
Send Orders for Reprints to reprints@benthamscience.net 

 Current Immunology Reviews, 2013, 9, 111-117 1 

 
 1573-3955/13 $58.00+.00 © 2013 Bentham Science Publishers 

Another Brick in the Wall: Innate Lymphoid Cells of the Intestine 
Frann Antignano1 and Colby Zaph*,1,2 

1The Biomedical Research Centre and 2Department of Pathology and Laboratory Medicine, University of British 
Columbia, Vancouver, BC, V6T1Z3, Canada 

Abstract: Since the recent identification of the expanding innate lymphoid cell (ILC) family, there has been an explosion 
of interest and research in the ontogeny, phenotype and function of these cells. In the intestine, ILCs are a significant 
component of the immune cell repertoire in the steady state and several recent studies have identified critical roles for 
ILCs in homeostasis and disease. In this review, ILC biology will be addressed in the context of intestinal homeostasis, 
inflammation and immunity to intestinal infections. 
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INNATE LYMPHOCYTE SUBSETS 

 Described almost 40 years ago, natural killer (NK) cells 
are the founding members of the innate lymphoid cell (ILC) 
family [1, 2]. These cells were described as a lymphoid cell 
population that did not express antigen receptors and could 
kill tumour cells without prior sensitization, an ability later 
ascribed to the “altered-“ or “missing-self” hypothesis [3]. 
NK cell biology is well described [4] and will not be covered 
in detail here. Another population of innate lymphocytes, 
lymphoid tissue inducer cells (LTi cells), was identified as 
critical components in the development of lymphoid tissues 
over 20 years ago [5, 6]. It was later shown that LTi cells 
could produce IL-17 [7, 8], suggesting an immune function 
for these cells. Thus, the ILCs are technically not a novel 
population of cells but are an expanding family that are 
likely to play a critical role in homeostatic conditions as well 
as during immune responses. 
 The identification of distinct CD4

+
T helper (TH) cell 

subsets that differ in their phenotype and function 
revolutionized the field of T cell immunology [9, 10]. TH1 
cells express T-bet and IFN-γ, TH2 cells express Gata3 and 
IL-4, IL-5 and IL-13 and TH17 cells express RORγt and IL-
17 and IL-22. These phenotypic differences are directly 
associated with the physiological function of each cell type 
such as macrophage activation (TH1 cells), goblet cell 
hyperplasia (TH2 cells) and neutrophil recruitment (TH17 
cells). It is perhaps not surprising that recent data has shown 
that ILCs can also be grouped into similar subsets based on 
these conserved transcription factor and cytokine patterns. In 
addition to NK cells, T-bet-dependent ILC1s have been 
described recently [11], along with distinct GATA-3- and 
RORα-dependent ILC2s, and RORγt-dependent ILC3s [12]. 
It appears that the primary difference in these subsets, 
similar to TH cells, is the differential production of cytokines 
that influences their function. ILC1s produce IFN-γ, ILC2s 
produce IL-5 and IL-13 (but not IL-4) and ILC3s produce  
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IL-17 and IL-22. Although it is likely that the molecular 
mechanisms that control gene expression in ILC subsets will 
be similar to their CD4+ counterparts, this remains to be 
shown. In fact, it has been shown that the molecular 
mechanisms regulating type 2 cytokine gene expression (IL-
4, IL-5 and IL-13) in TH2 cells and mast cells is distinct [13]. 
Additional aspects of TH cell biology that may transfer to 
ILC subsets, including tissue tropism, expression of adhesion 
molecules, and immunological memory have yet to be 
examined in detail. 

