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Review Article

intRoduCtion

The human microbiota is the aggregate of microorganisms. 
These microorganisms reside on human respiratory tract, 
gastrointestinal tract, and other mucosal surfaces, on 
which they constantly contact with invasive pathogens. 
The huge number of resident microorganisms, identified 
by modern high‑throughput sequencing technology, is 
called commensal microbiome. Commensal microbiota is 
primarily comprised of indigenous bacteria, most of which 
are known to be symbiotic or beneficial. It plays an essential 
role in protection from infections, nutrient acquisition, 
immune maturation, and neurological function.[1‑3] 
Co‑existence and co‑evolution with the host in a mutually 
beneficial relationship, microbe uses commensal‑derived 
signals, named pathogen‑associated molecular patterns 

(PAMPs), to trigger a rapid defense program to eliminate 
local pathogens. And at the same time, it directly modulates 
appropriate adaptive immune responses for combating the 
invasive pathogen. With the purpose to maintain tissue 
homeostasis, the commensal bacteria can program systemic 
signals toward local tissue but also distal tissue to modify 
their function accordingly. Consequently, interactions 
between the immune system and the resident microbiota 
govern host resistance or susceptibility to infections 
and disease pathogenesis. This review will focus on the 
contribution of commensal microbiota in promoting host 
resistance against local mucosal and systemic infections.
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enteric infection at least at three levels. First, it can promote 
host resistance against pathogen by competing for sites of 
colonization and direct production of inhibition molecules 
and depletion of nutrients to prevent pathogens expansion 
and dissemination.[4,5] Experiments in germ‑free mice 
demonstrated that gut microbiota plays a role in clearing 
the pathogenic bacterium Citrobacter rodentium and the 
clearance was found to be mediated by the enhanced 
glycan acquisition capabilities of the transferred bacteria.[5] 
Other recent studies revealed that certain gut pathogens, 
e.g. C. rodentium, Campylobacter jejuni, and Salmonella 
enteric serovar Typhimurium (S. typhimurium) can compete 
commensal microbes by actively triggering and increasing 
intestinal inflammation.[5‑7] Moreover, S. typhimurium 
exploits this deficiency in colonization resistance to establish 
infection and causes disease.[8]

Under conditions in which direct competition is insufficient 
to limit pathogen invasion, commensal microbes can 
use the strategy by inducing host immune response to 
further promote resistance to infection. These protections 
include both barrier immunity and priming immune 
defenses against pathogen insult. Moreover, commensal 
microbiome primes barrier immunity by driving expression 
of mucin, immunoglobulin A (IgA), and antimicrobial 
peptides that further prevents pathogen contact with host 
mucosa. Disruptions of the microbiota resulting in a 
breakdown of barrier immunity are highly susceptible to 
opportunistic infection with enteric bacterial pathogens, 
such as vancomycin‑resistant enterococcus (VRE) and 
S. typhimurium.[9,10] Similar to Clostridium difficile, VRE 
is a common cause of antibiotic‑associated diarrhea, which 
is exceedingly difficult to treat by antibiotics. It has been 
recently shown that the clearance of this pathogen can 
be restored by re‑introducing the normal microbiota or 
bacteria‑derived products, such as lipopolysaccharide (LPS), 
in antibiotic‑treated mice.

Finally, once barrier resistance fails, the microbiota can 
function by enhancing host immune responses to invading 
pathogens. Microbiota promotes host to express certain 
pro‑inflammatory cytokines, such as interleukin‑1β (IL‑1β), 
which promotes recruitment of inflammatory cells into the 
site of infection, and IL‑22 expression by mononuclear 
phagocytes, which is specifically activated following 
pathogen insult and increases epithelial resistance against 
infection.[11]

Meanwhile, pathogen‑induced inflammation in host 
adversely affects the composition of microbiota, by 
altering the number and proportion of beneficial bacteria. 
S. typhimurium‑induced inflammation, as part of the 
infectious process, has been shown to reduce the number 
of symbiotic bacteria.[8] In addition to bacterial pathogens, 
viruses can also use microbiota‑mediated inflammation to 
induce intestinal immune injury.[12] Indeed, a recent study 
using a mouse model found that respiratory influenza 
infection made the composition of intestinal microbiota 
changed and the change was mediated by interferon‑γ 

