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The transcription factor KLF14 regulates macrophage glycolysis
and immune function by inhibiting HK2 in sepsis
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Sepsis is a heterogeneous syndrome induced by a dysregulated host response to infection. Glycolysis plays a role in maintaining
the immune function of macrophages, which is crucial for severely septic patients. However, how the pathways that link glycolysis
and macrophages are regulated is still largely unknown. Here, we provide evidence to support the function of KLF14, a novel
Krüppel-like transcription factor, in the regulation of glycolysis and the immune function of macrophages during sepsis. KLF14
deletion led to significantly increased mortality in lethal models of murine endotoxemia and sepsis. Mechanistically, KLF14
decreased glycolysis and the secretion of inflammatory cytokines by macrophages by inhibiting the transcription of HK2. In
addition, we confirmed that the expression of KLF14 was upregulated in septic patients. Furthermore, pharmacological activation of
KLF14 conferred protection against sepsis in mice. These findings uncover a key role of KLF14 in modulating the inflammatory
signaling pathway and shed light on the development of KLF14-targeted therapeutics for sepsis.
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INTRODUCTION
Sepsis is the leading cause of death worldwide and is defined as
life-threatening multiple organ dysfunction caused by dysregula-
tion of the host’s response to infection [1]. During pathogen
invasion, the innate immune response reacts as the first barrier to
defend the host and initiates the inflammatory-immune reaction to
remove pathogens. Moreover, persistent infection leads to an
immune response disorder associated with hyperinflammation,
which is characterized by an excessive release of proinflammatory
cytokines known as a cytokine storm, leading to organ dysfunction
or failure and even death [2]. Mononuclear macrophages are a
bridge between innate immunity and adaptive immunity. In the
early stage of sepsis, activated mononuclear macrophages
phagocytose pathogens, perform antigen-presentation functions,
and secrete proinflammatory cytokines. As sepsis progresses to the
immunosuppressive stage, the immune functions of macrophages,
such as phagocytosis, antigen presentation, and secretion of
proinflammatory factors, are inhibited [3]. Studies have shown that
the functional state of mononuclear macrophages is closely related
to the mortality of patients with sepsis [4]. Recent findings have
shown that macrophage functions are closely related to glycolysis,
and adjusting the level of glycolysis can improve the immune
function of macrophages [5]. Therefore, finding the crucial
regulatory metabolic nodes that control immune cell function
has become a focus of research in the field of sepsis treatment [6].

Krüppel-like transcription factors (KLFs) have multiple biological
regulatory functions and participate in many crucial pathological
processes, including cell proliferation, differentiation, and apop-
tosis [7]. Findings have shown that KLFs are widely distributed in
the cardiovascular, respiratory, gastrointestinal, and immune
systems [8, 9]. KLF14 is a member of the SP/KLF family that
contains a zinc-finger structure at its C-terminus and is encoded
on human chromosome 7. Moreover, KLF14 is a maternally
expressed gene and has a large CpG island across most regions of
the open reading frame (ORF). This CG-rich region regulates
downstream gene expression and nuclear protein transcription by
interacting with coactivators or immune complexes [10]. Previous
studies have shown that KLF14 significantly regulates lipid
metabolism and blood glucose levels, which are closely related
to the pathogenesis of atherosclerosis, type 2 diabetes, insulin
resistance, and other diseases [11]. A recent study further implied
that KLF14 participates in the differentiation of Treg cells by
binding to a specific demethylation enhancer of Treg cells [12].
Notably, additional studies have identified KLF14 as a tumor
suppressor in the development and progression of colorectal
cancer [13]. Moreover, KLF14 was also found to regulate cell
signaling pathways and immune function [14]. While increasing
evidence has confirmed the impacts of KLF14 on immunity and
metabolism, whether KLF14 can affect the immune function of
macrophages through glycolysis has not been reported thus far.
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All these facts suggest that KLF14 may play a role in
inflammatory disease. We sought to further understand the role
of KLF14 in the regulation of the inflammatory response in sepsis,
and we first observed the increased expression of KLF14 in sepsis
patients and mice. Then, we explored the functional effects
in vitro and elucidated the mechanism of KLF14 in the immune
functions of macrophages in sepsis. These experiments provide an
additional explanation for sepsis-induced immune dysfunction.
Here, our data indicate that the KLF14-HK2 signaling pathway can
affect the immune function of macrophages, suggesting that
KLF14 is a potential therapeutic target for sepsis.

METHODS
Patient samples
Peripheral blood mononuclear cells (PBMCs) from sepsis patients (n= 7)
and healthy controls (n= 8) were collected from Shanghai General
Hospital between January 2019 and December 2020 (for patient
characteristics, see Supplementary Table 1). Sepsis was identified accord-
ing to the Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3) [1]. This study was approved by the Ethics Committee of
Shanghai General Hospital (ethical approval number: 2019KY033).

