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A B S T R A C T   

Reactive oxygen species (ROS) play a pivotal role in macrophage-mediated acute inflammation. However, the 
precise molecular mechanism by which ROS regulate macrophage polarization remains unclear. Here, we show 
that ROS function as signaling molecules that regulate M1 macrophage polarization through ataxia-telangiectasia 
mutated (ATM) and cell cycle checkpoint kinase 2 (Chk2), vital effector kinases in the DNA damage response 
(DDR) signaling pathway. We further demonstrate that Chk2 phosphorylates PKM2 at the T95 and T195 sites, 
promoting glycolysis and facilitating macrophage M1 polarization. In addition, Chk2 activation increases the 
Chk2-dependent expression of p21, inducing cell cycle arrest for subsequent macrophage M1 polarization. 
Finally, Chk2-deficient mice infected with lipopolysaccharides (LPS) display a significant decrease in lung 
inflammation and M1 macrophage counts. Taken together, these results suggest that inhibiting the ROS-Chk2 
axis can prevent the excessive inflammatory activation of macrophages, and this pathway can be targeted to 
develop a novel therapy for inflammation-associated diseases and expand our understanding of the patho
physiological functions of DDR in innate immunity.   

1. Introduction 

Macrophages, critical innate immune cells known for their remark
able plasticity, play a pivotal role in maintaining tissue homeostasis 
[1–3]. The uncontrolled release of inflammatory mediators and exces
sive oxidative stress triggered by excessive activation of macrophages 
are the main causes of acute inflammatory diseases such as acute res
piratory distress syndrome, liver and kidney failure, and sepsis [4–7]. 
During acute inflammation, a substantial accumulation of ROS occurs in 
the process of macrophage polarization [8]. ROS is involved in several 
immune regulation activities, such as signal transduction, redox re
actions, and autophagy [9]. Concurrently, ROS acts as a critical medi
ator of macrophage functional dynamics [10,11]. Microbial pathogens 
or their associated molecules also induce ROS production, which 
directly or indirectly triggers the formation of DNA double-strand breaks 
and contributes to immune activation [12]. The multifunctional Chk2 
has a central role in the DNA damage response and is involved in 

regulating the cell cycle, maintaining cellular stemness, and facilitating 
autophagy [13,14]. However, the role of Chk2 in immune regulation, 
specifically its impact on macrophage polarization, remains unknown. 

In the course of oxidative stress, the generation of ROS is typically 
closely linked to cellular metabolic pathways [15–17]. Alterations in 
cellular metabolic pathways, as a consequence of immune system acti
vation, hold paramount significance in fostering the differentiation and 
maturation of immune cells. During the polarization of macrophages to 
the M1 phenotype, there is typically an increase in glycolytic activity 
[18,19]. Inhibition of glycolysis can ameliorate the inflammatory 
response and pulmonary injury in ALI murine models [20]. Pyruvate 
kinase M2 (PKM2) is a crucial rate-limiting enzyme in the glycolytic 
pathway, playing a significant role in metabolic reprogramming and 
inflammatory cascades [21]. However, the mechanism by which PKM2 
modulates macrophage M1 polarization remains unclear. 

Macrophages stimulated with lipopolysaccharide (LPS) or IFN-γ 
show an increase in the expression of p21, an inhibitor of cyclin- 
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dependent kinase 2 (CDK2) and a vital protein involved in G1/S cell 
cycle regulation. The increase in p21 induces cell cycle arrest and fa
cilitates macrophage polarization [22,23]. However, the factor that 
triggers the p21-mediated inflammatory response during macrophage 
polarization remains unknown. 

Macrophages respond to various external stimuli through complex 
and interrelated metabolic processes, including proliferation, activation, 
and apoptosis. M1 polarization of macrophages involves a complex 
interplay of cell cycle arrest and significant shifts in cell metabolism. In 
this study, we identified ROS as the initial driving signal for the acti
vation of M1 polarization of macrophages. ROS amplifies glycolytic 
responses by inducing Chk2-mediated phosphorylation of PKM2 and 
concurrently induces cell cycle arrest through the accumulation of p21. 
This combined activity promotes macrophage polarization to a pro- 
inflammatory M1 phenotype. Our work suggests the possibility of tar
geting the ROS-Chk2 axis to inhibit inflammatory responses, which 
could lead to development of a novel therapeutic strategy for inflam
matory diseases. 

2. Results 

2.1. ROS–ATM-Chk2 axis is involved in the M1 polarization of 
macrophages 

We first investigated the molecular mechanisms effected by ROS 
production. M1 polarization of macrophages triggered by LPS and IFN-γ 
stimuli correlated with an increase in ROS production. The adminis
tration of antioxidant N-acetyl cysteine (NAC) counteracted this in
crease in ROS generation (Fig. 1A–B). The ROS signaling cascade 
activates the classical DNA damage response (DDR) pathway, specif
ically the ATM–Chk2 axis. NAC or Chk2 inhibitor treatment significantly 
inhibited the activity of Chk2 in macrophages with LPS and IFN-γ 
stimulation (Fig. 1D–F). However, phosphorylated and activated Chk2 
was not localized within the cell nucleus (the site of classical DDR 
response) during the M1 polarization of macrophages. Instead, it could 
be localized in the cytoplasm (Fig. 1C), suggesting that Chk2 may have 
distinct physiological functions in macrophage-mediated immune 
responses. 

