
Article

The Rockefeller University Press $30.00
J. Exp. Med. 2013 Vol. 210 No. 13 2981-2990
www.jem.org/cgi/doi/10.1084/jem.20130417

2981

NK cells have historically been considered com
ponents of the innate immune system, recog
nizing virally infected and tumor cells through 
germlineencoded receptors, and rapidly elimi
nating these targets through the secretion of lytic 
granules. However, recent studies using mouse 
models have shown that NK cells can exhibit 
features of adaptive immune responses, includ
ing antigenspecific and dependent clonal 
expansion and the ability to differentiate into 
longlived memory cells that display anamnestic 
responses to secondary antigen exposure 
(Daniels et al., 2001; Dokun et al., 2001; O’Leary 
et al., 2006; Cooper et al., 2009; Sun et al., 
2009a; Paust et al., 2010). Several groups have 
demonstrated that analogous antigenspecific 
effector and memory NK cell populations can 
also arise in humans during viral infection 
(Björkström et al., 2011; LopezVergès et al., 2011; 
Della Chiesa et al., 2012; Foley et al., 2012).

The NK cell response against mouse cy
tomegalovirus (MCMV) infection has been 

historically well characterized. In MCMV
resistant WT mouse strains (e.g., C57BL/6), the 
activating NK cell receptor Ly49H has been 
shown to specifically recognize the MCMV 
encoded glycoprotein m157, which is expressed 
on infected cells (Arase et al., 2002; Smith et al., 
2002). Receptorligand engagement triggers the 
rapid proliferation of Ly49H+ NK cells, gener
ating large numbers of antigenspecific effector 
cells (representing >90% of the total NK cell 
population) by day 7 post infection (PI) (Daniels 
et al., 2001; Dokun et al., 2001; Sun et al., 
2009a). After viral clearance, a population of 
longlived memory NK cells remain in both 
lymphoid and nonlymphoid tissues and display 
enhanced effector functions upon secondary 
MCMV exposure (Sun et al., 2009a).
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Development of the natural killer (NK) cell lineage is dependent on the transcription factor 
Nfil3 (or E4BP4), which is thought to act downstream of IL-15 signaling. Nfil3-deficient mice 
lack NK cells, whereas other lymphocyte lineages (B, T, and NKT cells) remain largely intact. 
We report the appearance of Ly49H-expressing NK cells in Nfil3/ mice infected with mouse 
cytomegalovirus (MCMV) or recombinant viruses expressing the viral m157 glycoprotein. 
Nfil3/ NK cells at the peak of antigen-driven expansion were functionally similar to NK cells 
from infected wild-type mice with respect to IFN- production and cytotoxicity, and could 
comparably produce long-lived memory NK cells that persisted in lymphoid and nonlymphoid 
tissues for >60 d. We demonstrate that generation and maintenance of NK cell memory is an 
Nfil3-independent but IL-15–dependent process. Furthermore, specific ablation of Nfil3 in 
either immature NK cells in the bone marrow or mature peripheral NK cells had no observable 
effect on NK cell lineage maintenance or homeostasis. Thus, expression of Nfil3 is crucial only 
early in the development of NK cells, and signals through activating receptors and proinflam-
matory cytokines during viral infection can bypass the requirement for Nfil3, promoting the 
proliferation and long-term survival of virus-specific NK cells.

© 2013 Firth et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months  
it is available under a Creative Commons License (Attribution–Noncommercial 
–Share Alike 3.0 Unported license, as described at http://creativecommons 
.org/licenses/by-nc-sa/3.0/).
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et al., 2011), and modulation of TH2 responses (Kashiwada  
et al., 2010; Kobayashi et al., 2011; Motomura et al., 2011). 
Given the breadth of these roles, we considered that Nfil3 
may regulate postdevelopment processes such as homeosta
sis and antiviral responses in NK cells, a hypothesis supported 
by gene array studies demonstrating continued expression of 
Nfil3 transcript in mature resting and activated NK cells (Sun 
et al., 2011). In addition to using Nfil3deficient mice, we 
developed and used mice in which the Nfil3 gene could be 
conditionally deleted to investigate the role of Nfil3 in NK 
cell homeostasis, activation, clonal expansion, and memory 
cell generation.

