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Abstract

Phosphoinositide-dependent kinase-1 (PDK1) is an important enzyme for immune cell development by connecting PI3K to
downstream mTOR signaling. It is needed to investigate how PDKI1 spatiotemporally orchestrates NK cells development
and whether this kinase is required for NK cells effector function. In this study, we used three genetic models to delete pdk/
at respective developmental stages, including hematopoietic stem cells (Vav1-Cre used), NK cell progenitor (NKp, CD122-
Cre used) and terminal NK cells (Ncrl-Cre used). We found that CD122-Cre mediated deletion of pdkI caused a severe loss
of NK cells to an extent comparable to that of deletion by Vav1-Cre, and further revealed that PDK1 was necessary for NK
cells master transcription factor EABP4 expression at the NKp stage. Moreover, Ncrl-Cre-mediated inactivation of pdkl
delayed NK cells terminal differentiation. These PDK1-deficient NK cells secreted decreased amounts of the cytokine IFN-y,
likely due to impaired downstream mTOR activation. They also exhibited reduced degranulation in response to tumor cells.
Mechanistically, PDK1 was critical for the formation of NK-target conjugates and lytic synapses. Therefore, we clarify the

stage-specific roles of the metabolic regulator PDK1 in NK cells biology.

Introduction

Natural killer (NK) cells are innate lymphocytes capable of
mediating cytotoxicity against tumor cells and virus-
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infected cells, as well as rejecting major histocompatibility
complex class I (MHC-I)-mismatched allogeneic bone
marrow [1]. NK cells exert their effector functions through
secretion of cytolytic granules and cytokines, which is
modulated by the coordinated interaction of a vast variety of
cell surface receptors [2]. These receptors are classified into
inhibitory and activating receptors. Inhibitory receptors,
such as inhibitory Ly49s in mice and killer inhibitory
receptors in humans, recognize the normal expression of
host cellular proteins especially MHC-I molecules, thereby
avoiding NK cell destruction of healthy cells [3]. The
inhibitory receptors Siglec-7 and 9 on human NK cells also
recognize sialic acid-containing carbohydrates [4]. On the
other hand, activating receptors, such as NKG2D and
Ly49H, sense pan-specific ligands induced by cellular stress
or viral infection. Engagement of these activating receptors
with their ligands on target cells induces receptor clustering
at the interface, and can activate NK cells to produce
cytokines and cytolytic effector molecules to kill target cells
[5, 6]. Due to the lack of cytoplasmic signaling elements in
these receptors, delivery of signals is transmitted through
other adaptor proteins, such as DAP10, DAP12, and FcRy,
depending on the type of engaged receptors [5, 7]. There-
fore, the NK cell effector response is often determined by
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the integration of signal transduction pathways, even though
they were originally recognized as “ready to act” cells. How
distinct NK cell receptors and downstream signaling
selectively mediate cytotoxicity and cytokine production
remains an active research area.

NK cells also express receptors for multiple soluble
cytokines. IL-15 is the most important cytokine among
them in enabling NK cells homeostasis, maturation, and
activation [8—10]. Engagement of the IL-15 receptor on NK
cells causes autophosphorylation and activation of phos-
phatidylinositol-4, 5-bisphosphate 3-kinase (PI3K) and
mammalian target of rapamycin (mTOR) pathway [11, 12].
Mice simultaneously lacking the PI3K subunits P110y and
6 exhibit a severe defect in early NK cell development and
function [13, 14]. Ablation of mTOR affects NK cell
blastogenesis, activation, and effector functions [15].

Phosphoinositide-dependent kinase-1 (PDK1) has been
considered as a critical regulator connecting PI3K and
components downstream of mTOR activation. An important
role for PDK1 is to phosphorylate the T308 site of AKT and
synergize with mTORC2 to fully activate downstream
AKT. PDKI1 has been shown to play a critical role in the
development of T cells and B cells [16-18]. Recently, we
observed that deficiency of PDKI1 caused almost a 95%
reduction in NK cells number [19]. However, how
PDKI1 spatiotemporally orchestrates NK cells development
and whether this kinase is required for NK cells effector
function needs to be further investigated. In this study, we
generated three lines of conditional PDK1 knockout mice,
in which the pdkl gene was deleted at various develop-
mental stages. Our results reveal that PDK1 plays multi-
faceted roles in the regulation of NK cells commitment and
activation. These findings establish PDKI1 as a critical
member of the PI3K signaling network that governs early
NK cells development and peripheral immune functions.

