th2 cells occur via two mechanisms: degranulation of mast cells from δ-toxin and downregulation of IP-10 and other Th1 cell-recruiting chemokines.
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IL-17A-producing T cells successfully enhance barrier immunity 
and limit pathogen invasion (11). Skin-resident Th17 cells that 
are affected by the skin microbiota are also independent of those 
from the gut microbiota, suggesting that Th17 cells of the barrier 
sites are regulated in a “compartmentalized” manner by local 
commensals (4).

In the skin of both mice and humans, Foxp3+ regulatory T 
(Treg) cells are present in the dermis, especially surrounding the 
hair follicles, where skin-resident microorganisms also reside 
(12). Occupation of these hair follicles by commensals may be 
coupled with a regulatory response by Treg cells to limit abnormal 
inflammatory response against them (13). The time window 
during which this commensal-specific tolerance is achieved may 
be as early as the neonatal period. Precolonization of neonatal 
mice with S. epidermidis suppresses skin inflammation upon  
S. epidermidis challenge. A wave of Foxp3+ Treg cell infiltration 

in the skin occurs in the second week in neonate mice, and this 
infiltration is accompanied by higher levels of CTLA-4 and ICOS, 
which are both critical mediators of immune tolerance (14). The 
skin of germ-free mice, however, has a high frequency of Foxp3+ 
Treg cells compared with the skin of specific pathogen-free (SPF) 
mice (4). Thus, the underlying mechanism of Tregs in controlling 
host-microorganism dialog has yet to be fully elucidated. Foxp3+ 
Treg cells are known for their function in promoting microbial 
persistence (15), but Foxp3− Treg cells may also be involved in 
establishing immune tolerance of certain microbiota. Vitreoscilla 
filiformis, a Gram-negative bacterium, induces dendritic cells to 
prime naïve T  cells to type 1 Treg cells without Foxp3 expres-
sion. Furthermore, epicutaneous application of V. filiformis lysate 
induces IL-10high T cells and inhibits T-cell proliferation in NC/
Nga mice that exhibit atopic dermatitis (AD)-like inflamma-
tion (16). Nonetheless, as Treg cells are not the sole inducers of 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


4

Park and Lee Commensal Microorganisms Modulate Immunity

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 1955

immune tolerance, much remains to be revealed about the basis 
of tolerance of constitutive commensals.

ATOPiC DeRMATiTiS

Atopic dermatitis is a prototype immune-mediated inflamma-
tory skin disorder with prominent association with commensals. 
AD is considered to be an initiating stage of abnormal systemic 
Th2 response that progresses to allergic rhinitis and asthma. 
Some Staphylococcus spp., and in particular, S. aureus, have been 
found to be associated with AD and AD flares. Colonization of  
S. aureus on barrier-disrupted murine skin increases expres-
sion of IL-1β, IL-6, and TNF-α, demonstrating a pivotal role 
of S. aureus in promoting skin inflammation [Figure 1C (17)].  
S. aureus colonization results in a Th2 immune response instead 
of a Th1 response despite the presence of its superantigen, which 
elicits a predominant Th1 cytokine profile, has been explained 
by two studies. First, δ-toxin released by S. aureus induces the 
degranulation of dermal mast cells and in turn, promotes the 
Th2 response (18). Second, components of the S. aureus cell 
wall downregulate IP-10 independent of IL-10; trigger activa-
tion of MAPK, p38, and ERK; and inhibit STAT1 signaling in 
monocytes, contributing to the abrogation of Th1 cell-recruiting 
chemokines (19). In contrast, S. epidermidis colonization pro-
vides innate immune signals to establish a functional threshold 
for adaptive immunity to facilitate pathogen control (20). As 
expected, overabundant colonization of S. aureus correlates 
with worsening AD in both mice and humans, but whether the 
loss of microbiome diversity leads to skin flares or skin flares 
result in reduced microbiotic diversity has not been illumi-
nated (21). Dysbiosis with abundant Staphylococcus spp. and 
Corynebacterium spp., however, was observed in a genetically 
engineered murine model of AD. Also, administration of anti-
biotics to mice deficient in epidermal ADAM17 (Adam17ΔSox9) 
prevented eczematous lesion development, prevented an increase 
in skin-infiltrating T-cell numbers, and paradoxically, increased 
diversity of the skin microbiome. The study clearly showed that 
dysbiosis and overabundance of S. aureus contribute to AD-like 
lesions and are likely responsible for acute atopic flares in humans 
(22). The most recent reports also reveal a role for S. aureus in 
acute AD and new-onset pediatric AD, both of which show Th17 
immune polarization. Epicutaneous S. aureus exposure induces 
skin inflammation by triggering IL-36R/MyD88 signaling and 
consequent IL-17 production from T cells (23, 24). The findings 
provide an explanation of increased IL-36α/γ transcripts and the 
increased number of Th17 cells in human AD skin (25, 26). On 
the other hand, skin commensals, including S. epidermidis, were 
found to inhibit S. aureus via production of AMPs that selec-
tively kill S. aureus, and reintroduction of these commensals to 
human subjects decreased colonization by S. aureus, confirming 
the role of S. epidermis to prevent dysbiosis and initiation of 
inflammation (27). In addition to S. epidermidis, Acinetobacter 
species and Gram-positive anaerobe cocci (GPAC) may also play 
a protective role. Acinetobacter species were found to not only be 
more abundant in healthy subjects compared to atopic subjects 
but also to be associated with expression of anti-inflammatory 
molecules by peripheral blood mononuclear cells. Acinetobacter 

