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Abstract Recently, additional subsets that extend the

family of innate lymphocytes have been discovered.

Among these newly identified innate lymphoid cells is a

subset sharing phenotypic characteristics of natural killer

cells and lymphoid tissue inducer cells. These cells co-

express the transcription factor RORct and activating NK

cell receptors (NKR), but their lineage and functional

qualities remain poorly defined. Here, we discuss recent

proposals to place these NKR?RORct? innate lymphocytes

on hematopoietic lineage maps. An overview of the tran-

scriptional circuitry determining fate decisions of innate

lymphocytes and a summary of current concepts concern-

ing plasticity and stability of innate lymphocyte effector

fates are provided. We will conclude by discussing the

function of RORct-expressing innate lymphocytes during

inflammatory bowel diseases and in the immune response

to tumors.
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Introduction to innate lymphocyte lineages

Until very recently, natural killer (NK) cells were the

lonely representative of innate lymphocytes on hemato-

poietic lineage maps. NK cells are the killer cells of the

innate immune system and are an important innate source

of IFN-c. NK cells are required for immunity to various

viral infections and limit tumor development [1–3].

Recently, NK cells have been joined by two distinct innate

lymphocyte subsets, lymphoid tissue inducer (LTi) cells

and natural helper (NH) cells [4] (also known as type 2

innate lymphocytes [5] or nuocytes [6]). Both of these

innate lymphocyte subsets lack markers of mature hema-

topoietic lineages (Lin-negative) and still express cell

surface molecules also found on lymphoid progenitors,

such as the interleukin (IL)-7 receptor a chain (CD127) and

the receptor tyrosine kinase Kit (CD117), and are therefore

referred to as innate lymphoid cells (ILCs) [4, 7]. LTi cells

were originally identified as lymphocytes that instruct

prenatal organogenesis of lymph nodes and Peyer’s patches

[7–9]. More recently, it has become clear that these cells

are also present postnatally, and they have been implicated

in the regeneration of lymphoid organs following viral

infections [10] and may be involved in preserving T cell

memory [11, 12]. Furthermore, it has been found that

intestinal LTi cell populations produce cytokines, such as

IL-17 and IL-22, involved in the regulation of epithelial

homeostasis and in the defense against intestinal infections

[13–20]. The latest addition to the family of innate lym-

phocytes are NH cells, which are an innate source of IL-5

and IL-13 [4] and have been shown to play a role during

immunity to worm infections [5, 6, 21] and in the patho-

genesis of infection-induced airway hyperreactivity [22].

ILC populations are well represented in the intestine

([20% of all lamina propria lymphocytes in the small
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intestine), whereas they are a minor subset in secondary

lymphoid organs.

Intriguingly, the cytokine profiles of the various innate

lymphocyte subsets strikingly resemble those of the major

T helper (Th) cell effector populations (Fig. 1). These

similarities extend to the transcriptional programs con-

trolling effector functions and/or development of ILCs

(Fig. 1). Similar to Th1 cells, the effector program of NK

cells is partially controlled by the T-box transcription

factor T-bet (Tbx21) [23]. RORct instructs development

and function of LTi cells and Th17 cells [9, 24–26]. The

transcriptional program controlling NH cell function is

unknown, but gene array data suggested expression of

GATA-3 by NH cells [5], which is also required for Th2

effector fate decisions [27]. Collectively, these data suggest

that the transcriptional programs, first shown to be required

for T helper cell fate decisions, were already pre-formed in

the evolutionary older innate immune system before

adaptive immunity emerged.

A meaningful and satisfying nomenclature for innate

lymphocytes is still under development, and none of the

circulating proposals has been generally embraced. Based

on the above-mentioned similarities in transcriptional cir-

cuitry and effector functions between ILC and T helper cell

subsets, it was proposed to adopt the nomenclature of the

various T helper cell effector fates to classify ILC subsets

(i.e., ILC1 for thymic NK cells, ILC2 for NH cells and

ILC17 for LTi cells) [28]. While this nomenclature has the

advantage of building on an accepted paradigm, there are

also important differences between ILC and Th cells, and it

remains unknown whether for example IL-17 production is

the most important functional determinant of LTi lineage

cells [29]. A nomenclature using the lineage or effector

fate-determining transcription factor has been adopted by

some to refer to the various LTi cell subsets as RORct?

ILC [19, 30, 31]. While this seems to be meaningful, a

lineage-defining transcription factor for NH cells is

unknown. For the purpose of this review, we will refer to

the various innate lymphocyte lineages by their historical

names that were based on aspects of their functional pro-

grams (‘natural killer,’ ‘lymphoid tissue inducer,’ ‘natural

helper’). It should be noted though that by using for

example the term LTi cell, we are referring to an innate

lymphocyte lineage rather than to a population of cells with

homogenous functional qualities (Fig. 1).

In this review, we will focus on recent progress in

understanding the relationship between innate lymphocyte

subsets, in particular between LTi cells and NK cells. We

will also put the spotlight on the transcriptional programs

controlling cell fate decisions of innate lymphocytes, on

new aspects of postnatal LTi cell function in the context of

inflammatory bowel diseases and on their role in the

defense against tumors.

Developmental relationship between innate lymphocyte

subsets

Available evidence from gene knock-out mice supports the

view that innate lymphocytes may share the developmental

requirement for certain transcription factors. Mice lacking

the transcription factor inhibitor of DNA binding 2 (Id2)

and thymocyte selection-associated high mobility group

box protein (TOX) show major defects in the development

of NK cells and LTi cells [4, 32–34]. NH cells are also Id2-

dependent, but the analysis of NH cells in TOX-deficient

mice is still lacking [4, 33]. Collectively, the available data

suggest a common developmental program of innate lym-

phocyte lineages [28, 29]. The fact that the three known

innate lymphocyte lineages require Id2 for their develop-

ment has led to the proposal of an Id2-dependent precursor

to all innate lymphocyte lineages, which was dubbed

common innate lymphoid progenitor (CILP) [29] or ILCP

(Id2-expressing innate lymphoid cell precursor) [28].

