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SUMMARY

Natural helper (NH) cells are innate lymphoid cells
(ILCs) that produce T helper-2 (Th2)-cell-type cyto-
kines in the lung- and gut-associated lymphoid
tissues. Currently, the lineage relationship between
NH cells in different tissues and between NH cells
and interleukin-22 (IL-22)-producing retinoic-acid-
receptor-related orphan receptor (ROR)gt-positive
ILCs is unclear. Here, we report that NH cells express
RORa, but not RORgt. RORa-deficient, but not
RORgt-deficient, mice lacked NH cells in all tissues,
whereas all other lymphocytes, including RORgt+

ILCs, were unaffected. NH-cell-deficient mice gener-
ated by RORa-deficient bone-marrow transplanta-
tion had normal Th2 cell responses but failed to
develop acute lung inflammation in response to
protease allergen, thus confirming the essential role
of NH cells in allergic lung inflammation. We have
also identified RORa-dependent NH cell progenitors
in the bone marrow. Thus, all NH cells belong to
a unique RORa-dependent cell lineage separate
from other lymphoid cell lineages.

INTRODUCTION

Natural helper (NH) cells, also termed nuocytes (Neill et al.,

2010), multipotent progenitor type 2 (MPPtype2) cells (Saenz

et al., 2010), type 2 innate lymphoid (ILC2) cells (Mjösberg

et al., 2011), and innate helper type 2 (Ih2) cells (Price et al.,

2010), are a recently identified type of innate lymphocyte in

mucosal tissues and are capable of producing large amounts

of T helper-2 (Th2)-cell-type cytokines. NH cells are activated

by stroma-derived IL-33, IL-25, or thymic stromal lymphopoietin

(TSLP) and rapidly produce IL-5 and IL-13 (Halim et al., 2012);

they have been implicated in the expulsion of helminths from

the gut (Neill et al., 2010; Price et al., 2010; Saenz et al., 2010),

activation of B1 B cells in the peritoneum (Moro et al., 2010),

airway hyperreactivity and tissue repair in the lungs after influ-

enza infection (Chang et al., 2011; Monticelli et al., 2011), and
Im
protease-allergen-induced lung inflammation (Halim et al.,

2012). Although the precise relationship between NH cells in

the lung- and gut-associated lymphoid tissues is still unclear,

all NH cells are thought to belong to a larger family of innate

lymphocytes (ILCs), which include natural killer (NK) cells and

ILCs expressing retinoic-acid-receptor-related orphan nuclear

receptor (ROR)gt (Spits and Cupedo, 2012). Although NH cells

and RORgt+ ILCs are similar in cell-surface-marker expression,

they markedly differ in their functions. The former produce

Th2-cell-type-derived cytokines, whereas the latter produce

IL-22 and IL-17. The development of NH cells, RORgt+ ILCs,

and NK cells is dependent on the transcription factor Id2 (Mon-

ticelli et al., 2011; Moro et al., 2010); RORgt+ ILC development

is also dependent on RORgt encoded by Rorct (Eberl et al.,

2004; Sanos et al., 2009; Sawa et al., 2010). Given that we previ-

ously found that lung NH cells from naive C57BL/6 mice exhibit

a high expression of Rora, which encodes another member of

the ROR family of transcription factors, namely RORa, but not

Rorc (Halim et al., 2012), we now have examined NH cells and

RORgt+ ILCs in various tissues of RORa-deficient and RORgt-

deficient mice. We report here that RORa-deficient mice have

almost no NH cells in the lungs or small and large intestines,

but they have normal numbers of RORgt+ ILCs in these tissues.

Conversely, RORgt-deficient mice lack RORgt+ ILCs but have

normal NH cells. We have also identified in the bone marrow

(BM) immature NH (iNH) cells that develop into mature NH cells

in the lungs and gut. NH-cell-deficient mice have Th2 cells but do

not get allergic lung inflammation in response to protease-

allergen stimulation.

RESULTS

NH Cells Express Rora and Can Be Distinguished from
RORgt+ ILCs by Sca-1 and c-Kit Expression
As we previously reported (Halim et al., 2012), NH cells in naive

C57BL/6 (B6) mouse lungs were readily identified by their

distinct pattern of cell-surface-marker expression: lineage-

marker-negative (Lin�) CD127+CD25+Sca-1hic-Kitlo (Figure 1A,

top). They expressed the IL-33 receptor T1/ST2 (ST2) chain,

but not the chemokine receptor CCR6, which is known to be

expressed on RORgt + ILCs. In the small intestine, large intestine,

and mesenteric lymph nodes (MLNs), Lin�CD127+CD25+ cells
munity 37, 463–474, September 21, 2012 ª2012 Elsevier Inc. 463
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Figure 1. Rora- and Rorct-Expressing Innate Lymphocyte Subsets in Naive WT Mice

(A) Cells from the lungs, small intestine (S. Int.), large intestine (L. Int.), andmesenteric lymph nodes (MLNs) were analyzed by flow cytometry. Live (PI�) leukocytes
(CD45+) were gated first, and lineage (Lin)-negative cells were gated (green box) and analyzed for CD127 and CD25 expression. CD25+CD127+ cells were then

gated (green box) and analyzed for Sca-1 and c-Kit expression. Sca-1+c-Kitlo cells (red) and Sca-1�c-Kit+ cells (blue) were gated and analyzed for CCR6 and ST2

expression. Red and blue histograms correspond to the cells gated by the boxes in the same colors in the plots.

(B) Absolute numbers (per mouse) of Lin�CD127+CD25+Sca-1+c-Kitlo cells (red) and Lin�CD127+CD25+Sca-1�c-Kit+ cells (blue) in indicated tissues were

calculated from the total number of CD45+ live cells and the frequencies of individual cell populations determined in (A).

(C) Lin�CD127+CD25+Sca-1+c-Kitlo cells (red) and Lin�CD127+CD25+Sca-1�c-Kit+ cells (blue) were FACS purified from the small intestine and stimulated in vitro

with IL-33 plus TSLP or IL-23 plus IL-7 for 3 days, and the indicated cytokines in culture supernatant were analyzed by ELISA.

(D) Lin�CD25+Sca-1+c-Kitlo NH cells (red) and/or Lin�CD25+Sca-1�c-Kit+ ILCs (blue) in the indicated tissues were stained for intracellular RORgt. All cells were

first gated for live (eFluor780�) leukocytes (CD45+).

