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Phosphatase and tensin homolog (PTEN) is a critical negative
regulator of the phosphoinositide-3 kinase pathway, members of
which play integral roles in natural killer (NK) cell development
and function. However, the functions of PTEN in NK cell biology
remain unknown. Here, we used an NK cell-specific PTEN-deletion
mouse model to define the ramifications of intrinsic NK cell PTEN
loss in vivo. In these mice, there was a significant defect in NK cell
numbers in the bone marrow and peripheral organs despite
increased proliferation and intact peripheral NK cell maturation.
Unexpectedly, we observed a significant expansion of peripheral
blood NK cells and the premature egress of NK cells from the bone
marrow. The altered trafficking of NK cells from peripheral organs
into the blood was due to selective hyperresponsiveness to the
blood localizing chemokine S1P. To address the importance of this
trafficking defect to NK cell immune responses, we investigated
the ability of PTEN-deficient NK cells to traffic to a site of tumor
challenge. PTEN-deficient NK cells were defective at migrating to
distal tumor sites but were more effective at clearing tumors
actively introduced into the peripheral blood. Collectively, these
data identify PTEN as an essential regulator of NK cell localization
in vivo during both homeostasis and malignancy.
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Natural killer (NK) cells are innate lymphoid cells critical for
host defense against pathogens and antitumor responses

(1–3). In the naïve mouse, NK cells are distributed among a
number of hematopoietic and nonhematopoietic organs, including
major reservoirs within the spleen, blood, and bone marrow (BM).
Factors that orchestrate NK cell trafficking during homeostasis,
including chemokine receptors and adhesion molecules, remain
largely unknown. The majority of studies have focused on recep-
tors controlling NK cell migration out of the BM, such as CXCR4
and S1P5 (4–6). During inflammatory states, other receptors have
defined roles for specific tissue homing, including CCR1, CCR5,
CXCR3, CX3CR1, and CXCR6 (7). Integrin molecules, such as
very late antigen-4 (VLA-4), also have specific functions in re-
taining NK cells within BM sinusoids (8). However, the down-
stream intracellular signaling pathways important for trafficking
remain unclear, especially in light of the complex interplay of
multiple chemotactic signals during an immune response.
One family of enzymes regulating a number of chemokine re-

ceptors includes the phosphoinositide 3-kinase (PI3K) signaling
pathway, which plays a broad role in regulating cellular pro-
liferation, gene expression, survival, cytoskeleton rearrangement,
and migration (9). In immune cells, the PI3K pathway may be ac-
tivated downstream of a number of receptors, including cytokine
receptors and G protein-coupled receptors (GPCRs), the latter of
which include most chemokine receptors. Stimulation of the PI3Ks
results in the generation of phosphatidylinositol phosphate lipids,
such as PI(3,4,5)P3, and subsequent recruitment and activation of
downstream signaling proteins, including Vav, Akt, and PDK1 (9,
10). Exogenous inhibition of PI3Ks suppresses perforin and gran-
zyme B polarization and NK cell cytotoxicity (11). Additionally,
deficiency of the leukocyte-selective PI3K p110γ or p110δ subunit
results in defective NK cell development and maturation and alters
the production of IFN gamma (IFN-γ) and cytotoxicity (12–14).
New evidence has also linked IL-15 to the mammalian target of

rapamycin (mTOR) pathway via PI3K activation (15, 16). Thus,
PI3K signaling is a critical pathway for NK cell biological processes.
Two primary phosphatases oppose PI3K generation of the

active secondary messenger PI(3,4,5)P3: SH2-containing inositol-
5′-phosphatase 1 (SHIP1) and phosphatase and tensin homolog
(PTEN). SHIP1 specifically dephosphorylates PI(3,4,5)P3 to
PI(3,4)P2, whereas PTEN dephosphorylates the 3′ inositol phos-
phate on PI(3,4,5)P3, PI(3,4)P2, and PI(3)P, thereby also coun-
teracting other classes of PI3Ks (10). SHIP1−/− BM-chimeric
mice have no overt alterations in NK cell distribution, and its
intrinsic role in NK cell development only affects the terminal
differentiation of mature NK cells (17). However, there are no
reported studies of PTEN function in NK cells to date. The
effects of lymphocyte-selective PTEN deficiency in T and B cells
result from increased PI3K signaling and include increased cell
survival and proliferation, lowered activation threshold through
the B-cell receptor (18), and loss of costimulatory requirements
in T cells (19). The role of phosphatases, particularly SHIP1 and
PTEN, in cellular migration, however, remains controversial and
appears to be dependent on both the cell studied and the mode
of stimulation (20–22). Furthermore, unique aspects of PTEN
function have been reported, including protein phosphatase ac-
tivity (23) and regulation via intracellular sequestration to the
cytoplasmic membrane (24). As PTEN is a major nonredundant
regulator of PI3K signaling, we hypothesized that disruption of
PI3K inhibition would uniquely impact NK cell developmental
and functional pathways.
In this study, we generated NK cell-specific PTEN-deficient

mice, which have diminished opposing lipid phosphatase ac-
tivity to all known PI3K family members. PTEN-deficient mice
display significant defects in peripheral organ and BM NK
cell compartments, with a large proportion of NK cells being
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inappropriately localized to the blood. These effects were due in part
to alterations in NK cell trafficking in vivo, a defect that also pre-
vented their recruitment to a localized tumor challenge. These results
identify a previously unidentified role for PTEN in regulating NK cell
tissue distribution during both homeostasis and malignancy in vivo.