To further elucidate the role of Chk2 in macrophage M1 polarization, 
we isolated murine bone marrow-derived macrophages (BMDMs). We 
found that compared to wild-type (WT) BMDMs, Chk2-deficient 
(Chk2− /− ) BMDMs and Chk2 inhibitor-treated wild-type BMDMs 
demonstrated decreased activation of ERK1/2 and NF-κB signaling 
pathways after LPS and IFN-γ stimulation (Supplementary Figs. 1D–E). 
Analysis of the changes in the M1 polarization of macrophages using 
flow cytometry revealed that Chk2− /− BMDMs showed reduced po
larization toward the M1 phenotype compared with wild-type BMDMs 
with LPS and IFN-γ stimulation (Fig. 1G). Similarly, polarization toward 
the M1 phenotype was significantly diminished when BMDMs were 
pretreated with NAC or Chk2 inhibitor (Fig. 1H). Furthermore, the 
mRNA levels of pro-inflammatory factors (IL-1β, TNF-α, IL-6, and Nos2) 
decreased in BMDMs pretreated with NAC or Chk2 inhibitor and 
Chk2− /− BMDMs (Supplementary Figs. 1F–I). In contrast, the levels of 
anti-inflammatory factors (IL-10 and Arg1) increased in these BMDM 
groups (Supplementary Figs. 1J–K). We also subjected macrophages to 
typical DNA damage agents, Doxorubicin and Cisplatin, as controls. 
Doxorubicin induces DNA double-strand breaks, activating the ATM- 
Chk2 pathway. While Cisplatin induces DNA single-strand breaks, acti
vating the ATR-Chk1 pathway [24–26]. Notably, M1 polarization in 
macrophages occurs only when DNA damage agents activate Chk2 
(Supplementary Fig. 2A-B). Collectively, these findings suggest the 
critical role of ROS-mediated Chk2 activation in promoting the polari
zation of macrophages toward the M1 phenotype. 

2.2. Chk2 phosphorylates PKM2 

We conducted mass spectrometry analysis of purified Chk2 protein 
fractions to elucidate the specific molecular mechanism by which Chk2 
regulates macrophage M1 polarization. PKM2 was identified as a po
tential interacting protein that binds to Chk2 upon LPS stimulation 
(Supplementary Fig. 3A). Subsequently, co-immunoprecipitation anal
ysis validated the Chk2–PKM2 interaction in THP-1 cells (Fig. 2A–B). 
And this interaction between Chk2 and PKM2 can also be detected in 
BMDMs (Supplementary Fig. 3B). GST-pull down assays confirmed a 
direct interaction between Chk2 and PKM2 (Fig. 2C–D). Immunofluo
rescence staining also indicated an increase in the colocalization of Chk2 
and PKM2 in macrophages with LPS and IFN-γ stimulation (Fig. 2E–F). 
Furthermore, the colocalization pattern of these two proteins showed a 
defined pattern, suggesting they may be colocalized on the endoplasmic 
reticulum (ER). Indeed, we found that Chk2 and PKM2 co- 
immunoprecipitated with the endoplasmic reticulum marker protein 
ERp72 (Supplementary Figs. 3C–D). Additionally, upon conducting cell 
fractionation to isolate the ER for immunoprecipitation experiments, we 
detected protein interaction between Chk2 and PKM2 on the ER (Sup
plementary Fig. 3E). Immunofluorescence assays validated the primary 
colocalization of Chk2 and PKM2 within the cytoplasmic endoplasmic 
reticulum in activated macrophages (Supplementary Fig. 3F). LPS 
stimulation enhanced the interaction between Chk2 and PKM2 during 
macrophage M1 polarization, and treatment with NAC or Chk2 inhibitor 
inhibited this interaction (Fig. 2G–H). 

Then, we conducted in vitro Chk2 kinase assays to assess the po
tential serine/threonine kinase activity of Chk2. Our results showed that 
Chk2 phosphorylates PKM2 at threonine residues and not at serine 
residues (Fig. 2I). Moreover, LPS stimulation increased Chk2-mediated 
threonine phosphorylation of PKM2 in THP-1 cells. This increase was 
significantly reduced by treatment with NAC or Chk2 inhibitor 
(Fig. 2J–K). These results strongly indicate that PKM2 is a direct target of 
the Chk2 kinase. 

2.3. Chk2-mediated PKM2 phosphorylation regulates glycolysis in 
macrophages to promote M1 polarization 

In order to determine the PKM2 site that is phosphorylated by Chk2, 
we performed phosphorylation site mass spectrometry analysis. Phos
phorylation site identification suggested that T95 and T195 are the 
potential threonine residues on PKM2 phosphorylated by Chk2 
(Fig. 3A). Interestingly, these two sites on PKM2 are highly conserved 
across different species (Fig. 3B). 

To confirm T95 and T195 sites as key targets of phosphorylation, we 
substituted threonine (T) with alanine (A) at T95 or T195 and performed 
immunoprecipitation analyses. Substituting threonine (T) with alanine 
(A) at T95 or T195 decreased PKM2 phosphorylation. Furthermore, the 
phosphorylation of PKM2 was substantially reduced in the T95/195A 
double mutant (2T) (Fig. 3C). The classical Y105 site on PKM2, which is 
closely associated with the Warburg effect, did not show significant 
phosphorylation changes in the early phase of macrophage polarization 
(Supplementary Fig. 4A). However, a decrease in glycolytic capacity was 
observed during the early stages of macrophage M1 polarization in 
BMDMs treated with NAC/Chk2 inhibitor or in Chk2− /− BMDMs 
(Supplementary Figs. 4B–C). Overall, our findings suggest that modifi
cations in Chk2-mediated phosphorylation of PKM2 could be a key 
factor in metabolic reprogramming during the early stages of macro
phage polarization. 