(E) NH cells (Lin�CD127+CD25+Sca-1+c-Kitlo cells) were purified from the small intestine (gut) and lungs; RNA was extracted, converted to cDNA, and subjected

to qPCR analysis forRoramRNAexpression. Relative expression values are normalized to endogenous b-actin and are shown relative toRora expression in CD4+

T cells. No template control (NTC) was used. Error bars represent the mean of three independent experiments ± standard deviation (SD).

Data are representative of at least three independent experiments (mean and standard error of the mean [SEM] in B and C) (see also Figure S1).
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could be divided into two clearly distinguishable populations,

Sca-1�c-Kit+ and Sca-1hic-Kitlo. The former expressed CCR6,

but not ST2, whereas the latter wasCCR6�ST2+; the only excep-
tion was those in the small intestine, which did not express ST2

(Figure 1A, second row). Although both Lin�CD127+CD25+

Sca-1�c-Kit+ and CD127+CD25+Sca-1hic-Kitlo cells (gated by

blue and red boxes, respectively, in Figure 1A) were found in

the intestines and MLNs in comparable numbers, the former

population was not detected in the lungs (Figures 1A and 1B).

We purified the two cell populations from the small intestine

and stimulated them with either IL-33 plus TSLP or IL-23. The

Sca-1hic-Kitlo subset was very similar to lung NH cells in our pre-
464 Immunity 37, 463–474, September 21, 2012 ª2012 Elsevier Inc.
vious study (Halim et al., 2012) and produced IL-5 and IL-13 in

response to IL-33 plus TSLP but did not produce a substantial

amount of IL-22 in response to IL-23 (Figure 1C, red bars). There-

fore, this population most likely consisted of NH cells. In

contrast, the Sca-1�c-Kit+ subset produced IL-22 in response

to IL-23 but did not produce IL-5 or IL-13 upon stimulation with

IL-33 plus TSLP (Figure 1C, blue bars), indicating that this pop-

ulation most likely contained RORgt + ILCs, but not NH cells.

Lung NH cells did not produce IL-22 (Figure S1A, available on-

line). Intracellular staining confirmed that all Lin�CD127+CD25+

Sca-1�c-Kit+ cells in the small intestine were RORgt+ and that

CD127+CD25+Sca-1hic-Kitlo cells were RORgt� (Figure 1D). No
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Figure 2. Rorasg/sg Mice Are Deficient in NH Cells, but Not ILCs
(A) Cells were isolated from the lungs, small intestine, and large intestine of WT, Rorasg/sg, Rorct�/� mice and analyzed by flow cytometry as in Figure 1.

Lin�CD127+CD25+ cells in the indicated tissues were gated (green boxes), and NH cells (red) and RORgt+ ILCs (blue) were identified by Sca-1+c-Kitlo and

Sca-1�c-Kit+, respectively. Numbers show the percentages of cells in the gates. Live (PI�) CD45+ leukocytes were analyzed.

(B) Total numbers (per mouse) of NH cells in the indicated tissues ofWT (white),Rorasg/sg (black), andRorct�/� (gray) mice were calculated from their percentages

among CD45+ cells and the total numbers of CD45+ cells in each tissue.

(C) Total numbers of RORgt+ ILCs per mouse in indicated tissues were calculated as in (B).

(D) Small-intestine explant cultures from indicated mouse strains were stimulated with PBS (ctrl) or IL-25 and analyzed for cytokine production at the

indicated time points.

*p < 0.05, **p < 0.001 (two-tailed Student’s t test). Data are representative of at least three independent experiments (mean and SEM in B–D) (see also Figure S2).
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RORgt+ Lin�CD25+ cells were found in naive mouse lungs. Thus,

normal mouse lungs seemed to have no detectable RORgt+

ILCs. This is consistent with our previous microarray analysis

of global gene expression in lung NH cells, which showed no

detectable Rorc expression (Halim et al., 2012) (Figure S1B).

Instead, they expressed increased transcript of Rora, which

encodes RORa, another member of the ROR family of nuclear

receptors. The expression of Rora in both lung and gut NH cells

was confirmed by quantitative PCR (qPCR) (Figure 1E).

RORa-Deficient Mice Do Not Have Functional NH Cells
The staggerer mutation (Rorasg/sg) deletes Rora. To test the

effects of RORa deficiency, we compared NH cells, RORgt+

ILCs, and other lymphocytes in Rorasg/sg, Rorct�/�, and wild-

type (WT) B6 mice. The amount of Lin�CD127+CD25+Sca-1hi

c-Kitlo NH cells was much lower in the lungs and small and large

intestines of Rorasg/sg mice than in those of WT or Rorct�/� mice

(Figure 2A). Conversely, RORgt+ ILCs (Lin�CD127+CD25+

Sca-1�c-Kit+) were undetectable in Rorct�/� mice, as expected

(Spits and Di Santo, 2011), but these mice did have normal NH

cells. The absolute number of NH cells in Rorasg/sg mice was

severely reduced to almost undetectable numbers in all tissues
Im
examined (Figure 2B). Heterozygous Rorasg/+ mice had normal

NH cell numbers (Figures S2A and S2B). The number of RORgt+

ILCs was also moderately lower in the small intestine, but not in

the large intestine, of Rorasg/sg mice than in that of WT mice,

whereas they were almost undetectable in the small and large

intestines of Rorct�/� mice (Figure 2C). It should be noted that

Rorasg/sg mice in this analysis were only 3 weeks old and notably

smaller than WT and Rorct�/� mice. These data further confirm

the gating strategy for identifying NH cells and RORgt+ ILCs in

Figure 1, and they highlight the importance of using Sca-1 and

c-Kit for differentiating between the two innate lymphocyte

populations in the gut.

The lungs of Rorasg/sg mice had a distinct Lin�CD127+CD25�

population, possibly representing NH cells with a slightly

changed phenotype. However, these cells did not produce

Th2-cell-type cytokines when purified by flow cytometry and

stimulated in vitro (data not shown). To further exclude the possi-

bility of functional but phenotypically different NH cells being

present in Rorasg/sg mice, we stimulated organ explants from

WT and Rorasg/sg mouse small intestines with IL-25 (Figure 2D).

