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Abstract

Natural killer (NK) cell development is a multistep process that requires a variety of signals and transcription factors. The
lack of mammalian target of rapamycin (mTOR) kinase severely impairs NK cell development in mice. mTOR binds to
Raptor and Rictor to form two complexes, mMTORC1 and mTORC?2, respectively. How mTOR and its two complexes
regulate NK cell development is not fully understood. Here, we developed two methods to inactivate mTOR, Raptor, or
Rictor in early stage NK cells (using CD122-Cre) or in late-stage NK cells (using Nerl-Cre'€). First, we found that when
mTOR was deleted by CD122-Cre during and after NK cell commitment, NK cell development was severely impaired,
while Ncrl-Cre™ mediated mTOR deletion slightly affected NK cell terminal differentiation, suggesting that mTOR is
essential for early NK cell differentiation. Second, we found that CD122-mediated deletion of Raptor significantly limited
the differentiation of CD27"CD11b~ immature NK (iNK) cell into mature NK cells. In contrast, the absence of Rictor
significantly interfered with the differentiation of CD27 CD11b™ early iNK cells. Third, Ncrl-mediated deletion of Raptor,
rather than Rictor, moderately affected NK cell terminal differentiation. In terms of mechanism, mTORCI1 mainly promotes
the expression of NK cell-specific transcription factor E4 promoter-binding protein 4 (E4BP4), while both mTORC]1 and
mTORC?2 can enhance the expression of T-bet. Therefore, mMTORC1 and mTORC?2 subtly coordinate NK cell development
by differentially inducing E4BP4 and T-bet.

Introduction

Natural killer (NK) cells are derived from hematopoietic
stem cells through multiple developmental stages, including
common lymphoid progenitor cells (CLP), NK progenitor
cells (NKp), immature NK (iNK) cells, and mature NK
(mNK) cells. The expression of IL-15/IL-2 receptor f chain
(CD122) determines the commitment of CLP to NK cell
lineage. Along with acquisition of NK1.1, mouse NKp dif-
ferentiates into iNK and eventually mNK. The expression of
NKp46 encoded by the gene Ncrl occurs at the stage of iNK
cells [1], and Ncrl-Cre mice have widely been used as tools
for genetic study of gene regulation in NK cells. Based on
the expression of CD27 and CD11b, iNK cells can be further
defined as CD27 CD11b™~ (DN, here refers to early stage of
iNK) and CD27"CD11b~ subsets, whereas mNK cells
include CD277CD11b" and CD27 CD11b" subsets [2].
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NK cell differentiation is driven by many transcription
factors, such as E4 promoter-binding protein 4 (E4BP4),
Eomesodermin (Eomes), and T-bet [3]. The germline
deletion of E4BP4 leads to no detectable NK cells in mice
[4, 5], but Ncrl-Cre mediated deletion of E4BP4 at the late
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stage has no effect on NK cell development [6], suggesting
a stage-specific role of E4BP4 on NK cell differentiation.
The germline deletion of two T-box family transcription
factors, Eomes or T-bet, severely hinders NK cell devel-
opment [7-9]. We and other groups previously proposed
that Eomes was likely regulated by E4BP4 and can directly
promote the expression of IL-15 receptor f (CDI122)
through binding to the promoter of CD122 [10]. How the
upstream signaling regulates these transcription factors
remains to be further investigated.

NK cell development is mainly dependent on IL-15
receptor signaling [11, 12]. Engagement of the IL-15
receptor on NK cells activates two downstream signaling
pathways, JAK-STAT and PI3K-mTOR pathway [13, 14].
The deficiency of mammalian target of rapamycin (mTOR)
kinase severely impairs NK cell development in mice [15].
mTOR binds to Raptor and Rictor to form two complexes,
mTORC]1 and mTORC?2, respectively. Using gene-targeting
technique based on Ncrl/-Cre mice, recent studies have
demonstrated the different roles of mMTORC1 and mTORC2
in terminal NK cell maturation [16, 17]. However, it is not
clear whether these two complexes regulate early NK cell
development before NK cells acquire NKp46.