Although the bone marrow-resident NK cell progenitor

(NKp) (CD122?NK1.1-DX5- cells) already expresses Id2

[32, 35], Id2 is not required for NK lineage specification

Fig. 1 Innate lymphocyte lineages. All innate lymphocyte lineages

can be generated from the common lymphoid progenitor (CLP)

([137], and A.M., A.D., unpublished data). Based on the finding that

Id2-/- and Tox-/- mice lack all innate lymphocyte lineages, a

putative Id2 and/or Tox-dependent common ILC precursor (CILP,

ILCP) has been proposed [28, 29]. After specification into the various

lymphocyte lineages controlled by the expression of lineage-defining

transcription factors and cytokines, various effector fates can be

assumed
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because the NKp normally develops in the absence of Id2

[32]. However, Id2 is required for the development of

mature (CD122?NK1.1?DX5?) NK cells that are lacking

in bone marrow and peripheral lymphoid organs of Id2-

deficient mice [32]. Id2 represses E box proteins, and

genetic deletion of E2A in Id2-/- mice restores NK cell

development and lymphorganogenesis [32, 36].

A recent report using an Id2 reporter mouse strain has

found that while the common lymphoid progenitor (CLP)

is Id2-negative, two populations of Lin-negative bone

marrow-resident lymphoid precursor cells express Id2 [35].

Both Id2-positive subsets express CD127 and Sca1 and are

negative for CD122 and CD135 (Flt3), but can be dis-

criminated based on their expression of CD117 (Kit) into a

Kit- and a Kitlow subset. Lin-Sca1?Kit- (LSK-) cells

have been previously recognized, but their relationship to

the major lymphocyte lineages remains unclear [37–39].

In vitro differentiation of these Id2?CD127?Sca1? cells

under conditions known to drive NK cell development

revealed that these cells upregulate NK cell receptors

(NKR), suggesting that they may constitute the earliest

committed progenitor to the NK cell lineage, and they have

been accordingly dubbed ‘pre-pro NK cells’ [35]. The

transcriptional profiles of ‘pre-pro NK cells’ or their

developmental potential in vivo were not addressed, and a

previous report failed to generate any NK cell progeny

after adoptive transfer of this population in vivo [38].

Future studies are needed to investigate the potential of

Id2-expressing lymphoid progenitors into NH cells or LTi

cells, subsets of which also express NK cell receptors [19,

28, 31].

Subsets of RORct-expressing innate lymphocytes

RORct? ILC (LTi cells)

During prenatal lymphoid organogenesis, LTi cells develop

in the fetal liver and home to the lymph node and Peyer’s

patch anlagen where they instruct lymph organ develop-

ment through close interaction with mesenchymal stroma

involving TNF superfamily receptors [40–42]. Excellent

recent reviews have comprehensively covered this topic,

and we will focus on the role of LTi cells after birth [43–

47].

A rather large pool of LTi lineage cells (ca. 10% of all

lamina propria cells) is found in the lamina propria of the

small intestine of adult mice, but such RORct? ILC are

also present in other organs such as colon and liver, and in

the spleen or lymph nodes where they represent a rather

small lymphocyte subset [11, 16, 19, 48, 49]. Intestinal

RORct? ILCs have an LTi function, as they are required

for the postnatal formation of the multiple lymphoid

follicles within the intestinal lamina propria [50–52]. After

birth, LTi cells are scattered throughout the intestinal

lamina propria. The initial event of lymphoid follicle for-

mation is the clustering of LTi cells resulting in the

development of 1,000–1,500 lymphoid clusters, referred to

as cryptopatches (CP), that almost exclusively contain LTi

cells and are surrounded by dendritic cells [50, 53, 54]. CPs

develop around day 14 after birth in close vicinity to the

small intestinal crypts, but it is unknown which positional

cues LTi cells receive. The molecular events driving the

formation of CPs are reminiscent of those identified for

prenatal organogenesis of lymph nodes and involve

crosstalk between LTi cells and mesenchymal organizer

cells (reviewed in [54]). CP development is accompanied

by an expansion of the RORct? ILC pool during the first

3–4 weeks after birth ([31]; A.D., manuscript submitted).

Based on the finding that CP formation is not impeded in

germ-free mice, it has been concluded that CP develop-

ment is programmed and independent of environmental

cues [53, 55].

Some (but not all) CPs further develop into intestinal

lymphoid follicles (ILF) that contain B cells [52, 55].

Progression from CP to ILF is dependent on signals from

the intestinal microbiota because germ-free mice lack ILF

[53, 55–57]. Instruction of ILF formation requires epi-

thelial sensing of commensal bacteria involving the

pattern recognition receptor nucleotide-binding oligomer-

ization domain-containing protein 1 (NOD1), which

recognizes D-glutamyl-meso-diaminopimelic acid (iE-DAP)

of gram-positive and some gram-negative bacteria [55,

58]. NOD1-dependent production of CCL20 contributes

to the recruitment of CCR6-expressing B cells to CP [55].

Another report demonstrated an important role of the

CXCR5/CXCL13 axis for the recruitment of B cells to

ILF [59]. ILFs have been shown to contain B cells pro-

ducing IgA specific for T cell-independent antigens,

and ILFs have been identified as crucial structures sup-

porting isotype switching of lamina propria B cells [51].

IgA-producing B cells are important to sequester com-

mensal bacteria and to protect the intestinal barrier

[60, 61].

In addition to being lymphocytes with LTi function,

human and mouse RORct? ILCs constitutively secrete

cytokines such as IL-22 and IL-17 [14, 16, 19]. Most

importantly, these cytokines have been demonstrated to

play an important role in the maintenance of intestinal

epithelial homeostasis and in shaping the commensal

microbiota by inducing epithelial expression of antimi-

crobial proteins [13, 15, 17, 49, 62–64]. The role of IL-22

produced by RORct? ILCs for epithelial homeostasis and

antimicrobial effector functions will not be discussed here,

as excellent recent reviews have extensively covered that

topic [29, 65, 66].
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The development of the prenatal and postnatal pool of

LTi cells strictly depends on the transcription factor

RORct, and all LTi cells express this transcription factor

[9, 19, 25]. Consequently, RORct-deficient mice lack the

development of secondary lymphoid organs (lymph nodes

and Peyer’s patches) and of postnatally developing intes-

tinal lymphoid follicles (i.e., CP and ILF) [9]. While initial

studies have identified LTi cells in newborn mice as

Lin-CD4?CD127?CD117? lymphocytes [7], analysis of

RORct-reporter mice showed that the pool of RORct?

