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NK cell receptors are expressed on a 
wide variety of lymphocytes, including 
CD1-restricted T cells (NKT), memory 
CTLs,  T cells, and lymphoid tissue 
initiator cells (Vivier and Anfossi, 2004; 
Veiga-Fernandes et al., 2007; Randall  
et al., 2008). Although NK cell receptors 
are generally defined by their functional 
capacity, their expression on different 
cell types may lead to different func-
tional outputs caused by differential sig-
nal integration within each cell type. 
Therefore, defining cNK cells and NK 
cell precursors has been problematic, 
partly because of the disparity between 
NK cell receptor surface expression and 
NK function. The NK cell receptor 
NKp46 has been proposed as a pheno-
typic marker for NK cells, as it has been 
shown to be specifically expressed  
by NK1.1+ cNK cells across different 
mammalian species, but not on T cells  
(Walzer et al., 2007).

In this issue, two studies, one by 
Satoh-Takayama et al. and the other by 
Crellin et al., question the lineage of an 
NKp46+ population that also expresses 
the orphan nuclear hormone receptor 
RORc (also called ROR) and secretes 

IL-22. Crellin et al. (2010) examine  
the phenotype and function of human 
NKp46+ cells at the clonal level, 
whereas Satoh-Takayama et al. (2010) 
use an elegant fate mapping strategy. 
Together, the studies show that 
NKp46+, RORc+ IL-22–producing 
cells are not cNK cell precursors, but 
rather a distinct lineage that is closely 
related to adult LTi-like cells.

Seeds of doubt in the NK family
Unlike T and B lymphocytes, which 
are defined by the expression of their 
canonical receptors TCR and BCR, 
respectively, the definition of other 
immune cell lineages requires careful 
use of both analytical and functional 
readouts because of the promiscuous 
expression of certain receptors on mul-
tiple cell types. This has led to signifi-
cant controversy in the literature in 
assigning lineages to certain cell popu-
lations. Defining NK cell populations 
exemplifies this issue, as NK cell recep-
tors are expressed on a large variety of 
hematopoietic cell types.

NK cells are a major component of 
the innate immune system, mediating 
killing of tumors and virus-infected 
cells. NK cells can also mount anam-
nestic responses, and thus presumably 
go beyond the conventional boundar-
ies of innate and adaptive immunity 
(Cooper et al., 2009). Interestingly, 
IL7R+CD3NK1.1+ cells have also 
been implicated in the neonatal phase 
of lymph node maturation (Coles  
et al., 2006).

NK cells are thought to differentiate 
from the common lymphoid progeni
tor that generates B and T lymphocytes. 

Interestingly, NK cell precursor activity 
has been found outside the bone mar-
row, suggesting that cNK cells may de-
velop under the influence of local cues 
in the periphery. NK cell development 
is tightly controlled by IL-15, which is 
critical for their generation, differentia-
tion, and survival (Kennedy et al., 2000). 
Defining cNK cells in the periphery is 
complicated because of their ability to 
differentiate into functionally distinct 
populations. In humans, CD56bright NK 
cells have an enhanced capacity for  
cytokine production, whereas CD56dim 
cells have more potential for cytotoxic 
killing. Similar populations can be found 
in mice based on their expression of 
CD27. Additionally, as seen with T 
helper subsets, NK cells can differentiate 
into NK1 and NK2 populations based 
on cytokine secretion profiles (Cooper 
et al., 2009). Despite the growing het-
erogeneity in NK populations, NKp46 is 
used to distinguish NK cells from other 
lymphoid populations across mamma-
lian species (Walzer et al., 2007).

However, recent studies have 
described additional diversity within 
NKp46+ populations from the in-
testine and tonsils (Satoh-Takayama  
et al., 2008; Cella et al., 2009; Cupedo 
et al., 2009; Luci et al., 2009; Sanos et al.,  
2009). For example, mouse intestinal  
CD3NKp46+ cells can be divided 
into two main subsets based on the 
expression of IL7R (CD127) and 
NK1.1 (Satoh-Takayama et al., 2008). 
Importantly, these subsets appear to 
mediate different functions because 
IL7RNK1.1+ cells are similar to 
cNK cells, producing perforin and 
IFN-, whereas IL7R+NK1.1 
cells lack these effector functions. In-
stead, they express IL-22 and RORc  
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(2010) starts by revisiting the impact  
of Id2 ablation on enteric NKp46+ 
cells (Yokota et al., 1999). Analysis of 
Id2-deficient mice revealed that, in-
deed, normal development of NKp46+ 
subsets required Id2, strengthening the  
notion that, at least developmentally, 
these cells are related to LTi and cNK 
cells. To further explore the relationship 
between enteric NKp46+ cells and their 
putative relatives, LTi and cNK cells, 
the authors examined mice with altered 
expression of IL-15 or IL-7. Analysis of 
enteric NKp46+ cells in mice that over-
express IL-15 in the intestine revealed 
that although NKp46+IL7R+NK1.1 
homeostasis was not perturbed, the 
numbers of NKp46+IL7RNK1.1+ 
cells were significantly increased in these 
mice. Conversely, although the homeo-
stasis of NKp46+IL7R+NK1.1 cells 
was strongly impaired by an absence 
of IL-7, NKp46+IL7RNK1.1+ cNK 
cell numbers were not affected. Thus, 
NK1+IL7R and NK1IL7R+ sub-
sets are seemingly two separate cell 
subsets with respect to IL-7 and IL-15 
dependency (Fig. 1).

