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Abstract

Natural killer (NK) cells are an innate lymphoid cell lineage charac-
terized by their capacity to provide rapid effector functions,
including cytokine production and cytotoxicity. Here, we identify
the Ikaros family member, Aiolos, as a regulator of NK-cell matura-
tion. Aiolos expression is initiated at the point of lineage commit-
ment and maintained throughout NK-cell ontogeny. Analysis of
cell surface markers representative of distinct stages of peripheral
NK-cell maturation revealed that Aiolos was required for the
maturation in the spleen of CD11bhighCD27� NK cells. The differen-
tiation block was intrinsic to the NK-cell lineage and resembled
that found in mice lacking either T-bet or Blimp1; however, genetic
analysis revealed that Aiolos acted independently of all other
known regulators of NK-cell differentiation. NK cells lacking Aiolos
were strongly hyper-reactive to a variety of NK-cell-mediated
tumor models, yet impaired in controlling viral infection, suggest-
ing a regulatory function for CD27� NK cells in balancing these
two arms of the immune response. These data place Aiolos in the
emerging gene regulatory network controlling NK-cell maturation
and function.
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Introduction

Natural killer (NK) cells are innate lymphocytes specialized in cyto-

kine production and cytotoxicity toward tumors and virus-infected

cells. NK cells develop in the bone marrow from hematopoietic stem

cells via lymphoid precursors (reviewed by Huntington et al, 2013)

and then undergo maturation and functional diversification in bone

marrow, thymus and a variety of peripheral organs including the

liver, spleen and lymph nodes. NK-cell peripheral maturation in the

mouse spleen is characterized by the up-regulation of the markers

CD43, CD11b, CD94, Ly49C and KLRG1 with concomitant down-

regulation of CD27, CD51 and c-kit (Kim et al, 2002; Hayakawa &

Smyth, 2006; Huntington et al, 2007b; Chiossone et al, 2009; Yu

et al, 2009). Mature CD11bhighCD27�KLRG1+ NK cells are the

dominant population in non-lymphoid organs except for the liver

(Hayakawa & Smyth, 2006; Huntington et al, 2007b), where a distinct

TRAIL+CD49b�CD11blow expressing population (termed ILC1) exists

(Takeda et al, 2005; Daussy et al, 2014; Sojka et al, 2014).

There is an emerging understanding about the transcriptional

circuitries controlling NK-cell development, maturation and func-

tion. Transcription factors including NF-IL3 (E4BP4) (Gascoyne

et al, 2009; Kamizono et al, 2009; Firth et al, 2013; Crotta et al,

2014; Male et al, 2014; Seillet et al, 2014; Sojka et al, 2014), Tox

(Aliahmad et al, 2010), Ets1 (Barton et al, 1998; Ramirez et al, 2012)

and Id2 (Yokota et al, 1999; Ikawa et al, 2001; Boos et al, 2007) are

required for the development of NK cells from early progenitors,

whereas GATA3 is essential for thymic NK cells and modulates the

function of mature NK cells (Samson et al, 2003; Vosshenrich et al,

2006). A second group of transcription factors including Blimp1

(Smith et al, 2010; Kallies et al, 2011), Zbtb32 (Beaulieu et al,
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2014), MEF (Lacorazza et al, 2002), IRF2 (Lohoff et al, 2000), Eomes

and T-bet (Townsend et al, 2004; Robbins et al, 2005; Kallies et al,

2011; Gordon et al, 2012; Daussy et al, 2014) are more specifically

required for the later stages of NK-cell differentiation and function.

The Ikaros family of Zinc-finger transcription factors are critical

regulators of many aspects of lymphopoiesis, although their

importance in the NK-cell lineage remains unclear (Merkenschlager,

2010; Yoshida et al, 2010). The family members, including Ikaros,

Helios and Aiolos (encoded by Ikzf1, Ikzf2 and Ikzf3, respectively),

can bind DNA as either homo- or hetero-dimers and regulate gene

expression in both a positive and negative manner. Ikaros is required

for the appearance of common lymphoid progenitors (CLPs) and

subsequent NK-cell development, although there are at present no

direct data on the role of Ikaros within the NK-cell compartment. In

contrast, Helios is proposed to play a role in fine-tuning NK-cell

responses downstream of the NKp46 receptor through an as yet unde-

fined mechanism (Narni-Mancinelli et al, 2012). Aiolos is expressed

predominantly in B cells, with some evidence for expression in T cells

(Wang et al, 1998) and most recently human NK cells (Billot et al,

2010). Aiolos-deficient mice show mildly impaired B-cell develop-

ment and have a propensity to develop a Lupus-like autoimmune

disease (Wang et al, 1998; Cortes & Georgopoulos, 2004). Despite

also being expressed in T cells, Aiolos deficiency leaves T-cell devel-

opment relatively intact (Wang et al, 1998). A function for Aiolos in

other hematopoietic lineages, including NK cells is as yet unknown.

Here, we show that Aiolos is constitutively expressed by NK cells

and is vital for their peripheral maturation into CD11bhighCD27� NK

cells. Aiolos is dispensable for most NK-cell effector functions after

culture, but is required for maximal IFN-c expression directly

ex vivo, and for the full control of viral infection. Aiolos expression

is independent of T-bet and Blimp1, two factors acting at a similar

point in NK-cell differentiation, but its absence, similarly to Blimp1

deficiency, results in hyper-reactivity to tumor cells. Aiolos is

required for the correct expression of several hundred genes in NK

cells placing it as an emerging node in the transcriptional network

controlling NK-cell peripheral maturation.

