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Abstract
The body is composed of various tissue microenvironments with finely tuned local
immunosurveillance systems, many of which are in close apposition with distinct commensal
niches. Mammals have formed an evolutionary partnership with the microbiota that is critical for
metabolism, tissue development and host defense. Despite our growing understanding of the
impact of this host-microbe alliance on immunity in the gastrointestinal tract, the extent to which
individual microenvironments are controlled by resident microbiota remains unclear. In this
Perspective we discuss how resident commensals outside the gastrointestinal tract can control
unique physiological niches and the potential implications of the dialog between these
commensals and the host for the establishment of immune homeostasis, protective responses and
tissue pathology.

Maintenance of tolerance and restoration of host homeostasis after insults or exposure to
pathogens relies on complex and coordinated innate and adaptive responses. To this end,
specialized populations of cells have to integrate local cues, such as defined metabolites,
cytokines or hormones, to induce responses in a way that preserves the physiological and
functional requirements of each tissue. To insure these distinct responses, unique subsets of
antigen-presenting cells1-4, innate lymphoid cells5 and stromal cells6,7 seed and are locally
conditioned by each microenvironment8. These tissue-tailored immunological networks are
essential for maintaining tissue or exogenous tolerance and the development of appropriate
protective and controlled immune responses.

Tissue-specific responses have been particularly explored at barrier tissues such as the lung,
skin and the gastrointestinal tract—sites that are constitutively colonized by highly diverse
and site-specific flora. Mammals have an evolutionary partnership with the microbiota that
is critical for metabolism, tissue development and host defense. In the gastrointestinal tract,
part of the local immune response is aimed at maintaining a peaceful coexistence with the
resident microbiota. These microbes can in turn control many aspects of both innate and
adaptive responses9,10. As such, dysbiosis of the gut microbiota has been associated with
severe pathologies ranging from inflammatory bowel diseases to malnutrition11,12. Despite
our growing understanding of the complexity and diversity of commensal populations at all
barrier sites, such as the skin, the oral cavity and the airways, how tissue-resident microbes
outside of the gastrointestinal tract control local and systemic responses remains poorly
explored.
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Each barrier tissue is a complex and in some cases unstable composite of microbes and host
structural, hormonal, nervous and immunological networks, with each of these systems
potentially controlled by resident microbiota. Thus, the delicate balance between a healthy
or disease state may hinge on discrete interactions that occur between commensals and many
host components in a given environment. Based on our understanding of tissue
specialization, we could postulate that these unique microbial communities feed into tissue
complexity and have coevolved with their host to finely tune the unique requirement of each
site. In this Perspective, we will discuss recent evidence linking tissue-resident microbiota
and microbe-derived metabolites in the control of local and systemic immune responses and
discuss the current gaps in our understanding of these responses.

Distinct anatomical sites have unique commensal communities
Epithelial surfaces sustain diverse communities of commensals that include bacteria,
archaea, fungi, protozoa and viruses13-17. With an estimated composition of 100 trillion
cells, commensals outnumber host cells by at least a factor of ten and encode at least 100-
fold more unique genes than their host’s genome18. An appreciation for this complexity was
precipitated by recent advances in high-throughput sequencing approaches that uncovered
the remarkable diversity of the human microbiota19-21. These surveys also unveiled the
spatial patterning of the commensal communities in the human body. The gastrointestinal
tract is home to the most abundant commensal niche and was the first and most thoroughly
examined commensal community in the body22. These studies indicated that Firmicutes and
Bacteriodetes are the dominant bacterial phyla of a healthy gut23. Commensal communities
in the intestine are highly sensitive to environmental perturbations caused by host metabolic
and inflammatory stress, and dysbiosis in these communities is associated with various
disease states24-26.

Survey of the flora of 27 different body sites, including the skin, nostril, hair and oral cavity
revealed that distinct anatomical sites house unique communities of bacteria and that
community structure composition is determined by the ecology of each body site21.
Similarly, a comparative analysis of the oral and respiratory viromes highlighted the
importance of habitat in determining viral composition27. Analysis of the skin, oral cavity,
airways, gastrointestinal tract and vagina revealed that each body habitat has distinct
dominant bacterial taxa; signature clades identified in each anatomical region of the body
were as follows: Actinobacteria, Firmicutes and Proteobacteria dominantly colonize the
skin, Lactobacillus spp. predominates in the vaginal mucosa, and Bacteroidetes, Firmicutes,
Fusobacteria and Proteobacteria prevail in the oral cavity28,29.