To investigate the role of mTOR and its complexes in
early NK cell development, we use newly generated
CDI122°* mice to delete mTOR, Raptor, or Rictor. In
CD122°7* mice, Cre begins to be expressed during and
after NK cell commitment. We reveal that when mTOR is
deleted by CD122-Cre, the terminal development of NK
cells is severely impaired, and when mTOR is deleted by
Nerl-Cre, the terminal development of NK cells is moder-
ately impaired, suggesting that mTOR is indispensable in
the differentiation of early NK cells and also impacts late
development of NK cells. CD122-mediated Raptor deletion
markedly delays the differentiation of CD27"CD11b~ iNK
into mNK cells, while Rictor deletion significantly disturbs
the differentiation of CD27 CDI11b~ early iNK cells into
cells that have become CD27"CD11b~ iNK or mNK cells.
Mechanistically, mMTORC1 and mTORC?2 spatiotemporally
coordinate early NK cell development through differentially
inducing E4BP4 and T-bet.

Results

mTOR deletion hinders the differentiation of
immature NK cells

In order to understand the stage-specific role of mMTOR in NK
cell development before and after NKp46 expression, we
generated two mTOR-deficient mouse models, Mror™/
CDI122°7" and Mtor"/Nerl-Cre'$, respectively. In Mror™/
CDI122°™ mice, Mtor begins to be deleted when NKp cells

acquire CD122. In contrast, mTOR expression was deleted
during the terminal stage of NK cell development after
acquisition of NKp46 in Mtor”/Nerl-Cre™ mice. Given that
NK cells in CD122“*, Nerl-Cre™, and Mtor™ mice had
intact NK cell development, Mtor™" mice were selected as
controls. We initially found that the proportion of NK cells
(CD3"NKI1.1%) was greatly decreased in the tissues and
organs that were examined, including spleen, BM, lymph
nodes, liver and lungs, of the MitoP/CD122°7* mice
(Fig. 1A, B). Consistently, the numbers of NK cells were also
greatly reduced in these mTOR-deficient mice. In contrast to
the severe impairment of NK cell development in Mror™/
CD122°“* mice, NK cell percentage and absolute number
were significantly affected but to a lesser extent in Mror™/
Nerl-Cre™® mice (Fig. 1A, B). These data indicate that
mTOR kinase not only regulates the differentiation of NK
cells after NKp46 expression, but also plays a critical role in
NK cell development before NKp46 acquisition.

We further explored which stage(s) was affected by
mTOR deletion in mice. CD122-Cre-mediated deletion of
mTOR did not significantly reduces the proportion and
number of NK cell progenitors (Fig. 1C). In Mtor™y
CD122°7* mice, the proportion of CD27 CD11b~ cells at
the iNK stage was greatly increased, while mNK cells
(including CD277CD11b*t and CD27 CDI11b%) were
rarely detectable in the spleen and BM. In line with pub-
lished data [15], the transition of iNK cells to mNK cells in
Mtor™/Nerl-Cre™ mice was also impaired, albeit to a
lesser extent to that observed in Mror™/CD122°* mice
(Fig. 1D). These results suggest that mTOR expression in
early differentiation of NK cells is necessary for the iNK
cells transition into mNK cells.

mTOR promotes E4BP4 expression and IL-15
responsiveness

E4BP4 is a key transcription factor in NK cell development
and is mainly induced by IL-15. We thus examined this
transcription factor in NK cells stimulated with IL-15 or
not. Intracellular staining revealed a significant decrease in
E4BP4 in the subsets of NK cells of Mtor™/CD122¢7*
mice after IL-15 stimulation (Fig. 2A). In parallel, the
expression of CD122 on the mTOR-deficient NK cells was
significantly reduced (Fig. 2B). Consistent with published
data [15], we noticed that the STATS phosphorylation of
CD27"CD11b~ iNK cells was decreased in Mrtor™y
CD122°7* mice (Fig. 2C).