species induced strong Th1 and anti-inflammatory responses by 
immune cells and skin cells, suppressing allergic sensitization 
and lung inflammation in the skin (28). The abundance of GPAC 
was found to be low in human skin with a filaggrin deficiency, an 
important factor involved in AD pathogenesis. The cocci gener-
ated an inflammatory response distinct from that of S. aureus 
in vitro (29). These studies suggest that the loss of microbiome 
diversity is linked with a higher allergic response and subsequent 
inflammation.

ORAL MiCROBiOTA

The oral microbiota is also an important part of the human 
microbiota. A minimum of 700 different species are present in 
the human oral cavity, inhabiting diverse locations such as the 
tongue, hard tissues, and dentures (Figure 2A) (30). Similar to 
the skin, the microbiota of the oral cavity differs substantially 
based on the ecological niche (31). One unique characteristic of 
the oral microbiota is that due to saliva, which washes the mucosa 
and soft tissue surfaces, only a non-pathogenic monolayer exists 
on these surfaces. On the contrary, biofilm develops on hard tis-
sue surfaces. Biofilm is an aggregate of extremely heterogeneous 
bacteria and contains sufficient nutrients to sustain the metabolic 
needs of the microbiota (32). Dental plaque, which is a typical 
form of biofilm, is known for its potential to induce inflamma-
tion. Under certain circumstances, for example, a change in pH, 
oxygen tension, or host immune status, the resident microbiota 
of the biofilm can transform to a pathogenic population (33). 
Pathogenic colonization with or without mucosal epithelial 
disruption impairs host immune responses and may result in 
disease, such as gingivitis or periodontitis.