Global surveys of the composition of flora highlighted the importance of tissue-specific
physical, metabolic and immunological factors in shaping the composition of
commensals28,29. The skin, for instance, is a topographically heterogeneous organ that has
an abundance of folds and invaginations, such as hair follicles, sebaceous glands and sweat
glands, capable of sustaining unique communities of microbes30 (Fig. 1). Characterization of
flora from distinct skin sites uncovered niche specialization of the skin microbiome31. For
instance, Propinobactium spp. can metabolize lipids in sebum and therefore flourish in skin
sites enriched in sebaceous glands, Corynebacterium spp inhabit moist sites, and
Proteobacteria spp. dominated in dry sites31. Analysis of microbes from the oral cavity
revealed that whereas Streptococcus spp. are prevalent in most oral habitats, Haemophilus
spp. abundantly colonize the buccal mucosa, Actinomyces spp. the supragingival plaque and
Prevotella spp. the subgingival plaque29,32. The airways can also be segregated into distinct
ecological regions33. Although these sites have a homogenous microbial composition, the
upper airways have a two- to fourfold greater biomass than the lung and lower respiratory
tract 33,34 (Fig. 1). Although the composition of commensals is likely a major determinant in
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the control of each tissue, differences in biomass may also have profound implications in the
physiology of the colonized site.

Whereas sequencing of the 16S DNA has allowed for a comprehensive view of human
microbial communities, whole-genome shotgun metagenomic sequencing is beginning to
inform us of the function of these communities. Metagenomic sequencing has revealed the
presence of ‘core’ pathways that are essential for microbial survival in any environment,
such as ribosome and translational machinery, nucleotide charging, and ATP synthesis and
glycolysis29,35. Notably, commensal communities are enriched for metabolic capabilities
based on the carbohydrate signature of their local microenvironment36. For instance,
microbial communities in the oral cavity catabolize simple sugars, intestinal commensals
degrade complex polysaccharides and glycogen, and communities in the vagina are enriched
in the capacity to degrade peptidoglycan36. As we discuss bellow, byproducts of these
tissue-specific microbial metabolic processes can have a central role in conditioning defined
microenvironments.

Bystander control of peripheral tissues by gut commensals
Abundant experimental and clinical data support the idea that commensals residing in the
gastrointestinal tract can calibrate both innate and adaptive responses10. Unique groups of
commensals as well as defined byproducts or metabolites of commensals also can have key
roles in the control of mucosal responses10. Additionally, despite being contained by the
mucosal firewall9, the gut microbiota can also set the tone of immune responses at distal
sites in the steady state and during inflammation (Fig. 2). Notably, a decrease in the number
of gut commensals via treatment with a broad-spectrum antibiotic resulted in blunted T cell
and B cell response to an intranasal infection with the A/PR8 strain of influenza37. This
effect of the microbiota is linked to a capacity of microbiota to promote inflammasome-
mediated induction of the secretion of interleukin 1β (IL-1β) and IL-1837. In this setting,
rectal administration of Toll-like receptor (TLR) agonists restored the immune response in
antibiotic-treated mice, indicating that either the microbial products can diffuse systemically
or that activation of the inflammasome does not need to occur at the site of infection37.
Treatment with an antibiotic also impaired adaptive and innate antiviral responses after
exposure to systemic lymphocytic choriomeningitis virus and musosal influenza virus38.
Genome-wide transcriptional profiling of macrophages revealed a broad decrease in the
expression of genes associated with antiviral immunity38.