ILCs in the intestine of newborn mice is composed of a

CD4? and a CD4- subset that are equally represented at

birth [8, 31]. While the pool of CD4- RORct? ILCs

expands in size during the first 3 weeks after birth, the

population of CD4? RORct? ILCs remains rather stable

([31] and A.D., manuscript submitted). The molecular

signals driving the differential expansion of these distinct

subsets are unknown.

Kit, IL-7 and TSLP are required for the maintenance

of intestinal LTi cells

LTi lineage cells express high levels of the IL-7R, and

IL-7 signaling has multifaceted roles for their develop-

ment, function, recruitment and maintenance [43]. IL-7R

signaling is a requirement for the development of Peyer’s

patches, but not for the organogenesis of lymph nodes [8,

67–70]. Organogenesis of lymph nodes requires TRANCE

(RANKL), which is dispensable for Peyer’s patch devel-

opment [71, 72]. However, overexpression of IL-7 in

mice lacking TRANCE signaling (Traf6-/- mice) rescues

lymph node development, demonstrating that LTi cells in

lymph nodes are in principle IL-7 responsive [72]. The

differential requirements for TRANCE or IL-7 are likely a

consequence of the different availability of these factors

in the various lymphoid tissue anlagen. In addition, IL-7

plays an important role in upregulating LTa1b2 expression

by LTi cells residing in the mesenteric lymph nodes of

newborn mice [73]. An important observation was that

IL-7Ra-deficient (Il7ra-/-) and Il7-/- mice have reduced

numbers of CD3-a4b7-integrin? LTi cells in mesenteric

LN of newborn mice, whereas their numbers were normal

in peripheral blood or spleen [73, 74]. Two non-exclusive

models may explain this finding. The reduced expression

of LTa1b2 results in decreased interactions with mesen-

chymal organizer cells leading to reduced production

of chemokines and impaired recruitment of LTi cells

[73]. In addition, IL-7 may also have a profound role on

the survival and maintenance of the LTi cell pool

[75, 76].

Consistent with the reduced numbers of LTi lineage

cells in mesenteric and peripheral LNs of Il7ra-/- mice

[73], the numbers of RORct? ILCs in the intestinal lamina

propria of adult Il7ra-/- mice are also substantially

reduced [19]. In contrast to LTi cells in LN of Il7-/- mice

[74, 75], intestinal LTi cell numbers were only mildly

(2–3-fold) affected in mice lacking IL-7 [19, 77]. Similarly,

deficiency in TSLP signaling, a cytokine also requiring the

IL-7Ra chain for signaling [78], also resulted in mildly

reduced numbers of intestinal LTi cells, whereas LTi cell

numbers in peripheral lymph nodes were unaffected [19].

Our data suggest that IL-7 and TSLP are redundantly

required for the maintenance of intestinal LTi cells of adult

mice. The different requirements for the maintenance of

LTi cells in lymph nodes and intestine likely reflect dif-

ferential availability of these two cytokines. While in

lymph nodes only IL-7 is available, in the intestine both IL-

7 and TSLP are expressed.

LTi cells have been originally defined as Kit-expressing

lymphoid cells [53]. Recent evidence has suggested an

important role of the receptor tyrosine kinase Kit for the

differentiation and maintenance of the intestinal LTi cell

pool [79]. Newborn mice with impaired Kit signaling

(KitW/Wv mice) had significantly reduced numbers of intes-

tinal LTi cells [79]. In vitro stimulation of fetal liver LTi cell

progenitors with stem cell factor (SCF, the Kit ligand) alone

did not lead to the generation of RORct? ILCs, but SCF

acted synergistically with IL-7 [79]. A very similar, syner-

gistic effect between Kit and IL-7 signaling was observed

for the survival of LTi cells [79]. Thus, Kit signals are

required for optimal IL-7 or TSLP-mediated differentiation

and maintenance of the intestinal LTi cell pool.

Using terminable fate labeling of fetal LTi cells, it has

been noted that postnatal Kit expression by the progeny of

fate-labeled fetal LTi cells is variable and may be used to

distinguish various LTi cell subsets [31]. When fate

labeling of LTi cells was terminated perinatally, only

Kithigh cells were present in the first week after birth.

However, from week 2 on, LTi cells with lower levels of

Kit expression emerge. While the Kitlow subset does not

express CD4, a CD4? and a CD4- population of Kithigh

cells exists. In that experimental system, all RORct? cells

are labeled until fate labeling was stopped at day 3 after

birth when all RORct? ILCs are Kithigh. In the most

straightforward scenario, the appearance of CD4-Kitlow

cells reflects downregulation of Kit by CD4-RORct? ILCs.

The emergence of CD4-KitlowRORct? ILCs alternatively

may be explained by selective proliferation of the small

postnatal population of CD4-KitlowRORct? ILCs or

recruitment of a distinct Kitlow subset to the intestinal

lamina propria that could not migrate there before. A series

of in vitro experiments supports the notion that Kitlow cells

may be the progeny of a distinct subset of fetal liver

RORct? cells. While Kithigh cells could be differentiated in

vitro from RORcthigh a4b7-integrin? fetal liver cells,

Kitlow cells were the progeny of RORctlowa4b7-integrin- fetal
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liver cells. It was not tested whether a4b7-integrin? fetal

liver cells were the progenitors of the a4b7-integrin subset.

Although both the Kithigh and Kitlow LTi populations

develop in an RORct-dependent fashion, these data may

suggest that Kitlow and Kithigh RORct? ILCs represent

distinct populations and may have distinct RORct-

expressing fetal liver progenitors. Future studies analyzing

the transcriptional program and effector profile of the

CD4-Kitlow subset of RORct? ILCs are required to dem-

onstrate whether this population represents an innate

lymphocyte lineage independent of the LTi lineage.

