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Barrier surfaces are under constant attack by potentially dangerous microbes. Interestingly, mucosal tissues contain a large number 
of innate lymphocytes now collectively referred to as innate lymphoid cells (ILCs). Different groups of ILCs are being distin-
guished, each of which produce an array of cytokines strikingly resembling the profile of the various T helper cell effector subsets. 
Over the last couple of years, evidence has been emerging that the various ILC subsets play important roles in immune defense 
against mucosal infections. In this review, I will introduce the various groups of ILCs and then focus on their roles for immunity to 
mucosal infections.

Keywords: natural killer (NK) cells, innate lymphoid cells (ILCs), Helicobacter, Salmonella, Candida

Introduction

The immune system is a network of migratory and tissue-
resident cells that has developed to protect multicellular 
organisms against infections. As sensors of “infectious 
non-self,” the cellular components of the immune system 
are equipped with immunoreceptors which, upon trigger-
ing, initiate a coordinated response against the pathogen. 
In vertebrates, the immune system consists of an adaptive 
and an innate arm. Lymphocytes (B and T cells) of the 
adaptive immune system are highly specifi c for “non-self” 
antigens because they express recombining receptors cre-
ating an almost infi nite repertoire of specifi cities. While 
a highly antigen-specifi c response allows to specifi cally 
target pathogens, it comes at the cost of requiring clonal 
expansion of the few T or B cells specifi c for the respec-
tive antigen in order to be protective. Thus, the fi rst weeks 
of infection are dominated by the action of the evolution-
ary older innate immune system that can rapidly react to 
pathogens. Its immune recognition receptors have broader 
specifi cities and, for example, can directly recognize en-
tire groups of bacteria such as all gram-negative bacteria 
(i.e., pattern recognition receptors) or can sense aberrant 
(i.e., transformed or infected) cells, as is the case for some 
of the immunoreceptors expressed by innate lymphocytes 
such as natural killer (NK) cells. The two arms of the im-
mune system are highly integrated and crosstalk on mul-
tiple levels. Powerful adaptive immunity requires signals 
from innate immune system components and, therefore, 

impaired innate immunity leads to crippled B and T cell re-
sponses [1]. Sometimes, innate immune cells are suffi cient 
by themselves to deal with a pathogen, but the adaptive 
arm is required for memory responses upon re-encounter 
of a pathogen.

The cellular arm of the innate immune system con-
sists of myeloid cells and a lymphoid compartment, in-
nate lymphocytes. During the last couple of years, our 
understanding of innate lymphocytes has been profoundly 
transformed by the discovery of new innate lymphocyte 
lineages that are substantially represented at mucosal sur-
faces. These are now collectively referred to as innate lym-
phoid cells (ILCs) [2]. To categorize the various subsets 
as members of a family of ILCs may be justifi ed, because 
all ILCs share a developmental program characterized by 
the requirement of the transcriptional regulator inhibitor of 
DNA binding 2 (Id2) [3–5] and of IL-7 receptor signaling 
for development and/or maintenance of all ILCs [4–8]. In 
this review, I will fi rst introduce the various ILC lineages 
and then focus on their roles in the protection against in-
fections.

Groups of innate lymphoid cells

In the last 5 years, it has become apparent that NK cells 
are not the solitary representative of innate lymphocytes. 
At least two more lineages have been identifi ed, and they 
are now referred to as distinct groups of ILCs. Interest-
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ingly, the effector profi les of the currently recognized three 
groups of ILCs and the underlying transcriptional circuitry 
closely resemble that of the various T helper cell effector 
subsets. For an in-depth description of the transcriptional 
programs of ILCs, I can recommend reading some recent 
excellent reviews on this topic [9–13].