The majority of bacteria in the oral cavity belong to five 
phyla: Actinobacteria, Bacteroidetes, Firmicutes, Fusobacterium, 
and Proteobacteria. As the microbial communities from differ-
ent oral sites are distinct, the salivary microbiome is generally 
used as a representative microbiome (34). In a Japanese study 
on the salivary microbiome of 2,343 adults aged 40  years 
or older, the population could be divided in to two groups 
based on the composition of the microbiome. The group with 
more abundant Prevotella histicola, Prevotella melaninogenica, 
Veillonella parvula, Veillonella atypica, Streptococcus salivarius, 
and Streptococcus parasanguinis was associated with poorer oral 
hygiene and poorer general conditions, suggesting that the oral 
microbiota reflects both the local and the systemic immune 
status (35). Despite the characterization of the overall composi-
tion of the oral microbiome (36), studies on the immunologic 
role of each organism in the oral microbiome, notably bacteria 
without virulence factors, are remarkably scarce. The diversity 
of the oral microbiome based on spatial niches and constant 
temporal change due to its nature as an open system exposed 
to exogenous microbes may underlie the rarity of such studies, 
although a few studies have been completed. One example of 
such a study showed that bacteriocin produced by S. salivarius 
inhibits the growth of Gram-negative species associated with 
periodontitis and halitosis in  vitro (37), in agreement with 
evidence that S. salivarius as a probiotic is beneficial to halitosis 
in vivo (38, 39).
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FigURe 2 | Oral microbiota and periodontal immunity. (A) The periodontium in healthy (left) and disease (right) states. When dysbiotic biofilm causes chronic 
inflammation of the gingiva, repeated swelling and inflammation results in deepening of the gingival sulcus, forming a subgingival periodontal pocket. The 
environment of the periodontal pocket intensifies the dysbiosis, and periodontal pathogens emerge. (B) A representative pathogen, Porphyromonas gingivalis, 
causes various immune responses that result in immune subversion and periodontitis. This organism inhibits secretion of IL-8 from gingival epithelial cells (GECs), 
interfering with the chemotaxis of neutrophils to the site of infection. Via the cysteine protease gingipain, P. gingivalis activates C5AR and toll-like receptor 2 (TLR2), 
triggering C5aR-TLR2 crosstalk. The crosstalk and cleavage of triggering receptor expressed on myeloid cells 1 (TREM-1) to soluble TREM-1 by gingipains result in 
simultaneous inhibition of phagocytosis and stimulation of inflammation. Gingipains also increase IL-33 production from GECs, downregulating antimicrobial 
peptides (AMPs) and increasing osteoclastogenecity. In macrophages, the C5aR-TLR2 crosstalk works to inhibit P. gingivalis degradation by suppressing production 
of nitric oxide and IL-12 without disruption of proinflammatory properties. The downregulation of IL-12 is also potentiated by binding of P. gingivalis to complement 
receptor 3.
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PeRiODONTAL MiCROBiOMe, 
PROTeCTive iMMUNiTY, AND 
PeRiODONTiTiS

The gingival sulcus and periodontal pocket are the most-studied 
niches of microbial colonization in the oral mucosa. The crevice 
between the hard surface of the teeth and the gingiva harbors 
microbial communities that interact with the mucosal epithelial 
cells. Phylum Proteobacteria, particularly the gammaproteobac-
teriae of genus Acinetobacter, Haemophilus, and Moraxella, were 
most prevalent in healthy gingival sulci less than 4  mm deep. 
Periodontal pockets are formed when the attachment between 
the gingivae and teeth is lost. The space then can become colo-
nized with anaerobic bacteria. The microbiota highly associated 
with pockets greater than 4  mm in depth include Spirochetes 
genus Treponema; Synergistetes genus Sinergistes; Bacteroidetes, 
such as genera Porphyromonas, Prevotella, and Tannerella; and 
Fusobacteria genera Fusobacterium and Leptotrichia (40, 41). 
Development of culture-independent techniques has expanded 
the range of associated species that were previously uncultivable 
or underappreciated. These species include Filifactor alocis, 
Peptostreptococcus stomatis, Prevotella denticola, Porpyromonas 

endodontalis, Anaeroglobus geminatus, and Eubacterium saphe-
num (40, 42).

Toll-like receptors (TLRs) and other PRRs act as immunologic 
sensors of the biofilm. The epithelial cells activated by microbe-
associated molecular patterns (MAMPs) of the biofilm increase 
its proliferative rate, expression of adhesion molecules, IL-1β pro-
duction, and production of AMPs, such as calprotectin (S100A8/
A9) and defensins (27). Calprotectin from gingival epithelial 
cells (GECs) functions both extracellularly and intracellularly 
via incorporation into neutrophil extracellular traps and aiding 
innate intracellular immunity, respectively, providing resistance 
against pathogenic bacteria (31, 43).

In periodontal disease (also termed periodontitis), a chronic 
inflammatory disease that results in the destruction of bony 
apparatus, the components of the pattern recognition system, for 
example TLR2, initiate the sustained inflammation and ultimately 
induce the induction of bone loss in mice (44). Recently, the NOD1 
cytoplasmic PRR was found to be responsible for the majority of 
periodontal bone destruction. Interestingly, monocolonization of 
germ-free animals with a single specific bacterium NI1060, which 
exhibits a greater than 60% homology with the coding sequences 
of Aggregatibacter actinomycetemcomitans, was sufficient to 
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promote periodontal bone destruction in a NOD1-dependent 
manner (45). These findings demonstrate that a single bacterial 
component from a normal commensal microbiome can cause 
destructive disease through activation of a PRR in oral mucosa. 
Calprotectin is also abnormally activated in periodontitis and has 
been implicated in the pathogenesis of this disease (46).