DEVELOPMENT OF INTESTINAL ILCS 

 Development of lymphoid cells including T cells, B cells 
and dendritic cells (DCs) is controlled by the E2A family of 
transcription factors (E12, E47, E2-2, HEB and HEBalt) 
[14]. E2A proteins function as transcriptional activators to 
promote T, B and dendritic cell development while 
simultaneously inhibiting differentiation of other lymphoid 
lineage cells including ILCs [15]. Inhibition of E2A family 
members is mediated by the Id family of proteins, of which 
Id2 has been identified to be critical for ILC development 
[16, 17]. Furthermore, responsiveness to the homeostatic 
cytokine IL-7 is also required for development of all ILC 
subsets [16, 18]. Thus, ILC development proceeds via an IL-
7-dependent, Id2+ lymphoid precursor cell. 
 All ILC1 subsets, including NK cells, require the 
transcription factors T-bet and Nfil3 for their development 
[19]. However, although NK cells require IL-15 signaling for 
their development [20], ILC1s develop independently of IL-
15Rα [11], suggesting these cells comprise a distinct lineage 
within the ILC1 family. However, all ILC1s including NK 
cells are responsive to IL-12 and IL-15, leading to 
production of IFN-γ. Thus, ILC1s are similar to TH1 cells in 
both the cytokines they produce as well as the cytokines to 
which they respond, and may play a role in proinflammatory 
responses. 
 Although three independent groups identified ILC2 cells, 
it is probable that they characterized the same cell population 
based on function and phenotype. Originally termed natural 
helper cells, nuocytes and innate helper type 2 (Ih2 cells), 
ILC2s are induced in response to the epithelial cell-derived 
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cytokines IL-25 and IL-33 [12], consistent with their 
expression of the IL-25 and IL-33 receptors. A separate IL-
25-dependent ILC2 subset, termed multi-potent progenitor 
type 2 (MPPtype 2) has also been described [21]. This subset is 
distinct from the canonical ILC2 cells in that it is multi-
potent, giving rise to macrophages, mast cells and ILC2s 
[22]. Furthermore, MPPtype 2 cells develop independently of Id2 
and IL-33. 
 The transcription factor requirements for ILC2 
development are an area of significant research. Similar to 
early T cell development, ILC2 development requires T cell 
factor-1 (Tcf1) [23], Notch [24], Rorα [24, 25] and Gata3 
[26]. Expression of Notch is required to upregulate Tcf1 
expression that directly leads to increased expression of the 
IL-7Rα chain and, in conjunction with Gata3, mediates 
CD25 and IL-25R expression. The zinc finger protein 
Growth Factor Independent-1 (Gfi1) has recently been 
shown to be critically required for ILC2 development [27]. 
Gfi-1 expression is required for expression of Gata3 in ILCs, 
similar to its role in TH2 cells [28]. In the absence of Gfi1, 
ILC2s acquire a dysregulated effector state and produce both 
IL-13 and IL-17. Thus, in addition to parallels with 
peripheral differentiation of TH cells, ILC2s (and possibly 
other ILC family members) share conserved pathways withT 
cell development. 
 ILC3s display significant diversity, with distinct IL-17-
producing and IL-22-producing subsets being identified [8, 
29-33]. However, all ILC3s are dependent upon expression 
of the nuclear hormone receptor RORγt [29, 32-34], which 
was first identified as a critical factor in LTi cell 
development [34]. Interestingly, it is clear that some RORγt-
dependent ILC3 subsets also depend upon T-bet for their 
development [35-37]. Whether these T-bet-dependent ILC3s 
are distinct from T-bet-independent ILC3s is not known and 
whether they fall into the ILC1 family remains unclear. 

HUMAN ILC POPULATIONS 

 Although less well characterized than mouse ILCs, 
human equivalents of all three ILC groups have been 
identified. Much like in the mouse, NK cells in humans are 
the most well studied member of the ILC family. The 
importance of NK cells in human health has been illustrated 
by mutations in patients that impacts NK cells function and 
numbers. Recently, however, other ILC1s have been 
identified and characterized in various human tissues. In the 
tonsil, c-kit-NKp44-ILC1s were described and found to 
express transcripts for IFNγ and high levels of TBX21 [38]. 
In addition, these ILC1s expressed high levels of the 
chemokine receptor CXCR3, which is important for 
migration to sites of inflammation. Accordingly, analysis of 
inflamed intestinal lamina propria of Crohn’s disease 
patients showed a significant accumulation of c-kit–NKp44–

ILC1s that expressed IFNG and CXCR3 [38]. Another 
population of intraepithelial NKp44+CD103+ILC1s that 
express TBX21 and produced IFN-γ  in response to IL-12 and 
IL-15 has recently been described [11]. These cells are also 
enriched at sites of intestinal inflammation such as in 
Crohn’s disease. Interestingly, NKp44+CD103+ILC1s have a 
phenotype that is similar to tissue-resident memory CD8+ T 
cells [39], and it is possible that conserved mechanisms 

control the phenotype, localization and function of tissue-
resident innate and adaptive lymphoid cells. 
 Human ILC2s have also recently been characterized. 
Present in both fetal and adult gut, they were found to be 
lineage negative, CD127+CD161+ cells and are characterized 
by the expression of the TH2 marker chemoattractant 
receptor homologous molecule expressed on TH2 
lymphocytes (CRTH2) [40]. Much like mouse ILC2s, human 
ILC2s respond to IL-25 and IL-33 by producing IL-13. Other 
aspects of human ILC2 biology in the intestine are unknown. 
 Much more comprehensively described are the human 
counterparts of murine group 3 ILCs. In addition to human 
LTi cells, ILC3s have also been identified, both of which are 
dependent on the transcription factor RORγt. In humans, 
several mucosal ILC subsets that produce IL-22 have been 
identified, including CD56+RORγt+ ILCs in the tonsil [7] and 
NKp44+RORγt+ cells found in the tonsil, Peyer’s patch and 
small intestine [30], although they are most likely the same 
population of ILC [41]. ILC3s also accumulate in the 
inflamed intestine of Crohn’s disease patients and are a 
source of IL-17 [42], while IL-22 producing RORγt+ ILCs 
have also been identified in healthy intestinal tissues [12]. 
Overall, human and murine ILCs have many phenotypic and 
functional similarities and should prove to be important 
components of immune responses. 