RESULTS
Viral infection drives expansion of NK cells  
in an Nfil3-independent manner
Nfil3 expression levels were evaluated by the ImmGen con
sortium microarray and confirmed by quantitative RTPCR 
in sorted NK cell populations. At rest, NK cells express higher 

The development of NK cells from common lymphoid 
progenitor (CLP) cells in the bone marrow is critically depen
dent on IL15, and mice unable to produce or respond to  
IL15 (Il15/, Il15ra/, and Rag2/ × Il2rg/ mice) lack 
mature NK cells (Lodolce et al., 1998; Kennedy et al., 2000; 
Cooper et al., 2002). Developmental and survival signals 
downstream of the IL15 receptor in NK cells are thought to 
be mediated by the basic leucine zipper transcription factor 
Nfil3 (nuclear factor interleukin3 regulated; also known as 
E4BP4; Gascoyne et al., 2009; Kamizono et al., 2009; 
Kashiwada et al., 2010). Similar to Rag2/ × Il2r/, Il15/, 
and Il15r/ mice, Nfil3/ mice typically contain <0.1% NK 
cells in most organs (compared with 2–5% in WT mice).

In addition to its role in NK cell development, Nfil3 has 
been shown to regulate a wide range of cellular processes in 
other lymphocyte subsets, including the survival of pro–B 
cells (Ikushima et al., 1997), IgE classswitching in B cells 
(Kashiwada et al., 2010), IL3 transcription in T cells (Zhang 
et al., 1995), development of CD8+ dendritic cells (Kashiwada 

Figure 1. MCMV-induced expansion of 
an NK1.1+ TCR- Ly49H+ NK cell popu-
lation in Nfil3/ mice. WT C57BL/6 mice 
were infected with 6 × 103 pfu MCMV (i.p.), 
and CD8+ T cells, CD4+ T cells, and NK cells 
were sorted from spleen at the indicated days 
after infection. Relative levels of Nfil3 mRNA 
were determined by the ImmGen microarray 
(A) or by quantitative RT-PCR (B). (C) Unin-
fected and MCMV-infected WT and Nfil3/ 
mice were analyzed for percentage (indicated 
on plots) of Ly49H-expressing NK cells in 
spleens on day 7 PI. (D) Absolute numbers of 
NK1.1+ Ly49H+ NK cells are shown for unin-
fected and MCMV-infected WT and Nfil3/ 
mice at day 7 PI. Fold expansion is indicated 
on graph. (E) Percentage of Ly49H+ NK cells in 
lymphoid and nonlymphoid tissues was deter-
mined in Nfil3/ mice on day 7 PI. (F) NK 
cells were isolated from MCMV-infected WT 
and Nfil3/ mice at day 7 PI and expression 
of the indicated marker was determined by 
flow cytometry. Error bars for all graphs show 
SEM and all data are representative of three 
independent experiments with n = 3–4 mice 
per group.
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contrast to infection with parental MCMV, suggesting that ex
pansion of Nfil3/ Ly49H+ NK cells during MCMV infec
tion depended on recognition of the m157 antigen (Fig. 3 A). 
To confirm this finding, we engineered a recombinant vesicu
lar stomatitis virus expressing m157 (VSVm157) and a vac
cinia virus expressing m157 (VACVm157). Nfil3/ mice 
infected with either of these recombinant viruses demonstrated 
an expansion of the Ly49H+ NK cell population that was not 
observed during infection with control recombinant viruses 
expressing OVA (Fig. 3, B and C). In all experiments, signifi
cant expansion of Ly49H+ NK cells was observed in lymphoid 
and nonlymphoid organs in Nfil3/ mice infected with 
m157expressing viruses (Fig. 3 D and not depicted). Further
more, only infection with m157expressing viruses, but not 
with OVAexpressing viruses, induced a full maturation 
phenotype (KLRG1hi CD62Llo Ly6Chi) of Nfil3/ NK cells 
(Fig. 3 E and not depicted). Thus, the presence of a cognate 
viral ligand is required to promote a robust proliferative pro
gram in NK cells lacking Nfil3.

Proinflammatory cytokines drive NK cell  
expansion in Nfil3/ mice
In addition to antigen receptor triggering in T and NK cells, 
signaling via proinflammatory cytokines such as IL12 and 
type I IFNs, generated in response to viral infection, have 
been shown to play an important role in lymphocyte pro
liferation and effector function (Sun and Lanier, 2011).  

levels of Nfil3 mRNA than CD8+ and CD4+ T cells (Fig. 1, 
A and B). Nfil3 expression in NK cells modulates immedi
ately after MCMV infection, suggesting activationinduced 
regulation of Nfil3 expression, but resting and memory NK 
cells exhibited comparable levels of Nfil3 (Fig. 1, A and B). 
We investigated whether elevated Nfil3 transcript (relative to 
T cell controls) correlated with survival and function in NK 
cells at various stages before and after viral infection.