To further confirm whether the failure of NK cells to
induce E4BP4 would lead to impaired NK cell develop-
ment, Mtor/CD122°“* BM cells were infected with a
retrovirus expressing E4BP4. After BM reconstitution, we
found that the exogenous expression of E4ABP4 significantly
rescued the impaired development of NK cells from Mror™y
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Fig. 1 mTOR deletion hinders the differentiation of immature NK
cells. Flow cytometric analysis (A) and the numbers (B) of NK cells
(CD3 "NK1.1") in the spleen, bone marrow (BM), lymph nodes (LN),
livers, and lungs of WT (n=7), Mio/CDI122°* (n=6), and
Mior™/Nerl-Cre™ (n = 6) mice are illustrated. C The percentage (left)
and the number (right) of NK progenitor (CD3"CD122"NK1.17) in
spleen and bone marrow of WT, Mito™yCD 1227+ and Mtor™/Nerl-
Cre™® mice are illustrated (n = 3/genotype). D Flow cytometry analysis
of the CD27 and CD11b expression on gated NK cells from spleen and

CD122°7* mice (Fig. 3A, B). Notably, the ectopic
expression of E4BP4 partially alleviated the developmental
arrest in CD277CD11b~ stage (Fig. 3C), and therefore, it
significantly improved the expression level of Eomes and
CD122 on Mtor™/CD1227* NK cells (Fig. 3D). Thus,
the expression of mTOR in early NK cells is critical for
induction of E4BP4 and maintenance of IL-15
responsiveness.

mTOR regulates NK cell development through
mTORC1 and mTORC2

To dissect which mTOR complexes are primarily required
for iNK cell transition to mNK cells, Rptorﬂ/ﬂ/CDl 226 and
Ricto/CD122* mice were generated, respectively, to
delete Raptor and Rictor. We noticed that CD122-Cre-
mediated Raptor deletion significantly reduced the percen-
tage of and the absolute number of NK cells in spleen, lymph
nodes, liver, and lungs, but not BM. Interestingly, Rictor
deficiency led to a decrease in the proportion and number of
NK cells in the bone marrow as well as the spleen, liver, and
lungs. The decrease of NK cells in the bone marrow asso-
ciated with Rictor deficiency was to 27% of the WT control
(Fig. 4A, B). Therefore, NK cell development requires both
mTORCI and mTORC?2.
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BM of WT (n=7), Mtor™/CD122°"* (n = 5), and Mtor™/Ner1-Cre'®
(n=4) mice (left) are illustrated. The numbers of each subset were
quantified (right). DN (CD27 CD11b"), CD27 SP (CD27*CD11b"),
DP (CD27"CDI11b"), and CD11b SP (CD27 CD11b™) cells. For the
bar graphs, each dot represents one mouse and the data represent at least
three independent experiments, and one (C, D) or two-pooled (B)
independent experiments are illustrated. Data are indicated as mean +
SD. Statistical significance was calculated using one-way ANOVA.
*P <0.05, ¥**P <0.01, and ***P <0.001. ns not significant.

To rule out the possibility of mTOR signaling indepen-
dent of mTORC1/mTORC?2 [18], we compared the phe-
notype of NK cells in Mtor™/CD122* mice with that in
Rptor™/Rictor/CD 1227 mice. Mtor™/CD122¢" and
Rptor™/Rictor™/CD 122" mice showed similar reduc-
tions in NK cells (Fig. 4C, D). We also found that the
developmental arrest of CD277CD11b~ NK cells was also
comparable between the two genotypes (Fig. 4E, F).
Therefore, NK cell development is regulated by Raptor- and
Rictor-dependent mTOR signaling.

