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A B S T R A C T   

Acute respiratory distress syndrome (ARDS) is independently associated with a poor prognosis in patients with 
sepsis. Macrophage M1 polarization plays an instrumental role in this process. Therefore, the exploration of key 
molecules affecting acute lung injury and macrophage M1 polarization may provide therapeutic targets for the 
treatment of septic ARDS. Here, we identified that elevated levels of Ankyrin repeat domain-containing protein 
22 (ANKRD22) were associated with poor prognosis and more pronounced M1 macrophage polarization in septic 
patients by analyzing high-throughput data. ANKRD22 expression was also significantly upregulated in the 
alveolar lavage fluid, peripheral blood, and lung tissue of septic ARDS model mice. Knockdown of ANKRD22 
significantly attenuated acute lung injury in mice with sepsis-induced ARDS and reduced the M1 polarization of 
lung macrophages. Furthermore, deletion of ANKRD22 in macrophages inhibited M1 macrophage polarization 
and reduced levels of phosphorylated IRF3 and intracellular interferon regulatory factor 3 (IRF3) expression, 
while re-expression of ANKRD22 reversed these changes. Further experiments revealed that ANKRD22 promotes 
IRF3 activation by binding to mitochondrial antiviral-signaling protein (MAVS). In conclusion, these findings 
suggest that ANKRD22 promotes the M1 polarization of lung macrophages and exacerbates sepsis-induced ARDS.   

1. Introduction 

Acute respiratory distress syndrome (ARDS) is a common pulmonary 
disease in Intensive Care Unit (ICU) patients, with a mortality rate of up 
to 40 % [1]. Sepsis and infection account for 77.5 % of ARDS etiology 
[2]. ARDS is independently associated with ICU mortality, hospital 
length of stay (LOS), ICU LOS, and ventilator-free days in patients with 
sepsis [3]. Activation of immune cells and the resulting uncontrolled 
inflammation are central to sepsis-induced lung injury [4]. Despite ad-
vances in understanding the mechanisms that lead to ARDS, 
disease-modifying strategies have not improved patient outcomes, 
resulting in clinical challenges of high mortality and lack of specific 
drugs [5]. Therefore, it is urgent to explore new therapeutic methods 
that improve the poor prognosis of septic ARDS patients. 

Macrophages are believed to have considerable phenotypic plasticity 
and functional heterogeneity. Therefore, they are increasingly 

recognized as key mediators in determining inflammation, injury, and 
repair programs at each pathological stage of ARDS [6]. Morrell et al. 
found that the enrichment of “M1-like” (classically activated) and 
proinflammatory gene expression levels in postmortem ARDS patients 
progressively increased from Day 1 to Day 28 [7]. Our previous studies 
also investigated the key genes that simultaneously affect the prognosis 
of ARDS and the polarization of M1 macrophages8 9. Therefore, the aim 
of this study was to identify key target genes affecting sepsis-induced 
ARDS using a bioinformatics approach and to explore their mecha-
nisms in acute lung injury as well as macrophage polarization. 

In this study, after high-throughput data analysis and validation 
experiments on two clinical cohorts including 479 patients with sepsis 
and 34 patients with septic ARDS, interleukin-8 (IL-8) and ankyrin 
repeat domain-containing protein 22 (ANKRD22) were screened as 
prognostic molecules that might be simultaneously involved in acute 
lung injury and M1 polarization. Furthermore, BMDMs (bone marrow- 
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derived macrophages) that were transfected with shANKRD22 or shIL-8 
were used to confirm ANKRD22 as a novel molecular regulator of M1 
macrophage polarization. ANKRD22 knockout mice were used to 
confirm that its role in promoting sepsis-induced lung injury in mice. 
Subsequent RNA sequencing and molecular experimentation investi-
gating biological pathways revealed that ANKRD22 regulates M1 
macrophage polarization by binding to mitochondrial antiviral- 
signaling protein (MAVS) to activate interferon regulatory factor 3 
(IRF3). 

2. Materials and methods 

This study included four parts: screening key molecules, cell 
phenotype verification experiments, mouse ARDS model verification 
experiments, and molecular mechanism experiments (Supplementary 
materials: Fig. S1 for the study’s flow chart). 