Results
NK Cell-Specific PTEN Deletion Alters Steady-State Tissue Distribution. To
identify NK cell-specific alterations within hematopoietic compart-
ments, we generated Ncr1KI-iCre (25) ×ROSA26KI-YFPloxP/stop/loxP

mice (hereafter referred to as PTEN+/+) and combined these
alleles with PTENflox/flox (26) (hereafter referred to as PTENΔ/Δ).
In these mice, the expression of Ncr1/NKp46 leads to Cre-
mediated excision of the phosphatase domain of pten (exon 5)
and coexpression of the YFP reporter allele (Fig. S1A). Loss of
exon 5 was confirmed by RT-PCR analysis in PTENΔ/Δ YFP+

NK cells (Fig. S1B). As reported previously, we observed that
>99% of NKp46+ NK cells in PTEN+/+ and PTENΔ/Δ mice were
YFP+ (25). Additionally, in line with PTEN excision in other
hematopoietic cells (18, 26), we did not detect PTEN protein
expression following Cre-mediated excision (Fig. S1C).
PTENΔ/Δ NK cells were abnormally distributed among typical

NK cell compartments, with decreased NK cell percentages in
the spleen, liver, lymph node (LN), and BM (Fig. 1 A and B). In
contrast, NK cell percentages were significantly increased in the
blood and lung, suggesting a defective localization of NK cells to
typical NK cell reservoirs in vivo. We further confirmed these

findings with a second NK-specific Cre model (27) (Ncr1-tg iCre ×
ROSA26-KI × YFPlox/stop/lox PTENΔ/Δ mice), which demonstrated
similar alterations in NK cell distribution (Fig. S1D). To assess
changes in NK cell compartments on a whole organism level, we
compared the absolute NK cell numbers in PTEN+/+ and PTENΔ/Δ

mice, taking into account total changes within the BM space, sec-
ondary lymphoid tissue, and intravascular volume (Fig. 1C). Despite
a significant increase in blood NK cells, PTENΔ/Δ mice remained
deficient overall in NK cells (Fig. 1D). Examination of PTENΔ/Δ

spleen and BM immunosections revealed no gross abnormalities in
NK cell localization within these organs (Fig. S1 E and F). Based on
this NK cell distribution phenotype, we hypothesized that several
nonmutually exclusive possibilities may be occurring with PTEN
deficiency: (i) a defect in NK cell development within the BM, (ii)
altered NK cell proliferation, (iii) increased retention of NK cells
within the blood, (iv) acquired homing of mature NK cells to the
lung, and (v) augmented egress of NK cells from the BM and LNs.

PTEN Deficiency Alters the CD27/CD11b Maturation Frequency Specifically
in the BM and LN. NK cell movement from the BM into the pe-
riphery is normally influenced by maturation, as evidenced by
observations that the BM is predominately composed of stage
II and III NK cells, whereas peripheral tissues contain mostly
stage IV NK cells (28). To determine whether the distribution
of NK cells was reflective of altered maturation, we analyzed
CD27/CD11b NK cell maturation stages. PTENΔ/Δ NK cells
had a significantly higher frequency of stage II NK cells in the
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Fig. 1. NK cell-specific PTEN deletion results in the altered in vivo distribution of NK cells. (A) Representative bivariate flow cytometric plots pregated on
lymphocytes from the indicated organs of PTEN+/+ or PTENΔ/Δ mice. (B) Summary data of NK cell percentages of gated lymphocytes from various organs, with
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BM (albeit to a modest degree) and a considerably higher
frequency of stage IV NK cells in the LNs, compared with
control mice (Fig. 2A). Despite this change in NK cell subset
frequency in these organs, we still observed decreased numbers
of NK cells in these subsets (Fig. 2B). Surprisingly, NK cells
were of near equivalent maturity elsewhere, including organs in
which NK cells were deficient—the spleen and liver—and
organs in which NK cells were expanded—the lung and blood.
The total number of each PTENΔ/Δ NK cell maturation subset
was proportionally reduced in these organs compared with
PTEN+/+ NK cells (Fig. 2B). Although we observed a higher
percentage of stage II NK cells in PTENΔ/Δ BM, we reasoned
that a block in maturation was unlikely based on the lack of
accumulation of undifferentiated precursor NK cells (Fig. 2B).
Furthermore, NK cell precursor (Lin– CD122+ NK1.1–) frequency
and numbers were unaltered and thus were not responsible for

decreased immature NK cell numbers (Fig. S1G). Thus, with the
exception of the BM and LNs, PTEN deficiency causes the altered
distribution of NK cells independent of maturation status.

PTENΔ/Δ NK Cells Display Alterations in Receptor Expression, Functionality,
and PI3K Signaling. We assessed a number of maturation markers
and activating and inhibitory receptors to definitively characterize
the role of PTEN in NK cell maturation. In line with the expanded
stage II NK cell frequency in PTENΔ/Δ BM, we found increased
CD51 expression and decreased CD43 expression (Fig. S1H).
However, we found no differences in CD122, NK1.1, or NKp46
expression (Fig. S1I). PTENΔ/Δ splenic NK cells displayed modest
alterations in Ly49 and NKG2A/C/E receptor expression (Fig.
S1J), suggesting that PTEN may regulate the acquisition of these
receptors or the maintenance of these subsets. Thus, the terminal
maturation of NK cells is modestly affected by PTEN deletion. As
the PI3K pathway is known to be a major route for NK cell ac-
tivation, we also evaluated the expression of CD69 but found no
difference between PTEN+/+ and PTENΔ/Δ NK cells (Fig. S1K).
We additionally investigated altered NK cell functionality but
were surprised to find less IFN-γ production in response to cyto-
kine combinations such as IL-12 + IL-15 or IL-12 + IL-18 com-
pared with control NK cells (Fig. S2). These data suggest that
PTEN selectively promotes cytokine-triggered IFN-γ production,
as PTENΔ/Δ NK cells produced equivalent IFN-γ and degranu-
lated similarly to control NK cells if stimulated through NK1.1
(Fig. S2).
We next investigated whether the absence of PTEN results in

enhanced PI3K activity in NK cells. We assessed the phos-
phorylation of AKT, a downstream target of the PI3K pathway,
both at baseline and after stimulation with IL-15, a cytokine
known to signal through AKT and mTOR (16). Although we
did not detect increased basal p-AKT expression, we observed
enhanced p-AKT following IL-15 stimulation (Fig. S3 A–C)
and increased phosphorylation of the mTOR substrates 4E-
BP1 and S6 kinase (Fig. S3 D and E) at baseline. mTOR acti-
vation in PTENΔ/Δ NK cells was significantly increased following
IL-15 stimulation but not NK1.1 ligation, consistent with a pre-
vious report demonstrating an absence of mTOR induction by
activating receptor engagement (16). In summary, the deletion of
PTEN results in augmented PI3K pathway activation, particularly
after IL-15 stimulation.

