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Natural killer (NK) cells play an essential role in the immune
response to infection and cancer. After infection or during homeo-
static expansion NK cells express a developmental program that
includes a contraction phase followed by the formation of long-
lived mature memory-like cells. Although this NK cell response
pattern is well established, the underlying mechanisms that ensure
efficient transition to long-lived NK cells remain largely undefined.
Here we report that deficient expression of intracellular osteopon-
tin (OPN-i) by NK cells results in defective responses to IL-15
associated with a substantial increase in the NK cell contraction
phase of homeostatic expansion, defective expression of the
Eomes transcription factor, and diminished responses to metastatic
tumors. The OPN-i–deficient phenotype is accompanied by in-
creased NK cell apoptosis, impaired transition from immature to
mature NK cells, and diminished ability to develop memory-like
NK cells that respond to mouse cytomegalovirus. Gene pathway
analysis of OPN-i–deficient NK cells suggests that the mechanistic
target of rapamycin pathway may connect OPN-i to Eomes and
T-bet expression by mature NK cells following up-regulation of
OPN-i after IL-15 stimulation. Identification of OPN-i as an essential
molecular component for maintenance of functional NK cell expan-
sion provides insight into the NK cell response andmay provide the
basis for improved approaches to immunotherapy for infectious
disease and cancer.
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Homeostatic proliferation of lymphocytes is a central mech-
anism used by the immune system to maintain sufficient

numbers of immune cells to mount rapid and effective responses
against potential pathogens (1–4). Periods of lymphopenia also
induce a homeostatic developmental program characterized by
early proliferation that precedes a contraction phase followed by
expansion and persistence of long-lived memory-like cells (1, 3, 5).
Increased understanding of mechanisms that guide homeostatic
expansion of immune cells is essential for developing improved
strategies for immunotherapy of infectious disease or cancer.
Natural killer (NK) cells exhibit the highest levels of cytotoxic

activity within the immune system and altered NK cell numbers
or functionality may have a profound impact on overall immune
status, including protective immunity against viruses and tumors
(6, 7). NK cells that undergo homeostatic expansion under
lymphopenic conditions can give rise to progeny capable of ro-
bust proliferation and effector activity against diverse pathogen
challenges (5). The factors that promote and regulate progression
through the distinct stages of homeostatic NK cell expansion are
not well understood.
Homeostasis, survival, and development of NK cells from

common lymphoid progenitor (CLP) cells in the bone marrow
(BM) are critically dependent on IL-15, and mice unable to
produce or respond to IL-15 (Il15−/−, Il15ra−/−, and Rag2−/−γC−/−

mice) lack mature NK cells and display developmental arrest at
an immature NK cell stage (8, 9). Developmental and survival
signals downstream of the IL-15 receptor (IL-15R) in NK cells

are thought to be mediated, in part, by the basic leucine zipper
transcription factor (TF) Nfil3 (nuclear factor interleukin-3
regulated; also known as E4BP4) (10, 11). However, whereas
expression of Nfil3 is essential for early development of NK cells,
survival and homeostasis of mature NK cells is Nfil3 independent
(12). The serine-threonine kinase mechanistic target of rapamycin
(mTOR) downstream of IL-15R is also critical for development
and peripheral activation of NK cells, in part through induction of
several critical TFs, including Eomes and T-bet (13). The mech-
anisms that integrate these multiple signaling pathways that con-
tribute to NK cell development are poorly understood.
The phosphoprotein osteopontin (OPN) is expressed as a se-

creted (OPN-s) or intracellular (OPN-i) isoform that arises from
different OPN translational initiation sites (14). OPN-s promotes
survival and maintenance of activated CD4+ T cells and exces-
sive OPN-s can result in relapse and disease exacerbation of
murine experimental autoimmune encephalomyelitis (15). OPN-s
also contributes to activation of NKT cells and development of
ConA-induced hepatitis (16). Although OPN is also expressed by
NK cells (16), the potential contribution of OPN isoforms to NK
cell homeostasis, survival, and function has not been determined.
We report here that OPN expression by NK cells is up-regu-

lated after ligation of IL-15R. Analysis of mice containing targeted
expression of OPN isoforms indicated that expression of OPN-i,
but not OPN-s, is essential for NK cell expansion and differenti-
ation. These findings implicate OPN-i as a previously unidentified
intermediate within the IL-15 signaling pathway that ensures
passage of NK cells through the contraction phase of homeostatic
expansion and full differentiation into long-lived NK cells.