Explant cultures prepared from WT mice produced significantly

more IL-5 in response to IL-25 than did those from Rorasg/sg
munity 37, 463–474, September 21, 2012 ª2012 Elsevier Inc. 465
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Figure 3. Rora Deficiency Affects NH Cell Development

(A) Rag2�/�Il2rg�/� (RGC) mice (control) were reconstituted with Rorasg/sg or WT BM and were subjected to FACS analysis for Lin�CD127+CD25+Sca-1+c-Kitlo

NH cells (red) and Lin�CD127+CD25+Sca-1�c-Kit+ ILCs (blue) in the indicated tissues. Numbers show the percentages of cells in the gates. Live (PI�) CD45+

leukocytes were analyzed.

(B and C) Absolute numbers (per mouse) of NH cells (B) and RORgt+ ILCs (C) in WT mice (white), Rorasg/sg BMT mice (black), or RGC control mice (gray) were

calculated in the indicated tissues.

(D) Other leukocyte subsets in WT (white) or Rorasg/sg BMT (black) mice were identified by flow cytometry, and absolute numbers in the spleen were calculated.

(E) CD4+ T cells were purified from the spleens of RGC mice reconstituted with WT or Rorasg/sg BM and stimulated under Th2-inducing conditions for 5 days. On

day 5, one million cells were stimulated for 24 hr, and supernatant was analyzed for IL-5 (white bars) or IL-13 (black bars) production.

*p < 0.05, **p < 0.001 (two-tailed Student’s t test). Data are representative of at least three independent experiments (mean and SEM in B–E) (see also Figure S3).
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mice, which produced almost none. When stimulated with IL-23,

WT and Rorasg/sg explants produced comparable amounts of

IL-22 (Figure S2C). We conclude that Rorasg/sg mice do not

have functional NH cells but do have normal RORgt+ ILCs.

Rorasg/sg BM-Transplanted Mice Are NH Cell Deficient
but Have Functional Th2 Cells and RORgt+ ILCs
RORa plays a critical role in the development of Purkinje cells in

the mouse cerebellum (Gold et al., 2003) and cones in the retina

(Fujieda et al., 2009). RORa-deficient homozygous staggerer

(Rorasg/sg) mice have severe neurological defects and do not

survive long past weaning. Rorasg/sg mice also have a runty

phenotype, exhibit significantly smaller spleens and thymi,

and have reduced numbers of lymphocytes (Bakalian et al.,

1992). To determine whether the NH cell deficiency in Rorasg/sg

mice is due to the runty phenotype of the mice or to intrinsic

effects of RORa on NH cell development, we transplanted

Rorasg/sg or WT whole BM into sublethally irradiated lympho-

cyte-deficient Rag2�/�Il2rg�/� (RGC) mice and analyzed

lymphocytes in the mice after 8–16 weeks. NH (Lin�CD127+

CD25+Sca-1hic-Kitlo) cells were readily detected in the lungs,

small intestine, and large intestine of RGC mice receiving WT
466 Immunity 37, 463–474, September 21, 2012 ª2012 Elsevier Inc.
BM transplantation (WT BMTmice) (Figure 3A, top row). RORgt+

ILCs (CD127+CD25+Sca-1�c-Kit+) were also detected in the

small and large intestines, but not in the lungs, of those mice.

On the other hand, very few, if any, NH cells were found in the

intestines and lungs of RGC mice injected with Rorasg/sg BM

(Rorasg/sg BMT mice) (Figure 3A, middle row). RGC mice without

BMT (Figure 3A, bottom row) did not have NH cells or other

lymphocytes. The absolute numbers of NH cells in all tissues

examined were significantly lower in Rorasg/sg BMT mice than

in WT BMT mice (Figure 3B), whereas the absolute numbers of

RORgt+ ILCs were not significantly different between those

mice (Figure 3C). The two groups of mice also had comparable

numbers of CD4+ T, CD8+ T, NK T (NKT), NK, and B cells in

the spleen, indicating that RORa deficiency had no effect on

the development of other lymphocytes (Figure 3D). We also iso-

lated spleen CD4+ T cells from these mice and stimulated them

to induce Th2 cell differentiation. Rorasg/sg BM-derived CD4+

T cells produced the same amounts of IL-5 and IL-13 as did

WT BM-derived CD4+ T cells (Figure 3E), indicating that RORa

deficiency had no significant effects on Th2 cell differentiation.

We also transplanted RORa-deficient BM into lethally irradi-

ated C57BL/6-Pep3b mice and analyzed the development of
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(A) BM cells fromWT and Rorasg/sg littermates were analyzed for Lin�Sca-1+c-Kit� (LSK�) cells (gated by green box) and CD25+ CD127+ LSK� cells (gated by red

box). Numbers show the percentages of gated cells.

(B) BM LSK� cells of WT and Rorasg/sg BMT mice were gated (shown in green boxes) and divided into CD127+CD25+ (black box), CD127+CD25� (blue box), and

CD127�CD25� (red box) subsets. The expression of ST2 in each subset is shown by histograms. The colors of the histograms correspond to the subsets shown

by the gates in the dot plots. Numbers show the percentages of gated cells.

(C) LSK� cells in WTmouse BMwere divided into subsets and analyzed for ST2 expression as in (B) (top). Lin�CD127+Sca-1loc-Kitlo CLPs (bottom, purple gates)

and LSK� cells (gray gates) in WT mouse BM were identified and analyzed for the expression of CD25 and ST2. The colors of the histograms correspond to the

gates in the dot plots. Numbers show the percentages of gated cells.

(D) BM LSK�CD127+CD25+ ST2+ (iNH) cells and mature lung NH cells (Lin�CD127+CD25+Sca-1+c-Kitlo) were purified and stimulated for 72 hr with PMA plus

ionomycin, and IL-5 (white), IL-13 (gray), or IL-22 (black) production was measured by ELISA.

(E) RGC mice received Rorasg/sg BMT and WT BMT, and iNH cells (black) or CLPs (white) in the BM were analyzed by flow cytometer.

(F) LungNH cells (black) andBM iNH cells (gray) from normal B6micewere identified as in (A) and (C), and the expression of CD69, CD27, CXCR4, andCD122was

compared.

(G) BM and lung leukocytes were stimulated for 4 hr with PMA and ionomycin in the presence of Brefeldin A; cell-surface staining and intracellular staining for IL-5

followed. CD45+Lin�CD127+CD25+Sca-1+ cells were gated, and the percent of IL-5+ cells was measured.