Animal models of sepsis
C57BL/6 wild-type mice were purchased from Shanghai SLAC Laboratory
Animal Co. KLF14−/− mice were donated by Professor Wang Chuangui
(Clinical Transformation Research Institute of Shanghai General Hospital).
The genotyping of KLF14 knockout mice was performed as previously
described [15]. The sequences of the primers used to identify mouse
genotypes were 5’-CGCCGTGGCTTGCCTGGAC-3’ and 5’ -TTCGGGGTCCG
TTGCGCG-3’. Mice were housed in groups of five animals per cage in a
temperature-controlled facility and kept on a regular 12-hour light and
dark cycle. Mice were maintained and experimental procedures were
performed under pathogen-free conditions. In this study, all procedures
were carried out in accordance with the Guides For The Care And Use Of
Laboratory Animals (National Academy of Sciences, China) and with
approval from the Experimental Animal Management Ethics Committee of
Shanghai Jiao Tong University School of Medicine (ethical approval
number: 2019AW009).

Endotoxemia model. Male wild-type and KLF14−/− knockout mouse and
female wild-type and KLF14−/− knockout mouse (6–8 weeks, 20–25 g)
endotoxemia models were induced by intraperitoneal injection of LPS (20
mg/kg; Sigma, #L2630). Twelve hours after LPS injection, the mice were
euthanized by an overdose of pentobarbital (100mg/kg). Tissue samples
were stored at −80 °C for subsequent analysis.

CLP model. Male wild-type and KLF14−/− knockout mouse and female
wild-type and KLF14−/− knockout mouse (6–8 weeks, 20–25 g) CLP models
were induced by cecal ligation and puncture by using a surgical procedure
as previously described. Anesthesia was induced with sevoflurane (2–4%,
inhalation). The cecum was exteriorized from a small midline abdominal
incision and ligated with 4-0 silk. Then, a 25-gauge syringe needle was
used to puncture the cecum. The peritoneum and skin were sutured in
turn, and the mice were injected subcutaneously with 1 ml of saline

solution. After 12 h of CLP, mice were euthanized by an overdose of
pentobarbital (100mg/kg). Tissue samples were stored at −80 °C for
subsequent analysis.

Cell culture
The HEK-293T, RAW264.7, and THP-1 cell lines were purchased from the
Cell Bank of the Chinese Academy of Sciences. The 293T and RAW264.7 cell
lines were cultured in DMEM with 10% fetal bovine serum (FBS) and 1×
penicillin-streptomycin. THP-1-derived macrophages were cultured in 1640
medium with 10% FBS, 1× penicillin-streptomycin and 0.05 mM β-
mercaptoethanol and treated with PMA (100 ng/ml; #P1585, Sigma) for
72 h. Cells were routinely cultured in a CO2 incubator at 37 °C.
According to the protocols for Ficoll density gradient centrifugation,

PBMCs were collected from human blood samples by using lymphocyte
separation medium. Bone marrow-derived macrophages (BMDMs) were
harvested from the femurs and tibias of wild-type or KLF14−/− mice. The
suspension was washed with PBS and cultured in DMEM with 10% fetal
bovine serum (Gibco), 1× penicillin-streptomycin, and M-CSF (10 ng/ml;
#100-21-10, PeproTech). BMDMs were dispensed into 6-well culture plates
and stimulated with LPS (100 ng/ml, 6 h; Sigma, #L5293) after culture for
7 days.

Western blot
The cells and tissues were washed with 1× PBS and lysed in RIPA lysis
buffer containing protease inhibitors. The cell lysates were separated by
SDS-PAGE, transferred to PVDF membranes, and immunoblotted with the
indicated antibodies. The antibodies used were as follows: KLF14 (1:1000;
#23784, Invitrogen); HK2 (1:1000; #22039, Proteintech); α-tubulin (1:2500;
#11224, Proteintech); IL-1β (1:1000; #12242S, CST); Flag (1:2000; #20543,
Proteintech); and Flag (for the ChIP experiment; #14793S, CST).

Quantitative real-time PCR
Total RNA was extracted from samples using TRIzol reagent (#9109,
TAKARA), and 1 μg of RNA was reverse transcribed to generate cDNA
(#R323-01-AC, Vazyme). The cDNA was subjected to qRT-PCR by using
SYBR Green Master Mix (#Q711-02-AA, Vazyme). The primer sequences are
listed in Table 1.

