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The cecal ligation and perforation (CLP) model is the gold standard for the polymicrobial sepsis. In the CLP mice, the myeloid cells
play an important role in septic shock. The phenotypes and the activation state of the macrophage and neutrophil correlate with
their metabolism. In the present study, we generated the specific myeloid deletion of PDK1 and mTOR mice, which was the
important regulator of metabolic signaling. We found that the deletion of PDK1 in the myeloid cells could aggravate the early
septic shock in the CLP mice, as well as the deletion of mTORC1 and mTORC2. Moreover, PDK1 deletion attenuated the
inflammation induced by LPS in the late stage on CLP mice, which was exacerbated in mTORC1 and mTORC2 knockout mice.
Both PDK1 and mTORC1/2 could not only regulate the cellular metabolism but also play important roles on the myeloid cells
in the secondary stimulation of sepsis. The present study will provide a theoretical prospect for the therapy of the septic shock
in different stages.

1. Introduction

The cecal ligation and perforation (CLP) model is considered
a gold standard of the experimental sepsis [1], which can imi-
tate the clinical sepsis more accurately than the injection of
endotoxin or purified bacteria. Sepsis is initiated by a sys-
temic hyperinflammatory reaction that is named the early
stage. Then, the inflammation shifts within a few days to a
protracted anti-inflammatory and immunosuppressive state,
named the late stage. During the late stage, the patients with
the impaired immunity are more susceptible to secondary
infections. The early sepsis in CLP has been confirmed with
the transient systemic bacteremia and elevated cytokine
levels in about the first five days, and the late stage has been
confirmed with the enhanced peritoneal bacterial overgrowth
and reduced circulating proinflammatory cytokines in the
next five days [2]. There are different immune responses
between the early and late stages of sepsis. Different regula-
tory factors may play important roles in the two stages.

Therefore, it is particularly important to find out the key reg-
ulatory factors that may affect different stages of sepsis.

Myeloid cells were reported to aggravate the inflamma-
tion during the early stage of septic shock and also induce
the immunosuppression with the risk to opportunistic infec-
tions in the late sepsis [3]. Myeloid cells could regulate the
function of T cells and other innate immune cells in the early
and late stages of sepsis. They can also secrete multiple
inflammatory cytokines to induce septic shock in the early
stage, such as TNFα, IL-6, IL-1β, and IFN-γ. Otherwise, in
the late stage, myeloid cells inhibit the response of T cells
and innate immune cells to the secondary infection through
the immunosuppressive cytokines of high levels, such as IL-
10 and TGF-β.

In the CLP mice, the myeloid cells, such as macrophages
and neutrophils, play important roles in septic shock. The
phenotype and activation of the macrophages and neutro-
phils correlate with their metabolic state [4]. So, the thera-
peutic modulation on the metabolism of myeloid cells may
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potentially improve the outcome of sepsis by altering the
inflammatory responses leading to septic shock or immuno-
tolerance. However, the effective target remains undefined.
Phosphoinositide-dependent kinase-1 (PDK1) is the key reg-
ulator of phosphoinositide 3-kinase (PI3K) pathway. PDK1
can trigger phosphorylation of the key effectors downstream,
such as the mammalian target of rapamycin (mTOR) [5].
The mTOR family involves two complexes: the mTORC1
andmTORC2. ThemTORC1 is composed of mTOR, Raptor,
Pras40, Deptor, and GBL/mLST8, while the mTORC2 is
composed of mTOR, Rictor, mSin1, Proctor/PRR5, Deptor,
and GBL/mLST8 [6]. PDK1/mTOR signaling is an important
regulator within the metabolic signaling; thus, we wonder if
PDK1/mTOR could be one target during sepsis. Therefore,
we generated the mice of PDK1 and mTOR deletion specially
on the myeloid system and analyzed the early shock and the
late immunotolerance during sepsis.

2. Method

2.1. Mice. The mice with the myeloid deletion of PDK1 was
achieved by crossing PDK1fl/fl to LysM-Cre purchased from
the Jackson Laboratory. Raptorfl/fl and Rictorfl/fl mice were
purchased from the Jackson Laboratory. This line was back-
crossed with C57BL/B6 mice for at least 8 generations before
use in subsequent experiments, and all mice in the present
study were the background of C57BL/6. All mice were at
the age of 6–12 weeks and were randomly divided into differ-
ent groups. The mice were bred and maintained in specific
pathogen-free animal facilities, and all procedures involving
animals were approved by the Animal Ethics Committee.