T helper 17 cells have been implicated in mediating protec-
tive immunity as well as pathogenic inflammatory response 
at multiple barrier sites, including the oral cavity, skin, and 
gut. Gingival Th17  cells develop independently of commensal 
microbe colonization. As the frequencies of gingival Th17 cells 
are unchanged in germ-free mice compared to SPF mice, the oral 
microbiome does not appear to be a primary driver of gingival 
Th17 development, and this finding is in contrast to the situation 
in the skin and gastrointestinal tract. IL-6 expression in response 
to mechanical damage of epithelial cells instead is the major 
promoting factor for accumulation of Th17 cells and subsequent 
elevation of epithelial antimicrobial peptides and neutrophil 
chemo-attractants in the oral cavity (47). These data should be 
carefully interpreted, because it is evident that dysbiotic micro-
bial communities aggravate periodontitis possibly in relation to 
accumulated Th17  cells (48–50). Mechanical damage may be 
critical for Th17 cell proliferation but also serves as an amplifier 
of the oral inflammatory response.

Porphryomonas gingivalis

Porphyromonas gingivalis, a member of the phylum Bacteroidetes, 
is a keystone oral pathogen that evades the immune system and 
alters local host responses. While this Gram-negative anaerobic 
rod-shaped bacterium mainly resides in biofilms and behave 
as a commensal, it also invades host cells, such as GECs in cer-
tain situations. This bacterium occupies its own replicative niche 
within autophagosomes (51). This microorganism also underlies 
the “dysbiosis hypothesis,” which surmises that P. gingivalis, 
even at low colonization levels, triggers changes in the amount 
and composition of the oral commensal microbiota, leading to 
inflammation and ultimately periodontal bone loss. Interestingly, 
the commensal microbiota and complement are both required 
for this P. gingivalis-induced bone loss, as P. gingivalis, although 
necessary, is not sufficient to induce inflammation (52). Thus,  
P. gingivalis exerts its pathogenic effects via its ability to induce 
dysbiotic microbial communities (Figure 2B). Manipulation of 
the host immune system (called immune subversion) by P. gin-
givalis, therefore, is essential and is therefore discussed in detail 
in this review.

P. gingivalis and innate immunity
As described above, PRRs, such as TLR2 and NOD1, are media-
tors of the innate immune response. P. gingivalis coactivates TLR2 
and C5a receptor (C5aR) in neutrophils, resulting in crosstalk 
that leads to ubiquitination and proteasomal degradation of 
MyD88 and inhibits the host-protective antimicrobial response. 
Moreover, this C5aR-TLR2 crosstalk activates PI3K, which 
prevents phagocytosis through inhibition of RhoA activation 
and actin polymerization and stimulates an inflammatory 
response (53). Upon initiation of inflammation, GECs secrete the 

chemoattractant IL-8 to recruit neutrophils. P. gingivalis inhibits 
the secretion of IL-8 from GECs, lowering the number of neu-
trophils recruited to the site of inflammation. Another way that  
P. gingivalis inhibits the polymorphonuclear leukocyte function is 
through the binding of whole cells and lipopolysaccharides of the 
bacteria to adhesion molecules, interrupting leukocyte diapede-
sis. Other mechanisms to manipulate neutrophil activity include 
bacterial binding to fMLF receptor and PPAD-citrullinated C5a, 
resulting in inhibition of chemotaxis, and regulation of trigger-
ing receptor expressed on myeloid cells 1 (TREM-1) via both 
gingipain-dependent and -independent mechanisms, rendering 
the inflammatory response appropriate for the bacteria (54).

Gingipains are cysteine proteases that act as critical enzymes 
in periodontitis pathogenesis. In addition to cleavage of TREM-1 
by Arg-gingipain, gingipain is responsible for proteasomal 
degradation of P. gingivalis and increased inflammation, as this 
enzyme cleaves C5 to C5a, leading to My88D degradation and 
PI3K activation (53). Gingipain is also associated with increased 
IL-33 production by GECs via PAR-2-p38/NF-κB signaling 
(55). IL-33 is an alarmin released in response to tissue damage, 
and increased IL-33 downregulates AMPs, such as LL-37 (56). 
Moreover, IL-33 induces receptor activator of NF-κB ligand, a 
crucial osteoclastogenic factor (57).