Results

Deletion of PDK1 at the NKp stage severely blocks
NK cells development

Mature NK (mNK) cells are derived from hematopoietic
stem cells (HSCs) through multiple developmental stages,
including common lymphoid progenitor, pre-NK progenitor
(NKp), immature NK, and mNK cells [20]. We previously
found that the loss of PDK1 at the HSC stage in PDK "/
Vavl-Cre* mice (hereafter referred to as PDK1Y31°Cr)
caused a severe defect in NK cells development [19]. To
understand in-depth how this kinase dictates NK cells
development at a spatiotemporal level, we first quantified
precursors of NKp cells, including HSCs, CLPs, and pre-
NKp cells. We found that the relative proportions of these

three populations in PDK1V*1"“" mice were nearly com-
parable with those in wild-type (WT) mice (Fig. 1a—c). This
result implies that PDK1 is dispensable for the ontogeny of
the earliest NK progenitors, at least before the NKp stage.
Notably, there were pronouncedly fewer NKp cells in
PDK1V™!"C® bone marrow (BM), suggesting a role for
PDK1 in NK cell commitment. (Fig. 1b, c).

In an effort to confirm this role, we generated a novel
PDK1-deficient model, PDKI"CDI22-Cret (hereafter
referred to as PDK1P122C™) in which pdk! is deleted at
the NKp stage. CD122-Cre mediated PDK1 depletion did
not affect the number of T and B cells in the evaluated
tissues (Fig. 1d, e). As expected, these mice had a sig-
nificant reduction of NK-T cell percentages and absolute
numbers in the spleen and liver (Fig. If, g). These data
suggest that CD122-Cre-mediated PDK1 deletion does not
disturb B cell-lineage and conventional T cells. We next
performed a thorough analysis of NK cells development in
this genotype. PDKI1P?*C® mice had a nearly 95%
reduction in the number of NK cells of the spleen, BM,
liver, lungs, and lymph nodes, compared to those from the
WT mice (Fig. 1h, i). Thus, the deletion of PDKI1 at the
NKp stage severely blocks NK cells development.

To strengthen this notion, we examined the subsets of
residual NK cells in PDK1P122“"® mice according to 4-stage
taxonomy [21]. In PDK1P!22C® mice, two NK cells sub-
populations, CD27 CD11b~ and CD27tCD11b~, which
represent immature NK cells, were dramatically enriched;
however, the proportion of mNK cells that were CD27~
CD11b* was significantly reduced (Fig. 1j, k). Over the
course of their maturation, NK cells must sequentially acquire
various receptors as a consequence of their development and
function. In-depth analysis of these markers demonstrated that
the proportion of NK cells expressing Ly49 family members
was minimal in the spleen of PDK1¢P!122-C® mice, whereas
the proportion of NK cells with immature markers, either
CD117 or CD127, was much higher (Fig. 11). These data
collectively suggest that PDK1 is most likely required for NK
cells development at the NKp stage.

Considering that innate lymphoid cell (ILC) 1 also
expresses a high amount of CD122 [22], we then examined
the development of ILC1 (CD3 NK1.17CD49a*CD49b ")
in PDK1P12C"® mjce. Notably, the absolute numbers of
ILC1 were significantly attenuated in the BM and liver of
PDK1-deleted mice, implying that PDKI1 is also required
for the generation of ILC1 (Fig. 1m).

Deletion of PDK1 at the NKp stage severely
compromises NK-mediated surveillance

NK cells play a central role in rejecting allogeneic bone
marrow cells and tumors. We first measured the ability of

NK cells function ex vivo. The residual NK cells in
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Fig. 1 CD122-Cre mediated pdk! deletion severely compromises NK
cells development. a-c Representative flow cytometry plots (a, b) and
quantification (¢) of hematopoietic stem cells (HSC, Lin " CD127~
c-Kit*Sca-17), common myeloid progenitors (CMP, Lin"CD127~
c-Kit*Sca-17) and common lymphoid progenitors (CLP, Lin CD127"
c-Kit*Sca-1") (A), pre-NKp (Lin CD1272B47CD135 CD112")
and NKp (Lin"CD1272B4"CD135 CD112") (b) in the BM of WT
and PDK1Y#!"®" mice. Numbers near the indicated square box show
the respective percentage. d, e The absolute number of T cells (d) and
B cells (e) in the indicated tissues and organs from WT and
PDK1¢P122€e mice. f, g Representative flow cytometric profiles (f)
and the absolute number (g) of NK-T cells (CD3°*NK1.1°Y) in the