These findings are consistent with 
the study by Crellin et al. (2010), which 
initially examined whether human LTi-
like CD56IL7R+ or CD56+IL7R+ 
cells convert to cNK cells upon in vitro 
expansion. Using bulk cultures and 
clonal analysis, the authors show that 
CD56IL7R+ LTi-like cells differen-
tiate in to CD56+IL7R+ cells, but im-
portantly, both subsets maintain RORc 
expression and do not convert to cNK 
cells. Interestingly, in vitro–differentiated 
CD56+IL7R+ cells acquire poor cyto-
lytic activity in comparison to cNK  
cells. These observations support the idea 
that LTi-like cells and CD56+IL7R+ 
cells belong to a lineage distinct from 
cNK cells.

Satoh-Takayama et al. (2010) pro-
vide further support for this concept 
with elegant in vivo fate mapping  
experiments. BAC transgenic mice that 
express Cre recombinase under control 
of the Rorc promoter were bred to mice 
that have the eYFP gene knocked into 
the ubiquitously expressed ROSA26 
locus, which is preceded by a triple 
polyadenylation signal flanked by two 

these cells, experimental evidence has 
suggested that LTi cells may be develop-
mentally related to conventional NK 
cells (Mebius et al., 1997). For instance, 
in the absence of helix–loop–helix  
inhibitor Id2, both LTi cells and NK 
cells fail to develop, as E2A-encoded E 
proteins repress the development of  
both cell types (Yokota et al., 1999; Boos 
et al., 2007). Furthermore, NK1.1+ cells 
can develop in in vitro cultures of fetal 
LTi cells (Mebius et al., 1997). How-
ever, despite being developmentally  
related, it is clear that LTi and conven-
tional NK cells belong to distinct line
ages. Thus, although RORc is required 
for LTi development, it is dispensable for 
the development of NK cells (Sun et al., 
2000; Satoh-Takayama et al., 2008). 
Conversely, the transcription factor 
E4BP4 is absolutely required for the  
development of conventional NK cells, 
but LTi development is seemingly un
affected in E4BP4-deficient mice, as  
revealed by normal development of 
secondary lymphoid organs (Gascoyne  
et al., 2009). Finally, although cNK cells 
are highly dependent on IL-15, LTi  
development is not affected by the  
absence of this cytokine (Kennedy et al., 
2000; Vosshenrich et al., 2005; Satoh-
Takayama et al., 2008).

The discovery of RORc+NKp46+ 
IL7R+NK1.1 cells and their human 
equivalents raised the possibility that 
this cell type could be the missing de-
velopmental link between LTi and NK 
cells. In fact, it was shown that human 
CD56 IL7R+ LTi-like cells develop 
into CD56+IL7R+ cells after in vitro 
culture (Cupedo et al., 2009). Given 
their immature phenotype, it is possible 
that the population of NKp46+IL7R+ 
cells could contain NK cell precursor 
activity, which can differentiate in a local 
environment and give rise to specialized 
NK subsets (Colonna, 2009).

Unmasking the unconventional  
NKp46 cells
In this issue, two studies address the 
question of whether mouse and human  
NKp46+ cells are NK precursor cells 
or a distinct lineage. Because Id2 is  
essential for LTi and NK cell develop-
ment, the study by Satoh-Takayama et al.  

(Satoh-Takayama et al., 2008; Luci et al.,  
2009; Sanos et al., 2009). Interestingly, 
cells with similar characteristics to mu-
rine NKp46+IL7R+NK1.1 cells have 
also been described in human tonsils, 
intestinal lamina propria, and Peyer’s 
patches (Cella et al., 2009; Cupedo  
et al., 2009).