2.2. Primer. Primers for genotyping the mice were as follows:
PDK1: 5′-ATCCCAAGTTACTGAGTTGTGTTGGAAG-

3′; 5′-TGTGGACAAACAGCAATGAACATACACGC-3′; and
5′-CTATGCTGTGTTACTTCTTGGAGCACAG-3′

Raptor: 5′-CTCAGTAGTGGTATGTGCTCA G-3′ and
5′-GGGTACAGTATGTCAGCACAG-3′

Rictor: 5′-CAAGCATCATGCAGCTCTTC-3′ and 5′-
TCCCAGAATTTCCAGGCTTA-3′

LysM-Cre: 5′-CTTGGGCTGCCAGAATTTCTC-3′ and
5′-CCCAGAAATGCCAGATTACG-3′

Primers for mRNA level analysis were as follows:
PDK1: 5′-CTACCAGCCATGTCAGAGGATG-3′ and

5′-AGGCTGGTTTCCACCGTAGACA-3′
Raptor: 5′-CTTCCTATCCGTCTTGGCAGAC-3′ and

5′-CTCCAGACAGATGGCAATCAGG-3′
Rictor: 5′-CAGTGTGAGGTCCTTTCCATCC-3′ and 5′-

GCCATAGATGCTTGCGACTGTG-3′

2.3. CD71 and CD98 Expression. For the analysis of surface
CD71, CD98, and CD11b cells from the bone marrow by flow
cytometry, the cells were stained with PBS containing 2%
(wt/vol) FBS with fluorescein-labeled antibodies. Flow
cytometry data were acquired on LSR Fortessa (BD) and ana-
lyzed with FlowJo. Their expression was presented as net
mean fluorescence intensity (MFI). CD71 (R17217), CD98

(RL388), and KLRG1 (2F1, BD) antibodies were purchased
from eBioscience and BD.

2.4. Western. Proteins were extracted from CD11b+ bone
marrow cells, and 50μg of protein was fractionated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
transferred to polyvinylidene difluoride membranes, reacted
with primary and secondary antibodies, and developed by
enhanced chemiluminescence according to standard methods.
Antibodies against PDK1, Raptor, and Rictor were purchased
from Cell Signaling Technology (Danvers, MA, USA).

2.5. CLP Model. The cecal ligation and puncture mice are
considered the gold standard for inducing the polymicrobial
sepsis. Mice were completely anesthetized with the pentobar-
bital solution, and a midline abdominal incision was per-
formed. The cecum was ligated at the 1/2 of the distal end
and was perforated by sterile needles to induce polymicrobial
peritonitis. The number of punctures and the needle size can
determine the mortality of CLP mice. The abdominal wall
was sutured in two layers and injected subcutaneously with
sodium chloride solution for fluid resuscitation. Sham-
operated mice underwent a similar protocol without any
ligated or punctured after performing laparotomy. We did
not observe any mortality in sham animals in all the control
and gene knockout mice. The early sepsis was within 5 days
after CLP with inflammatory cytokine shock in serum, and
the late sepsis was 5-8 days after CLP. To detect the inflam-
mation in the late sepsis, we injected LPS (10mg/kg) to the
mice 7 days after the CLP surgery. The survival and cytokines
of the late sepsis were detected after LPS injection.

2.6. ELISA. Peripheral blood serum was collected in all the
mice at the indicated time, centrifuged at 3,000 × g for
5min and analyzed following the manufacturer’s protocol.
The concentrations of TNFα, IL-6, IL-1β, and IFN-γ in the
serum were determined by ELISA kits from eBioscience.

2.7. Statistical Analysis. Data were analyzed with GraphPad
Prism software (GraphPad, San Diego, CA, USA), and all
data were showed as mean ± SD. Comparisons between two
groups were calculated by Student’s t-test and one-way
ANOVA and with the unpaired two-tailed Student t-tests.
All the comparisons firstly evaluated the normality by the
Kolmogorov-Smirnov test. For the normally distributed data,
the comparisons of variables were performed with the
unpaired two-tailed Student t-tests. When the data were
not normally distributed, the comparisons were performed
with the Mann–WhitneyUtest for unpaired and paired data.
All the comparisons of survival curves were calculated by the
Kaplan-Meier method. Differences with p values below 0.05
were considered significant. No randomization or exclusion
of data points was used.