Group 1 ILCs

Group 1 ILCs (ILC1s) produce “type 1 cytokines” such 
as interferon-γ (IFN-γ) and tumor necrosis factor (TNF) 
and express the T-box transcription factor T-bet. Accord-
ing to the consensus proposal [2], conventional NK cells 
may be one ILC1 subset. Certainly, NK cells fulfi ll the 
ILC1 criteria in that they express T-bet [14–16] and are 
potent innate producers of IFN-γ and TNF [17]. However, 
most NK cell subsets do not developmentally depend on 
T-bet because conventional splenic NK cells are normally 
represented in mice lacking Tbx21, the gene encoding T-
bet [14, 15]. This is in contrast to ILC2s and ILC3s that 
cannot develop in mice that are genetically defi cient for 
their lineage-defi ning transcription factors (i.e., Gata3 or 
RORγt, respectively) [5, 18, 19]. Future studies will need 
to address if a subset of ILC1s exists that developmentally 
requires T-bet [20].

In humans, an NKp44+ CD103+ intraepithelial lympho-
cyte (IEL) subset has been identifi ed that may be a T-bet-
dependent ILC1 subset distinct from the NK cell lineage 
[21]. This IEL subset expresses markers of TGF-β imprint-
ing (e.g., CD103, CD9, NEDD9) and adhesion molecules 
(e.g., CD49a, αEβ7 integrin) that allow for intraepithelial 
location similar to the activated phenotype observed for 
tissue-resident, memory CD8 T cells [22]. In mice, CD3-
negative IELs did not express CD103 but displayed the cell 
surface receptor CD160, which is also found on all human 
NKp44+ CD103+ IELs. Mouse CD160+ IELs could not be 
stimulated by IL-23 plus IL-1β for IFN-γ production (which 
can induce its expression in ILC3 subsets) but reacted 
promptly to the combination of IL-12 and IL-15. CD160+ 
IELs resemble NK cells in that they express the NK cell re-
ceptors NKp46 and NK1.1 and developmentally depend on 
the transcription factor NFIL3 (also called E4BP4) which 
is strictly required for the development of NK cells [21, 
23, 24]. In contrast to NK cells, CD3− CD160+ IELs were 
independent of IL-15 receptor α for their development or 
maintenance. In line with the predicted ILC1 developmen-
tal requirements, CD3− CD160+ IELs were reduced in T-
bet-defi cient mice but were independent of AhR or RORγt 
[21], both of which are required for the differentiation or 
maintenance of ILC3s [18, 19, 25–27]. CD3− CD160+ IELs 
may thus represent a bona fi de subset of ILC1s.

Recently, a series of reports have identifi ed additional 
ILC subsets expressing T-bet [16, 28–30]. However, these 
papers are dealing with RORγt-expressing ILC3 popula-
tions that can initiate the expression of an intensifying T-
bet gradient which may control functional plasticity of the 
ILC3 lineage [7, 16]. Therefore, these T-bet-expressing 

ILC3s will be discussed in detail below in the context of 
group 3 ILCs.

Group 2 ILCs

Innate sources of type 2 cytokines (IL-5 and IL-13) that 
are responsive to IL-25 stimulation have been identifi ed 
some years ago [31–33]. However, a precise and in-depth 
characterization of these enigmatic cells has only been 
performed more recently. Koyasu and colleagues fi rst 
identifi ed a population of innate lymphocytes that populate 
fat-associated lymphoid clusters (FALCs) located along-
side the blood vessels within the mesenteries of mice [4]. 
Within these lymphoid clusters, a population of Lin-nega-
tive lymphocytes that expresses high levels of Sca1 as well 
as Thy1, Kit, and IL-7Rα (CD127) consistent with an ILC 
phenotype was observed. Similar to the other ILC subsets, 
ILC2s also require IL-7R signaling for their maintenance 
and require Id2 expression for lineage specifi cation [4]. 
This population is well represented in adipose tissues [4] 
but also in small intestine and colon; however, ILC2s are 
rather rare in lungs, spleen, and lymph nodes of uninfected 
mice [4, 5]. In addition, these cells were distinct from other 
ILC lineages as they developed independently of RORγt 
and IL-15 required for the development of ILC3s and NK 
cells, respectively [4, 5]. ILC2s expressed the cytokine 
receptors for IL-33 and IL-25, which are not found on 
the other ILC populations [4, 5, 34, 35]. ILC2s develop 
normally in mice lacking Rag (recombination activating 
genes) 1 and 2 gene expression. However, they are of the 
lymphoid lineage as they are absent in Rag2−/− Il2rg−/− 
mice that lack all lymphoid cells but have a largely normal 
myeloid compartment. ILC2s were producers of IL-5 and 
IL-13, in particular in response to IL-25 and IL-33, where-
as they did not produce IL-17, IL-22, or IFN-γ [4, 34, 35].

