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cell-mediated antitumor immunity by mediating macrophage polarization
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ABSTRACT

A large number of heterogeneous macrophages can be observed in solid tumor lesions. Classically
activated M1 macrophages are a powerful killer of cancer cells. In contrast, tumor-associated macro-
phages (TAMs) are often referred to as M2 phenotype and usually impair tumor immunity mediated by
cytotoxic lymphocytes, natural killer (NK) cells and CD8* T cells. Therefore, orchestrating M2 to M1
reprogramming will provide a promising approach to tumor immunotherapy. Here we used a PyMT-
induced spontaneous breast cancer model in which M2-polarized macrophages were abundant. This M2
phenotype was closely related to tumor progression and immune dysfunction of NK cells and CD8 T cells.
We then found that these TAMs showed increased energy expenditure and over-activation of two kinases,
Akt and mammalian target of rapamycin (mTOR). Myeloid inactivation of phosphoinositide-dependent
kinase-1 (PDK1), the upstream regulator for Akt and mTOR signaling, significantly reduced excessive
metabolic activation of macrophages. Notably, the loss of PDK1 significantly led to regression of breast
cancer and prevented lung metastasis. Mechanistically, PDK1 deficiency mainly inhibited the activation of
mTOR complex 1 (mTORC1), transforming TAMs into M1 phenotype, thereby reversing tumor-related
dysfunction of T cells and NK cells. Therefore, targeting PDK1 may be a new approach for M2 macrophage-
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enriched solid tumor immunotherapy.

Introduction

Macrophages usually exist in the tumor microenvironment
and have different functions at different stages of tumor devel-
opment. In the early stage of tumor development, macrophages
exhibit M1 phenotype and have pro-inflammatory functions.’
Activated M1 macrophages express opsonic receptors (e.g.
FcyRIII/CD16), inducible nitric oxide synthase (iNOS), reac-
tive oxygen intermediates (ROI).” Moreover, M1 macrophages
produce cytokines, such as IL-1f, tumor necrosis factor (TNF)-
a), interferon (IFN)-y, interleukin (IL)-12 and IL-23, thereby
stimulating tumor immunity mediated by cytotoxic lympho-
cytes, nature killer (NK) cells and CD8" T cells.”® As CD11c
and MHC II were reported to highly expressed in M1-like
macrophages, these two molecules are widely used as the
markers of M1 macrophages.””

The tumor progresses, the tumor microenvironment changes
from type 1- to type 2-immunity status.”'>'! Stimulated by type
2-like cytokines (such as IL-4 and IL-10), tumor-associated
macrophages (TAMs) form an M2 phenotype.z’n_16 M2 macro-
phages highly express galactose, mannose, and scavenging recep-
tors, as well as ornithine and polyamines through the arginase
pathway.>'”'® Furthermore, M2 macrophages secret IL-10 and
transforming growth factor-beta (TGF-p), which not only pro-
mote tumor invasion, angiogenesis and metastasis, but also

inhibit antitumor responses executed by NK cells and CD8"
T cells.""*>* M2 macrophages are also characterized by their
high expression of CD206.>> Therefore, CD206 is widely used as
a marker of tumor-associated M2-like macrophage.”***’
However, the M1/M2 model is oversimplified, and the typi-
cal M1 and M2 phenotypes represent extremes of a continuum
in a universe of activation states. Phenotypes of macrophages
are usually intermediate or overlapping, and the functional
states of macrophage are heterogeneity and plasticity.**>°
Since the polarized M1-M2 macrophage phenotype can be
reversed to some extent, reprogramming of M2 to M1 will
provide a promising approach for tumor immunotherapy.
The polarization of macrophages is closely related to their
metabolic status. The metabolism of M1 macrophages features
as aerobic glycolysis, broken tricarboxylic acid (TCA) cycle and
fatty acid synthesis.>’ Upon LPS stimulation, macrophages
polarize to the M1 status and increases the aerobic glycolysis
level. Glycolysis promotes the carbon flux into the oxidative
pentose phosphate pathway (PPP) pathway to produce
NADPH and then generate reactive oxygen species (ROS),
which promotes phagocytosis of macrophages.’' By inhibiting
the activation of pyruvate dehydrogenase kinasel(PDK-1) or
activate the pyruvate kinase M2 (PKM2) to inhibit aerobic
glycolysis impairs the LPS-induced M1 macrophage
polarization.*** Different from MI status, M2 macrophages
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are thought to prefer fatty acid oxidation (FAO) and intact
TCA cycle.*® Inhibition of FAO promotes the anti-tumor
ability of TAMs and restricts tumor growth.”” Glutamine
synthetase (GS) facilitates M2 polarization through increasing
glutamine levels, which ultimately results in the metastasis of
tumors. The use of methionine sulfoxide (MSO) to pharmaco-
logically inhibit GS promotes reprogramming of M2 to MI
macrophages with a decrease in intracellular glutamine,
increased succinate levels and increased glucose flux through
glycolysis.”® These changes indicate that macrophage polariza-
tion status can be influenced by alternating cellular
metabolism.

