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The mammalian intestine provides a unique niche
for a large community of bacterial symbionts that
complements the host in digestive and anabolic
pathways, as well as in protection from pathogens.
Only a few bacterial phyla have adapted to this
predominantly anaerobic environment, but hun-
dreds of different species create an ecosystem that
affects many facets of the host’s physiology.
Recent data show how particular symbionts are
involved in the maturation of the immune system,
in the intestine and beyond, and how dysbiosis, or
alteration of that community, can deregulate immu-
nity and lead to immunopathology. The extensive
and dynamic interactions between the symbionts
and the immune system are key to homeostasis
and health, and require all the blends of so-called
regulatory and pro-inflammatory immune reac-
tions. Unfortunately, pro-inflammatory immunity
leading to the generation of Th17 cells has been
mainly associated with its role in immunopatho-
logy. Here we discuss the view that the immune
system in general, and type 17 immunity in particu-
lar, develop to maintain the equilibrium of the host
with its symbionts.
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Introduction: the intestinal metaorganism

We live in contact with countless microbes that colonize
diverse niches in our house, in public places, in the
animals and plants we touch, and in our friends and family
members we meet. We also live with very large numbers
(> 10™) of microbes that have taken residence on and in
ourselves, termed symbionts (from the Greek words syn
and biosis, meaning ‘with’ and ‘living’). Whether and how
particular symbionts are mutualists that share a beneficial
relationship with us, commensals that we simply ignore, or
parasites and opportunistic pathogens that cheat on this
relationship, is a matter of intense investigation (Backhed
et al., 2005; Dethlefsen et al., 2007). A fast-growing litera-
ture shows the broad impact of symbionts on our physi-
ology, modulating predisposition to obesity (Turnbaugh
etal, 2006; Vijay-Kumar et al., 2010), diabetes (Wen
et al., 2008), colitis (Garrett et al., 2007), cancer (Davis
and Milner, 2009), skin and mucosal disorders and infec-
tion (Brandl et al., 2008; Lai etal.,, 2009), and altering
behaviour (Gareau et al., 2011; Neufeld et al., 2011). The
now common wisdom yields that understanding our inter-
action with symbionts will allow their manipulation to our
own good, and designing pre- and probiotics that correct
failing or pathogenic symbiotic communities (Round and
Mazmanian, 2009).

The intestinal niche is of particular interest as it hosts
the largest community of bacterial symbionts in mammals,
and usual estimates suggest that they outnumber our own
cells by a factor of 100 (Backhed et al., 2005; Dethlefsen
et al.,, 2007). Their abundantly documented role in diges-
tion and generation of metabolites has lead to their
description as a ‘metaorganism’, providing the benefit,
and potential danger, of their compound metagenome and
metabolome to the host (Turnbaugh and Gordon, 2008).
Together, the microbiota and the host form a higher-order
entity termed the superorganism (Eberl, 2010), arguably
the real target of natural selection, as the host does
not exist germfree. Many sequencing-based projects
worldwide aim at establishing the catalogue of bacterial
species and the metagenome present in normal and sick
individuals, and determining the influence of lineage
and environment, including food, on these variables
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(Turnbaugh and Gordon, 2009; Qin et al., 2010). Such
studies are believed to lead to the identification of
bacterial species, as well as fungal and viral species if
included in the analysis, or more globally metaorganisms
or metagenomes, that are associated with homeostasis
and pathology.