We next attempted to validate whether the two novel Chk2- 
phosphorylated sites on PKM2 are involved in regulating macrophage 
metabolic reprogramming. To this end, we overexpressed adenovirus 
vectors carrying PKM2 wild-type (Ad-PKM2-WT), PKM2-T95A (Ad- 
PKM2-T95A), PKM2-T195A (Ad-PKM2-T195A), and PKM2-T95/195A 
(Ad-PKM2-2T) constructs in human macrophages. We then stimulated 
these macrophages with LPS and IFN-γ to induce M1 polarization. 
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Fig. 1. ROS–ATM-Chk2 axis is involved in the M1 polarization of macrophages 
(A) Flow cytometric analysis of macrophages intracellular ROS levels and median fluorescence intensity of ROS expression. (n = 3). (B) Representative fluorescence 
microscopy images and quantification of DHE. Scale bars: 5 μm (n = 8). (C) Representative images of immunofluorescence staining with p-Chk2, Chk2 and DAPI in 
human macrophages. And mean fluorescence intensity of cytoplasmic p-Chk2 (100 cells) from three independent experiments. Scale bars: 5 μm. (D)Western blot 
detection of p-ATM, ATM, p-Chk2 and Chk2 in LPS/IFN-γ-stimulated human macrophages pretreated with or without NAC. Quantification of p-ATM/ATM and p- 
Chk2/Chk2 (n = 3). (E-F) Western blot detection of p-Chk2 and Chk2 in LPS/IFN-γ-stimulated human macrophages pretreated with or without Chk2 inhibitor. 
Quantification of p-Chk2/Chk2 (n = 3). (G) Left, representative flow cytometry plots showing the expression of F4/80 and CD86 in WT BMDMs and Chk2-deficicne 
BMDMs stimulated with LPS and IFN-γ. Right, bar graphs showing the median fluorescence intensity of CD86 expression. (n = 3) (H) Left, representative flow 
cytometry plots showing the expression of F4/80 and CD86 in BMDMs pretreated with NAC or Chk2 inhibitor prior to LPS and IFN-γ. Right, bar graphs showing the 
median fluorescence intensity of CD86 expression. (n = 3) Data are shown as mean ± SD; *P < 0.05, **P < 0.01; ***P < 0.001, ****P < 0.0001. 
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Macrophages overexpressing PKM2-T95A and PKM2-T195A showed 
lower extracellular lactate acidification rates compared with those 
overexpressing wild-type PKM2 (Fig. 3D–F). The lowest lactate acidifi
cation rate was observed in human macrophages expressing the dual-site 
mutation (PKM2-2T), indicating a close involvement of PKM2 T95 and 
T195 sites with glycolysis during macrophage M1 polarization. Meta
bolic reprogramming is critical in regulating macrophage polarization 
and function. We overexpressed Ad-PKM2-WT and Ad-PKM2-2T in 
BMDMs to examine their polarization toward the M1 phenotype. The 
attenuation of glycolysis associated with the PKM2 site mutations sub
stantially decreased M1 polarization (Fig. 3G). Taken together, these 
findings confirm the involvement of the Chk2-phosphorylated PKM2 
sites at T95 and T195 in regulating glycolysis and subsequently pro
moting the polarization of macrophages toward the M1 phenotype. 

2.4. Chk2–p21 axis promotes macrophage M1 polarization 

LPS stimulation induces cell cycle arrest in macrophages at the G1 
phase to facilitate their polarization [27]. P21 regulates the CDK2 
complex involved in the G1–S cell cycle transition and arrests the cell 
cycle at this phase [22]. We found that p21 expression was significantly 
decreased in Chk2− /− BMDMs as compared to wild-type BMDMs after 
LPS and IFN-γ stimulation (Fig. 4A). Similarly, p21 expression was 
markedly decreased in BMDMs treated with NAC or Chk2 inhibitor 
(Fig. 4B). Furthermore, BrdU staining results indicated that the 
G1-phase arrest triggered by LPS and IFN-γ was reversed in Chk2− /−
BMDMs or BMDMs pre-treated with NAC or Chk2 inhibitor (Fig. 4C). In 

the DNA damage response, p53 serves as a crucial link between Chk2 
and p21 [28]. Upon treating macrophages with the p53 agonist 
nutlin-3a, a significant increase in the expression of both p53 and p21 
was observed; however, M1-type polarization did not occur in macro
phages (Supplementary Figs. 5A–B). Literature reports indicate that 
elevated p21 expression resulting from p53 activation can induce po
larization of macrophages towards tumor-associated macrophages 
(TAMs), an M2-like macrophages [29]. Moreover, Erk1/2 is known to 
modulate p21 expression, influencing the G1/S cell cycle phase [30]. In 
our study, both Chk2− /− and Chk2 inhibitor treated macrophages 
exhibited a reduction in ERK1/2 phosphorylation levels (Supplementary 
Figs. 2A–B). Thus, our findings suggest that during the process of M1 
polarization in macrophages, the regulation of p21 by Chk2 occurs 
independently of p53 but involves the modulation of Erk1/2 activation. 

Next, we isolated p21− /− mouse BMDMs to determine the impact of 
p21-induced cell cycle arrest on macrophage polarization. BrdU flow 
cytometry analysis revealed that G1-phase cell cycle arrest was reversed 
in p21− /− BMDMs as compared to wild-type BMDMs after LPS and IFN- 
γ stimulation (Fig. 4D–E). Subsequently, macrophage polarization was 
compared in these two genotypes. The proportion of p21− /− BMDMs 
polarizing toward the M1 phenotype was significantly lower than that of 
wild-type BMDMs (Fig. 4F). Furthermore, the activation of Erk1/2 and 
NF-κB inflammatory signaling pathways, as well as the mRNA levels of 
the pro-inflammatory factors IL-1β, TNF-α, IL-6, and Nos2 were signif
icantly decreased in p21− /− BMDMs as compared to wild-type BMDMs 
(Supplementary Figs. 6A–B). We also observed a decrease in the acti
vation of the Erk1/2 and NF-κB inflammatory signaling pathways and 

Fig. 2. Chk2 phosphorylates PKM2 
(A-B) Co-IP showing interaction of endogenous Chk2 and PKM2 in THP-1 cells. (C) GST-pull down assay of Flag-PKM2 fusion proteins with bacterially expressed GST- 
Chk2. (D) GST-pull down assay of Flag-Chk2 fusion proteins with bacterially expressed GST-PKM2. (E-F) Localization of Chk2 and PKM2 protein in BMDMs by 
immunofluorescence analysis. DAPI stains cell nucleus. And the Pearson’s correlation and overlap coefficient are shown in bar graph format (20 cells) from three 
independent experiments. Scale bar: 5 μm. (G-H) IP showing interaction change of Chk2 and PKM2 in THP-1 cells pretreated with NAC or Chk2 inhibitor prior to LPS. 
(I) In vitro kinase assays to test the ability of recombinant Chk2 to phosphorylate recombinant Flag-PKM2. (J-K) IP showing phosphorylation change of PKM2 in THP- 
1 cells pretreated with NAC or Chk2 inhibitor prior to LPS. 
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M1 polarization in si-p21-treated BMDMs (Supplementary Figs. 6C–D). 
Our results demonstrate the involvement of the Chk2-p21 axis in regu
lating macrophage M1 polarization in the immune response, in addition 
to its known role in DDR response pathway. 