Cell transfection
The KLF14 and HK2 overexpression plasmids were both cloned into the
pCDNA3.1 vector with a Flag tag. The KLF14 siRNA sequences were 5’-
GCUGCACCAAAGCCUAUUATT-3’ and 5’ -UAAUAGGCUUUGGUGCAGCTT-3’.
293T and RAW264.7 cells were transfected with small interfering RNA to
knock down the expression of KLF14 using Lipofectamine 2000 reagent
(#11668027, Invitrogen). 293T and RAW264.7 cells were transfected with
KLF14 overexpression plasmids using EZ trans reagents (#AC04L011,
Shanghai Life iLab Bio-Technology). All cells were stimulated with LPS after
transfection for 48 h.

Biochemical analysis
The levels of IL-1β were measured using an ELISA kit (Cat No. MLB00C,
R&D). The levels of IL-6 were measured using an ELISA kit (Cat No. M6000B,
R&D). The levels of TNF-α were measured using an ELISA kit (Cat No.
MTA00B, R&D). Extracellular lactate levels were determined using a lactate
assay kit (Cat No. MAK064, Sigma–Aldrich).

Table 1. Sequences of the primers used for this study

Gene Forward sequence 5’−3’ Reverse sequence 5’−3’

KLF14 CCTCAAGTCACACCAGCGTA CGACCTCGGTACTCGATCAT

HK2 TGATCGCCTGCTTATTCACGG AACCGCCTAGAAATCTCCAGA

ENO1 TGCGTCCACTGGCATCTAC CAGAGCAGGCGCAATAGTTTTA

IL-1β CTGTGACTCATGGGATGATGATG CGGAGCCTGTAGTGCAGTTG

IL-6 CCAAGAGGTGAGTGCTTCCC CCAAGAGGTGAGTGCTTCCC

ALDOB GAAACCGCCTGCAAAGGATAA GAGGGTCTCGTGGAAAAGGAT

LDHB CATTGCGTCCGTTGCAGATG GGAGGAACAAGCTCCCGTG

β-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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Glucose uptake
Glucose uptake was detected using a glucose uptake assay (Cat No.
ab234043, Abcam). On Day 7 of culture, macrophages were seeded into
24-well plates at a density of 5 × 105 cells per well overnight. Cells were
treated with or without 100 ng/ml LPS for 6 h before starvation, and then
the culture medium was replaced with glucose-free medium without
serum for 2 h. According to the manufacturer’s protocol, cells were treated
with glucose and hexokinase inhibitors and incubated at 37 °C with 5%
CO2 for 30min. The cells were washed twice with ice-cold 1× PBS, lysed for
10min, and centrifuged at 12,000 × g for 5 min. Sample supernatant (20 μl)
was added to a 96-well plate with reaction mix for glucose uptake
measurement using a fluorescence microplate reader at Ex/Em= 535/587.

ECAR and OCR
After culture for 7 days, macrophages were seeded into XFe96 microplates
at a density of 1 × 105 cells per well and cultured overnight. Cells were
treated with or without 100 ng/ml LPS for 6 h before extracellular flux
analysis was performed. The culture medium was switched to XF DMEM
base medium (Cat No. 103575-100, Agilent) supplemented with glucose
(10mM), pyruvate (1 mM), and glutamine (2 mM). Cells were incubated in a
non-CO2 incubator at 37 °C for 1 h. The extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR) were measured using an
XFe96 analyzer after sequential injection of the compounds of the XF
Glycolysis Stress Test Kit (Cat No. 103020-100, Agilent) (rotenone and
antimycin A (0.5 μM) and 2-deoxyglucose (50 mM)) or the XF Cell Mito
Stress Test Kit (Cat No. 103015-100, Agilent) (oligomycin (1.5 µM), FCCP (2
µM), and rotenone and antimycin A (0.5 µM)). The ECAR and OCR were
automatically calculated by Seahorse XFe96 software (Seahorse Bioscience,
Agilent).

Luciferase reporters
293T cells (5 × 104/well) were cultured on a 24-well plate and cotransfected
with overexpression plasmids for KLF14 or a KLF14 zinc-finger 2 point
mutation plasmid (ΔZF2) and plasmids containing human HK2 promoter
fragments (pGL3-HK2-Luc) by using EZ trans reagents (Cat No. AC04L011,
Shanghai Life iLab Bio-Technology). Cells were cultured for 24 h after
transfection, and the luciferase activity was measured with the Dual-
Luciferase Reporter Assay System Kit (Cat No. DL101-21, Vazyme).

Murine bone marrow transplant
C57BL/6 WT mice were used as recipients to conduct a bone marrow
transplantation experiment after lethal total-body irradiation (9.5 Gy). The
day after irradiation, 1 × 106 bone marrow cells from WT C57BL/6 mice or
KLF14−/− mice were transplanted into C57BL/6 WT mice by intravenous
injection and treated with antibiotics. Eight weeks after transplantation,
murine endotoxemia and sepsis models were established.