PDK P12 mice exhibited a severe defect in IFN-y
production and CD107a expression following stimulation
with MHC-I-missing RMA-S or YAC-1 cells (Fig. 2a, b).
Consistently, minimal NK cells activity of in vivo rejection
of MHC-I"/~ splenocytes was detectable in PDK]<P12>-Cre
mice (Fig. 2¢). NK cells in PDK1P12C™ mice also hardly
removed RMA-S cells in the peritoneal cavity (Fig. 2d).
Finally, we found that both lung weight and numbers of
tumor colonies in PDK1P!?2"® mice were dramatically
greater than those in control WT mice (Fig. 2e). As
expected, NK cells were rarely detectable in the lung of
PDK1P1?2C® mice (Fig. SIA). Depletion of NK cells
using anti-NK1.1 antibody significantly reduced the dif-
ference between two genotypes (Fig. 2e), suggesting that
the control of B16 lung metastasis is NK cells dependent.
Thus, deletion of PDK1 at the NKp stage compromised NK
cells immunosurveillance.

PDK1 regulates NK cells commitment by inducing
E4BP4

We next evaluated whether deletion of PDK1 at the NKp
stage might disturb PI3K-mTOR signal transduction. Notably,

SPRINGER NATURE

spleens and livers of WT and PDK1P122Cr mpice. h, i Representative
flow cytometric profiles (h) and the absolute number (i) of NK cells
(CD3"NKI1.1") in the spleen, BM, LN, liver, and lungs of WT and
PDK1°P122€ mice. j, k Representative flow cytometric profiles (j)
and the percentages (k) of NK cell subsets in the spleen and BM from
the WT and PDK1P'?*" mice. DN (CD27-CD11b7), CD27 SP
(CD277CD11b), DP (CD27"CD11b™) and CD11b SP (CD27°CD11b
") cells. 1 Percentage of developmental markers on splenic NK cells
(CD37NKI1.1%) in WT and PDK1°P22C® mjce. m Representative
flow cytometry plots and quantification of BM and liver ILC1 (CD3
“NKI1.17CD49a*CD49b ™). The data represent one of three indepen-
dent experiments, and values are expressed as the mean +s.d

phosphorylation of S6, representing mTOR activation, was
significantly decreased in PDK1-deleted NK cells upon IL-
15/IL-15Ra complex (IL-15C) stimulation. Threonine phos-
phorylation at the site 308 of AKT, was also minimal in
PDK P22 NK cells (Fig. 3a, b). Thus, the disruption of
PDKI1 in the NKp stage disconnects IL-15-triggered mTOR
activation. NK cells development highly depends on the
transcription factor E4BP4 [23, 24]. We previously showed
that loss of PDKI1 at the HSC stage could inhibit the IL-15-
induced expression of E4ABP4 in NK cells. To further inves-
tigate the mechanism of how PDKI1 regulates NKp differ-
entiation, we examined the expression levels of E4BP4 in
PDK 1P mice. The IL-15C-stimulated NK cells from
PDK P22 mice exhibited defective expression of E4BP4
and two T-box transcription factors, Eomes and T-bet
(Fig. 3c—f). Thus, these data further demonstrate that PDK1
regulates NK cells development, most likely at the NKp stage.

Fate mapping reveals that PDK1 is required for
terminal NK cells differentiation

IL-15 signaling is not only essential for NK cells commit-
ment but also critical for NK cells homeostasis as well. We
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Fig. 2 CD122-Cre mediated pdkl deletion impairs NK cell-mediated
immunosurveillance. a, b Intracellular staining of IFN-y (a) and
CD107a expression (b) on poly (i:c)-activated splenic NK cells. ¢
Representative flow cytometry (left) and the percentage (Right) of
p2m-deficient splenocytes rejection in WT and PDK1P122:Cr mice,
R1, CFSE-low splenocytes from WT mice; and R2, CFSE-high
splenocytes from f2m-deficient mice. d Representative flow cytometry
(left) and the percentage (right) of RMA-S cell rejection 18 h after