Although NK cells are nearly undetectable in Nfil3/ 
mice at steadystate, MCMV infection elicited a profound in
crease in the overall percentage NK cells, of which the major
ity (>90%) expressed the activating receptor Ly49H (Fig. 1 C). 
The expansion of Nfil3/ NK cells amounted to an 30fold 
increase in total cell numbers, in contrast to a roughly three
fold increase in WT NK cells (Fig. 1 D). The MCMV 
expanded Nfil3/ Ly49H+ NK cells were detected in 
both lymphoid and nonlymphoid tissues at day 7 PI (Fig. 1 E). 
Surface expression of Ly49 family activating receptors, as well 
as markers of activation and maturation, by WT and Nfil3/ 
NK cells at day 7 PI, indicated that MCMVexpanded 
Nfil3/ NK cells were phenotypically similar to WT NK cells 
(Fig. 1 F). NK cells from Nfil3/ mice expressed comparable 
levels of activating and inhibitory Ly49 receptors to WT mice, 
with slightly increased expression of activation markers CD11b 
and KLRG1, likely a reflection of the greater fold expansion 
of Nfil3/ NK cells compared with WT NK cells (Fig. 1 D). 
Thus, although Nfil3 is required for NK cell development, the 
virusspecific NK cells in Nfil3/ mice can be driven to ex
pand after MCMV infection.

MCMV-expanded Nfil3/ NK cells are functionally competent
To address functionality, NK cells from MCMVinfected 
Nfil3/ and WT mice were assessed by ex vivo stimulation 
using platebound antibodies specific for activating NK cell 
receptors and in vitro killing assays. Ly49H+ NK cells from 
Nfil3/ and WT mice produced comparable amounts of 
IFN, and degranulated similarly (measured by CD107a ex
pression) in response to platebound antibodies, or PMA and 
ionomycin (Fig. 2, A and B). Nfil3/ NK cells were capable 
of mediating in vitro killing of YAC1 targets similar to WT 
NK cells (Fig. 2 C). Additionally, MCMVinfected Nfil3/ 
mice were able to reject “missingself” B2m/ splenocytes at 
day 7 PI (Fig. 2 D), demonstrating the presence of functional 
Nfil3/ NK cells in vivo. Altogether, these findings indicate 
that NK cells that proliferate in Nfil3/ mice in response to 
MCMV infection represent fully functional effector cells.

Cognate viral ligand required for NK cell  
expansion in Nfil3/ mice
Given the selective expansion of Ly49H+ NK cells in Nfil3/ 
mice, we investigated whether the MCMV glycoprotein m157 
was required for the expansion of Nfil3/ NK cells. To test 
this, we first infected mice with a strain of MCMV in which 
the m157 gene had been deleted (MCMVm157). Nfil3/ 
mice did not demonstrate an increase in the percentage  
of Ly49H+ NK cells after infection with MCMVm157, in 

Figure 2. Comparable function of WT and Nfil3/ NK cells after 
MCMV infection. Splenic WT and Nfil3/ NK cells were stimulated for  
5 h with anti-Ly49H, anti-NKp46, or PMA + Ionomycin (P/I) and evaluated 
for IFN- production (A) and degranulation (B; as determined by CD107a 
expression) by flow cytometry. (C) 51Cr-labeled YAC-I target cells were 
incubated with splenic WT or Nfil3/ NK cells isolated at day 7 PI. Spe-
cific lysis was determined 4 h later. (D) CFSE-labeled WT and B2m/ 
targets were injected (i.v.) into MCMV-infected Nfil3/ mice at day 7 PI, 
and specific killing (percentage of CFSE+ cells remaining) was evaluated at 
the indicated time points after transfer. Error bars for all graphs show 
SEM and data are representative of three independent experiments with  
n = 3 mice per group.
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similar ratios 14 d later (corresponding to 21 d from initial 
virus exposure; Fig. 5 C), suggesting survival and maintenance 
of memory NK cell populations occur independent of Nfil3.