For all the flow-cytometry analyses, live (PI� or eFluor780�) CD45+ leukocytes were gated first. *p < 0.05 (two-tailed Student’s t test). Data are representative of

three independent experiments (mean and SEM in D and E) (see also Figure S4).
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all leukocytes. There was no difference in other donor-derived

(CD45.2+) leukocyte populations between mice receiving WT

BMT and RORa-deficient BMT (Figure S3). These data demon-

strate that RORa is critical for the development of NH cells, but

not for other lymphocytes.

Immature NH Cells in BM Develop into Mature NH Cells
in Mucosal Tissues
Because the above results showed that NH cell development is

dependent on RORa, we sought RORa-dependent NH cell

progenitors in the BM. Flow-cytometry analysis of BM cells

from 3-week-old WT and Rorasg/sg mice showed that the latter
Im
BM had a much smaller population of Lin�Sca-1+c-Kit� (LSK�)
cells than did the former (Figure 4A). Given that Rorasg/sg mice

live for �3 weeks and are notably smaller than WT mice, we

then analyzed BM cells of RGC mice with WT and Rorasg/sg

BMT. WT and Rorasg/sg BMT mice did not drastically differ in

the size of the LSK� cell population. However, the LSK� popula-

tion was heterogeneous and could be divided into CD127�

CD25�, CD127+CD25�, and CD127+CD25+ subsets (Figure 4B).

In the BM of WT BMT mice, the first two subsets were mostly

ST2�, whereas the third subset was mostly ST2+ and thus

closely resembled mature NH cells, but it also contained a

small ST2� population. In the BM of Rorasg/sg BMT mice, the
munity 37, 463–474, September 21, 2012 ª2012 Elsevier Inc. 467
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CD127+CD25+ subset was smaller than that of WT BMT mice,

and the majority of them did not express ST2. To further charac-

terize Lin�Sca-1+c-Kit�CD127+CD25+ST2+ cells, we compared

them with common lymphoid progenitors (CLPs) identified by

Lin�CD127+Sca-1loc-Kitlo (Kondo et al., 1997) in WT mouse

BM (Figure 4C). Lin�Sca-1+c-Kit�CD127+CD25+ cells and

CLPs were readily distinguished by the expression of Sca-1

and c-Kit (Figure 4C, bottom), and CLPs did not express CD25

or ST2. When purified and stimulated by phorbol ester plus

ionomycin, Lin�Sca-1+c-Kit�CD127+CD25+ ST2+ BM cells pro-

duced much lower amounts of Th2-cell-type cytokines than

did lung or small-intestine NH cells (Figure 4D), indicating their

functional immaturity; we therefore termed them iNH cells.

Rorasg/sg BMT mice had significantly fewer iNH cells than did

WT BMT mice, but they had similar frequencies of CLPs (Fig-

ure 4E). When compared to mature lung NH cells from naive

WT mice, BM iNH cells expressed less CD69, CXCR4, and

CD122 but more CD27 (Figure 4F). Intracellular staining showed

that the fraction of IL-5+ cells was similar between BM iNH and

lung NH cells (Figure 4G). Purified BM iNH cells and lung NH cells

were cultured with IL-33 (10 ng/ml) + IL-25 (10 ng/ml) or IL-33 +

TSLP (10 ng/ml) and were then subjected to cell-count and

phenotypic analysis (Figures S4A and S4B). Although lung NH

cells survived in IL-33 + IL-25, no iNH cells could be detected

after 7 days in culture. Conversely, BM iNH cells expanded

significantly more in vitro when stimulated with IL-33 and TSLP

than did lung NH cells.

To test whether BM iNH cells develop intomature NH cells, we

purified iNH cells and transplanted them into Nod-Scid Il2rg�/�

(NSG) mice. We also purified Lin�Sca-1loc-KitloCD127+ CLPs,

CD127�CD25�cells, andCD127+CD25� LSK� cells and injected

them into NSG (4,500 cells/mouse) mice for comparison. Three

weeks after the injection, donor-derived CD45.2+ NH cells

were detected in the small intestine and lungs of the mice in-

jected with iNH cells, whereas they were barely detectable in

the mice injected with BM CLPs (Figure 5A). No NH cells were

detected in mice injected with CD127�CD25� cells or CD127+

CD25� LSK� cells (data not shown). Although iNH-cell-derived

NH cells were detected in significant numbers in the small intes-

tine (Figure 5B) and lungs (Figures 5C and 5D), only very small

numbers (�98% less) of CLP-derived NH cells were detected.

It should be noted that purified mature lung NH cells repopulate

the lung only for a short term and could not be detected after

3 weeks in the injected mice (Halim et al., 2012). To determine

whether lung leukocyte isolation conditions adversely affect

cells, we treated BM similar to lung tissue, but this did not signif-

icantly affect NH cell repopulation (Figures S5A and S5B). We

also analyzed donor-derived lymphocytes in the spleen (Fig-

ure 5E). As expected, the large majority of CLP-derived cells

were B cells, but small numbers of CD4+T cells, CD8+T cells,

and NK cells were also detected in the spleen (Figure 5E, black

bars). Only very small number of CD8+ T cells and no other

donor-derived lymphocytes were detected in the spleen of

iNH-cell-injected mice (Figure 5E, white bars). CD127�CD25�

LSK�BM cells developed into CD4+ and CD8+ T cells (Figure 5E,

blue bars), whereas CD127+CD25� LSK� cells were similar to

CLPs and developed into B, T, and NK cells (Figure 5E, red

bars), although they had less B cell potential and more T cell

potential than did CLPs. To further investigate the repopulation
468 Immunity 37, 463–474, September 21, 2012 ª2012 Elsevier Inc.
dynamics of BM-derived progenitors, we also purified lymphoid

primed multipotent progenitors (LMPPs) because they were re-

ported to have greater NH cell potential than were CLPs (Yang

et al., 2011). Lin�Sca-1+c-KithiFlt3+ LMPPs, Lin�Sca-1lo

c-KitloFlt3+D127+ CLPs, and iNH cells (Figure S5C) were purified

from WT BM and injected into NSG mice (2,500 cells/mouse),

and this was followed by analysis of the lungs (Figure S5D) and

small intestine (Figure S5E) for NH cell reconstitution. As ex-

pected, LMPPs produced slightly higher numbers of NH cells

in both tissues than did CLPs. Significantly greater numbers of

NH cells were derived from iNH cells in both tissues (Figures

S5D and S5E), whereas iNH cells had less capacity to differen-

tiate into other lymphoid lineages than did LMPPs and CLPs

(Figure S5F). Besides B and NK cells, low numbers (fewer than

5,000 cells) of T and NKT cells were detected in CLP- and

LMPP-injected spleens after 3 weeks.