ILC2s have also been identifi ed in humans [36]. In the 
fetal gut, a population of CD45high CD127+ ILCs that co-
expressed various ILC markers such as Kit (CD117) and 
CD161 but was negative for markers of other ILC lineages 
such as RORγt and NKp44 (ILC3) or for markers of mast 
cells and basophils (i.e., IL-3R, FcεR1) was identifi ed. In 
addition, CD45high CD127+ ILCs expressed high levels of 
CRTH2 (chemoattractant receptor-homologous molecule 
expressed on Th2 lymphocytes), a receptor also found on 
Th2 cells. Stimulation of CRTH2+ ILCs with IL-25 and 
IL-33 led to the production of IL-5 and IL-13 whereas they 
did not produce IL-22, IL-17A, or IFN-γ. Interestingly, na-
sal polyps from patients suffering from chronic rhinosi-
nusitis, an allergic disorder, contained a large population 
of CRTH2+ CD127+ CD161+ ILCs, whereas these cells 
were poorly represented in uninfl amed nose tissue from 
healthy individuals [36]. Thus, human ILC2s are CRTH2+ 
CD127+ CD161+ ILCs.

Recently, the transcriptional programs driving lin-
eage specifi cation of ILC2s became apparent. Similar to 
Th2 cells, ILC2 lineage specifi cation required GATA-3 
[5, 37]. Mice with a tissue-specifi c deletion of the Gata3 
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gene in all ILCs selectively lacked ILC2s and their lin-
eage-specifi ed progenitors, whereas ILC3s could develop 
in the absence of GATA-3 [5]. In addition, acute ablation 
of Gata3 revealed that this transcription factor is required 
for the maintenance of differentiated ILC2s [5]. The tran-
scriptional network controlled by GATA-3 in ILC2s has 
not been explored yet, but Rora (the gene encoding reti-
noic acid-related orphan receptor α) may be a direct target 
of GATA-3 [38], and mice with a natural mutation of the 
Rora gene were found to lack ILC2s [39, 40]. Thus, ILC2s 
are GATA-3high IL-25R+ IL-33R+ ILCs.

Group 3 ILCs

Two distinct subsets of ILC3s that may constitute sepa-
rate lineages have now been recognized [16, 41]. CCR6+ 
Kithigh ILC3s emerge during prenatal development (E14.5) 
[42] and are most likely related to the previously described 
lymphoid tissue inducer (LTi) cells [19, 43, 44]. Indeed, 
ILC3s are strictly required for the prenatal development 
of lymph nodes and Peyer’s patches as well as the post-
natal formation of multiple intestinal lymphoid clusters 
(i.e., cryptopatches and isolated lymphoid follicles), all of 
which are lacking in Rorc−/− mice devoid of all ILC3 sub-
sets [18, 19, 45]. Similar to LTi cells, a subset of CCR6+ 
ILC3s expresses CD4, whereas only few CCR6+ ILC3s 
are NKp46-positive [16, 41]. CCR6+ ILC3s produce large 
amounts of IL-22 and can be triggered for the production 
of IL-17A and IL-17F [16, 41].