NK cell receptor-expressing RORct? ILCs

Recent studies have identified a population of RORct-

expressing innate lymphocytes that co-expresses receptors

commonly found on NK cells, such as NKp46 and NKG2D

in mice or CD56, NKp46 and NKp44 in humans

(NKR?RORct? ILC) [13–15, 17, 18, 63, 64]. Similar to

NKR-RORct? ILCs, NKR?RORct? ILCs were shown to

produce IL-22 and IL-17 at steady state in the spleen and

intestine of mice, and in human fetal lymph nodes and

tonsils. Excellent recent reviews have highlighted the role

of these cells during infections and in the maintenance of

intestinal homeostasis [29, 65, 80].

Because this peculiar lymphoid subset phenotypically

resembles NK cells (NKR expression) and LTi cells

(RORct expression), it has been discussed whether

NKR?RORct? ILCs are of the NK or LTi lineage. The

various reports initially characterizing NKR?RORct? ILCs

demonstrated that this subset shares a developmental

program with LTi lineage cells because they are develop-

mentally dependent on the transcription factor RORct and

LTi cells but not conventional NK cells require IL-7Ra
signaling for differentiation and/or survival [13, 15, 19,

77]. In contrast, NKR?RORct? ILCs develop indepen-

dently of IL-15, a growth factor crucial for NK cell

development and survival [13, 15]. Mutations of the IL7R

gene in humans cause severe combined immunodeficiency

disease (SCID), and analysis of immune cells from these

patients revealed a substantial reduction of T cells, whereas

NK cells and B cells developed normally [81, 82]. Analysis

of the human equivalent of NKR?RORct? ILCs (i.e., ‘NK-

22 cells’) in patients suffering from SCID due to mutations

in the IL7R gene revealed that human ‘NK-22 cells’ also

require IL-7 signaling for their development or survival,

whereas conventional NK cells are normally represented

[19]. Mice genetically deficient for E4BP4 or NFIL3, a

transcription factor selectively required for NK cell

development, have normal numbers of intestinal

NKR?RORct? ILCs ([83, 84] and H.M. Brady, personal

communication). Collectively, these data demonstrate that

the developmental program of human and mouse

NKR?RORct? ILCs more closely resembles that of LTi

lineage cells than those of the conventional NK lineage.

Initial evidence that LTi cells may differentiate into

NKR-expressing cells came from clonal in vitro differen-

tiation assays demonstrating the potential of fetal CD4? LTi

cells to upregulate NKRs and adopt functional character-

istics of NK cells (cytotoxicity, IFN-c production) [7].

Similar data have been provided for human LTi cells (Lin-

CD127?CD117? cells) that acquire the expression of NK

cell receptors (CD56, NKp46) when cultured in vitro [14].

These data suggested that RORct? ILCs may be the pro-

genitors of NK cells. However, analysis of a RORct-fate

map demonstrated that conventional NK cells at no time of

their lineage development express RORct, ruling out that

RORct-expressing LTi cells are the progenitors of con-

ventional NK cells and demonstrating that NK cells and LTi

cells are separate lymphocyte lineages [19, 77]. Recently,

the origin of NKR?RORct? ILC cells has been rigorously

addressed in vivo by using a combination of in vivo transfer

of genetically tagged LTi cells and genetic lineage tracing

of RORct-expressing cells. Adoptive transfer of

NKR-RORct? ILCs into lymphoid mice revealed, that

these cells acquired the expression of NKR [19]. In contrast,

NK cells did not upregulate RORct in vivo or in vitro even if

they were cultured under conditions known to induce

RORct expression by Th17 cells [19]. These data were

confirmed by a study using terminable fate labeling of fetal

LTi cells [31]. At the time point of termination of fate

labeling (day 3 after birth), all RORct? ILCs were NKR-

negative. However, 2 weeks later, NKR?RORct? cells

emerged, consistent with the notion that NKR-RORct?

ILCs upregulate the expression of NKR. Collectively, these

data demonstrate that NKR?RORct? cells are the progeny

of NKR-RORct? cells and belong to the LTi lineage of

innate lymphocytes. Consequently, it has been proposed to

refer to these cells as NKR-expressing LTi cells, NKR-LTi

cells [19]. Importantly, these data also show that the pool of

NKR? innate lymphocytes is composed of at least two ILC

lineages, NK cells and LTi-derived NKR-LTi cells [19].

While the population of LTi-derived NKR? cells is small in

spleen and LN (\15% of all NKR? cells), it is rather sub-

stantial in the intestinal mucosa [19].

Interestingly, not all subsets of NKR-RORct? ILCs

have the same propensity to upregulate NKRs. One report

has found that the population of CD4-KitlowNKR-RORct?

ILCs readily acquires NKRs, whereas the CD4?Kithigh and

CD4-Kithigh subsets of NKR-RORct? ILCs do not [31].

However, others have reported that CD4? LTi cells acquire

NKR after in vitro culture in IL-2 [7] and that a sizeable

population of CD4?KitlowNKR?RORct? ILCs exists in

various organs [19]. It is possible that these at first sight

contradictory data may be due to the different experimental

strategies used.
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Plasticity and stability of transcriptional programs

within ILC lineages

It is now widely believed that NKR?RORct? ILCs are the

direct progeny of NKR-RORct? LTi lineage cells [19, 31].

Using analysis of RORct expression by LTi lineage cells

(i.e., LTi cells and NKR-LTi cells) in the context of a

RORct-fate map, it became obvious that NKR-negative

LTi cells stably express RORct, but that a subset of NKR-

LTi cells downregulates RORct expression [19]. Interest-

ingly, the extent of RORct downregulation is dependent on

the tissue microenvironment. While only very few ‘ex’-

RORct NKR-LTi cells (i.e., RORct-/low NKR-LTi cells)

were detected in the small intestine, the majority of NKR-

LTi cells in colon, spleen and peripheral LN expressed

only very low levels of RORct [19]. Stable expression of

RORct by NKR?RORct? ILCs in the small intestine was

confirmed in experiments using the terminable fate labeling

strategy of fetal LTi cells described above [31]. Thus,

RORct? ILCs undergo a three-step differentiation pro-

gram: NKR-RORct? cells (LTi cells) ? NKR?RORct?

cells (RORct? NKR-LTi cells) ? NKR?RORct-/low cells

(RORct-/low NKR-LTi cells). The execution of the last step

depends on the tissue context with some organs being

permissive (spleen, lymph nodes, colon), whereas the small

intestine is non-permissive for the downregulation of

RORct expression [19]. Collectively, these data demon-

strate that expression of RORct by LTi cells is not

irreversibly fixed but may be destabilized under certain

conditions, allowing for a certain degree of plasticity and

potentially conferring functional flexibility to LTi lineage

cells.