(IFN‑γ) produced by lung‑derived CCR9+ CD4+ T‑cells 
recruited into the small intestine. Even lymphocytes derived 
from the respiratory mucosa specifically migrated into the 
intestinal mucosa and destroyed the intestinal microbiota 
homeostasis in the small intestine, finally leading to 
intestinal immune injury.[12]

Immune modulation of intestinal microbiome protects 
host from infections
As the same as pro‑inflammatory properties, specific 
groups of gut microbiota also regulate acquired immunity 
of the host. The intestinal mucosa contains large numbers 
of CD4+ T‑cells including T helper 17 (Th17) cells 
and Foxp3+ regulatory T‑cells (Tregs). Experimental 
colonization of mice with Clostridium spp. induced 
CD4+ Tregs in the intestine and ameliorated intestinal 
inflammation in a murine model of inflammatory bowel 
disease (IBD).[13] Bacterial polysaccharide (PSA) from 
the gut microorganism Bacteroides fragilis expanded 
CD4+ T‑cells and corrected the systemic CD4+ T‑cell 
deficiency and imbalance in T‑cell cytokine production 
in germ‑free mice. PSA of B. fragilis is found to function 
as a symbiosis factor, and this molecule also protected 
against inflammatory colitis.[14] Recently, B. fragilis 
PSA has been shown to signal through toll‑like receptor 
2 (TLR2) directly on regulatory T‑cells to promote 
immunological tolerance.[15] Another example is that 
segmented filamentous bacteria (SFB) colonization in 
germ‑free mice is important for the induction of Th17 
cells to protect against the C. rodentium. The frequency 
of Th17 cells was significantly elevated with the absence 
of commensal bacteria.[16] The gut microbiota has been 
implicated in intestinal immune developments, and 
commensal bacteria‑derived signals are responsible for 
differentiation of Th17 cell and promotion Tregs effectors 
in other chronic inflammations.[17‑19]

CoMMensAl‑deRived signAl pAtHWAy And its 
ResistAnCe to loCAl And systeMiC infeCtious 
diseAses

Signals from commensal bacteria can act as an adjuvant, 
augmenting immune responses after intestinal bacterial 
infections. Immune modulation by the microbiota occurs 
through commensal‑derived signals, called PAMPs. 
PAMPs are recognized by host pathogen recognition 
receptors (PRRs), such as TLRs, nucleotide‑binding 
oligomerization domain (NOD)‑like receptors (NLRs), 
retinoic acid‑inducible gene‑I‑like receptors (RLRs), and 
C‑type lectin receptors (CLRs).

Activation of PRRs and PAMPs triggers a cascade of signals 
leading to the production of pro‑inflammatory cytokines and 
transcription of type I IFN genes. Expression and localization 
of PRRs by the epithelial cells are influenced by the bacterial 
colonization of the gut. However, in germ‑free mice, the 
expression of defensins and other antimicrobial proteins 
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is deficient. By reorganization of ligand and the receptor, 
the bacteria drive epithelial production of mucin, secretion 
of IgA, and expression of antimicrobial peptides, to resist 
against pathogen invasion. Another example is that PSA of 
B. fragilis can reduce the severity of intestinal inflammation 
in mouse models of IBD.[20] However, several recent studies 
have also found that commensal bacteria can increase viral 
infectivity in the gastrointestinal microenvironment.[21,22] Thus, 
commensal‑derived PAMPs signals are capable of limiting 
or exacerbating infection in the intestinal microenvironment. 
Moreover, PRR signaling can also induce intestinal lymphoid 
tissue genesis, as shown by one study that recognition of 
peptidoglycan, from gut‑residing Gram‑negative bacteria, 
was both necessary and sufficient to induce the generation of 
lymphoid follicles in the small intestine, whereas maturation of 
lymphoid follicles required subsequent signaling via PRRs.[23]

Toll‑like receptors and nucleotide binding oligomerization 
receptors signaling pathway
Toll‑like receptors are transmembrane PRRs that comprise 
an ectodomain containing leucine‑rich repeats for PAMP 
recognition. NLRs constitute a family of intracellular 
receptors that detects PAMPs and endogenous molecules. 
The NLRs family members, NOD1 and NOD2, recognize 
intracellular bacterial products. It is known that TLRs 
and NLRs play a key role in recognition of extracellular 
and intracellular bacteria and control of the inflammatory 
response. The activation of TLRs and NLRs by their 
respective ligands activates downstream signaling pathways 
that converge on activation of transcription factors, such as 
nuclear factor‑kappa B (NF‑κB), activator protein‑1 or IFN 
regulatory factors, leading to expression of inflammatory 
cytokines and antimicrobial molecules.