To examine the influence of these cytokines during the ex
pansion of Ly49H+ NK cells in Nfil3/ mice infected with 
MCMV, Nfil3/ mice were injected with blocking antibod
ies against IL12, the IFN receptor (IFNR1), or both be
fore infection. By percentage, Ly49H+ NK cell expansion was 
significantly reduced in the spleen and liver of mice treated 
with blocking antibodies compared with control Nfil3/ 
mice treated with PBS (Fig. 4, A and B). The absolute num
bers of Ly49H+ NK cells in antibodytreated Nfil3/ mice 
were reduced by >10fold compared with control animals 
(Fig. 4, C and D). Reduced numbers were similarly detected 
in all lymphoid and nonlymphoid tissues of antibodytreated 
mice (unpublished data). Interestingly, disruption of either  
IL12 or typeI IFN signaling results in a defect comparable 
to ablation of both cytokine pathways, suggesting an absolute 
requirement for each of these cytokines in mediating the NK 
cell expansion during MCMV infection.

Nfil3/ NK cells become long-lived  
memory cells after MCMV infection
MCMV infection generates a population of memory Ly49H+ 
NK cells that persists for several months after viral clearance 
(Sun et al., 2009a). To determine whether Nfil3 influences 
the formation and persistence of memory NK cells, we mea
sured the number of Ly49H+ NK cells in Nfil3/ mice at 
various time points after MCMV infection. Ly49H+ NK cells 
were detected in the blood, liver, and spleen of Nfil3/ mice 
for >60 d after infection (Fig. 5 A and not depicted). Thus, 
the stages of NK cell expansion, contraction, and memory 
persistence after MCMV infection could be clearly observed 
in Nfil3/ mice (Fig. 5 B), similar to previous observations 
in WT mice (Sun et al., 2009a). Interestingly, although op
timal numbers of effector and memory Nfil3/ NK cells 
were only observed after infection with MCMV, but not 
MCMVm157, a small population of NK cells appeared in 
Nfil3/ mice infected with MCMVm157 at day 14 PI 
(Fig. 5 B and not depicted), suggesting that ligandindependent 
signals, such as inflammation, are sufficient to drive a limited 
degree of NK cell expansion in Nfil3/ mice.

To confirm that the persisting NK cells in MCMV 
infected Nfil3/ mice truly represent longlived memory 
cells, and not newly generated cells egressing from the bone 
marrow at later time points, equal numbers of  WT (CD45.1) 
and Nfil3/ (CD45.2) Ly49H+ NK cells from mice infected 
with MCMV (day 7 PI) were adoptively transferred into 
naive Ly49h/ hosts (Ly49h/ mice do not express the 
Ly49H receptor but have normal numbers of NK cells). 
Donor WT NK cells were derived from NK cells originally 
transferred to Ly49h/ host mice before MCMV infection, 
to compare NK cell populations that had undergone a similar 
fold expansion. The absence of CD69 upregulation on the 
lymphocytes of recipient mice after adoptive transfer con
firmed that virus had not been coinjected along with the 
NK cells into the naive Ly49h/ mice (unpublished data). 
WT and Nfil3/ Ly49H+ NK cells were detectable in pe
ripheral blood at 12 h after transfer and were recovered at 

Figure 3. Proliferation of Nfil3/ Ly49H+ NK cells requires cog-
nate viral ligand m157. (A) Nfil3/ mice were infected with MCMV  
(6 × 102 pfu) and MCMV-m157 (4.5 × 104 pfu). Percentage of Ly49H+ 
NK cells within total splenocyte populations were determined on day 7 PI.  
(B) Nfil3/ mice were infected with recombinant VSV expressing m157 or 
OVA (107 pfu), and the percentage of Ly49H+ NK cells within the total 
splenocyte population was determined at day 7 PI. (C) Nfil3/ mice were 
infected with recombinant VACV expressing m157 or OVA as in B, and 
percentage of Ly49H+ NK cells was determined in the indicated organs at 
day 7 PI. (D) Absolute numbers of Ly49H+ NK cells in Nfil3/ mice in-
fected with VACV-m157 or VACV-OVA are shown for the indicated tis-
sues. (E) Nfil3/ mice were infected with VACV-m157 (solid black lines) 
or VACV-OVA (shaded gray) and expression of KLRG1, CD62L, and Ly6C on 
splenic NK1.1+ Ly49H+ NK cells was determined at day 7 PI. Error bars for 
all graphs show SEM and data are representative of n = 3 mice per group, 
and experiments were performed twice.
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NK cell populations was observed in Ly49h/ mice, resting 
and effector NK cells transferred into the Il15/ hosts rapidly 
disappeared (Fig. 6, A and B). Similarly, memory NK cells 
(purified at day 21 PI) were also found to be dependent on 
IL15, as cells transferred into Il15/ hosts disappeared 
within 3 d (Fig. 6 C). Thus, the maintenance of memory NK 
cells after MCMV infection appears to be an IL15–dependent 
but Nfil3independent process. These results indicate the ex
istence of an Nfil3independent signaling pathway that facili
tates the longterm survival of IL15–dependent NK cells.