Significance

Maintenance of a pool of natural killer (NK) cells with optimal
immune function is crucial for host defense against pathogens
or cancerous tumor formation. Here we identify intracellular
osteopontin (OPN-i) as an essential molecular component re-
sponsible for maintenance of functional NK cell expansion.
Absence of OPN-i results in failure to maintain normal NK cel-
lularity and increased cell death following stimulation by cyto-
kine interleukin-15. OPN-deficient NK cells fail to successfully
navigate the contraction phase of the immune response,
resulting in impaired expansion of long-lived NK cells and de-
fective responses to viral infection and tumor cells. Insight into
the contribution of OPN-i to NK cell responses may provide the
basis for improved approaches to immunotherapy for infectious
disease and cancer.
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Results
OPN-i–Deficient Mice Harbor Reduction of Mature NK Cells. To define
the potential contribution of OPN to regulation of NK cells at
steady state, we initially measured OPN at the mRNA and
protein levels at different stages of NK maturation, according to
surface expression of CD11b and CD27: CD11b–CD27– (R0),
CD11b–CD27+ (R1), CD11b+CD27+ (R2), and CD11b+CD27–

(R3) (Fig. 1A) (17, 18). Peak levels of Spp1 mRNA and OPN
protein were expressed by CD11b+ R2 mature NK cells, during
the transition into terminally differentiated R3 cells (Fig. 1A),
suggesting a potential contribution of OPN to the development
of mature NK cells.
To define the potential contribution of OPN isoforms to

regulation of NK cell homeostasis and function, we analyzed NK
cells from mice that express only OPN-i [EIIa-Cre+Spp1flstop,
hereafter “OPN-i–knock-in” (KI)] (19), and wild-type (WT)
mice that express both isoforms or from OPN-deficient (EIIa-

Cre–Spp1flstop, hereafter “OPN-KO”) mice that express neither
OPN isoform. Immunoblot analysis showed that NK cells from
OPN-i–KI mice expressed similar levels of OPN protein as NK
cells from WT littermates (Fig. S1A). Moreover, secreted OPN
was not detectable in supernatants of freshly isolated or activated
T cells and NK cells from either OPN-i–KI or OPN-KO mice
(Fig. S1B). We then evaluated NK cell numbers, subsets, and
phenotype in various tissues of OPN-i–KI and OPN-KO mice
compared with WT littermates. The number of NK cells in
spleens of mice lacking OPN was reduced to roughly 50% of the
NK numbers of WT mice, and expression of OPN-i fully remedied
this defect (Fig. 1 B and C). We noted that immature NK cells,
characterized as CD11b–CD27+ and expressing CD51 (integrin
αν), CD61 (integrin β3), and B220 receptors, were modestly ele-
vated in OPN-KO mice compared with WT and OPN-i–KI mice
(Fig. 1B and Fig. S2 A and B). A corresponding decrease in the
most mature NK cell subset (CD11b+CD27–, expressing Ly49D,
Ly49H, and CD43 receptors), was evident in spleen and BM of
OPN-KO but not OPN-i–KI mice (Fig. 1B and Fig. S2 A and C).
Separate enumeration of mature CD11b+ and immature CD11b–

NK cells revealed that OPN-KO NK cells contained ∼2.5-fold
fewer mature NK cells compared with WT and OPN-i-KI coun-
terparts, whereas numbers of immature NK cells did not differ
significantly (Fig. 1C), suggesting that OPN-i deficiency was as-
sociated with defective NK cell maturation.