3. Results

3.1. Myeloid-Specific PDK1 Deletion Aggravated CLP-Induced
Septic Shock. First, we detected the mRNA (Figures 1(a)–
1(c)) and protein expression (Figures 1(d)–1(f)) of PDK1,
Raptor, and Rictor in the myeloid cells and nonmyeloid
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Figure 1: Myeloid-specific PDK1/Raptor/Rictor deletion reduced the metabolism of myeloid cells. (a–c) PDK1, Raptor, and Rictor mRNA in
myeloid cells and lymphocyte from PDK1, Raptor, and Rictor myeloid-specific knockout mice were quantified by real-time PCR. Data are
presented as the means ± SD. (d–f) PDK1, Raptor, and Rictor protein of the specific knockout mice was detected by western blotting
analysis. (g–l) The mean fluorescence index (MFI) of CD71 and CD98 in myeloid cells of indicated mice was analyzed by flow cytometry.
Data are representative of three independent experiments.
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lymphocytes of the mice with related knockout. In these mice,
the three proteins were effectively knockout, and the two
nutritional receptors CD71 and CD98 representing the cell
metabolism were significantly weakened (Figures 1(g)–1(l)).
The expression levels of the nutritional markers CD71 and
CD98 are commonly used metabolic parameters of immune
cells [7, 8]. Then, we analyzed whether the deleted PDK1 on
myeloid cells could regulate the early survival of CLP-
induced sepsis. The deletion of PDK1 on myeloid cells could
significantly increase the early death induced by CLP
(p = 0:0395) (Figure 2(a)). To further examine the cytokines
of the blood in CLP, we performed ELISA assays of the serum
of CLP mice. We found that PDK1 deletion could increase
TNFα, IL-6, IL-1β, and IFN-γ levels, indicating aggravating
inflammation in PDK1 deletion mice (Figures 2(b)–2(e)).

3.2. Myeloid-Specific Deletion of mTOR Core Factors Raptor
and Rictor Aggravated CLP-Induced Sepsis. The mTOR was
downstream of PDK1 signaling and was a central regulator
of the cellular metabolic signaling. So we analyze whether
the deletion of mTOR in the myeloid cells could regulate
the survival of sepsis. We constructed two of mTOR complex
knockout mice in myeloid cells by deleting the core compo-
nents Raptor (mTORC1) and Rictor (mTORC2). Myeloid
deletion of Raptor significantly aggravated CLP-induced
early shock (p = 0:0182) (Figure 3(a)). Meanwhile, the cyto-
kines such as TNFα, IL-6, IL-1β, and IFN-γ levels rose signif-

icantly in mTORC1 deletion mice at 24 h and 48 h, indicating
the increased inflammation in these mice (Figures 3(b)–3(e)).
Moreover, the myeloid deletion of Rictor significantly aggra-
vated CLP-induced early shock (p = 0:0303) (Figure 3(f)).
Meanwhile, the levels of TNFα, IL-6, and IL-1β were signifi-
cantly enhanced in mTORC2 deletion mice at 24 h and 48h
and IFN-γ at 48 h, indicating increased inflammation in these
mice (Figures 3(g)–3(j)).

3.3.Myeloid-Specific PDK1Deletion Tuned Down LPS-Induced
Inflammation in the Late Stage of Sepsis. Although the
improved clinical treatment increased the survival of the
patients in the early stage of sepsis [9, 10], they often develop
infections leading to death at the later stage of sepsis [11, 12].
This was attributed to immunoparalysis in the later stage by
the excessive release of inhibitory molecules, such as the
anti-inflammatory cytokines, pathogen recognition signaling
suppressors, and the immunomodulatory proteins [13–16].

The regulators of early survival might not be coincident
with those in the immunosuppressive phase of the late sepsis.
We wondered that the regulators of metabolic signaling
might play different roles in the late stage of sepsis. We estab-
lished the CLP model in the PDK1 myeloid-specific knock-
out mice and the control mice, and seven days later, when
the early survival became stable, we injected LPS in these
survival mice. We found a completely different role of
PDK1 in the late-stage survival. Myeloid deletion of PDK1
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Figure 2: Myeloid-specific PDK1 deletion aggravated CLP-induced septic shock. (a) Littermate PDK1fl/fl and PDK1fl/fl/LyzM-Cre mice were
subjected to CLP operation, and the survival time was monitored 5 days after the operation. The comparison of survival in different mice was
calculated by the Kaplan-Meier method (p = 0:0395). (b–e) The measurement of TNFα, IL-6, IL-1β, and IFN-γ secretion by ELISA from
serum of PDK1fl/fl and PDK1fl/fl/LyzM-Cre mice at 12 h, 24 h, and 48 h after CLP. The comparison of cytokine levels in different mice was
calculated by the Mann–Whitney U test. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001. The diagram on the bottom part of the figure was the
experimental protocol. PDK1fl/fl and PDK1fl/fl/LyzM-Cre mice received the CLP procedure, and mice were monitored for the survival time
until 5 days after the operation. The cytokines were collected after the procedure every 12 h for 3 consecutive times.