The BM of NSG mice transplanted with LMPPs, CLPs, or iNH

cells was also analyzed after 3 weeks for donor-derived iNH cells

(Figure 5F). A minor fraction of LMPP- or CLP-derived cells in the

BM of recipients were iNH cells after 3 weeks, whereas the

majority of iNH-cell-derived cells were iNH cells. The absolute

number of iNH cells derived from CLPs was significantly lower

than that of LMPPs, whereas significantly more iNH cells were

recovered in the BM of NSG mice injected with iNH cells than

in that of mice injected with CLPs or LMPPs (Figure 5G).

NH-Cell-Deficient Mice Have Defective Inflammatory
Responses to Allergens
The in vivo function ofNHcells as a source of innate Th2-cell-type

cytokines has been established primarily through adoptive trans-

fer of in-vitro-expanded NH cells into lymphodeficient RGC or

Il17rb�/� mice (Halim et al., 2012; Moro et al., 2010; Neill et al.,

2010; Saenz et al., 2010) or selective depletion of NH cells from

T-NKT-B-cell-deficient RAG-deficient mice (Chang et al., 2011;

Halim et al., 2012; Monticelli et al., 2011). However, the impor-

tance of NH cells in the presence of the adaptive immune system

is still unclear. Therefore, we tested the effects of intranasal

administration of protease allergen papain on RGC mice

receiving Rorasg/sg BMT; these mice are NH cell deficient but

have normal T cells. As in our previous study (Halim et al.,

2012), daily intranasal administration of papain induced severe

and acute eosinophilic lung inflammation in control WT BMT

mice. Eosinophils were detected in the lung lavage (Figure 6A)

and lung tissue (Figure 6B) of WT BMT mice treated with papain,

but not with heat-inactivated papain. In contrast, eosinophil

infiltration was almost undetectable in Rorasg/sg BMT mice. WT

BMT and Rorasg/sg BMT mice did not significantly differ in

papain-inducedneutrophil infiltration into lung lavage (Figure 6C).

They also had the same numbers of other leukocytes—including

CD4+ T cells, NK cells, and B cells—in the lungs, and papain-

treatment did not change the leukocyte numbers other than

neutrophils (Figure 6D). Papain-inducedmucus hyperproduction

was also notably lower in Rorasg/sg BMT mice than in WT BMT

mice (Figure 6E). We also tested IL-25-induced peritoneal

inflammation. Intraperitoneal injection of IL-25 induced eosino-

phil infiltration into the peritoneal cavity and mucus production

in the small intestine of WT BMT mice, whereas those inflamma-

tory responses were greatly reduced in Rorasg/sg BMTmice (Fig-

ure S6). Comprehensive analysis of leukocytes in the peritoneal
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Figure 5. iNH Cells Are More NH-Cell-Lineage Restricted and Efficient than LMPPs or CLPs When Generating NH Cells
(A) CLPs and iNH cells were purified by cell sorting fromWTB6mouse BM, and 4,500 cells per mouse were transplanted into Nod-Scid Il2rg�/� (NSG) mice. Mice

were analyzed for donor-derived NH cells (red) and RORgt+ ILCs (blue) in the small intestine and lungs after 3 weeks. Numbers are the percentages of gated cells

among live (DAPI�) CD45.2+ donor leukocytes.

(BandC)Thepercentagesof donor-derivedNHcells (blackbar) orRORgt+ ILCs (white bar) in the small intestine (B) and lungs (C) inmultiple experiments are shown.

(D) Absolute numbers of donor-derived mature NH cells in the lungs were calculated.

(E) Donor-derived lymphocytes in the spleen of NSG mice injected with iNH cells (white), CLPs (black), LSK�CD127+CD25� ST2� cells (blue), or

LSK�CD127�CD25� ST2� cells (red) were identified by flow cytometry and quantified.

(F) The BM of NSG mice injected with nothing (control), LMPPs, CLPs, or iNH cells (2,500 cells per mouse) was analyzed 3 weeks after adoptive transplant for

iNH cells. Numbers show the percentages of gated cells. Live (PI�) cells were gated first.

(G) The absolute number of donor-derived iNH cells in the BM (left femur and tibia) of the transplanted mice in (F) was calculated.

*p < 0.05, **p < 0.001 (two-tailed Student’s t test). Data are representative of three independent experiments (mean and SEM in B–E and G) (see also Figure S5).
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lavage showednodifference inmacrophages (Figure 6F), neutro-

phils, dendritic cells, basophils (Figure 6G), B cells, NK cells, NKT

cells, or T cells (Figure 6I) between WT and Rorasg/sg BMT mice
Im
treated with IL-25 (see also Figure S6). These results indicate

that even in the presence of intact Th2 cells, NH cells are required

for allergen-induced acute eosinophilic inflammation.
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Figure 6. NH-Cell-Deficient Rorasg/sg BM Chimeras Have an Impaired Innate Th2-Cell-Type Response
(A) Rag2�/�Il2rg�/� (RGC) mice reconstituted with Rorasg/sg (Rora) or WT BM received three consecutive daily intranasal administrations of the protease allergen

papain (black bars) or heat-inactivated papain (white bars), and bronchioalveolar lavage was prepared on day 4. Eosinophils in the lavage were identified by flow

cytometry and quantified.

(B) Eosinophils in the lung tissue of the mice in (A) were identified by flow cytometry and quantified. White bars show those in mice treated with heat-inactivated

papain, and black bars show those in mice treated with papain.

(C) Indicated leukocytes in bronchioalveolar lavage prepared from WT (white) or Rorasg/sg (blue) BMT mice as in (A) were identified by flow cytometry. Results of

control mice treated with heat-inactivated papain (no stripes) and mice treated with papain (stripes) are shown.

(D) Indicated leukocytes in the lung tissues of WT (white) or Rorasg/sg (blue) BMTmice as in (A) were analyzed and quantified by flow cytometry. Results of control

mice treated by heat-inactivated papain (no stripes) and mice treated with papain (stripes) are shown.