It was a surprising finding that transcriptional programs

of innate lymphocytes show plasticity, challenging the

view that the functional fate of innate lymphocytes is

irreversibly fixed. Most of our knowledge concerning

plasticity of lymphocyte effector fates comes from the T

helper cell system [85, 86]. Plasticity is generally perceived

to allow a certain degree of flexibility in effector and

transcriptional programs. Such flexibility allows Th cells to

adapt their effector profiles to various phases of an infec-

tion without the need for time-consuming de novo priming

of pathogen-specific T cell responses [87]. Examples of

plastic behavior have recently been documented for

RORct-expressing Th17 cells secreting IL-17, converting

into T-bet-positive, IFN-c-producing effector cells [88, 89].

Similar observations of abandoning a pre-programmed

effector fate have been noted for other T helper cell lin-

eages such as regulatory T cells [90, 91] and Th2 cells [92].

However, others have maintained that at least the fate of

Foxp3-expressing T cells is stable [93].

An important question is, what does determine the rel-

ative stability of innate lymphocyte subsets? Three

processes have been proposed to contribute to the relative

stability of T helper cell subsets, which may also be

applicable to innate lymphocytes, conditioning, circuitry

and chromatin [85]. Conditioning means the sum of

molecular cues that prime lineage decisions. These may

vary for innate lymphocytes depending on the develop-

mental stage (fetal vs. adult) or the priming conditions

(different organs, microbiota, etc.), which may affect the

stability of the resulting effector fate. Not much is currently

known about the molecular signals determining the LTi

lineage decision during fetal or adult life. Transcriptional

circuits can further promote either stability or plasticity.

For example, the transcriptional circuits driving Th1 or Th2

lineage decisions are self-reinforcing, leading to relative

stability of the resulting effector fates, whereas the tran-

scriptional circuitry of Treg and Th17 cells may allow for

instabilities [85]. Heritable, epigenetic chromatin modifi-

cations are likely another important factor determining

functional plasticity, and specifically ‘bivalent’ chromatin

marks have been correlated with functional plasticity [86,

94–96]. While most of these parameters have not been

analyzed at all for innate lymphocyte subsets, two ques-

tions regarding the plasticity within the LTi lineage have

recently been addressed. (1) What are the factors that sta-

bilize or reinforce RORct expression by LTi lineage cells

in the small intestine and which factors could be destabi-

lizing RORct in the colon, spleen or LN? (2) What is the

functional profile of ‘ex’-RORct? ILCs?

Cytokines reinforcing or destabilizing RORct

expression by LTi lineage cells

The molecular cues reinforcing RORct expression are

poorly defined. Recent data demonstrate that IL-7 is a factor

stabilizing RORct expression in RORct? NKR-LTi cells

(Fig. 2). Transfer of RORct? NKR-LTi cells into mice

lacking IL-7 led to downregulation of RORct expression

and accelerated generation of RORct-/low NKR-LTi cells

[19]. In contrast, transfer of RORct? NKR-LTi cells into

mice overexpressing IL-7 maintained the cells in a RORct-

positive state. These data were further corroborated by

blockade of IL-7 signaling in RORct-fate map mice leading

to accelerated transition of RORct? NKR-LTi cells into

RORct-/low NKR-LTi cells [19]. The induction and main-

tenance of RORct in Th17 cells depend on IL-1, IL-6 and

IL-23 [97]. However, these cytokines play a redundant role

in the maintenance of RORct? NKR-LTi cells because

RORct? NKR-LTi cells were normally represented in mice

deficient for IL-1R, IL-6 or IL-23p19 [19].

Previous data have indicated that in germ-free mice the

fraction of RORct? NKR-LTi cells is smaller compared to

conventional mice [13, 15]. These data could reflect

reduced differentiation of RORct? NKR-LTi cells from
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their NKR-negative progenitors or accelerated conversion

into RORct-/low NKR-LTi cells. Interestingly, RORct-fate

map mice treated with antibiotics to reduce the commensal

microflora revealed an increased fraction of RORct-/low

NKR-LTi cells in the small intestine [19]. Downregulation

of RORct expression by NKR-LTi cells in antibiotic-trea-

ted mice can be at least partially explained by the reduced

expression of IL-7 in germ-free mice [19, 98]. Collectively,

these data demonstrate that microbiota-induced expression

of IL-7 is an important factor in stabilizing RORct

expression by NKR-LTi cells in the small intestine. An

important issue is that stable expression of RORct is found

in the small intestine, which harbors much less bacteria

than the colon where the majority of NKR-LTi cells

downregulated RORct expression. It is likely that destabi-

lizing signals in the colon outcompete the reinforcing

effects of IL-7 on RORct expression.

Which factors are involved in destabilizing RORct

expression? Th17 cells and LTi lineage cells display very

similar effector programs, and downregulation of RORct

has been demonstrated for Th17 cells in vitro and very

recently in vivo [88, 89]. The IL-12 family of cytokines,

in particular IL-12, IL-23 and IL-27, can destabilize

RORct expression in Th17 cells, leading to an effector

fate conversion towards a Th1-like phenotype

characterized by the production of IFN-c. The appearance

of such IFN-c-producing ‘ex’-Th17 cells is closely cor-

related with various inflammatory syndromes such as

colitis and experimental autoimmune encephalitis (EAE)

[88, 89, 99, 100]. IL-12 is a cytokine known to activate

NK cells via the IL-12 receptor complex, leading to the

phosphorylation of signal-transducer and activator of

transcription (STAT) 1 and STAT4 [101–103]. These

transcription factors induce the expression of Tbx21

(T-bet) and the upregulation of Il12rb2 (encoding the

IL-12-specific b2 chain of the IL-12R), allowing for the

secretion of IFN-c by T helper cells [104, 105]. Inter-

estingly, mice lacking IL-12 or the IL-12Rb2 chain

showed an accumulation of RORct? NKR-LTi cells,

suggesting that in the absence of IL-12 the progression to

the RORct- NKR-LTi fate is slowed (Fig. 2) [19]. IL-23

and IL-27 have been implicated in the destabilization of

RORct expression in Th17 cells [89, 99]. However, the

LTi lineage populations are normally represented in mice

lacking IL-23 [19]. Further experiments analyzing IL-23

deficiency in the context of a RORct-fate map are

required to fully investigate potential roles of IL-23 for

LTi lineage plasticity and control of RORct expression.