Mammalian target of rapamycin (mTOR) signaling is a key
nutrient/energy sensor that links nutrient availability to down-
stream metabolic processes such as protein synthesis, glycolysis
and de novo lipogenesis.” Phosphoinositide-dependent
kinase-1 (PDK1) is considered to be a major regulator of
mTOR signaling through phosphorylating Akt, which indir-
ectly activates mTOR complexl (mTORCI) as a serine/threo-
nine kinase. PDK1 is an important signaling molecule
downstream of PI3Ks. Overexpression of PDK1 relates to the
occurrence and development of tumors.**”*> PDK1 is ubiqui-
tously expressed in all normal cells. Although many chemical
inhibitors targeting PDK1 are developed, clinical use of these
potential drugs has the risk of lethal toxicity, which hinders
further use of these inhibitors. Moreover, PDKI1 is also
expressed in all immune cells and is essential for the regulation
of the immune system. This kinase is indispensable for
T lymphocyte activation.***> Cell-type specific PDK1 deletion
revealed that the absence of PDKI leads to stunted develop-
ment of all lymphocytes, including T cells, B cells or NK cells.
Therefore, targeting PDK1 very likely causes significant side
effects from an immune perspective.

We have previously reported that PDKI1 is intrinsically
required for tumorigenesis of a spontaneous breast cancer
induced by polyoma virus middle T antigen (PyMT),** sug-
gesting that PDK1 is a potential target. In addition, the deletion
of PDK1 in myeloid cellspromoted the polarization of M1
macrophages in adipose tissue.*” It is not clear whether
PDK1 inactivation can enhance tumor immunity by repro-
graming tumor-promoting M2 macrophage into tumor-
inhibiting M1macrophage is unclear at present. In this study,
we found that in PyMT model, the myeloid cell-specific dele-
tion of PDKI1 inhibits the tumor progression and lung metas-
tasis by reducing mTORCI activation and promotes the M1-
like polarization of macrophages. These accumulated M1
macrophages trigger antitumor responses through two types
of cytotoxic lymphocytes, NK cells and CD8" T cells.

Results

M2 macrophages may weaken anti-tumor immunity in
breast cancer

In solid tumor, NK cell- and CD8" T cell-mediated antitumor
immunity is usually impaired in a suppressive microenviron-
ment, characterized by the high presence of TAM:s similar to M2
macrophages.***° In order to understand whether M2 status
causes impaired immune function, we first used a spontaneous

PyMT-induced solid tumor mouse model in C57BL/6 back-
ground that mimics breast cancer. The transgenic mice specifi-
cally express PyMT in mammary gland under the transcriptional
control of a long terminal repeat of the mouse mammary tumor
virus (MMTV).>! We first noticed that mammalian transgenic
expression of PYMT induce breast carcinoma around 12 weeks,
and then rapidlyprogress. 18 to 22 weeks, tumor-infiltrating NK
cells and CD8" T cells showed a significant defect in secreting
IFN-y, which is critical to the immunosurveillance by these two
types of lymphocytes (Figure lab). Especially in advanced
tumors (22 weeks), NK cells were found to be unresponsive to
PMA/ionomycin stimulation (Figure 1a), which indicated that at
this stage NK cells have lost their function.”*>*

Furthermore, as the tumor progressed, the frequency of TAMs
(Ly6G F4/80"CD206'CD11c") gradually increased, while the
proportion of M1-like macrophages (Ly6G F4/80"CD206 -
CD11c") decreased. Accordingly, the ratio of M1 to M2 was
significantly reduced in advanced tumors (Figure 1c). It is worth
noting that the IL-10 concentration in the tumor tissue increased
with the tumor progression (Figure 1d). We further noticed
a positive correlation between the proportion of M2 macrophages
and the amount of IL-10 in the tumor tissues (Figure 1e), which is
supported by the published findings that IL-10 promoted M2
polarization.” The proportion of M2 macrophages is also posi-
tively correlated with the mice age that reflects the tumor stages.
However, the proportion of M2 macrophages in tumors was
inversely correlated to multiple parameters reflecting antitumor
capacity, such as the percentages of NK cells and CD8" T cells, and
their ability to secret IFN-y (Figure le). These findings indicate
that TAMs (mainly M2 macrophages) are largely correlated to the
anti-tumor immunity of NK cells and CD8" T cells in advanced
breast cancer.

Myeloid-specific deletion of PDK1 alleviates the abnormal
activation of tumor-associated macrophages

Since M2-like macrophages are associated with the dysfunction
of NK cell and CD8" T cells, we wondered whether reprogram-
ming macrophage polarization in the tumor microenviron-
ment could restore the function of tumor-infiltrating NK cells
and CD8" T cells. It is recognized that M1- and M2-
macrophages have distinct intracellular metabolisms. M1
macrophages rely on aerobic glycolysis, while M2 macrophages
mainly employ oxidative glucose metabolism pathways.”*** In
addition, vitamins, fatty acids, amino acids, and iron metabo-
lisms are also involved to macrophage polarization.>® Thus, we
first tested the cellular metabolic status of TAMs in the PyMT
tumors. We examined expression levels of transferrin receptor
CD71 and the amino-acid transporter CD98. Transferrin
receptor (CD71) mediates the uptake of transferrin-iron com-
plexes and is highly expressed on the surface of cells of the
erythroid lineage, and cells with high proliferation.’”® CD71 is
therefore essential for cell growth and iron-requiring metabolic
processes including DNA synthesis, electron transport, mito-
genic signaling pathways. Consequently, rapidly growing cells
require more iron and CD71 for their growth than resting
cells.”® Amino-acid transporter CD98 functions as an amino
acid exchanger that can export glutamine in exchange for
essential amino acids (EAAs) such as leucine and isoleucine.
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Figure 1. M2 macrophage polarization is associated with impaired anti-tumor immunity in spontaneous breast cancer. (a-b) Analysis of intracellular IFN-y production of
CD45"NKp46*CD3~ NK cells (a) and CD45*CD3*CD8" T cells (b) in breast tumor tissues of PyMT mice at the specified ages (18, 20, 22 weeks). Each symbol represents
a separate mouse. () Representative flow cytometry plots of M1 (CD45*Gr17F4/80*CD11¢*CD2067) and M2 (CD45*Gr17F4/80"CD11¢"CD206") macrophages in breast
tumor tissues of PyMT mice at the indicated ages (18, 20, 22 weeks, left). The ratio of M1 to M2 was calculated (right). Each symbol represents an individual mouse. (d) IL-
10 concentration in breast tumor tissues were measured by ELISA at the indicated week-ages (16, 18, 20, 22, 24 weeks) of PyMT mice. The data represent the mean +
SEM of 5 mice per group. (e) The correlation analysis. The data represent the mean + SEM of 5 mice per group. Data shown represent at least three independent
experiments. *p < .05, **p < .01, and ***p < .001. The data were analyzed using the Unpaired Student’s t-tests (two-tailed). (a-d), Pearson’s correlation coefficient (e).