(E) RGC mice reconstituted with Rorasg/sg (Rora) or WT BM were treated with papain as in (A), and mucus production in the lungs was analyzed by PAS staining.

Black arrows show mucus. The scale bar represents 50 mm.

(F–I) RGC mice reconstituted with Rorasg/sg or WT BM were challenged by three daily intraperitoneal administrations of IL-25 or PBS control. Macrophages (F),

neutrophils, DCs, basophils (G), B cells (H), and other indicated lymphocytes (I) were identified in the peritoneal lavage by flow cytometry inWT (white) orRorasg/sg

(blue) BMT mice treated with the control (no stripes) or IL-25 (stripes).

*p < 0.05, **p < 0.001 (two-tailed Student’s t test). Data are representative of three independent experiments (mean and SEM in A–D and F–I) (see also Figure S6).
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DISCUSSION

NH cells and RORgt+ ILCs represent two populations of innate

lymphocytes whose primary function is to produce cytokines.

NH cells are stimulated by combinations of IL-33, IL-25, TSLP,

and IL-7 (Halim et al., 2012; Moro et al., 2010; Neill et al., 2010;

Saenz et al., 2010) and produce IL-5 and IL-13, whereas RORgt+

ILCs are stimulated by IL-23 and produce IL-22 and IL-17A.

Although both share the phenotype of Lin�CD127+CD25+, the
lineage relationship between the two innate lymphocyte popula-

tions has been unclear. In the current study, innate lymphocytes

(Lin�CD127+CD25+) have been divided into two distinct subsets,

namely Sca-1+c-Kitlo NH cells and Sca-1�c-Kit+ RORgt+ ILCs.

This allows simultaneous analysis of the two innate lymphocyte

populations in multiple tissues, including the lungs, small and

large intestines, and MLNs. Although both populations were

found in the intestines and MLNs, naive mouse lungs had NH

cells, but not RORgt+ ILCs. Our analysis of mutant mice deficient

in RORa or RORgt, two members of the ROR family of transcrip-

tion factors, has shown that they differentially regulate the devel-

opment of the two innate lymphocyte populations in all tissues

examined. RORa is critical for NH cells, but not for RORgt+

ILCs, whereas RORgt is required for RORgt+ ILCs, but not for

NH cells, as previously reported (Eberl et al., 2004; Sanos

et al., 2009; Sawa et al., 2010). In addition, we have identified

possible NH-cell-committed progenitors (iNH cells) that are

distinct from CLPs. These iNH cells have the capacity to develop

into mature NH cells, but not RORgt+ ILCs.

Our finding with RORa-deficient mice is consistent with a very

recent report by Wong et al., who have also shown that RORa is

critical for nuocyte development (Wong et al., 2012). In their

study, nuocytes identified inMLNs by Lin�ICOS+ ST2+ produced

IL-5 and IL-13 upon stimulation, and they are therefore likely to

be identical to MLN NH cells observed in our study. We have

shown that RORa-deficient, but not RORgt-deficient, mice

have very few NH cells in the lungs, small intestine, and large

intestine. We have also found that NH cells in the small intestine

of naive WT mice do not express ST2, which is often used as

amarker for NH cells.We have not been able to detect a substan-

tial number of NH cells or RORgt+ ILCs in the lungs and intestines

of NSGmice injected with BMCLPs. Instead, we have found that

NH cells are generated much more efficiently from NH-like cells

termed iNH cells, which are among the LSK� BM cells. LSK�

cells have been known to have no long-term repopulation

capacity, are phenotypically and functionally heterogeneous,

and contain early-lymphoid committed progenitors (Kumar

et al., 2008). Although iNH cells resemble mature NH cells, their

cell-surface expression of CD27 is higher than that of lung

NH cells. CD27 is found on hematopoietic stem cells and

lymphoid progenitors, and its expression is also known to

decrease during the maturation of other innate lymphocytes

(Gascoyne et al., 2009). Conversely, iNH cells express less

CD69, CXCR4, and CD122 than do mature lung NH cells in naive

mice. Furthermore, on a per-cell basis, iNH cells produce much

smaller amounts of Th2-cell-type cytokines upon stimulation by

phorbol myristate acetate (PMA) plus ionomycin and differ from

mature lung NH cells in their response to different cytokine

stimulation in vitro. When injected into nonirradiated NSG

mice, iNH cells amplified, were found in the BM, and became
Im
NH cells in the lungs and intestines. It should be noted that

mature NH cells isolated from the lungs and injected into NSG

mice did not expand or persist in the mice (data not shown).

Interestingly, a subset of iNH cells in the BM seemed to be

RORa independent given that we detected a small number of

iNH cells in the BM of RGCmice injected with Rorasg/sg BM cells.

They might be progenitors for iNH cells that require RORa for

further differentiation into iNH cells.

CLPs in our study are defined by Lin�CD127+-expressing
intermediate amounts of Sca-1 and c-Kit (Kondo et al., 1997),

and approximately 70% of this population expresses Flt3.

When injected into nonirradiated NSG mice, they efficiently

develop into splenic T, B, and NK cells and a very small number

of NH cells. Wong et al. isolated Lin�CD127+Flt3+ BM cells as

CLPs and induced differentiation into nuocytes in vitro (Wong

et al., 2012). When the same CLP population was injected into

irradiated CD45-congenic mice, donor-derived nuocytes were

not detected in the MLNs unless IL-25 was injected. Thus,

CLPs might have residual potential for NH cell differentiation,

but they do not seem to be the main source of NH cells in vivo.

Recent work by the Bhandoola laboratory also showed that

CLPs have only limited NH cell potential, whereas immature

Lin�Sca-1+c-KithiFlt3+ LMPPs more efficiently develop into NH

cells in the lungs (Yang et al., 2011). Our results confirmed that

LMPPs are indeed more efficient than Lin�CD127+Flt3+ CLPs

at generating NH cells, and we furthermore showed that iNH

cells have significantly more robust potential for NH cell differen-

tiation than do either CLPs or LMPPs. We have also shown that

although LMPPs give rise to significantly more iNH cells in the

BM after transplantation than do CLPs, the number of iNH cells

that expand after adoptive transfer is also significantly more than

that of both CLPs and LMPPs. Furthermore, CLPs and LMPPs by

definition are not committed to a single lineage, as seen by the

small fraction of iNH cells generated in the BM and the presence

of other lymphocytes detected in the spleen, whereas injected

iNH cells appear to be highly restricted to a NH cell fate. As

such, it appears likely that CLPs, as currently defined, are

heterogeneous, and a minor fraction retains NH cell potential.