PTEN Deficiency Increases NK Cell Turnover. To assess whether the
reduction of NK cells in peripheral organs reflected the altered
proliferation or survival of NK cells, we examined rates of apo-
ptosis, BrdU incorporation, and Ki-67 expression. We found
moderate decreases in the viability of PTENΔ/Δ NK cells derived
from the BM and a trend toward increased splenic NK cell death,
but no change in the viability of NK cells from the peripheral
blood (Fig. 3A). These data were consistent with the observed
increase in caspase activation observed in BMNK cells (Fig. S4A).
Conversely, PTENΔ/Δ NK cells had significantly more BrdU in-
corporation over a 3-d period and increased expression of Ki-67,
indicating that the loss of PTEN results in greatly increased pro-
liferation (Fig. 3B). This enhanced proliferation was independent
of maturation stage (Fig. S5). Interestingly, we were unable to see
increased cell death of PTENΔ/Δ NK cells when cultured ex vivo in
limiting doses of IL-15 (Fig. S4B). Taken together with the modest
overall net decrease in total body NK cell numbers, these data
seem paradoxical—the amount of proliferation appeared to out-
weigh that of cell death.
To ensure that our readout of PTENΔ/Δ NK cell death was not

influenced by experimental variability of different mice, we gener-
ated mixed BM chimeras to better compare PTEN+/+ and PTENΔ/Δ

NK cells in a competitive environment within the same mouse (Fig.
3C). We confirmed that PTENΔ/Δ NK cells are relocalized to
the peripheral blood and lung from other lymphoid organs and

Spleen

I II III IV
0

20

40

60

80

Stage

Pe
rc

en
t N

K 
ce

lls

Liver

I II III IV
0

20

40

60

80

Stage

Pe
rc

en
t N

K 
ce

lls

BM

I II III IV
0

10

20

30

40

50
**

Stage

Pe
rc

en
t N

K 
ce

lls

Blood

I II III IV
0

20

40

60

80

Stage

Pe
rc

en
t N

K 
ce

lls

Lung

I II III IV
0

20

40

60

80

100

Stage

Pe
rc

en
t N

K 
ce

lls

LN

I II III IV
0

20

40

60 ***

*

** **

Stage

Pe
rc

en
t N

K 
ce

lls

***

  Spleen

I II III IV
0.0

0.5

1.0

1.5

2.0

**

**

Stage

N
K 

ce
ll 

nu
m

be
r (

x1
06 )

Liver

I II III IV
0

1

2

3

4

5
**

Stage

N
K 

ce
ll 

nu
m

be
r (

x1
04 )

BM

I II III IV
0

1

2

3

4

5
***

*

Stage

N
K 

ce
ll 

nu
m

be
r (

x1
04 )

Blood

I II III IV
0

1

2

3

*

***

Stage

N
K 

ce
ll 

nu
m

be
r (

x1
05 )

Lung

I II III IV
0

2

4

6 ***

Stage

N
K 

ce
ll 

nu
m

be
r (

x1
05 )

LN

I II III IV
0

1

2

3 ***
***

**

Stage

N
K 

ce
ll 

nu
m

be
r (

x1
03 )

A

B
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have greatly increased proliferation (Fig. 3 D and E). However,
these experiments also revealed a significant increase in cell death
in PTENΔ/Δ NK cells. These data suggest that our measurements of
apoptosis and cell death comparing different control and PTENΔ/Δ

mice were underestimating the increases in cell death of PTENΔ/Δ

NK cells. Indeed, we observed that although the percentages of
PTEN+/+ and PTENΔ/Δ NK cell death varied between chimeric
mice (even within the same experiment), there was a consistent and
reproducible increase in NK cell death within the same mouse,
particularly in the spleen, BM, liver, and LN, but not in the lung or
blood (Fig. 3F). Taken together, the increased NK cell proliferation
in all organs, increased cell death in most lymphoid organs, and the
lack of cell death in the blood and lung likely contributed to the
altered distribution of NK cells in PTENΔ/Δ mice.

Abnormal Retention of NK Cells Contributes to the Elevated Peripheral
Blood Pool. We further questioned whether alterations in NK cell
retention and trafficking could contribute to the increased pe-
ripheral blood NK cell numbers. We used a short-term compet-
itive transfer model in which blood NK cells of mixed genotypes
were injected intravascularly into the same wild-type recipient at
an equal ratio (Fig. 4A). After 16 h, a time sufficient to achieve
steady-state distribution, we examined changes in the relative
distribution of donor NK cells. Blood-resident PTENΔ/Δ NK cells
were significantly impaired in their recruitment to the BM, liver,
and spleen, but preferentially resided in the peripheral blood and

lung (Fig. 4 B and C). Similar trafficking defects were seen when
using spleen or BM donor NK cells, suggesting that an intrinsic
defect in PTENΔ/Δ NK cells, independent of organ residence, was
responsible for their blood retention (Fig. 4C). Furthermore, we
found similar maturation profiles of control and PTENΔ/Δ NK
cells in the blood, spleen, and lung following transfer (Fig. S6 A
and B), consistent with the lack of maturation differences in the
majority of lymphoid organs in control and PTENΔ/Δ mice. The
trafficking of PTENΔ/+ NK cells had modest, but nonsignificant,
defects in homing to peripheral organs (Fig. S6C).
Intriguingly, PTENΔ/Δ NK cells within the lung were also el-