The OPN-i–Deficient Developmental Phenotype Is NK Cell Intrinsic.
OPN-i expression in plasmacytoid dendritic cells (pDC) is es-
sential for efficient production of IFNα and full expression of
NK effector cell activity (20). To investigate whether the impaired
NK response noted above reflected a cell-intrinsic role of OPN-i
in NK cells, mixed BM chimeric mice were generated by recon-
stituting sublethally irradiated Rag2−/−γC−/− hosts with an equal
number of BM cells from OPN-KO or OPN-i–KI (CD45.2+) and
WT (CD45.1+CD45.2+) mice. The frequency of OPN-KO NK cells
was twofold less than OPN-i–KI cells 12 wk postreconstitution,
which reflected a twofold reduction of mature CD11b+CD43+ NK
cells (Fig. 1 D and E), suggesting that defective NK cell maturation
noted in intact animals reflected an intrinsic NK cell defect.
We next investigated whether reduced numbers of mature NK

cells in OPN-KO mice reflected diminished survival, decreased
proliferation, or both. Proliferation of OPN-KO splenic NK cells
was similar to that of OPN-i–KI counterparts, according to ex-
pression of Ki67, a marker that identifies actively dividing cells.
In contrast, OPN-KO NK cells displayed increased levels of annexin
V expression (Fig. 1 D and E), indicating that, whereas NK cells
lacking OPN-i are able to undergo unimpaired homeostatic pro-
liferation, they are less able to survive this process.

OPN-i–Deficiency Impairs NK Cell Function.Defective differentiation
of OPN-KO NK cells from immature precursors to mature
progeny is accompanied by increased apoptosis and potential
functional impairment. We examined the response of splenic NK
cells to NK1.1 ligation in vitro. Compared with WT and OPN-i–
KI NK cells, OPN-KO NK cells showed significantly reduced
degranulation (measured by CD107a expression) and diminished
IFNγ production after NK1.1 engagement (Fig. 2A). OPN de-
ficiency did not affect the response to phorbol 12-myristate
13-acetate (PMA) plus ionomycin (Fig. S2D), suggesting that OPN-
KO NK cells were responsive to stimuli that bypassed receptor-
based physiological pathways. Impaired NK1.1 responses could
be reconstituted by OPN-i expression, because OPN-KO NK
cells transduced with a lentivirus that expressed OPN-i (GFP+)
displayed significantly increased NK1.1-induced degranulation
compared with cells transduced with control virus (Fig. 2B).
OPN-KO NK cells also failed to mediate significant lysis of Yac-1
and RMA targets, in contrast to WT and OPN-i–KI NK cells,
which displayed vigorous target cell killing (Fig. 2C). We further
investigated the cytotoxic potential of OPN-KO NK cells in vivo
using a well-established B16 melanoma model (7) that allows
enumeration of metastatic lung nodules after i.v. injection of NK

Fig. 1. Reduced mature NK cells from OPN-i–deficient mice. (A) Quantita-
tive RT-PCR analysis of Spp1mRNA (Middle) and OPN and actin protein levels
(Right) expressed by the indicated splenic NK cell subsets (Left, defined by
CD11b and CD27 expression) sorted from B6 mice. Spp1 expression was
normalized to that of the Rps18 control and results are presented relative to
that of R0, set as 1. Ratios of OPN to actin protein levels are indicated as
follows: R0, CD11b–CD27–; R1, CD11b–CD27+; R2, CD11b+CD27+; and R3,
CD11b+CD27–. (B) Representative FACS plots show splenic NK1.1+TCRβ− NK
cells from the indicated mouse stains. Histogram overlays of CD11b, CD43, and
B220 expression are shown (Right). (C) Quantitation of absolute numbers of
total NK cells, immature CD11b–, and mature CD11b+ NK cells from spleen and
BM of the indicated mouse strains (n = 6 mice per group) is shown. **P < 0.01
(error bars, mean ± SEM). (D) Sublethally irradiated Rag2−/−γC−/− recipients
injected with mixtures of lymphocyte-depleted OPN-i–KI or OPN-KO BM cells
(CD45.1−CD45.2+) and CD45.1+CD45.2+ WT BM cells were analyzed 12 wk
later. Representative FACS plots show the percent of NK cells (NK1.1+CD122+

CD3−) from each donor along with the indicated CD45.1−CD45.2+ donor NK
subsets in E.
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cells and B16F10 cells into Rag2−/−γC−/− mice (Fig. 2D and Fig.
S3A). Mice reconstituted with OPN-KO NK cells displayed
fewer NK cells and failed to reduce tumor metastasis compared
with recipients of WT and OPN-i–KI NK cells (Fig. 2D and Fig.
S3 B and C). Taken together, these results indicated that OPN-i
deficiency increased NK cell apoptosis, resulted in diminished
NK cell lytic activity and cytokine secretion, as well as impaired
antitumor responses in vivo.