Chromatin immunoprecipitation (ChIP)
293T cells were transfected with KLF14-Flag or vector plasmid for 48 h, and
then ChIP assays were performed using the CUT & RUN Kit (#86652, Cell
Signaling Technology). Following the protocol, the resulting DNA products
were quantified by q-PCR. The sequences of the primers for the HK2
promoter were 5’-CCCATAGCCGAGCCTGACCTGGAC-3’ and 5’ -CGCATGA
GCCACCGCCGC and 5’-CTGAGATGGGACGTGTGGT-3’ and 5’ -CGTCCCAGC
CTTTAGCCACGG-3’.

Statistical analysis
Results were expressed as the mean ± SD. GraphPad Prism 8 was used for
statistical analysis. Unpaired two-tailed Student’s t tests were used to
compare two samples. One-way ANOVA was used for comparisons among
the different groups. Kaplan–Meier analysis was used to compare
differences in survival rates between groups. Differences were considered
significant at a P value <0.05.

RESULTS
KLF14 is upregulated in macrophages in in vivo and in vitro
sepsis models
Previous observations have demonstrated that KLF14 is involved
in T cell differentiation and that a lack of KLF14 results in
protection against colitis, indicating that KLF14 is involved in the

regulation of the immune response. To determine the role of
KLF14 in the immune function of macrophages during sepsis, we
first assessed the expression of KLF14 in in vivo and in vitro
murine sepsis models (Fig. 1). In lethal models of murine sepsis
and endotoxemia, the expression of KLF14 was increased in
PBMCs and various tissues of septic mice (Fig. 1A–D). Thus, the
transcription factor KLF14 is involved in the process of sepsis.
We then investigated whether KLF14 was expressed in response

to LPS stimulation in macrophages. The results showed that the
expression of KLF14 increased in a time-dependent manner in
RAW264.7 cells, THP-1-derived macrophages, and BMDMs in
response to LPS stimulation (Fig. 1E–J) (Supplementary Fig. 1).
Moreover, we also observed that the expression of KLF14 and F4/
80 (a marker of macrophages) was upregulated in the lung tissues
of septic mice (Fig. 1K). These results strongly suggest that KLF14
is involved in the inflammatory-immune regulation of macro-
phages during sepsis.

KLF14 deletion can significantly induce severe inflammation
in murine endotoxemia and sepsis models
To understand the impact of KLF14 deletion on the biological
responses of septic mice, we used KLF14 knockout mice
(Supplementary Fig. 2). Male wild-type (WT) and KLF14−/− mice
were subjected to endotoxemia induced by intraperitoneal
injection and sepsis induced by cecal ligation and puncture.
Notably, the survival rate of KLF14−/− septic mice was significantly
decreased compared with that of WT septic mice (Fig. 2A, C). We
assessed lung tissue injury to evaluate the severity of the tissue
inflammatory response in septic mice. The results showed an
increase in leukocyte infiltration and alveolar septal wall thicken-
ing in the lungs of endotoxemic and septic mice. The lung injury
score in KLF14−/− mice was substantially higher than that in WT
mice (Fig. 2B, D). To further elucidate the possible role of KLF14 in
macrophages during sepsis, we assessed the infiltration of
macrophages into the septic and normal lungs of WT and
KLF14−/− mice. The results showed that the number of infiltrated
macrophages in the lungs of septic mice was higher than that in
the lungs of control mice, and the F4/80 fluorescence intensity in
KLF14−/− septic lungs was significantly higher than that in WT
septic lungs (Fig. 2E, F). We detected the serum levels of
inflammatory cytokines in the peripheral blood of septic and
control mice. The secretion of proinflammatory cytokines, includ-
ing IL-1β, IL-6, and TNF-α, in KLF14−/− septic mice was strikingly
higher than that in WT septic mice (Fig. 2G). Moreover, it has been
reported that KLF14 is a maternally expressed gene; therefore, we
also established female murine sepsis models, and the results
showed that the deletion of KLF14 also increased the inflamma-
tion level in female sepsis mice (Supplementary Fig. 3). These
findings indicate that KLF14−/− murine sepsis models display an
increased inflammatory response.