Results

Aiolos is constitutively expressed in NK cells

To identify new regulators of NK-cell development, we analyzed

RNAseq data derived from the pre-pro-NK (Carotta et al, 2011),

NKP (Rosmaraki et al, 2001), immature (i)NK and mature (m)NK-

cell stages of the mouse bone marrow (Seillet et al, 2014). These

data were combined with the previously reported transcriptome of

the multipotent ALP (all lymphocyte progenitor) fraction of the CLP

(Revilla et al, 2012), which is the immediate precursor of the NK-

cell lineage (Carotta et al, 2011). Analysis of the Ikaros family of

transcription factors revealed that the expression of one member,

Ikzf3, coincided precisely with NK-cell lineage commitment (Fig 1A

and B). Thereafter, Ikzf3 expression was maintained throughout

bone marrow NK-cell development. In contrast, the best-characterized

family member, Ikzf1, was similarly expressed in ALPs and all

NK-cell fractions. A third family member, Ikzf2, was predominantly

expressed at the earliest stages of NK-cell maturation before down-

regulation in the mNK-cell fraction (Fig 1A and B).

To determine whether Aiolos expression was maintained in NK

cells outside of the bone marrow, we isolated NK cells from the

thymus and spleen by flow cytometry and subjected them to quantita-

tive real-time PCR. Ikzf3 was detected in all populations of NK cells

independent from their localization, with expression peaking in

splenic NK cells (Fig 1C). Despite these small transcriptional changes,

analysis of Aiolos protein using intracellular flow cytometry revealed

strong and uniform expression throughout NK-cell differentiation

(Fig 1D). Taken together, these data identify Aiolos as being constitu-

tively expressed by NK cells from the earliest known progenitor.

Aiolos is required for peripheral NK-cell maturation

To test the functional importance of Aiolos in the NK-cell lineage, we

have assessed their abundance and cell surface phenotype in Ikzf3�/�

mice (Wang et al, 1998) that we have backcrossed to C57BL/6 for

10 generations. NK cells, defined as NK1.1+CD49b+TCRb�, were

present in a similar frequency and absolute number in the bone

marrow and spleen of wild-type and Ikzf3�/�mice (Fig 2A and B),

indicating that Aiolos was grossly dispensable for the production of

NK cells.

The progression of the late stages of NK-cell maturation can be

visualized by flow cytometric analysis for expression of CD27 in

conjunction with the auxiliary markers CD11b, KLRG1, CD51,

Ly49C/I and c-kit (Kim et al, 2002; Hayakawa & Smyth, 2006;

Huntington et al, 2007b). Bone marrow NK cells are predominantly

CD11blowCD27+KLRG1�, while splenic NK cells first up-regulate

CD11b, before differentiating through CD11bhighCD27+KLRG1� and

CD11bhighCD27�KLRG1+ stages (Hayakawa & Smyth, 2006;

Huntington et al, 2007b; Chiossone et al, 2009). Examination of NK

cells from the bone marrow and spleen of Aiolos-deficient mice

revealed an over-representation of the CD11blowCD27+ and

CD11bhighCD27+ populations and a pronounced decrease in the

proportion of NK cells at the CD11bhighCD27� stage (Fig 2C). While

CD27 and KLRG1 are generally mutually exclusive in splenic NK

cells, Aiolos deficiency resulted in a striking accumulation of

CD27+KLRG1+ cells (Fig 2C). The failure to appropriately down-

regulate CD27 was also observed in the lung, peripheral blood and

to a lesser extent liver, while both wild-type and Ikzf3�/� NK cells

in the lymph node were characteristically CD27+ (Fig 2D). In

contrast, the differentiation of liver ILC1s was intact in the absence

of Aiolos (data not shown).

To test whether the developmental block observed in the absence

of Aiolos was due to impaired proliferation or survival, we assayed

NK-cell responses to IL-15, the major physiological regulator of

NK-cell homeostasis (Huntington et al, 2007a). Ikzf3�/� NK cells

showed enhanced proliferation responses after in vitro exposure to

IL-15, with the phenotype being most pronounced in suboptimal

IL-15 concentrations (Fig 2E). This enhanced proliferation occurred

regardless of whether the starting NK-cell populations were derived

directly ex vivo or were pre-cultured in optimal IL-15 for 5 days,

suggesting that the effect was not due to the altered distribution of

the mature splenic NK-cell compartments (data not shown).

To examine NK-cell proliferation in vivo, NK cells were labeled

with cell division tracking membrane dyes [wild-type (CFSE),

Ikzf3�/� (CTV)] and co-transferred into Rag1-deficient (T- and B-cell-

deficient, NK-cell-sufficient) or Rag2/common c chain-double-

deficient (Rag2�/�Il2rc�/�, T-, B- and NK-cell-deficient) hosts. In
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Figure 1. Aiolos is constitutively expressed in NK cells.

A RNA was extracted from sorted populations from Id2GFP/GFP bone marrow corresponding to the pre-pro-NK cells (ppNK), NK-cell progenitor (NKP), immature (i) and mature
(m) NK cells and subjected to RNAseq analysis. The cell isolation strategy is described in detail in Materials and Methods. Read coverage for indicated Ikaros family members
Ikzf1 (Ikaros), Ikzf2 (Helios) and Ikzf3 (Aiolos) is shown mapped to the exon–intron structure (below). Arrows within the genes indicate the direction of transcription.

B Graph shows the reads per kilobase per million (RPKM) mapped to the indicated genes for the cell populations described in (A). The RNAseq data from the Ly6D� all
lymphocyte progenitor (ALP) and Ly6D+ B cell-biased lymphocyte progenitor (BLP) fractions of the common lymphocyte progenitor (CLP) and the pro-B-cell data have
been previously reported (Revilla et al, 2012).