In contrast, CCR6−/low Kitlow ILC3s are few in newborn 
mice but vigorously expand during the fi rst 2–4 weeks af-
ter birth [16, 41]. Postnatal expansion of CCR6−/low ILC3s 
is controlled by signals of the aryl hydrocarbon receptor 
(AhR), a transcription factor activated by a large group 
of environmental and endogenous ligands (see below). 
CCR6−/low ILC3s also produce IL-22 but do not release 
IL-17A or IL-17F [16]. CCR6−/low ILC3s can up-regulate 
expression of the T-box transcription factor T-bet, which 
is required for their differentiation into NKp46+ CCR6− 
ILC3s [16, 30]. T-bet+ CCR6−/low ILC3s are producers of 
IFN-γ and TNF [16, 28, 30]. Despite these differences, 
CCR6−/low and CCR6+ ILC3s are related because they 
continuously express the transcription factor RORγt and 
mice genetically lacking the Rorc gene do not have either 
ILC3 subset [16]. Interestingly RORγt fate-mapping of 
CCR6−/low subset of ILC3s revealed that these cells down-
regulate RORγt expression [7]. Such “ex-RORγt+” ILC3s 
are phentotypically hard to discriminate from T-bet+ ILC1s 
[7, 16]. Available data indicate that plasticity of CCR6−/low 
ILC3s is under complex control of various cytokines [7, 
46]. IL-23 and the intestinal microbiota promote T-bet 
expression of CCR6−/low ILC3s [16], whereas IL-7 seems 
to stabilize RORγt expression [7]. Interestingly, IL-23 has 
been reported to induce a plastic program in RORγt-ex-
pressing Th17 cells that can convert into a Th1-like cell 
when downregulating RORγt while up-regulating T-bet 
[47]. The up-regulation of T-bet in RORγt+ ILC3s and the 

engagement of a plasticity program have also been ob-
served for human ILC3s [29, 46]. Collectively, the avail-
able data indicate that ILC3s are RORγt-expressing ILCs 
that can, based on the expression of CCR6, be subdivided 
into two functionally distinct subsets.

ILCs and immunity to infections

Group 2 ILCs and immunity to helminth infections

Infections with helminths lead to the induction of type 2 
immunity, and type 2 immunity is required for worm ex-
pulsion [48]. It is believed that Th2 cells in concert with 
mast cells and eosinophils lead to effi cient control of in-
fection. Infection of mice with the nematode parasite Nip-
postrongylus (N.) brasiliensis has served as one of the 
best investigated models of Th2-mediated anti-parasite 
immunity. N. brasiliensis is a rat parasite that has been 
experimentally adapted to the mouse. Mice are infected 
subcutaneously with free-living third stage larvae (L3) 
which migrate to the lungs. From there, they are coughed 
up and swallowed reaching the intestine where they de-
velop into lumen-dwelling adult worms. In the proximal 
jejunum, adult worms mate and produce eggs that develop 
outside of the host into infectious L3 larvae completing 
the replication cycle. After 10–12 days of infection, immu-
nocompetent mice expell N. brasiliensis. Worm expulsion 
requires type 2 immunity involving the cytokines IL-5, 
IL-13, and IL-9, all of which can be produced by Th2 cells 
and ILC2s [49]. These cytokines induce the expression of 
genes in epithelial cells (e.g., Muc2, Ang4) which are re-
quired for worm expulsion [49].

Koyasu and colleagues observed that injections of the 
cytokine IL-33 into Rag2−/− mice resulted in the produc-
tion of IL-5 and IL-13 and in goblet cell hyperplasia [4]. 
Similarly, McKenzie and colleagues reported that injec-
tions of IL-25 and IL-33 resulted in the production of 
IL-13 by innate (i.e., CD3− CD19−) lymphocytes [34]. In 
contrast, no such effect was seen, when IL-33 was injected 
into alymphoid Rag2−/− Il2rg−/− mice indicating that innate 
lymphocytes are the relevant sources of IL-5 and IL-13 
in response to IL-33 [4]. Normal levels of IL-5 and IL-13 
were detected in the serum of N. brasiliensis-infected 
Rag2−/− mice whereas Rag2−/− Il2rg−/− mice failed to pro-
duce IL-5 or IL-13 after N. brasiliensis injection. Injection 
of ILC2s into the peritoneal cavity of Rag2−/− Il2rg−/− mice 
restored IL-13 production and allowed for goblet cell acti-
vation, whereas injection of Th2 cells into Rag2−/− Il2rg−/− 
mice did not allow for immediate IL-13 production [4]. 
Using IL-13 reporter mice, it was shown that ILC2s are 
the major source of IL-13 during the fi rst week of infection 
[4, 34]. Collectively, these data indicate that ILC2s may 
be the relevant source of IL-13 early during infection with 
nematodes.