mTORC1 and mTORC2 differentially dictate NK cell
differentiation

We then analyzed whether Raptor deficiency or Rictor defi-
ciency differed in their effects on NK cell differentiation.
Through in-depth analysis of NK cell subsets, we found that
Raptor deficiency resulted in the blockage of most of the NK
cells at the CD27"CD11b~ iNK stage, and therefore, the
number of mNK cells (including CD27*CD11b" and CD27~
CDI11b") decreased greatly (Fig. 4G, H). Unlike Raptor
deletion, the lack of Rictor altered NK cell subpopulation to a
lesser extent (Fig. 4G). However, we observed that Rictor
deletion resulted in a dramatic reduction of the numbers of
CD27"CD11b™ iNK and mNK cells (Fig. 4H). Based on the
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Fig. 2 The induction of E4BP4 by IL-15 requires mTOR. A
Representative overlaid histograms demonstrate the E4ABP4 expression
level of naive and IL-15 complex (50 ng/ml) stimulated NK cell
subsets in the spleens from WT (n = 6) and Mror”/CD1227* (n =
9) mice (left). The mean fluorescence intensity (MFI) was quantified
(right). B Representative overlaid histograms demonstrate CD122
expression level (left) of gated NK cell subsets in the spleen from WT
(n=12) and Mror™/CD122°“* (n = 8) mice. The MFI was quanti-
fied (right). C Representative overlaid histograms show the

numbers of NK cell subsets in the developmental stages, we
suggest that Rictor deficiency may disturb the differentiation
of CD27 CD11b™ early iNK cells into CD27"CD11b~ iNK
and mNK cells. Collectively, mTORC1 and mTORC?2 are
different in regulation of the development of NK cells, and
mTORC2 seems to regulate NK cell development earlier
than mTORCI.

The NK cell receptor profile further supported the
developmental disorder observed in Rptor™/CD122¢7*
mice and Rictor™/CD122“* mice. CD117 and CD127 are
two early NK cell markers. We found that the proportion of
CD127" NK cells increased significantly in both genotypes,
but a higher proportion of CD117" NK cells were observed
only in Rictor™/CDI122°* mice, suggesting that
mTORC2 may affect the development of NK cells earlier
than mTORCI. In both Raptor and Rictor depleted geno-
types, the Ly49 family receptors (except Ly49A) and
KLRGI1 were less expressed in most NK cells, which,
respectively, represented NK cell maturation (Fig. 41).
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phosphorylation level of STATS in naive and IL-15 complex (50 ng/
ml) stimulated NK cell subsets in the spleen from WT (n =4) and
Mio/CD122°7" (n=35) mice (left). The MFI was quantified
(right). The data represent four independent experiments, and one
(A, C) or two-pooled (B) independent experiments are shown. Data
are indicated as mean + SD. Statistical significance was calculated
using unpaired Student’s 7 tests (two tailed). *P <0.05, **P<0.01,
and ***P <0.001.

mTORC1 and mTORC2 have different regulatory
effects on E4BP4 and T-bet

Since the expression of E4ABP4 and Eomes triggered by IL-
15 is important for maintaining IL-15 responsiveness, we
detected the surface expression of CD122, which deter-
mines the sensitivity of NK cells to IL-15. Mice lacking
Raptor or Rictor showed a significant reduction in CD122
(Fig. 5A, B). In order to further investigate whether the two
mTOR complexes are different in regulating transcription
factor expression and subsequent iNK cell differentiation
into mNK cells, we examined the amount of E4BP4,
Eomes, and T-bet in each subset of splenic NK cells. In the
resting state, we noticed that Eomes and T-bet were less
expressed in Rptor/CD122€"* NK cells than WT
(Fig. 5C, D). In contrast, Rictor deficiency could only lower
the expression of T-bet compared to both transcription
factors expressed in WT (Fig. 5C, D). In addition, WT NK
cells could induce E4BP4, Eomes, and T-bet after IL-15