Beyond such correlative studies, causal relationships
between particular bacterial communities or species and
phenotypes of the host are established by re-colonization
of newborn or germfree mice. Using this experimental
approach, it has been demonstrated that the microbiota
isolated from obese ob/ob mice conferred a significant
degree of obesity to lean mice (Turnbaugh et al., 2006).
In another study, the microbiota from Myd88-deficient
mice that lack a number of innate immune pathways,
conferred protection to diabetes to genetically disease-
prone NOD mice (Wen et al., 2008). At the species level,
prominent cases include the induction of lymphoid tissue
maturation, strong IgA responses and T-cell helper
responses by Candidatus arthromitus, more commonly
called segmented filamentous bacteria (SFB) (Talham
etal, 1999; Gaboriau-Routhiau et al., 2009), and the
induction of T regulatory cell responses by Bacteroides
fragilis (Mazmanian et al., 2008) and Helicobacter pylori
(Kao et al., 2010). One major caveat of the latter studies
is the measure of the impact of bacterial symbionts
in isolation, a situation that never occurs naturally and
that may alter the bacteria’s own expression programme
(Toledo-Arana et al., 2009). Combinatorial approaches
are eagerly awaited (Goodman et al., 2009), as are tech-
niques to specifically ablate a species within complex
communities (Mai et al., 2010). Microbial ecology is the
scientific frame to explore the relationships between
bacterial species within the niches defined by the host
(Dethlefsen et al., 2007), and relies on ‘metalevel’ combi-
natorial analytical tools, including mathematics, which
need to be urgently developed.

Microbiota and immune system: partners in
evolution and homeostasis

Margaret McFall-Ngai, dedicated to the study of the stun-
ning though turbulent mutualistic relationship between the
Gram-negative Vibrio fischeri and the Hawaiian squid
Euprymna scolopes (McFall-Ngai et al., 2009), was the
first to propose that microbial molecular patterns recog-
nized by the innate immune system should be termed
accordingly ‘microbe-associated molecular patterns’
(Koropatnick et al., 2004), instead of the more commonly
adopted term ‘pathogen-associated molecular patterns’.
The latter reflects the perception that the immune system
is primarily instructed to fight off pathogens, and to ‘see’
microbes, when it sees them, as pathogens. The inevi-
table correlate of this view is that microbes that cause

disease, thus pathogens, are the prime force for the evo-
lution of the immune system. However, the immune
system sees microbes continuously; it reacts massively to
intestinal symbionts through the largest routine production
of immunoglobulins, delivered into the intestinal lumen as
IgA (Macpherson and Uhr, 2004). And, even though noto-
rious pathogens have profoundly marked human history,
and continue to do so, we interact mostly with symbionts,
on a daily basis, which do not cause significant pathology.
McFall-Ngai has proposed, as a consequence, that the
evolution of the immune system has been largely shaped
by symbionts, and occasionally by pathogens (McFall-
Ngai, 2007). As by definition symbionts live with their host,
immunity directed against microbes may be therefore
largely dedicated to establish a state of homeostasis
between host and microbiota. In vertebrates, develop-
ment of adaptive immunity allows for the recognition of a
vast array of microbial antigens and thus, co-evolution of
the host with a great diversity of symbionts. Accordingly,
the intestine of vertebrates, in particular mammals, is
populated with a large diversity of resident bacterial
species (Dethlefsen et al., 2007), whereas the organs of
invertebrates, such as Drosophila and Euprymna, harbour
small number of unstable or ‘tourist’ symbionts (Ryu et al.,
2008; McFall-Ngai et al., 2009). A notable exception is
termites, which harbour a highly diverse intestinal micro-
biota (Hongoh, 2010), even though the stability of this
community remains to be assessed.

Biomedical research is primarily driven by the quest to
alleviate and prevent disease. Therefore, and rightly so,
much emphasis is put on the mechanisms of pathogen-
esis when designing projects, experiments, and present-
ing data. Indeed, the identification of pathogenic cells,
pathways and genes holds great promises to satisfy that
quest. Nevertheless, and as a consequence, a biased
view of the function of particular cells, pathways and
genes occasionally develops that obscures the very
reason why they have evolved in the first place. One such
prominent example is Th17 cells. Even though IL-17 has
been cloned nearly two decades ago (Rouvier etal,
1993) from activated T cells and shown early on to induce
IL-6 and IL-8 production by human fibroblasts (Yao et al.,
1995), it shot to prominence only 5 years ago once it was
shown that IL-23, rather than IL-12, was the critical factor
driving experimental autoimmune inflammation of the
brain (Cua etal, 2003). It was subsequently demon-
strated that IL-23 induces the generation of pathogenic
IL-17-producing T helper cells (Harrington et al., 2005;
Langrish et al., 2005; Park et al., 2005). Since then, many
papers and reviews have rounded up the role of Th17
cells in pro-inflammatory pathology, and numerically
dwarfed reports on their role in defence against microbial
infections at mucosal surfaces (Khader et al., 2009). Fur-
thermore, as Th17 cells are enriched in mucosal tissues,
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Fig. 1. Type 17 pro-inflammatory immunity, intestinal homeostasis, and immunopathology.