previously reported that terminal deletion of PDK1 using a
Ncrl-Cre line did not affect NK cell numbers, seemingly
suggesting that PDK1 is not required for NK cells terminal
differentiation and homeostasis. In view of the efficiency of
deletion mediated by Ncrl-Cre in only some of the NK cells
population (unpublished data), we decided to employ a new
approach to re-address the question. We crossed PDK ™y
Necrl-Cret mice (hereafter referred to as PDK1NC) with
Rosa26"°PYFP mice, in which the activity of the Cre
enzyme is monitored by the expression of YFP. Notably,
the wild-type Pdkl transcript was scarcely detectable in
YFP" NK cells (Fig. 4a). We found that the percentage and
number of YFP-labeled cells in PDK1N"C™ mice were
moderately decreased (Fig. 4b, c). However, YFP-negative
NK cells were increased, likely as a compensation for the
absence of YFP™ NK cells (Fig. 4d, e). The reduced NK
cells percentage and number were observed in multiple
organs and tissues (Fig. 4f, g). Consistently, we also
revealed that the terminal deletion of PDKI might also
interrupt NK cells differentiation (Fig. 4h, i). Thus, we
conclude that PDKI is indeed required for terminal NK
cells differentiation.

PDK1 signaling is activated during NK cells
activation following multiple types of stimulation

The above data have clearly demonstrated the early stage-
specific requirement for PDK1 in NK cells commitment and
terminal differentiation. We next explored whether
PDKI signaling is involved in NK cells function. We first
determined the activation status of PDKI1 downstream
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intraperitoneal injection of the indicated mice with a mixture of NK
cell-sensitive RMA-S-GFP cells together with NK cell-resistant RMA-
DsRed. e For the B16 metastasis assay, the indicated mice pretreated
with or without antibody against NK1.1 were injected intravenously
with 2x10° B16 cells. 14 days later, and the lung weights and
numbers of tumor nodules were counted. Each symbol represents an
individual mouse. The data represent one of two independent experi-
ments, and values are expressed as the mean + s.d

signaling in NK cells from mice infected with MCMV or
challenged with poly (I:C). We found that following
MCMV infection or poly (I:C) stimulation the phosphor-
ylation of S6 and T3pg of AKT, were significantly decreased
in PDK1-deleted NK cells (Fig. 5a, b). We next investigated
whether the engagement of NK cells activating receptors
might activate PDK1 signaling. To this end, NK cells were
stimulated with plate-bound antibodies against NKI.1,
which are ITAM-containing receptors. The cross-linking of
NKI1.1 enhanced the phosphorylation of S6 and Tjpg of
AKT in WT NK cells, which was minimal in PDK1-null
NK cells (Fig. 5c). The results were also confirmed by
quantified Western blot (Fig. S2A). These findings suggest
that multiple external stimuli, including virus-induced
IFNo/p and the engagement of NK cells activating recep-
tors, may trigger PDKI1 signaling to facilitate NK cells
activation.

PDK1 promotes NK cells production of IFN-y by
activating downstream mTOR

NK cells secrete IFN-y in response to either engagement of
activating receptors with ligands on tumor target cells or
priming with cytokines, such as IL-12 plus IL-18. Thus, we
analyzed the critical role of PDK1 signaling in NK cells
IFN-y production. First, NK cells were stimulated with
hematopoietic tumor cells, RMA-S and YAC-1, or plate-
coated antibodies, respectively. Expectedly, a large pro-
portion of NK cells could secrete IFN-y triggered by several
types of stimuli, however, when PDKI inhibitor,
GSK2334470 was added, this activating effect was nearly

SPRINGER NATURE
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Fig. 3 PDKI regulates NK cells commitment by inducing E4BP4. a, b
The expression levels of phosphorylated S6 and AKT Tsps were
detected with or without IL-15/IL-15Ra complexes (IL-15C) stimu-
lation using flow cytometry (a) and the absolute MFI were quantified
(b). cf Representative overlaid histograms demonstrate E4BP4,

abolished (Fig. 5d), which is indicative of the importance of
PDK1 in NK cells IFN-y production. Moreover,
PDKI signaling likely acted through rewiring PI3Ks and
mTOR, as evidenced by an assay in which the addition of
Ly294002 or Torinl to suppressing the activity of PI3Ks
and mTOR, respectively, could also diminish the elicited
effect (Fig. 5d). To confirm whether PDKI1 regulation of
NK cells function is mTOR-dependent, NK cells were
pretreated with two mTOR inhibitors, rapamycin, and
Torin. We found that the suppression of mTOR activity
could significantly impair the ability of WT NK cells to
secret IFN-y, but this treatment almost had no effect on
PDK1-deleted NK cells (Fig. S2B, C). Hence, PDK1 pro-
motes NK cells IFN-y production likely by activating
mTOR.