SPRINGER NATURE
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Fig. 3 Ectopic expression of E4BP4 significantly rescues mTOR-
deficient NK cell development. A, B WT and Mror”/CD122¢7*+
mice were treated with 5-FU for 4 days, and bone marrow cells were
collected for spin infection with MSCV retrovirus that encoded control
GFP or E4BP4. The infected BM cells were then transferred into
RAGI™ “yc~ mice. After 6 weeks, NK cells (CD37NK1.17) that were
gated GFP" cells in the spleen (A) and bone marrow (B) were ana-
lyzed by flow cytometry. The representative flow cytometric profiles
(left) and the percentage of NK cells (right) are illustrated (A, n = 2-4/
genotype; B, n = 6-7/genotype). C The percentages of NK cell subsets

stimulation, while Raptor-deficient NK cells failed to act
sufficiently. Unexpectedly, Rictor deficiency only affected
the expression level of T-bet after IL-15 stimulation
(Fig. 5C, D). These data suggest that mTORCI1 and
mTORC?2 play different roles in early NK cell differentia-
tion, most likely by inducing E4BP4 and T-bet.

Terminal differentiation of NK cells requires
mTORC1 rather than mTORC2

The above data revealed the divergent roles of mTORCI1
and mTORC?2 in the early stage development of NK cells.
To investigate whether these two mTOR complexes were
required for terminal maturation of NK cells, we generated
Rptorﬂ/ﬂ/Ncr] -Cre™ and Rictor™/Ncrl-Cre™ mice, in
which Raptor and Rictor were deleted after expression of
NKp46 on NK cells. It was noted that the proportion and
number of NK cells were significantly reduced in the
spleen, lymph nodes, lung, livers, but not BM, from
Rptor™/Nerl-Cre™ mice, to a similar degree to Mror™/
Nerl-Cre’® (Fig. 6A, B). However, Rictor deficiency did
not alter NK cell populations in any of the peripheral

SPRINGER NATURE

in spleen (left) and bone marrow (right) from the indicated mice were
quantified (n = 3-7/genotype). D The MFIs of Eomes (left) or CD122
(right) of NK cell subsets in spleen from the indicated mice were
quantified (left panel, n =3-4/genotype; right panel, n =3-7/geno-
type). One ((A, D), left panel) or two-pooled ((B-D), right panel)
independent experiments are shown. The data represent at least three
independent experiments. Data are indicated as mean + SD. Statistical
significance was calculated using two-way ANOVA. *P <0.05, **P <
0.01, and ***P <0.001.

organs and tissues (Fig. 6A, B). The deficiency of mTOR
or Raptor but not Rictor, significantly decreased the per-
centages and numbers of mNK cells subsets (CD27"
CDI11b" and CD27 CD11b") (Fig. 6C, D). In addition,
we observed that KLRG1-positive or part of Ly49 family-
positive NK cells were also less present in Mror™/Nerl-
Cre™ and Rptor™/Nerl-Cre™ mice (Fig. 6E). Thus,
mTORCI is also necessary for the terminal differentiation
of NK cells.

In summary, our data indicate that mMTORCI1 is essential
for early and late-stage development of NK cells most likely
by regulating E4BP4 and T-bet, while mTORC?2 is only
necessary for very early NK cell development through
regulating T-bet, as depicted in Fig. 7.

Discussion

NK cell development is a sequential progress that is strictly
dependent on the activation of mTOR kinase by IL-15
[11, 12]. How mTOR spatiotemporally regulates NK cell
development is not clear. In the present study, we used two



mTORCT and mTORC2 coordinate early NK cell development by differentially inducing E4BP4 and T-bet 1905

A Spleen BM LN Liver Lung C Spleen BM D
i wT o W
o Mto/cp1229*
® Rptor™/Rictor™/cD122°%*
s
1
Rptor"/ Mtor™/ ~
CD122Cre CD122Cre+ 2
2
]
o
-7
o z
Rictor/ Rptor™Rictor™/ 8
CD1220re+ CD122% O Spleen
Rptor/Rictor/ & . mWr
CD122¢e+ O \ E F u mtor"/cp1229%*
- m Rpto™/Rictor™/cD122%*
FBU Spleen E-
g =
B Z Cre/+ Cre/+ Z Z) Cre/+ = B 40
o Wr Rptor™/cD122°" ® Ricto/™/ cD122 ®  Rpto"Ricto/CD122 308 619 {180 a2s] E
=
771 6.36 |188.8 9.10 5
s Gy O ol
< < Mtor™/ :
3 S CD1226+ 20
X X <
2 @ °
8 3 133 3.24)11.84 0.30 X
X X 785 589 186.1 I
- b
£ ol e g 10
Rptor/Rictor™/ 2
cp1220e 3
o S ol=
G H 136 2.02){169 027 o ,):1‘5? o \,\‘,%?
Spleen . W CD11b ® ®
134 B Rptor™/cD122°%*
W Rictor™/ cD122°%*
WT — 60 Spleen = I
S uWT B Rpto/cD122°%* B Ricto/cD122°%*
2.93 504 |{2.60 28.0 x & A
809 592 230 =
s £ i =
e 2 s
Rptor™/ % g
CD1226re o 8
8
1.59 g g
P P %
©
Rictor"/ & £
cp1226e 5 E
6.55 33.7 |{4.05 494 8