In addition to their capacity to promote protective immunity, gut commensals can also
influence autoimmune and allergic conditions. Mice lacking intestinal microbiota develop
less severe disease in models of arthritis and experimental autoimmune
encephalomyelitis39,40. In contrast, colonization with a group of gut commensals, segmented
filamentous bacteria, promotes autoimmune arthritis through the induction of antigen-
specific interleukin 17–producing T helper cells, which promote production of auto-
antibodies via expansion of B cells in germinal centers. Furthermore, recruitment and
activation of autoantibody-producing B cells from the endogenous immune repertoire
depends on the availability of the target autoantigen and commensal microbiota41. The
commensal microbiota can also decrease inflammation, as colonization of mice with
Bacteroides fragilis results in the expansion of IL-10–producing regulatory T (Treg) cells,
which limit the proinflammatory mechanisms of experimental autoimmune
encephalomyelitis in a TLR2-dependent manner39. Additionally, induction of diabetes in the
nonobese diabetic mouse model has been linked to the presence of defined intestinal
microbes42,43, and signals derived from commensal bacteria can regulate basophil
hematopoiesis and consequently allergic inflammation44.
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This bystander control of peripheral responses can be, at least in part, explained by the
unique requirement of the gastrointestinal tract for absorption, resulting in the constant
diffusion of a low level of microbial products or metabolites into the bloodstream. For
instance, peptidoglycan from radiolabeled Escherichia coli can be found in the serum and
can improve the killing of Streptoccocus pneumoniae and Staphylococcus aureus by bone
marrow–derived neutrophils in a Nod1-dependent manner45. Experimental evidence
suggests that the diffusion of low amounts of commensal products into the bloodstream can
contribute to monocyte exit from the bone marrow at steady-state and alter hematopoiesis46.
Another example of such communication is the metabolism of dietary fiber by commensal
bacteria of the Bacteroidetes phylum into immunomodulatory short-chain fatty acids, such
as butyrate and acetate47. Binding of these fatty acids to the GPR43 receptor on neutrophils
restrains their activation47. Consequently, mice lacking GPR43 have augmented
inflammatory responses, and exogenous administration of short-chain fatty acids to wild-
type mice is clinically beneficial47. These data suggest that the constant exposure to low
amounts of commensal products and metabolites is critical to functionally tune the
peripheral immune system and that subtle changes in this conditioning are likely to have
profound consequences on tissue physiology. Nevertheless, although these observations
collectively suggest that gut commensals can control the systemic threshold of activation of
innate and adaptive cells, these studies cannot exclude a direct role of commensals residing
in the lung, skin or other barrier sites in the control of local immunity (Fig. 2). Inflammatory
conditions at all barrier sites have been associated with regional perturbations in the
indigenous microflora48-52, emphasizing the local role of commensal flora. Below we
discuss experimental evidence that supports a role for tissue-resident commensals in the
calibration of systemic immunity, regional immunity and inflammation, and highlight the
gaps in our current understanding of this control.

Commensals in liver immune function
The liver, although not directly colonized by commensals, is a unique environment in regard
to its relationship with the microbiota. This vital organ with a wide range of metabolic
functions, including detoxification and production of factors necessary for digestion,
receives 80% of its blood from the portal vein, the draining tributary of the intestines, spleen
and pancreas. In humans, the entire blood volume circulates through the liver about 360
times per day, and a third of our blood volume passes through the liver each minute53.
Consequently, although the liver is not in direct contact with live commensals, its immune
function is likely conditioned by its constant exposure to microbe-derived ligands or
metabolites54. For example, exposure of liver sinusoidal endothelial cells to a low level of
lipopolysaccharide results in the loss of TLR4 expression and lipopolysaccharide
insensitivity55. Although not thoroughly characterized, ligands for TLR9, TLR2 and TLR5
are among the most represented microbial ligands in the portal blood56. As such, gut-derived
bacterial products control liver-resident dendritic cells by stimulating hepatic IL-6–STAT3
signaling56. This signaling inhibits activation and/or maturation of hepatic dendritic cells,
elevating the threshold needed for the induction of effector responses56. Kupffer cells, the
most abundant of all tissue macrophages, reside alongside the sinusoidal endothelium and
are the first to encounter commensal products or metabolites. As such, the numbers,
functional activity and maturation status of Kupffer cell are directly controlled by the
presence of gut flora54. In germ-free mice, there are substantially fewer adhesion molecules
such as ICAM-1 on liver sinusoidal endothelial cells compared to conventionally raised
mice54 suggesting that seeding by precursors of Kupffer cells and/or recruitment of other
cells may be constitutively controlled by commensal products. Considering our growing
understanding of the diversity and abundance of commensal-derived metabolites in the
bloodstream, we speculate that the liver is optimally equipped to be conditioned by many
microbial signals to maintain its fundamental metabolic function. Further, we propose that
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the liver may readily sense subtle alterations in this microbial fingerprinting and translate
these changes into alarm responses for the immune system.