These functions also allow CD98 to regulate lymphocyte pro-
liferation in adaptive immunity.®*~®* Both CD71 and CD98 are
considered as nutrition receptors that are essential in cellular
metabolism.*>%*

Compared with 18 weeks of mice age, two nutritional
receptors CD71 and CD98 on tumor macrophages moderately
increased at 20 weeks and significantly increased at 22 weeks
(Figure 2a). This result indicates that macrophages in the
tumor microenvironment may require more nutrients for
their activation. Cellular uptake of iron and amino acid leucine
through CD71 and CD98 respectively are involved in the
regulation of mTORCI activity.”****>"*” mTOR signaling is
a key nutrient/energy sensor that links nutrient availability to
downstream metabolic processes such as protein synthesis,
glycolysis and de novo lipogenesis, and is also a vital link
between immune function and metabolism.****”° Thus, we
examined the phosphorylation level of AKT and S6 in the
mTOR signaling pathway and found both increased in TAMs
as tumor progressed (Figure 2b). These data suggest that
excessive activation of AKT-mTOR signaling may be related
to the activation of macrophage metabolism during tumor
progression.

We have previously reported that the absence of PDK1, an
upstream component of AKT-mTOR signaling, blocks meta-
bolic activation in NK cells and breast cancer cells.*>**
Therefore, we investigated whether the deletion of PDK1
could alleviate the abnormal metabolism of tumor-infiltrating
macrophages. We prepared the PDK1"%/LysM-Cre mice,
a mouse model in which Cre recombinase under the control
of LysM promoter deleted the floxed exon of PDKI1. Thus,
PDK1 was deleted only in myeloid cells, including macro-
phages (Supplementary Figure 1). We measured the amount

of two nutritional receptors, CD71 and CD98, in TAMs and
found that myeloid-specific deletion of PDKI1 significantly
reduced the expression of these two nutritional receptors in
F4/80" macrophages (Figure 2c). Therefore, genetic deletion of
PDKI1 can offset the changes in macrophage metabolic activa-
tion upon tumor progression.

Myeloid-specific deletion of PDK1 inhibits tumor growth
and metastasis

Next, we studied whether the myeloid-specific deletion of
PDK1 in PyMT mice, had an effect on tumor progression.
We crossed PDK1""/LysM-Cre mice with PyMT mice to pro-
duce PyMT/PDK1"%/LysM-Cre mice. We found that tumor
growth slowed down in PDKI1-deleted mice compared with
PyMT/PDK1™"" littermate, as evidenced by a reduction in
tumor volumes and tumor weight (Figure 3a,b). Remarkably,
metastatic lesions in PyMT/PDK1"" mice accounted for
approximately 25% of the entire lung in advanced breast can-
cer. However, it was rarely seen in PyMT/PDK1""/LysM-Cre
mice (Figure 3c,d). Low power images of lung metastasis sec-
tion were also shown (Supplementary Figure 2a).

We then investigated whether PDKI1 deletion influenced the
growth of other tumor types. It has been reported that GM-CSF
helps shape the tumor microenvironment by promoting myelo-
poiesis and recruitment of suppressive myeloid cells.”'~”> Thus,
we generated a B16-F10 variant that ectopically expressed GM-
CSF. We found GM-CSF overexpressed B16-F10 tumors were
more malignant than B16-F10 tumors (Supplementary Figure
3a). Furthermore, compared to the B16-F10, more M2-like
macrophages found in B16-GM-CSF tumors (Supplementary
Figure 3b). This indicated that GM-CSF facilitate the



4 Y. HE ET AL.

a CD71 CD98
—_— 18w —_— 20w — J2W
b PAKT T308 pS6 -
] 3
"
o
] o
<t
1] [T
=
] g
<
T
—_— 18w —_— 20w — J2W =
C CcD71 CD98
Control
— PyMT/PDK1f

— PyMT/PDK1f/LysM-cre

MFI of CD71 on F4/80" cells

MFI of CD71 on F4/80" cells

25000+ - 2100000 -
A = -
3
E *kk %
12500 S 50000+ A
A <o}
=5 ’ § = =
€2 5
0l® C 0-
18 20 22 18 20 22
800 - © 800+ i
A 8 " A
* +O _
— o)
0 :ﬁ i o
400 5% £ 400
2 - a8 o _D%
= &
T
0 = [
18 20 22 18 20 22
o pok1" e  pDK1¥LysM-Cre
10000+ £ 60000 -
8 @]
32 5
o Kkk E % Kkk
] S 30000
5000 > § Py
[m) [
(@]
5
0- s 0