2.5. Inhibition of ROS-Chk2 axis protects against LPS-induced acute lung 
injury in mice 

To further determine the role of ROS-Chk2 axis in M1 macrophage 
polarization in vivo, we used an LPS-induced acute lung injury (ALI) 
mouse model. The infiltration of M1-type macrophages was significantly 
reduced in the lung tissues of mice pre-fed with NAC or a Chk2 inhibitor 
and Chk2− /− mice compared with the respective control groups 
(Fig. 5A). Hematoxylin and eosin (H&E) staining revealed a significant 
amelioration of pulmonary inflammatory responses (Fig. 5B). Moreover, 
ELISA results indicated a significant decrease in the serum concentra
tions of IL-1β and TNF-α (Fig. 5C–D), whereas serum IL-10 concentra
tions were markedly increased in Chk2− /− mice (Fig. 5E). 

Considering that ROS-Chk2 signaling promoted macrophage polari
zation towards M1 phenotype by inducing p21 expression to arrest cell 

cycle (Fig. 4F), we tested whether p21− /− mice show reduced lung 
inflammation. Notably, p21− /− mice infected with LPS exhibited 
reduced M1 macrophage infiltration and lung inflammation (Fig. 5A–B). 
Serum IL-1β and TNF-α concentrations were decreased in p21− /− mice 
(Fig. 5C–D), while IL-10 concentrations showed no statistically signifi
cance compared with the control group (Fig. 5E). 

Our data also demonstrated that Chk2-PKM2 axis is critical in 
regulating glycolysis to promote M1 polarization of macrophages 
(Fig. 3G). When we overexpressed Ad-PKM2-WT and Ad-PKM2-2T in the 
mouse airways and induced acute lung injury by LPS stimulation after 
three days, the infiltration of the M1 macrophages with PKM2 site 
mutations was reduced in the mouse lungs and was accompanied by a 
decrease in lung tissue inflammation (Fig. 5F). Peripheral blood ELISA 
results revealed significantly lower concentrations of the inflammatory 
cytokines IL-1β and TNF-α and higher concentrations of anti- 
inflammatory cytokine IL-10 in Ad-PKM2-2T-infected mice compared 
with those in Ad-PKM2-WT-infected mice (Fig. 5G–I). Collectively, these 
findings confirm the ROS-Chk2 axis regulates the metabolic reprog
ramming and cell cycle progression to promote M1 macrophage polar
ization during acute inflammation. 

Fig. 3. Chk2-mediated PKM2 phosphorylation regulates the glycolysis in macrophages to promote M1 polarization 
(A) Mass spectrogram of phosphorylation sites of PKM2 protein T95 and T195. (B) Sequence alignment surrounding the T95 and T195 residue of PKM2 homologs in 
various species. (C) IP showing phosphorylation of PKM2 WT, T95A, T195A, and T95/195A(2T) in HCT116 cells stimulated with H2O2. (D-F) Seahorse analysis of 
extracellular acidification rate (ECAR) in human macrophages overexpressed with PKM2 WT, T95A, T195A, and T95/195A(2T) prior to LPS and IFN-γ stimulation. 
(n = 3) (G) Left, representative flow cytometry plots showing the expression of F4/80 and CD86 in BMDMs overexpressed with PKM2 WT and T95/195A(2T) prior to 
LPS and IFN-γ. Right, bar graphs showing the median fluorescence intensity of CD86 expression. (n = 3) Data are shown as mean ± SD; P > 0.05 (ns, not significant), 
*P < 0.05, **P < 0.01. 
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Fig. 4. Chk2–p21 axis promotes macrophage M1 polarization 
(A) Western blot detection of Chk2 and p21 in WT BMDMs and Chk2-deficicne BMDMs prior to LPS and IFN-γ stimulation. Quantification of p21 protein expression. 
(n = 3) (B) Western blot detection of p21 in BMDMs pretreated with NAC or Chk2 inhibitor prior to LPS and IFN-γ stimulation. Quantification of p21 protein 
expression. (n = 3) (C) Left, BrdU/7-AAD cell cycle analysis by flow cytometry in WT BMDMs, Chk2-deficicne BMDMs and BMDMs pretreated with NAC or Chk2 
inhibitor prior to LPS and IFN-γ stimulation. Right, the quantitative cell cycle distribution data. (n = 3) (D) Western blot detection of p21 in LPS/IFN-γ-stimulated WT 
BMDMs and p21-deficicne BMDMs. Quantification of p21 protein expression. (n = 3) (E) Left, BrdU/7-AAD cell cycle analysis by flow cytometry in WT BMDMs and 
p21-deficicne BMDMs prior to LPS and IFN-γ stimulation. Right, the quantitative cell cycle distribution data. (n = 3) (F) Left, representative flow cytometry plots 
showing the expression of F4/80 and CD86 in WT BMDMs and p21-deficicne BMDMs prior to LPS and IFN-γ stimulation. Right, bar graphs showing the median 
fluorescence intensity of CD86 expression. (n = 3) 
Data are shown as mean ± SD; P > 0.05 (ns, not significant), *P < 0.05, **P < 0.01. 
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2.6. Chk2 inhibition protects against LPS-induced post-injury lung fibrosis 
in mice 

Pulmonary fibrosis is primarily driven by imbalanced macrophage 
polarization and can be categorized into three distinct pathological 
stages: exudative, reparative, and fibrotic phases [31,32]. M1-polarized 
macrophages contribute to the exudative phase. If the excessive in
flammatory activation of macrophages is not suppressed, this stage can 

progress into a chronic inflammatory response, leading to the develop
ment of pulmonary fibrosis [33,34]. 

Our animal experiments revealed that attenuating Chk2 activity 
markedly alleviates pulmonary inflammatory responses and reduces 
lung tissue damage in ALI mice. To determine whether inhibiting Chk2 
activity could also mitigate pulmonary fibrotic changes resulting from 
lung injury, we continuously administered a low dose of LPS to both 
wild-type and Chk2− /− mice for three consecutive days. After 30 days, 