2.1. Screening candidates 

Sepsis-induced ARDS was defined in accordance with the 2012 Berlin 
definition. This study included two clinical cohorts to screen prognostic 
molecules in septic ARDS (training and validation cohorts). We used 
biometric specimens from the intensive care unit of the Academic 
Medical Centre in Amsterdam, which contained sepsis prognostic data, 
as a training cohort. This cohort included 479 patients with sepsis and 
mRNA expression microarrays (GSE65682). We identified genes signif-
icantly associated with 28-day mortality using univariate Cox regression 
analysis (P < 0.05). To further explore and screen key genes involved in 
sepsis and M1-polarized macrophages, the macrophage mRNA expres-
sion data were downloaded from the GEO repositories of GSE46903, and 
the genes with significant differences were identified by differential 
analysis. Cross-genes that were significantly associated with 28-day 
mortality as well as with M1 macrophage polarization differential 
expression were identified, and we further verified the expression of the 
selected genes in the clinical cohort. 

2.2. Inclusion and exclusion criteria for the validation cohort 

The validation cohort included 6 healthy volunteers and 34 septic 
ARDS patients (mild, moderate and severe). Our inclusion criteria were 
as follows: sepsis as the cause of ARDS, age at least 18 years, and ARDS 
diagnosis meeting the Berlin standard at the time of the Respiratory and 
Intensive Care Unit of The Affiliated Central Hospital of Shandong First 
Medical University from March 2021 to April 2022. The exclusion 
criteria of the study were as follows: pregnancy, severe chronic 
obstructive pulmonary disease, refractory shock and age of <18 years or 
>85 years. The present study was carried out in accordance with the 
Declaration of Helsinki. The collection of human samples was scruti-
nized and approved by the Institution Ethics Committee of the Affiliated 
Central Hospital of Shandong First Medical University (Ethics Commit-
tee Approval Number: JNCH2021-194-01). 

2.3. BALF specimens and peripheral blood for candidate validation 

To verify whether the candidate genes were involved in the clinical 
response of septic ARDS, we examined the protein expression of target 
genes in the bronchoalveolar lavage fluid (BALF) and peripheral blood 
leukocytes of 34 ARDS patients by enzyme-linked immunosorbent assay 
(ELISA), while only peripheral blood samples of the control group were 
tested. Patients underwent fiberoptic bronchoscopy under sedation and 
analgesia. The bronchoscope was inserted into the selected lung seg-
ments with obvious inflammation, and 100 ml of normal saline was 
dripped and aspirated 3 times to collect BALF. Leukocytes were isolated 
from peripheral blood and BALF by Ficoll gradient centrifugation. The 
cells were lysed and the concentrations of ANKRD22 and IL-8 in the 
diluted lysates were determined by ELISA. 

2.4. Validation of ANKRD22− /− mice 

C57BL/6 (male, aged 8 weeks) specific pathogen-free (SPF) mice 
(Weitong Lihua Co., Ltd., Beijing, China) were maintained under SPF 
conditions. During the whole experiment, the SPF animal room and the 
ultraclean experimental stage were used for animal rearing and exper-
imental procedures, which were performed throughout the experi-
mental process. The Committee on Animal Care and Use of Jinan Central 
Hospital granted approval for our animal experiments. (Ethics Com-
mittee Approval Number: JNCH2021-114). 

ANKRD22 knockout (KO) mice (ANKRD22− /− ) were obtained from 
Cyagen Biosciences (China). PCR was used to test the knockout of 
ANKRD22. The primer pair used was 5′-GCTGCCCTAAAG TCTTTCCTTCC- 
3’ (Forward), 5′-GGGAGTATCGCC ATTGAAGCTATCT-3’ (Reverse). The 
fragment size was 383 bp and the annealing temperature was 57 ◦C. The 
amplified products were purified and analyzed by DNA sequencing. Ho-
mozygous ANKRD22− /− mice were used for breeding and subsequent 
experiments, and wild-type (WT) mice were used as the control group. 
Genomic DNA was extracted from mouse tail tissue, and specific bands 
were identified by PCR. BMDMs were obtained from the parental control 
and ANKRD22− /− mice, and some of the BMDMs from the ANKRD22− /−

mice were transfected using ANKRD22 overexpression plasmids for the 
rescue experiments. The expression of ANKRD22 in each group of mac-
rophages was subsequently verified by PCR and Western blotting (Sup-
plementary materials: Fig. S2 for verification results). 

2.5. The construction of septic ARDS models 

The main cause of ARDS is sepsis [10], which may be caused by 
pulmonary or extrapulmonary infection [11]. Therefore, we used two 
septic ARDS animal models in the current study: pulmonary ARDS 
caused by intratracheal injection of lipopolysaccharide (LPS) and 
extrapulmonary ARDS caused by cecal ligation and puncture (CLP). The 
LPS-induced septic ARDS mouse model was established as described in 
our previous study [12]. Briefly, mice were anesthetized by intraperi-
toneal injection of pentobarbital and were subjected to transtracheal 
injection of LPS (5 mg/kg) (Sigma‒Aldrich). To construct the 
CLP-induced septic ARDS model, mice were anesthetized with intra-
peritoneal injection of pentobarbital, shaved, disinfected, and incised, 
and the cecum was exposed, ligated, and punctured with a 22-gauge 
needle. The needle was pushed to remove the fecal material from the 
hole, and the abdominal incision was sutured. ARDS-Sham mice were 
treated with the same amount of normal saline (0.9 %) without 
anesthetics. 