KLF14 plays a crucial role in the immune response of
macrophages during sepsis
Previous results have shown that the deletion of KLF14 can lead to
more macrophage infiltration in the lung tissues of septic mice
(Fig. 2E, F). To further understand the effect of KLF14 on the
macrophage immune response during sepsis, we performed
transplant experiments by using WT C57BL/6 mice as recipients.
Bone marrow cells from WT C57BL/6 mice or KLF14−/− mice were
transplanted into WT C57BL/6 mice to achieve the goal of KLF14
deletion in BMDMs (Supplementary Fig. 4A). Eight weeks after
transplantation, we established murine endotoxemia and sepsis
models. We observed injury to lung tissue by HE staining and
q-PCR experiments (Supplementary Fig. 4B–E). The results showed
that the WT C57BL/6 mice receiving KLF14−/− bone marrow cell
transplantation had a more severe inflammatory response in the
lung tissues during sepsis, and the ELISA results of the serum
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levels of inflammatory cytokines in the peripheral blood of septic
and control mice were consistent (Supplementary Fig. 4F–G).
In an in vitro study, we cultured BMDMs from WT and KLF14−/−

mice (Fig. 3A). We found that the KLF14−/− BMDMs were more

responsive to LPS stimulation, with higher expression of IL-1β and
IL-6 than that observed in the WT groups (Fig. 3B). Moreover, we
also evaluated inflammation levels by q-PCR and ELISA. Our results
showed that both the mRNA level and the secretion level of
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Fig. 1 KLF14 is upregulated in the macrophages of in vivo and in vitro murine sepsis models. A–D Peripheral mononuclear macrophages
(PBMCs), lung tissues, colon tissues and spleen tissues were isolated from endotoxemic mice (n= 3; LPS 20mg/kg ip, 12 h), septic mice (n= 3;
CLP 25-gauge needle, 12 h) and healthy controls (n= 3). A, C The expression of the KLF14 protein in PBMCs from endotoxemic, septic, and
healthy mice. B, D The mRNA expression of KLF14 in PBMCs and lung, colon, and spleen tissues from endotoxemic, septic, and healthy mice.
The data are presented as the mean ± SD. n= 3, **P < 0.01, ***P < 0.001. E–J RAW264.7 macrophages, THP-1-derived macrophages, and
BMDMs were treated for 0 h, 2 h, 6 h, 12 h, and 24 h with LPS (100 ng/ml). Protein (E–G) and mRNA (H–J) expression of KLF14 in RAW264.7
macrophages, THP-1-derived macrophages, and BMDMs. The data are presented as the mean ± SD. n= 3, **P < 0.01, ***P < 0.001. K
Immunofluorescence staining of the macrophage markers F4/80 (red) and KLF14 (green) and DAPI (blue) in lung sections taken 12 h after
intraperitoneal LPS injection or cecal ligation puncture. Scale bar, 20 µm. The data are presented as the mean ± SD. n= 3, *P < 0.05, **P < 0.01,
***P < 0.001
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inflammatory cytokines of KLF14−/− BMDMs were markedly
higher than those of WT BMDMs (Fig. 3C, D). These data indicate
that KLF14 deficiency exacerbates the immune response to LPS
stimulation in BMDMs.
In addition, we further observed the regulatory effect of KLF14

in RAW264.7 cells. After transfection with KLF14 plasmids (Fig. 3E)
(Supplementary Fig. 5), the results showed that compared with
the control, the mRNA and protein levels of inflammatory
cytokines, including IL-1β, IL-6 and TNF-α, were decreased in
KLF14-overexpressing RAW264.7 cells stimulated with LPS (Fig. 3F,
G). Moreover, the cytokine secretion quantified by ELISA
confirmed that overexpression of KLF14 could also reduce the
secretion of IL-1β, IL-6, and TNF-α in LPS-stimulated macrophages
(Fig. 3H). These results further confirmed the regulatory functions
of KLF14 in the immune response of macrophages. Moreover, our

results also showed that the deletion of KLF14 affected lactate
acid secretion, phagocytosis, and glucose uptake (Fig. 3I–K) in
macrophages upon stimulation with LPS. These results indicate
that KLF14 plays a crucial role in the immune response of
macrophages during sepsis.

KLF14 regulates glycolytic activity in macrophages
Macrophages switch their metabolism from oxidative phosphor-
ylation to glycolysis when exposed to an external stimulus to
generate ATP more quickly. It has been suggested that the
transcription factor KLF14 is involved in metabolic diseases [11]
and regulates glucose metabolism through the PI3K/Akt signaling
pathways [16]. Our studies have identified the regulatory role of
KLF14 in the immune response of macrophages during sepsis. To
further understand whether KLF14 can affect immune responses
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to sepsis by regulating macrophage glycan metabolism (Fig. 4), we
assessed two main modes of metabolism in macrophages:
glycolysis and mitochondrial metabolism. We measured glycolytic
and mitochondrial metabolic activity using a Seahorse XFe96

analyzer. Our results showed that the level of glycolysis in
KLF14−/− BMDMs was markedly higher than that in WT BMDMs
with or without LPS stimulation (Fig. 4A, B). However, the level of
mitochondrial metabolism in KLF14−/− BMDMs was not
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substantially different from that in the WT groups (Fig. 4C, D). After
LPS stimulation, maximal respiration and ATP production were
reduced in KLF14−/− BMDMs compared with WT BMDMs,
indicating that KLF14 mainly modulates the glycolytic function
of macrophages in response to LPS. Together, these findings
suggest that KLF14 may act as a key modulator of the immune
response of macrophages by affecting glycolysis during sepsis.