C NK1.1+CD49b+TCRb� NK cells from the thymus (tNK) and spleen were analyzed for the expression of Ikzf3 by quantitative PCR. Splenic NK cells were further divided
into two fractions based on the expression of CD27 as indicated. Data were normalized to Hprt and were the mean � SEM for three samples. Sorted splenic B cells
(CD19+B220+) and CD8+ T cells were positive controls. *P < 0.05

D Intracellular flow cytometry for Aiolos expression in NK cells. Left dot plots, expression of CD27 and CD11b in bone marrow and spleen NK cells, gated as
NK1.1+CD49b+TCRb�. Right histograms, expression of Aiolos in wild-type (red) NK cells gated as indicated in the left dot plots. Total Ikzf3�/� NK cells served as a
negative control (blue). Numbers indicate the mean fluorescence index of Aiolos in wild-type NK cells � SEM from three independent experiments.

Data information: Data in (A) and (B) were pooled from the sorted cells of 11 experiments and 90 Id2GFP/GFP mice.
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Figure 2.
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keeping with the in vitro proliferation data (Fig 2E), Ikzf3�/� NK

cells displayed higher sensitivity to homeostatic cytokines (Rag2�/�

Il2rc�/� recipients) compared to wild-type NK cells as evident by all

Ikzf3�/� NK cells having entered cell division after 7 days,

whereas many wild-type NK cells had not yet divided (Fig 2F).

Neither population proliferated in the presence of endogenous NK

cells (Rag1�/� hosts, Fig 2F). Treatment of wild-type and Ikzf3�/�

NK with IL-2/ anti-IL-2 mAb complexes that promote NK-cell prolif-

eration (Boyman et al, 2006) resulted in a significant increase in the

number of Ikzf3�/� NK cells in comparison to their wild-type

competitors (Fig 2G). Thus, Aiolos-deficient NK cells display hyper-

responsiveness to activation via the common c chain receptor path-

way. The hyper-responsiveness observed in these assays excluded

impaired cell survival or proliferation as the cause of the impaired

maturation observed in Aiolos-deficient NK cells as instead

suggested a differentiation block at the final step in peripheral NK-

cell maturation.

Gene regulation by Aiolos

To identify the transcriptional program regulated by Aiolos in NK

cells, we performed RNAseq on sorted mature NK cells from the

spleen of wild-type and Ikzf3�/� mice. As Ikzf3�/� mice accumulate

a CD27+KLRG1+ NK-cell population that is not presented in wild-

type mice, we have analyzed NK1.1+NKp46+CD11bhigh mature NK

cells regardless of their expression of CD27 and KLRG1. This strategy

also excludes any potential contamination by ILC1s, which are

CD11blow (Daussy et al, 2014; Sojka et al, 2014). A stringent analysis

of this data revealed 331 differentially expressed transcripts, includ-

ing 220 whose expression increased in the absence of Aiolos and 111

genes that required Aiolos for full expression (Fig 3A–D and Supple-

mentary Table S1; false discovery rate < 0.05). The differentially

expressed genes encoded proteins belonging to diverse functional

categories, with a relatively large number of transcripts coding for

proteins with no known function (15%, 51/331 genes). Flow cytom-

etry confirmed the differential expression of several of the candidates

including Itgav (encoding CD51), Kit (encoding c-kit) and Klra9

(encoding Ly49I and recognized by the Ly49C/I antibody), and

Cd38, Icos and Csf2rb (encoding CD131; Fig 3E and data not shown).

Other differentially expressed genes relevant to NK-cell biology

included increased expression of Gzmk, Gzmc, Gzmm and Tnf and

mildly reduced Gzmb, while several additional NK receptors includ-

ing Klrb1 and Klra10 were reduced in expression.

The surprisingly few NK-cell-associated genes that were differen-

tially expressed suggested that Aiolos regulates a molecular program

distinct from that previously implicated in NK-cell biology. In

keeping with this conclusion, analysis of the expression of a panel

of transcription factors known to control NK-cell differentiation

revealed no significant differences between the wild-type and

Ikzf3�/� genotypes (Fig 3F). In addition, we observed little evidence

of compensation by other family members, as both Ikaros (Ikzf1)

and Pegasus (Ikzf5) were equivalently expressed between the geno-

types. The expression of one family member, Helios (Ikzf2), was

increased in Ikzf3�/� NK cells, although its overall concentration

was very low (Fig 3F). Taken together, these data suggest that

Aiolos regulates a transcriptional program in maturing NK cells that

is, at least in the absence of exogenous stimulation, largely indepen-

dent of the characteristic NK-cell surface receptors, transcription

factors and effector molecules.

Ikzf3 expression in NK cells is independent of T-bet and Blimp1

The maturation defect we have observed in Aiolos-deficient NK cells

resembled that previously reported for mice deficient in T-bet

(encoded by Tbx21) or Blimp1 (encoded by Prdm1) (Robbins et al,

2005; Kallies et al, 2011). Thus, it was possible that the defective

NK-cell maturation in the absence of T-bet or Blimp1 was due to

reduced Aiolos expression. Flow cytometric analysis of mice lacking

either Blimp1, T-bet or both proteins showed that these factors were

dispensable for normal Aiolos expression (Fig 3G).

Aiolos is intrinsically required in NK cells

Aiolos-deficient mice display spontaneously activated B cells and

development of a lupus-like syndrome with age (Wang et al, 1998),

raising the possibility that the impaired NK-cell maturation is

secondary to this autoimmune syndrome. To rigorously test

whether the maturation phenotype of Aiolos-deficient NK cells was

intrinsic to the NK-cell lineage, we generated chimeric mice by

reconstituting lethally irradiated Ly5.1 mice with a mixture of

congenically marked bone marrow from wild-type (Ly5.1+) and

Ikzf3�/� (Ly5.2+) mice. Examination of the bone marrow and

spleen of these mice revealed that Aiolos-deficient NK cells were

present at normal frequencies in the chimeric mice (Fig 4A). Impor-

tantly, the Ikzf3�/� NK cells maintained their immature CD27+

phenotype, with decreased Ly49C and increased c-kit and CD51,

indicating that the requirement of Aiolos for the peripheral matura-

tion of NK cells was cell intrinsic (Fig 4B).