ROLE OF ILCS IN INTESTINAL HOMEOSTASIS 

 In the intestine, all three ILC lineages have been 
observed in the steady state. RORγt-expressing ILC3s form 
the majority of intestinal ILCs, with much fewer ILC1s and 
ILC2s present. Further, there appears to be anatomical 
separation of the subsets, with ILC1s found predominantly in 
the intraepithelial space [11] while ILC2s and ILC3s are 
found in the lamina propria. Despite the enrichment of ILCs 
in the intestine, the exact function of each ILC subset 
remains unclear. 
 The function of intraepithelial ILC1s in intestinal 
homeostasis is unknown. However, they have been found in 
higher numbers in inflamed intestinal tissues associated with 
Crohn’s disease and are pathological in a mouse model of 
innate immune cell-mediated intestinal inflammation [11]. 
These results suggest a pathogenic role in disease states. 
These newly discovered ILC1s will most likely attract 
significant attention as potential targets to treat inflammatory 
diseases such as Crohn’s disease. 
 The role of ILC2s in the steady state is not clear. In the 
absence of a specific method to delete ILC2s without 
affecting other cell lineages, it remains unknown whether 
loss of ILC2s affects intestinal homeostasis. Of the ILC 
populations, there are significantly fewer ILC2s in the 
intestine in the steady state, comprising less than 0.01% of 
total intestinal immune cells [24], suggesting a minor role in 
homeostatic mechanisms. A recent report has shown that a 
subset of ILC2s in the naïve intestine constitutively produce 
IL-5 but not IL-13 [43]. However, as TH2 cells play an 
important role in immunity at barrier sites, it is likely that 
ILC2s that produce IL-5 and IL-13 will be important during 
infectious immune responses (see below). 
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 In contrast to ILC1s and ILC2s, it is clear that ILC3s play 
a critical role in intestinal homeostasis. Mice lacking the 
Rorc gene that encodes RORγt display dysregulated 
intestinal development, due primarily to a lack of lymphoid 
tissues from the absence of LTi cells [44]. The function of 
non-LTi ILC3s in the intestine has been examined in both 
the steady state, as well as in models of intestinal 
inflammation [29, 45]. Depletion of IL-22-producing ILC3s 
led to peripheral accumulation of intestinal bacteria and 
innate and adaptive immune cell activation [45]. IL-22-
producing ILC3s were critical for limiting the dissemination 
of Alcaligenes bacteria that are normally resident in Peyer’s 
patches and mesenteric lymph nodes [45, 46]. Thus, in 
addition to promoting lymphoid tissue development in the 
intestine, ILC3s are critical for the anatomical containment 
of commensal bacteria. 
 A recent study has also shown a role for ILCs in 
regulation of adaptive immune responses. Rorc-deficient 
mice display increased frequencies of activated proliferating 
effector CD4+ T cells, splenomegaly and heightened levels 
of commensal bacteria-specific serum IgG [47]. Importantly, 
oral administration with broad-spectrum antibiotics reversed 
these phenotypes, suggesting that lack of ILC3 cells was 
important for controlling intestinal responses to commensal 
bacteria. Surprisingly, a subset of ILC3 cells, the T-bet– 
NKp46– RORγt+ ILC3s, express high levels of MHC class II 
and are required to limit commensal bacteria-specific CD4+ 
T cell responses [47]. In contrast to canonical MHC II-
dependent activation by DCs, macrophages or B cells, which 
leads to TH cell activation and proliferation, ILC3-mediated 
stimulation of TH cells inhibits activation and proliferation, 
through yet to be determined mechanisms. Together, these 
studies illustrate an important role for specific ILC subsets in 
intestinal homeostasis. 

ROLE OF ILCS IN INTESTINAL INFLAMMATION 

 Although intestinal inflammation that leads to 
inflammatory bowel diseases (IBDs) is becoming more and 
more common throughout the world, the factors that lead to 
IBD development remain unclear. A recent meta-analysis of 
genome-wide association studies in IBDs has shown a 
significant enrichment in genes associated with regulation of 
cytokine signaling and immune cell activation [48]. 
Although these results have been primarily associated with T 
cell function, it is possible that ILCs will contribute to 
disease etiology. Indeed, several studies have identified an 
association between ILCs and intestinal inflammation [11, 
42]. However, it remains to be determined whether increased 
ILC numbers at inflamed sites in humans are the cause of the 
inflammation or an effect of the inflammatory processes 
initiated by ILC-independent mechanisms. Studies in mouse 
models of inflammation have begun to address the role of 
ILCs in the development of intestinal inflammation. 
 There are several models of innate intestinal 
inflammation in mice. First, injection of an agonistic anti-
CD40 antibody into Rag1–/–mice leads to an IL-23-dependent 
acute innate immune colitis and an IL-12-dependent 
systemic inflammatory response [49]. In this model, anti-
CD40 induces robust production of IFN-γ from 
CD160+NKp46+NK1.1+ ILC1s [11]. Critically, these cells 
were found to contribute to the pathogenesis of intestinal 