In viral infection of the respiratory tract, recognition of 
influenza virus by NLRs plays a central role in generating 
of immune responses. In vivo experiments carried out in 
mice demonstrated that inflammasome activation and the 
induction of downstream cytokines through NLRs pathway 
are important in innate and adaptive immune defense 
against influenza virus infection.[24] More recently, antiviral 
defense against the respiratory syncytial virus was found 
to be dependent on NOD2 signaling pathway, which could 
interact with viral ssRNA to induce production of type I 
IFNs.[25] It has been shown that NLRs respond to a broad 
variety of bacteria and are activated by the lung pathogenic 
microorganisms.[24,25]

Retinoic acid‑inducible gene‑I‑like receptors and C‑type 
lectin receptors Signaling Pathway
The RLR family contains three RNA helicases. Unlike those 
TLRs that recognize viruses in the endosomal compartment, 
the RLRs are located in the cytoplasm and mediate the 
responses to viruses that replicate inside the cell. All RLRs 
transmit their signal through a common adaptor protein, IFN 
promoter stimulator‑1, to activate NF‑κB, mitogen‑activated 
protein kinases (MAPKs), and IFN regulatory factors for 
induction of type I IFNs and other inflammatory cytokines.

The CLRs are transmembrane PRRs. CLR signaling is 
mainly mediated by a spleen tyrosine kinase (Syk)‑dependent 
activation of MAPKs and NF‑κB with the resultant 
generation of pro‑inflammatory cytokines in intestinal 
inflammation. Members of CLRs consist of dectin‑1, 
mannose‑binding lectin (MBL), macrophage‑restricted 
C‑type lectin (MCL), macrophage galactose‑type lectin, 
RegIII lectins family, and some SIGNR molecules. 
They recognize carbohydrate‑binding domain, which is 
present on a cell wall component of commensal fungi or 
intestinal microbiota. They are mainly expressed by the 
antigen presenting cells, such as monocytes, macrophages, 
and dendritic cells (DCs). Recent studies have shown 
that mice deficient with dectin‑1 or MBL or some 
SIGNR molecules, respectively, exhibited an increased 
susceptibility to chemically induced colitis.[26] This was 
due to an altered response to commensal intestinal fungi, 
which are recognized by dectin‑1 and SIGNR molecules.[26] 
Moreover, in the human a polymorphism dectin‑1 gene 
is associated with ulcerative colitis. MBL in humans 
was reported to ameliorate the excessive inflammation 
during IBD. Although MCL acts as an activating receptor 
that can mediate phagocytosis, respiratory burst, and 
inflammatory cytokine production, recent studies revealed 
that mice lacking MCL only exhibited a slightly increased 
disease severity based on either clinical symptoms or 
histopathology.[27] The antibacterial lectin RegIII family 
limits direct contact between bacteria and the intestinal 
epithelium, and thus promotes tolerance to the intestinal 
microbiota by spatial segregation.[9,28] Taken together, these 
results indicated that members of CLRs play a crucial role 
in the regulation of intestinal immune homeostasis and 
colon inflammation.