Mice defi cient for the IL-25 receptor (Il17rb−/− mice) 
cannot control N. brasiliensis infections and do not show 
eosinophil recruitment [34]. Transfer of in vitro expanded 
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ILC2s restored worm control and eosinophil infi ltration 
[34]. Along the same lines, alymphoid Rag2−/− Il2rg−/− 
mice have high worm numbers in the intestine compared 
to Rag2−/− mice. Interestingly, Rag2−/− Il2rg−/− mice re-
constituted with ILC2Ps, the lineage specifi ed precursor 
of mature ILC2s, restored parasite control, and expression 
of IL-13-dependent genes by Paneth cells and goblet cells 
(e.g., Muc2, Ang4) required for worm expulsion [5]. In 
addition, alymphoid mice reconstituted with ILC2s show 
increased recruitment of eosinophils indicating that ILC2s 
are indispensable for the recruitment of eosinophils to the 
sites of helminth infection [5]. Eosinophil infi ltration was 
dependent on the presence of IL-13-producing cells [50]. 
While IL-4 was selectively produced by CD4+ T cells, 
both ILC2s and Th2 cells were involved in the production 
of IL-13 [50]. Future experiments will need to reveal the 
specifi c roles that ILC2s and Th2 cells play in resistance to 
N. brasiliensis. Such experiments will require the develop-
ment of tools that allow for the specifi c manipulation of 
ILC2s while Th2 cells are left intact and vice versa.

Group 3 ILCs and immunity to infections

Citrobacter rodentium

Citrobacter (C.) rodentium infection in mice is a good 
model of human attaching-and-effacing (A/E) intestinal 
infections caused by enteropathogenic or enterohemor-
rhagic strains of Escherichia (E.) coli (EPEC, EHEC) [51–
53]. Both C. rodentium and EPEC or EHEC strains carry a 
pathogenicity island referred to as locus of enterocyte ef-
facement (LEE) [51, 54]. Like for EHEC or EPEC-encod-
ed LEE in human infections, C. rodentium LEE encodes 
genes that allow attachment of LEE-carrying bacteria to 
mouse colonic epithelial cells resulting in effacement of 
brush border microvilli, termed an A/E lesion, and in co-
lonic mucosal hyperplasia [55]. Although CD4+ T cells and 
B cells are required for eradication and adaptive immunity 
to C. rodentium, innate immune system components are 
also important because T and B cell-defi cient mice survive 
for the fi rst 30 days of infection [56–58].

Recently, it became clear that IL-22 is required for 
early resistance to C. rodentium infection because Il22−/− 
mice rapidly succumb to the infection within the fi rst 8–12 
days [58]. This correlates well with the kinetics of IL-22 
production following C. rodentium infection [58]. IL-22 
production is dependent on the expression of IL-23 likely 
by mononuclear phagocyte subsets whereas IL-6 was not 
required [58]. IL-22 is a cytokine acting exclusively on 
non-hematopoietic cells (e.g., epithelial cells, mesenchy-
mal stroma) because of the restricted expression of the 
IL-22 receptor [59]. Our understanding of the IL-22-con-
trolled gene expression program within epithelial cells and 
how this relates to immunity to infection is far from com-
plete. Genomewide transcriptional analyses of colon epi-
thelial cells stimulated with IL-22 have shown that expres-
sion of a small family of lectin-like secreted antimicrobial 

proteins, Reg3 proteins [60], is controlled by IL-22 [58]. 
The exact mode of action is still a bit unclear. Neverthe-
less, reconstitution of Reg3γ expression in Il22−/− mice by 
application of recombinant Reg3γ-Fc fusion protein, con-
ferred partial resistance to C. rodentium infection, indicat-
ing that Reg3 may be a major IL-22-controlled factor in 
epithelial cells required for the protection against C. ro-
dentium infection [58].