4 Mediators of Inflammation



significantly tuned down the LPS-induced shock in the late
sepsis (7 days after CLP) (p = 0:0275) (Figure 4(a)). And
the cytokines in the later stage of sepsis were distinct from
the early stage. TNFα in mouse serum was 100~200 pg/ml
at 24 h and 48 h in the early stage of CLP, but it was only
5~10pg/ml at 12 h and 24h in the late stage. However,
PDK1 deletion could decrease the level of TNFα in the
late stage of sepsis as the opposite of the early stage
(Figure 4(b)). IL-6 in mouse serum was 10~20pg/ml at 24h
and 48h in both stages of sepsis, but its level did not change
in PDK1 deletion mice in the late stage (Figure 4(c)). IL-1β
and IFN-γ were 15~20pg/ml and 4~6pg/ml at 24h and 48h
in the early stage of CLP but significantly increased to
20~40pg/ml and 10-20pg/ml in the late sepsis (Figures 4(d)
and 4(e)). Moreover, PDK1 deletion could decrease the levels
of IL-1β and IFN-γ in the late stage of sepsis, as the opposite of
early stage. Overall, PDK1 deletion in myeloid cells could sig-
nificantly alleviate the CLP-induced shock and cytokines in
the late stage of sepsis.

3.4. Raptor and Rictor Deletion Tuned Up LPS-Induced
Inflammation in the Late Stage of Sepsis. Next, we operated
CLP in the Raptor and Rictor myeloid-specific knockout
mice and the control mice, and seven days later, when the
early survival became stable, LPS was injected in the survival
mice. We found a similar function of Raptor and Rictor in
the late-stage survival. The myeloid deletion of Raptor, which
was mTORC1 deletion, significantly aggravated LPS-induced
shock in the later stage of sepsis (p = 0:0025) (Figure 5(a)).
And the levels of TNFα, IL-6, IL-1β, and IFN-γ in mTORC1
deletion mice were significantly increased in the late stage of
sepsis (Figures 5(b)–5(e)). The similar result was found in the
mice of mTORC2 deletion. The mTORC2 deletion also
aggravated LPS-induced shock in the late sepsis (p = 0:0628)
(Figure 5(f)). Although the later stage survival in mTORC2
deletion mice was not significant, but the death of knockout
mice was delayed. Meanwhile, the cytokine levels increased
significantly in the late stage of sepsis (Figures 5(g)–5(j)).
Overall, the mTOR complex deletion could aggravate the
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Figure 3: Myeloid-specific deletion of mTOR core factors Raptor and Rictor aggravated CLP-induced sepsis. (a) Littermate Raptorfl/fl and
Raptorfl/fl/LyzM-Cre mice were subjected to CLP operation, and the survival time was monitored 5 days after the operation. The
comparison of survival in different mice was calculated by the Kaplan-Meier method (p = 0:0182). (b–e) The measurement of TNFα, IL-6,
IL-1β, and IFN-γ secretion by ELISA from serum of Raptorfl/fl and Raptorfl/fl/LyzM-Cre mice at 12 h, 24 h, and 48 h after CLP. The
comparison of cytokine levels in different mice was calculated by the Mann–Whitney U test. ∗∗p < 0:01; ∗∗∗p < 0:001. (f) Littermate
Rictorfl/fl and Rictorfl/fl/LyzM-Cre mice were subjected to CLP operation, and the survival time was monitored 5 days after the operation.
The comparison of survival in different mice was calculated by the Kaplan-Meier method (p = 0:0303). (g–j) The measurement of TNFα,
IL-6, IL-1β, and IFN-γ secretion by ELISA from serum of Rictorfl/fl and Rictorfl/fl/LyzM-Cre mice at 12 h, 24 h, and 48 h after CLP. The
comparison of cytokine levels in different mice was calculated by the Mann–Whitney U test. ∗∗p < 0:01; ∗∗∗p < 0:001.
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LPS-induced shock at the late stage of sepsis in the CLP mice,
which is completely different with the PDK1 knockout.

To provide a new strategy for septic shock treatment, we
used the chemical inhibitors to treat myeloid cells from wild-
type mice (Supplementary Figure). As expected, both PDK1
and mTOR inhibitors significantly aggravated the cytokines
of myeloid cells in the early stage (Supplementary Figures
A–D). In the late stage, the mTOR inhibitor enhanced the
cytokines of myeloid cells, but the PDK1 inhibitor relieved
the level of TNFα and IFN-γ (Supplementary Figures E–H).

4. Discussion

PDK1/mTOR signaling has been confirmed to regulate the
metabolism of tumor [17, 18], T cell [19, 20], B cell [21],
and NK cells [22] but has rarely been associated with the
myeloid cell metabolism especially in CLP-induced sepsis.
In the present study, we found that PDK1 knockout in mye-
loid cells of CLP mice could aggravate the early septic shock
but relieved the secondary inflammation at the late stage of
septic shock in CLP-induced sepsis. The different role of
PDK1 in the early and late stages of sepsis might be due to
the tolerance of the inflammation in the late stage. Immune
tolerance is the unresponsiveness of the immune system to
the substances or tissues that have the capacity to elicit the
immune response in a given organism [23]. The tolerance
is induced by prior exposure to that specific antigen without
the conventional immune-mediated elimination of them.