evated. To assess whether the increase in lung NK cells in
PTENΔ/Δ mice was truly a homing phenomenon or simply a re-
flection of increased peripheral blood NK cells, we examined
whether there was an increase in lung parenchyma-infiltrating
NK cells. We differentiated parenchymal (lung-resident) versus
vascular-associated NK cells by specifically labeling intravascular
cells with short-term i.v. anti-CD45 antibody as previously de-
scribed (4, 29). PTEN+/+ NK cells were exclusively labeled with
i.v. anti-CD45, indicating that wild-type lung NK cells are nor-
mally localized completely within the lung vasculature (Fig.
S7A). We did not observe an increase in lung-infiltrating NK
cells in PTENΔ/Δ mice, as PTENΔ/Δ NK cells were also fully
labeled with anti-CD45 antibody. Thus, these data suggest that
the increase in lung NK cells in PTENΔ/Δ mice is reflective of the
elevated peripheral blood NK cell numbers.
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In contrast, other lymphoid organs known to be highly vas-
cularized similar to the lung, such as the liver, did not show in-
creased NK cell numbers in PTENΔ/Δ mice. We hypothesized
that due to our use of cardiac puncture removal of peripheral
blood, we were likely removing the peripheral blood NK cell
component of the liver but not the lung, which uniquely contains
a large network of branching microvasculature. Indeed, we found
no difference in lung NK cell frequency after cardiac puncture
removal of peripheral blood, even with additional saline perfu-
sion of the lung vasculature (Fig. S7B). These data suggest that
the majority of lung NK cells are likely marginated to vessel
walls, consistent with reports concerning lung lymphocytes (30,
31). In contrast, we observed a far greater liver NK cell de-
ficiency in PTENΔ/Δ mice following cardiac puncture removal of
peripheral blood, suggesting that the peripheral blood compo-
nent of PTENΔ/Δ liver is greatly expanded (Fig. S7C). Thus, the
blood NK cell pool in both the liver and lung is increased in
PTENΔ/Δ mice but is effectively removed by cardiac puncture in
the liver and not the lung.

PTEN-Deficient NK Cells Prematurely Exit the BM. We next inves-
tigated whether altered exit from the BM was a contributing
mechanism for blood accumulation in PTEN-deficient NK cells.
We examined parenchymal (BM tissue-resident) versus sinusoi-
dal (vascular-associated) BM NK cells by specifically labeling
sinusoidal BM cells using the i.v. anti-CD45 antibody described
earlier. In this assay, cells within sinusoids are accessible to cir-
culating CD45 antibody and are consequently stained, whereas
nonvascular (parenchymal) NK cells fail to stain in the 5-min
assay. In contrast to blood NK cells, we observed enhanced
egress from the BM (Fig. 5 A and B). PTENΔ/Δ NK cells were

redistributed from the BM parenchyma to the sinusoids, an ef-
fect observed across all NK cell maturation subsets (Fig. 5C).
Although there were no changes in CD27/CD11b subset per-

centages within the parenchyma, stage II, III, and IV NK cells
were all significantly reduced in number in PTENΔ/Δ mice (Fig.
5D). Examination of the sinusoidal fraction, however, did not
reveal a parallel increase in stage II–IV NK cell numbers. In-
stead, there was no proportional change in stage II and III and in
fact a decrease in sinusoidal stage IV NK cells, the primary
constituent of BM sinusoids (Fig. 5D). The lack of a significant
increase in sinusoidal NK cells likely reflects simultaneous loss of
retention within both the parenchyma and sinusoids, resulting in
exit from the BM. This hypothesis was supported by the elevated
NK cell numbers in the blood, especially the stage IV NK cells
(Fig. 2B). Indeed, PTENΔ/Δ mice with a comparable percentage
of sinusoidal NK cells to PTEN+/+ mice exhibited a parallel loss
of the stage IV sinusoidal NK cells, also consistent with more
rapid exit to the blood (Fig. 5E). Thus, a change in localization of
NK cells from the parenchyma to the sinusoids, in addition to
more pronounced exit from the sinusoids, contributes to changes
in the maturation profile of BM NK cells and mirrors NK cell
increases in the blood.
BM retention of developing NK cells is highly dependent on

chemokine gradients and integrin interactions that either recruit
or prevent NK cell migration. CXCL12 and VCAM-1 both have
important roles in the retention of BM NK cells by binding to
CXCR4 and VLA-4 on NK cells, respectively (4, 8). Engagement
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of these receptors can trigger activation of the PI3K pathway (32,
33). To test whether insufficient chemokine or integrin retention
signals could explain the loss of BM NK cells, we treated PTEN+/+

or PTENΔ/Δ mice with the CXCR4 antagonist AMD3100 or the
VLA-4 inhibitor firategrast. In control mice, treatment with
AMD3100 or firategrast promoted exit of NK cells from the BM
(Fig. S8A). However, PTENΔ/Δ NK cells had no further depletion
after treatment with these inhibitors individually and were similar
to the BM compartment of inhibitor-treated PTEN+/+ mice. In-
terestingly, we observed no increase in blood NK cell numbers
even in PTEN+/+ mice when AMD3100 or firategrast was used
alone, which may reflect mobilization to other lymphoid organs,
as is known to occur in mice treated with AMD3100 (34). Nev-
ertheless, treatment with AMD3100 and firategrast together
promoted substantial release of PTEN+/+ NK cells from the BM
and parallel increases in peripheral blood NK cell number, thus
phenocopying PTENΔ/Δ mice (Fig. S8B). Thus, PTENΔ/Δ NK
cells have an apparent insensitivity to BM retention signals.