To further assess the function of Aiolos-deficient NK cells in this

competitive setting, NK cells from the bone marrow or spleen of

chimeric mice were stimulated ex vivo for 5 h by either IL-15 or the

combination of IL-12 and IL-18, and the production of IFN-c and

◀ Figure 2. Loss of Aiolos blocks peripheral NK-cell maturation.

A–D Flow cytometric analysis of the NK-cell compartment of wild-type (+/+) and Ikzf3�/� mice. Plots in (A) show total cells from the bone marrow and spleen. Values
are the mean proportion of NK1.1+CD49b+ NK cells in the indicated gate � SEM from 7 to 8 individual mice of each genotype. (B) Quantitation of the absolute
numbers of bone marrow and spleen NK cells from +/+ and Ikzf3�/� mice. Numbers represent the mean � SEM from 7 to 8 individual mice of each genotype. n.s.,
not significant (P > 0.05) when comparing the indicated populations. (C) Analysis of CD11b, CD27 and KLRG1 expression in gated NK cells (NK1.1+CD49b+TCRb�)
from bone marrow and spleen. Numbers are the mean proportion of NK cells in each quadrant � SEM from 3 +/+ and 6 Ikzf3�/� mice. (D) Analysis of CD27
expression in gated NK cells from the indicated organs of +/+ and Ikzf3�/� mice. Results are representative of 4–6 independent experiments.

E, F Splenic NK cells from +/+ and Ikzf3�/� mice were labeled with CFSE or CTV and either (E) cultured for 5 days in the indicated concentration of IL-15 or (F)
transferred into Rag1�/� or Rag2�/�Il2rg�/� mice and analyzed at day 7. Data are representative of two experiments.

G +/+ and Ikzf3�/� mice were treated daily for 5 days with IL-2/anti-IL-2 mAb complexes before analysis. Data are the mean number of splenic NK1.1+CD122+ TCRb�

NK cells in recipient mice � SD from two experiments. *P < 0.05, when comparing the equivalent +/+ and Ikzf3�/� populations.
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Figure 3.
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GzmB was determined by intracellular flow cytometry (Fig 4C–F).

Collectively. these data showed that Ikzf3�/� NK cells were capable

of expressing these two important mediators of NK-cell function,

but did so at a modestly reduced frequency compared to wild-type

(Ly5.1+) cells.

Aiolos is dispensable for cytokine production and
cytotoxicity in vitro

To test the functional properties of Aiolos-deficient NK cells, we

measured lytic activity of splenic NK cells either directly ex vivo

(Fig 5A) or after culture in IL-15 (Fig 5B). Wild-type and Ikzf3�/� NK

cells were equivalent in their ability to lyse NKG2D-ligand expressing

MHC-I-deficient targets (Fig 5A and B). Similarly, NK cells cultured

in IL-15 alone or with the cytotoxicity-promoting factor IL-21 were

also able to lyse target cells in the absence of Aiolos (Fig 5B).

As longer-term exposure to the cytokines including IL-12, IL-18

and IL-21 alters the functional maturation of NK cells (Brady et al,

2010), we cultured Ikzf3�/� and wild-type NK cells with these

factors and measured cytokine secretion by bead arrays. While these

data overall indicated that Aiolos played no essential role in cyto-

kine expression in response to these factors, we did observe a

consistent drop in the secretion of the inflammatory chemokines,

Ccl3 (MIP1a), Ccl4 (MIP1b) and Ccl5 (RANTES) in all conditions

tested (Fig 5C).

In vivo NK-cell functions in Aiolos-deficient mice

To test NK-cell functions in vivo, we infected the wild-type and

Ikzf3�/� mice with mouse cytomegalovirus (MCMV), which in

C57Bl/6 mice is controlled by activities mediated by Ly49H+ NK

cells (Voigt et al, 2003). We examined NK-cell dynamics and viral

load in the organs of mice for up to 18 days after infection with

MCMV. As in resting mice, the numbers of both total and Ly49H+

NK cells were similar in the spleen and liver of infected wild-type

and Ikzf3�/� mice (data not shown). Moreover, analysis of infected

+/+ (Ly5.1+): Ikzf3�/� (Ly5.2+) bone marrow chimeras showed

equal contribution of wild-type and Aiolos-deficient NK cells (both

total and Ly49H+) to the MCMV response (Supplementary Fig S1A

and B). Interestingly, analysis of the viral titers from infected wild-

type and Ikzf3�/� mice showed significantly increased MCMV load

at the initial site of viral replication, the liver, in the Aiolos-deficient

mice (Fig 6A). In keeping with the characteristic viral spread to

other organs at later time points, we observed increased viral load

at day 10 in the spleen, lung and salivary gland. The increased viral

load did not appear to be mediated by defects in the clonal

expansion of Aiolos-deficient T cells as the chimeric analysis

showed that CD4+ and CD8+ (both total and virus-specific) T cells

contributed equally to the immune response to MCMV (Supplemen-

tary Fig S1C–E).

NK cells are also known for their ability to kill some types of

tumor cells. To examine whether Aiolos deficiency also impacts on

tumor control, we injected wild-type and Ikzf3�/� mice with tumor

cells that are controlled in an NK-cell-dependent manner (Hayaka-

wa et al, 2002; Smyth et al, 2002) and measured tumor burden.