Fig. 5. Inhibition of ROS-Chk2 axis protects against LPS-induced acute lung injury in mice 
(A) Representative images of immunofluorescence staining with F4/80 and CD86 of murine lungs from LPS-induced WT and Chk2− /− and p21− /− mice and mice 
pretreated with NAC or Chk2 inhibitor prior to LPS. Scale bars: 25 μm. (B) Representative photographs of H&E staining of lungs from LPS-induced WT and Chk2− /−
and p21− /− mice and mice pretreated with NAC or Chk2 inhibitor prior to LPS. Scale bars: 100 μm. (C-E) ELISA showing IL-1β, TNF-α and IL-10 levels in the serum 
of LPS-induced WT and Chk2− /− and p21− /− mice and mice pretreated with NAC or Chk2 inhibitor prior to LPS (n = 5). (F) Upside, representative images of 
immunofluorescence staining with CD86 in lungs from mice overexpressed with PKM2 WT and T95/195A(2T) prior to LPS stimulation. Scale bars: 25 μm. Downside, 
representative photographs of H&E staining of lungs from mice overexpressed with PKM2 WT and T95/195A(2T) prior to LPS stimulation. Scale bars: 100 μm. (G-I) 
ELISA showing IL-1β, TNF-α and IL-10 levels in the serum of mice overexpressed with PKM2 WT and T95/195A(2T) prior to LPS stimulation (n = 5). 
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Chk2− /− mice showed higher survival rates and greater tolerance to 
inflammatory responses than wild-type mice (Fig. 6A). Next, we exam
ined the extent of pulmonary fibrosis induced by low-dose-LPS-induced 
lung injury. Chk2− /− mice and mice pretreated with NAC or Chk2 in
hibitor showed a significant reduction in collagen deposition in lungs 
compared to wild-type mice (Fig. 6B). Moreover, the expression of 
fibrosis markers, namely fibronectin and vimentin, was notably dimin
ished in lung tissues (Fig. 6C–D). Taken together, inhibiting Chk2 ac
tivity significantly ameliorated the chronic pulmonary fibrosis resulting 
from acute lung injury. 

3. Discussion 

High concentrations of ROS are generated during the progression of 
acute inflammation, and excessive ROS exacerbates the inflammatory 
response [16,35]. ROS is closely associated with the activation and 
function of M1 macrophages [36]. ROS is involved in activating NF-kb, 
MAPK and Nrf2 related inflammatory signaling pathways [37–40]. 
However, the underlying signaling pathways of macrophage 

polarization and the complex interactions among these distinct path
ways remain unclear. 

Here, we discovered that ROS serves as an initiating signal, and that 
downstream Chk2 acts as a pivotal molecular node for cell cycle regu
lation and metabolic reprogramming to modulate M1 macrophage po
larization. Mechanistically, Chk2 phosphorylates PKM2, enhancing 
glycolytic flux and promoting macrophage M1-type polarization. Addi
tionally, we found that Chk2-dependent accumulation of p21 leads to 
cell cycle arrest at the G1 phase and promotes macrophage M1 polari
zation. Overall, we propose that the inhibition of the ROS–Chk2 
pathway could be a novel therapeutic strategy for the treatment of 
inflammation-associated diseases. 

The DDR pathway is crucial in inhibiting tumorigenesis and in
fluences the differentiation of various cellular lineages [41–43]. This 
pathway primarily comprises the ATM pathway (for DNA double-strand 
breaks) and the ATR pathway (for DNA single-strand breaks) [44]. ATM 
is a vital sensor of ROS and collaborates with downstream Chk2 to 
suppress tumorigenesis by inducing cell senescence and apoptosis 
[45–47]. DDR also plays a role in innate immune responses [48,49]. 

Fig. 6. Chk2 inhibition protects against LPS-induced post-injury lung fibrosis in mice 
(A)The Kaplan-Meier analysis log-rank test was used to estimate the survival rate of WT and Chk2− /− mice treated with or without LPS. WT + NaCl, n = 6; WT +
LPS, n = 8; Chk2− /− + NaCl, n = 8; Chk2− /− + LPS, n = 10. (B-D) Representative images of H&E stain and Masson’s trichrome stain and immunofluorescence 
staining with Vimentin and Fibronectin in lungs from LPS-induced WT and Chk2− /− mice and mice pretreated with NAC or Chk2 inhibitor prior to LPS. (C and D): 
Bar graphs showing mean fluorescence of Vimentin and Fibronectin expression in murine lungs (n = 5). Data are shown as mean ± SD; **P < 0.01, ***P < 0.001, 
****P < 0.0001. 
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Macrophage activation triggers ROS generation with LPS and IFN-γ 
exposure, directly or indirectly inducing DNA double-strand breaks. This 
process is associated with an increased expression of the NBS1 protein, 
which transports the MRN complex to the nucleus for DNA damage 
repair. NBS1-deficient macrophages show characteristics of senescence 
along with increased expression of inflammatory factors [50]. 

In our study, the ROS-ATM-Chk2 pathway no longer functions to 
sense nuclear DNA damage for repair but is instead involved in medi
ating the innate immune response of macrophages in the cytoplasm. We 
observed a decrease in glycolytic capacity and secretion of inflammatory 
cytokines in Chk2-deficient macrophages after stimulation with LPS and 
IFN-γ. Kong et al. reported that Chk2 can inhibit the nuclear trans
location of PKM2 by phosphorylating its S100 site, leading to a subse
quent reduction in glycolytic flux that inhibits vascular mimicry in 
triple-negative breast cancer [51]. Our findings indicate that activated 
Chk2 primarily functions in the cytoplasm, rather than the nucleus, 
during macrophage M1 polarization. The phosphorylation of PKM2 at 
the T95 and T195 sites by Chk2 promotes glycolytic reactions, facili
tating metabolic shifts that contribute to macrophage activation. PKM2 
forms a complex with HIF1α during inflammatory activation of macro
phages and directly binds to the IL-1β promoter to promote its expres
sion [52]. Moreover, inhibiting glycolytic flux using the glycolysis 
inhibitor 2-deoxyglucose significantly reduces the production of 
pro-inflammatory cytokines [53]. Here, we observed a significant 
reduction in the IL-1β expression in Chk2-deficient M1 macrophages. 
However, further studies are required to determine whether 
Chk2-mediated PKM2 phosphorylation affects the formation of the 
PKM2/HIF1α complex in driving the IL-1β expression. Additionally, 
IL-10 is an important anti-inflammatory cytokine that inhibits glycolysis 
and suppresses the mTOR activity [54]. Here, we found that 
Chk2-deficient macrophages show high IL-10 expression. However, the 
regulatory interplay between Chk2 and IL-10 requires further 
exploration. 