PTEN Deficiency Alters LN Constituency. Similar to the BM, we
observed alterations in the maturation profile of PTENΔ/Δ NK
cells within LNs (Fig. 2A). Immunofluorescence staining of
PTENΔ/Δ LN sections revealed substantial increases in NK cell
frequency within nonfollicular regions, whereas PTEN+/+ NK
cells were also found in the paracortex (Fig. 6A). We hypothe-
sized that this change in localization could reflect preferential
residence in cortical sinuses. Therefore, we analyzed the LN NK
cell distribution using short-term anti-CD45 labeling, which has
been previously shown to differentiate NK cells within the pa-
renchyma and draining cortical and medullary sinuses (4). We
observed a significant increase in the fraction of PTENΔ/Δ NK
cells distributed into sinuses across all maturation subsets (Fig. 6
B and C). Further examination of the parenchymal and sinu-
soidal compartments revealed that although the relative distri-
bution of maturation subsets was intact in either compartment,
the parenchyma was deficient in NK cells, whereas the sinuses
were relatively unchanged in NK cell number (Fig. 6D). These
data suggest that in the absence of PTEN, a large proportion of
NK cells in the LN are relocated to exiting sinuses, rather than
entering and transiently migrating through the paracortex and
medulla of the LN as reported previously for wild-type NK cells
(35–37). We further questioned whether defects in parenchymal
entry could also be due to altered surface expression of CD62L,
a selectin essential for NK cell entry into the LN (38). As shown
in Fig. 6E, we found significantly less CD62L expression in
PTENΔ/Δ NK cells. This reduced CD62L expression likely con-
tributes to reduced LN homing in PTENΔ/Δ mice.

PTENΔ/Δ NK Cells Are Specifically Hyperresponsive to S1P Signals and
Express Increased Integrin Receptor Density. Given the apparent
insensitivity of PTENΔ/Δ NK cells to CXCR4 antagonists in vivo,
we questioned whether responses to CXCL12 in vitro would be
diminished. Surprisingly, we observed no defects in the migration
of NK cells from the BM, blood, or spleen across transwells in
response to CXCL12 (Fig. 7A). Furthermore, we examined the
expression of CXCR4, as well as a panel of known chemokine
and integrin receptors involved in NK cell trafficking, and found
no changes in CXCR4 or other chemokine receptor expression
(Fig. S9). However, we observed significantly increased expres-
sion of the integrin receptors CD49d and the ICAM-1 receptor
LFA-1. Migration of PTENΔ/Δ NK cells across ICAM-1–coated
transwells was impaired, and although this may contribute to
defects in peripheral blood egress, it does not explain increased
BM NK cell exit (Fig. S8C).
We postulated that overriding sensitivity to specific chemo-

kines could result in an apparent insensitivity of NK cells to
retention signals such as CXCR4 and VLA-4. We evaluated the
chemotaxis of PTENΔ/Δ NK cells to known NK cell-recruiting

chemokines, such as CCL2, CCL3, and CXCL10, but found no
difference in their migration (Fig. S8D). However, chemotaxis to
S1P was specifically enhanced in PTENΔ/Δ NK cells and was
most evident in NK cells derived from the peripheral blood, which
typically display insensitivity to S1P to allow egress into peripheral
tissues (Fig. 7B). Because of the low overall migration to S1P, we
assessed the chemotaxis of PTEN+/+ and PTENΔ/Δ NK cells in-
dependently and in a competitive fashion (shown in Fig. 7B) using
equivalent numbers of NK cells in the same transwell. These
experiments revealed significantly increased migration in response
to S1P by PTENΔ/Δ NK cells.
We did not detect changes in S1P5 transcript levels (Fig. 7C),

suggesting that PTEN likely regulates pathways downstream of
S1P5. Therefore, we assessed signaling changes following S1P
stimulation in PTEN+/+ and PTENΔ/Δ NK cells. S1P5 is known to
couple to Gαi/0 (signaling through PI3K/AKT and MAPK) and
Gα12/13, the signaling of which likely activates multiple pathways,
including PI3K/AKT, RhoA/ROCK, and RasGAP, leading to
down-regulation of ERK (39, 40). Stimulation of PTEN+/+ NK
cells with S1P leads to transient down-regulation of p-ERK (Fig.
7E, solid lines). Surprisingly, we found that a majority of freshly
isolated PTENΔ/Δ NK cells expressed nonphosphorylated ERK
at baseline (Fig. 7 D and E). Correspondingly, the S1P5 receptor
has been shown to intrinsically down-regulate ERK activity in
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the absence of ligand (41). We predict that this alteration in
ERK activity is likely related to S1P conditioning in vivo. Following
S1P stimulation for 1 h, we found increased phosphorylation of
both AKT (S473) and ERK on PTENΔ/Δ NK cells (Fig. 7E), again
correlating with the increased migration against S1P gradients.
Thus, these data connect PTEN and overactive S1P signaling as
a mechanism behind increased blood NK cell redistribution.

Impaired Trafficking of PTENΔ/Δ NK Cells to Tumor Sites in Vivo. NK
cell antitumor responses depend on their ability to traffic to sites

of malignant transformation. To evaluate whether PTENΔ/Δ NK
cells could mount an active NK cell response to malignancy
despite their steady-state localization defect, we used a syngeneic
tumor model in which the RMA and RMA/S lymphoma cell
lines were coinjected intraperitoneally (i.p.) into PTEN+/+ or
PTENΔ/Δ mice. Although we initially designed these experiments
to potentially analyze NK cell-mediated tumor clearance via the
selective elimination of NK cell-sensitive RMA/S cells, we ob-
served minimal clearance of RMA/S by wild-type NK cells, likely
due to the marked outnumbering of the NK cells by tumor cells
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in this model. Expansion of the peritoneal NK cell pool was
assessed 24 and 48 h after RMA:RMA/S challenge. Similar to
other lymphoid organs in the setting of PTEN deficiency, there
were significantly fewer PTENΔ/Δ NK cells in the peritoneum
during homeostasis (Fig. 8A). Following injection of control or
PTENΔ/Δ mice with RMA:RMA/S i.p., we found decreased
peritoneal NK cell numbers in the PTENΔ/Δ mice compared with
controls (Fig. 8B). However, we observed a modest increase in
PTENΔ/Δ NK cells in the peritoneal cavity, likely due to en-
hanced proliferation (Fig. 3) of existing PTENΔ/Δ NK cells in
the peritoneum.
To more definitively evaluate the requirement for PTEN in

the recruitment of NK cells into the peritoneum, we adoptively
transferred enriched PTEN+/+ or PTENΔ/Δ NK cells i.v. into
syngeneic recipient Rag2−/−γc−/− mice that lacked endogenous
NK cells. We concurrently transferred RMA:RMA/S cells i.p.
(Fig. 8C). Without tumor challenge, both PTEN+/+ or PTENΔ/Δ

NK cells failed to traffic to the peritoneum. However, in mice
challenged with RMA:RMA/S tumor, only PTEN+/+ NK cells
were capable of trafficking to the peritoneum from the blood.