Ex vivo analysis of the activation of antigen-presenting cells (APCs) revealed a similar
pattern of activation between germ-free and conventionally raised mice in secondary
lymphoid organs, including mesenteric lymph nodes57,58, suggesting that under steady-state
conditions, the control of activation of APCs may be tissue-specific. However, it is worth
noting that the diet of germ-free mice contains microbial ligands that can provide surrogate
signals to the ones normally provided by the flora59. Coupled with activation induced by
tissue dissociation, this is likely to blunt any potential differences resulting from the absence
of commensals. A better characterization of the effect of commensals’ metabolites and
products on resident APCs in distinct tissue is clearly needed.

Skin microbiota in immune responses
The skin, the largest organ of the body, is the primary interface between the host and the
environment. Microbial profiling has revealed the presence of highly diverse and specific
commensal niches along distinct topographical sites of the skin21,31. Although the skin is a
rather inhospitable environment, poor in nutrients, one billion bacteria inhabit a typical
square centimeter of human skin, covering the surface and extending down into the
appendages such as sebaceous glands and hair follicles60. Notably, the hair follicle is a very
unique structure, with limited contact with the immune system61 and capable of
orchestrating the organization of the skin immune system in inflammatory settings62.

Recent evidence supports the idea that skin microbiota has a fundamental and complex role
in the control of skin physiology. Notably, Staphylococcus epidermidis, the dominant
commensal bacterium found in the skin microflora, produces several antimicrobial proteins
and proteases that can limit biofilm formation of pathogenic species63. Gram positive
bacteria such as Lactococcus, Streptococcus and Streptomyces spp. also produce factors
known as bacteriocins that inhibit the growth of other bacterial strains64. In the
gastrointestinal tract, commensals have been involved in the induction of antimicrobial
proteins such as RegIIIγ65. How skin-resident commensals control the host production of
antimicrobial proteins remains an open question.

On the one hand, in contrast to the known role of the gut microbiota in promoting the gut
associated lymphoid tissue (GALT) development, skin commensals are not required for the
seeding of immune cells and overall development of the tissue66. On the other hand, the
skin-resident bacteria can control fundamental aspects of local immunity and tissue repair.
The skin is colonized by various species of Staphylococcus, including S. epidermidis, that
normally reside in contact with keratinocytes. In a setting of skin injury in which pathology
is dependent on TLR3, a defined product of this ubiquitous group of bacteria, lipoteichoic
acid, can mitigate inflammation in a TLR2-dependent manner67. More specifically,
lipoteichoic acid suppresses local production of various inflammatory mediators such as
IL-6 and tumor necrosis factor (TNF)67. Thus, via their capacity to constrain inflammatory
responses after tissue injury, defined skin commensal products can limit detrimental
inflammatory responses and contribute to wound healing. In contrast, aberrant composition
of skin flora or an increase in bacterial load may contribute to failure of tissue repair.
Notably, most chronic wounds including diabetic, venous and pressure wounds are
characterized by sustained inflammatory responses68 and in a mouse model of type 2
diabetes, nonhealing wounds were associated with increased abundance of Staphylococcus
spp.69, highlighting a possible link between bacterial load and local pathologies. Thus, in the
context of metabolic syndromes, altered nutrient availability and sustained inflammatory
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states could contribute to the emergence and dominance of bacteria that either qualitatively
or quantitatively alter the local inflammatory milieu and promote local pathologies.