2.6. Experimental groups and sample acquisition 

To investigate the change in lung ANKRD22 expression during septic 
ARDS, mice were randomly divided into the LPS group, CLP group and 
sham group (6 mice in each group). The specific methods of ARDS 
modeling are described above, and the mice in each group were sacri-
ficed 24 h after modeling. Lung tissue was gathered for single cell 
isolation and histological examination as previously described with 
slight modifications [13]. 

Following the observation that pulmonary ANKRD22 expression was 
upregulation in sepsis ARDS, we investigated the effect of ANKRD22 
knockout on sepsis-induced ARDS. Mice were assigned randomly to 
either of the following groups (n = 6 mice per group): ①② LPS-WT and 
CLP-WT groups. The procedure was performed according to the mouse 
model of “LPS-induced septic ARDS” and “CLP-induced septic ARDS”, 
respectively. ③④In the LPS-Sham and CLP-Sham groups, the procedure 
was performed according to the ARDS-Sham mouse model. ⑤⑥In the 
LPS-KO and CLP-KO groups, the procedure was performed according to 
the mouse model of “LPS-induced septic ARDS” and “CLP-induced septic 
ARDS”, but ANKRD22− /− mice were used. The mice in each group were 
sacrificed 24 h after modeling. 
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2.7. Cytokine analysis by ELISA 

The culture supernatant of mouse BALF and macrophages, as well as 
diluted leukocyte lysates from human BALF and peripheral blood sam-
ples, were collected, and enzyme-linked immunosorbent assay was used 
to measure the concentration of some or all of the following proteins: 
ANKRD22 (ELISA, Aoxing, AX100086H), interleukin-8 (IL-8) (ELISA, 
Abcam, ab214030), chemokine ligand 2 (CCL2) (ELISA, R&D Systems, 
MJE00B), interleukin-1 β (IL-1β) (ELISA, Abcam, ab197742), 
interleukin-6 (IL-6) (ELISA, Abcam, ab222503) and interferon-beta 
(IFN-β) (ELISA, Abcam, ab252363). 

2.8. Evaluation of lung histopathology and pulmonary edema 

The right upper lobe was encapsulated in paraffin and sagittally 
sectioned into 5-μm-thick sections. Sections were treated with hema-
toxylin and eosin staining. Alveolar and interstitial inflammatory cell 
infiltrates, hemorrhage, edema, atelectasis and hyaline membrane for-
mation were individually rated on a scale of 0–4. The degree of severity 
of lung injury was measured as the sum of the scores [14]. The pro-
portion of lung wet weight to body weight (LWW/BW) was calculated 
for each group of mice to indicate the degree of pulmonary vascular 
permeability and the severity of pulmonary edema. 

2.9. Isolation and culture of bone marrow-derived macrophages 

Wild-type or ANKRD22− /− mouse BMDMs were generated as pre-
viously described with minor modifications. BMDMs were extracted 
from the medullary cavity of the femur and tibia on a superclean bench. 
The erythrocytes were lysed using lysing buffer (BD Pharm Lyse™, 
USA), and the remaining cells were washed three times in phosphate- 
buffered saline (PBS) and then cultured in fresh DMEM containing 10 
% FBS and 20 ng/ml M-CSF for 7 days in a humidified 5 % CO2 sterile 
incubator at 37 ◦C. Flow cytometry was used to detect F4/80 for the 
identification of BMDMs. 