Host recognition of the intestinal microbiota is essential 
in shaping local immune responses and contributing to 
host defense for infections
Germ‑free animals have extensive deficits in the development 
of the gut‑associated lymphoid tissues (GALT) and defects 
in antibody production.[29,30] Compared to animals housed 
under specific pathogen‑free conditions, germ‑free mice 
have underdeveloped GALT including Peyer’s patches 
and mesenteric lymph nodes. A recent report has shown 
that germ‑free animals display impaired development and 
maturation of isolated lymphoid follicles.[23]

It is known that the interaction between the host and the 
gut microbiota is highly dynamic and has a profound 
impact on the immune system locally and systemically. 
For example, the absence of commensal bacteria was 
found to have a systemic effect on T‑ and B‑cell zones in 
spleens and secondary lymphoid organs.[14] And germ‑free 
mice have fewer germinal centers, plasma cells, and Igs 
systemically. Furthermore, these mice have systemic CD4+ 
T‑cell deficiency in the spleen and aberrant Th1/Th2 cytokine 
production in response to in vitro stimulation. However, the 
aberrant production of cytokines could be restored by the 
injection of purified bacteria product, e.g., LPS, from specific 
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commensal bacteria.[14] Additionally, immune modulation 
by intestinal microbiota can prime systemic inflammation. 
Colonization of the intestine with SFB is associated with 
increased frequencies of intestinal CD4+ Th17 cells and 
exacerbated experimental autoimmune inflammation in 
murine models of encephalomyelitis, arthritis, multiple 
sclerosis, obesity, and diabetes, further demonstrating that 
defined commensal species can promote inflammatory 
diseases.[19,31‑33]

Resistance to respiratory infection is programmed by 
signals from gut microbiome
The mucosal immune system is a system‑wide organ. 
With the purpose to maintain tissue homeostasis, the gut 
commensal bacteria can program systemic signals towards 
local intestine but also distal tissue to modify their function 
accordingly.

Antibacterial activity in lung is programmed systemically 
by signals from the intestine
Recently, Clarke has shown that the antibacterial activity in 
the lung of mice was programmed systemically by signals 
from the intestine. In his experiments, germ‑free mice treated 
by LPS were found to be resistant to pulmonary Klebsiella 
pneumoniae infection, had abrogated IL‑10 production and 
restored tumor necrosis factor‑α production and neutrophil 
mobilization into lungs of the infected germ‑free mice 
through activation of TLR‑dependent pathways.[34,35] But, in 
early defenses against respiratory infection by K. pneumonia 
were enhanced by bacterial peptidoglycan, which were 
recognized by NLRs, but not TLRs. Further, this signal 
was noticed to come from the gastrointestinal tract, but not 
from the upper respiratory tract. And these intestine‑derived 
signals promoted the production of reactive oxygen species 
in alveolar macrophages.[35,36] Another example is gut 
dysbiosis, which refers to the microbial imbalance inside 
gastrointestinal tract induced by antibiotic treatments, not 
only can cause overgrowth of particular fungal species in 
the gut, but further promotes allergic airway inflammation 
by shifting macrophage polarization in the lung toward the 
alternatively activated M2 macrophage.[37] These changes in 
function of alveolar macrophages were shown to be due to 
increased prostaglandin E2 levels.[37]

Gastrointestinal microbiome is required for supporting 
respiratory influenza infection
Earlier studies have shown that microbiota had the potential 
to protect certain viral infections. It is known that germ‑free 
mice are more susceptible to influenza virus, Coxsackie 
virus, and Friend leukemia virus.[38] The finding of a recent 
study has identified the neomycin‑sensitive bacteria in 
the gastrointestinal tract required for supporting immune 
responses to respiratory influenza infection. And the 
bacterial species, Wolbachia, can confer protection against 
respiratory viral infections in Drosophila.[39] To explore the 
mechanism(s) by which commensal microbiota contributes to 
host defense against these viruses, several recent studies have 
focused on crosstalk between the microbiota and the immune 