Similar defects in PTENΔ/Δ NK cell recruitment were observed
when mice were implanted with s.c.-injected RMA/S cells, con-
firming the inability of PTENΔ/Δ NK cells to traffic to peripheral
sites of malignancy (Fig. 8D). We additionally performed the
converse experiment, in which we injected the B16F10 mela-
noma cell line i.v. into PTEN+/+ or PTENΔ/Δ mice. In this model,
B16F10 travels via the blood to the lung, forming lung nodules.
As expected, we found fewer metastatic lesions in PTENΔ/Δ mice
after tumor challenge, likely reflecting the increased NK cell
frequency in the lung and peripheral blood (Fig. 8E). Taken
together, these data implicate PTEN as a critical regulator of NK
cell localization during both homeostasis and malignancy.

Discussion
The PI3-kinase pathway plays a central role in NK cell biology;
however, the contribution of PTEN as a major negative regulator
of this pathway in NK cells was previously unexplored. We hy-
pothesized that selective PTEN loss in NK cells would reveal
dominant functional pathways regulated by this phosphatase in
vivo. Using a previously unreported mouse model with an NK
cell-intrinsic PTEN deletion, our studies demonstrate that PTEN
is critical for the appropriate steady-state localization of NK cells
in vivo and that PTEN deficiency results in a profound reduction
of NK cells in a number of peripheral NK cell compartments,
including the major NK cell reservoir—the spleen. PTENΔ/Δ NK
cells were hyperproliferative and displayed significant increases
in cell death in vivo, resulting in an overall moderate deficiency
of NK cells. We note that in these experiments it is difficult to
directly compare measures of proliferation and cell survival by
simple summation, as both are snapshots of markers associated
with proliferating or dying cells and do not fully reflect the ki-
netics of each process. Given that both increased proliferation
and cell death occur and total NK cell numbers are modestly
reduced, we take these data to indicate that the increased cell
death approximately balances that of proliferation. Therefore,
our data suggest that in contrast to PI3K deficiency where NK
cell development was profoundly affected (12, 13), lack of PTEN
primarily perturbs NK cell localization and cellular turnover, but
only modestly affects terminal maturation.
PTENΔ/Δ mice display both a decreased egress of blood NK

cells and increased exit of BM NK cells in vivo, which is mech-
anistically explained by augmented responses to S1P. The pre-
dominant S1P receptor in NK cells is S1P5, although the T-cell–
centric S1P1 receptor may be minimally expressed (5). We did
not detect changes in either S1P1 or S1P5 mRNA transcript level,
but this does not exclude changes at the protein level due to
endocytosis, degradation, or shedding. Nonetheless, we observed
increased S1P migration and signaling responses consistent with
a hyperactive S1P receptor. Although we observed increased S1P-
induced chemotaxis with peripheral blood and spleen PTENΔ/Δ

NK cells, this was not evident with BM PTEN+/+ or PTENΔ/Δ NK
cells to S1P, likely reflecting the low S1P5 expression on the im-
mature NK cells that make up a large part of the BM (6), and
rapid transit of mature NK cells into the blood in PTENΔ/Δ mice.
Our phenotype is also consistent with the proposed role of S1P

in NK cell trafficking. S1P concentrations are highest in the
peripheral blood and lymph and are important for NK cell exit to
these sites (42). S1P5

−/− mice display elevated NK cell numbers
within the BM and LN due to an inability to sense an effective
recruitment signal (4, 5). In the case of enhanced S1P5 signaling,
our data imply that NK cells are preferentially retained in the
peripheral blood, and NK cells in other organs (such as the
spleen) would either be recruited to the peripheral blood or be
prevented from entering that organ.
Interestingly, previous work has demonstrated that PI3K ac-

tivity represses T-cell expression of CD62L through transcriptional
and proteolytic mechanisms (43), consistent with our observations
of increased PI3K activity and constitutively down-regulated
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Fig. 8. PTEN-deficient NK cells are unable to migrate to distant sites of tumor
challenge. (A) The peritoneal cavity of PTENΔ/Δ mice is deficient in NK cells at
steady state. Shown are representative bivariate plots of single cell suspensions
generated from the flushed peritoneal cavity of PTEN+/+ or PTENΔ/Δ mice and
summary data showing mean ± SEM of 3–4 mice in three independent
experiments. (B) The i.p. tumor challenge in PTEN+/+ or PTENΔ/Δ mice using
RMA:RMA/S lymphoma cell lines results in the defective recruitment of peri-
toneal cells at 24 and 48 h. Data are mean ± SEM of n = 3–5 mice in three
independent experiments. (C) Enriched PTEN+/+ or PTENΔ/Δ splenic NK cells
were adoptively transferred i.v. into syngeneic Rag2−/−γc−/− mice that simul-
taneously received i.p. RMA:RMA/S (tumor) or PBS (no tumor, control). After
48 h, the peritoneal cavity was flushed and assessed by flow cytometry for the
recruitment of YFP+ NK cells. Summary data of mean ± SEM from three in-
dependent experiments are shown (n = 3 mice). (D) RMA/S (106 in Matrigel)
were implanted into the right flank of PTEN+/+ or PTENΔ/Δ mice. After 5 d,
tumor plugs were isolated and analyzed for NK cell infiltration by flow cyto-
metric analysis. Data shown are mean ± SEM of two independent experiments
of 3–6 mice each. (E) B16F10 cells (3 × 105) were injected i.v. into PTEN+/+ or
PTENΔ/Δ mice. After 2 wk, lungs were isolated and manually counted under
a dissecting magnifier. Data summarize two independent experiments, with
each point representing an individual mouse.
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CD62L on PTENΔ/Δ NK cells. Mechanistically, PI3K/mTOR,
through regulation of Foxo1, represses KLF2 activity, resulting in
loss of CD62L expression (44). This pathway similarly controls
the expression of S1P1 on T cells, and loss of KLF2 results in
abated S1P1 expression (45). However, in our model, PTEN de-
letion and commensurate increased PI3K activity should result in
decreased S1P receptor expression. These data imply that PI3K
regulation of S1P5 receptor expression in NK cells is different
from S1P1 in T cells. Consistent with this, S1P5 down-regulation
in NK cells has been shown to be FTY-720 insensitive, in direct
contrast to T cells (5, 6).
A previous report has demonstrated that NK cell deletion of