The cellular source of IL-22 was initially identifi ed 
as CD11c+ cells, possibly dendritic cells (DCs) [58, 61]. 
However, consecutive studies revealed that CD4+ ILC3 
subsets are the main source of IL-22 during C. rodentium 
infection, and depletion of ILCs led to rapid death fol-
lowing infection [62]. Further evidence came from stud-
ies investigating the role of the AhR for development and 
function of ILC3s. AhR is a cytoplasmic sensor of poly-
cyclic compounds including toxins (e.g., dioxin) and di-
etary phytochemicals (e.g., glucosinolates, fl avonoids) 
[63]. Binding of such ligands to the cytoplasmic AhR leads 
to nuclear translocation where AhR acts as a transcription 
factor inducing the expression of a battery of AhR or xeno-
biotic response genes [63]. Interestingly, ILC3s from AhR-
defi cient mice produce reduced levels of IL-22 possibly 
because of synergy between AhR and RORγt-controlled 
transcription of the Il22 gene [25–27]. In addition, Ahr−/− 
mice cannot maintain the pool of CCR6−/low ILC3s so that 
the overall number of IL-22-producing cells is dramatical-
ly decreased leading to high susceptibility to C. rodentium 
infection [16, 25, 26]. Collectively, the data promote the 
view that IL-22-producing ILC3s are absolutely required 
for resistance to A/E-types of intestinal infections.

Salmonella enterica

In humans, gastroenteritis caused by non-typhoidal Sal-
monella (Salmonella typhimurium, S. enteritidis) is a 
self-limiting disease characterized by nausea, vomiting, 
fever, diarrhea, and cramping. Non-typhoidal Salmonella 
infections are generally acquired by the ingestion of food 
from infected livestock and, therefore, Salmonellosis is 
considered to be a zoonosis. Unfortunately, a self-limiting 
Salmonella infection model is unavailable in mice. Oral 
infection of susceptible mouse strains with S. typhimuri-
um leads to systemic disease with bacteremia and septic 
lesions in non-mucosal organs which is reminiscent of 
typhoidal salmonellosis in humans (i.e., mouse typhoid) 
[64]. Oral infection of mice with S. typhimurium does not 
lead to colonization of the intestine with Salmonella and 
does not cause intestinal infl ammation or disease [65]. 
In mice, Salmonella induced enterocolitis can be studied 
when mice are pretreated with a single dose of streptomy-
cin [65–67]. The ensuing acute enterocolitis is character-
ized by diffuse infl ammation of cecum and colon, broad 
epithelial lesions, and infl ammatory infi ltrates dominated 
by neutrophil granulocytes [67]. Although systematic 
histopathological data for human Salmonella enteroco-
litis are not available (due to the self-limiting nature of 
the disease), the available data indicate that Salmonella- 
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induced pathology resembles that found in the mouse sys-
tem. A remaining caveat is that S. typhimurium-infected 
mice develop enterocolitis and systemic typhoid at the 
same time.

It is well documented that the immune response fol-
lowing S. typhimurium infection contributes to both innate 
resistance and to the ensuing infl ammation. One key cyto-
kine controlling Salmonella infection is IFN-γ [68]. In line 
with its capabilities to activate antimicrobial programs in 
mononuclear phagocytes and to enhance T cell responses 
[69], IFN-γ controls the systemic spread of the pathogen 
and bacterial load in mucosal tissues [70]. However, ex-
cessive IFN-γ production also contributes to mucosal in-
fl ammation. In addition to its action on hematopoietic cells 
required for pathogen restriction, it was recently observed 
that expression of the IFN-γ receptor on stromal cells (e.g., 
enterocytes, goblet cells) was required for mucus excre-
tion from goblet cells [70]. Thus, IFN-γ does not only 
contribute to innate protection by immune cells but also 
by controlling mucus release by goblet cells required to 
fortify the epithelial barrier [70].