In macrophages, C5aR-TLR2 crosstalk by P. gingivalis sup-
presses production of nitric oxide and IL-12 simultaneously, 
inhibiting P. gingivalis killing but preserving the ability of these 
cells to elicit an inflammatory response (58, 59). P. gingivalis binds 
to complement receptor 3 (CR3) on macrophages to downregu-
late IL-12 selectively. This binding further allows P. gingivalis to 
persist intracellularly, as CR3 is not coupled to microbicidal 
mechanisms directly (60).

P. gingivalis and Adaptive immunity
Macrophages engage microbes not only to eliminate them but 
also to work as antigen-presenting cells. Currently, the M1 
subpopulation of macrophages is considered to be responsible 
for inflammatory function, and P. gingivalis clearly triggers 
M1-type-associated inflammatory pathways (61, 62). A recent 
study, however, indicated a novel M1 macrophage appears in 
response to P. gingivalis with the addition of IFN-γ, which sig-
nificantly upregulated proinflammatory cytokines, such as IL-1β, 
IL-6, and TNF-α, and lowered production of chemokines related 
to T-cell recruitment (IL-12, IL-23, and CXCL10). These effects 
are in stark contrast to those induced by A. actinomycetemcomi-
tans, another representative oral pathogen. Thus, P. gingivalis 
may have a unique capacity to alter the programmed course 
of the hyperinflammatory and T-cell immunomodulatory M1 
macrophages (63).

Porphyromonas gingivalis appeared to drive dendritic cells, 
however, toward a Th2 antigen-presenting cell phenotype, at least 
in  vitro (64). A Th2 cytokine-mediated inflammatory response 
was observed in association with P. gingivalis, and IL-33 was 
again identified recently using P. gingivalis gingipain-null mutant 
KDP cells. Of the various virulence factors, gingipain was entirely 
responsible for the IL-33 increase that was observed in human 
GECs (55). As evaluation of the protein levels in cells activated 
by P. gingivalis revealed no obvious Th1- or Th2-skewed profiles 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


7

Park and Lee Commensal Microorganisms Modulate Immunity

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 1955

(65) and IL-1β and IL-6 were produced by CD4+ T cells (66), the 
specific response of Th cells induced by this bacterium remains to 
be fully delineated. Notably, P. gingivalis was posited to stimulate 
myeloid antigen-presenting cells to drive Th17 polarization, and 
inactive gingipains selectively generated a Th17 phenotype in an 
IL-6-dependent manner. Inhibition of IL-6 signaling in dendritic 
cells led to a significant depletion of the Th17 population without 
similar effects on other T-cell subsets. These studies unveiled the 
possibility that Th17 cells are involved in the pathogenesis of peri-
odontitis and confirmed that IL-6 signaling is an attractive target 
for treatment of this disease (49).

Despite the paucity of in vivo evidence of P. gingivalis manipu-
lation of the adaptive immune response, this organism should  
still be considered a keystone species and successful pathogen 
with the ability to modulate adaptive immunity, as P. gingivalis 
disables the overall host response while simultaneously enhanc-
ing the inflammatory response and the pathogenicity of a polymi-
crobial community.

vAgiNAL MiCROBiOTA

The human vaginal mucosa is home to abundant microflora. The 
environment is exposed to unique foreign substances, such as 
spermatozoa and sexually transmitted pathogens. The environ-
ment is also very versatile, constantly changing due to menstrual 
cycle changes of the female body. In addition, the composition of 
the microbial community is largely influenced by events such as 
pregnancy and menopause. The commensals of the vagina change 
throughout a woman’s life and function as a main component of 
the vaginal mucosal defense against pathogens.

Out of the ~200 bacterial species that reside in the vagina, 
Lactobacillus species predominantly colonize the vaginal tract 
(Figure 3A). Currently, more than 120 Lactobacillus species have 
been described and comprise more than 70% of resident bacteria 
in women. Lactobacilli are believed to contribute to the immunity 
in a healthy vagina. Lactobacilli produce significant amounts of 
lactic acid, ensuring the environment maintains a relatively low 
pH. Furthermore, these bacteria produce H2O2, which is pre-
sumed to contribute to protection of the vagina from pathogens, 
as H2O2-producing vaginal Lactobacillus spp. are more protective 
against bacterial vaginosis (BV) than those that do not produce 
H2O2 (67, 68).