the p110δ isoform of PI3K also results in the defective trafficking
of NK cells, suggesting that the balance of PI3K signals is critical
for normal NK cell distribution (32). However, these PI3K-
deficient NK cells are less responsive to numerous chemokines
acting through Gαi, including CXCL12, CCL3, CXCL10, and
S1P. In our experiments, we observed increased migration se-
lectively in response to S1P, suggesting that PTEN differentially
controls either the expression of S1P5 and/or downstream signals
of the S1P receptor. Is this phosphatase regulation of NK cell
trafficking specific for PTEN? Mice lacking the alternative
PI(3,4,5)P3 phosphatase SHIP1 have no reported defects in NK
cell trafficking (17), despite observations that SHIP1, and not
PTEN, is the major regulator of neutrophil chemotaxis (20).
Although other phosphatases have not yet been evaluated in NK
cells, this suggests that PTEN is likely a dominant regulator of
NK cell localization and that PTEN has specialized and di-
vergent functional roles in NK cells, distinct from its mode of
regulation in related leukocyte lineages.
PI3-kinase knockout mice also display abnormalities in NK cell

effector functions, including cytotoxicity and IFN-γ production
(11, 12, 14). We demonstrate that PTEN promotes IFN-γ pro-
duction in response to cytokine stimulation, although the mech-
anism underlying this effect has not yet been elucidated. From
these data, it is clear that PTEN is required for the recruitment of
NK cells to a site of tumor challenge and therefore the initial
stages of an effective antitumor response. We speculate that this
requirement would be applicable to other tumors and infections
as well. Given the role of PTEN as a central tumor suppressor
gene and its causative role in a number of autosomal dominant
disorders, including Cowden syndrome and Proteus syndrome
(46), it is possible that patients harboring inherited PTEN loss-of-
function mutations may also have alterations in NK cell locali-
zation and subsequent defects in tumor immunosurveillance.
Collectively, our data suggest that PTEN deletion in NK cells

principally affects key events responsible for proliferation, cell
survival, and appropriate cell trafficking and distribution in vivo.
Because complex mechanisms contribute to the altered in vivo
distribution of NK cells in PTENΔ/Δ mice, we expect that future
studies of PTEN-deficient NK cells will reveal its importance for
NK cell responses to both infection and malignancy.

Materials and Methods
Mice. Ncr1 knock-in iCre mice (25), a kind gift of Dr. Eric Vivier (Centre d’Im-
munologie de Marseille-Luminy, France), were bred to ROSA26 YFPlox/stop/lox

knock-in mice (The Jackson Laboratory, stock no. 006148) and PTENloxp/loxp

mice (The Jackson Laboratory, 006440). For mixed BM chimera experiments,
B6.SJL (CD45.1+) recipient mice (The Jackson Laboratory, stock no. 002014) and
CD45.1/CD45.2 competitor mice were used. Tg(Ncr1-iCre)265Sxl were obtained
from Veronika Sexl (27). All mice were maintained on a C57BL/6 background.
In all experiments, PTEN-deficient NK cells were identified during flow cyto-
metric analysis by the concurrent expression of YFP, NK1.1, and NKp46 and
lack of CD3. All mice have been bred and maintained in specific pathogen-free
housing, and all experiments were conducted in accordance with the guide-
lines of and with the approval of the Washington University Animal Studies
Committee. Mice were used between 8 and 12 wk of age for all experiments.

Antibodies, Cytokines, Flow Cytometry, and Cell Sorting.A list of flow cytometry
antibodies is detailed in SI Materials and Methods. Cytokines used include
IL-12 and IL-15 (Peprotech) and IL-18 (MBL). All flow cytometry data were
collected on a Gallios flow cytometer (Beckman Coulter). Collected data were
analyzed using FlowJo (Tree Star) or Kaluza (Beckman Coulter) software. Cell
sorting was performed on a BD FACS Aria II to greater than 99% purity.

Competitive Adoptive Transfer. Competitive adoptive transfers were per-
formedwith isolated splenocytes, BM cells, or peripheral blood cells that were
labeled with various membrane and cytoplasmic dyes (PKH26, Sigma; CellVue
Claret, Sigma; CellVue Burgundy, eBioscience; CellTrace Violet, Invitrogen)
according to the manufacturers’ instructions. To account for cell labeling
effects, dyes were switched in subsequent experiments. We injected i.v. 3 ×
106 total peripheral blood cells (1 × 106 of each genotype), 10 × 106 total BM
cells (5 × 106 of each genotype), or 60 × 106 total splenocytes (20 × 106 of
each genotype) into a wild-type recipient. In our experiments, BM compet-
itive transfer was performed using wild-type and PTENΔ/Δ cells only. After
16 h, recipient mice were killed and organs processed as described below.