Fig. 4 mTORC1 and mTORC?2 differentially dictate NK cell dif-
ferentiation. Representative flow cytometric profiles (A) and the abso-
lute number (B) of NK cells (CD3 NK1.17) in the spleen, bone marrow
(BM), lymph nodes (LN), livers, and lungs of WT (n=7), Rptmfyﬂ/
CDI22°* (n =5), Ricto/CDI122°"* (n = 5), and Rptor™/Rictor™
CDI22°* (n=4) mice are illustrated. Representative flow cytometric
profiles (C) and the absolute number (D) of NK cells (CD3 NK1.17) in
the spleen and bone marrow (BM) of WT (n =Y5), Mio/cD122¢+
(n=4), and Rpror”/Ricto™/CD122°* (n=4) mice are illustrated.
Representative flow cytometric profiles (E) and enumeration (F) of each
subset of NK cell subsets on gated CD3"NK1.1" splenocyte and bone
marrow cells from the WT (n=7), Mwor”/CD122°“* (n=6), and
Rpto™/Ricto™/CD122°"* (n = 6) mice are illustrated. Representative

genetic methods to delete mTOR and its two complexes.
We first demonstrated that mTOR kinase not only regulates
the differentiation of NK cells at the late stage, but also
determines NK cell development at early stage. Then, we
revealed that both mTORC1 and mTORC2 are necessary
for the development of early NK cells. The effect of
mTORCI1 deficiency on the development of early NK cells
is different from mTORC2 deficiency. mTORC1 inactiva-
tion mainly blocks the transition of CD27"CD11b~ iNK

flow cytometric profiles (G) and enumeration (H) of NK cell subsets in
the spleen and BM from the WT (n = 7), Rptor/CDI122°™* (n=6),
and Rictor™/CD122°" (n = 6) mice are illustrated. T The percentages
of development-related NK cell receptors on CD3 " NK1.1% cells in the
spleen from the WT (n =4), Rptor™/CD122°7* (n = 3), and Rictor™/
CDI22°** (n=3) mice are illustrated. DN (CD27"CD11b"), CD27
SP (CD277CD11b7), DP (CD277CD11b"), and CD11b SP (CD27~
CD11b") cells. For the bar graphs, each dot represents one mouse. The
data represent at least three independent experiments, and one (D, I) or
two-pooled (B, F, H) independent experiments are illustrated. Data are
indicated as mean + SD. Statistical significance was calculated using one-
way ANOVA. #*P<0.05, **P<0.01, and ***P<0.001. ns not
significant.

cells to mNK cells, while mTORC?2 inactivation interferes
with the transition from DN NK cells to CD27"CD11b~
iNK cells. We also showed that induction of E4BP4 pri-
marily requires mTORCI, while the expression of T-bet
requires mMTORC1 and mTORC?2. Therefore, our data pro-
vide further evidence that mTOR and its complexes fine-
tune NK cell differentiation.