Surprisingly, Aiolos-deficient NK cells were superior in reducing

the number of lung metastases that arise after intravenous injec-

tion of B16B6 melanoma cells (Fig 6B). Aiolos-deficient NK cells

were also superior to their wild-type counterparts in their ability to

control the growth of RMAS tumor cells across a spectrum of inoc-

ulation doses (Fig 6C–E). As the cytotoxic function of freshly

isolated NK cells per se did not seem to be altered (Fig 5A and B),

this result suggested that NK cells in the absence of Aiolos showed

either enhanced activation or recruitment to the site of tumor

growth. To examine this possibility in more detail, we examined

the frequency and phenotype of NK cells recruited to the lung of

tumor bearing mice. Ikzf3�/� NK cells were recruited to the lung at

a similar frequency to wild-type cells, but maintained their aber-

rant CD27+KLRG1+ phenotype, suggesting that it was this subset

that is providing the superior tumor control in the absence of

Aiolos (Fig 6F).

Discussion

In this study, we identified Aiolos as an important player in the tran-

scriptional network governing NK-cell differentiation. NK cells

constitutively express Aiolos from a very early point in their devel-

opment, although the requirement for Aiolos was largely restricted

to the peripheral differentiation of NK cells from CD11blowCD27+ to

the CD11bhighCD27� mature NK cells. Aiolos-deficient NK cells

accumulated at an intermediate CD27+KLRG1+ stage that also

displayed aberrant CD51 and c-kit expression and lacked Ly49C/I.

Aiolos-deficient NK cells displayed relatively intact, cytotoxic func-

tion and production of cytokines after in vitro culture, but showed

reduced production of IFN-c, inflammatory chemokines and MCMV

control in vivo. Most surprisingly, Aiolos-deficient NK cells

displayed enhanced ability to control tumor cells that are usually

◀ Figure 3. Gene regulation by Aiolos in NK cells.

A–D NK1.1+NKp46+CD244+CD11bhighTCRb� NK cells were sorted from the spleen of wild-type (+/+) and Ikzf3�/� mice and subjected to RNAseq. Data are the mean of
two independent experiments. (A) Scatter plot of differential expression. Genes with significantly increased (red) or decreased (blue) expression in the absence of
Aiolos are indicated (false discovery rate < 0.05). The full list of differentially expressed genes is shown in Supplementary Table S1. (B) Left, pie chart showing the
proportion of differentially expressed genes that fall into 1 of 12 functional categories. Right, number of Aiolos activated (upregulated in Ikzf3�/�) and repressed
(downregulated in Ikzf3�/�) genes in each functional category. (C) Differential expression of the genes whose expression was most increased in the absence of
Aiolos (n = 41). (D) Differential expression of the genes whose expression was most decreased in the absence of Aiolos (n = 37).

E Expression of Itgav (encoding CD51), Kit (encoding c-kit) and Klra9 (encoding Ly49I and recognized by the Ly49C/I antibody) in NK1.1+CD49b+TCRb� NK cells from
the bone marrow and spleen of +/+ and Ikzf3�/� mice. Data are representative of 4–6 independent experiments. Numbers indicate the proportion of cells that
were positive for the indicated markers.

F Expression of the major transcription factors implicated in NK-cell differentiation in +/+ and Ikzf3�/� NK cells from the RNAseq data described in (A). Graph shows
the mean reads per kilobase per million (RPKM). ***P < 0.005.

G NK1.1+CD49b+TCRb� NK cells from the bone marrow or spleen of mice lacking Blimp1 (encoded by Prdm1), T-bet (encoded by Tbx21) or both proteins were
analyzed for the expression of Aiolos by intracellular flow cytometry. Ikzf3�/� NK cells act as a background control.
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Figure 4. Cell intrinsic requirement for Aiolos during NK-cell maturation.

A C57Bl/6 Ly5.1+ mice were lethally irradiated and reconstituted with a 1:1 ratio of C57Bl/6 Ly5.1+ and Ikzf3�/� (Ly5.2+) bone marrow. Splenocytes from these mice
were analyzed 8 weeks after reconstitution for the indicated markers. Numbers are the mean proportion of NK1.1+CD49b+ cells � SEM from the Ikzf3�/� (Ly5.2+,
upper plot) or wild-type (Ly5.1+, lower plot).

B NK1.1+CD49b+TCRb� NK cells as in (A) were gated as either wild-type (Ly5.1+) or Ikzf3�/� (Ly5.2+) and analyzed for the markers as indicated. Numbers in the dot
plots show the mean proportion of NK cells in each quadrant � SEM. Numbers in the histograms are the proportion of marker expressing cells � SEM. Results are
representative of at least three experiments with each containing 3–4 mice.

C, D Gated NK1.1+CD49b+TCRb� NK cells from mixed bone marrow chimeras, reconstituted with a 1:1 ratio of C57Bl/6 Ly5.1+ and Ikzf3�/� (Ly5.2+) bone marrow, were
examined for (C) IFN-c and (D) GzmB expression by intracellular staining and flow cytometry. Numbers in the plots show the proportion of NK cells in each
quadrant. Prior to analysis, the cells were stimulated with either IL-15 or IL-12 and IL-18 for 5 h.

E, F Graphs show the mean proportion of IL-12- and IL-18-stimulated NK cells expressing (E) IFN-c and (F) GzmB from the C57Bl/6 Ly5.1+ (+/+) and Ikzf3�/� (Ly5.2+)
fractions. Data are the means � SEM from three mice of each genotype. P-values compare the indicated genotypes. n.s., not significant, *P < 0.05, **P < 0.01,
***P < 0.005.
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subject to NK-cell-mediated regulation, suggesting a negative regula-

tory role for Aiolos in NK-cell activation.