Survival of effector and memory NK cells is IL-15 dependent
Our data demonstrates that NK cell effector and memory cell 
generation occurs independent of Nfil3. Because Nfil3 has 
been suggested to act downstream of IL15 receptor signaling 
(Gascoyne et al., 2009), we hypothesized that memory NK 
cells may not have the same requirement for IL15 as resting 
NK cells. To test this, resting NK cells (Fig. 6 A) or effector 
Ly49H+ NK cells isolated from MCMVinfected WT donor 
mice at day 7 PI (Fig. 6 B) were transferred into Il15/ or 
Ly49h/ mice. Whereas survival of both the transferred WT 

Figure 4. Proinflammatory cytokines IL-12 
and type I IFNs drive proliferation of 
Ly49H+ NK cells in Nfil3/ mice during 
MCMV infection. Nfil3/ mice were pre-
treated with the indicated blocking antibodies 
(or PBS as a control) 24 h before MCMV infec-
tion, and the percentage of Ly49H+ NK cells in 
spleen (A) and liver (B) was determined by 
flow cytometry at day 7 PI. (C and D) Absolute 
numbers of Ly49H+ NK cells at day 7 PI were 
determined in spleen (C) and liver (D). Error 
bars for all graphs show SEM and data are 
representative of n = 3 mice per group, and 
the experiments were performed twice.

Figure 5. MCMV infection of Nfil3/ mice produces long-lived memory NK cells. (A) Nfil3/ mice were infected with MCMV (6 × 102 pfu), 
and percentage of Ly49H+ NK cells in spleen was determined by flow cytometry at the indicated time points. (B) Nfil3/ mice were infected with 
MCMV or MCMV-m157, and Ly49H+ NK cell percentages were enumerated in spleen at the indicated time points. (C) Ly49H+ NK cells from day 7 
MCMV-infected WT (CD45.1) and Nfil3/ (CD45.2) were transferred into Ly49h/ mice and frequency of transferred cells was determined at 12 h (top 
plot) or 14 d (bottom plot) after transfer. Error bars for all graphs show SEM and data are representative of n = 3–4 mice per group, and experiments 
were repeated three times.
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Nfil3fl/fl × Nkp46iCre mice contained a comparable number 
of mature NK cells to littermate control mice (Fig. 8 B). 
Moreover, surface expression of common NK cell maturation 
markers CD11b and CD27 did not differ significantly be
tween NK cells from Nfil3fl/fl × Nkp46iCre mice and littermate 
controls (Fig. 8 C). We next generated mixed 1:1 WT:Nfil3fl/fl × 
Nkp46iCre bone marrow chimeric mice to evaluate the ability 
of the Nfil3fl/fl × Nkp46iCre NK cells to develop in a competi
tive environment with WT NK cells. We found that NK 
cells that have ablated Nfil3 early in development (CD45.2) 

Survival and homeostasis of mature  
NK cells is Nfil3 independent
To determine whether mature NK cells continued to re
quire Nfil3 for lineage survival in the absence of infection 
or inflammation, we generated mice in which Nfil3 could 
be conditionally deleted in mature resting NK cells. We 
generated mice in which the Nfil3 gene is flanked by loxP 
sites (Nfil3fl/fl; Motomura et al., 2011), a tamoxifeninducible 
Cre cassette is driven by the Ubiquitin promoter (UbCre-ERt2; 
Ruzankina et al., 2007), and the Rosa26 promoter drives a 
floxed “STOP” with YFP reporter cassette (R26Y; Srinivas 
et al., 2001). These mice (Nfil3fl/fl × R26Y × UbCreERt2) 
allow for the inducible deletion of Nfil3 upon tamoxifen 
treatment, and Crerecombinase activity monitored by 
tracking the YFP+ population (Fig. 7 A). To address the 
impact of Nfil3 ablation on the homeostasis of mature NK 
cells, NK cells from Nfil3fl/fl × R26Y × UbCreERt2 mice 
(CD45.2) were adoptively transferred into WT recipient 
mice (CD45.1). Upon tamoxifen treatment, ablation of 
Nfil3 in both YFP+ and YFP NK cells was confirmed by 
PCR (Fig. 7 B), suggesting that YFP expression underre
ports Cre activity and excision of the floxed Nfil3 gene.  
Interestingly, transferred NK cells were readily detectable 
25 d after tamoxifen treatment (Fig. 7 C). Thus, genetic 
deletion of Nfil3 in mature NK cells had no effect on ho
meostatic survival and maintenance.