system and the requirement for inflammasome‑mediated 
cytokine release for triggering adaptive immune responses 
against influenza virus.[36,40] These studies demonstrated 
that gut microbiota supports respiratory immunity against 
influenza virus by releasing low levels of PRR ligands in 
circulation. Upon flu infection, direct PRR activation or the 
induction of host factors as a result of PRR signaling could 
provide the immediate source for inflammasome‑mediated 
cytokine release, such as IL‑1β and IL‑18, in the lung at 
steady‑state. Further, after influenza virus infections, which 
in turn modulate the ability of respiratory DCs to become 
professional antigen‑presenting cells for the activation of 
adaptive immune defense against influenza viruses. On the 
other hand, recent studies also highlighted the importance 
of the signals derived from commensal bacteria which can 
calibrate the activation threshold of innate immunity. The 
results obtained from these studies[40] reveal a previously 
unrecognized interplay between commensal and antiviral 
IFN signaling pathways, in which low‑level tonic signaling 
by commensal bacteria, regulates the steady‑state readiness 
of antiviral pathways in macrophages, involved in responses 
to bacteria, cytosolic oligomers, and respiratory infection 
with influenza A virus.[36,40,41] This finding that macrophages 
isolated from antibiotic‑treated mice are deficient in signaling 
of type I and II IFNs suggested that signals dependent on 
commensal‑derived can maintain the fitness of antiviral 
pathways in macrophages.[36,40] Moreover, the observations 
that splenic mononuclear cells, isolated from germ‑free mice 
are deficient in expressing pro‑inflammatory cytokines when 
stimulated with only purified PAMPs, also provided a sound 
explanation for the commensal‑antiviral immune fitness axis 
at the transcriptional level.[41]

In contrast, studies also showed that respiratory influenza 
infection could cause intestinal disease. Influenza infection 
altered the intestinal microbiota composition, which was 
mediated by IFN‑γ produced by lung‑derived CCR9+ CD4+ 
T‑cells recruited into the small intestine.[42] And latent 
influenza virus infections can render mice less susceptible to 
bacterial challenge, an effect attributed to basal macrophage 
activation.[42]

CutAneous MiCRobioMe influenCes pAtHogen 
infeCtion At ColonizAtion sites

Cutaneous inflammatory disorders such as psoriasis, atopic 
dermatitis, and rosacea have been found to be associated 
with dysbiosis in the cutaneous microbiota.[43,44] Although 
development and differentiations of the effectors and 
regulatory T lymphocytes are tightly controlled by gut 
flora signals,[19] skin T‑cell differentiations, such as Th1, 
Th17, and IL‑17+γδ‑T‑cell are dependent on signals from 
skin microbiota through PAMP‑driven IL‑1β signals, rather 
than gut microbiota.[45] Germ‑free mice experiments also 
demonstrated IFN‑γ and IL‑17A, produced by functional 
T‑cell effectors, were significantly reduced in their skin 
tissues.[45] Furthermore, protective immunity against parasite 
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Leishmania was found to be critically dependent on the skin 
commensal Staphylococcus epidermidis.[45]

nAsopHARyngeAl MiCRobioMe And its diveRsity 
in CHRoniC RHinosinusitis

In normal nasal cavity and sinus cavity, the commensal 
microbiota includes Firmicutes, Actinobacteria, and 
Staphylococcaceae families.[46] Compared with normal 
commensal, Staphylococcus aureus, P. aeruginosa, and 
anaerobic species were present in adult chronic rhinosinusitis 
(CRS) patients, using conventional culture and biofilm 
detection.[47,48] And these presences were also confirmed 
by more sensitive pyrosequencing technology targeting of 
bacterial 16S rRNA genes.[49] The highly discriminatory 
techniques further identified and differentiated other 
members of bacterial pathogens, including Corynebacterium, 
Lachnospiraceae, Ralstoniaceae, Mycobacteriaceae, and 
Helicobacteriaceae.[49] The study also showed that certain 
bacterial taxa or species, such as Lactobacillales and the 
species Lactobacillales sakei, may be protective against the 
development of CRS. Moreover, CRS patients’ microbiome 
is characterized by less richness, evenness, and diversity 
compared to normal.[49]

ConClusions

Commensal bacteria play an essential role in protecting 
against infections, shaping and regulating immune 
responses, and maintaining host immune homeostasis. 
The high‑throughput genomic sequencing analysis of the 
microbiota has revealed a previously unknown diversity 
and functions of the commensal microbiome in humans. 
Given the essential functions of the commensal microbiome 
in shaping and developing innate and adaptive immunity, 
increasing number of studies have examined its therapeutic 
potential for infections. There are convincing data to 
support the use of certain probiotics in treating intestinal 
inflammations including IBD, necrotizing enterocolitis, and 
prevention of antibiotic‑associated diarrhea including those 
caused by C. difficile. Clearly, further understanding of the 
role of microbiota in promoting resistance to infections has 
important implications for human health and disease.
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