KLF14 modulates glycolysis in macrophages by inhibiting the
transcription of hexokinase 2
To investigate the targets via which KLF14 regulates glycolysis in
macrophages, we assessed the mRNA expression of glycolytic
enzymes in macrophages. The results showed that the expression
of some of the glycolytic enzymes in KLF14−/− BMDMs was
significantly increased compared with that in WT BMDMs (Fig. 5A).
We observed that the key glycolytic enzyme HK2 (hexokinase 2)
was significantly increased in KLF14−/− BMDMs compared with
WT BMDMs in response to LPS stimulation (Fig. 5A). Next, we used
gain-of-function and loss-of-function studies to further confirm
the relationship between HK2 and KLF14 in the immune response
of macrophages (Fig. 5B–E). We constructed a KLF14 over-
expression plasmid to increase the expression of KLF14 in
293T cells. We found that the mRNA expression of several
glycolytic enzymes was upregulated in 293T cells after transfec-
tion. In contrast, the expression of other enzymes, such as ALDOA
(aldolase, fructose-bisphosphate A), ALDOC (aldolase, fructose-
bisphosphate C), HK2, and LDHB (lactate dehydrogenase B), was
downregulated (Fig. 5B). Then, siRNA was used to inhibit the
expression of KLF14, and the results showed that only the
expression trend of the glycolytic enzyme HK2 was consistent with
the previous results, with HK2 expression showing an inverse
relationship with KLF14 expression (Fig. 5C). Thus, the data
suggest that HK2 is highly likely to be a target of KLF14 involved in
the glycolytic function of macrophages, and we verified this idea
at the protein level (Fig. 5D, E) (Supplementary Fig. 6). To further
clarify whether KLF14 regulates HK2 expression in macrophages,
we overexpressed KLF14 in RAW264.7 cells. Consistently, com-
pared with that of ENO1, the expression of HK2 was always
decreased when KLF14 was upregulated in RAW264.7 cells with or
without LPS stimulation (Fig. 5F). Furthermore, we performed
rescue assays to identify the role of HK2 and KLF14 in the immune
response of macrophages. Consistent with the previous results, we
first observed that the mRNA expression of IL-1β decreased after
the upregulation of KLF14 with LPS stimulation in RAW264.7 cells.
Subsequently, we found that after transfection of the HK2
overexpression plasmid, the decrease in the mRNA expression of

IL-1β inhibited by KLF14 was reversed (Fig. 5G). Previous findings
have indicated that KLF14 induces transcriptional regulation by
binding to promoters. Here, we constructed a luciferase reporter
containing a segment of the human HK2 promoter to examine the
effect of KLF14 on promoter activity. In addition, we investigated
the transcriptional regulation of HK2 by using a Flag-tagged KLF14
plasmid or a KLF14 zinc-finger 2 site mutation plasmid (KLF14-
ΔZF2) [15]. As it carries a point mutation affecting the KLF14 zinc-
finger 2 structure, the KLF14-ΔZF2 plasmid had no transcriptional
regulation function (Fig. 5H). The results showed that the KLF14
overexpression plasmid reduced the promoter activity of HK2 in a
dose-dependent manner, but the KLF14-ΔZF2 plasmid did not,
indicating that KLF14 regulates transcription by binding to the
HK2 promoter. In addition, we performed ChIP assays in 293T cells
by using anti-Flag and anti-IgG antibodies and q-PCR analysis of
the genomic fragment using a pair of primers for the HK2
promoter. This result revealed recruitment of KLF14 to the HK2
promoter (Fig. 5I). Collectively, these data indicated the transcrip-
tional regulation of HK2 by KLF14.

KLF14 is upregulated in sepsis patients
To determine whether KLF14 is altered in patients who suffer from
sepsis and has clinical significance, we collected PBMCs from
sepsis patients and control subjects. Compared with the
respective levels in the control group, the mRNA and protein
expression levels of KLF14 and the inflammatory factor IL-1β were
increased in the PBMCs collected from sepsis patients (Fig. 6A, B).
We further analyzed the biological information of patients with
sepsis in the GEO database, and the results showed that the
expression of KLF14 in sepsis patients was significantly higher
than that in the control group (Fig. 6C). We also found that KLF14
was mainly enriched in pathways related to type 2 diabetes and
sucrose signaling by gene set enrichment analysis (GSEA) of
samples from septic patients with upregulated expression of
KLF14 (Fig. 6D), revealing a correlation between KLF14 and
glucose metabolism pathways. These findings further support the
potential regulatory effects of KLF14 in human sepsis.