The vaginal mucosa of a single woman is usually dominated 
by one or two species of Lactobacillus, and attempts to classify 
women by lactobacilli and other microbiota species have shown 
that ethnicity affects the microbiome. Caucasian women are 
dominated by L. iners, black and Hispanic women are dominated 
by L. genseni, and Asian women are dominated by L. crispatus. 
Similarly, reproductive-aged women have been classified to five 
community state types (CSTs). These types include women who 
harbored L. crispatus preferentially (CST I), women who were 
dominated by L. gasseri (CST II), and women who were dominated 
by L. iners (CST III). Furthermore, CST IV was initially defined as 
a complex mixture of bacteria, including Prevotella, without any 
Lactobacillus species dominance. Additionally, the presence of  
L. crispatus and/or L. iners without dominance was assigned as 
CST IV-A, and no or minimal lactobacilli was assigned as CST 

IV-B. The clinical significance of these groupings has yet to be fully 
explored, but once established, the vaginal microbiota is stable, 
despite frequent interruptions, such as sexual behavior (69, 70).

The vaginal microbiota is also influenced by gene polymor-
phisms, and the innate immune response to the microbiota in the 
female genital tract has been found to be associated with these 
genetic variants. Single-nucleotide polymorphisms that disrupt 
immune recognition are associated with increased susceptibil-
ity to disruption of vaginal microbiota and vaginal infections 
(71, 72). Especially, polymorphisms in IL-4, IL-10, TLR4, and 
TNF-α genes have been shown to induce aberrant responses to 
BV-associated bacteria and preterm delivery (72, 73). Of note, 
periodontal disease and BV are both influenced by gene polymor-
phisms and are both associated with preterm birth (74).

vaginal Microbiota and Protective 
immunity
Pattern recognition receptors, including TLRs, dectin-1 recep-
tors, and NOD receptors, work as inspectors for MAMP on both 
commensal and pathogenic microbes (75, 76). Upon binding, 
PRRs initiate cytokine/chemokine signaling cascades for host 
defense. The cytokine/chemokines, including IL-1β, IL-6, and 
IL-8, recruit and activate various immune cells, such as mac-
rophages, natural killer cells, and T cells. In vitro colonization of 
vaginal epithelial cell multilayers by Lactobacilli demonstrated 
that these bacteria do not elicit an inflammatory response in 
contrast to S. aureus. Rather, isolates of Lactobaclli, especially  
L. jensenii, tempered the induction of cytokines following TLR2/6 
and 3 agonist treatment of the epithelial cells (77). Within the 
CST IV classification, Prevotella amnii, Mobiluncus mulieris, 
Sneathia amnii, and Sneathia sanguinegens were found to induce 
higher levels of inflammatory cytokines and chemokines, such as 
IL-1α/β and IL-8, relative to microbiota dominated by L. crispatus 
or L. iners. The study also showed significant increases of IL-1α/β 
and TNF-α during transition of communities from CST I to CST 
IV longitudinally, supporting the notion that the innate immune 
response is affected by vaginal bacterial community states (78).

Furthermore, although the number of vaginal antigen-
presenting cells (VAPCs) does not vary with vaginal microbial 
populations, the CST IV VAPCs were more activated and mature 
and induced a marked response to LPS as well to IFN-γ and IL-1β. 
The study suggests that VAPCs are stimulated by contact with the 
resident flora to upregulate inflammatory cytokine/chemokine 
expression, resulting in a significant increase in vaginal CCR5+ 
CD4+ T cells (78). The increase of the accessible CD4 T-cell is 
important, as the vaginal mucosa is a restricted space for lym-
phocyte migration (79).

Soluble factors such as mannose-binding lectin (MBL), vagi-
nal AMPs, and immunoglobulins (Igs) also contribute to vaginal 
defense (80). MBL binding to mannose, N-acetylglucosamine 
and fucose carbohydrate moieties present on microbial cell 
surfaces leads to cell lysis or recognition by immune cells (81). 
Women with MBL deficiency due to genetic polymorphism are 
more susceptible to recurrent vulvovaginal candidiasis (82). 
Defensins are a class of AMPs that act against various pathogens, 
including bacteria and viruses. The concentration of defensin 
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three is associated with dysbiosis and BV during pregnancy (83). 
Human β-defensin-2 expression was associated with coloniza-
tion by L. iners, Atopovium vaginae, and Prevotella bivia in ex 
vivo organotypic models of the vaginal epithelium and with  
L. jensenii but not G. vaginalis in vitro (71, 84). Natural Igs, such 
as IgG, present in vaginal mucus prevent viral infections, such as 
HSV, by forming multiple low-affinity bonds between the virus 
and mucus gel. A sufficient number of low-affinity bonds ensures 
that viruses are effectively trapped in mucus, thereby reducing the  
flux of infectious virions (85).