We then performed a genetic experiment to examine the
effect of PDK1 deletion on NK cells priming by monitoring
the expression levels of the early activation markers CD69
and CD25. The expression of these two receptors in NK
cells from PDK 1N"“™ mice exhibited a similar intensity of
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CD69 and CD25 with those in WT NK cells (Fig. Se),
suggesting that PDK1 is not required for NK cells priming.
Nevertheless, compared with WT NK cells, these normally
primed PDK1-deficient NK cells failed to efficiently secrete
IFN-y when they were stimulated with various stimuli
(Fig. 5f-i). This dysfunction was not due to an overall
defect of NK cells signaling, as these PDK1-deficient NK
cells could produce comparable amounts of IFN-y when
stimulated by PMA and ionomycin, which might bypass
PDKI1-mTOR signaling. Taken together, these data indicate
that PDK1 is essential for NK cells IFN-y production.

PDK1 promotes NK cells cytotoxicity against tumors
by regulating the formation of NK-target conjugates
and lytic synapses

The upregulated expression of CD107a on the surface of NK
cells correlates with NK cell-mediated lysis of target cells. We
thus measured CD107a expression on NK cells following
various types of stimulation. We found that compared with
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Fig. 4 PDK1 is required for terminal NK cells differentiation. a
Quantitative reverse transcription-PCR analysis of pdkl expression in
sorted CD3 "NK1.17YFP™ cells from the indicated mice. b, ¢ Repre-
sentative flow cytometric plots (b), the percentage (c, left) and the
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indicated mice. d, e Representative flow cytometric plots (d),
the percentage (e, left) and the absolute number (e, right) showing the
expression of NKp46 and YFP in gated CD3 "NK1.1" cells in the

WT NK cells, fewer NK cells from PDK1N""C"® mice could
up-regulate the expression of CD107a, granzyme B and
perforin after co-culture with RMA-S or YAC-1 cells.
Unexpectedly, NK cells from PDK1NC" mice exhibited a
similar ability to express CD107a, granzyme B and perforin
after stimulated with plate-coated antibodies against Ly49D or
NK1.1 (Fig. 6a—d).

NK cells cytotoxicity relies heavily on integrin-
dependent signaling, which helps NK cells to form
stable synaptic interfaces with target cells. We thus made
a hypothesis that the functional defect of PDK1-deficient
NK cells in response to cellular targets and individual
engagement of NK cells activating receptors might be due
to the formation of conjugates between NK cells and
target cells. Thus, we first determined whether PDK1-
deficient NK cells could stably contact target cells. The
results showed that PDKI1-deficient NK cells formed
much fewer conjugates with RMA-S cells at the indicated
time points (Fig. 6e, f). The formation of NK-target
conjugates is the first step of the organization of the
activating lytic synapse, which involves reorganization of
the actin cytoskeleton and clustering of certain cell
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spleen of the indicated mice. f, g Representative flow cytometric plots
(f) and the absolute number (g) of CD3~YFP" NK cells in the BM,
LNs, livers and lungs of the indicated mice. h CD27 and CDI11b
expression levels on CD3” YFP' NK cells were detected by flow
cytometry. i Percentage of cells in each developmental stage in gated
CD3 YFP" cells in the spleens and BM of WT and PDK 1N"-C™® mice,
The data represent one of three independent experiments, and values
are expressed as the mean +s.d

surface receptors at the interface between NK cells and
target cells. Thus, we next examined whether PDKI1
deficiency might disrupt lytic synapse formation. When
normal NK cells contacted RMA-S cells, F-actin polar-
ization was visible at the interface of the majority of the
conjugates. However, such actin aggregation was rarely
observed in PDKI1-deficient NK cells (Fig. 6g, h). In
addition, we found that when WT NK cells were incu-
bated with RMA-S cells, the adhesion molecule LFA-1
was polarized at the cell interface in the majority of the
conjugates. Although PDK1-deficient NK cells did not
have an expression level of lymphocyte function-
associated antigen 1 (LFA-1) (Fig. 6i), the loss of PDK1
in NK cells dramatically impaired LFA-1 polarization at
the interface (Fig. 6j, k). To avoid the possibility that
PDKI deficiency interferes with the expression of certain
adhesion molecules, the inhibitor GSK2334470 was used
to transiently suppress PDKI1 activity. In this model,
GSK2334470-inhibited NK cells also failed to form stable
and effective lytic synapses with targets (Fig. 61, m),
which might result in less degranulation. Hence, NK cells
degranulation requires PDK1 signaling.
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Fig. 5 PDK1-mTOR signaling plays an important role in NK cell IFN-
y production. a—¢ The expression levels of phosphorylated S6 and
AKT T;pg3 were detected by flow cytometry after splenic lymphocytes
were stimulated with MCMV, poly (i:c), or anti-NK1.1 antibody (top)
and the absolute MFI were quantified (lower). d Splenic lymphocytes
were prepared from poly (i:c)-treated WT mice and pretreated with
PI3K-mTOR signaling inhibitors. Intracellular staining was performed
to assess the production of IFN-y. The percentage quantification of