Perhexiline, an agonist of KLF14, can significantly reduce the
inflammatory state of endotoxemic and septic mice
Previous results suggest that KLF14 may play a clinically significant
role in human sepsis. Furthermore, studies have found that the
cardiovascular drug perhexiline can induce the expression of
KLF14 and increase blood HDL-C levels and cholesterol outflow
ability by upregulating ApoA1 and ameliorating the development
of atherosclerosis by targeting the KLF14 pathway [17]. Therefore,
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perhexiline can alleviate the inflammatory state by upregulating
the expression of KLF14. Of note, our results indicate that
perhexiline can induce the mRNA expression of KLF14 in the
lung tissue of mice (Fig. 7A) and significantly prolong the survival

of mice with LPS-induced endotoxemia and mice with CLP-
induced sepsis (Fig. 7B, C). Moreover, perhexiline reduced the
degree of lung tissue injury in both endotoxemic and septic mice
(Fig. 7D, E). Taken together, these results indicated that
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perhexiline, as an agonist of KLF14, has a potential role in the
management of sepsis.

DISCUSSION
As the first line of host defense, macrophages play a role in the
pathophysiological process of sepsis. The function of macro-
phages is crucial for the prognosis of septic patients, and the
metabolic state of macrophages can directly affect their immune
function [18]. However, the mechanism underlying this process is
still unknown. Here, our results identify KLF14 as a critical
mediator that can affect the immune function of macrophages
that is essential to the survival of septic mice. We provide
evidence to support that KLF14 can inhibit glycolysis in
macrophages by suppressing HK2 transcription during sepsis. In
addition, pharmacological activation of KLF14 confers protection
against sepsis in mice, supporting the therapeutic potential of
KLF14 agonists in the treatment of sepsis.
Krüppel-like factors are associated with several aspects of

leukocyte biology, including the regulation of T cells, monocytes/
macrophages, and B cells [7]. Recently, publications have shown
that the transcription factor KLF14 can regulate the differentiation
of Treg cells by binding to the Treg-specific demethylation region
(TSDR) enhancer region, and the deletion of KLF14 was found to
alleviate the inflammatory response in colitis induced by DSS [12].

Other studies have shown that the upregulated expression of
KLF14 protects the liver from immune-mediated damage by
inducing Treg differentiation in autoimmune hepatitis (AIH) [19].
These seemingly contradictory results indicate that KLF14 is
involved in the regulation of the immune response but also has
different regulatory functions in different disease models. Sepsis
involves a severe inflammatory response, the balance between
systemic inflammatory response syndrome (SIRS) and the
compensatory anti-inflammatory response (CARS) is crucial for
prognosis, and macrophages are key players in the regulation of
proinflammatory and anti-inflammatory responses. Therefore, the
maintenance of macrophage immune function is of great
importance for treating septic patients [20]. Interestingly, Wang
et al. reported that the deletion of KLF14 can increase the
inflammatory level of peritoneal macrophages, affecting the
function of macrophages through NF-κB pathways in the
regulation of atherosclerosis [21]. Similarly, in our experiments,
we found that the deletion of KLF14 aggravated the inflammatory
response in septic mice and that the severity of lung injury and
systemic inflammation in septic mice was markedly higher than
that in wild-type mice. In addition, by assessing KLF14−/− BMDMs
in vitro, we found that KLF14 could inhibit the secretion of
inflammatory cytokines from macrophages. Notably, Wang et al.
showed that the expression of KLF14 in THP-1-derived macro-
phages was decreased after LPS (100 ng/ml) stimulation for 4 h,
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while our results showed that KLF14 expression was increased
after LPS stimulation for 6–24 h. This discrepancy suggests that
KLF14 is a transcription factor that is widely involved in regulation
and that the expression of KLF14 is likely to decrease and then
increase in LPS-induced inflammatory models, but further experi-
ments are needed to clarify the specific mechanism.
It has been reported that the metabolic dysfunction of

leukocytes is a factor underlying the impaired function of the
immune system of septic patients [22]. The regulation of glycolysis
can directly affect the activation and immune function of
macrophages, and glycolysis is specific to the M1 phenotype of
macrophage polarization. While M2 macrophages rely on oxida-
tive phosphorylation, metabolic dysfunction can affect the
transformation from the M1 to M2 phenotype [23]. Of note,
studies have shown that KLF14 can significantly regulate the
metabolism of glucose and lipids [17] in cases of type 2 diabetes
mellitus (T2DM) and reduced insulin sensitivity [24]. Moreover,
recently reported findings revealed that the transcription factor
KLF14 participates in antineoplastic effects during the develop-
ment of colorectal cancer (CRC) by regulating the glycolytic
enzyme LDHB, which confirmed the regulatory effect of KLF14 on
glycolysis [13]. These studies indicate that KLF14 is involved in
glucose metabolism; therefore, KLF14 may also affect glycolysis in
macrophages. For further investigation, we investigated the effect
of KLF14 on the function of macrophages and found that KLF14
mainly affects the glycolytic function of macrophages. Subse-
quently, we showed that KLF14 most likely affects hexokinase
(HK2) by directly binding to the HK2 promoter to inhibit its
transcription, thus affecting glycolysis. Interestingly, Small et al.
identified 385 transgenes as potential targets of KLF14 but did not