Figure 2. Myeloid-specific deletion of PDK1 reduces the abnormal metabolism of tumor-infiltrating macrophages. (a-b) The percentage (left) and mean fluorescence
index (MFI, right) of the designated molecules in gated macrophages (CD45*Gr17F4/80™) in the breast tumor tissues of PyMT mice at the indicated weeks of age (18, 20,
22 weeks). Each symbol represents an individual mouse. (C) The percentage (left) and MFI (right) of the indicated molecules in gated macrophages (CD45*Gr17F4/80%)
in breast tumor tissues at 20 week-age of mice. Isotype antibody were used as control. Each symbol represents an individual mouse. Data shown represent at least three
independent experiments. *P < .05, **P < .01, ***P < .001. The data were analyzed using the Unpaired Student’s t-tests (two-tailed).

accumulation of M2-like macrophages in the tumor microenvir-
onment. To investigate whether the inactivation of PDK1 delay
the growth of tumors expressing GM-CSF, we subcutaneously
inoculated the B16-GMCSF cells to PDK1"%/LysM-Cre or
PDK1"" mice. We found that the myeloid-specific deletion of
PDK1 also significantly inhibited the growth of transplanted
B16-GM-CSF tumors (Figure 3e).

Myeloid deletion of PDK1 improves NK cell-mediated
antitumor immunity

We then investigated whether the absence of PDK1 in myeloid
cells could improve the function of NK cells and CD8" T cells
in tumor lesions. The percentage of NK cells and CD8" T cells
in the tumor tissues of PyMT/PDK1%%/LysM-Cre mice was
higher than that of PyMT/PDK1"" control (approximately 5
times) (Figure 4a,b). In addition, after triggered by polyclonal
stimuli, PMA plus ionomycin, IFN-y-producing NK cells iso-
lated from the tumors of PyMT/PDK1"%/LysM-Cre was much

more than that from control mice (Figure 4a). For tumor-
infiltrating CD8" T cells, we observed the similar phenotype
(Figure 4b). We finally noticed that PDK1 deletion also sig-
nificantly corrected the dysfunction of NK cells and CD8"
T cells in the context of GM-CSF-overexpressed tumors
(Figure 4c,d).

NK cell function is associated with macrophage activation

Intraperitoneal injection of anti-NKI1.1 antibody (PK136)
could efficiently kill most NK cells.”>>® The tumor growth
inhibition caused by myeloid-specific deletion of PDK1 was
compromised with the depletion of NK cells by the anti-NK1.1
antibody (PK136) (Supplemental Figure 4a). This indicated
that the impact of PDK1-deleted TAMs on tumor growth
could be mediated by NK cells. To further investigate the
association between NK cells and macrophages, we established
a mouse model, in which LPS-activated macrophages were
inflammatory. We first examined whether the absence of NK
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Figure 3. Myeloid-specific deletion of PDK1 inhibits tumor growth and metastasis. (a-b) (a) Tumor volumes at the specified time points. The data represent the mean +
SEM of 9 mice per group. p = .0225. (b) Tumor weight (similar to a) aged at 20 weeks of age. Each symbol represents an individual mouse. (c) Representative H&E
staining of lung sections. (d) Quantification of lung tumor metastatic nodules (similar to b). The data represent the mean + SEM of 8 mice per group. () Tumor volumes
of subcutaneous B16-GMCSF tumors at the specified time points. Data represent the mean + SEM of 7 mice per group. Data shown represent at least three independent
experiments. *P < .05, **P < .01. The data were analyzed using the Two-way ANOVA (a and e) or Unpaired Student’s t-tests (two-tailed) (b and d).

cells could alleviate LPS-induced endotoxin shock. Eighty
hours after LPS injection, a minority of PK136-treated mice
but half of PBS-treated control group died, suggesting that the
depletion of NK cells significantly reduced LPS-induced endo-
toxin shock (Supplemental Figure 4b).

We realized that PK136 treatment might eliminate
NK1.1-positive NK-T cells. To rule out the possibility, we
then used a mouse model of NK cell deficiency, DTAST©?7¢/
Ncrl-Cre. Briefly, the DTAST" mice carries the diphtheria
toxin A-subunit gene (DTA), whose expression is prevented
by a loxP-flanked transcriptional stop sequence. However,
upon Cre-mediated deletion of the floxed region, the DTA
expression is triggered, leading to the specific ablation of Cre-
expressing cells. Ncrl is an NK Cell-activating receptor speci-
fically expressing in terminal NK cells. We introduced the
previously generated Ncr1-Cre mice, in which Cre is expressed
under the control of the mouse Ncrl promoter. We then
crossed the DTAST® mice with the Ncrl-Cre mice to generate
the NK cell ablated DTAS™?/Ncr1-Cre mice. Compared with
DTAS™® littermates, DTAST?/Ncr1-Cre mice were highly
resistant to LPS-induced lethal shock (Supplemental Figure
4c). Therefore, NK cells aggravate LPS-induced M1 macro-
phage-mediated inflammation.

Next, the ex vivo assays were performed to evaluate NK
cell activity. The administration of LPS could pronounc-
edly trigger the expression of CD107a and production of
IEN-y in NK cells. Since toll-like receptor 4 (TLR4), which
recognizes LPS, is mainly expressed on myeloid cells and
almost undetectable on NK cells, the involvement of NK
cells in LPS-induced shock might be extrinsic. To confirm
it, mice were injected with clodronate-coated liposome to
eliminate macrophages. Expectedly, liposome treatment

partially inhibited the ex vivo activation of NK cells sti-
mulated by the target cells, RMA-s and YAC-1
(Supplemental Figure 4d). RMA-s cells induce NK cell
“missing-self” activation as they lack the MHC-I molecule
on the cell surface. While YAC-1 cells highly express Rael
on the cell surface, which is the ligand of NK cell activa-
tion receptor NKG2D. The recognition of Rael by
NKG2D results in the “induced-self” activation of NK
cells.”***”7 Other stimuli were further used to test NK
cell function, such as a combination of cytokines (IL-12
and IL-18) or plate-coated antibodies (anti-NK1.1 or anti-
Ly49D). We obtained a similar finding that the in vivo
depletion of macrophages greatly reduced the activity of
NK cells (Supplemental Figure 4e and F). Thus, LPS-
activated, MI1-like macrophages may contribute to NK
cell activation at least during inflammation.