Impaired Response of OPN-KO NK Cells to IL-15. The phenotypic
impairment displayed by OPN-KO NK cells was reminiscent of
NK cells from mice carrying genetic disruptions of IL-15 sig-
naling, resulting in greatly reduced numbers of mature NK cells

and a residual NK population consisting mainly of immature
CD11b– cells (8, 9). We therefore analyzed the potential impact
of IL-15 on OPN expression by NK cells. IL-15 treatment in-
duced a fivefold increase in Spp1 mRNA expression in cultured
NK cells (Fig. 3A), consistent with earlier gene profiling analysis
of NK cells 24 h after activation in vitro with IL-15 (Gene Ex-
pression Omnibus: GSE7764) (21). We then compared the re-
sponse of OPN-KO NK cells with WT and OPN-i–KI NK cells to
increasing concentrations of IL-15. Although higher concen-
trations of IL-15 protected NK cells from apoptosis (measured
by annexin V expression), limiting concentrations of IL-15 re-
vealed defective protection of OPN-KO NK cells compared with
WT and OPN-i–KI cells (Fig. 3B). Moreover, withdrawal of IL-2,
which shares a similar signaling pathway with IL-15, greatly in-
creased apoptosis of OPN-KO NK cells compared with their
OPN-i–expressing counterparts (Fig. 3C). The defective survival
response to IL-2/IL-15 was independent of OPN-s, because sup-
plementation by recombinant OPN did not diminish apoptosis
levels (Fig. 3C), suggesting that regulation of NK cell survival by
IL-15 signals may require expression of OPN-i.
To further define the potential contribution of OPN-i to the

NK-cell IL-15 response, we transduced OPN-KO hematopoietic
stem cells (HSCs) with lentivirus expressing OPN-i (or a control
GFP vector) and transferred sorted GFP+ cells into sublethally
irradiated Rag2−/−γC−/− mice. Analysis of splenic NK cells 8 wk
postreconstitution after in vitro stimulation with IL-15 showed
that expression of OPN-i in OPN-KO NK cells reduced the ap-
optotic fraction of NK cells and greatly increased the proportion
of NK cells expressing granzyme B and perforin (Fig. 3D), in-
dicating that OPN-i expression promotes IL-15–dependent NK
cell survival and cytotoxic potential long after development from
BM precursors in lymphopenic hosts.

Excessive Contraction During Homeostatic Expansion of OPN-KO NK
Cells. Maintenance of mature NK cell survival in vivo also
depends on IL-15 (1, 3, 5), which may require OPN-i expression.

Fig. 2. OPN-i–deficiency impairs NK cell function. (A) Splenic NK cells from
the indicated strains were stimulated for 5 h with plate-bound anti-NK1.1 Ab
before flow cytometric analysis of CD107a (degranulation) and IFNγ ex-
pression by incubation with anti-CD107a and anti-IFNγ. (B) OPN-KO HSCs
were transduced with lentivirus expressing OPN-i (OPN-i–GFP) or a control
GFP vector before transfer as sorted GFP+ cells into sublethally irradiated
Rag2−/−γC−/− mice. CD107a expression was analyzed in splenic NK cells 8 wk
after reconstitution and stimulation as in A. (C) IL-2–cultured NK cells from
the indicated mice were incubated with Yac-1 or RMA target cells at the
indicated ratios before specific lysis was determined 4 h later. (D) B16F10
cells were injected i.v. into Rag2−/−γC−/− hosts 10 d after transfer of sorted
NK cells from the indicated mice (as shown in Fig. S3). Lung metastasis
nodules were enumerated at d 25. n = 5 mice per group. *P < 0.05, **P <
0.01. Values are shown as mean ± SEM. Data are representative of at least
three independent experiments.