Skin microbiota also has a nonredundant role in controlling regional immunity (Fig. 2). Skin
microbiota directly controls activation of skin-resident lymphocytes at steady state, and in
the absence of skin commensals the frequency of Foxp3+ Treg cells is dramatically
increased66. Skin commensals can promote protective immunity to a dermal pathogen,
Leishmania major37. Thus, commensals in the skin, and potentially at other barrier sites such
as the lung or the oral cavity, could act as local adjuvants required to finely tune the
activation of effector cells at the site of the response. The action of skin commensals is
discrete and specific. As such, skin commensals do not affect the capacity of T cells to be
primed or to migrate to the skin but modulate function of dermal T cells by tuning the
cutaneous inflammatory milieu. Particularly, skin-resident commensals promote, via
mechanisms that remain to be addressed, the production of IL-1α that in turn directly
controls the capacity of dermal resident T cells to produce inflammatory cytokines such as
interferon γ (IFN-γ) and IL-17A37. Of importance, the skin flora controls immune
homeostasis and responses to infection in an autonomous manner and independently of the
gut flora37. Moreover, the IL-1 pathway is not necessary for the production of inflammatory
cytokines by gut-resident T cells70. Thus, under steady-state conditions, or in the context of
local inflammation, each barrier site is likely to be controlled independently of other
commensal niches, and commensals may use unique mechanisms to control each tissue (Fig.
2). This compartmentalization of responses may have evolved as a mechanism to constrain
the adjuvant properties of commensals and the unwanted consequences associated with
systemic increases in inflammatory responses.

As a corollary of the capacity of the flora to promote local inflammation, clinical reports
have implicated skin microbiota in the etiology of cutaneous inflammatory conditions.
Disorders such as psoriasis, atopic dermatitis and rosacea are associated with dysbiosis of
the skin flora71. In atopic dermatitis (eczema), a chronic relapsing inflammatory skin
disorder, microbial community structures at sites of disease were dramatically altered
compared to controls72. In patients with atopic dermatitis, the proportion of Staphylococcus
spp. sequences, and in particular those of S. aureus, is greater during disease ‘flares’ and
correlated with increased disease severity72. Similarly, patients with psoriasis, a chronic T
cell–mediated disease affecting 2–3% of the population in the United States and 0.6–1.5% of
the population in Europe exhibit a decrease in skin bacterial diversity. Notably, lesional skin
from patients with plaque psoriasis is enriched in Streptococcus spp. and harbor less P.
acnes compared to controls73. Mechanistically, skin commensals could contribute to the
initiation or amplification of skin pathologies via several mechanisms. Local expansion of
unique commensals with enhanced inflammatory potential and/or enrichment in commensal
load may trigger aberrant production of antimicrobial peptides, contribute to aberrant
keratinocyte proliferation or, as previously discussed, promote the local production of
inflammatory mediators37. The IL-1 pathway that is promoted by skin-resident commensals
is linked to many chronic inflammatory disorders such as arthritis and asthma, as well as
psoriasis and other cutaneous disorders74. Psoriatic plaques are also characterized by marked
infiltration of activated T cells producing inflammatory cytokines, in particular cytokines of
the IL-17 family, such as IL-17A75-77, that have been associated with the pathogenesis of
the disease78,79. Some of the pathogenic role of IL-17A results from its capacity to amplify
various inflammatory pathways in the skin, leading to hyperproliferation of keratinocytes
and formation of lesions in psoriasis80,81. In the context of inflammation, changes in barrier
permeability and enhanced contact with commensals could also promote the local
inflammatory process. Thus, alterations in the composition or sensing of commensals—via
the capacity of commensals to directly and/or indirectly set the threshold of activation of
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skin-resident T cells, keratinocytes and APCs—are likely the primary drivers and amplifiers
of skin pathologies.

In addition to organ-specific microbiota, dramatic differences in microbial composition exist
in each tissue. In humans, skin microbial diversity varies dramatically across various
ecological niches60. These differences in bacterial composition and/or density may explain
why some skin sites are more prone to inflammatory disorders and why severe skin
responses in patients with graft versus host disease occur at sites enriched in commensals
niches. How indigenous commensal communities control immune cells in distinct ecological
niches in a single organ is poorly understood.

