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INTRODUCTION
Microbiome research has recently undergone a rapid

expansion and is fundamentally changing the way we
view microbial life and our relationship to that unseen
world. This explosion of microbiome research has been
fueled by advances in genomic technologies, such as next
generation sequencing, that allows researchers to gain a
better understanding of the complex communities of mi-
crobes that inhabit the human body. The use of these
technologies has provided unprecedented insight into
how our microbial communities shift in states of disease
and health, inspiring researchers to investigate the com-
plex relationships between the host’s health and the state
of their microbiome.

Our bodies are teeming with microbial life. Some re-
ports estimate that we host up to 1023–1024 microbial
cells, vastly outnumbering human cells; these microbes
encode an estimated 3.3 million genes compared to a pal-

try 23,000 encoded by the human genome [1,2]. To put
it simply, we are the human scaffold for a dense micro-
bial community, and this is not a simple jumble of bac-
teria. This population of microbes, together with the
human host, comprises a complex ecosystem that con-
sists of thousands of different microbial species that in-
habit unique niches in the body and play different roles
within their communities [3]. Some of these microbes
help us digest our food and extract necessary vitamins
and minerals from our diet, some protect us from patho-
genic microbes, others may even contribute to our mood
and behaviors, and some help regulate our immune sys-
tem [4,5,6]. Like any ecosystem, the health of the mi-
crobiome relies on stability and balance. Thus some of
the most important members of the human microbiota are
those that help maintain this balance, a feat that is ac-
complished in part via microbial modulation of the host
immune system.
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Mini-Review

The trillions of microbes that inhabit the human gut (the microbiota) together with the host comprise a
complex ecosystem, and like any ecosystem, health relies on stability and balance. Some of the most im-
portant members of the human microbiota are those that help maintain this balance via modulation of the
host immune system. Gut microbes, through both molecular factors (such as capsular components) and by-
products of their metabolism (such as Short Chain Fatty Acids (SCFAs†)), can influence both innate and
adaptive components of the immune system, in ways that can drive both effector, and regulatory responses.
Here we review how commensal microbes can specifically promote a dynamic balance of these immune re-
sponses in the mammalian gut.
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The human immune system plays many complex
roles in maintaining health. A key role of the effector arm
of the immune system is to vigilantly patrol for and de-
stroy pathogens and malignant host cells, while the regu-
latory arm maintains balance by quelling the effector
responses to prevent tissue damage during pathogen clear-
ance, prevent autoimmunity, and promote tolerance of in-
nocuous and beneficial microbiota. There is no anatomical
site where the need for these two arms of the immune sys-
tem is more critical than the intestinal tract. The intestinal
tract is the largest surface of the human body that is ex-
posed to the external world. it is constantly faced with
novel food antigens and it is colonized by trillions of bac-
teria, many of which are harmless and even beneficial, but
some of which are dangerous pathogens.

Millennia of coevolution between host and microbes
have driven the development of a sophisticated host im-
mune system as well as microbial strategies to manipulate
that system. The observation that germ free animals have
defective and incomplete immune systems coupled with
the fact that a number of pathologies are linked to dys-
biosis of the gut microbiota belies the critical role of the
microbiota in the development and maintenance of im-
mune homeostasis [7,8]. Although pathogenic microbes
have evolved many strategies to evade or manipulate the
host immune system to avoid detection and destruction
[9], much more frequently, microbes have co-evolved
with the host to modulate the immune system in a manner
that benefits both the microbe and the host. Here, we focus
on commensal bacteria that have been found to contribute
to the maintenance of immune homeostasis in the host.
Two of the major ways microbes choreograph the host im-
mune system to maintain balance is via the production of
metabolites and via bacterial associated factors that di-
rectly interact with the host immune system.

GENERAL CUES: DIRECTING INNATE 
IMMUNE RESPONSES

innate immune factors respond to some highly con-
served microbial associated molecular patterns
(MAMPS), such as lipopolysaccharide (LPS) and pepti-
doglycan, whose ubiquity in the microbial world belie the
many and often opposing responses to these MAMPS by
the host immune system. For example, if these MAMPS
are recognized on the apical surface of the gut epithelium
they can promote tolerance and balance the inflammatory
response, however if they are sensed by the basolateral
surface of the same cell layer it can indicate a breach in the
protective gut epithelium and trigger an inflammatory re-
sponse [10].