Macrophages undergo G1 cell cycle arrest upon stimulation with LPS 
and IFN-γ, which is characterized by upregulated expression of p21. P21 
halts cell proliferation and supports cellular polarization. Therefore, p21 
also participates in inflammatory modulation in addition to its classical 
role as a cell cycle checkpoint. P21 − /− mice are more susceptible to 
LPS-induced septic shock, and the absence of p21 in macrophages pro
motes the activation of NF-κB and the subsequent production of pro- 
inflammatory cytokines [55]. Similarly, p21− /− mice exhibit substan
tially increased macrophage counts and severe joint damage in a rheu
matoid arthritis model [56]. However, p21 appears to play a dual role in 
macrophage activation. It acts as a negative regulator in some contexts, 
whereas it is suggested to be a positive regulator of immune activation. 
P21− /− mice show reduced pulmonary inflammation in response to 
LPS-induced pneumonia and increased resistance to serum 
transfer-induced arthritis [57,58]. In this study, p21 expression in 
macrophages increased in a Chk2-dependent manner after LPS and 
IFN-γ stimulation. Suppression of p21 expression to alleviate G1 cell 
cycle arrest may decrease the polarization of macrophages toward the 
M1 phenotype. We found that p21-deficient macrophages displayed 
decreased M1 polarization and reduced expression of pro-inflammatory 
cytokines when exposed to LPS and IFN-γ stimulation. This finding 
contrasts with previous reports. We speculate that the age of p21− /−
mice during experimentation may influence their response to inflam
matory stress, despite their normal development. Future studies could 
investigate the immune response of p21− /− mice at different ages to 
clarify the role of p21 in immune regulation. 

Our study shows, for the first time, that immune metabolic reprog
ramming is interconnected with the cell cycle through Chk2, the key 
protein of DDR response. Our results provide a unique perspective on the 
role of DDR in innate immune responses. However, this study has several 
limitations. For example, the crosstalk between metabolic trans
formation and cell cycle arrest in the inflammatory activation of mac
rophages has not been completely elucidated. Therefore, we aim to 

further explore this complex interrelationship in our future studies. 

4. Materials and methods 

4.1. Animals and cell culture 

Chk2 ± and p21 ± mice were a kind gift from Takai H [59]. 
Chk2− /− and p21− /− mice were generated by crossing Chk2 ± and p21 
± mice. Male mice (8–10 weeks old) were used in this study with their 
age- and gender-matched littermate wild-type mice (Chk2+/+ and 
p21+/+) as controls. Standard PCR was used for genotyping. Mice were 
kept in specific pathogen-free conditions. All animal experiments were 
approved and performed in accordance with the guidelines of the 
Institutional Animal Care and Use Committee of China Medical 
University. 

BMDMs were prepared from wild-type, Chk2− /− , or p21− /− mice 
by culturing the cells in Dulbecco’s modified Eagle’s medium with 10 % 
heat-inactivated fetal bovine serum, 10 ng/ml M-CSF (#SRP3221, 
Sigma), 100 U/ml penicillin, and 100 μg/ml streptomycin for 4–6 days. 
Subsequently, BMDMs were cultured in 100 ng/ml LPS (#L3012, Sigma) 
and 20 ng/ml IFN-γ (#315-05-20, PeproTech) for M1 polarization. 

PBMCs were isolated from healthy human blood using the Mojo
SortTM human CD14+ monocytes isolation kit (#480048, Biolegend). 
PBMCs were cultured in RPMI 1640 medium with 10 % heat-inactivated 
FBS, 25 ng/ml M-CSF (#SRP3110, Sigma), 100 U/ml penicillin, and 100 
μg/ml streptomycin for 5–7 days to differentiate into human macro
phages. Subsequently, the macrophages were cultured in 50 ng/ml LPS 
and 20 ng/ml IFN-γ for M1 polarization. All experiments involving 
human samples were conducted in compliance with all relevant ethical 
regulations and were approved by the Ethics Committee of Medical 
Research of China Medical University. 

THP-1, HEK 293, HEK 293 Cas9-Chk2 and HCT116 cells were ob
tained from cell bank of Cao’s lab. HEK 293 and HEK 293 Cas9-Chk2 
cells were cultured in DMEM medium with 10 % FBS, 100 U/ml peni
cillin, and 100 μg/ml streptomycin THP-1 and HCT116 cells were 
cultured in RPMI 1640 medium with 10 % FBS, 100 U/ml penicillin, and 
100 μg/ml streptomycin. 

4.2. Antibodies and reagents 

The following antibodies were used for western blotting: anti-ATM 
(# 2873, CST), anti-Phospho-ATM (#13050, CST), anti-Chk2 (#6334, 
CST), anti-Chk2 (611570, BD Pharmingen), anti-Phospho-Chk2 (#2661, 
CST), anti-PKM2 (#4053, CST), anti-Phospho-PKM2 (#3827, CST), anti- 
p53 (#2524, CST), anti-Phospho-Threonine (#9386, CST), anti- 
Phospho-Serine (AB1603, Sigma), anti-p38 (#8690, CST), anti- 
Phospho-p38(#4511,CST), anti-Erk1/2 (#4695,CST), anti-Phospho- 
Erk1/2 (#4370, CST), anti–NF–κB (sc-8008, Santa Cruz Biotech
nology), anti-Phospho–NF–κB (sc-136548, Santa Cruz Biotechnology), 
anti-ERp72 (sc-390530, Santa Cruz Biotechnology), anti-p21 (sc-6246, 
Santa Cruz Biotechnology), anti-Flag-Tag (SG4110-16, Shanghai Geno
mics Technology), anti-β-Actin (AC004, ABclonal), and anti-Tubulin 
(#2144, CST). 

The following antibodies were used for immunofluorescence assays: 
anti-F4/80 (sc-52664, Santa Cruz Biotechnology), anti-CD86 (sc-28347, 
Santa Cruz Biotechnology), anti-Fibronectin (sc-8422, Santa Cruz 
Biotechnology), anti-Vimentin (sc-6260, Santa Cruz Biotechnology), 
anti-ERp72 (CL549-66365, Proteintech), anti-Phospho-Chk2 (#2661, 
CST), anti-PKM2 (#4053, CST), anti-Chk2 (#611570, BD Pharmingen), 
anti-Tubulin (#2144, CST), DAPI (#32670, Sigma). 