Oral microbiota in local immunity
The oral cavity harbors a diverse and complex microbial community that accumulates on
both the hard and soft oral tissues in sessile biofilms82. Whereas biofilms are extracellular,
the oral microbiota also includes communities of intracellular bacteria that invade the
gingival and buccal epithelial cells of the mouth. A prominent member of this community is
the opportunistic intracellular species, Porphyromonas gingivalis, a pathobiont that can
behave either as a commensal or pathogen83. Recent evidence suggests that the oral
microbiome can control innate host responses of the periodontal tissue and in some settings,
contribute to periodontal pathologies84. In particular, oral commensals promote the
expression of IL-1β protein in the oral mucosa84. In contrast, that amount of mRNA
encoding IL-1β was not decreased in gingival samples from germ-free mice, suggesting that
in the oral cavity commensals may promote inflammasome activity84. These results are
consistent with the notion that commensal bacteria, in most tissues, can establish a threshold
of activation required for immune fitness. As proposed for other barrier sites, commensals
can also contribute to tissue pathogenesis. The pathology associated with infection by P.
gingivalis, a low-abundance oral anaerobic pathogen85, relies on the presence of oral
microbiota86. This species of bacteria, even at very low colonization levels, triggers shifts in
the composition of oral microbiota and promotes a substantial increase in the overall
abundance of commensal density86. During infection by P. gingivalis, activation of both the
microbiota and the complement cascade are required for bone loss86. The mechanism by
which oral commensals contribute to this pathology remains unclear, but alteration of
commensal populations and increased commensal density have been reported in various
settings of barrier inflammation. Acute gastrointestinal infections are often characterized by
substantial shifts in the microbiota and dominance of bacteria with enhanced invasive and
inflammatory properties87-90. Understanding the key metabolic shift responsible for the
emergence of commensals with pathogenic potential in each microenvironment will be
central to our understanding of tissue-specific pathology.

Vaginal commensals in immune responses
The human vaginal mucosa, composed of a non-keratinized stratified squamous epithelium,
is home to an abundant microflora91. This highly specialized environment is exposed to
foreign substances including spermatozoa and a wide array of pathogens. Adding to this
complexity, various parts of the female genital tract are influenced by sex hormones during
the menstrual cycle. As such, the vaginal microbial ecosystem undergoes substantial
structural changes at various stages in a woman’s life91. In addition, the structure and
composition of vaginal microbial communities in healthy women are influenced by natural
changes, such as aging, time in the menstrual cycle, menstruation, pregnancy and stress92.
This implies that the vaginal mucosal innate and adaptive immune system is endowed with
the complex task of maintaining the delicate balance between commensal and pathogen
across various stages of a woman’s life, and induce tolerance required for successful
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pregnancy. The commensal microflora is an important component of the vaginal mucosal
defense against infections. A key feature of the predominant colonization of the vaginal tract
by Lactobacillus spp is a relatively low pH, owing to their production of large amounts of
lactic acid93. Lactobacilli are also thought to contribute to the health of the vagina via the
production of H2O2, the induction of mucus as well as the direct production of antimicrobial
factors94. In vitro colonization of vaginal epithelial cell multilayers by common vaginal
commensals has revealed that these bacteria do not trigger epithelial cells to produce
cytokines95. Moreover, various isolates of Lactobacilli suppress the capacity of epithelial
cells to respond to various TLR ligands95. Lactic acid is a major product of Lactobacilli
metabolism96. Exposure of peripheral blood mononuclear cells to this metabolite promotes
production of IL-23 in response to lipopolysaccharide97. In support of a link between
vaginal commensals and the local immune responses, vaginal concentrations of IL-1
receptor agonist are elevated in the presence of anaerobic gram negative rods and/or
Gardnerella vaginalis98. It is important to address the role of Lactobacilli on the innate and
adaptive response of the vaginal environment in vivo and the interplay of this control with
cyclic hormonal changes.