We further investigated whether the myeloid deletion of
PDK1 could enhance NK cell activation in LPS-induced
inflammation. First, we noticed that PDK1-deficient mice
were more sensitive to LPS-induced lethal effect. However,
NK cell depletion reduced the sensitivity to LPS challenge
in PK136-treated mice (Supplemental Figure 4g). In vitro
experiments showed that when NK cells were triggered by
cellular stimuli, such as RMA-S and YAC-1, the absence of
PDKI1 in myeloid cells significantly increased NK cell pro-
duction of IFN-y and expression of CD107a (Supplemental
Figure 4h and I). NK cells from PDKI-deficicent mice also
showed the increased sensitivity to soluble cytokine (e.g. IL-
12, IL-18, or both) (Supplemental Figure 4j). These results
indicate that the myeloid deletion of PDKI is associated
with NK cell activation in tumors and LPS-induced acute
inflammation.
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analyzed using the Unpaired Student’s t-tests (two-tailed) (a-d).

Deletion of PDK1 promotes M1 macrophage polarization

We then sought to explore whether tumor-infiltrating M2
macrophages could be reprogrammed into M1 statues by
deleting PDK1. We first calculated the numbers of two
subsets of macrophage, and found that the absence of
PDK1 in myeloid cells significantly reduced the percentage
of M2 macrophages, while it increased the percentage of M1
macrophage. Thus, PDKI1 deletion greatly increased the ratio
of M1 to M2 (Figure 5a). Removal of PDK1 from myeloid
cells abolished the increase of IL-10 in the breast tissues of
PyMT mice (Figure 5b), but the amount of two typical M1-
like cytokines, IL-6 and IFN-y, were significantly up-
regulated in PyMT/PDK1"%/LysM-Cre mice (Figure 5b).

We then perform the extensive study on macrophage polar-
ization after PDK1 inactivation in vitro. Bone marrow-derived
macrophages (BMDMs) were generated for the following
assays. Two subsets of polarized M1 and M2 macrophages
were in vitro induced by LPS and recombinant IL-4 or IL-10,
respectively. We found that PDK1 deletion greatly enhanced
the expression of three M1-featured gene transcripts, including
Ccr2, II-1f and II-6 (Figure 5c). In contrast, the absence of
PDK1 significantly suppressed the induction of M2-featured
gene expression, such as II-10, Argl, and Cd163, in IL-4- or IL-
10-conditioned BMDMs (Figure 5c¢).

Using ELISA, we further validated some of these data at the
protein level. After LPS stimulation, PDK1 deletion significantly
reduced the amount of IL-10, but highly increased the amount of
IL-1B and IFN-y, in the serum of PDK1""/LysM-Cre mice
(Figure 5d). Taken together, the kinase PDK1 is a key regulator
of macrophage polarization in tumor and inflammation.

PDKT1 deletion promotes M1 macrophage polarization by
down-regulating mTOR pathway

Next, we investigated whether the absence of PDK1 could
reduce the activation of AKT/mTOR signaling in tumor-
infiltrating macrophages. We detected the phosphorylation
status of AKT and S6 in tumor-infiltrating macrophages and
found that the myeloid-specific deletion of PDK1 significantly
inhibited the phosphorylation of AKT T308 and S6 in F4/80"
macrophages (Figure 6a). We next looked for genetic evidence
that PDK1 promoted the differentiation of M2 macrophages,
but restricted the generation of M1 macrophages by activating
mTOR kinase. To this end, we established a mouse model,
mTOR""/LysM-Cre, in which mTOR was deleted only in
myeloid cells. The deletion of mTOR significantly increased
the transcription levels of genes with M1 characteristics in
BMDMs stimulated in vitro by LPS, including Ccr2, II-1 and
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Figure 5. Deletion of PDK1 reprograms M1 macrophage polarization. (a) Representative flow cytometry plots of M1 (CD45*Gr17F4/807CD11¢*CD2067) and M2
(CD45*Gr17F4/80*CD11¢"CD206") macrophages in breast tumor tissues from the specified genotypes at 20 weeks of age (left). The ratio of M1 to M2 was calculated
(right). The data represent the mean + SEM of 4 mice per group. (b) The concentration of indicated cytokines in breast tissues of mice with indicated genotypes at

20 weeks of age were detected using ELISA. Each symbol represents an individual

mouse. (c) Transcription levels of the specified genes in BMDMs after 24 hours of

treatment with LPS, IL-4 or IL-10. Data represent the mean + SEM of 4 mice per group.(d) After treatment with LPS at the specified time point, the protein levels of the
specified cytokines in the serum of the two groups of mice were detected by ELISA (similar to c). Data represent the mean + SEM of 4 mice per group. Data shown

represent at least three independent experiments. *P < .05, **P < .01, ***P < .001.

II-6, but it decreased the transcripts with M2 characteristics,
like II-10, Argl and Cd163 (Figure 6b). After LPS administra-
tion, the concentrations of M1-featured cytokines in the serum
of mTOR""/LysM-Cre mice, IL-1 and IFN-y, were much
higher than that in their littermates. Oppositely, the amount
of IL-10 was less in the serum mTOR-deleted mice (Figure 6c).
Thus, PDK1 deletion promotes M1 macrophage polarization
possibly by down-regulating mTOR signaling.