Immune tolerance is important for normal physiology, such
as discriminating self from nonself and preventing overacti-
vation of the immune system upon various microbes. In sep-
sis, the tolerance can alleviate the tissue damage induced by
the overreaction of inflammation. However, which signaling
plays the role in the tolerance of myeloid cells was obscure in
different infections. Previous reports showed that PDK1
ortholog was necessary in the stress tolerance and in the sur-
vival of murine phagocytes [24], indicating that the PDK1
signaling was connected with the tolerance of phagocytes.
Moreover, the PI3K/PDK1/Akt pathway could limit the
expression of TNFα in LPS-stimulated monocytes and
ensure transient expression of these inflammatory mediators
[25]. The inhibition of Akt could block the trained immunity
by monocyte, indicating that the Akt signaling inhibition
might block the second inflammation [26]. The PI3K/PD-
K1/Akt pathway has been indicated to regulate both posi-
tively and negatively the expression of NFkB-dependent
gene [27–29], which might be the reason of the two type
inflammation states in the different stages of sepsis. The
PI3K/PDK1/Akt pathway may also regulate different metab-
olism signaling of myeloid cells in the early and late stages of
sepsis. Further work should reveal the mechanism of PDK1
in the myeloid cells of different states.

Although the PDK1 and mTOR pathways perform simi-
lar functions in development, proliferation, and survival, the
mTORC1/2 knockout in myeloid cells aggravated both the
early and the late stages of septic shock. The mTOR signaling
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Figure 4: Myeloid-specific PDK1 deletion tuned down LPS-induced inflammation in the later stage of sepsis. (a) Littermate PDK1fl/fl and
PDK1fl/fl/LyzM-Cre mice were subjected to CLP operation, and 7 days after operation, LPS (10mg/kg) was peritoneally injected, and the
survival time was monitored 5 days after the injection. The comparison of survival in different mice was calculated by the Kaplan-Meier
method (p = 0:0275). (b–e) The measurement of TNFα, IL-6, IL-1β, and IFN-γ secretion by ELISA from serum of PDK1fl/fl and
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was shown to enhance the secondary inflammation of CLP
and to regulate the trained immunity of myeloid cells in sep-
sis. IL-1β and IFN-γ in mTORC1/2 knockout mice were sig-
nificantly higher in the second shock than in the first one.
Trained immunity was referred as the memory of innate
immunity cells such as monocytes/macrophages and the
NK cells. During the training, the innate immune cells show
an enhanced response to factors produced by pathogenic
microbes. Many infections, including bacterial or fungal cells
and their components (LPS, β-glucan, and chitin) as well as
viruses or even parasites, are considered the potent inducers
of innate immune memory [30, 31]. Furthermore, the poly-
microbial sepsis caused by CLP could also induce the innate
immune memory by the second LPS stimuli in the present
study. Trained immunity was characterized by a complex
interaction among the immunological, metabolic, and epige-

netic pathways. The mTOR signaling is the sensor of the met-
abolic environment and the major regulator of glucose
metabolism in activated lymphocytes, so the mTOR signaling
could regulate the trained immunity of myeloid cells through
metabolism. The mTOR pathways have been indicated to
promote the trained monocytes as an epigenetic signal at
the promoters of the genes in the mTOR pathway, and the
target genes of mTOR were significantly higher in β-glu-
can-trained monocytes [26]. The difference might attribute
to the different forms of infections induced by CLP. More-
over, the data from myeloid mTOR deletion mice may reveal
the response to the complex interaction of various immune
cells in vivo. IL-1β and IFN-γ played crucial roles in the
trained immunity, as they function in the initiation andmod-
ulation of innate immune responses. Previous work in the
vaccine of tuberculosis showed that the enhanced IL-1β
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Figure 5: Myeloid-specific Raptor and Rictor deletion tuned down LPS-induced inflammation in the later stage of sepsis. (a) Littermate
Raptorfl/fl and Raptorfl/fl/LyzM-Cre mice were subjected to CLP operation, and 7 days after operation, LPS (10mg/kg) was peritoneally
injected, and the survival time was monitored 5 days after the injection. The comparison of survival in different mice was calculated by the
Kaplan-Meier method (p = 0:0025). (b–e) The measurement of TNFα, IL-6, IL-1β, and IFN-γ secretion by ELISA from serum of Raptorfl/fl

and Raptorfl/fl/LyzM-Cre mice at 6 h, 12 h, and 24 h after LPS injection. The comparison of cytokine levels in different mice was calculated
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and ∗∗∗p < 0:001.
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capacity after BCG vaccination strongly correlated with a
lower amount of viremia after yellow fever vaccination. So
mTOR signaling might regulate the trained immunity
through IL-1β.