Requirement for Nfil3 restricted to  
NK cell progenitors
We next investigated whether Nfil3 is required during the 
developmental stage when NK cell progenitors first acquire 
their activating receptors (e.g., NKp46). We crossed the re
cently developed Nkp46iCre mouse, which expresses Cre
recombinase under control of the Ncr1 (NKp46) gene 
promoter (NarniMancinelli et al., 2011), to the Nfil3fl/fl 
mice. Expression of NKp46 is thought to occur immedi
ately after acquisition of the NK lineagedefining markers 
CD122 and NK1.1 (NarniMancinelli et al., 2011). Dele
tion of Nfil3 was confirmed in NK cells but not other im
mune cell lineages from Nfil3fl/fl × Nkp46iCre mice by PCR 
analysis of genomic DNA from sorted NK cells and T cells 
obtained from the same mouse (Fig. 8 A). Surprisingly, 

Figure 6. IL-15 requirement of resting, 
effector, and memory NK cells. NK cells 
purified from WT mice were adoptively trans-
ferred into Il15/ or Ly49h/ mice. Percent-
ages of naive mature NK cells (from uninfected 
mice; A), day 7 PI effector NK cells (B), or day 
21 PI memory NK cells (C) were determined at 
indicated time points after transfer. (Trans-
ferred effector and memory NK cells were 

Figure 7. Nfil3 expression is dispensable in mature NK cells.  
(A) Schematic of the Nfil3fl/fl × R26Y × UbCre-ERt2 mouse system for tamoxifen-
inducible, Cre/loxP-mediated deletion of the Nfil3 gene. (B) Nfil3 gene 
deletion after tamoxifen treatment was confirmed by PCR in sorted YFP+ 
or YFP NK cells. WT NK cells were sorted as a positive control for Nfil3 
gene detection. (C) Nfil3fl/fl × R26Y × UbCre-ERt2 mice were treated with 
tamoxifen and mature NK cells were sorted and transferred into WT re-
cipient mice. The presence of transferred cells determined at indicated 
time points after transfer. Error bars for all graphs show SEM and data are 
representative of n = 3–4 mice per group, and experiments were indepen-
dently repeated three times.

originally isolated from Ly49h/ mice receiving Ly49H+ NK cells and infected 7 or 21 d earlier, respectively.) Error bars for all graphs show SEM and data 
are representative of n = 3–4 mice per group, and experiments were independently repeated three times.
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chimeras into Ly49h/ mice to investigate their ability to  
respond to MCMV infection. Both NK cell populations ex
panded robustly in response to infection and contracted to 
form comparable memory cell populations (Fig. 8, E and F). 
The effector and memory Nfil3fl/fl × Nkp46iCre NK cells were 
phenotypically and functionally similar to their WT counterparts 

reconstituted similarly to WT NK cells (CD45.1), suggesting 
that Nfil3 is exclusively required during the progenitor 
stages, but not once developing NK cells acquire their first 
activating receptors (Fig. 8 D).

Lastly, we adoptively transferred the WT (CD45.1) and 
Nfil3fl/fl × Nkp46iCre (CD45.2) NK cells from the bone marrow 

Figure 8. Nfil3 is not required for NK cell maturation and function beyond the early NK cell progenitor stage. (A) NK cells and T cells were 
sorted from Nfil3fl/fl × Nkp46iCre mice and Nfil3 expression was analyzed by PCR. (B) Percentage of mature NK cells was determined in Nfil3fl/fl × Nkp46iCre 
mice and littermate controls. (C) Expression of maturation markers CD27 and CD11b was determined on NK cells from Nfil3fl/fl × Nkp46iCre mice and litter-
mate controls. (D) Mixed bone marrow chimeric mice were generated using a 1:1 ratio of bone marrow from WT (CD45.1, solid lines) and Nfil3fl/fl × Nkp46iCre 
(CD45.2, dotted lines) donor mice. Percentages of donor cells and expression of CD27, CD11b, and Ly49H was determined by flow cytometry at 8 wk after 
irradiation and reconstitution. (E and F) Splenic NK cells were purified from chimeric mice generated in D and adoptively transferred to Ly49h/ hosts. 
Percentages of Ly49H+ NK cells were determined at indicated time points after MCMV infection. (G) Ly49H+ NK cells from MCMV-infected WT (solid lines) 
and Nfil3fl/fl × NKp46iCre (dotted lines) mice were analyzed for expression of the indicated molecules at days 7 (top) and 30 (bottom) PI. (H) The NK cells 
from G were stimulated for 5 h with anti-Ly49H, anti-NKp46, IL-12 + IL-18, or PMA + Ionomycin (P/I) and evaluated for IFN- production by flow cytometry. 
Error bars for all graphs show SEM and all data are representative of n = 3–4 mice per group per time point, repeated in three independent experiments.
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with MCMV. No effector Ly49H+ NK cells could be de
tected at day 7 PI (unpublished data), suggesting that our whole 
spleen preparation contained <104 Ly49H+ NK cells. Al
though the origin of the MCMVdriven NK cells remains to 
be determined, perhaps a combination of the immature bone 
marrow–derived NK cells and peripheral NK cells contribute 
to the significant population of Ly49H+ NK cells measured 
in Nfil3/ mice at day 7 PI.