Fig. 3. Impaired IL-15 responses of OPN-KO NK cells in vitro. (A) Quantita-
tive RT-PCR analysis of Spp1 mRNA expressed by B6 splenic NK cells treated
with (+) or without (–) IL-15 (100 ng/mL) for 24 h. Results (normalized as in
Fig. 1A) are presented relative to that of (–), set as 1. (B and C) Percent of
annexin V+ NK cells (from the indicated mice) incubated with increasing
concentrations of IL-15 for 24 h (B) and with or without IL-2 at the indicated
time points (C), as well as with (+) or without (–) addition of recombinant
OPN (C), assessed by flow cytometry. Values represent the average of three
independent experiments with error bars of mean ± SEM. (D) Lentivirally
transduced OPN-KO HSCs were transferred into Rag2−/−γC−/− hosts as in Fig.
2B. Expression of annexin V, intracellular granzyme B, and perforin was
analyzed by flow cytometry in splenic NK cells 8 wk after reconstitution
followed by incubation with IL-15 (100 ng/mL) for 24 h.
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We directly analyzed the contribution of OPN-i to homeostatic
expansion in a lymphopenic setting after transfer of sort-purified
NK cells from WT, OPN-KO, and OPN-i–KI mice into Rag2−/−

γC−/− hosts (Fig. 4A). All groups of NK cells expanded robustly
after transfer, peaking at similar numbers at day 7. However, by
day 12, when WT and OPN-i–KI NK cells maintained substantial
numbers despite the “contraction phase,” the numbers of adop-
tively transferred OPN-KO NK cells were approximately one-third
of their OPN-i–expressing counterparts at 12, 21, and 60 d post-
transfer (Fig. 4A). Moreover, WT and OPN-i–KI NK cells dis-
played ratios of mature:immature (CD11b+:CD11b−) NK cells of
∼2.5:1, in contrast to the CD11b+:CD11b− 0.5:1 ratio of OPN-KO
NK cells (Fig. 4B), consistent with a maturation defect of NK cells
lacking OPN-i (Fig. 1D).
To determine whether fewer OPN-KO NK cells were re-

covered at later time points simply because they failed to pro-
liferate efficiently, we performed adoptive transfer experiments
in which carboxyfluorescein succinimidyl ester (CFSE)-labeled

splenic NK cells from WT, OPN-KO, or OPN-i–KI mice were
injected i.v. into Rag2−/−γC−/− hosts. The proportion of NK cells
displaying decayed CFSE fluorescence represents dividing NK
cells. At day 3 after injection, despite an impaired response to
NKp46 stimulation by OPN-KO NK cells (Fig. S4A), no signif-
icant difference was noted in proliferation among WT, OPN-
KO, or OPN-i–KI NK cells, consistent with similar Ki67 ex-
pression by these cells in BM chimeras (Fig. 1D and Fig. S4B).
To test whether reduction of mature OPN-KO NK cells

reflected a survival defect of mature NK cells or a differentiative
block that inhibits development of mature NK cells, CD11b−

CD27+ immature and CD11b+ mature NK subsets were sorted
from WT, OPN-KO, or OPN-i–KI mice before adoptive transfer
into Rag2−/−γC−/− hosts. Eight days after transfer, WT and OPN-
KO CD11b− immature donor NK cells proliferated (Ki67 ex-
pression) and ∼65% became CD11b+ mature NK cells (Fig. S5 A
and B). However, a lower proportion of OPN-KO CD11b− do-
nor NK cells acquired expression of the terminal differentiation
marker CD43 compared with WT and OPN-i–KI NK cells (Fig.
S5C) and OPN-KO CD11b+ donor NK cells showed higher
levels of staining for annexin V (Fig. S5B), suggesting a possible
early phenotypic difference between OPN-i–deficient and OPN-
i–expressing NK cells at the outset of the contraction phase.
These differences became more apparent at day 16 posttransfer,
at which point OPN-KO KLRG1+ CD11b+ donor NK cells were
reduced approximately three-fold and displayed higher levels of
apoptosis compared with WT and OPN-i–KI NK cells (Fig. 4C).
Taken together, these findings suggest that differences in NK cell
responses mainly reflect impaired survival of mature OPN-KO
NK cells during homeostatic responses.