Lactobacilli dominance of vaginal microbiota has been 
shown to protect the host from other opportunistic microbial 
infections, including bacteria (e.g., Neisseria gonorrhoeae and 
Chlamydia trachomatis), viruses (e.g., HIV and HPV), and fungi 
[e.g., Candida albicans (86–90)]. The lactic acid and antimicro-
bial compounds produced by Lactobacilli are hypothesized to 
underlie such protection, and many studies are now focused on 
discovering the specific mechanisms (90, 91). Notably, of the 
Lactobacillus species, L. crispatus is most prominently involved in 
inhibition of the growth of other microbes and in suppression of 
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cytokine production, whereas L. iners, despite its affiliation with 
Lactobacilli, shows conflicting results.

BACTeRiAL vAgiNOSiS

A disrupted vaginal microbiota may be related to various diseases 
but is directly connected with two pathogenic states, BV and 
aerobic vaginitis (AV) (Figure 3B). Both of these disease entities 
originate from the CST IV category. AV is mainly differentiated 
from BV by the presence of prominent inflammatory response 
associated with aerobes, such as group B Streptococcus, S. aureus, 
E. coli, and Enterococcus (80, 92). Despite prominent clinical 
symptoms and a higher risk of preterm labor and preterm birth 
than BV (93), the identity of AV as dysbiosis-induced inflamma-
tion is still controversial, as some believe that AV is primarily an 
immunologic disorder with secondary dysbiosis or a dermato-
logical disease (94). Thus, we will focus our discussion on BV in 
this review.

Bacterial vaginosis is defined as a replacement of lactobacilli 
with characteristic groups of bacteria and subsequent change in 
vaginal fluid. Clinically, Amsel et al. proposed the first diagnostic 
criteria for BV: gray-white milky homogeneous discharge, vaginal 
fluid pH > 4.5, clue cells upon microscopy, and release of fishy 
odor on 10% potassium hydroxide solution (95). An alternative 
for diagnosis is to use a vaginal smear for Gram-staining of 
Lactobaccillus, Gardnerella, and other Gram-variable rods to yield 
a Nugent criteria (96). BV may or may not elicit overt inflamma-
tory responses, and investigation of inflammatory cytokines in 
BV has led to inconsistent results (97).

Bacterial vaginosis has long been known to be associated 
with G. vaginalis; however, following the development of non-
culture-based methods, it became evident that G. vaginalis is 
often present in the absence of BV, suggesting that colonization 
by this bacterium is not a precondition of BV. Furthermore, BV 
is not caused by transferring G. vaginalis to a healthy woman, but 
transfer of discharge from a woman with BV is enough to elicit 
BV. Hence, it is not a single type of bacteria, even at high numbers, 
that is important but a critical mixture of bacteria with potential 
pathogenic properties and a lack of favorable lactobacilli that is 
essential for the development of BV (98, 99).

Bv-Altered immune Response
Short-chain fatty acids (SCFAs) produced by commensal 
microbiota play an anti-inflammatory role in the gut (100); 
however, high concentrations (20 mM) of some SCFAs (acetate 
and butyrate) that are prevalent in BV induce PBMC production 
of the proinflammatory cytokines IL-8, TNF-α, and IL-1β at 
neutral pH, which resembles the pH of vagina. Lower levels of 
these SCFAs also significantly enhance TLR2 ligand- and TLR7 
ligand-induced production of IL-8 and TNF-α in a time- and 
dose-dependent manner (101). The discordance between the 
effect of SCFAs in the gut and the effect of SCFAs in the vagina 
may be ascribed to inherent differences in these organs, includ-
ing cell-type, SCFA concentration, and pH (101, 102). In vitro 
studies using vaginal epithelial cells and BV-associated bacteria 
have shown a similar proinflammatory response to that elicited 
by BV-associated SCFAs (71, 77, 103). In addition, a number of 

studies have reported higher levels of proinflammatory cytokines, 
such as IL-1β and IL-8, in women with BV than in controls with 
normal Nugent scores (104, 105). Taken together, these studies 
indicate that these metabolites may contribute to BV and the 
sub-clinical inflammation present in women with BV.