A. An effective barrier separates the intestinal lamina propria from the large community of symbionts. A single layer of epithelial cells creates
not only a physical wall, but also produces anti-bacterial peptides (aBP), a function that is enhanced by IL-17 and IL-22 produced by Th17
cells, Tyd cells and RORyt* innate lymphoid cells (ILCs). Goblet cells, a specialized type of epithelial cells, secrete mucus, which keeps most
of the bacteria at bay from direct contact with the epithelium. Segmented filamentous bacteria (SFB) are symbionts that uniquely locate
underneath the mucus and attach directly to the epithelial cells of the small intestine. Occasional breaches may occur in the barrier that leads
to low-key bacterial penetration, which are cleared by type 17 immunity and the consequent recruitment of polymorphonuclear neutrophils

(PMN). Homeostasis is maintained.

B. In the case of a defective type 17 immunity caused by mutation or immunosuppression, the homeostatic pathway driven by Th17 cells and
RORqt* cells is broken and occasional breaches are dealt with by other means, such as IgG* B cells. However, the capacity of this alternative
pathway to maintain homeostasis is limited and overwhelmed in the case of larger breaches, leading to immunopathology.

C. Intact type 17 immunity promotes a feed-forward loop when it first failed to prevent the amplification of breaches. Large breaches induced
by chemicals or pathogens, or a deregluated mucosal immunity, may lead to this immunopathological scenario.

in particular in the intestine, the tempting hypothesis
emerged that a specific type of symbiont induces the
generation of Th17, and thus, favours pro-inflammatory
pathology. The time was ripe for the hunt of this hypotheti-
cal pro-inflammatory symbiont, and culminated in the
identification of SFB as the prime Th17 inducer (lvanov
et al., 2009), as well as the driver of autoimmune arthritis
in re-colonized germfree K/BxN mice (Wu et al., 2010)
and of experimental autoimmune encephalomyelitis in
re-colonized and immunized germfree mice (Lee et al.,
2010). However, even though SFB is an efficient inducer
of Th17 cells, it also efficiently induces other types of T
helper cells (Gaboriau-Routhiau et al., 2009) and the pro-
duction of IgA (Talham et al., 1999). Furthermore, other
types of bacteria can induce Th17 cells (Gaboriau-
Routhiau et al, 2009; Lochner etal., 2011a), and the
impact of an SFB-less complex microbiota on autoim-
mune disease progression remains to be assessed.
Thus, even though Th17 cells are associated with pro-
inflammatory pathology, we believe that this ‘function’ is
associated with a particular context or genetic suscepti-
bility of the host. As Th17 cells are enriched even in the
apparent absence of pathogens in specific pathogen-free

© 2011 Blackwell Publishing Ltd, Cellular Microbiology, 13, 653—-659

mice that harbour a ‘normal’ complex microbiota (Lochner
etal,, 2008), we have proposed that pro-inflammatory
immunity is a necessary component of the immune
system to maintain homeostasis of the host with its intes-
tinal metaorganism (Eberl, 2010) (Fig. 1). We are now
discussing recent data supporting this hypothesis, and
suggesting that inadequate tempering with type 17 immu-
nity may have pathological consequence in the intestine,
and possibly beyond.