Terminal deletion of PDK1 impairs NK-mediated
surveillance in vivo

Next, we sought to examine NK cells effector function in
PDKIN"C" mice by transferring MHC-I-deficient
hematopoietic cells into mice pretreated with poly (I:C).
These MHC-I mismatched primary cells were rapidly
eliminated by NK cells in WT mice, whereas NK cells
ability to clearance p2m '~ splenocytes was significantly
impaired in PDK1N"C™ mice (Fig. 7a, b). The ability of
NK cells to eliminate RMA-S tumor cells was also com-
promised in this genotype (Fig. 7c, d). Finally, we mea-
sured the effect of PDKI1 deletion on the ability of NK
cells to prevent B16 melanoma metastasis, and we found
that the lung weight and numbers of tumor colonies in
PDK1N"C® mice were moderately increased compared
to those in WT mice (Fig. 7e, f). Thus, PDKI1 deficiency
impairs NK-mediated immunosurveillance towards
“unwanted” cellular targets.
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IFN-y-positive NK cells is shown. e The expression levels of the early
activation markers CD69 and CD25 were detected by flow cytometry
after NK cells were stimulated with IL-15 or Poly(i:c) in the indicated
mice. f-i Representative flow cytometric profiles (f, g) and the per-
centage (h, i) of IFN- y production in splenic NK cells from indicated
mice following stimulation with tumor cells (f, h), plate-coated anti-
bodies or cytokines (g, i). The data represent the mean +s.d and are
representative of three independent experiments

Discussion

IL-15 signaling is a rate-limiting step for NK cells devel-
opment, and PI3K signaling plays an important role in this
process [13, 14]. Our previous study found that PDKI1
downstream of IL-15 signaling orchestrates NK cell
development through activating mTOR; however, over-
activation of mTOR is detrimental to NK cell development
[19, 25]. We employed three PDK1 conditional knockout
mice in which the pdkl gene is deleted at three sequential
stages, including HSC, NKp, and functional NK cells. Loss
of PDK1 starting at the HSC stage caused NK cells
developmental blockade at the NKp stage. NK cells com-
mitment is characterized by the expression of CD122, the
receptor subunit of IL-15. CD122-Cre was used to delete
PDK1 at the NKp stage. Using this mouse model, we found
that loss of PDK1 at the hematopoietic or progenitor stage
showed comparable impairment of NK cells development,
confirming that PDK1 is required for NK cells commitment.
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Fig. 6 PDKI1 regulates NK cell conjugation with cellular targets. a—d
Representative flow cytometric profiles (a) and the percentage of
CD107a (b), granzyme B (c¢) and perforin (d) positive NK cells from
indicated mice following stimulation with tumor cells or plate-coated
antibodies. e, f The percentage of NK-target cells conjugate formation
from the indicated mice. g, j NK cells from the indicated mice were
mixed with RMA-S cells to analyze the localization of F-actin (g) or
LFA-1 (j) in the conjugates. h, k The data are expressed as the
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Significant evidence has been found to indicate that tran-
scription factors, including E4BP4, Eomes, and T-bet, play
a critical role in NK cells development by preserving ele-
vated levels of CD122 in NK cells [23, 24, 26]. Our pre-
vious studies have shown that loss of PDKI in
hematopoietic cells could inhibit IL-15-induced E4BP4 and
Eomes expression in NK cells, thereby decreasing the
expression level of CD122 [19]. In this study, we confirmed
that PDK1 deficiency at the NKp stage inhibited the up-
regulation of E4BP4 and Eomes after IL-15 stimulation.
Therefore, using a stage-specific gene-deficient mice model,
we revealed the precise stages of NK cells development that
are regulated by PDK1-mediated metabolic signaling.
Splenic NK cells can be induced to express high levels of
granzyme B upon IL-15 stimulation. Notably, granzyme B
induction was abrogated in the presence of inhibitors that
block the PI3K-AKT-mTORCI1 pathway [11]. Our results
showed that activation of the PI3K-AKT-mTORC1 path-
way is greatly increased in NK cells after stimulation with
MCMV, Poly(I:C) or specific antibodies, indicating that the
PI3K-mTOR pathway is involved in NK cell activation. We
further used both pharmacological inhibition and genetic
ablation to evaluate the importance of the PI3K-mTOR
pathway in NK cell functions after exposure to various