With respect to altered T-cell responses, CD4+, CD4+ CCR5+, 
and CD4+ CD69+ T  cells were found to be decreased in the 
cervixes of Kenyan sex workers following BV treatment (106). 
Gamma delta T cells in the endocervix were also decreased in 
women with BV (107). On the contrary, qPCR-confirmed pres-
ence of both L. crispatus and L. jensenii was associated with lower 
numbers of cervical CD3+ HLADR+ and CD3+ CD4+ CCR5+ cells 
in healthy Belgian women (108). These results suggest a connec-
tion between BV and T cells, although the specific details of this 
relationship warrant further research.

Another important consequence of BV-altered immunity is 
the increased risk of viral infection, including sexually trans-
mitted viruses, such as HIV and HSV. Commensal Lactobacilli 
inhibit HIV-1 replication in human tissue ex vivo by medium 
acidification, lactic acid production, and direct viricidal effects 
(89). The proinflammatory cytokines and chemokines that are 
increased by BV-associated bacteria in vitro and are associated 
with BV in vivo enhance the risk of HIV transmission by directly 
stimulating HIV replication in latent viral reservoirs and by 
facilitating the trafficking and activation of CD4+ host cells, 
which are normally sparse in the cervicovaginal mucosa (88). 
A recent study highlighted the importance of IL-33 in antiviral 
immunity of vaginal mucosa. The study demonstrated that the 
innate immune responses, including type I IFN and proinflam-
matory cytokine production at infection sites as well as induction 
of virus-specific CD4 and CD8 T-cell responses in draining 
lymph nodes, were not impaired when vaginal dysbiosis was 
induced using oral antibiotics. IL-33 alone was able to suppress 
local antiviral immunity by blocking the migration of effector 
T cells to the vaginal tissue, thereby inhibiting IFN-γ production 
(109). The study solidified the relationship between dysbiosis 
and HSV infection and revealed the mechanisms through which 
dysbiosis modulates antiviral immunity. The researchers further 
investigated the T-cell response from bacteria- or protozoan-
secreted proteases. Challenge with the prototype protease papain 
on vaginal mucosa induced Th2 immunity that was dependent 
on IL-33. Furthermore, dendritic cells that express interferon 
regulatory factor 4 were responsible for the induction of Th2 
differentiation (110).

CONCLUDiNg ReMARKS

Skin, oral, and genital mucosa function similarly as the 
initial barriers of host defense from pathogens; however, 
the interactions of these mucosae with microbes and the 
microbial rendering of these environments are unique, which 
can also be described as “compartmentalized” (4). Still, 
researchers should not overlook the possibility of connec-
tions between the microbiota of different tissues. Recently, 
ectopic colonization of oral bacteria in the intestine was 
found to induce gut inflammation (111). Diseases, such as 
Behçet’s disease, which affects orogenitalia, gut, and skin, 
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exhibit distinct salivary microbiota as well as gut microbiota  
(100, 112). Thus, despite the absence of continuity, it remains 
feasible that the microbiota of one tissue affects another tissue.

The interaction between the major pathogenic microbes and 
subsequent chronic inflammatory immune response sheds light 
on the diverse mechanisms of the host response against dysbiosis 
and chronic systemic disorders. In addition, these microbes with 
pathogenic potential can become more than commensals, and 
thus, illuminating the key metabolic alterations responsible for 
their expansion will increase our understanding of tissue-specific 
pathology.

In vivo studies describing the host adaptive immunity and its 
association with compartmentalized microbiota outside of the 
gut remain scarce, likely due to the difficulty of such research. 
Skin and orogenital mucosa are profound reservoirs of T cells, 
especially tissue-resident memory T (TRM) cells (12, 113–115), 
which are cells recently identified as lymphocytes that are 
distinct from recirculating central and effector memory T cells 
(116). Thus, studies that illustrate the relationship between the 
microbiota and TRM cells are very likely to increase our under-
standing of the continuous interaction between our body and 
microbes. Moreover, novel strategies targeting the host manipula-
tion of microbes with immune cells can also be developed via 

information we learn from further studies on microbiota and the 
human immune system.
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