Dissociation of mTORCT1 induces polarization of M1
macrophage and enhances anti-tumor immunity of NK
cells

Our results above indicate that the deletion of PDK1 leads to
a decrease in the phosphorylation levels of T308 site of AKT
and S6 in tumor-infiltrating macrophages, suggesting that
PDKI1 may affect the metabolism of tumor-infiltrating macro-
phages by regulating the mTORC1 pathway. Since Raptor is
the main component of mTORCI1, we made a mouse model,
Raptor™?/LysM-Cre. The deletion of Raptor in myeloid cells
significantly increased the transcription levels of M1-featured
genes in LPS-stimulated BMDMs, including Ccr2, Il-1f and II-
6 (Figure 7a). Meanwhile, when BMDMs were polarized by
either IL-4 or IL-10, the absence of Raptor inhibited the induc-
tion of M2-featured transcripts including IL-10, Argl and

The data were analyzed using the Unpaired Student’s t-tests (two-tailed).

CD163, (Figure 7a). We also measured the concentration of
characteristic cytokines. After LPS challenge, Raptor-deficient
mice showed more IL-1f and IFN-y representing M1, and less
M2-featured IL-10 compared to control mice (Figure 7b). In
addition, the myeloid deletion of Raptor significantly inhibited
tumor growth of transplanted B16-GMCSF tumors (Figure 7c).
Further ex vivo analysis of tumor-infiltrating lymphocytes
showed that both NK cell production of IFN-y and CD107a
expression and CD8" T cell production of IFN-y and TNF-a
were significantly increased in Raptor™"/LysM-Cre (Figure 7d,
e). Therefore, the myeloid disruption of mTORCI triggers NK
cell- and CD8" T cell-mediated antitumor immunity by repro-
gramming M1 macrophage.

Discussion

The main executive lymphocytes of anti-tumor responses are
CD8" T cells of adaptive immunity and NK cells of innate
immunity. However, the tumor microenvironment often
weakens the cytotoxicity of these two immune cells, leading
to their immune failure. Although blockage of immune choke-
point such as PD1 receptor substantially alleviates T cell sup-
pression, other extrinsic factors can also tolerate T cell and NK
cells. There are a large number of TAMs locally in the tumor
tissues. In advanced tumors, these TAMs usually have an
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Figure 6. PDK1 deletion may induce M1 macrophage polarization by downregulating the mTOR pathway. (a) Percentage (left) and MFI (right) of the indicated molecules
in gated macrophages (CD45*Gr17F4/80") in breast tumor tissues from the specified mice at 20 weeks of age. Isotype antibody was used as control. Each symbol
represents an individual mouse. (b) Transcription levels of designated genes in BMDMs from two genotypes BMDM:s after 24 hours of treatment with LPS, IL-4 or IL-10.
Data represent the mean + SEM of 4 mice per group. (c) After the designated time of LPS treatment, serum cytokine concentrations of the indicated mice (similar to b)
were measured using ELISA. Data represent the mean + SEM of 4 mice per group. Data shown represent at least three independent experiments. *P < .05, **P < .01,
***P < .001. The data were analyzed using the Unpaired Student’s t-tests (two-tailed).

immune inhibitory M2 state, reducing the function of anti-
tumor immune cells. In this study, we found that the PDKI is
a key kinase for macrophage polarization. Myeloid-cell specific
deletion of PDKI1 can effectively promote M1 macrophage
polarization, while prevent M2 polarization, thus reversing of
anti-tumor dysfunction mediated by CD8" T cells and NK cells
in PyMT-induced spontaneous breast cancer. This study sug-
gests that targeting PDK1 in macrophage is a potential strategy
for immunotherapy of M2-bias tumors.

Using PyMT-induced breast cancer model, we previously
found that tumor-intrinsic inactivation of PDK1 could sig-
nificantly reduce the initiation, progression and metastasis
of breast cancer,*® strongly suggesting that PDKI is consid-
ered as a therapeutic target for the treatment of breast
cancer. Our current study found that the inactivation of

PDK1 in macrophages could indirectly activate NK cells
and CD8" T cells and promote anti-tumor activity in breast
cancer. Therefore, macrophage-targeted drug delivery of
PDK1 inhibitors will avoid the systematic lethal risk and
immunosuppression. PDK1 as a serine/threonine kinase is
consider as a critical metabolic regulator connecting PI3K
and downstream mTOR activation.”® In current study, we
found that PDK1 deletion could significantly reduce mTOR
activation and energy consumption. We also provided some
genetic evidence supporting that the deletion of mTOR, in
particular mTORCI, could mimic the phenotype observed
in PDK1-deleted mice. Therefore, we make hypothesis that
the inactivation of PDK1 promotes M1 macrophage polar-
ization and prevent M2 polarization possibly via down-
regulating mTOR. However, in addition to AKT and
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downstream mTOR signaling pathways, there are a number
of other PDK1 substrates. Further studies need to address
whether mTOR-independent signaling are involved in the
effect of PDK1 deletion on M1 macrophage polarization.