LPS, is a cell wall component of gram-negative bac-
teria, which comprise much of the commensal population
of the human microbiome; of course, many pathogens are
also gram-negative and LPS is readily recognized by ded-
icated receptors of the innate immune system and can in-
duce inflammation and sepsis [11]. Despite this, LPS

levels have also been shown to contribute to immune
homeostasis and have multiple beneficial effects on the
host. For example, exposure of germ-free mice to LPS
leads to a recovery of normal expression of mucous in the
colon [12]. Recognition of LPS by Toll-like receptor 4
(TLR4) on epithelial cells initiates a signaling cascade that
activates MyD88 which can promote antimicrobial activ-
ity and tissue protection and repair thus facilitating
pathogen clearance and maintenance of a healthy epithe-
lium [13]. Mice lacking MyD88 or other components of
the LPS recognition pathway, or mice lacking microbiota
are more susceptible to infection by a number of patho-
genic bacteria and to intestinal injury suggesting levels of
LPS may act as an indicator of the state of the system and
enhance host defenses as needed [14].

Peptidoglycan, a component of the bacterial cell wall,
has been shown to induce the formation of isolated lym-
phoid follicles (iLF’s), which prime the system for sub-
sequent adaptive immune responses. The important role
of peptidoglycan in immune homeostasis is underscored
by the fact that the composition of the microbiome is dra-
matically altered when the peptidoglycan driven produc-
tion of iLF’s is lost. Peptidoglycan has also been shown to
enhance neutrophil function and thus promote the clear-
ance of pathogenic bacteria [15]. non-pathogenic strains
of Salmonella as well as Bacteroides thetaiotaomicron
have been shown to reduce inflammation via interference
of the nF-κB signaling cascade [16,17].

THE EFFECTOR T CELL/TREG AXIS
The balance of the immune system in the Gi tract re-

lies heavily on the relative abundance and activity of two
subsets of CD4+ T-cells, the effector or helper CD4+ T
cells and regulatory CD4+ T-cells (Tregs). Helper T-cells
were canonically designated as either Th1, promoting cel-
lular immunity and characterized by the production of iL-
2, iFn-γ, and TFn-β or Th2, known for promoting
humoral immunity and producing iL-4, iL-5, and iL-13
[18,19]. However, more recent research has defined Th17
cells as a new subset of the helper T cells. Th17s are char-
acterized by production of cytokines interleukin (iL)-
17A, iL-17F, iL21, and iL22 and are particularly impor-
tant at mucosal surfaces including the Gi tract, where there
is a high risk of infection by pathogenic microbes.

Balancing out effector cell activity, Tregs suppress
inflammation and promote immunologic tolerance [20].
There are two major subsets of Tregs; natural Tregs
(nTregs) which develop in the thymus and are critical to
preventing autoimmunity and controlling immune re-
sponses, and induced Tregs (iTregs) which leave the thy-
mus as mature but naïve CD4+Tcells and differentiate
upon activation in the periphery [21]. Tregs are charac-
terized by the production of anti-inflammatory cytokines
such as iL-10 that can quell an inflammatory response in
a number of ways. iL-10 can reduce MHC-ii expression
on monocyte-macrophages thus dampening the produc-
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tion of pro-inflammatory cytokines, can inhibit chemokine
production in dendritic cells in an autocrine fashion, and
directly inhibits cytokine production and proliferation in
CD4+ T cells [22]. Recent work has shown that iTreg de-
ficient mice suffer from Th2 driven pathologies of the mu-
cosa indicating that iTregs are critical to controlling
mucosal Th2 responses [23]. Although iTregs have been
canonically defined to express the cell surface marker
FoxP3 [20], Tr1 cells which are CD4+ and Foxp3 nega-
tive, also contribute to immune tolerance in the gut [24]
through in part, high expression of iL-10 [25]. Multiple
human gut bacteria, including Bacteroides fragilis and Bi-
fidiobacterium breve, can induce iL-10 producing Tr1
cells with B. fragilis also promoting the homing of these
cells to the gut, indicating an important role for Tr1 cells
in the relationship between commensals and host [26,27].

immune cell subsets do not always fit neatly into ef-
fector versus regulatory functional bins. Although Th17s
are generally considered to be effector cells for their con-
tribution to host defense, their role varies by context. Th17
cells have been implicated in autoimmune disorders and
inflammatory disease where they have been found to play
both pathogenic and protective roles via iL-17 or iL-22
production [28]. interestingly, it has been found that pro-
inflammatory Th17 cells can transition to an immunosup-
pressive role upon recruitment to the small intestine and
can in certain contexts produce iL-10 [29]. The cytokines
iL-1β and iL-2 have been shown to play a role in regulat-
ing pro- versus anti- inflammatory function of Th17 in the
context of exposure to different pathogens in priming and
effector stages [29]. Taken together, it is clear that Th17
activity is tightly regulated to maintain protection from
pathogens while avoiding auto-injury [30].