The trained immunity or the tolerance of innate immu-
nity might attribute to the exposure pattern to the stimulus,
the dose, and the exposure time of the stimulus and the sub-
sequent immune responses. For example, a low dose of LPS
primes an enhanced immune response to the secondary
stimulus, but the high-dose LPS-derived tolerance state
allows avoiding an excessive immune response during the
secondary stimulation [32, 33]. In the present study, the
metabolism signaling of PDK1 and mTOR probably deter-
mines the innate immunity in sepsis. PDK1 deletion in mye-
loid cells could induce the immune tolerance and avoid
excessive cytokines during the secondary stimulation. How-
ever, the mTORC1/2 knockout mice showed an enhanced
immune response to the secondary stimulation. Although
PDK1 and mTORC1/2 can both regulate the cellular metab-
olism, their signal pathways in the innate immunity during
the secondary stimulation of sepsis are different. This sug-
gests that the innate immunity is more complex and precise
than it has been thought.

The innate immunity is complex enough to induce to the
immune memory or tolerance after the primary stimulation,
which was once thought to be exclusive to the adaptive
immune system. After the first priming, the secondary stim-
ulation could drive the innate immunity toward a heightened
or a weakened response. The metabolism signaling of mye-
loid cells is important for regulating the septic shock in the
different stages and might result in the reprogramming of
gene transcription associated with the cytokines in sepsis.
Further work of immunoregulatory mechanisms about the
macrophages or granulocytes might allow the development
of new therapeutics. And also, the studies will probably allow
a better understanding of the interactions between nonspe-
cific and specific immunity. Better characterization of trained
immunity or tolerance would promote the metabolism sig-
naling into the research of immunology, which might offer
more effective treatment. Our work will provide a theoretical
prospect for the therapy of the septic shock in the different
stages.

5. Conclusions

Although PDK1 and mTORC1/2 can both regulate the cellu-
lar metabolism, the signaling in the innate immunity in the
secondary stimulation of sepsis is different. PDK1 deletion
in myeloid cells can result in immune tolerance and can help
to prevent excessive cytokines during the secondary stimula-
tion, while the mTORC1/2 knockout mice show an enhanced
immune response in the secondary stimulation.

Data Availability

We are committed to providing all the raw data involved in
the present study, which can be obtained by contacting
Yaxian Kong, email: kongyaxian@ccmu.edu.cn.

Conflicts of Interest

The authors declare no competing interests.

Authors’ Contributions

Juan Du and Guoli Li conducted the experiments and ana-
lyzed the data. Mingxi Hua, Junyan Han, and Yu Hao per-
formed the genotyping of mice and the ELISA experiments.
Hui Zeng and Yaxian Kong participated in the critical review
of the manuscript. Ang Li designed the experiments and
revised the manuscript. Yaxian Kong designed the experi-
ments, analyzed the data, and wrote the manuscript. Juan
Du, Guoli Li contributed equally to this work.

Acknowledgments

This work was supported by Beijing Natural Science Founda-
tion (7184218), National Natural Science Foundation of China
(81772123, 81401624), National Key Sci-Tech Special Project
of China (2018ZX10302207), Beijing Municipal Administra-
tion of Hospitals Clinical Medicine Development of Special
Funding Support (ZYLX201802), the Capital Health Research
and Development of Special (2018-1-2171), and Beijing Hos-
pital Authority (grant numbers DFL20191801).

Supplementary Materials

Supplementary Figure: ex vivo cytokines of myeloid cells
were pretreated by chemical inhibitors of PDK1 and mTOR
and then were induced by LPS. (A–D) Inhibition of PDK1
and mTOR activity could notably enhance the cytokines of
myeloid cells in the early stage of sepsis. Myeloid cells from
wild-type mice were pretreated with inhibitors of PDK1
and mTOR for 3 hours and then were incubated with LPS
for 3 hours. The medium of the cells with different inhibitors
was collected for ELISA. (E–H) Inhibition of PDK1 and
mTOR activity in the late stage. Myeloid cells from CLP
model mice were pretreated with inhibitors of PDK1 and
mTOR for 3 hours and then were incubated with LPS for 3
hours. The medium of the cells with different inhibitors
was collected for ELISA. Pharmacological chemical inhibi-
tors GSK2334470 and Torin1 were chosen to suppress
PDK1 and mTOR, respectively. GSK2334470 and Torin1
were purchased from Sigma-Aldrich and Tocris Bioscience.
(Supplementary materials)

References

[1] L. Dejager, I. Pinheiro, E. Dejonckheere, and C. Libert, “Cecal
ligation and puncture: the gold standard model for polymicro-
bial sepsis?,” Trends in Microbiology, vol. 19, no. 4, pp. 198–
208, 2011.