The role of IL-27 for alternative effector fates of LTi

cells has yet to be addressed.

Fig. 2 Differentiation and plasticity of LTi lineage cells. LTi cells

are RORct-expressing innate lymphoid cells (CD127?CD117?) that

produce IL-22 and IL-17, are responsive to IL-23 and express surface

LTa1b2 [14, 16]. LTi cells can stably upregulate NKRs such as

NKp46, NKG2D and NK1.1 [19, 31], but the molecular cues driving

this differentiation step are unknown. Such RORct? NKR-LTi cells

no longer produce IL-17, but are a substantial source of IL-22 [13–15,

17, 63]. RORct? NKR-LTi can downregulate RORct expression and

differentiate into RORct-/low NKR-LTi cells that do not secrete IL-22

but present with an alternative, NK-like effector profile exemplified

by the production of IFN-c in response to stimulation with IL-12 or

IL-23 [19]. Downregulation of RORct is dependent on the organ

microenvironment, and microbiota-induced IL-7 has been found to

reinforce RORct expression, whereas IL-12, IL-15 and potentially IL-

27 may destabilize RORct expression accelerating the generation of

RORct-/low NKR-LTi cells [19]. IL-22-producing LTi cells and

RORct? NKR-LTi cells are involved in promoting intestinal homeo-

stasis [15, 138] and are required for immunity against infections with

attaching and effacing bacteria such as those with Citrobacter
rodentium [13, 20, 63]. A subset of NKR-RORct? LTi cells

producing IL-17 and IFN-c may be involved in colitis onset following

chronic inflammation with Helicobacter hepaticus [30]. IFN-c-

producing RORct-/low NKR-LTi cells are the colitogenic cells when

inappropriately triggered during innate CD40 colitis [19, 30, 115]
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Regulated expression of RORct within RORct? ILCs

confers distinct functional fates

The functional consequences of the downregulation of

RORct expression in LTi lineage cells have recently been

addressed [19]. Already the initial description of LTi cells

indicated functional plasticity [7]. LTi cells that do not

produce IFN-c or display cell-mediated cytotoxicity [15]

acquired such functional qualities after clonal culture in IL-2

[7]. Plasticity in the functional profiles of human LTi cells

and NKR-LTi cells (‘NK-22’ cells) was also observed.

NKR-LTi cells cultured with IL-7 alone maintained IL-22

production, which reinforces the concept that IL-7 stabi-

lizes RORct expression [106]. Addition of IL-2 to the

NKR-LTi cell cultures led to reduced IL-22 expression and

increased production of IFN-c [106]. Interestingly, RORC

expression was reduced when NKR-LTi cells were cultured

in IL-2 plus IL-7 compared to those cultured in IL-1b plus

IL-7 [106]. A large range of functional plasticity has been

observed for human LTi cell clones established from var-

ious donors and maintained in culture with cytokines [107,

108]. Clones derived from Lin-CD117?CD127? LTi-like

cells or Lin-CD56?CD117?CD127? LTi-like cells pro-

duced—in addition to IL-22 or IL-17—IFN-c and TNF, but

also IL-5, IL-13 and IL-2. Notably, the various functional

fates were not accompanied by any changes in RORC

mRNA expression.

The effector fates of NKR-LTi cells were further

investigated in the context of a RORct-fate map in mice.

It became obvious that RORct? NKR-LTi cells produced

IL-22 in response to IL-23 and IL-12. In contrast,

RORct-/low NKR-LTi cells produced IFN-c in response to

both IL-12 and IL-23 [19]. Interestingly, NKR-LTi cells

that only recently downregulated RORct expression could

produce both IL-22 and IFN-c. Analysis of transcriptional

profiles of RORct? and RORct-/low NKR-LTi cells

revealed that RORct expression correlated with the

expression of Il23r, Il7ra and Il22, whereas downregula-

tion of RORct expression correlated with a transcriptional

program reminiscent of conventional NK cells (increased

expression of Il12rb2, Ifng and cytotoxic effector mole-

cules such as granzyme B and perforin) [19]. These data

may provide a molecular explanation for the observation

that clonal culture of LTi cells in IL-2 turned them into

potent IFN-c-producing and cytotoxic ‘natural killer’ cells

[7]. Although downregulation of RORct expression cor-

relates with a transcriptional program reminiscent of NK

cells, it remains to be analyzed which underlying tran-

scriptional circuitry drives these changes. Collectively,

these data demonstrate that the effector fate of LTi line-

age cells is not irreversibly fixed, but allows for

alternative effector states that can be distinguished on the

basis of RORct expression.

Innate lymphoid cells and inflammatory bowel diseases

A series of recent data has implicated subsets of the LTi

lineage of ILCs in the development of inflammatory bowel

disease (IBD). Ulcerative colitis and Crohn’s disease are

the main human forms of IBD, and represent severe

inflammation of the intestinal tract that manifests with

diarrhea, intestinal bleeding, leukocyte infiltration into the

lamina propria and massive epithelial erosion [109–111].

The etiology of IBD is still incompletely understood, but is

likely determined by genetic factors, inappropriate activa-

tion of immune cells and environmental factors. Genome-

wide association studies have revealed that polymorphisms

in the genes coding for IL-23 and the IL-23R are associated

with the development of IBD [112]. Most of the research

into IBD has focused on the role of T cell populations

either in triggering IBD by the production of pro-inflam-

matory cytokines or by promoting disease through

ineffective function of regulatory T cells. However, recent

evidence suggests that IBD can be triggered in recombi-

nation activating gene 1 or 2-deficient (Rag1-/- or

Rag2-/-) mice lacking all components of the adaptive

immune system. Also these forms of innate colitis require

IL-23, further stressing the importance of this cytokine for

the development of inflammatory and autoimmune disor-

ders [113].