Fatal consequences of a loss in
pro-inflammatory immunity

The immune system shows an extraordinary level of
adaptation even when one of its arms is disabled. In the
intestine, such adaptive potential is best illustrated in mice
partially deficient in innate immunity, which, however, still
manage to contain the intestinal microbiota. In the
absence of the adaptor molecules Myd88 and TRIF,
mice resort to systemic production of IgG targeting the
symbionts (Slack et al., 2009). Such a response is not
normally observed, as bacteria-loaded dendritic cells traf-
ficking from the intestine do not wander beyond the
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mesenteric lymph node barrier (Macpherson and Uhr,
2004). However, this compensatory solution is not optimal
and has not been selected by evolution to be normally
triggered by symbiotic microbiota. There is a price to pay
and risks to incur for the host. Indeed, such mice showed
a marked increase in susceptibility to colitis and wasting
disease when challenged with dextran sodium sulfate
(DSS), which is toxic to intestinal epithelial cells (Brandl
et al., 2010) and models some aspects of human inflam-
matory bowel disease (IBD). In another example, mice
that produce only germline-encoded IgM compensate the
lack of IgA in the intestine by massive production of IgM
(Fagarasan etal., 2002). The supernumerary B cells
required for such an increased IgM production are gener-
ated in hyperplastic isolated lymphoid follicles (ILFs) of
the intestinal lamina propria. Although the microbiota is
significantly altered in both qualitative and quantitative
terms, these mice do not apparently suffer from bacterial
penetration and intestinal pathology. However, the price to
pay and risks to incur are increased susceptibility to infec-
tion by intestinal pathogens and autoimmunity (Agarwal
and Mayer, 2009).

In mice that lack Th17 cells, it is nevertheless expected
that the loss of this arm of pro-inflammatory immunity
rather protects from IBD. In accordance with this view, the
IL-17/IL-23 signalling pathway is involved in a number
of chronic inflammatory pathologies, including colitis
(Kastelein et al., 2007). Most convincingly, a gain of func-
tion mutation in the IL-23 receptor predisposes patients to
the development of IBD (Duerr et al., 2006). Furthermore,
Th17 cells have been shown to be required for disease
development in an adoptive transfer model of colitis
(Leppkes et al., 2009), and IL-17R-deficient mice are
resistant to trinitrobenzenesulfonic acid-induced colitis,
even in the presence of increased levels of IL-12 and IFNy
(Zhang et al., 2006). It is therefore suggested that antago-
nists of IL-17R or of the nuclear hormone receptor ROR#t,
which is required for the generation of Th17 cells (Ivanov
etal., 2006), prevent or at least modulate IBD. RORyt
is involved in the generation of a number of pro-
inflammatory cell types that produce IL-17, such as
TCRof* Th17 cells, subsets of TCRYd* cells and invariant
NKT cells (Michel et al., 2008), as well as innate lymphoid
cells (ILCs) (Eberl et al., 2004). RORyt* ILCs include lym-
phoid tissue inducer LTi cells, required for the develop-
ment of lymph nodes, Peyer’s patches and ILFs (Bouskra
etal, 2008), as well as colitis-inducing Thy-1* cells
(Buonocore etal, 2010). Thus, RORyt-deficient mice
that lack IL-17* cells, as well as secondary lymphoid
tissues and ILFs, should only poorly sustain inflammatory
pathology.

We directly tested this prediction (Lochner etal.,
2011b). In RORyt-deficient mice, numerous tertiary
(ectopic) lymphoid tissues were induced in the colon by

the microbiota, and microbiota-specific IgG were detected
in the serum. In the absence of type 17 immunity, IFNy
production by Th1 cells was markedly enhanced. Thus,
similar to mice deficient in Myd88 and TRIF, RORyt-
deficient mice compensated the loss of IL-17 and effi-
ciently contained the intestinal microbiota. What was the
price to pay and the risks incurred for this shift in the
response to microbiota? Importantly, was the loss of
RORyt-controlled type 17 immunity matched by a gain in
resistance to inflammatory immunopathology? No. When
mice were challenged with DSS, hell was unleashed in
the intestine. RORyt-deficient mice suffered from severe
colonic tissue destruction and wasting disease. Th1-type
of immunity was not involved in the pathology, but the now
very large numbers of tertiary lymphoid tissues present in
the colon expressed markedly elevated levels of
activation-induced deaminase required for the maturation
of immunoglobulin genes (Muramatsu et al., 2000), and
IgG* B cells were abnormally recruited to the lamina
propria. When the generation of these lymphoid tissues
was blocked by treatment with soluble decoy receptor for
lymphotoxin B (Rennert et al., 1998), the pathology was
averted. The severity of disease was also markedly
reduced by treatment with intravenous immunoglobulin,
which saturates Fc receptors (Nimmerjahn and Ravetch,
2008), indicating a central role for B cells and IgG in the
inflammatory immunopathology (Brandtzaeg et al., 2006)
caused by DSS in the absence of type 17 immunity.
Accordingly, the severity of disease was also reduced
when wild-type cells including Th17 cells were transferred
back into RORyt-deficient mice.