¥ —= GSK2334470
& 100
Mock
50
GSK2334470
0

percentages of conjugates with the polarized accumulation of F-actin
(h) or LFA-1 (k). i The expression levels of LFA-1 in WT or PDK1-
deficient NK cells was detected by flow cytometry. 1 The expanded
WT NK cells were pretreated with GSK2334470 and then mixed with
RMA-S cells for 10 min to analyze the localization of F-actin in the
conjugates. m The data are expressed as the percentage of conjugates
with the polarized accumulation of F-actin. The data represent the
mean + s.d and are representative of three independent experiments

Clustering(%)

stimuli. The treatment of several pharmacological inhibitors
on NK cells during tumor cell stimulation resulted in severe
defects in IFN-y production. Genetic ablation of PDKI1
further demonstrated that PDKI1 is an important regulator
for NK cells activation. Loss of PDKI inhibited IFN-y
production by NK cells regardless of the type of stimula-
tion. However, ablation of PDKI1 only impaired the
expression of CD107a as NK cells were stimulated with
tumor cells but not upon antibody stimulation. It is thus
suggested that PDKI1 differentially regulates the two
distinct effector functions of mature NK cells, and
cytokine production by NK cells is highly dependent on
PDKI1 signaling.

In light of the dispensable role of PDKI1-mediated sig-
naling in NK-cell-activating receptor-triggered degranula-
tion, there might be another mechanism whereby PDKI1
regulates NK cell cytotoxicity upon exposure to tumor cells.
During tumor cell stimulation, NK cells activating receptors
could ligate with their ligands expressed on the tumor cells,
inducing receptor clustering and actin reorganization at the
synapse. An effective immunological synapse triggers the
polarized movement of perforin to the interface [27]. Sev-
eral lines of evidence have shown that PI3K signaling is
involved in NK-target cell lytic synapse formation [28, 29].

SPRINGER NATURE
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Fig. 7 Late-stage deficiency of PDKI1 leads to reduced NK cell-
mediated immunosurveillance. NK cells in vivo functions, including
MHC-II mismatched splenocyte rejection (a, b), RMA-S clearance

However, the pathway downstream of PI3Ks remained to be
determined. In this study, we show that PDKI is required
for NK-target cell synapse formation and actin poly-
merization. Therefore, it seems likely that the impaired
expression of CD107a in PDK1-deficient NK cells stimu-
lated by tumor cells may be caused by the formation of
ineffective synapses between NK cells and tumor cells.

In summary, we demonstrate the critical requirement of
PDK1 for NKp cell commitment and its central role in
connecting the PI3K-AKT-mTORCI1 pathway during NK
cell activation of effector function.

Methods
Mice

PDK 1o¥fox mice were a gift from Dario Alessi from the
University of Dundee as previously described [19].
CD122-Cre and Ncrl-Cre mice were generated in our lab.
Ragl™ yc™ mice were described previously. f2m-defi-
cient mice and C57BL/6 mice were purchased from
Jackson Laboratory. Both female and male mice between
8 and 12 weeks of age were used in the experiments. All
mice were maintained under specific pathogen-free animal
facilities of Tsinghua University. All animal procedures
were approved by the Animal Ethics Committee of
Tsinghua University.
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(¢, d) and B16 melanoma lung metastasis (e, f), were analyzed as
detailed for Fig. 2. All data represent at least three independent
experiments, and calculated data are shown as the means +s.d

Flow cytometry

Flow cytometry was performed on a BD LSR II (BD
Biosciences). Monoclonal antibodies against mouse CD3,
NKp46, NK1.1, CD117, CD127, Ly49A, Ly49H, Ly49G2,
CDl11b, CD27, IFN-y, CD107a, E4BP4, Eomes and isotype
controls were purchased from eBioscience (San Diego,
CA). Anti-Ly49C/T was purchased from BD Biosciences.
Anti-phospho-S6 and anti-phospho-AKT (T3pg) were
obtained from Cell Signaling Technology (Beverly, MA).
For analysis of surface markers, cells were incubated with
indicated antibodies in PBS containing 2% (wt/vol) FBS.
The expression level was presented as percentage or net
MFI, which was determined by subtracting mean fluores-
cence intensity of isotype control. For detection of phos-
phorylated signaling proteins, NK cells were fixed with
Phosflow Lyse/Fix buffer, permeabilized with Phosflow
Perm buffer III (BD), and then stained with antibodies.