inflammation as depletion of these cells using anti-NK1.1 
antibodies reduced epithelial damage and cellular infiltrates 
in the colon [11]. Another group found that IL-23-dependent 
Thy1+Sca-1+Rorγt+ IL-23R+ILC3s produce IL-17 and IFN-γ 
following anti-CD40 treatment and depletion of these cells 
with anti-Thy1 antibodies resulted in a significant 
improvement in colitis [29]. In a related model of innate 
intestinal inflammation using infection with Helicobacter 
hepaticus, IL-23 promoted IL-17 production by a subset of 
ILC3s that was responsible for pathological sequelae [29]. 
Infection with H. hepaticus resulted in IFN γ and IL-17 
production from colonic lamina propria cells. The production 
of these cytokines was required for pathology, as 
neutralizing either one resulted in decreased intestinal 
inflammation [29]. Thus, these studies are consistent with a 
proinflammatory role for ILCs in the pathogenesis of 
intestinal inflammation, independently of an adaptive 
immune response. 
 In contrast to these studies, a protective role for RORγt-
expressing ILC3s in the development of chronic DSS-
induced colitis has also been found. RORγt-deficient Rag2–/– 
mice develop more severe DSS-induced chronic colitis that 
control Rag2–/–mice [50]. The authors of this study suggest 
that the loss of Rorγt+IL-22+ ILCs in the colon is responsible 
for this effect. Indeed, IL-22 does appear to be a 
cytoprotective factor in the intestine [51], and defective 
expression of IL-22 may contribute to the onset or the 
inability to resolve inflammatory processes. 
 A role for ILC2s has also been suggested in a type 2 
cytokine-dependent model of colitis. Intra-rectal 
administration of oxazolone results in IL-13-dependent 
intestinal inflammation [52]. Oxazolone treatment leads to 
the induction of IL-25 production that activates ILC2s to 
produce IL-13 [53]. Blocking IL-25 in this model leads to 
improved pathology and decreased ILC2s in the gut mucosa. 
As some forms of ulcerative colitis are associated with 
increased levels of IL-13 [54], it will be important to 
determine if IL-25-dependent ILC2s are associated with 
these forms of human IBDs. 