Two mouse models of innate colitis have been descri-

bed. Several weeks after Helicobacter (H.) hepaticus

infection, Rag2-/- mice on a 129SvEv background show

signs of chronic intestinal inflammation that histopatho-

logically displayed all the characteristics of human IBD

[114]. Pathogenesis of Helicobacter-induced colitis is

dependent on the production of IL-23 by myeloid cells and

can be improved if IL-17 and/or IFN-c is neutralized [30,

114]. The colitogenic IL-17 and IFN-c-producing cell

expresses RORct, CCR6, CD25 and CD90 (Thy1), but not

NKp46 [30]. This constellation of cell surface markers and

the cytokine pattern are consistent with a cellular subset of

the LTi lineage [115].

Another form of innate colitis can be induced in Rag-

deficient mice by injecting an activating antibody specific

for the costimulatory receptor CD40 expressed by myeloid

cells [116]. CD40 has been involved in the pathogenesis of

IBD by triggering IL-12 production and consequently

disease-promoting IFN-c responses [117]. In this model,

colitis develops rather acutely (6–8 days after antibody

injection) but yet histopathologically closely resembles

human IBD [118]. Notably, Rag2-/- animals deficient for

IL-23p19 do not develop intestinal pathology upon injec-

tion with anti-CD40, implicating an essential role for IL-23

in mediating colitis [118]. In contrast to the Helicobacter

model of innate colitis, CD40 colitis is independent of IL-

17-secreting cells but IFN-c production is a prerequisite
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[30, 118]. CD40 colitis requires the presence of innate

lymphocytes because CD40 injection into Rag2-/-Il2rg-/-

mice that lack all lymphocytes do not develop colitis [19].

The role of innate lymphocytes for the onset of CD40

colitis is further supported by the observation that depletion

of all innate lymphocytes by injection of Thy1 antibodies

abrogates colitis [30]. Involvement of LTi lineage cells

(i.e., RORct? ILCs) has been suggested by the finding that

RORct-deficient mice that lack all LTi lineage cells do not

develop disease after injection of CD40 antibodies [30].

The question of which subset of RORct? ILCs promotes

CD40 colitis has been recently addressed. RORct- NKR-

LTi cells but not RORct? NKR-LTi cells, LTi cells or NK

cells isolated from RORct-fate map mice produce IFN-c
upon stimulation with IL-23 [19], consistent with their

effector profile discussed in detail above. To test the coli-

togenic potential of the various subsets of RORct? ILCs,

an innate transfer colitis model has been developed. LTi

lineage subsets are purified from RORct-fate map mice and

transferred into alymphoid Rag2-/-Il2rg-/- mice [19].

Transfer of highly purified RORct-/low NKR-LTi cells into

lymphoid Rag2-/-Il2rg-/- mice revealed that this LTi

lineage subset is sufficient to trigger colitis after injection

of CD40 antibodies. In contrast, conventional NK cells that

can also produce IFN-c do not allow for colitis induction,

and selective depletion of conventional NK cells does not

prevent colitis, demonstrating that NK cells are not required

for the pathogenesis of CD40 colitis [19]. However, deple-

tion of both conventional NK cells and RORct-/low NKR-

LTi cells abolished colitis, further supporting the view that

RORct-/low NKR-LTi cells are strictly required for disease

onset [19]. The data from innate colitis models demonstrate

that RORct? ILCs, if inappropriately stimulated, can cause

inflammatory disorders in the absence of components of

the adaptive immune system (Fig. 3a). Intriguingly, the

involved ILC subsets show plastic alterations of their

effector fate programs resembling the transition of Th17

cells into IFN-c-producing ‘ex’-Th17 cells that have been

correlated with various inflammatory and autoimmune

disorders.

Intriguingly, available data from the analysis of lamina

propria lymphocyte populations in IBD patients also impli-

cate an NKR-expressing innate lymphocyte subset that

produces IFN-c after stimulation with IL-23 in the patho-

genesis of Crohn’s disease [119]. Although the phenotype of

the IFN-c-producing subset is consistent with a conventional

NK cell subset (NKp46?CD122?NKp44-CD127-), its

ability to respond to IL-23 stimulation is unusual as the

IL-23R may not be expressed by conventional NK cells in

mice [19]. Thus, it is possible that these IFN-c-producing

cells are the human counterpart of RORct-/low NKR-LTi

cells. This is further supported by previous studies showing

Fig. 3 LTi lineage subsets play important roles during inflammatory

bowel disease and for tumor immunity. a RORct-/low NKR-LTi cells

induce innate CD40 colitis. Activation of lamina propria myeloid

cells via CD40-ligation induces IL-23 secretion. IL-23 activates

RORct-/low NKR-LTi cells for the production of IFN-c [19, 30, 115].

IFN-c further activates myeloid cells resulting in secretion of large

amounts of TNF that may mediate damage of intestinal epithelial

cells. b LTi cells reprogram tumor stroma leading to tolerance against

the tumor. Tumor cells secreting high levels of CCL21 attract

RORct? LTi cells via CCR7 to the tumor. RORct? LTi cells

reprogram the tumor stroma into a lymph node-like phenotype [125].

Lymph node-like tumor stroma dampens anti-tumor immunity by

favoring the differentiation of regulatory T cells and by generating a

tolerogenic microenvironment thereby preventing tumor rejection.

c IL-12-stimulated NKR-LTi cells modifiy tumor vasculature leading

to tumor clearance. IL-12 activated NKR-LTi cells reprogram the

tumor vasculature to express VCAM-1 and ICAM-1, facilitating entry

of effector cells into the tumor tissue resulting in efficient rejection of

the tumor [130]
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that Lin-CD127?CD117? lamina propria cells differentiate

into IFN-c-producing NK-like cells that are increased in

numbers in the lamina propria of patients suffering from

Crohn’s disease [120]. Lin-CD127?CD117? innate lym-

phocytes are RORct? and represent human LTi-like cells

[14]. Collectively, these data argue that the IL-23-responsive

NKp46? ‘NK cells’ accumulating in patients with Crohn’s

disease may in fact be derived from LTi cells and constitute

the human equivalent of RORct-/low NKR-LTi cells. These

data demonstrate that RORct? ILCs, similarly to Th17 cells,

can maintain and/or induce inflammatory disorders if inap-

propriately triggered and identify IL-23 as a central player in

chronic inflammatory disorders mediated by innate and

adaptive components of the immune system. In the future,

genetic tools allowing for the specific interference with the

various LTi lineage subsets will allow to better assess their

respective contributions to intestinal pathologies and auto-

immune diseases. Additionally, it will be necessary to

investigate the exact composition and cellular sources of the

cytokines produced during auto-aggressive diseases with a

focus on cytokines that may destabilize or reinforce RORct

expression by LTi lineage cells.