Detection of CD107a expression and intracellular
staining for IFN-y

Mice were treated with intraperitoneal injection of poly I:C
(200 pg) for 18 h. Poly I: C-activated splenocytes (2 x 10°)
were co-cultured with the same number of different target
cells. For antibody stimulation, 24-well plates were pre-
coated with indicated antibodies overnight. For cytokine
stimulation, poly (I:C)-activated splenocytes were treated
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with cytokines (recombinant mouse IL-12 (10 ng/ml),
recombinant mouse IL-18 (10ng/ml)). BD GolgiStop™
reagent (BD Biosciences) was used to inhibit intracellular
protein transport, and meanwhile, APC-conjugated anti-
CD107a antibody or respective control isotypes were added
at the beginning of incubation. Splenocytes stimulated with
PMA (50 ng/mL) plus ionomycin (1 uM) were used as a
positive control. Medium only was used as a negative
control. 4 h after stimulation, cell mixtures were harvested
for detection of intracellular IFN-y and CD107a expression.

In vivo splenocyte rejection assay

Splenocytes from WT or f2m~~ mice were depleted of red
blood cells by Ficoll-Hypaque density gradient centrifuga-
tion and then labeled with CFSE (Molecular Probes). Two
types of CFSE-labeled splenocytes were mixed at a 1:1
ratio. A mixture of 2 x 10° splenocytes was intravenously
injected into mice pre-treated with 200 pg poly (I:C). 18 h
later, CFSE-positive cells from the spleens and lymph nodes
were determined by flow cytometry.

In vivo RMA-S clearance assay

Mice treated with 200 pg Poly(I:C) for 18 h were intraper-
itoneally injected with a mixture of target cells, NK-
sensitive RMA-S cells expressing GFP (10°) and NK-non-
sensitive RMA cells expressing Ds-Red (10°). Eighteen
hours after tumor cell injection, the mice were sacrificed,
and the cells in the peritoneal cavity were collected by
repeated washing with PBS containing 2 pM EDTA. The
relative percentages of RMA-S and RMA cells were mea-
sured by flow cytometry.

B16 melanoma lung metastasis mouse model

B16F10 melanoma cells in the log phase were suspended in
1 x HBSS and intravenously injected into mice (2x 10
cells/mouse). Fourteen days later, the mice were sacrificed.
The lungs were weighed, and the number of lung surface
nodules was counted under a dissecting microscope.

Conjugate formation assays

NK cells were enriched from splenocytes using a positive
selection kit (StemCell Technologies) and then cultured in
RPMI 1640 medium containing 20% fetal bovine serum, f-
Mercapto alcohol and 1000 U/ml IL-2. 5 days later, NK
cells were collected and stained with APC-conjugated anti-
Mouse NK1.1 for 30 min on ice, Then the cells were
washed and resuspended at 2 x 10° cells per ml. 100 ul cell
suspension of NK cells and GFP-positive RMA-S cells
were mixed together at a ratio of 1:1 and centrifuged at

1500 rpm (4°C) for 5min. After removing 150l of
supernatant, cells were stimulated for 0, 5 and 10 min by
incubation at 37 °C. Reactions were stopped by adding ice-
cold RPMI 1640 medium and leaving cells on ice. The
percentage of the NK1.17 GFP" population was detected by
flow cytometry.

Immunofluorescence staining and confocal imaging

NK cells (1x10°) and GFP-positive RMA-S cells were
mixed at a ratio of 1:1 and subjected to centrifugation for 7
min at 1000 rpm (4 °C). After removing 150 pl of super-
natant, the mixture were stimulated by incubation at 37 °C
for 10 min, then fixed with 4% paraformaldehyde for
30min at room temperature and blocked with PBS that
containing 1% bovine serum albumin for 1h. The fixed
cells were stained with rhodamine-labeled phalloidin
(Invitrogen). Then, the cells were washed with PBS and
mounted with Antifade Mounting Medium (Solarbio). The
samples were analyzed with a laser scanning confocal
microscope (LSM510 META; Carl Zeiss).

Statistical analyses

Unpaired Student’s t-tests (two-tailed) were performed
using the Prism software. A p value of less than 0.05 was
considered significant. *p <0.05; **p <0.01; and **¥p <
0.001.
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