TARGETING T-CELLS: SHAPING LOCAL
POPULATIONS OF ITREG/EFFECTOR CELLS

The microbiota has been found to play a role in the
broad choreography of the effector/ regulatory T-cell axis
to promote immune homeostasis [31] (Figure 1). A more
complete understanding of which particular microbes fa-
cilitate immune homeostasis and by what mechanism, has
the potential to inform the development of probiotic strate-
gies for diseases that are driven by dysbiosis of the mi-
crobiota [10]. 

Studies in mouse models of inflammatory disease
have allowed for the discovery of specific bacteria that
can help to restore homeostasis in pathologic states
through influence of the adaptive immune system. For in-
stance, a consortium of 17 strains of non-pathogenic
Clostridia that were derived from the stool of a healthy
human has been shown to attenuate symptoms of colitis
and allergic diarrhea via the induction of Tregs and iL-10
[32] and oral administration of the membranous fraction
of the common gut bacterium Parabacteroides distasonis
attenuated experimental murine colitis while preventing

increases in several pro-inflammatory cytokines [33]. Al-
though the precise mechanism of anti-colitic activity by
bacteria is often not well understood, one exception to this
case is immune-modulation by the common gut bacterium
B. fragilis.

B. fragilis has been shown to promote the induction of
Foxp3+ Tregs and promote iL-10 secretion, which can re-
balance biased Th17/Treg levels and increase the sup-
pressive capacity of Foxp3+ Tregs, thus mitigating
pathological inflammation. This interaction is mediated
by one of the 8 capsule polysaccharides produced by B.
fragilis, PSA. PSA is a zwitterionic capsular polysaccha-
ride and is reportedly presented by MHC-ii following
PSA activation of dendritic cells [34]. The anti-inflam-
matory effects of PSA benefit the bacteria by enhancing
the colonization capabilities of B. fragilis, as a strain lack-
ing PSA had a reduced capacity for colonization. PSA also
confers a benefit to the host by supporting an anti-inflam-
matory phenotype. The significance of this effect is em-
phasized by the fact that B. fragilis and/or purified PSA
can promote protection in colitis models but B. fragilis
strains in which the PSA operon has been deleted cannot
[35,36]. However, while B. fragilis PSA is known for its
anti-inflammatory effects in the lamina propria, it has also
been found to play a role in the systemic induction of Th1
responses [37,38].

Segmented filamentous bacteria (SFB) can also tip
the scale in the other direction by promoting Th17 com-
mitment of naïve Tregs and bolstering antimicrobial de-
fenses, which was shown to enhance protection against
some pathogenic agents [39]. The colonization of mice
with whole microbiota and segmented filamentous bacte-
ria specifically has been shown to drive the maturation of
helper T-cell populations in the gut [40]. The ability of
SFB to increase Th17 levels appears to be contingent upon
adhesion of the SFB to the epithelium. T-cells with SFB
specific antigen receptors will differentiate into Th17 cells
indicating the fate of these effector cells is driven by SFB
in the intestine [39,41,42].
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Figure 1. Commensal factors can promote immune
homeostasis. Segmented filamentous bacteria have
been shown to promote Th17 levels, while Bacteroides
fragilis and some Clostridia species increase iTreg pop-
ulations. 



MODIFYING THE IMMUNE SYSTEM VIA THE
PRODUCTION OF METABOLITES

in addition to the more direct interaction between
bacteria and the immune system via molecules such as
LPS and PSA, bacteria in the gut can also influence im-
mune status through the metabolites that they produce
while digesting components of our diets (Figure 2). in this
case, the relationship between particular microbial com-
munity compositions and immune phenotypes may be
harder to identify because they are dependent on complex,
often cooperative metabolic processes that occur in a diet-
dependent manner. One set of compounds that have been
particularly well studied for their immune-modulatory
properties are short chain fatty acids (SCFAs), a major by-
product of microbial fermentation of substrates such as di-
etary soluble fibers. The three most prominent SCFAs
produced by bacterial fermentation are butyrate, acetate
and propionate.

Butyrate, and also propionate to a lesser degree, have
been shown to induce the differentiation of colonic/extra-
thymic (peripheral) Treg cells in mice [43,44], indicating
an anti-inflammatory effect. One potential mechanism for
the induction of colonic Treg differentiation by butyrate is
through histone modification of the Foxp3 locus [43]. in
contrast, acetate and propionate have been shown to pro-
mote colonic Treg accumulation by activating a specific G
Protein Coupled Receptor (GPCR), GPCR43 [45].

Multiple research studies suggest that immune mod-
ulation by microbially produced SCFAs can modulate dis-
ease. For instance, giving mice a diet of butyrylated
high-amylose maize starch ameliorated the development
of colitis induced by adoptive transfer of CD4+ CD45RBhi

T cells in Rag 1 knockout mice [43]. interestingly, SCFAs
can also affect health status through immune-modulation
at extra-colonic sites. As an example, in one study, feed-
ing dietary fermentable fiber to mice resulted in increased
circulating levels of SCFAs which conferred protection
against allergic airway disease [46]. This protective effect
was dependent on interaction between propionate and a G
Protein Coupled Receptor in the bone marrow (GPCR41).
in another study, circulating SCFAs were shown to di-
rectly influence the pancreatic immune environment and
development of Type i diabetes in mice [47].