The Ikaros family of Zinc-finger transcription factors plays

multiple roles in the adaptive immune system; however, to date,

Aiolos has not been implicated in NK-cell biology. Aiolos is

expressed throughout B-cell differentiation, where it is under the

control of Pax5 (Schebesta et al, 2007; Pridans et al, 2008). Aiolos-

deficient B cells show a complex phenotype characterized by mildly

impaired early B-cell differentiation and the late appearance of a

lupus-like syndrome (Wang et al, 1998; Cortes & Georgopoulos,

2004). This B-cell expression pattern and function is strikingly simi-

lar to that reported here for NK cells, which constitutively express

Aiolos, while Ikzf3�/� NK cells showed impaired differentiation and

hyper-responsiveness to activation stimuli in vivo, in this case

tumor cells. Aiolos deficiency does not appear to have a significant

impact on T-cell development or function (Wang et al, 1998),

although Ikzf1+/�Ikzf3�/� mice show an increased prevalence of

lymphomas, suggesting a redundancy between these two family

members in some aspects of lymphopoiesis (discussed below)

(Cortes et al, 1999).

Peripheral maturation of NK cells is a multi-step process. The

most immature NK cells in the mouse spleen express the marker

combination CD11blowCD27+. During maturation, these cells first

become CD11bhighCD27+ before silencing CD27 and up-regulating

KLRG1 to undergo their final maturation (Hayakawa & Smyth, 2006;

Huntington et al, 2007b; Chiossone et al, 2009). Aiolos-deficient NK

cells show an accumulation of CD27+KLRG1+ NK cells, a normally

transient state of differentiation between the CD27+KLRG1� and

CD27�KLRG1+ maturation stages. The developmental staging of

these cells, however, is problematic as Aiolos-deficient NK cells also

have altered expression of several of other maturation markers,

including a lower CD11b and Ly49C/I and increased expression of

the immature markers c-kit and CD51, which together do not

indicate a simple differentiation block between the CD27+ and

CD27� states and instead suggest a more general dysregulation of

maturation (Hayakawa & Smyth, 2006; Huntington et al, 2007b;

Chiossone et al, 2009). In keeping with this conclusion, only 11%

(37 of 331) of the Aiolos-regulated genes were also previously

reported to be differentially expressed between CD11blowCD27+ and

CD11bhighCD27� NK cells (Chiossone et al, 2009).

Our transcriptome analysis showed that, in addition to Aiolos,

NK cells also expressed Ikaros (Ikzf1) and Helios (Ikzf2). Ikaros

family members are known to homo- and hetero-dimerize with

each other, raising the possibility that Ikaros and Helios provided

some compensatory function in the absence of Aiolos (Morgan

et al, 1997; Cortes et al, 1999). Ikaros, like Aiolos, is constitu-

tively expressed in NK cells, however, due to the absence of NK

cells in Ikzf1-null mice, resulting from a deficiency in CLPs, no

function for Ikaros in committed NK cells has been defined.

Moreover, we observed no additional NK-cell functional or devel-

opmental deficiencies in Ikzf1+/�Ikzf3�/� mice (R.P.L. Thong,

S.L. Nutt, unpublished observations). Helios is known to be

silenced in mature NK cells in an NKp46-dependent manner

(Narni-Mancinelli et al, 2012), and its expression was increased

in the absence of Aiolos, although only to a relatively low

expression level. It will now take the development of new mouse

models to address the possible redundancy of Ikaros family

members in NK cells.

The phenotypic consequence of Aiolos deficiency in NK cells

reported in this study most closely resembles mice lacking T-bet or

Blimp1 (Robbins et al, 2005; Kallies et al, 2011). In each case, NK

cells accumulated at the CD27+ stage and over-expressed c-kit;

however, in contrast to T-bet- and Blimp1-deficient NK cells, Ikzf3�/�

NK cells up-regulated KLRG1. Thus, it appears that while T-bet or

Blimp1 deficiency results in a block in further development, the loss

of Aiolos results in aberrant marker expression and failure to

normally transition between the CD27+ and CD27� cell states. Such

a role of Ikaros family members as drivers of cell differentiation

between stable developmental stages has been recently proposed for

Ikaros in pre-B cells (Ferreiros-Vidal et al, 2013).

A

C

B

Figure 5. In vitro effector functions in the absence of Aiolos.

A, B Cytotoxic activity of freshly isolated (A) or cultured (B) NK cells of the
indicated genotypes against RMAS-Rae1b tumor cells. DX5+ NK cells were
cultured in either IL-15 or IL-15 and IL-21 for 5 days before being
subjected to a standard 51Cr release assay. Data are the mean proportion
of specific lysis of triplicate measurements � SEM and are representative
of at least three experiments.

C NK cells sorted as in (A) were expanded in 50 ng/ml IL-15 for 5 days prior
to culture for 2 days in the indicated cytokines. Cells were then washed
and equal numbers seeded into fresh cytokine for 24 h, after which the
supernatants were harvested and examined for cytokine production by
bead array. Data are the mean � SEM from at least three experiments.
P-values compare the indicated genotypes. *P < 0.05.
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Figure 6. In vivo functions of Aiolos-deficient NK cells.

A Wild-type (+/+) and Ikzf3�/� mice were infected with MCMV. Organs were removed at the indicated times post-infection and viral load determined by plaque
assay. Data are the mean � SEM combined from two independent experiments and at least four mice per genotype. *P < 0.05, **P < 0.01. Dotted line indicates
the limit of detection of the assay.