[2] C. McClure, E. Ali, D. Youssef, Z. Q. Yao, C. E. McCall, and
M. El Gazzar, “NFI-A disrupts myeloid cell differentiation
and maturation in septic mice,” Journal of Leukocyte Biology,
vol. 99, no. 1, pp. 201–211, 2016.

[3] R. J. W. Arts, M. S. Gresnigt, L. A. B. Joosten, and M. G. Netea,
“Cellular metabolism of myeloid cells in sepsis,” Journal of
Leukocyte Biology, vol. 101, no. 1, pp. 151–164, 2017.

8 Mediators of Inflammation

http://downloads.hindawi.com/journals/mi/2020/5437175.f1.pdf


[4] S.-C. Cheng, B. P. Scicluna, R. J. W. Arts et al., “Broad defects
in the energy metabolism of leukocytes underlie immunopara-
lysis in sepsis,” Nature Immunology, vol. 17, no. 4, pp. 406–
413, 2016.

[5] B. M. Emerling and A. Akcakanat, “Targeting PI3K/mTOR
signaling in cancer,” Cancer Research, vol. 71, no. 24,
pp. 7351–7359, 2011.

[6] R. A. Saxton and D. M. Sabatini, “mTOR signaling in growth,
metabolism, and disease,” Cell, vol. 169, no. 2, pp. 361–371,
2017.

[7] B. Mastelic-Gavillet, B. Navarro Rodrigo, L. Décombaz et al.,
“Adenosine mediates functional and metabolic suppression
of peripheral and tumor-infiltrating CD8+ T cells,” Journal
for Immunotherapy of Cancer, vol. 7, no. 1, p. 257, 2019.

[8] J. Zhao, H. A. Schlößer, Z. Wang et al., “Tumor-derived extra-
cellular vesicles inhibit natural killer cell function in pancreatic
cancer,” Cancers, vol. 11, no. 6, p. 874, 2019.

[9] M. M. Levy, R. P. Dellinger, S. R. Townsend et al., “The Surviv-
ing Sepsis Campaign: results of an international guideline-
based performance improvement program targeting severe
sepsis,” Critical Care Medicine, vol. 38, no. 2, pp. 367–374,
2010.

[10] G. Monneret, F. Venet, A. Pachot, and A. Lepape, “Monitoring
immune dysfunctions in the septic patient: a new skin for the
old ceremony,” Molecular Medicine, vol. 14, no. 1-2, pp. 64–
78, 2008.

[11] C. E. Luyt, A. Combes, C. Deback et al., “Herpes simplex virus
lung infection in patients undergoing prolonged mechanical
ventilation,” American Journal of Respiratory and Critical Care
Medicine, vol. 175, no. 9, pp. 935–942, 2007.

[12] A. P. Limaye, K. A. Kirby, G. D. Rubenfeld et al., “Cytomega-
lovirus reactivation in critically ill immunocompetent
patients,” JAMA, vol. 300, no. 4, pp. 413–422, 2008.

[13] J. C. Schefold, D. Hasper, P. Reinke, G. Monneret, and H. D.
Volk, “Consider delayed immunosuppression into the concept
of sepsis,” Critical Care Medicine, vol. 36, no. 11, p. 3118, 2008.

[14] M. Adib-Conquy and J. M. Cavaillon, “Compensatory anti-
inflammatory response syndrome,” Thrombosis and Haemos-
tasis, vol. 101, no. 1, pp. 36–47, 2009.

[15] M. Romanova, “Pathophysiology of sepsis,” Journal of Visual
Communication in Medicine, vol. 42, no. 4, pp. 195–197, 2019.

[16] N. S. Ward, B. Casserly, and A. Ayala, “The compensatory
anti-inflammatory response syndrome (CARS) in critically ill
patients,” Clinics in chest medicine, vol. 29, no. 4, pp. 617–
625, 2008.

[17] F. Chang, J. T. Lee, P. M. Navolanic et al., “Involvement of
PI3K/Akt pathway in cell cycle progression, apoptosis, and
neoplastic transformation: a target for cancer chemotherapy,”
Leukemia, vol. 17, no. 3, pp. 590–603, 2003.

[18] P. Liu, H. Cheng, T. M. Roberts, and J. J. Zhao, “Targeting the
phosphoinositide 3-kinase pathway in cancer,” Nature
Reviews. Drug Discovery, vol. 8, no. 8, pp. 627–644, 2009.

[19] D. K. Finlay, E. Rosenzweig, L. V. Sinclair et al., “PDK1 regu-
lation of mTOR and hypoxia-inducible factor 1 integrate
metabolism and migration of CD8+ T cells,” The Journal of
Experimental Medicine, vol. 209, no. 13, pp. 2441–2453, 2012.