Macrophage polarization is closely related to metabolism. M1
macrophages are known to obtain energy through Hypoxia-
inducible factor 1 (HIF-1)-mediated aerobic glycolysis.”” In
response to the tumor cell adaption to hypoxia, HIF-1regulates
the transcription of pyruvate dehydrogenase kinase 1(PDK-1).
PDK-1 phosphorylation inhibits pyruvate dehydrogenase, pre-
venting pyruvate from being converted to acetyl-CoA, thereby
making it no longer a viable substrate for the tricarboxylic acid
(TCA) cycle.go’s1 PDK-1 promotes polarization of M1 macro-
phages, inhibits polarization of M2 macrophages.®

On the other hand, M2 macrophages obtain energy through
fatty acid oxidation (FAO) and oxidative phosphorylation
(OXPHOS) metabolism.**** M2 macrophage activation induces

the expression of components of the electron transport chain
that undergo oxidative phosphorylation and drive pyruvate into
the Krebs cycle. Blocking oxidative metabolism not only blocks
the M2 phenotype, but also enables macrophages to enter the
MI state. Similarly, the enhancement of the oxidative metabo-
lism of M1 macrophages can also enhance its M2 phenotype.”>**
In addition, the pentose phosphate pathway is also more limited
in M2 macrophages than in M1 macrophages. These key meta-
bolic differences in different activated macrophages have been
widely accepted, but the switches responsible for coordinating
M1 versus M2 status at the molecular level are still largely
unknown. Thus, how PDK1 regulates macrophage polarization
at metabolic levels is for further study.

The exact role of the mTORC?2 signaling pathway in macro-
phage differentiation and function is unclear. Limited research
has shown that the conditional knockout of Rictor in myeloid
cells maintains the integrity of M1 phenotype, thereby
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inhibiting the polarization of macrophages to the M2
phenotype.®* In breast cancer, we found here that the disasso-
ciation of mTORCl1 causes the polarization of
Mlmacrophages. The lack of mTOR or Raptor recapitulates
the effect of PDKI1 deficiency on macrophage polarization,
suggesting the role of mTORCI in promoting M1 polarization
and preventing M2 polarization. However, it is unclear
whether mTORC?2 is also involved in this process.

In summary, we demonstrate that the genetic deletion of
PDK1 in myeloid cells significantly inhibit tumor growth and
metastasis in spontaneous breast cancer model. PDK1 inacti-
vation promotes M1 polarization, reversing the dysfunction of
cytotoxic lymphocytes, including NK cells and CD8" T cells.

Methods
Cell lines

The murine melanoma cell lines (B16F10, referred to as B16)
was obtained from ATCC. For overexpression of GMCSF, B16
cells were infected with a pMSCV retrovirus expressing
GMCSF ¢DNA or control neomycin resistance gene. Twenty-
four hours later, cells were selected in complete RPMI-1640
media (10 mM glucose, 2 mM L-glutamine, 100 U/ml of
penicillin-streptomycin and 10% FBS, Gibco™) containing
G418 (3.0 mg/ml, Gibco™) and single clones were picked by
limited dilution. The GMCSF-expression B16 cell line (referred
as to B16-GMCSF) was used to enrich myeloid cells in the
tumor. The cell lines have been mycoplasma tested.

Mice

PyMT transgenic, mTORYY, Raptorﬂ/ f LysM-Cre and
DTASTOP% mouse was bought from Jackson Laboratory (stock
number 002374). The Ncrl-Cre transgenic mouse was designed
as previous described.* PDK1"" mouse was kindly provided by
D. Alessi, University of Dundee, Dundee, Scotland, UK. All
mice were bred and maintained in specific pathogen-free animal
facilities and all procedures involving animals were approved by
the Animal Ethics Committee of Tsinghua University.

Reagent

Antibodies recognizing mouse CD3 (145-2C11), NKp46
(29A1.4), NKI.1 (PK136), CD4(GK1.5), CD8(53-6.7), Ly49A
(A1), Ly49C/I (5E6), NKG2D (A10), Ly49G2 (eBio4D11),
Ly49H (3D10), NKG2A (20D5), CDI11b (M1/70), F4/80
(BMS8), CD11C (N418), CD206 (C068C2, Biolegend), Grl
(RB6-8C5), Ly6C (HK1.4), CD45 (30-F11), CD71 (R17217),
CD98 (RL388), KLRG1(2F1,BD) and isotype controls were
purchased from eBioscience or BD.

Preparation of macrophages from bone marrow and
macrophage activation

Bone marrow cells were cultured for 7 days in the presence of
L-929 cell supernatant containing monocyte-colony stimulat-
ing factor (M-CSF) in complete medium (RPMI-1640 medium
containing 10 mM glucose, 2 mM L-glutamine, 100 U/ml of

penicillin-streptomycin and 10% FBS). Macrophages at day 7
were washed and then stimulated for 24 h with lipopolysac-
charide (100 ng/ml; Sigma), IL-4 (20 ng/ml; PeproTech), or IL-
10 (20 ng/ml; PeproTech). Macrophages were then harvested
and analyzed for the expression of M1 or M2-featured genes.

Isolation of tumor-infiltrating/tissue lymphoid cells

Mouse tumors were harvested, and minced with scissors before
incubation with 2.4 mg/ml collagenase A RPMI-1640 (no fetal
bovine serum) at 37°C for 2 h. Tumor samples were washed once
with complete RPMI-1640 and purified on a Percoll gradient to
eliminate tumor cells. Then the cells were washed again with
complete RPMI-1640 and filtered through a 100-pum nylon filter
(BD Biosciences) in RPMI-1640 supplemented with 10% FCS to
generate single-cell suspensions. Cells from mouse spleens were
collected by grinding spleens with frosted glass and filtered
through 40-pm filters. After red blood cell (RBC) lysis (ACK
Lysing Buffer, Lonza), all cells were washed and re-suspended in
FACS buffer (PBS/2% albumin) for further use.