The regulation of immune cell development is usually
studied in a variety of mice with Cre expression at different
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Fig. 5 mTORC1 and mTORC?2 have different regulatory effects
on E4BP4 and T-bet. Representative overlaid histograms demonstrate
CD122 expression level (A) by gated NK cells in the spleen and BM
from WT (n=6), Rpto/CDI22¢* (n=4), and Rictor™y
CDI122°“* (n=4) mice, and the MFIs were quantified (B). C, D
Representative overlaid histograms indicate the E4ABP4, Eomes, and T-
bet expression levels of naive or IL-15 complex (50 ng/ml) stimulated
NK cells in the spleen from WT, szarfyﬂ/CD]ZZC'e/ *, and Rictor™y

temporal and spatial levels. For example, MB1-Cre mice are
used for in the early stages of B-cell development; CD19-
Cre mice are used for relatively mature B cells, while AID-
Cre mice are used specifically for the mature B cells within
germinal centers. Due to the restrictive time limit imposed
by Ncri-Cre mice, whose Cre is only expressed after
NKp46 is expressed by NK cells, how NKp and early iNK
cells differentiate at the early development of NK cells has
not been studied well. CD122 is a hallmark of NKp.
CD122-Cre mice, whose Cre is expressed during and after
NK cell lineage is committed, is very suitable for studying
the early development of NK cells. On this basis, we reveal
here the important roles of mTOR and its two complexes in
early NK cell development. Compared with Mror™/Neri-
Cre’® mice with moderate NK cell development defect, the
development of early NK cells seems to be more dependent
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CDI122°* mice (C), and the MFIs (D) (top panel, n = 3-5/genotype;
middle panel, n = 3—6/genotype; bottom panel, n = 5-8/genotype). All
data represent four independent experiments, and one ((B); top and
middle panels of (D)) or two-pooled (bottom panel of (D)) indepen-
dent experiments are illustrated. All data are indicated as mean + SD.
Statistical significance was calculated using one-way ANOVA. *P <
0.05, **P <0.01, and ***P <(.001.

on the early expression of mTOR. Therefore, we believe
that the spatiotemporal regulation of NK cell development
can be more accurately solved through the combined use of
these two Cre mice.

E4BP4 is essential for NK cell development. We pre-
viously found that PDKI1 kinase orchestrates NK cell
development by inducing E4BP4 expression and the phar-
maceutical inactivation of mMTORCI1 by rapamycin inhibits
the expression of E4BP4 induced by IL-15 [10]. Here, we
provide critical genetic evidence for the induction of E4ABP4
by mTORCI. Thus, the PDK1/mTORC1/E4BP4 pathway is
crucial for the early development of NK cells, especially the
transition from iNK to mNK cells. This hypothesis is further
supported by the previous finding that Ncrl-mediated dis-
ruption of E4BP4 does not affect NK cell development.
However, the ectopic expression of E4BP4 only partially
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Immature NK

Mature NK

T-bet

T-bet

©'0'0!6!0'C

- mTORC2

mTORC1

Fig. 7 A schematic for mTORC1 and mTORC?2 spatiotemporal
coordination of NK cell development by regulating E4BP4 and T-
bet expression. Mature NK cells (mNK) are derived from common
lymphoid progenitor cells (CLP) through multiple developmental
stages, including NK progenitor cells (NKp) and immature NK cells
(iNK). Immature NK cells can be further defined into CD27 CD11b™
(DN) and CD277CD11b~ (CD27 SP) subsets, whereas mature NK

rescues NK cell development in mTOR-deficient mice [6].
Therefore, in addition to E4ABP4, mTORC1 may regulate
the development of NK cells through other transcription
factors such as Eomes.

In this study, based on the Nerl-Cre™ mice generated in
our laboratory, we found that the mTORCI is necessary for

cells include CD277CD11b* (DP) and CD27 CD11b* (CD11b SP)
subsets. mMTORCI is essential for the progression of iNK to mNK,
while mTORC?2 is required for early iNK transition. In terms of
mechanisms, mMTORCI1 mainly promotes immature NK cell transition
by inducing the expression of the master transcription factor E4BP4,
while mMTORC2 promotes T-bet expression along with mTORCI.