ROLE OF ILCS IN INTESTINAL IMMUNITY 

 The intestine is a major barrier between the outside world 
and the internal tissues. As ILCs are present in the intestine 
in the steady state, it is likely that they will play a critical 
role in the early immune response to pathogenic organisms. 
However, there is very little data concerning the role of ILCs 
in immunity to intestinal pathogens. For example, although 
ILC1s produce IFN-γ in response to the cytokines IL-12 and 
IL-15, whether these cells are important sources of IFN-γ 
during infections with intracellular pathogens such as 
Toxoplasma gondii or Cryptosporidium parvum has yet to be 
determined. However, the role of ILCs in immunity to 
helminths is more well-defined, as intestinal helminth 
infections were instrumental in the discovery of ILCs. 
 Immunity to infection with intestinal helminth parasites 
requires the development of a type 2 immune response, 
characterized by production of the cytokines IL-4, IL-5 and 
IL-13 [55]. The cellular mechanisms that control the 
development of a protective type 2 response are becoming 
clearer. For example, infection with the intestinal helminth 
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parasites Trichuris muris [56] or Nippostrongylus 
brasiliensis [18, 57] leads to the activation of intestinal 
epithelial cell-dependent production of the cytokines 
associated with ILC2 development, IL-25 [58] and IL-33 
[59]. In fact, some of the first hints of other non-T, non-B, 
non-dendritic cell lymphoid cells that had immune function 
came from studies examining the in vivo role of the cytokine 
IL-25 [57, 60, 61]. Injection of IL-25 into mice led to the 
increased production of IL-5 and IL-13 by a novel lymphoid 
cell type that was dependent upon γc signaling. In addition, 
loss of IL-25 led to impaired TH2 cell responses and 
defective anti-helminth immunity [57, 58]. Due primarily to 
technological advances in flow cytometry and mouse 
molecular genetics, three independent groups identified 
ILC2s in the intestine that were induced following infection 
with the parasitic nematode N. brasiliensis [18, 62, 63]. 
These ILC2 cells produced high levels of the type 2 
cytokines IL-5 and IL-13 and were critical for initiating 
protective type 2 immune responses to N. brasiliensis. 
Adoptive transfer of ILC2 cells can promote immunity to 
helminth infection. However, as it is not possible to 
specifically delete ILC2 cells in the intestine, it remains 
unclear whether ILC2 cells are absolutely necessary for 
immunity to helminth infection. It is interesting that ILC2s 
do not produce IL-4, the cytokine that is required to directly 
promote TH2 cell responses. As naïve TH cells do not 
respond to IL-13 [64], it remains unclear how early 
production of IL-5 and IL-13 can indirectly promote TH2 cell 
responses. Possible mechanisms include direct effects on 
immune cells such as B cells, macrophages and DCs, and 
non-immune cells including epithelial cells and stromal cells. 
 Modulation of ILC2 responses has recently been shown 
to control chronicity of intestinal nematode infections. 
Infection with Heligmosomoides polygyrus bakeri results in 
the induction of IL-1β that can directly inhibit IL-25 and IL-
33 expression by IL-1R1-expressing IECs [65]. The 
decreased levels of IL-25 and IL-33 results in an attenuation 
of ILC2s and subsequently decreased TH2 cell responses. 
Thus, ILC2s play a central role in resistance and 
susceptibility to infection in the intestine. 
 As mentioned above, ILC3s play a critical role in the 
steady state. However, the role of ILC3 cells during infection 
is less clear. Depletion of CD4-expressing ILC3s (LTi cells) 
from Rag1-deficient mice resulted in significantly impaired 
immunity to the bacterial pathogen Citrobacter rodentium 
[66], highlighting a protective immune role for LTi cells in 
addition to their lymphoid tissue-promoting functions. The 
aryl hydrocarbon receptor (Ahr) has been shown to be 
important for the development and function of RORγt+ 
ILC3s in the gut [67]. In the absence of Ahr, there was 
reduced expression IL-23R resulting in diminished IL-23-
induced IL-22 production. Infection of Ahr-deficient mice 
with C. rodentium resulted in rapid weight loss and death, 
suggesting an important role for ILC3s and their production 
of IL-22 in controlling infection. Thus, ILC3s are required 
for protective immunity to bacterial challenge. In contrast, a 
recent study identified a detrimental role for ILC3s following 
infection with the prokaryotic parasite Toxoplasma gondii 
[68]. Infection led to an IL-15-dependent increase in 
NKp46+NK1.1+ ILC3s that produced high levels of the 
chemokine CCL3, which led to the CCR1-dependent 
recruitment of inflammatory monocytes, resulting in 

intestinal inflammation [68]. Taken together, these studies 
illustrate the complex role ILC3s play in intestinal immune 
homeostasis. Presently, it remains unclear whether 
manipulation of ILC3 function would be useful in promoting 
immunity to intestinal inflammation or if this would be at the 
expense of the role of ILC3s in intestinal homeostasis. 

CONCLUDING REMARKS 

 In summary, it is clear that there are conserved 
developmental programs that are shared betweenTH cells and 
ILC subsets. Functional similarities between TH cells and 
ILCs is also likely, and manipulating and modulating ILC 
function during health and disease may prove to be a 
powerful novel therapeutic approach to treat many 
inflammatory diseases. 

ABBREVIATIONS 

DC = Dendritic cell 
IL = Interleukin 
ILC = Innate lymphoid cell 
LTi = Lymphoid tissue inducer 
NK = Natural killer 

CONFLICT OF INTEREST 

 The author confirms that this article content has no 
conflict of interest. 

ACKNOWLEDGEMENTS 

 Work in the Zaph laboratory is supported by grants from 
the Canadian Institutes of Health Research (MSH-95368, 
MOP-89773 and MOP-106623). F.A. is the recipient of a 
CIHR/Canadian Association of Gastroenterology/Crohn’s 
and Colitis Foundation of Canada postdoctoral fellowship. 
C.Z. is a CIHR New Investigator and a Michael Smith 
Foundation for Health Research Career Investigator. 

REFERENCES 

[1] Herberman RB, Nunn ME, Holden HT, Lavrin DH. Natural 
cytotoxic reactivity of mouse lymphoid cells against syngeneic and 
allogeneic tumors. II. Characterization of effector cells. Int J 
Cancer 1975; 16(2): 230-9. 

[2] Kiessling R, Klein E, Pross H, Wigzell H. "Natural" killer cells in 
the mouse. II. Cytotoxic cells with specificity for mouse Moloney 
leukemia cells. Characteristics of the killer cell. Eur J Immunol 
1975; 5(2): 117-21. 

[3] Karre K, Ljunggren HG, Piontek G, Kiessling R. Selective 
rejection of H-2-deficient lymphoma variants suggests alternative 
immune defence strategy. Nature 1986; 319(6055): 675-8. 

[4] Hesslein DG, Lanier LL. Transcriptional control of natural killer 
cell development and function. Adv Immunol 2011; 109: 45-85. 