Organ Isolation and Processing. Mice were killed by CO2 asphyxiation, and
organs were isolated immediately. All organs received ammonium–chloride–
potassium lysis treatment. Cell counts were obtained by trypan blue exclusion
and hemacytometer counting or using propidium iodide exclusion with
a Cellometer counter (Nexcelom). In some experiments, flow cytometric cell
counting beads (Spherotech) were used. Unless otherwise stated, peripheral
blood was isolated by cardiac puncture before harvesting other organs, and in
adoptive transfer experiments, lymphocytes were enriched using Histopaque
1077 (Sigma) gradient separation. Liver NK cells were isolated by dissociating
whole liver using a tissue grinder. Lymphocytes were isolated using a 1:1
Percoll (GE Healthcare) gradient. To isolate splenocytes, spleens were crushed
through a 70-μm filter. To isolate lung NK cells, lungs were minced and placed
into serum-free DMEM with 0.7 mg/mL collagenase (Sigma) for 20 min at
37 °C. Dissociated lungs were then crushed through a 70-μm filter. For isolation
of BM cells, a single femur was removed and flushed with a 23-gauge needle.
LN cells were isolated by removal of both inguinal LNs and crushing through
a 70-μm filter. The total BM space was estimated based on the femur occupying
5% of the total marrow content (47). Total blood volume was estimated to be
1.5 mL (48). Total LN content was estimated by multiplying the cell number
in both inguinal LNs by 22, the number of identifiable LN pairs in mice (49).

Proliferation and Viability Assays.Mice were injected with 150 μg/mouse BrdU
(Sigma) i.p. every 12 h for 3 d before sacrifice and organ harvest. Single cell
suspensions from each organ were fixed and permeabilized using the
Cytofix/Cytoperm kit (BD), treated with DNase I (30 μg, Sigma) for 1 h at
37 °C, and stained with anti-BrdU antibody (BD) before flow cytometric
analysis. Ki-67 staining was assessed using a Ki-67 Set (BD) according to the
manufacturer’s instructions. To assess early and late apoptosis, single cell
suspensions from each organ were resuspended in Annexin V binding buffer
(100 mM Hepes, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) and stained using
Annexin V (BD) and 7-AAD (Sigma).

Anti-CD45 Sinusoidal Assay. The CXCR4 antagonist AMD3100 and VLA-4 small
molecule inhibitor firategrast were provided by John DiPersio (Washington Uni-
versity, St. Louis). AMD3100 (Plerixafor) was injected s.c. (150 μg/mouse) or fir-
ategrast was injected i.v. (3 mg/mouse) into recipient mice 1 h before sacrifice in
selected experiments. Five minutes before sacrifice, 1 μg anti-CD45 was injected
i.v. into each mouse. Parenchymal NK cells were identified by lack of CD45 stain-
ing, whereas sinusoidal NK cells were identified by the presence of CD45 labeling.

Mixed BM Chimeras. We injected i.v. 4 × 106 whole BM cells (1:1 wild-type
CD45.1/CD45.2: PTENΔ/Δ CD45.2) from 6-wk-old mice into CD45.1 congenic
mice receiving 900 cGy irradiation. After 8 wk, mice were killed and analyzed
by proliferation and survival assays as described previously.

Tumor Recruitment Assays. RMA/S and the parental line RMAweremaintained
in RPMI + 10% (vol/vol) FBS, harvested at log phase, and 5 × 105 1:1 RMA:
RMA/S cells were injected i.p. into recipient PTEN+/+ or PTENΔ/Δ mice. The
peritoneal compartment was flushed after 24 or 48 h, and the recovered cells
counted and analyzed by flow cytometry for YFP+ CD3– NK cells. In separate
experiments, 5 × 105 RMA:RMA/S cells were injected i.p. into Rag2−/−γc−/−

mice. Concurrently, enriched donor PTEN+/+ or PTENΔ/Δ NK cells (NK Cell
Negative Selection Kit II, Miltenyi) were injected i.v. into the tumor-bearing
mice. After 48 h, the peritoneal compartment was flushed, processed,
and analyzed by flow cytometry. For s.c. RMA/S recruitment experiments,
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106 RMA/S were mixed with 300 μL growth factor-reduced Matrigel (Corn-
ing) and implanted into the right flank of PTEN+/+ and PTENΔ/+ mice. After
5 d, tumor plugs were removed and dissociated in 1 U/mL dispase (Stemcell
Technologies), stained for NK cell markers, and analyzed by flow cytometry.
B16F10 was maintained in complete DMEM media (10% FBS, 1 mM Hepes,
1 mM nonessential amino acids, 1 mM L-glutamine, 1 mM penicillin/
streptomycin). For lung metastases experiments, 3 × 105 B16F10 were injected
i.v. into mice. After 2 wk, lungs from challenged mice were removed and fixed
in Fekete’s solution (70% ethanol, 1.2% formalin, and 4% glacial acetic acid)
to facilitate manual counting under a dissecting magnifier.

Transwell Assays. S1P (Sigma), CXCL12, CCL2, CCL3, or CXCL10 (Peprotech)
were added to a total of 500 μL of RPMI + 4 mg/mL fatty acid-free BSA
(Fisher) in the bottom chamber of 24-well, 5-μm transwell inserts (Corning).
S1P was prepared by sonication in methanol and stored in aliquots under
nitrogen at –20 °C. Immediately before assays, the methanol was evaporated
under nitrogen. The remaining lipid film was redissolved in RPMI + 4 mg/mL
fatty acid-free BSA. Splenic, BM, or peripheral blood wild-type (no YFP re-
porter) or PTENΔ/Δ NK cells were mixed and added to the top transwell

chamber at 2 × 106 cells in 100 μL for splenocytes and BM, or 5 × 105 cells for
peripheral blood mononuclear cells. The transwell plate was then incubated
at 37 °C for 3 h. Each assay contained a no transwell control (input cells) and
a chemokine-free transwell (spontaneous migration). Cell counting was
performed using flow cytometry and spike-in counting beads (Spherotech).

Statistical Analysis. Two-way ANOVA or a Student’s t test was used to determine
significance where appropriate. All statistical analyses were calculated in
GraphPad Prism software and shown as *P < 0.05, **P < 0.01, ***P < 0.001.
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