Given that NK cells could be induced to expand in mice 
lacking IL15 signaling machinery, it is perhaps not surprising 
that NK cells could similarly expand in Nfil3/ mice in re
sponse to viral infection. Unexpectedly however, the MCMV
expanded Nfil3/ NK cells persisted in mice for a prolonged 
period after initial infection, even though Nfil3 has been 
suggested to function downstream of the IL15 receptor  
(Gascoyne et al., 2009). Although mature, resting NK cells 
depend on IL15 signals for persistence (Kennedy et al., 2000), 
it was previously unknown whether memory NK cells have 
the same requirement for IL15. Our data demonstrates that 
like resting NK cells, memory NK cells remain fully depen
dent on IL15, as memory NK cells transferred into IL15–
deficient hosts disappeared with similar kinetics to both resting 
and effector NK cells. Together with data demonstrating that 
tamoxifeninduced deletion of Nfil3 in mature NK cells did 
not affect NK cell survival, our results predict the existence of 
an Nfil3independent prosurvival pathway downstream of  
IL15 that permits the maintenance of peripheral NK cells. 
Because memory CD8+ T cells also depend on IL15 signals 
for survival (Ma et al., 2006), we tested whether generation of 
this lymphocyte population depended on Nfil3 in like man
ner to developing NK cells. After MCMV infection of mixed 
WT:Nfil3/ bone marrow chimeric mice, we observed a 
comparable percentage of antigenspecific WT and Nfil3/ 
CD8+ T cells at memory time points (unpublished data), in
dicating that this IL15–dependent, but Nfil3independent, 
pathway is not restricted to the NK cell lineage.

Strikingly, the coincident deletion of Nfil3 with NKp46 
expression during early development resulted in normal pe
ripheral NK cell numbers, suggesting that the activity of Nfil3 
is likely critical only at the early transitional stages from CLP to 
NKP. Along with the tamoxifeninduced deletion of Nfil3 in 
mature NK cells, these data together are in contrast to the loss 
of certain lymphocyte subsets and function during deletion 
of lineagedetermining transcription factors. One of the 
best characterized examples is regulatory T cell dependence on 
continuous Foxp3 expression, not only during development 
but also for lineage maintenance and function (Williams and 
Rudensky, 2007). Among the transcription factors that govern 
NK cell development, induced deletion of Eomes in peripheral 
NK cells has recently been shown to result in dedifferentiation 
of mature NK cells (Gordon et al., 2012), further suggesting 
that such lineagedefining transcription factors play a continu
ous role in the maintenance of lymphocyte identity. Thus, fu
ture studies will determine why this is not the case for Nfil3, 
and how Nfil3 initiates programming of the NK cell lineage 
but then is dispensable for lineage maintenance and function. 

(Fig. 8, G and H). Altogether, these results confirm that Nfil3 is 
not required for the survival or maintenance of NK cells beyond 
the earliest stages of development and lineage commitment.