[5] Kelly KA, Scollay R. Seeding of neonatal lymph nodes by T cells 
and identification of a novel population of CD3-CD4+ cells. Eur J 
Immunol 1992; 22(2): 329-34. 

[6] Mebius RE, Rennert P, Weissman IL. Developing lymph nodes 
collect CD4+CD3- LTbeta+ cells that can differentiate to APC, NK 
cells, and follicular cells but not T or B cells. Immunity 1997; 7(4): 
493-504. 

[7] Cupedo T, Crellin NK, Papazian N, et al. Human fetal lymphoid 
tissue-inducer cells are interleukin 17-producing precursors to 



Another Brick in the Wall: Innate Lymphoid Cells of the Intestine Current Immunology Reviews, 2013, Vol. 9, No. 3     5 

RORC+ CD127+ natural killer-like cells. Nat Immunol 2009; 
10(1): 66-74. 

[8] Takatori H, Kanno Y, Watford WT, et al. Lymphoid tissue inducer-
like cells are an innate source of IL-17 and IL-22. J Exp Med 2009; 
206(1): 35-41. 

[9] Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman 
RL. Two types of murine helper T cell clone. I. Definition 
according to profiles of lymphokine activities and secreted 
proteins. J Immunol 1986; 136(7): 2348-57. 

[10] Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood 
2008; 112(5): 1557-69. 

[11] Fuchs A, Vermi W, Lee JS, et al. Intraepithelial type 1 innate 
lymphoid cells are a unique subset of IL-12- and IL-15-responsive 
IFN-gamma-producing cells. Immunity 2013; 38(4): 769-81. 

[12] Sonnenberg GF, Artis D. Innate lymphoid cell interactions with 
microbiota: implications for intestinal health and disease. Immunity 
2012; 37(4): 601-10. 

[13] Monticelli S, Lee DU, Nardone J, Bolton DL, Rao A. Chromatin-
based regulation of cytokine transcription in Th2 cells and mast 
cells. Int Immunol 2005; 17(11): 1513-24. 

[14] Quong MW, Romanow WJ, Murre C. E protein function in 
lymphocyte development. Annu Rev Immunol 2002; 20: 301-22. 

[15] Kee BL. E and ID proteins branch out. Nat Rev Immunol 2009; 
9(3): 175-84. 

[16] Satoh-Takayama N, Lesjean-Pottier S, Vieira P, et al. IL-7 and IL-
15 independently program the differentiation of intestinal CD3-
NKp46+ cell subsets from Id2-dependent precursors. J Exp Med 
2010; 207(2): 273-80. 

[17] Cherrier M, Sawa S, Eberl G. Notch, Id2, and RORgammat 
sequentially orchestrate the fetal development of lymphoid tissue 
inducer cells. J Exp Med 2012; 209(4): 729-40. 

[18] Moro K, Yamada T, Tanabe M, et al. Innate production of T(H)2 
cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lymphoid 
cells. Nature 2010; 463(7280): 540-4. 

[19] Huntington ND, Nutt SL, Carotta S. Regulation of murine natural 
killer cell commitment. Frontiers in immunology 2013; 4: 14. 

[20] Lodolce JP, Boone DL, Chai S, et al. IL-15 receptor maintains 
lymphoid homeostasis by supporting lymphocyte homing and 
proliferation. Immunity 1998; 9(5): 669-76. 

[21] Saenz SA, Siracusa MC, Perrigoue JG, et al. IL25 elicits a 
multipotent progenitor cell population that promotes T(H)2 
cytokine responses. Nature 2010; 464(7293): 1362-6. 

[22] Saenz SA, Siracusa MC, Monticelli LA, et al. IL-25 
simultaneously elicits distinct populations of innate lymphoid cells 
and multipotent progenitor type 2 (MPPtype2) cells. J Exp Med 
2013; 210(9): 1823-37. 

[23] Yang Q, Monticelli LA, Saenz SA, et al. T cell factor 1 is required 
for group 2 innate lymphoid cell generation. Immunity 2013; 38(4): 
694-704. 

[24] Wong SH, Walker JA, Jolin HE, et al. Transcription factor RORα 
is critical for nuocyte development. Nat Immunol 2012; 13(3): 229-
36. 

[25] Halim TY, MacLaren A, Romanish MT, Gold MJ, McNagny KM, 
Takei F. Retinoic-acid-receptor-related orphan nuclear receptor 
alpha is required for natural helper cell development and allergic 
inflammation. Immunity 2012; 37(3): 463-74. 

[26] Hoyler T, Klose CS, Souabni A, et al. The transcription factor 
GATA-3 controls cell fate and maintenance of type 2 innate 
lymphoid cells. Immunity 2012; 37(4): 634-48. 

[27] Spooner CJ, Lesch J, Yan D, et al. Specification of type 2 innate 
lymphocytes by the transcriptional determinant Gfi1. Nat Immunol 
2013 Dec; 14(12): 1229-36. 