[20] H. J. Hinton, D. R. Alessi, and D. A. Cantrell, “The serine
kinase phosphoinositide-dependent kinase 1 (PDK1) regulates
T cell development,” Nature Immunology, vol. 5, no. 5,
pp. 539–545, 2004.

[21] G. V. Baracho, M. H. Cato, Z. Zhu et al., “PDK1 regulates B cell
differentiation and homeostasis,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 111,
no. 26, pp. 9573–9578, 2014.

[22] M. Yang, D. Li, Z. Chang, Z. Yang, Z. Tian, and Z. Dong,
“PDK1 orchestrates early NK cell development through induc-
tion of E4BP4 expression and maintenance of IL-15 respon-
siveness,” The Journal of Experimental Medicine, vol. 212,
no. 2, pp. 253–265, 2015.

[23] D. Howie and C. Mauro, “Editorial: metabolism and immune
tolerance,” Frontiers in Immunology, vol. 9, p. 2678, 2018.

[24] Y. Chabrier-Roselló, K. J. Gerik, K. Koselny, L. DiDone, J. K.
Lodge, and D. J. Krysan, “Cryptococcus neoformans
phosphoinositide-dependent kinase 1 (PDK1) ortholog is
required for stress tolerance and survival in murine phago-
cytes,” Eukaryotic Cell, vol. 12, no. 1, pp. 12–22, 2013.

[25] M. Guha and N. Mackman, “The phosphatidylinositol 3-
kinase-Akt pathway limits lipopolysaccharide activation of
signaling pathways and expression of inflammatory mediators
in human monocytic cells,” The Journal of Biological Chemis-
try, vol. 277, no. 35, pp. 32124–32132, 2002.

[26] S. C. Cheng, J. Quintin, R. A. Cramer et al., “mTOR- and HIF-
1α-mediated aerobic glycolysis as metabolic basis for trained
immunity,” Science, vol. 345, no. 6204, p. 1250684, 2014.

[27] S. A. G. Reddy, J. H. Huang, and W. S.-L. Liao, “Phos-
phatidylinositol 3-kinase as a mediator of TNF-induced NF-
κB activation,” The Journal of Immunology, vol. 164, no. 3,
pp. 1355–1363, 2000.

[28] L. V. Madrid, C.-Y. Wang, D. C. Guttridge, A. J. G. Schottelius,
A. S. Baldwin, and M. W. Mayo, “Akt suppresses apoptosis by
stimulating the transactivation potential of the RelA/p65 sub-
unit of NF-κB,” Molecular and Cellular Biology, vol. 20, no. 5,
pp. 1626–1638, 2000.

[29] L. Arbibe, J. P. Mira, N. Teusch et al., “Toll-like receptor 2-
mediated NF-κB activation requires a Rac1-dependent path-
way,” Nature Immunology, vol. 1, no. 6, pp. 533–540, 2000.

[30] M. G. Netea, L. A. B. Joosten, E. Latz et al., “Trained immunity:
a program of innate immune memory in health and disease,”
Science, vol. 352, no. 6284, p. aaf1098, 2016.

[31] L. Rizzetto, D. C. Ifrim, S. Moretti et al., “Fungal chitin induces
trained immunity in human monocytes during cross-talk of
the host with Saccharomyces cerevisiae,” The Journal of Biolog-
ical Chemistry, vol. 291, no. 15, pp. 7961–7972, 2016.

[32] C. Whitfield and M. S. Trent, “Biosynthesis and export of bac-
terial lipopolysaccharides,” Annual Review of Biochemistry,
vol. 83, no. 1, pp. 99–128, 2014.

[33] C. M. Gardiner and K. H. G. Mills, “The cells that mediate
innate immune memory and their functional significance in
inflammatory and infectious diseases,” Seminars in Immunol-
ogy, vol. 28, no. 4, pp. 343–350, 2016.

9Mediators of Inflammation


	PDK1/mTOR Signaling in Myeloid Cells Differentially Regulates the Early and Late Stages of Sepsis
	1. Introduction
	2. Method
	2.1. Mice
	2.2. Primer
	2.3. CD71 and CD98 Expression
	2.4. Western
	2.5. CLP Model
	2.6. ELISA
	2.7. Statistical Analysis

	3. Results
	3.1. Myeloid-Specific PDK1 Deletion Aggravated CLP-Induced Septic Shock
	3.2. Myeloid-Specific Deletion of mTOR Core Factors Raptor and Rictor Aggravated CLP-Induced Sepsis
	3.3. Myeloid-Specific PDK1 Deletion Tuned Down LPS-Induced Inflammation in the Late Stage of Sepsis
	3.4. Raptor and Rictor Deletion Tuned Up LPS-Induced Inflammation in the Late Stage of Sepsis

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