Because LMPPs are thought to be upstream of CLPs in lympho-

cyte development (Adolfsson et al., 2001), the results suggest

that the majority of iNH cells develop from LMPPs, whereas

CLPs contribute to iNH cell development to a lesser extent.

Rora is highly expressed in Th17 cells, which also express

Rorct (Ivanov et al., 2006; Yang et al., 2008). Rorasg/sg mouse

spleen CD4+ T cells show significantly lower Th17 responses

than do those of WTmice (Yang et al., 2008). However, Rorasg/sg

mice are much smaller and have much fewer lymphocytes in

general, and they do not live much longer than 3 weeks after

birth. Transplantation of BM cells fromRorasg/sgRORgt-deficient

and double deficient mice into RAG-deficient mice showed that

RORa-deficiency has only a minor effect on Th17 cell differenti-

ation. Although RORgt is more critical for Th17 cells, deficiency

of both RORa and RORgt almost completely inhibits Th17 cell

differentiation (Yang et al., 2008). Unlike Th17 cells, NH cells

do not express RORgt, and RORa-deficiency alone is sufficient

to impair NH cell development, as demonstrated by the lack of

NH cells in the lungs and intestines of RGC mice receiving

Rorasg/sg BMT. Importantly, no other defects were detected in

these mice, and other Th2 cell responses appeared normal.
munity 37, 463–474, September 21, 2012 ª2012 Elsevier Inc. 471
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Nevertheless, these mice did not mount an eosinophilic lung

inflammatory response to the protease allergen papain, which

is mediated by Th2-cell-type cytokines. Therefore, the data

suggest that NH cells are critical for acute allergic inflammation

even in the presence of an otherwise intact Th2 cell response.

Interestingly, Rorasg/sg mice also have an attenuated Th2 cell

response to OVA-induced airway inflammation (Jaradat et al.,

2006). In humans, RORA has been found to be one of several

asthma-associated genes (Moffatt et al., 2010). Previous studies

have shown that NH cells are a critical source of Th2-cell-type

cytokines in RAG-deficient mice, but the in vivo role of NH cells

in normalmice is still unclear. Further studies of NH-cell-deficient

mice generated by Rorasg/sg BMT into RGC mice will most likely

reveal the importance of NH cells in allergic diseases, including

asthma, in the presence of an intact adaptive immune system.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6, C57Bl/6.Pep3b, NOD-SCID, and NOD-SCID Il2rg�/� mice were

maintained in the British Columbia Cancer Research Centre (BCCRC) path-

ogen-free animal facility. B6.129P2(Cg)-Rorctm2Litt/J and B6.Cg-Rorasg/

J mice were purchased from The Jackson Laboratories. B6.Rag2�/�Il2rg�/�

mice were purchased from Taconic Farms. Mice were used at 4–8 weeks of

age. All animal use was approved by the animal care committee of the Univer-

sity of British Columbia, and animals were maintained and euthanized under

humane conditions in accordance with the guidelines of the Canadian Council

on Animal Care.

Genotyping and qPCR

Pups from Rorasg/+ breeders were genotyped with DNA obtained from ear

notches before experiments. Primer sequences and PCR protocol were

obtained from The Jackson Laboratories online database. Prior to performing

relative quantification of Rora in the described NH cells, we consulted the

BioGPS database to gain an appreciation for potential tissues to use as posi-

tive controls; using RT-PCR, we confirmed expression of Rora in primary B6

liver. For subsequent qPCR experiments, RNA was isolated from fluores-

cence-activated cell sorting (FACS)-purified B6 NH cells, expanded in vitro

with IL-25 and IL-33 for 3 days in CD4+ T cells isolated from B6 spleen with

the EasySep negative selection kit (StemCell) or from primary B6 liver with

the RNAeasy Mini Kit (QIAGEN), treated by the Turbo DNase-free kit (Ambion),

and reverse transcribed with Superscript III (Invitrogen). All procedures

were performed as indicated by the manufacturers. Necessarily, the primer

pairs for Rora (RORa forward: 50-GAGCTCCAGCAGATAACGTG-30; RORa

reverse: 50-GCAAACTCCACCACATACTGG-30) and b-actin (b-actin forward:

50-AAGGCCAACCGTGAAAAGAT-30; b-actin reverse: 50-GTGGTACGACCA

GAGGCATAC-30) were first found to amplify equally efficiently. The compara-

tive CT method was employed for determining Rora expression across the

indicated cell types and tissues with the use of the POWER SYBR Green

Master Mix (ABI) in an ABI 7500 Real Time System (Applied Biosystems) under

default reaction conditions.

BMT

B6.Rag2�/�Il2rg�/� mice were sublethally irradiated (350 Rads) and sub-

sequently received intravenous transplantation of 107 whole BM cells from

4-week-old WT or Rorasg/sg mice. B6.Pep3b mice were lethally irradiated

(1,000 Rads) and received transplantation of 107 whole BM cells from

4-week-old WT or Rorasg/sg mice. Mice were given Ciprofloxacinand HCL for

4 weeks and were used for analysis 8–16 weeks after transplantation.

Antibodies, Reagents, FACS Sorting, and Analysis

FITC-conjugated CD3ε, CD19, B220, NK1.1, Mac-1, Gr-1, Ter119, and

CD45.2 antibodies; phycoerythrobilin (PE)-conjugated CD3, CD127, and

RORgt antibodies; PE.Cy5-conjugated CD127; PerCP-Cy5.5 conjugated

CD19, CD25, NK1.1, and CD3 antibodies; PE.Cy7-conjugated Sca-1 and
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DX5; allophycocyanin (APC)-conjugated CD117, CD25, and FcεR1a anti-

bodies; APC-eFluor780-conjugated B220; Alexa Fluor 700-conjugated

CD45.2 and CD11c; eFluor 450-conjugated CD3ε, CD19, B220, NK1.1,

Gr-1, CD11b, Ter119, and NKp46; eFluor 605NC-conjugated CD4; and

eFluor 650NC-conjugated Thy1.2 were purchased from eBioscience. FITC-

conjugated 7/4 was purchased from Abcam. FITC-conjugated CD69 and

CD127; PE-conjugated NKp46, CD27, CXCR4, CD122, Flt3, ICOS, IL-13,

and Siglec-F antibodies; APC-conjugated IL-5; and BD Horizon V500-

conjugated CD45 were purchased from BD Bioscience. FITC-conjugated

anti-ST2 was purchased from MD Bioproducts. Propidium iodide (PI), eFluor

780 (eBioscience), or DAPI reagents were used for excluding nonviable cells.