[28] Zhu J, Guo L, Min B, et al. Growth factor independent-1 induced 
by IL-4 regulates Th2 cell proliferation. Immunity 2002; 16(5): 
733-44. 

[29] Buonocore S, Ahern PP, Uhlig HH, et al. Innate lymphoid cells 
drive interleukin-23-dependent innate intestinal pathology. Nature 
2010; 464(7293): 1371-5. 

[30] Cella M, Fuchs A, Vermi W, et al. A human natural killer cell 
subset provides an innate source of IL-22 for mucosal immunity. 
Nature 2009; 457(7230): 722-5. 

[31] Kinnebrew MA, Pamer EG. Innate immune signaling in defense 
against intestinal microbes. Immunol Rev 2012; 245(1): 113-31. 

[32] Sanos SL, Bui VL, Mortha A, et al. RORgammat and commensal 
microflora are required for the differentiation of mucosal 

interleukin 22-producing NKp46+ cells. Nat Immunol 2009; 10(1): 
83-91. 

[33] Satoh-Takayama N, Vosshenrich CA, Lesjean-Pottier S, et al. 
Microbial flora drives interleukin 22 production in intestinal 
NKp46+ cells that provide innate mucosal immune defense. 
Immunity 2008; 29(6): 958-70. 

[34] Eberl G, Littman DR. Thymic origin of intestinal alphabeta T cells 
revealed by fate mapping of RORgammat+ cells. Science 2004; 
305(5681): 248-51. 

[35] Rankin LC, Groom JR, Chopin M, et al. The transcription factor T-
bet is essential for the development of NKp46+ innate lymphocytes 
via the Notch pathway. Nat Immunol 2013; 14(4): 389-95. 

[36] Sciume G, Hirahara K, Takahashi H, et al. Distinct requirements 
for T-bet in gut innate lymphoid cells. J Exp Med 2012; 209(13): 
2331-8. 

[37] Klose CS, Kiss EA, Schwierzeck V, et al. A T-bet gradient controls 
the fate and function of CCR6-RORgammat+ innate lymphoid 
cells. Nature 2013; 494(7436): 261-5. 

[38] Bernink JH, Peters CP, Munneke M, et al. Human type 1 innate 
lymphoid cells accumulate in inflamed mucosal tissues. Nat 
Immunol 2013; 14(3): 221-9. 

[39] Mueller SN, Gebhardt T, Carbone FR, Heath WR. Memory T cell 
subsets, migration patterns, and tissue residence. Annu Rev 
Immunol 2013; 31: 137-61. 

[40] Mjosberg JM, Trifari S, Crellin NK, et al. Human IL-25- and IL-
33-responsive type 2 innate lymphoid cells are defined by 
expression of CRTH2 and CD161. Nat Immunol 2011; 12(11): 
1055-62. 

[41] Crellin NK, Trifari S, Kaplan CD, Satoh-Takayama N, Di Santo JP, 
Spits H. Regulation of cytokine secretion in human CD127(+) LTi-
like innate lymphoid cells by Toll-like receptor 2. Immunity 2010; 
33(5): 752-64. 

[42] Geremia A, Arancibia-Carcamo CV, Fleming MP, et al. IL-23-
responsive innate lymphoid cells are increased in inflammatory 
bowel disease. J Exp Med 2011; 208(6): 1127-33. 

[43] Nussbaum JC, Van Dyken SJ, von Moltke J, et al. Type 2 innate 
lymphoid cells control eosinophil homeostasis. Nature 2013; 
502(7470): 245-8. 

[44] Sun Z, Unutmaz D, Zou YR, et al. Requirement for RORgamma in 
thymocyte survival and lymphoid organ development. Science 
2000; 288(5475): 2369-73. 

[45] Sonnenberg GF, Monticelli LA, Alenghat T, et al. Innate lymphoid 
cells promote anatomical containment of lymphoid-resident 
commensal bacteria. Science 2012; 336(6086): 1321-5. 

[46] Obata T, Goto Y, Kunisawa J, et al. Indigenous opportunistic 
bacteria inhabit mammalian gut-associated lymphoid tissues and 
share a mucosal antibody-mediated symbiosis. Proc Natl Acad Sci 
USA. 2010; 107(16): 7419-24. 

[47] Hepworth MR, Monticelli LA, Fung TC, et al. Innate lymphoid 
cells regulate CD4+ T-cell responses to intestinal commensal 
bacteria. Nature 2013; 498(7452): 113-7. 

[48] Jostins L, Ripke S, Weersma RK, et al. Host-microbe interactions 
have shaped the genetic architecture of inflammatory bowel 
disease. Nature 2012; 491(7422): 119-24. 