Generation of Long-Lived NK Cells Requires OPN-i. NK cells that
survive the contraction phase of homeostatic proliferation can
develop into long-lived NK cells that are poised to respond to
viral infection with characteristics of memory-like NK cells (5).
We determined whether OPN-i expression was required for
generation of long-lived Ly49H+ NK cells, which can display
robust antigen-driven expansion in response to mouse cyto-
megalovirus (MCMV) infection. At day 60 after transfer of
OPN-KO or OPN-i–KI NK cells into Rag2−/−γC−/− hosts, similar
levels of Ly49H+ NK cells were present in uninfected mice (Fig.
4D). Seven days after challenge with MCMV, the proportion of
splenic Ly49H+ OPN-i–KI NK cells increased by ∼10-fold,
compared with a 2-fold increase in OPN-KO NK cells. The de-
fective response of Ly49H+ OPN-KO NK cells to MCMV was
associated with impaired up-regulation of Ly49H, KLRG1,
NKG2D, and granzyme B (Fig. 4 D and E). Thus, OPN-i ex-
pression is essential not only for the survival of mature NK cells
but also for generation of long-lived Ly49H+ NK cells that re-
spond to viral infection.

Molecular Mechanisms for OPN-i–Dependent Regulation of NK Cell
Homeostasis. The above findings suggested that OPN-i is re-
quired for successful differentiation of NK cells into a mature
subset and successful navigation through the contraction phase
of homeostatic expansion. Moreover, OPN-i–dependent expan-
sion was essential for NK cell inhibition of tumor metastasis in
vivo and the development of long-term memory-like phenotype
and responses to MCMV infection. Because Eomes and T-bet
are essential regulators of NK cell homeostasis, maturation and
function (7, 22, 23) and phenotypic impairment of OPN-KO NK
cells may reflect defective expression of these TFs, we analyzed
expression of Eomes and T-bet at the protein level 16 d after NK
cell transfer into Rag2−/−γC−/− hosts (Fig. 5A). Immature CD11b–

NK cells differentiated into T-betlo Eomes+ cells independent of
OPN status. However, transition to mature (CD11b+) NK cells
was accompanied by up-regulation of T-bet and maintenance of
Eomes expression by mature OPN-i–expressing but not OPN-KO
NK cells (Fig. 5 A and B). These findings support the view that the
developmental defect of OPN-KO NK cells noted above is

Fig. 4. Impaired homeostatic expansion of OPN-KO NK cells in lymphopenic
hosts. (A and B) The 5 × 105 sorted splenic NK cells from WT, OPN-KO, and
OPN-i–KI mice were transferred into Rag2−/−γC−/− hosts. (A) Graph shows the
absolute number of splenic NK cells at various time points after transfer. (B)
Ratios of CD11b+ mature NK cells to CD11b− immature NK cells from the
indicated strain at d 21 after transfer from A are shown. n = 3–4 mice per
time point per group. **P < 0.01, ***P < 0.001 (error bars, mean ± SEM). (C)
Sorted CD11b− immature and CD11b+ mature NK cells from WT, OPN-KO,
and OPN-i–KI mice were transferred into Rag2−/−γC−/− hosts, separately.
FACS plots show percent of CD11b+KLRG1+ splenic NK cells (CD122+NK1.1+)
at d 16 after transfer. Histogram overlays (Right) show expression of annexin
V on transferred NK cells from WT (red line), OPN-KO (blue line), and OPN-
i-KI (black line) mice. (D) Rag2−/−γC−/− hosts reconstituted with sorted NK
cells from OPN-KO and OPN-i-KI mice as in A were infected with MCMV at
day 60. Splenic NK cells were analyzed 7 d postinfection (PI) (compared with
uninfected mice) for expression of Ly49H+NK1.1+ NK cells (gated on CD122+

cells). (E) Splenic NK cells of day-7 postinfection mice from OPN-i–KI (black
line) and OPN-KO (blue line) were analyzed for surface expression of KLRG1
and NKG2D and intracellular staining of granzyme B.
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associated with failure of mature NK cells to maintain Eomes
and T-bet expression (23).
To gain insight into the potential contribution of OPN-i to up-