Another important class of microbiota-produced
metabolites that influence mucosal immune response is
aryl hydrocarbon receptor (AHR) ligands. AHR ligands
can promote iL-22 production via the activation of innate
lymphoid cells (iLC3s), and increased levels of iL-22 can
protect from colonization by pathogenic microbes [48].
Mice deficient for AHR or AHR ligands were found to
have altered microbial communities and pathogenic in-
flammation, and AHR deficient mice suffered from re-
duced numbers of iLCs and altered development of
intestinal tissue [49]. Specific microbes such as species of
Lactobacilli can produce AHR ligands from tryptophan

precursors, implicating both diet and microbial metabo-
lism as drivers of AHR activity [48,50].

Polyamines, such as putrescine, cadaverine, spermi-
dine, and spermine are another class of microbial metabo-
lites that can influence the host immune system, although
their levels can also be influenced by diet or de novo syn-
thesis by the host. Due to the high biodiversity and bio-
density in the Gi tract there are very high levels of
available polyamines in the gut, which have been found
to be critical to the maintenance of the health of the ep-
ithelium in the intestine by facilitating the constant and
rapid turnover of intestinal epithelial cells and enhancing
the structural and functional integrity of the epithelial bar-
rier by increasing levels of junction proteins, mucous se-
cretions, and antimicrobial factors [51,52].

Therapies that utilize knowledge of microbial
metabolites on the immune system must consider the dy-
namic interplay between diet, gut microbial composition,
and the generation of metabolites. There appears to be a
high correlation between the composition of an individ-
ual’s microbiome and the diet of that individual. while
this might not come as a surprise, the fact that a dietary
change leads to a rapid and predictable shift in the gut mi-
crobiota suggests that dietary interventions could provide
promising and effective strategies to modulate the gut mi-
crobiota. in addition to diet interventions, the use of pre-
biotics, compounds that may not be digestible by the host
but promote the health of beneficial commensal bacteria,
may be a promising treatment strategy for dysbiosis. For
example, arbinooxylooligosaccharides, a component of
wheat bran, has been shown to protect against Salmonella
infection in chickens, and it has been suggested that these
strategies could hold promise for prevention or interven-
tions in human disease as well [53]. ingestion of fruc-
tooligosaccharides has been shown to promote the
expansion of endogenous bifidobacteria [54]. These find-

392 Arnolds and Lozupone: Influence of the gut microbiota on immune homeostasis

Figure 2. Bacterial metabolites contribute to immune
homeostasis. Some microbiota metabolize complex
carbohydrates into short chain fatty acids that can pro-
mote anti-inflammatory immune responses.



ing suggest prebiotics can promote the growth of specific
microbes and may be effective as targeted therapies to cor-
rect dysbiosis.

Application of beneficial metabolites of bacteria di-
rectly to the site of disease can also be an effective treat-
ment strategy. For instance, introducing butyrate and/or
SCFA cocktails to the colon via enema has been shown to
lessen colonic inflammation in inflammatory Bowel Dis-
ease (iBD) patients [55,56].

CONCLUSION
Human immunity is an incredibly powerful and dy-

namic system that has the ability to mount a robust re-
sponse to insults, but it’s greatest power may lie in the
ability to maintain homeostasis. while homeostasis sug-
gests a static state of being, immune homeostasis is any-
thing but; it is a dynamic state that keeps the system
primed to respond rapidly to pathogenic microbes while
avoiding autoimmunity and maintaining tolerance for ben-
eficial commensals.

Here we’ve reviewed how the microbiota contributes
to the maintenance of immune homeostasis. while it is
clear that dysbiosis of the microbiota is tightly associated
with an imbalance of the immune system and many
human diseases, in many scenarios it remains unclear if
the dysbiosis is causal or results from a shift in the im-
mune balance. while not without complications, studies
using humanized gnotobiotic mice (i.e. mice originally de-
void of microbes that are colonized with the microbiota
of humans of different pathologic and non-pathologic
states) can help to differentiate between cause and effect
and allow for further exploration of the role of microbiota
in promoting a homeostatic immune system in the host
[57,58]. Understanding the etiology of these diseases and
the mechanisms by which dysbiosis of the microbiota may
cause or contribute to their progression is critically im-
portant to understanding the epidemic incidences of dis-
eases that are characterized by chronic inflammation of
the gut, as well as to informing effective and targeted treat-
ment strategies.
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