identify HK2. Therefore, we think the regulatory mechanism of
KLF14 may be different in different cell lines [25].
The transcriptional regulatory function of KLF14 has been

extensively reported, as KLF14 can activate the oxidative stress
response by binding to the promoter of PLK1 (polo-like kinase 1),
which is involved in endothelial cell regulation of T2D [26]. Here,
we fully verified our hypothesis through rescue assays and
ultimately identified the role of KLF14 in macrophage glycolysis
during sepsis. We found that KLF14 can directly affect macro-
phages through the glycolytic enzyme HK2. Indeed, KLF14 may
also restrain macrophages from secreting inflammatory factors
through the NF-κB pathway during sepsis. However, we did not
examine the impact of the NF-κB pathway on the regulatory role
of KLF14. Existing studies have confirmed that KLF14 is a widely
regulated transcription factor [11]. Therefore, we believe that there
are indeed multiple regulatory pathways by which KLF14 affects
macrophage functions. However, our study focused on the
glycolysis-related effects of KLF14 on macrophage function, and
other mechanisms of KLF14 warrant further investigation. More-
over, KLF14 is a maternally expressed gene [25], and it has been
reported that there are significant sex differences in the prognosis
of sepsis patients. The mortality rate of female sepsis patients is
lower than that of male patients, which is likely due to the higher
estrogen levels in female patients, which are protective [27].
Although we established female murine sepsis models, our results
did not determine whether KLF14 is affected by sex differences,
and further experiments are needed.
Although many studies have focused on the treatment of

human sepsis in recent years, the heterogeneity of patients with
sepsis hinders advances in this field [28]. To determine whether
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KLF14 has clinical significance in septic patients, we checked the
expression of KLF14 in sepsis patients. The results showed that the
expression of KLF14 in sepsis patients was significantly higher
than that in the control group, and GEO data indicated that KLF14
was mainly enriched in type 2 diabetes and sucrose signaling
pathways, identifying a correlation between KLF14 and glucose
metabolism pathways. However, several studies have confirmed
the regulatory role of KLF14 in glucose metabolism and immune-
related diseases, but there is a lack of research on the clinical
application of KLF14-targeted therapy. Previous studies have
found that perhexiline can reduce the formation of atherosclerosis
through activation of KLF14 expression, and this strategy is
currently used in clinical cardiovascular-related diseases [17]. Here,
our results showed that perhexiline can markedly improve the
survival rate of endotoxemic and septic mice and reduce the
inflammatory response of macrophages. However, Guo Yanhong
et al. reported that perhexiline also increases HDL expression, and
we wondered whether HDL can affect sepsis. We noticed that the
level of HDL was increased in mice after treatment with
perhexiline for 7 days in that study, and we believe that the
increase in HDL levels occurred over a relatively long time.
However, our results showed that KLF14 expression was altered
after treatment with perhexiline for only 12 h. Therefore, we
believe that the protective effect of perhexiline in sepsis may
depend more on the influence of certain genes that are activated
rapidly, such as KLF14. Due to the complexity of the relevant
molecular functions, we cannot exclude the possibility that
perhexiline may protect against sepsis by modulating HDL levels,
and further research is needed. Although the underlying
molecular mechanism of the KLF14 agonist perhexiline in sepsis
was not elucidated in our study, we believe that KLF14 is a
potential new therapeutic target for human sepsis, and related
clinical trials are warranted.
In summary, our findings demonstrate that KLF14 plays an yet

unrecognized role in the immune function of macrophages in
sepsis, and thus, targeting KLF14 is a potential therapeutic
strategy for sepsis. The expression of the transcription factor
KLF14 was upregulated in both in vitro and in vivo sepsis models,
and the deletion of KLF14 significantly decreased the survival rate
of septic mice. Our findings showed that KLF14 is regulated during
the immune response of macrophages via inhibition of HK2
transcription. Finally, the KLF14 agonist perhexiline improved the
survival rate of septic mice and reduced the inflammation level of

macrophages. The effect of KLF14 on other immune cells in sepsis
awaits further investigation (Fig. 8).
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