B +/+ and Ikzf3�/� mice were inoculated intravenously with B16B6 melanoma cells at the indicated doses. The number of lung metastases was measured at day 14.
Each dot represents an individual mouse. Horizontal line shows the mean number of lung metastases � SEM for each group. *P < 0.05.

C–E Groups of 5 +/+ and Ikzf3�/� mice were inoculated subcutaneously with RMA-S tumor cells at the indicated doses. Tumor volume was determined at the indicated
days after injection and shown as the means � SEM of mice in each group. Data in (E) are representative of two independent experiments. Asterisks indicate the
groups that are statistically different between the genotypes using a Mann–Whitney rank sum test (*P < 0.05).

F Left plots, NKp46+CD122+TCRb� NK cells were analyzed from the lungs and spleen of mice injected with 40,000 B16F10 melanoma cells 14 days before. Data are
the mean number of NK cells � SEM from four experiments. Right plots, expression of CD27 and KLRG1 in NK cells from the lungs and spleen gated as in the left
plots.
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Despite the commonalities in the knockout phenotypes, we found

no evidence that Aiolos played a role in the regulation of the

expression of T-bet or Blimp1. Similarly, loss of Blimp1, T-bet or both

factors did not alter Aiolos expression. This contrasts with Blimp1

that is downstream of T-bet in the same process (Kallies et al, 2011).

The novel function of Aiolos was also highlighted by our global tran-

scriptome analysis, with few NK-cell-specific genes and no known

NK-cell transcription factors being differentially expressed in the

absence of Aiolos. Thus, Aiolos acts in peripheral NK-cell maturation

independently of the major known regulators of the process.

The existence of a final maturation program in late NK-cell differ-

entiation, as well as the tissue specific distribution of CD27+ and

CD27� NK cells, has been recognized for a number of years;

however, our understanding of the functions of these subsets

remains limited to the modest differences observed in vitro assays

(Hayakawa & Smyth, 2006; Hayakawa et al, 2006; Huntington et al,

2007b; Chiossone et al, 2009). CD27+KLRG1� NK cells undergo

enhanced proliferation in response to IL-15 in vitro and under lymp-

hopenic conditions in vivo, compared to the CD27�KLRG1+ NK

cells, as well as being more efficient at performing some NK-cell

effector functions in vitro (Hayakawa et al, 2006; Huntington et al,

2007b; Chiossone et al, 2009). The enhanced tumor control reported

here for Aiolos-deficient mice and previously for mice lacking

Blimp1 (Kallies et al, 2011) may stem from the preponderance of

CD27+KLRG1� NK cells in these mice, which we showed efficiently

home to tumor containing organs. In contrast, Aiolos deficiency

resulted in a mild defect in IFN-c expression and reduced ability to

control the MCMV virus. These observations are likely to be linked

as the optimal host response to MCMV is known to require NK-cell-

produced IFN-c (Loh et al, 2005; Orange et al, 1995). Taken

together, these findings may suggest that the coordination of the

two best-characterized NK-cell effector functions, cytokine secretion

and cytotoxicity, relies on the normal peripheral maturation of the

CD27+ and CD27� populations. An alternative scenario is that the

CD27�KLRG1+ population may possess a negative regulatory func-

tion whose absence results in enhanced NK-cell lytic activity from

the more proliferative CD27+KLRG1� cells. Further studies are

required to test these possibilities.

Materials and Methods

Mice

Mixed background Ikzf3-deficient (Wang et al, 1998) mice were

obtained from Dr. Katia Georgopoulos and backcrossed to C57BL/6

for 10 generations. Prdm1GFP (Kallies et al, 2004), Id2GFP (Jackson

et al, 2011) and Tbx21�/� (Szabo et al, 2002) mice have been previ-

ously described. Prdm1GFP/GFP mice were generated as described

(Kallies et al, 2011). Ikzf3�/�: Ly5.1 mixed bone marrow chimeras

were produced by reconstituting lethally irradiated C57BL/6-Ly5.1

recipients with a mixture of bone marrow cells isolated from Ikzf3�/�

and Ly5.1 mice. Chimeric mice were analyzed after a minimum of

8 weeks post-reconstitution. All animal experimentation was

performed with the approval of the Animal Ethics Committees of

the Walter and Eliza Hall Institute or the University of Western

Australia and according National Health and Medical Research

Council (NHMRC) of Australia guidelines.

Antibodies and flow cytometry

The following anti-mouse mAbs were used for flow cytometric analysis:

NK1.1 (PK136), Ly5.2 (104), Ly5.1 (A20), CD27 (LG.7F9/LG.3A10),

KLRG1 (2F1), CD49b (HMa2), CD51 (RMV-7), CD122 (TM-b1), CD244
(244F4), NKp46 (29A1.4) CD11b (Mac-1, M1/70), c-kit (2B8), TCRb
(H57-597), CD4 (GK1.5), CD8 (53-6.7), IFN-c (XMG1.2), Ly49H (3D10)

and Ly49C/I (SW5E6). Intracellular staining for Aiolos (8B2) was

performed using the Foxp3 staining kit (eBioscience). Anti-GzmB

(GB12) was purchased from Invitrogen, and the remaining reagents

were from BD Biosciences or eBioscience. Viable cells were identified

by propidium iodide or cytox blue exclusion. Cells were analyzed on

a FACS Canto cytometer (BD Biosciences), and cell sorting was

performed on MoFlo (Becton Coulter) or Aria cytometers (BD Bio-

sciences). Data were processed using FlowJo and Weasel software.