NAC was purchased from Beyotime (#s0077). Chk2 inhibitor II 
(#C3742) and hydrogen peroxide solution (#323381) were purchased 
from Sigma. Nutlin-3a was purchased from Absin (abs813165). Doxo
rubicin (S1208) and Cisplatin (S1166) were purchased from Selleck. 
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4.3. Animal models of LPS-induced ALI and post-injury pulmonary 
fibrosis 

Mice were intraperitoneally injected with LPS (L2630, Sigma; 10 
mg/kg body weight) for 8 h to establish the ALI model. Control animals 
were injected with only saline. Mice in the NAC + LPS group were fed 
with NAC dissolved in water (1 mg/ml) for three days before LPS 
administration. Mice in the Chk2 inhibitor + LPS group were intraper
itoneally injected with a Chk2 inhibitor (20 mM/kg body weight) 2 h 
before LPS administration. Ad-Ctrl, Ad-PKM2-WT, and Ad-PKM2-T95/ 
195A (1 × 109 pfu/mouse) were administered to the adenovirus gene 
delivery groups three days before LPS administration using intratracheal 
injection. Mice were anesthetized and the adenovirus was directly 
injected into the trachea following surgical visualization. Mice were 
sacrificed after 8 h, and the lung tissues and blood samples were 
collected under aseptic conditions. 

In addition, Mice were peritoneally injected with LPS (5 mg/kg body 
weight) for three days to estimate the survival rate of WT and Chk2− /−
mice. Mice were peritoneally injected with LPS (4.5 mg/kg body weight) 
for three days and observed for the next four weeks to establish the post- 
injury pulmonary fibrosis model. Lung tissues were collected from mice 
at the end of the fourth week under aseptic conditions and processed for 
subsequent analysis. 

4.4. Plasmid constructions, transfection, and viral infection 

Flag-PKM2, GST-PKM2, Flag-Chk2, and GST-Chk2 were generated in 
our previous studies [60]. All constructs were confirmed using DNA 
sequencing, and the plasmids were then transfected into cells using the 
jetPrime Transfection reagent (Polyplus PT-114-15). Specific siRNAs for 
p21 were purchased from RiboBio Co. (Guangzhou, China). The re
combinant adenovirus containing the human PKM2 gene (PKM2 WT, 
PKM2 T95A, PKM2 T195A, and PKM2 T95/195A) and mouse PKM2 
gene (PKM2 WT and PKM2 T95/195A) were purchased from GeneChem 
Co. (Shanghai, China). 

4.5. ROS detection 

For ROS detection by flow cytometry, BMDMs were pretreated with 
NAC (10 mM) for 4 h, then stimulated with LPS (100 ng/ml) and IFN-γ 
(20 ng/ml) for 4 h followed by incubation with FITC-ROS (MAK143, 
Sigma) at 37 ◦C for 45 min in the dark. BMDMs were treated with 1000 
μM H2O2 for 10 min as a positive control. 

For ROS detection by fluorescent staining, BMDMs were pretreated 
with NAC (10 mM) for 4 h, then stimulated with LPS (100 ng/ml) and 
IFN-γ (20 ng/ml) for 4 h followed by incubation with DHE (D1168, 
Invitrogen) for 30 min and Hoechst (C1027, Beyotime) for 10 min at 
37 ◦C in the dark. BMDMs were treated with 500 μM H2O2 for 30 min as 
a positive control. 

4.6. Flow cytometry analysis 

Single-cell suspensions were blocked with TruStain FcX™ (#101302, 
Biolegend) for macrophage M1 polarization studies. BMDMs were 
stained with FITC-anti-F4/80 (#301804, Biolegend), PE-anti-CD86 
(#374206, Biolegend). All samples were stained for 30 min on ice in 
the dark, washed with PBS, and centrifuged at 300 g for 5 min. Cells 
were resuspended in 200 μl PBS and analyzed using flow cytometry. 

BMDMs were cultured to obtain 30 %–40 % confluence and treated 
with NAC (10 mM) for 4 h or Chk2 inhibitor (20 μM) for 2 h. The cells 
were stimulated with LPS (100 ng/ml) and IFN-γ (20 ng/ml) for 15 min 
followed by adding BrdU for 45 min. Next, the cells were permeabilized, 
treated for 30 min with DNase, stained with FITC-BrdU and 7-AAD 
(#559619, BD Pharmingen) according to the manufacturer’s pro
tocols, and analyzed using flow cytometry. 

4.7. Histology 

Lung tissue samples were fixed in 4 % paraformaldehyde and 
embedded in paraffin. The tissues were cut into 4-μm thick sections, 
which were used for H&E and Masson’s trichrome staining. Finally, the 
stained sections were mounted with neutral gum and analyzed using a 
light microscope. 

4.8. Immunofluorescence 

Lung tissue samples were fixed in 4 % paraformaldehyde for 4 h and 
transferred to a 30 % sucrose solution until the tissue settled at the 
bottom. The cryopreserved lung tissues were cut into 6-μm thick sec
tions. The frozen slices were kept at room temperature for approxi
mately 30 min before performing immunofluorescence assays. All 
sections were fixed in 4 % paraformaldehyde, permeabilized with 0.5 % 
Triton X-100, blocked with 20 % goat serum and incubated with anti- 
F4/80 and anti-CD86 antibodies overnight at 4 ◦C. Sections were 
washed three times with PBS and incubated with Alexa Fluor 488 goat 
anti-mouse IgG (A11001, Invitrogen) and red-fluorescent Alexa Fluor 
594 donkey anti-rabbit IgG (A21207, Invitrogen) as secondary anti
bodies. The sections were again washed with PBS and stained with DAPI. 
Finally, the images were captured using a fluorescence microscope. 
Human macrophages and mice BMDMs were grown on coverslips and 
fixed in 4 % paraformaldehyde for 1 h at 4 ◦C. The rest of the procedure 
was like that followed for the lung sections. 

4.9. ELISA 

Mouse blood samples were collected, clotted, and centrifuged at 
2000 rpm for 10 min. Cytokines were quantified in the serum samples 
using ELISA kits for mouse IL-1β (#1210122, DAKEWE), TNF-α 
(#1217202, DAKEWE), and IL-10 (#1211002, DAKEWE) according to 
the manufacturer’s protocols. 