The observation that NKp46+ 
IL7R+NK1.1 also express RORc 
raises questions about their pedigree. 
RORc is involved in a variety of  
different processes, including thymo-
cyte survival, differentiation of IL-17–
producing T cells, and development of 
LTi cells, but it is dispensable for the de-
velopment of cNK cells (Sun et al., 2000; 
Ivanov et al., 2006; Satoh-Takayama  
et al., 2008). Thus, these cells may express 
a putative universal NK marker, but 
they also express a factor shown to be 
essential for the development of differ-
ent cell lineages. Given the promiscuity 
of surface molecule expression, accurate 
classification of NK lineages may need 
to rely more on transcription factor ex-
pression patterns. This strategy has been 
instrumental for dissecting T cell line
ages. For example, differential expres-
sion of the transcription factors Foxp3, 
Gata-3, T-bet, and RORc has, rather 
reliably so far, identified T helper cell 
subsets that could not be distinguished 
through the expression of surface mark-
ers alone (Dong and Flavell, 2000).

A putative missing link
Although cNK cells have been studied 
for many years, the role of LTi cells in 
the immune system has been addressed 
only relatively recently. It is commonly 
accepted that development of secondary 
lymphoid tissues depends on productive 
interactions between hematopoietic 
lymphoid tissue inducer (LTi) cells and 
stroma lymphoid tissue organizer cells 
(Veiga-Fernandes et al., 2007; Randall  
et al., 2008). LTi cells were first charac-
terized by Saxer in 1896 as wandering 
lymphocytes found in the early stages of 
developing lymph node anlagen (Sabin, 
1913). The current common view is that 
LTi cells express RORc, IL-7R, lym-
photoxin 12, and, in mice, CD4 
(Randall et al., 2008). Despite the ab-
sence of lineage marker expression on 
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Commentary

Since Sykes and Ballas first showed 
expression of NK cell receptors on T 
cells 20 yr ago (Ballas and Rasmussen, 
1990; Sykes, 1990), the presence of NK 
cell receptors on unconventional lym-
phocytes has identified exciting new 
cell populations. NCR22s are the latest 
incarnation of this phenomenon.
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function. (Fig. 1)

Future perspectives and unanswered 
questions
The development and maintenance  
of specialized lymphoid stromal cells is  
essential for the generation of protec-
tive immune responses. Although the 
function of LTi lineage in lymphoid  
organ development has been well es-
tablished, their role in adult tissue main-
tenance is less clear. The discoveries 
that IL-22 production by NCR22 cells 
may mediate mucosal immune defense, 
and adult LTi-like cells contribute to 
stromal regeneration after LCMV in-
fection, suggest a significant role for the 
adult LTi lineage in the maintenance 
and regeneration of adult tissues (Satoh-
Takayama et al., 2008; Scandella et al., 
2008). However, many interesting 
questions remain regarding the func-
tion of NCR22 cells and the role of 
IL-22 within specific tissue microen-
vironments in development, homeo-
stasis, and disease.

loxP sites. In these mice, cells that  
express Rorc at some point during  
development maintain eYFP expression 
from that point onward. The authors 
found that although NKp46+IL7R+ 
cells in the intestine expressed eYFP, 
no eYFP expression was observed in 
NKp46+IL7R enteric cells or cNK 
cells found in lymphoid organs.

Collectively, these two studies dem-
onstrate that despite expressing NK  
receptors, NKp46+IL7R+ cells are a 
distinct lineage and not precursors of 
cNK cells. In general, the naming of 
cells and receptors brings with it wel-
come simplicity in an ever complex 
world of cell types, but it also brings  
a burden of expectation. Thus, the ex-
pression of NK receptors does not mean 
a cell has NK function. Satoh-Takayama 
et al. (2010) have termed these recently 
identified NKp46+RORc+IL-22+ cells 
“NCR22s,” succinctly highlighting the 
key functional features of these cells: 
natural cytotoxicity receptor expres-
sion, RORc expression, and IL-22 
production, which differentiates them 

Figure 1.  NCR22 and conventional NK cells have different function and ontogeny. NCR22 
and cNK cells home to mucosal sites and mucosal-associated lymphoid tissues. Upon interaction 
with microbial components, mucosal dendritic cells produce IL-23, which stimulates NCR22 cells to 
secrete IL-22, which is believed to protect the mucosa and control inflammation. In response to  
dendritic cell-derived cytokines such as IL-1, IL-12, and IL-18, cNK cells produce IFN-, perforin and 
granzymes, which target pathogen infected cells. In the absence of helix-loop-helix inhibitor Id2, 
both NCR22 and conventional NK cells fail to develop. However, the development of these cell types 
differs in its dependency on IL-7, IL-15, Rort and E4BP4.
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