The innate cellular sources of IFN-γ in the context of 
S. typhimurium infection were not well defi ned, and it was 
widely assumed that NK cells are the main IFN-γ source 
during early phases of the infection [71]. Considering that 
ILC3s also express NK cell receptors such as NKp46 and 
NK1.1 [72–76], the role of ILC3s during Salmonella en-
terocolitis has been recently addressed [16]. Interestingly, 
ca. 80% of the IFN-γ-producing cells early following in-
fection were NKp46+ T-bet+ ILCs (i.e., CD127+ NKp46+ 
cells), whereas only 20% of the IFN-γ was contributed by 
conventional NK cells (i.e., CD127− NKp46+ cells) [16]. 
Lymphoid cells are the major source of IFN-γ because 
Rag2−/− Il2rg−/− mice had only very few IFN-γ-producing 
cells [16]. Depletion of all ILCs by anti-Thy1 antibody in-
jections into infected Rag2−/− mice, lacking B and T cells, 
virtually abolished IFN-γ production. Analysis of RORγt 
fate map mice revealed that a substantial ILC subset con-
tributing to IFN-γ expression was NKp46+ T-bet+ ILC3s 
that had downregulated RORγt [7, 16]. The main driver 
of IFN-γ production by these ILC3 subsets was IL-12, 
whereas IL-23 had only a neglible effect [16], which is in 
line with previously published data [77]. Consistent with 
the robust production of IFN-γ by ILCs, mucus excretion 
was impaired in mice depleted of all ILCs or genetically 
lacking T-bet which have impaired IFN-γ production by 
ILC3s and possibly perturbed development of ILC1 sub-
sets [16]. Furthermore, interference with IFN-γ production 
by ILC3s led to reduced intestinal infl ammation. Thus, 
IFN-γ-producing ILC subsets contribute to innate barrier 
protection but also to the immunopathology observed after 
Salmonella infections [16].

While IL-23 production was not required for IFN-γ re-
lease by ILCs, it is required for the expression of IL-17 and 
IL-22 following S. typhimurium infection [77]. Mice lack-
ing IL-23 expression showed reduced intestinal infl amma-
tion indicating that both IFN-γ and IL-23-controlled cyto-
kines contribute to enterocolitis. It is well established that 

Salmonella exploits the infl ammatory response to estab-
lish mucosal infections [78–80]. Interestingly, IL-17 and 
IL-22 control the expression of epithelial antimicrobial 
proteins such as those of the Reg3 lectin-like family and of 
lipocalin 2 [81]. Lipocalin 2 inhibits bacterial growth by 
interfering with the bacteria’s acquisition of iron [82–84]. 
The iroN gene locus of Salmonella typhymurium encodes 
a protein required for iron acquisition and was responsible 
for lipocalin-2 resistance of the bacteria, because iroN mu-
tants were recovered in lower numbers from the colon of 
wildtype but not of lipocalin-2-defi cient mice [81]. Thus, 
the iroBCDE iroN locus of S. typhimurium conferred a 
competitive advantage to the bacterium when colonizing 
the infl amed intestine [81].

Helicobacter hepaticus and Helicobacter typhlonius

Helicobacter (H.) hepaticus can trigger chronic colitis in 
mice on the 129SvEv background lacking components 
of the adaptive immune system (i.e., 129SvEv Rag2−/− 
mice), a disease referred to as “innate colitis” [85]. Devel-
opment of intestinal pathology in this model was depen-
dent on IL-23 production and colitogenic mice injected 
with anti-IL-23p19 antibodies showed reduced produc-
tion of various pro-infl ammatory cytokines, including 
IFN-γ, IL-6, IL-1β, and IL-17A [85]. Both IL-17A and 
IFN-γ contributed to H. hepaticus-mediated colitis [86]. 
Analysis of the cells co-producing IL-17 and IFN-γ isolat-
ed from the colon of H. hepaticus-infected mice revealed 
that the main innate source of IL-17 is NKp46− CCR6+ 
RORγt+ ILCs [86]. Indeed, depletion of all ILCs (includ-
ing ILC3s) led to reduced H. hepaticus-induced intesti-
nal infl ammation [86]. In addition to IL-23, IL-1β was 
found to be an important factor for augmenting the ac-
cumulation and activation of IL-17A-producing ILCs in 
the H. hepaticus model of innate colitis [87]. Intriguingly, 
IL-17A and IFN-γ-producing ILC subsets were also found 
to accumulate in the infl amed intestine of patients suffer-
ing from Crohn’s disease [88]. The induction of colitis 
by H. hepaticus infection requires the genetic background 
of 129SvEv mice. Through a genetic approach employ-
ing congenic mice, an interval on mouse chromosome 3 
was determined whose genes may be involved in driving 
colitis in this particular genetic background [89]. Thus, 
ILC3s, if inappropriately stimulated by pathobionts (such 
as H. hepaticus) in a genetically susceptible host, can 
drive intestinal infl ammation.