regulation of Eomes and T-bet expression and its impact on NK
cell homeostasis, maturation, survival, and function, global gene
expression analysis was performed using sorted OPN-i–KI and
OPN-KO NK cells from Rag2−/−γC−/− recipients at day 10 after
adoptive transfer (Fig. S6A), when OPN-KO NK cells display
striking survival defects during contraction (Fig. 4A). Consistent
with up-regulated Eomes and T-bet protein levels by OPN-i–KI
NK cells compared with OPN-KO NK cells (Fig. 5 A and B),
expression of Eomes and Tbx21 mRNA increased in OPN-i–KI
cells (Fig. S6B). Many transcripts associated with Eomes and
T-bet activity were also up-regulated, including those encoding
molecules associated with NK cell maturation (e.g., Klrg1 and
Tox) (23–26), survival (e.g., Bcl2, Il2rβ, and Il2rγ) (27, 28), ef-
fector function [e.g., Klrk1 (encoding NKG2D), Prf1 (encoding
perforin), Gzmk (encoding granzyme k)] and memory formation
(e.g., Cxcr6 and Thy1) (29, 30) (Fig. S6B). These results are
consistent with our observations that OPN-i–KI NK cells
expressed increased protein levels of KLRG1, NKG2D, and
cytotoxic molecules compared with their OPN-KO counterparts
(Figs. 3D and 4 C and E). Consistent with the essential role of
the mTOR pathway to up-regulation of Eomes and T-bet

expression (13, 31), we noted a highly significant enrichment of
mTOR pathway gene expression by OPN-i–KI cells (P < 0.0001)
compared with OPN-KO NK cells according to gene set en-
richment analysis (GSEA) or the National Institute of Allergy
and Infectious Diseases DAVID Bioinformatics Resource (http://
david.abcc.ncifcrf.gov) that identify pathways in the KEGG data-
base (Fig. S6C andD). NK cell mTOR activity is controlled mainly
by IL-15 signaling (13). Analysis of phosphorylated mTOR
(p-mTOR) expressed by NK cells after incubation with IL-15
showed a dose-dependent increase of p-mTOR and up-regulation
of the Eomes and T-bet TFs. Moreover, OPN-i–deficient NK cells
displayed impaired up-regulation of p-mTOR as well as diminished
expression of Eomes and T-bet (Fig. 5C). These results suggested
that the contribution of OPN-i to elevated Eomes and T-bet ex-
pression during transition from the immature to the mature NK
phenotype may be associated with up-regulation of an mTOR
intermediary (13).

Discussion
Maintenance of a pool of NK cells with optimal effector function
is essential for host defense against pathogens or cancerous tu-
mor formation. Although mechanisms responsible for homeo-
static proliferation of T lymphocytes have been well characterized,
the signals guiding NK cell homeostasis are only dimly un-
derstood. Here we provide evidence that mice carrying a deletion
of an intracellular isoform OPN (OPN-i) fail to maintain normal
NK cellularity and harbor mature NK cells that undergo increased
apoptosis in response to IL-15. This phenotype is associated with
failure of OPN-KO NK cells to successfully navigate the con-
traction phase during homeostatic expansion, resulting in im-
paired expansion of long-lived NK cells equipped to respond to
MCMV infection.
These data suggest that IL-15–dependent NK cell responses

and homeostasis require expression of OPN-i for survival in vitro
and in vivo. Previous studies have shown that IL-15 signaling in
NK cells results in increased expression and antiapoptotic ac-
tivity of Bcl-2 and its family members (8, 32), whereas IL-15
deprivation promotes accumulation of the proapoptotic factors
Bim and Noxa (33). The signals downstream of IL-15 that may
control the balance of antiapoptotic and proapoptotic signals have
been attributed to Erk, PI3K, and mTOR kinases (13, 33). Our
gene profile analysis suggests an association between OPN-i ex-
pression and increased mTOR activity, consistent with the similar
phenotypes of OPN-KO NK cells and mTOR-deficient NK cells,
although the latter phenotype is more severe (13). Identification
of OPN-i as an intermediate of the IL-15 antiapoptotic pathway
suggests an unappreciated complexity of IL-15 signals that may
control the life span of NK cells through interactions with the
mTOR system and warrants further investigation.
The failure of OPN-KO NK cells to successfully navigate the

contraction phase in lymphopenic hosts may reflect impaired
expression of both Eomes and T-bet by mature NK cells. Impaired
expression of Ly49 receptors and increased NK cell apoptosis may
reflect diminished Eomes expression, because expression of Eomes
is essential for maintenance of mature NK cells and induction of
Ly49 receptor expression, including Ly49H, which mediates re-
sistance against MCMV infection (34, 35). Although Eomes and
T-bet play distinct roles in the regulation of NK cell maturation, they
cooperate to promote expression of perforin and enhance IL-15
responsiveness and compound mutations of both TFs exert
a synergistic effect on the NK phenotype (23, 27). Mechanisms
that may underpin OPN-i–dependent regulation of these two
TFs are under investigation.
Although NK cells have been considered relatively short-lived

components of innate immunity, recent studies have revealed
that NK cells can exhibit features of adaptive immune respon-
ses, including antigen-dependent clonal expansion and the ability
to differentiate into long-lived memory-like cells (29, 35, 36).
Homeostatic expansion also drives NK cells to become long-
lived cells and acquire memory-like features after transfer into
lymphopenic mice (5). Although generation of these two pools