DISCUSSION
IL15 and Nfil3 are both factors critical for the development of 
a mature and functional NK cell pool in the periphery, and mice 
deficient in Nfil3 or components of the IL15 signaling ma
chinery lack NK cells at steadystate. However, despite stringent 
requirement for IL15 in NK cell development, recent data in
dicate that viral infection of NK cell–deficient mice (e.g., Il15/, 
Il15ra/, Rag2/ × Il2rb/, and Rag2/ × Il2rg/) drives 
out a substantial population of mature NK cells that are func
tionally and phenotypically similar to those generated in infected 
WT mice (Sun et al., 2009b). These findings suggested that liga
tion of activating receptors (e.g., Ly49H) and signals from pro
inflammatory cytokines such as IL12 can bypass the requirement 
for IL15 during viral infection (Sun et al., 2009b). Our data in
dicates that although Nfil3 is indispensable for early stage NK 
cell development, it is not essential when NK cell maturation 
and functionality are driven by viral infection. We have estab
lished that Ly49H ligation plays a large role in the generation of 
Nfil3deficient effector and memory NK cells, as do the proin
flammatory cytokines IL12 and type I IFN. Interestingly, a re
cent study demonstrated that crosspresenting CD8+ DCs, 
which are also dependent on Nfil3 for their development 
(Kashiwada et al., 2011), could be induced to expand in short
term bone marrow reconstitution settings in the absence of 
Nfil3, and were phenotypically similar to WT DCs (Seillet et al., 
2013). Together with our findings in NK cells, these results 
highlight that under specific conditions, certain lineagedeter
mining transcriptional regulators are dispensable for subsequent 
lineage maintenance and function.

The precise source of these virally expanded NK cells in 
Nfil3/ mice remains elusive. NK cells differentiate from 
CLP cells in the bone marrow, maturing through several stages 
under the influence of specific cytokines (especially IL15) 
and transcription factors to result in mature, functional cells  
(Yokoyama et al., 2004; MartínFontecha et al., 2011). Simi
lar to NK cell–deficient mice where IL15 signals are ablated, 
the minute number of peripheral NK cells present in Nfil3/ 
mice may be contributing to the robust NK cell numbers 
after MCMV infection. However, it is also possible that im
mature NK cells newly expressing Ly49H in the bone mar
row are rapidly recruited to peripheral organs during viral 
infection, even though NK cell development in Nfil3/ 
mice is thought to be arrested at the early NK cell progenitor 
(NKP) stage (Gascoyne et al., 2009; Kamizono et al., 2009). 
We have previously demonstrated that adoptive transfer of as 
few as 104 Ly49H+ NK cells into Ly49Hdeficient recipient 
mice, followed by MCMV infection, results in a detectable 
effector population at day 7 PI (Sun et al., 2009a). Therefore, to 
determine whether the MCMVexpanded Nfil3/ Ly49H+ 
NK cells originated from the small percentage of peripheral 
NK cells, whole splenocytes from Nfil3/ mice were adop
tively transferred into Ly49h/ recipient mice and infected 
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platebound antibodies against activating receptors along with Brefeldin A 
was performed as described previously (Sun et al., 2012). In brief, 96well 
plates were coated with 10 µg/ml of purified antibodies against Ly49H or 
NKp46. PBStreated control wells, and wells containing 50 ng/ml PMA and 
1 µg/ml ionomycin, or 20 ng/ml IL12 and 10 ng/ml IL18 were included. 
Cells were stained for intracellular IFN and CD107a (LAMP1).

In vivo and in vitro cytotoxicity assays. In vivo cytotoxicity was as
sessed by i.v. injection of target cells (WT or B2m/) labeled with different 
concentrations of CFSE at a 1:1 ratio into indicated mice. Spleens were col
lected at indicated time points and examined for percentage of each target 
cell population. For in vitro cytotoxicity assays, enriched NK cells were in
cubated with 51Crlabeled YAC1 target cells in triplicate. Supernatants 
were harvested and assayed for 51Cr release after 4 h of incubation at 37°C, 
and percentage of specific lysis was determined.

Quantitative RT-PCR. CD8+ T cells, CD4+ T cells, and NK cells were 
purified (>99%) from total splenocytes using an Aria II sorter (BD), and lysed 
in TriReagent (Ambion). RNA purification and cDNA synthesis were per
formed using the RNeasy kit (with DNase I treatment; QIAGEN), and MuLV 
reverse transcription and Oligo dT(16) primers (Applied Biosystems). iQ Sybr 
Green SuperMix (BioRad Laboratories) was used for qRTPCR, and data 
were normalized to actin and expressed as relative target abundance via the 
CT method. Relevant primer sequences are as follows: Nfil3 forward, 5AT
GCCCAAGAAATCCAGAAA3; Nfil3 reverse, 5GGGAGAGTGCTT
GATGACTG3; actin forward, 5TGCGTGACATCAAAGAGAAG3; 
and actin reverse, 5CGGATGTCAACGTCACACTT3.

Statistical analysis. Results are expressed as mean ± SE. Data were ana
lyzed using oneway ANOVA, and unpaired Students t test for multiple 
comparisons. All analyses were performed using Prism 5.0b (GraphPad Soft
ware), and differences were considered significant when P ≤ 0.05.
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