IL-2, IL-4, IL-7, IL-23, IL-25, IL-33, and TSLP were purchased from

eBioscience; Papain, PMA, and ionomycin were purchased from Sigma

Aldrich. BD Fortessa, BD Caliber (Cytek 6 color upgrade), and Canto II were

used for phenotypic analysis; BD FACS Aria II was used for cell sorting and

phenotypic analysis. Flowjo v.8.6 was used for data analysis.

Primary Leukocyte Preparation

Cell suspensions were prepared from the lungs, spleen, MLNs, or BM as

described (Veinotte et al., 2008). Small and large intestines were dissected

and flushed with cold PBS and were cut longitudinally and washed with cold

PBS. BM or washed intestines were cut into small pieces with a razor and

digested for 40 min in MEM, 10% FBS, penicillin and streptomycin (P+S),

50 mM 2-mercaptoethanol (2ME), Collagenase IV (Invitrogen), and DNase

(Sigma) at 37�C. Digested tissue was pushed through a 70 mm strainer, and

Percoll (GE Healthcare) gradient enrichment of leukocytes followed.

Isolation of NH Cells, iNH Cells, CLPs, and LMPPs

Single cells were incubated with 2.4G2 for blocking Fc receptors; were

stained with FITC-conjugated lineage marker mAbs (CD3, CD19, B220,

NK1.1, Mac-1, GR-1, and Ter119), PE-conjugated CD127, PerCP-Cy5.5-

conjugated CD25, PE.Cy7-conjugated Sca-1, APC-conjugated CD117, and

Alexa 700-conjugated CD45.2; and were purified by FACS. BM was stained

with FITC-conjugated ST2, PE-conjugated CD127, PerCP-Cy5.5-conjugated

CD25, PE.Cy7-conjugated Sca-1, APC-conjugated CD117, Alexa 700-

conjugated CD45.2, and eFluor 450-conjugated lineage marker mAbs (CD3,

CD19, B220, NK1.1, Mac-1, GR-1, and Ter119) and was purified by FACS. A

total of 4,500 CLPs or iNH cells were injected into nonirradiated NSG mice

via the tail vein. For LMPP, CLP, and iNH cell isolation, BM was stained with

FITC-conjugated CD127, PE-conjugated Flt3, PerCP-Cy5.5-conjugated

CD25, PE.Cy7-conjugated Sca-1, APC-conjugated CD117, APC-eFluor780-

conjugated B220, eFluor 450-conjugated lineage marker mAbs (CD3, CD19,

NK1.1, Mac-1, GR-1, and Ter119), and V500-conjuaged CD45.2 and was

purified by FACS. A total of 2,500 LMPPs, CLPs, or iNH cells were injected

into nonirradiated NSG mice via the tail vein.

Cytokine Production Assay

Flow-cytometry-purified cells were cultured in 200 ml RPMI-1640 media con-

taining 10% FBS, P+S, and 2 ME at 37�C. Cells were stimulated with IL-33

(10 ng/ml), PMA (30 ng/ml), ionomycin (500 ng/ml), IL-23 (10 ng/ml), IL-7

(10 ng/ml), TSLP (10 ng/ml), and IL-33 (10 ng/ml).

In Vitro CD4+ T Cell Stimulation

Spleen CD4+ T cells were enriched with negative selection by EasySep

(StemCell) and were stimulated as described (McKenzie et al., 1998).

Intestine Explant Culture

Mice were sacrificed by CO2 asphyxiation. Intestines were dissected, flushed

with cold PBS, opened longitudinally, and washed in cold PBS. Explants were

prepared with a 5 mm biopsy punch. Two explants were placed in 0.5 ml

RPMI-1640, 10% FCS, 2 ME, and P+S and were stimulated with IL-25

(10 ng/ml) or IL-23 (10 ng/ml).

Intracellular Staining

Intracellular staining for RORgt was performed with the Foxp3 intracellular

staining kit (eBioscience) according to the manufacturer’s protocol. Intra-

cellular staining for IL-5 was performed with the Cytofix/Cytoperm kit

(BD Biosciences). Dead cells were stained with eFluor 780 (eBioscience)
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fixable viability dye before fixation and permeabilization and were excluded

during analysis.

ELISAs

IL-5, IL-13, and IL-22 (eBioscience) enzyme-linked immunosorbent assays

(ELISAs) were performed according to the manufacturer’s protocol.

RNA Isolation and Microarray

Total RNA was isolated from FACS-purified unstimulated cells by Trizol

(Invitrogen). Agilent Bioanalyzer 2100, RNA amplification, and microarray

services were performed byMcGill University and GénomeQuébec Innovation

Centre with Affymetrix Mouse Gene 1.0 arrays. Data analysis was performed

with FlexArray 1.5 (Génome Québec). Microarray data sets for other cells

were obtained from data assembled by the ImmGen consortium (Heng

et al., 2008).

In Vivo Papain Stimulation

Mice were anesthetized by isofluorane inhalation and were then intranasally

injected with papain or heat-inactivated papain (10 mg) in 40 ml of PBS on

days 0–2. Mice were sacrificed on day 3, and lung and BAL cells (1 ml PBS)

were collected or airwayswere instilled with 50:50 Tissue-Tek OCTCompound

and PBS (Adwin Scientific) and fixed in formalin. Lung tissue was processed as

described previously; lung and BAL cells were then counted and identified by

FACS. Fixed tissueswere embedded in paraffin and processed for H&E or PAS

(+/� diastase) staining by the Centre for Translational and Applied Genomics

(Vancouver, Canada).

Statistics

Data were analyzed with GraphPad Prism 5 (GraphPad Software). A Student’s

t test was used for determining statistical significance between groups;

p % 0.05 was considered significant. The statistical analysis of microarray

results was carried out with FlexArray (Genome Quebec).
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