4.10. Quantitative PCR (qPCR) 

BMDMs were treated with NAC (10 mM) for 4 h or Chk2 inhibitor 
(20 μM) for 2 h, then stimulated with LPS (100 ng/ml) and IFN-γ (20 ng/ 
ml) for 1 h to conduct qPCR experiment. For detection mRNA levels of 
inflammatory factors,Chk2− /− or p21− /− and WT BMDMs were stim
ulated with LPS (100 ng/ml) and IFN-γ (20 ng/ml) for 1 h to conduct 
qPCR experiment. Total RNA was isolated from BMDMs using the Sev
enFast total RNA extraction kit (SM130-02, Seven Biotech). cDNA was 
synthesized using the PrimeScriptTMRT reagent kit (RR037B, Takara). 
qPCR was performed using the TB Green Premix Ex TaqTM II kit 
(RR820W, Takara) on a Roche LightCycler480II system. The expression 
levels of each gene were normalized to GAPDH. Each experiment was 
performed in triplicate, and results were presented as fold change 
compared with the control group. The primer sets used to amplify cDNA 
fragments are listed in Supplemental Table 1. 

4.11. Mass spectrometry 

The cells overexpressing Flag-Chk2 were harvested after 48 h 
transfection and lysed in the immunoprecipitation lysis buffer. Flag- 
beads were mixed in the buffer and the resulting solution was incu
bated overnight at 4 ◦C. The solution was centrifuged, and the pellet was 
washed with PBS at 4 ◦C. Next, PBS was removed, and the beads were 
boiled with 2 × loading buffer in a water bath for 10 min. The immu
noprecipitated proteins were subjected to western blotting and excised 
from the gel for digestion and mass spectrometry analysis. Finally, 
standard databases were searched to identify interacting proteins and 
peptides. 
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4.12. Western blotting and immunoprecipitation 

For alterations in the binding between Chk2 and PKM2, THP-1 cells 
were treated with NAC (20 mM) for 4 h or Chk2 inhibitor (20 μM) for 2 
h, then stimulated with LPS (500 ng/ml) for 1 h. So was the same 
experimental condition for changes in Chk2-mediated phosphorylation 
of PKM2. Cells were lysed using IP lysis buffer with protease inhibitor 
cocktail and phosphorylation protease inhibitor, and the total cell ly
sates were resolved on SDS–PAGE gels. The primary antibody was added 
to the cell lysates and mixed by rotation for 2 h. Then, protein A/G beads 
(sc-2003, Santa Cruz) were added to the mixture, which was incubated 
at 4 ◦C overnight for co-IP. The samples were then washed three times 
with IP lysis buffer at 4 ◦C, and proteins were eluted with 2 × loading 
buffer. The eluates were then subjected to SDS–PAGE and blotted onto 
nitrocellulose membranes. The membranes were blocked for 1 h at room 
temperature in TBST supplemented with 5 % BSA and incubated over
night at 4 ◦C with specific primary antibodies. The membranes were 
washed three times with TBST, incubated with HRP-conjugated sec
ondary antibody at room temperature for 1 h, and then washed three 
times with TBST. Finally, the blots were developed using an enhanced 
chemiluminescence detection kit (#32106, Thermo Fisher Scientific) 
and analyzed using an e-Blot Western blot imaging system. 

4.13. In vitro GST pull-down assay 

The bacterial expression constructs (pGEX-4T-1) containing the 
target genes (PKM2 or Chk2) were expressed in E. coli BL21 cells 
cultured in the LB medium containing ampicillin. Cells were induced to 
overexpress the GST-fusion protein by adding 1 mM IPTG while shaking 
at 30 ◦C for 3 h. Next, cells were resuspended in bacterial lysis buffer 
followed by ultrasonication. The cell debris was then removed by 
centrifugation at 4 ◦C and 15,000 g for 5 min. The proteins were purified 
using glutathione-agarose beads according to the manufacturer’s in
structions. Flag-tagged PKM2 or CHK2 proteins were synthesized using 
TNT quick coupled transcription/translation kits (Promega, L1170) 
followed by incubation in binding buffer for 4 h at 4 ◦C. The samples 
were then washed three times with binding buffer and eluted with 2 ×
loading buffer. The eluates were subjected to SDS–PAGE, and protein 
bands were detected using western blotting. 

4.14. In vitro CHK2 kinase assay 

Recombinant Chk2 (200 ng) was incubated with purified Flag-tagged 
PKM2 protein in a kinase buffer [50 mM HEPES (pH 7.4), 10 mM MgCl2, 
10 mM MnCl2, 0.2 mM DTT containing 100 μM ATP per reaction] for 45 
min at 30 ◦C. Phosphorylated proteins were separated using SDS–PAGE 
and further analyzed using mass spectrometry for phosphorylation site 
identification. 

4.15. Metabolic flux analysis 

The real-time extracellular acidification rate was measured using a 
Seahorse XFe24 analyzer (Agilent Technologies). Human macrophages 
were transduced in quintuplicates with Ad-Ctrl, Ad-PKM2-WT, Ad- 
PKM2-T95A, Ad-PKM2-T195A, or Ad-PKM2-T95/195A at a multiplic
ity of infection of 1000 for 24 h and further stimulated with LPS (50 ng/ 
ml) and IFN-γ (20 ng/ml) for 6 h at 37 ◦C with 5 % CO2. BMDMs were 
pretreated with NAC (10 mM) for 4 h or Chk2 inhibitor (20 μM) for 2 h. 
The pretreated BMDMs were stimulated with LPS (100 ng/ml) and IFN-γ 
(20 ng/ml) for 6 h at 37 ◦C with 5 % CO2. Approximately 8 × 104 cells 
per well were seeded onto XF24 cell culture microplates using Cell-Tak. 
XF RPMI or DMEM medium (1 mM pyruvate, 2 mM glutamine, and 10 
mM glucose) was then added into each well, and the plates were incu
bated at 37 ◦C for 30 min. The rate of glycolysis was determined using 
the Seahorse XF Glycolytic Rate Assay Kit (#103344-100, Agilent 
Technologies) according to the manufacturer’s protocols. 

4.16. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 9 software 
(GraphPad Software, Inc.). Data were presented as mean ± SD from 3 
independent experiments. P-values <0.05 were considered statistically 
significant. Statistical analyses were performed using Student’s t-test for 
the comparison of two groups; 1-way ANOVA for the comparison of 
multiple groups; and 2-way ANOVA for groups with two independent 
variables. 
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