Ex vivo cell restimulation

For the detection of cytokine production, splenocytes or
tumor-infiltrated lymphocytes were re-stimulated in vitro
with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml, Sigma-
Aldrich) plus ionomycin (1 pg/mL, R & D Systems) for 5 h in
the presence of Brefeldin A (7 mg/mL, Biolegend). Cells were
surface stained with anti-CD45, anti-NKp46, anti-CD3, anti-
CDS8 or isotype-matched control antibody before fixation and
permeablization (using kits from BD or eBioscience), which
was followed by intracellular staining.

Flow cytometry

Cell surface markers were stained with antibodies from
eBioscience or BD and 4',6-diamidino-2-phenylindole (DAPI,
Life Technlogies). Intracellular staining of cytokines was con-
ducted for NK cells and CD8 T cells. For detection of phos-
phorylated signaling proteins, macrophages were fixed with
Phosflow Lyse/Fix bufter, followed by permeabilization with
phostlow Perm buffer III (BD) and stained with anti-phospho-
S6 and anti-phospho-AKT antibodies (Cell Signaling
Technology). Flow cytometry data were collected by LSR
Fortessa (BD, Biosciences) and analyzed using FlowJo soft-
ware. Net mean fluorescence intensity (MFI) was calculated.

Realtime PCR

RNA was extracted with TRIzol (Invitrogen, Carlsbad, MA,
USA) and ¢cDNA was acquired by utilizing reverse transcrip-
tion system (Promega, Madison, WI, USA). Quantitative PCR
was performed using SYBR Green-based detection. The primer
sequences are provided in Supplementary Table 1.

ELISA

Supernatants of tissue samples or peripheral blood serum were
collected in triple, centrifuged at 3,000 g for 5 min. Then the



supernatants were collected for ELISA. Cytokine concentration
was determined using IL-10, TNFa, IL-6, IL-1B, and IFN-y
ELISA Kkits purchased from eBioscience.

Western blot

Proteins were extracted from peritoneal macrophages and
BMDMs, and 40 pg of protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Then proteins were transferred to polyvinylidene
difluoride (PVDF) membranes, reacted with primary and sec-
ondary antibodies and then developed by enhanced chemilu-
minescence according to standard methods.

Macrophage activation and depletion

For the in vivo macrophage activation, LPS (22 mg/kg body
weight, Sigma-Aldrich) was intraperitoneally injected 48 hours
after administration (i.p.) of anti-NK1.1 antibody (PK136,
100 pg/mouse, mouse IgG2a as control) for NK depletion, or
directly intraperitoneally injected in DTAS"©*/Ncr1-Cre mice,
and then the survival of mice was detected. For the macrophage
depletion, liposome clodronate (Clodrolip) was used. Mice
were intraperitoneally injected with Clodrolip (200ul/20 g
body weight, Clophosome®) or equivalent volumes of control
liposome. 24 h later, LPS (5 mg/kg body weight) were intraper-
itoneally injected. After 24 h, mice were sacrificed for the
experiments. For the serum cytokine detection, LPS (22 mg/
kg body weight) were intraperitoneally injected to mice of the
different genotypes. Then serum was collected to detect the
cytokines at the indicated time points.

In vitro NK cell assays

For measurement of the IFN-y production and CD107a
induction, splenocytes from liposome and/or LPS treated
mice mentioned before were cultured together with the
same number of target cells, or precoated antibodies, or
cytokines (recombinant mouse IL-12 (10 ng/ml), recombi-
nant mouse IL-18 (10 ng/ml)) in the presence of GolgiStop
(eBiosciences) and Alexa Fluor 647-conjugated anti-
CD107a (eBioH4A3) or isotype-matched control antibody.
After 6 h, cells were stained with anti-NKp46 antibody and
then fixed and permeabilized with Cytofix/Cytoperm Buffer
(eBiosciences). Cells were then stained with anti-IFN-y
(XMGL1.2) or isotype-matched control antibody.

Lung metastasis measurements

For histological examination of the metastases, lungs were
fixed in 4% paraformaldehyde, embedded in paraffin. Three
sections (1.5 um) at distinct parts of one lung sample were
stained with H&E and scanned by light microscopy for meta-
static foci. Photomicrographs of H&E-stained slides of lung
metastases were analyzed with the Image J software (Bethesda,
MD, USA). The ratio of metastatic surface/lung was calculated
and analyzed.
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In vivo tumor analyzes

The individual tumor volume was calculated as V (tumor) =
niw?/6. Individual tumor volumes were summed to give the
total tumor volume for each mouse. Mice were assigned to
groups based on genotype, normally the number of groups was
6-10 (n = 6-10).

Transplanted tumor challenge

On day 0 of the experiments, tumor cells were injected sub-
cutaneously in the right flank. For the B16-GMCSF model,
2.5 x 10° B16-GMCSF cells were injected into PDK1"" or
PDK1""/LysM-Cre mice. The date of the first positive diag-
nosis was taken as the date the first tumor was found, provided
that the diagnosis was confirmed by the following week. Tumor
volume was assessed every 3 days by measuring the length and
width of individual tumors with a caliper.

Statistical analysis

Data were analyzed with Graphpad Prism software (version 5).
Comparisons of two groups were calculated by one-way
ANOVA or unpaired two-tailed Student’s t-tests. All the com-
parisons of survival curves were calculated by Log-rank
(Mantel-Cox) Test. Pearson’s correlation coefficient was used
to analyze the correlations. Differences with P values below 0.05
were considered significant. No randomization or exclusion of
data points was used. Pilot in vivo studies were used for estima-
tion of the sample size required to ensure adequate power.
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