the maturation of terminal NK cells. However, the pheno-
types we observed in Mtor™/NcrI-Cre™ mice or Rptor™y
Nerl-Cre™® mice were less than the previous studies by
other groups [16, 17]. Ncrl-Cre mice have been widely
used as a powerful tool for NK cell research. There are
several lines of mice with the expression of Cre under the

SPRINGER NATURE
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control of Ncrl promoter. Most of previous studies used
mice originally produced in the laboratory of Eric Vivier,
whose Cre was knocked-in the 5-UTR of Ncrl [1]. How-
ever, in the Ncrl-Cre™ mice used in this study, Cre was
controlled by a portion of Ncrl promoter (~400 bp), so Cre
is only expressed by the most mNK cells. This may explain
why we observed a moderate reduction in the number of
NK cells from Mrtor/Nerl-Cre™ mice or Rptor™/Neri-
Cre'®. The difference between our studies with previous
studies suggests that mTORCT is likely to be less important
as NK cells maturation [16, 17]. This possibility may be
examined by newly generated Ncrl-Cre®®™ mice [19].

Materials and methods
Mice

C57BL/6 (B6, H-2b) mice, Mtor™ mice, Rptor™ mice,
Rictor™ mice were purchased from Jackson lab. Ncrl-
Cre™® mice and CD122¢"" mice were generated in our lab.
Sex- and age-matched animals (8—12 weeks) were used in
our experiment. All the mice were C57BL/6 background
and maintained under specific pathogen-free animal facil-
ities of Tsinghua University. All procedures of animals
were approved by the Animal Ethics Committee of Tsin-
ghua University.

Flow cytometry

Flow cytometry was conducted using a BD LSR II flow
cytometry (BD Biosciences). Monoclonal antibodies
against mouse CD3e (eBio500A2), NK1.1 (PK136), CD117
(2B8), CD127 (A7R34), Ly49A (Al1(Ly49A)), Ly49C/T
(5E6), Ly49H (3D10), Ly49G2 (eBio4D11), Ly49D
(eBio4ES5), CDl11b (M1/70), CD27 (LG.7F9), E4BP4
(S2M-E19), Eomes (Danllmag), T-bet (eBio4B10), p-
STATS (47/Stat5(pY694)), KLRG1 (2F1), CD122 (TM-
betal), and isotype controls were purchased from
eBioscience (San Diego, CA) or BD Biosciences (Mis-
sissauga, Ontario, Canada). For analysis of surface markers,
cells were stained with the indicated antibodies in PBS
containing 2% fetal bovine serum. The expression level was
presented as relative ratio or net mean fluorescence intensity
(/AMFI), which was determined by subtracting the mean
fluorescence intensity of isotype control. For the detection
of transcription factors, the NK cells were fixed, permea-
bilized, and then stained with antibodies.

In vitro IL-15 treatment

Splenocytes from the indicated mice were depleted of
red blood cells by Ficoll-Hypaque density gradient
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centrifugation. The cells were prepared for analyzing before
and after overnight stimulation with IL-15/IL-15Ra com-
plex protein. This recombinant protein is the heterocomplex
of the mouse IL-15 linked to soluble IL-15 receptor alpha
chain via a GS linker (eBioscience, catalog # 14-8152-80).

Adoptive cell transfer

Bone marrow chimera experiments have been previously
described [10]. WT and Mrtor/CD122°" mice were
treated with 5-FU for 4 days, and bone marrow cells were
collected for spin infection with MSCV retrovirus encoding
control GFP or E4ABP4. The MSCV-E4BP4-encoding viral
vector also encodes for GFP. 1 x 10° retrovirally transduced
bone marrow cells from 5-FU-treated WT or Mtor™y
CDI122°“* mice were transplanted into sublethally irra-
diated RAGI ™ "yc™ recipient mice. Reconstitution of reci-
pients was assessed by flow cytometry of spleen and bone
marrow at 6 weeks after transplantation.

Statistical analyses

Unpaired Student’s ¢ tests (two tailed) or ANOVA (one way
or two way) were performed using the Prism software. ns
not significant, *P <0.05, **P <0.01, and ***P <(.001.
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