Chronic inflammatory and autoimmune diseases are

often accompanied by the neogenesis of inflammatory

lymphoid follicles, and it has been speculated that LTi cells

may support chronic inflammation by instructing the for-

mation of such tertiary lymphoid follicles [54, 121].

Recently, it became clear however that formation of

inflammation-induced lymphoid clusters in the intestine

and in the bronchial system does not require LTi cells, and

LTi-deficient mice developed even larger numbers of ter-

tiary lymphoid follicles [122, 123]. Development of

tertiary lymphoid clusters in the colon following repeated

exposure to dextran sodium sulfate (DSS) involved B cells,

and their formation could be blocked by the application of

LTbR-Ig fusion proteins involving lymphotoxin or LIGHT

signaling [124]. It has been suggested that the increased

numbers of tertiary lymphoid clusters in LTi-deficient mice

are necessary for sequestration of the commensal micro-

flora [123].However, at the same time this compensatory

increase of tertiary lymphoid clusters aggravates intestinal

pathology following DSS-induced inflammation [123]. The

data suggest that LTi cell deficiency can be compensated

by increased B cell-instructed formation of inflammatory

lymphoid clusters in an effort to maintain homeostasis, but

this comes at the cost of aggravated pathology [123].

RORct1 ILCs and the immune response to cancer

Recent data have implicated LTi lineage cells in the

immune response to experimental melanoma. One report

has found that B16 melanoma cells express the chemokine

CCL21, leading to the recruitment of regulatory immune

cells including Foxp3-expressing Treg, resulting in sub-

dued tumor-specific T cell immunity [125]. Interference

with CCL21 expression by tumors resulted in T cell-

dependent rejection of the tumor, suggesting a potent

immune evasion strategy [125]. Intriguingly, CCL21-

expressing tumors recruit LTi cells in a CCR7-dependent

manner to the tumor, and mice lacking all LTi cells

(Rorc(ct)-/-) control the growth of CCL21-expressing

melanoma [125]. LTi recruitment to the tumor is required

for reprogramming of tumor stroma into lymphoid-like

stroma reminiscent of the stroma formed by follicular

reticular cells in the paracortex of lymph nodes [126, 127].

It is believed that lymphoid stroma is an important player

in maintaining peripheral tolerance because it secures

lymph node recruitment of Treg. In addition, lymphoid

stroma can promote peripheral deletion of autoreactive T

cells [128] and maintain homeostasis of naı̈ve T cells

[129]. Collectively, these data suggest that LTi cells are

recruited to the vicinity of the tumor in a CCL21-CCR7-

dependent manner and reprogram tumor stroma into lym-

phoid stroma required for the induction of tolerance to the

tumor (Fig. 3b) [125].

Another important role of LTi lineage cells has been

uncovered by a study using transplantable B16 melanoma

cells engineered to continuously release IL-12. While

control tumors grew continuously in mice, IL-12-express-

ing tumors were rejected [130]. Tumor rejection required

innate lymphocytes as it occurred in Rag1-/- mice but not

in alymphoid Rag2-/-Il2rg-/- mice. Transfer of innate

lymphocyte populations into alymphoid mice revealed that

NKR-LTi cells mediate tumor regression, but it is unclear

whether RORct? or RORct-/low NKR-LTi cells are

required. Tumor rejection is independent of cytokines

produced by LTi lineage cells (IL-17, IL-22) and does not

require IFN-c signaling or perforin. LTi cells upregulate

ICAM-1 and VCAM-1 expression by mesenchymal stroma

cells, a well-known hallmark of lymph node organogenesis

[14, 131]. The hypothesis has been tested that NKR-LTi

cells may instruct the expression of ICAM-1 and/or

VCAM-1 by tumor vessels that are often devoid of these

adhesion molecules [132–135]. Indeed, NKR-LTi cells

facilitated increased expression of ICAM-1 and VCAM-1

by the tumor microvasculature allowing entry of immune

cells into the tumor mass, an event that correlated with

tumor rejection (Fig. 3c) [130]. Although IL-12 stimulation

of NKR-LTi cells upregulates expression of LTa known to

have anti-tumor properties [136], the rejection of IL-12-

expressing melanoma cells does not require LTbR signal-

ing. Both reports [125, 130] provide important data on

additional functional qualities of RORct? ILCs reaching

beyond the induction of lymphoid tissues in embryos and

neonates or their production of cytokines. Intriguingly,
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they highlight the capacity of LTi lineage cells to modify

and reprogram non-hematopoietic cells of mesenchymal

origin.

Perspectives

The recent identification of new innate lymphocyte subsets

has fundamentally changed our view of the innate immune

system. To more precisely assign functions to these various

ILC subsets will now require the generation of novel

genetic tools to specifically manipulate the various ILC

populations. Once these tools have become available, the

role of individual ILC subsets for the onset of diseases

widely believed to depend on cells of the adaptive immune

system (e.g., tumor rejection, induction of intestinal

inflammation, autoimmune diseases, allergic diseases) will

need to be reevaluated [19, 22, 30, 130]. Another important

avenue of future research will be to better define the tran-

scriptional programs controlling cell fate decisions of innate

lymphocytes. Such studies will also allow a reassessment of

the issue of flexibility (plasticity) and stability of ILC

effector programs including genome-wide assessments of

activating, repressive and bivalent chromatin marks par-

ticularly at the relevant transcription factor and effector

gene loci. It is an emerging picture that RORct? ILCs have

the capacity to program non-hematopoietic cells (epithelial

cells, mesenchymal stroma) to maintain organ homeostasis

[10, 29], or to control tumor immunity by modifying tumor

stroma or tumor vasculature [125, 130]. Future research will

need to unravel the molecular programs induced by RORct?

ILCs in mesenchymal stroma and how they are involved in

controlling organ homeostasis and adaptive immunity.
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