Identification and sorting of NK-cell progenitor populations by
flow cytometry

Pre-pro-NK cells (ppNK, Lin�Sca-1highc-kitlow/�Id2-GFP+CD127+

CD135�) (Carotta et al, 2011) and NK-cell progenitors (NKP,

Lin�CD122+NK1.1�CD49b�Id2-GFP+), immature NK cells (iNK,

Lin�CD122+NK1.1+CD49b�Id2-GFP+) and mature NK cells (mNK,

Lin�CD122+NK1.1+CD49b+Id2-GFP+) were defined as described

(Seillet et al, 2014).

Cell isolation and culture

Unless otherwise indicated, splenic NK cells were enriched using

DX5 magnetic beads (Miltenyi) and cultured in IL-15 (50 ng/ml,

R&D Systems) for 5 days. The cells were then used or re-cultured in

the presence of IL-15 and either IL-12 (2 ng/ml), IL-18 (50 ng/ml) or

IL-21 (100 ng/ml), all from R&D Systems. Lung and liver lympho-

cytes were purified from single cell suspensions by centrifugation on

Histopaque (1.077 g/ml, Sigma-Aldrich) for 20 min at 400 g at room

temperature.

Intracellular cytokine stains

DX5 bead-enriched NK cells were cultured in 50 ng/ml IL-15 or

5 ng/ml IL-12 and 50 ng/ml IL-18 for 5 h in the presence of

GolgiPlug, stained for relevant surface molecules, fixed and permea-

bilized using the Cytofix/Cytoperm reagent (BD Biosciences) and

analyzed for GzmB and IFN-c.

Cytokine bead array

NK cells were expanded in IL-15 for 5 days before being transferred

into either IL-15/IL-21, IL-15/IL-12 or IL-12/IL-18. After another

2 days in culture, cell numbers were determined and equal numbers

of cells seeded in the same conditions. Supernatants were collected

after an additional 24 h and assayed for cytokines using the Bio-Rad

Bioplex cytokine bead assay (Mouse 23-Plex Panel).

mRNA analysis

Total RNA was prepared from flow cytometrically purified mouse

NK cells using an RNeasy kit (Qiagen) and subjected to quantitative
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real-time PCR. Primer sequences for Ikzf3 (Pridans et al, 2008) and

Hprt (Kallies et al, 2006) were as described. mRNA isolated from

pre-pro-NK cells was subjected to RNAseq analysis and will be

described in detail elsewhere (S. Carotta, unpublished). The ALP,

BLP, pro-B cell (Revilla et al, 2012; GEO repository, accession

number GSE 38046) and NKP, iNK and mNK-cell (Seillet et al,

2014) RNAseq data were previously reported.

Approximately 5 × 105 NK1.1+NKp46+CD244+CD11bhighTCRb�

mature NK cells were sorted from the spleen of wild-type (+/+)

and Ikzf3�/� mice, and two biological replicates were generated and

subjected to 100 bp single end sequencing on an Illumina

HiSeq2000 at the Australian Genome Research Facility (Melbourne,

Australia). More than 30 million reads were generated for each

replicate and aligned to the GRCm38/mm 10 build of the Mus

musculus genome using the Subread aligner (Liao et al, 2013).

Genewise counts were obtained using featureCounts (Liao et al,

2014). Reads overlapping exons in annotation build 38.1 of NCBI

RefSeq database were included. Genes were filtered from down-

stream analysis if they failed to achieve a CPM (counts per million

mapped reads) value of at least 0.5 in at least two libraries. Counts

were converted to log2 counts per million, quantile normalized and

precision weighted with the voom function of the limma package

(Law et al, 2014). A linear model was fitted to each gene (Smyth,

2004), and empirical Bayes moderated-t P-values were computed

relative to a fold change cutoff of 1.2-fold by using treat (McCarthy

& Smyth, 2009). Genes were called differentially expressed if they

achieved a false discovery rate of < 0.05.

Cytotoxicity assays

The cytotoxicity of NK cells was assessed using RMAS-Rae1b
tumor cell lines as described (Hayakawa et al, 2002; Brady et al,

2004).

Proliferation assays

Division tracking

Splenic NK1.1+CD49b+TCRb� NK cells were labeled with CFSE

(carboxyfluorescein succinimidyl ester, Molecular Probes) or CTV

(Cell Tracker Violet; Molecular Probes) at a concentration of 5 lM
and cultured for 5 days in various concentrations of IL-15. Alterna-

tively, NK-cell numbers were expanded in vitro in IL-15, CTV/CFSE

labeled and transferred into Rag1�/� or Rag2�/�Il2rg�/� mice as

described (Sathe et al, 2014).

IL-2/anti-IL-2mAb complexes

1.5 lg IL-2 (Peprotech) and 10 lg anti-IL-2 (S4B6, prepared in

house) were incubated together at 37°C for 30 min and then injected

IP. Mice were treated daily for 5 days.

Mouse cytomegalovirus (MCMV) infection

Mice were injected (IP) with 1 × 104 plaque forming units of sali-

vary gland-propagated virus stock of MCMV-K181 diluted in PBS

containing 0.5% fetal bovine serum and analyzed as described

(Sumaria et al, 2009). Viral titers were quantified by plaque assay

on monolayers of permissive cells as described (Allan & Shellam,

1984).

In vivo tumor model

Groups of 5 wild-type or Ikzf3�/� mice were inoculated subcutane-

ously with RMA-S tumor cells (Hayakawa et al, 2002) or intravenously

with B16B6 or B16F10 melanoma cells (Takeda et al, 2011) at the

indicated doses. RMA-S tumor growth was examined every second

day with calipers. The number of lung metastases in mice injected

with B16B6 cells was measured at day 14.

Statistics

Data were analyzed using a two-tailed, Student’s t-test (paired or

unpaired as appropriate) or a Mann–Whitney rank sum test.

P-values < 0.05 were considered significant.

Supplementary information for this article is available online:

http://emboj.embopress.org
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