Another line of evidence for a role of ILC3s in coli-
tis pathogenesis came from the TRUC model (Tbx21−/− 
Rag2−/− ulcerative colitis, TRUC). Mice defi cient for the 
transcription factor T-bet (Tbx21−/− mice) and Rag2 de-
velop spontaneous intestinal infl ammation [90]. Aberrant 
outgrowth of disease-promoting bacterial communities is 
a prominent feature of the disease because mice treated 
with antibiotics resolved disease and Tbx21−/− Rag2−/− 
mice housed under germ-free conditions did not develop 
colitis [90, 91]. Early stages of disease are characterized 
by high TNF expression in colonic DC subsets [90]. In 
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TRUC mice, a prominent population of Thy1+ IL-17A-
producing cells could be found that co-expressed markers 
of NKp46− CCR6+ ILC3s such as RORγt and IL-7Rα [92]. 
Indeed, alymphoid Tbx21−/− Rag2−/− Il2rg−/− mice did not 
develop colitis demonstrating that “innate colitis” requires 
innate lymphocyte subsets [92]. Depletion of all ILCs by 
application of anti-Thy1 antibodies virtually abolished 
colitis in Tbx21−/− Rag2−/− mice [92]. A role of specifi c 
bacterial communities for the pathogenesis of TRUC was 
further supported by the observation that rederivation of 
Tbx21−/− Rag2−/− mice by embryo transfer did no longer 
allow for the development of spontaneous colitis [92]. 
Analysis of differences in the representation of microbial 
species revealed the presence of a Helicobacter species 
(H. typhlonius) only in colitis-prone TRUC mice but not 
in the rederived (healthy) mice. Interestingly, inoculation 
of rederived Tbx21−/− Rag2−/− mice with H. typhlonius re-
stored colitis causally linking H. typhlonius to colitis de-
velopment in Tbx21−/− Rag2−/− mice [92]. Following ga-
vage of H. typhlonius into T-bet-profi cient Rag2−/− mice, 
intestinal ILCs produced high levels of IFN-γ. In contrast, 
ILCs of Tbx21−/− Rag2−/− mice did not produce IFN-γ but 
responded with high level IL-17A production [92]. Thus, 
TRUC may be caused by inappropriate production of 
IL-17A in response to a bacterial infection, when T-bet-
controlled “type 1 immunity” cannot be engaged.

Candida albicans

C. albicans is a clinically relevant fungal pathogen which 
is normally effectively controlled by neutrophils [93]. Im-
munity to Candida infections has been linked to the IL-17 
pathway, and allelic variants of genes involved in IL-17 
signaling have been linked to fungal diseases and particu-
larly to mucocutaneous candidiasis [94–96]. Candida in-
fections lead to a strong induction of Th17 cell-mediated 
immunity which is relevant for vaccine responses [97, 98]. 
Indeed, mice lacking the IL-17RA are highly susceptible 
to C. albicans infections [99]. Based on these data, it was 
believed that Th17 cells are the relevant cellular source 
to protect against Candida infections. However, a recent 
report has demonstrated that IL-17 production by ILC3s 
is required for the protection against oropharyngeal can-
didiasis [100]. While IL-17 production was required for 
resistance to oropharyngeal candidiasis, components of 
the adaptive immune system (Rag1−/− mice) were not, ex-
cluding Th17 cells as the relevant source of IL-17A and/
or F [100]. Indeed, IL-17 production was not reduced in 
T cell-defi cient mice, and RORγt-dependent Lin− Thy1+ 
CD127+ Sca1+ cells were found to be the major sources of 
IL-17A and IL-17F in response to Candida. Depletion of 
all ILCs with anti-Thy1 antibodies led to susceptibility to 
Candida infection, and Rorc−/− mice which lack all ILC3 
subsets could also not contain the infection. Control of 
yeast infection was driven by IL-23 production, whereas 
IL-1 was dispensable [100]. Thus, IL-17-producing ILC3s 
but not Th17 cells are protective against mucosal Candida 
infections.
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