The prime cause of the severe pathology induced in
RORyt-deficient mice by DSS was penetration by the
microbiota: development of disease was completely
blocked by treatment with antibiotics (Lochner etal.,
2011b). Thus, even though during steady state, these
mice could compensate their loss of pro-inflammatory
immunity through the production of IgG against sym-
bionts, among several mechanisms probably, this strategy
was fatal when bacterial penetration was augmented. So,
we suggest that type 17 pro-inflammatory immunity is an
essential part of the forces that have been selected during
evolution to maintain homeostasis with the intestinal
metaorganism, best illustrated when symbionts breach
the intestinal barrier (Fig. 1). Engagement of type 17
immunity primarily prevents intestinal inflammatory
pathology, thus is anti-inflammatory, by restraining
breaches by bacteria. Only when the extent of breaches
has overcome this barrier does type 17 immunity show its
immunopathological effects by inducing an efficient feed-
forward loop in an attempt to reverse invasion. As a
correlate, therapeutic strategies aimed at modulating
inflammatory pathology by suppressing type 17 immunity
must be extremely well timed, or may expose the host to
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the risks of a weakened mucosal barrier. Thus, these risks
should be carefully evaluated and minimized through for
example the concomitant use of antibiotics.

Post-scriptum: recent evidence shows that RORyt" ILCs
include a large fraction of the cells producing IL-22 in the
intestine (Satoh-Takayama et al., 2008; Cella et al., 2009;
Luci et al., 2009; Sanos et al., 2009). IL-22, also produced
by Th17 cells, plays an important role in epithelial immu-
nity by inducing, like IL-17, the production of anti-bacterial
peptides (Liang et al., 2006; Aujla et al., 2008; Zheng
et al., 2008) and the expression of anti-apoptotic Bcl-2
family members (Pan et al., 2004; Zenewicz et al., 2007;
2008). In the absence of IL-22, the susceptibility to DSS-
mediated colitis and intestinal pathogens is markedly
increased. We also find that RORyt* ILCs, in contrast to
Th17 cells (Ilvanov etal., 2008), are programmed to
develop (Sawa et al, 2010) and constitutively express
IL-17 and IL-22 (S. Sawa, unpubl. obs.). We suggest that
RORyt" ILCs develop to pre-empt bacterial colonization of
the intestine, and therefore play a fundamental role in
intestinal homeostasis (Sawa et al., 2010).

Conclusion: the continuum theory

We have proposed earlier that the definition of mutualist
and pathogenic microbes, and of regulatory and pro-
inflammatory immunity, reflects a dual and Manichean
view of the world (Eberl, 2010). Instead, we have sug-
gested that the pathogenicity of microbes is defined by the
context in which the microbe interacts with its host: mutu-
alists can become pathogens when penetrating the wrong
niche, and notorious pathogen can become mutualists
when restricted to the right niche. Facing an evasive defi-
nition of pathogenicity and a continuum of microbial quali-
ties, the host and its immune system have developed an
array, if not a continuum, of types of immune responses
that allow establishing a stable coexistence with thou-
sands of different microbes and maintain a profitable
homeostasis. In that regard, pro-inflammatory immunity is
only one type of immune responses that is used by the
host in its interactions with microbes, yet a powerful tool to
deny penetration of the host by microbes. Nevertheless,
when unleashed during overwhelming injury and infec-
tion, the balance between benefits and costs may tip over
to immunopathology, arguably the most visible part of the
pro-inflammatory iceberg.
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