[49] Uhlig HH, McKenzie BS, Hue S, et al. Differential activity of IL-
12 and IL-23 in mucosal and systemic innate immune pathology. 
Immunity 2006; 25(2): 309-18. 

[50] Kimura K, Kanai T, Hayashi A, et al. Dysregulated balance of 
retinoid-related orphan receptor gammat-dependent innate 
lymphoid cells is involved in the pathogenesis of chronic DSS-
induced colitis. Biochem Biophys Res Commun 2012; 427(4): 694-
700. 

[51] Sonnenberg GF, Fouser LA, Artis D. Functional biology of the IL-
22-IL-22R pathway in regulating immunity and inflammation at 
barrier surfaces. Adv Immunol 2010; 107: 1-29. 

[52] Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS, Strober W. 
Oxazolone colitis, a Th2 colitis model resembling ulcerative colitis, 
is mediated by IL-13-producing NK-T cells. Immunity 2002; 17(5): 
629-38. 

[53] Camelo A, Barlow JL, Drynan LF, et al. Blocking IL-25 signalling 
protects against gut inflammation in a type-2 model of colitis by 
suppressing nuocyte and NKT derived IL-13. J Gastroenterol 2012; 
47(11): 1198-211. 

[54] Strober W and Fuss IJ. Proinflammatory cytokines in the 
pathogenesis of inflammatory bowel diseases. Gastroenterology 
2011; 140(6): 1756-67. 



6    Current Immunology Reviews, 2013, Vol. 9, No. 3 Antignano and Zaph 

[55] Finkelman FD, Shea-Donohue T, Goldhill J, et al. Cytokine 
regulation of host defense against parasitic gastrointestinal 
nematodes: lessons from studies with rodent models. Annu Rev 
Immunol 1997; 15: 505-33. 

[56] Zaph C, Troy AE, Taylor BC, et al. Epithelial-cell-intrinsic IKK-
beta expression regulates intestinal immune homeostasis. Nature 
2007; 446(7135): 552-6. 

[57] Fallon PG, Ballantyne SJ, Mangan NE, et al. Identification of an 
interleukin (IL)-25-dependent cell population that provides IL-4, 
IL-5, and IL-13 at the onset of helminth expulsion. J Exp Med 
2006; 203(4): 1105-16. 

[58] Owyang AM, Zaph C, Wilson EH, et al. Interleukin 25 regulates 
type 2 cytokine-dependent immunity and limits chronic 
inflammation in the gastrointestinal tract. J Exp Med 2006; 203(4): 
843-9. 

[59] Humphreys NE, Xu D, Hepworth MR, Liew FY, Grencis RK. IL-
33, a potent inducer of adaptive immunity to intestinal nematodes. J 
Immunol 2008; 180(4): 2443-9. 

[60] Fort MM, Cheung J, Yen D, et al. IL-25 induces IL-4, IL-5, and 
IL-13 and Th2-associated pathologies in vivo. Immunity 2001; 
15(6): 985-95. 

[61] Hurst SD, Muchamuel T, Gorman DM, et al. New IL-17 family 
members promote Th1 or Th2 responses in the lung: in vivo 
function of the novel cytokine IL-25. J Immunol 2002; 169(1): 
443-53. 

[62] Neill DR, Wong SH, Bellosi A, et al. Nuocytes represent a new 
innate effector leukocyte that mediates type-2 immunity. Nature 
2010; 464(7293): 1367-70. 

[63] Price AE, Liang HE, Sullivan BM, et al. Systemically dispersed 
innate IL-13-expressing cells in type 2 immunity. Proc Natl Acad 
Sci USA 2010; 107(25): 11489-94. 

[64] Bancroft AJ, McKenzie AN, Grencis RK. A critical role for IL-13 
in resistance to intestinal nematode infection. J Immunol 1998; 
160(7): 3453-61. 

[65] Zaiss MM, Maslowski KM, Mosconi I, Guenat N, Marsland BJ, 
Harris NL. IL-1beta suppresses innate IL-25 and IL-33 production 
and maintains helminth chronicity. PLoS Pathog 2013; 9(8): 
e1003531. 

[66] Sonnenberg GF, Monticelli LA, Elloso MM, Fouser LA, Artis D. 
CD4(+) lymphoid tissue-inducer cells promote innate immunity in 
the gut. Immunity 2011; 34(1): 122-34. 

[67] Qiu J, Heller JJ, Guo X, et al. The aryl hydrocarbon receptor 
regulates gut immunity through modulation of innate lymphoid 
cells. Immunity 2012; 36(1): 92-104. 

[68] Schulthess J, Meresse B, Ramiro-Puig E, et al. Interleukin-15-
dependent NKp46+ innate lymphoid cells control intestinal 
inflammation by recruiting inflammatory monocytes. Immunity 
2012; 37(1): 108-21. 

 
 

Received: September 26, 2013 Revised: November 15, 2013 Accepted: November 26, 2013 
 