Fig. 5. Molecular mechanism of OPN-i–dependent regulation of NK cell
homeostasis. (A) Splenic NK cells from Rag2−/−γC−/− hosts reconstituted with
either CD11b− immature or CD11b+ mature NK cells (from WT, OPN-KO, and
OPN-i–KI mice) (as in Fig. 4C) were analyzed for intracellular expression of
T-bet and Eomes at d 16 posttransfer. (B) Quantitation of Eomes and T-bet
mean fluorescence intensity (MFI) in NK cells from A is shown. n = 3–5 mice
per group. *P < 0.05, **P < 0.01 (error bars, mean ± SEM). (C) Expression of
p-mTOR, Eomes, and T-bet in splenocytes from indicated mice strains (n = 3
mice per group) cultured in IL-15 (10 or 50 ng/mL) for 24 h. Representative
histogram overlays are shown. Numbers indicate MFI of indicated proteins.
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of long-lived NK cells follows a similar developmental pro-
gram, several differences exist between antigen-activated and
homeostasis-driven memory-like NK cells (including a less acti-
vated phenotype after homeostatic expansion) (5). Recent studies
have begun to elucidate molecular elements regulating memory
NK cell formation after viral infection, including regulation of
expansion by the Zbtb32 TF and regulation of contraction by Bim
(37, 38). The current study reveals for the first time to our
knowledge that the intracellular isoform OPN-i makes an essential
contribution to the formation of long-lived NK cells with a mem-
ory-like phenotype after homeostatic expansion. Whether OPN-i
is important for the generation of antigen-driven memory NK cells
is not directly addressed by these studies. Because IL-15, Eomes,
and the mTOR pathway are essential for memory formation by
subsets other than NK cells, including CD8+ T cells (39), the
potential contribution of OPN-i to the memory response of these
T-cell subsets warrants further study.
In summary, we have shown that expression of OPN-i by NK

cells is essential for successful navigation through the contraction
phase of expansion and generation of long-lived NK cells with
increased functionality. Homeostatic expansion of NK cells is a
critical response to chronic infection, chemotherapy, or as a
consequence of hematopoietic stem cell transplantation. Iden-
tification of OPN-i as an essential molecular element in this
process provides insight into NK cell biology and may provide
the basis for improved approaches to immunotherapy for in-
fectious diseases or cancer.

Materials and Methods
Mice. C57BL/6J (B6) (Jackson Labs), Rag2−/−γC−/−, CD45.1+ C57BL/6 (Taconic
Farms), and EIIa-Cre– Spp1flstop (OPN-KO), EIIa-Cre+Spp1flstop (OPN-i-KI) mice (19)

were housed in pathogen-free conditions. All experiments were performed in
compliance with federal laws and institutional guidelines as approved by Dana-
Farber Cancer Institute’s Animal Care and Use Committee.

NK Cell Stimulation and Flow Cytometry. Details of NK cell stimulation and
flow cytometry can be found in SI Materials and Methods.

Adoptive Transfer, Lentiviral Transduction, and MCMV Infection. Details of
adoptive transfer, lentiviral transduction, and MCMV infection are provided
in SI Materials and Methods.

In Vitro and in Vivo Cytotoxicity Assays. Details of in vitro and in vivo cytotoxic
assays are provided in SI Materials and Methods.

Analysis of Spp1 mRNA and OPN Protein Expression. Detailed analysis of
Spp1 mRNA and OPN protein expression are provided in SI Materials
and Methods.

Microarray. Microarray details can be found in SI Materials and Methods.

Statistical Analyses. Statistical analyses were performed using Student’s t test
with GraphPad Prism V6 as indicated. Error bars indicate mean ± SEM. A P
value of <0.05 was considered to be statistically significant (*P < 0.05, **P <
0.01, ***P < 0.001).
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