Airway microbiome in immune responses
The airways can be segregated into distinct ecological regions, which include nasopharynx,
oropharynx, upper respiratory tract and lower respiratory tract33. The epithelial surfaces of
the airway contain cilia and are covered by a mucus layer. A feature of the airway is the
difference in bacterial density across its length, with the upper airways colonized by the
highest load of bacteria33,34. Although the role of the endogenous airway microbiota in the
control of local immunity has not been addressed, evidence suggests that local manipulation
of the composition of the flora may have profound consequences on the capacity of the host
to mount protective responses. In particular, intranasal priming of mice with live or heat-
inactivated Lactobacillus spp. protects against lethal sequelae infection with the virulent
pathogen pneumonia virus of mice. This protective response is associated with diminished
expression of proinflammatory cytokines and recovery of less virus99,100. Priming with live
Lactobacilli results in lower granulocyte recruitment, diminished expression of multiple
proinflammatory cytokines (CXCL10, CXCL1, CCL2 and TNF) and recovery of less virus.
Notably, protection is not unique to Lactobacillus spp. and also has been observed in
response to priming with nonpathogenic gram-positive Listeria spp., suggesting that
microbial load, rather than specific groups of bacteria may control this adjuvant effect99,100.
Of note, this protective effect was independent of TLR signaling, and individual microbial
ligands, such as peptidoglycan or bacterial DNA, did not confer protection100. Along with
the studies mentioned above, this highlights our limited understanding of the mechanisms by
which commensals control immune functions of tissue.

In in germ-free mice, the number of infiltrating TH2 lymphocytes and eosinophils was
higher compared conventionally raised mice, and the composition and status of activation of
lung dendritic cells was altered during airway inflammation101. This effect could be
reversed by colonization of the mice with the complex commensal flora of conventionally
raised mice101. The relative contribution of gut versus lung microbiota to this effect remains
to be addressed. A recent comparative microbiome profiling of the sinus of patients and
healthy controls revealed lower bacterial diversity in the former, with specific depletion of
lactic bacteria and a relative increase in a single species, Corynebacterium
tuberculostearicum49. Experimental approaches in mice have demonstrated that the mucosal
microbiota is required to protect against the pathogenic role of C. tuberculostearicum49.
Moreover, Lactobacillus sakei, identified in a human cohort of protected patients,
antagonized C. tuberculostearicum sinus infection, even in the absence of a complete
microbiota. These studies suggest that sinus mucosal immune defense is highly dependent

Belkaid and Naik Page 8

Nat Immunol. Author manuscript; available in PMC 2013 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



on the composition of the resident microbiota, albeit the mechanism of such control remains
to be addressed.

Tissue ‘memory’: long-term consequences of tissue insults
After pathogenic or structural insults, tissues maintain traces or memory that extend beyond
adaptive responses of T cells and B cells. These changes include profound structural
remodeling, such as scars imposed by excessive fibrotic responses, epigenetic alteration of
innate cells and stromal cells as well as modification of the APC network. Additionally,
tissue ‘memory’ can also result from long-term alteration of its resident microbiota. A long-
term consequence of tissue damage and infection could be the induction of immune
responses to commensals. Indeed, during gastrointestinal infections, tolerance to
commensals can be lost and microbiota-specific T cells become activated102. In contrast to
steady-state responses to commensal bacteria, during infection commensal-specific T cells,
much like pathogen-specific T cells, differentiate to an inflammatory phenotype. In the
gastrointestinal tract, these commensal-specific T cells form memory cells that are
phenotypically and functionally indistinguishable from pathogen-specific T cells102. All
barrier environments are also primary sites of exposure to pathogens, and sites such as the
skin are often subject to barrier breach because of physical damage or infection. These
events could lead to enhanced exposure to the microbiota and to immunity to resident
commensals at diverse barrier sites. Because of the extraordinary amount of potential
antigens expressed by the host microbiota at all body surfaces, this would imply that a
substantial fraction of memory cells are expected to be commensal-specific. Such memory
cells will develop over time in response to successive infections and/or various barrier
breaches. In support of this hypothesis, healthy human serum contains antibodies to skin and
intestinal microbiota103. Thus, primary exposure to a pathogen in the skin, lung and
gastrointestinal tract is likely to occur in the context of a much broader recall response
against commensal bacteria. Additional exploration of the memory-cell compartment and
the antigen specificity of lymphocytes residing at all barrier sites would inform of the
potential impact of these complex responses on tissue physiology and subsequent
pathologies. It would be of particular interest to address how responses to conserved
bacterial antigens across barrier sites impact local and systemic tissue responses.

Conclusion
Although we could propose that under steady-state conditions or during local inflammatory
responses commensals control each tissue in a highly specialized and compartmentalized
manner, this regional segregation is likely to be overruled by systemic inflammation (Fig.
2). Low-level diffusion of microbial metabolites to the blood stream and alterations of these
signals during pathological states add an additional layer of complexity to our understanding
of tissue regulation. The challenge of the next few years will be to devise approaches to
explore the complex interplay between these various commensal niches under steady-state
conditions and disease states. This will require a better understanding of the keystone
bacterial species that control the immune responses at individual sites, and exploration of the
mechanisms and cellular target of this control, and an in-depth exploration of the precise
mode of interaction between commensals and host cells in their specific ecological niches.
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Figure 1.
Tissue-specific modes of host-commensal interactions at distinct barrier sites. The
gastrointestinal tract has the most abundant commensal niches in the body. A thick mucus
layer separates the intestinal epithelium from resident microbes. Certain commensal species
such as segmented filamentous bacteria (SFB) can penetrate the intestinal mucosal layer and
reside in intimate contact with epithelial cells and in Peyer’s patches. By virtue of their
localization, these species are uniquely poised to influence immune functions. Commensal
microorganisms reside on the surface of the skin and appendages, such as hair follicles,
sebaceous glands and sweat glands. These appendages may be critical sites of interactions
between immune cells and commensals in the skin. The oral cavity contains several
microenvironments that house commensal microbes including buccal mucosa, saliva, teeth
and gingiva. Individual teeth house bacteria both above and below the gumline, that have
been shown to modulate immunity in the surrounding gingiva; additionally, commensal
bacteria constitutively form biofilm at this tissue site. In the respiratory tract, the
composition of commensals is conserved across different geographical locations but the
density of commensals is greatest in the upper airways and is less in the lower airways. The
vaginal mucosa is dominantly colonized by Lactobacillus spp., but little is known about the
precise localization of commensals in this niche and how fluctuations associated with sexual
activity, menstrual cycle and pregnancy impact the microbiota in this site.
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Figure 2.
Localized and systemic regulation of the immune system by distinct commensal niches. (a)
Commensal bacteria in the skin dynamically regulate the cutaneous effector and Treg cells
by amplifying inflammatory signals (IL-1). Similarly, commensal signals in the oral mucosa
and respiratory tract promote the production of IL-1, and of IL-1 and IL-18, respectively. In
the gastrointestinal tract, commensal ligands (TLR, NLR and Nod ligands) and commensal
metabolites (short-chain fatty acids) instruct immunity locally. Trace amounts of commensal
byproducts enter blood circulation and localize to the bone marrow where they control
immune cell development and function. (b) Skin commensals control protective TH1
responses during a dermal infection in an IL-1–dependent manner. A TLR2 ligand,
lipoteichoic acid (LTA) specifically derived from S. epidermidis ameliorates exuberant
production of TNF and IL-6 during skin inflammation. The signals involved in regulation of
intestinal immunity during localized inflammatory responses are similar to those involved in
controlling immune homeostasis, but these commensal derived signals are greatly amplified
during an inflammatory response. Signals from gut microbiota may diffuse more readily into
systemic circulation during gut inflammation. (c) Intestinal microbiota has been identified as
a key modulator of systemic immunity. Gut-dwelling commensals can promote pathology in
various mouse models of autoimmunity (experimental autoimmune encephalomyelitis
(EAE), diabetes and arthritis). The intestinal microbiota also regulates viral immunity in the
lung by controlling macrophage responses and inflammasome activation. Allergic airway
inflammation is negatively regulated by signals from the flora that down-modulate responses
of immune effectors, including production of IgE by plasma cells, development of basophils
and accumulation of iNKT in the gut and lung. innate Natural Killer T cells (iNKT),
experimental autoimmune encephalomyelitis (EAE), Rheumatoid arthritis (RA),
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polysaccharide A(PSA), polymorphonuclear neutrophils (PMN), Peptidoglycan (PGN),
Antimicrobial peptides (AMPs).
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