2.10. Construction and transduction of lentiviral vectors of ANKRD22- 
RNA/shRNA, IL-8-shRNA and MAVS-shRNA 

Lentiviral vectors were used to achieve low and high expression of 
ANKRD22 and low expression of IL-8 and MAVS genes, while over-
expression and low expression of empty lentivirus were used as negative 
controls. The lentiviruses were packaged in 293 T cells (Cyagen Bio-
sciences, Inc.) with the aid of three packaging plasmids, and then the 
lentivirus titer was measured. Finally, the most efficient sequence of 
shRNA-ANKRD22 was identified as GGAGAAATGCTGATGTCAACC, the 
most efficient sequence of shRNA-IL-8 was GCAATGAAGCTTCTGTA-
TAGT, and the most efficient sequence of shRNA-MAVS was GCTGAG-
GACAAGACCTATAAG. Similarly, we constructed ANKRD22- 
overexpressing lentiviral plasmids and control empty vector lentiviral 
plasmids (Xhol-ANKRD22-F: ATACTCGAGCGATGGGAATCCTATATTCT 
GAGCCCA, Notl-ANKRD22-R: ATAGCGGCCGCTGATTACGATTTCTCT 
CGGAGGATC; Xhol-IL-8 –F: ATACTCGAGCGATGGCTGCTCAAGGCTG 
GTCCATGC, Notl-IL-8-R: ATAGCGGCCGCCTTCAGTCGAACTGTCCGT-
CACTACGGATT). (Supplementary materials: Fig. S3 for details). 

BMDMs from passages 1–4 were used for transduction and the 
ANKRD22, IL-8, and MAVS overexpression and knockdown experi-
ments. ANKRD22 gene overexpression and downregulated expression 
were achieved using lentiviral vectors, and lentiviruses for over-
expression and downregulated expression were used as negative con-
trols. Constructs expressing the shRNAs targeting endogenous 
ANKRD22, IL-8 and MAVS were encoded into the lentiviral vector and 
transfected into BMDMs with lentivirus supernatant (infection multiple 
= 50). Three days after transfection, the expression of ANKRD22, IL-8 
and MAVS protein was detected by Western blot to evaluate the effect 
of shRNA after infection. The AKNDR22 overexpression vector and an 

empty vector were transfected into BMDMs, and western blotting was 
used to detect the expression of ANKRD22 protein in the BMDMs of each 
group to evaluate the overexpression effects after transfection. (Sup-
plementary materials: Fig. S4 for details). 

2.11. Construction of the polarization model of M1-type macrophages 

The polarization model of M1-type macrophages was constructed by 
using LPS and poly (I:C) inducers. Lipopolysaccharide, a cell wall 
product of gram-negative bacteria, is a common inducer of septic ARDS 
and has been widely used to construct M1 polarization models [15, 16]. 
In this study, it was found that the Rig-I pathway is the molecular 
mechanism by which ANKRD22 regulates M1 polarization, and poly (I: 
C) is an activator of the Retinoic acid-inducible gene I (RIG-I) pathway 
[17]. Therefore, poly (I:C) was used to induce the polarization model of 
M1 macrophages [9, 18]. 

2.12. Immunohistochemical staining 

Lung sections were deparaffinized and hydrated. The sections un-
derwent antigen retrieval at a high temperature and were blocked for 1 h 
using 5 % goat serum. After blocking, the sections were incubated 
overnight at 4 ◦C with primary antibodies (diluted 1:100). The primary 
antibodies used were against F4/80 (F4/80: BD Pharmingen™, RatmAb 
#746070). After incubation, the sections were washed 3 times with PBS 
and incubated with a 1:50 dilution of biotinylated secondary antibody. 
The reaction products were incubated with diaminobenzidine (DAB, 
China) and then counterstained with hematoxylin. Positive areas were 
quantified with ImageJ. All images were captured under high-power 
magnification ( × 200) using a light microscope (Olympus). 

2.13. Flow cytometry 

For phenotypic analysis of cell surface marker expression, cultured 
BMDMs and lung single-cell suspensions were resuspended in PBS, 
incubated for 15 min with FcR blocking reagent, and then incubated for 
15 min with a PE-conjugated anti-mouse CD86 (BD Pharmingen™, 
Mouse Anti-Rat Ab #555016) or FITC-conjugated anti-mouse F4/80 
(F4/80: BD Pharmingen™, RatmAb #746070) antibody following the 
manufacturers’ instructions. F4/80 was utilized to identify macro-
phages, and CD86 was utilized as the marker of M1 macrophages. The 
expression of CD86 was calculated from the fluorescence intensity. The 
stained cells were washed twice, resuspended in cold buffer and then 
analyzed by flow cytometry (ACEA NovoCyte, China), and the results 
were processed using FlowJo software version X (Tree Star, USA). 

2.14. Polymerase chain reaction (PCR) 

Total cellular RNA was extracted from cells using TRIzol reagent. 
cDNA was synthesized from 2 μg of total ANKRD22 using M-MLV reverse 
transcriptase (Gibco-BRL, Gaithersburg, MD). cDNA for ANKRD22 and 
GAPDH was amplified by PCR with specific primers. PCR products were 
analyzed using agarose gel electrophoresis. 

Agarose gel electrophoresis was used to identify the genomic DNA 
fragments of the tail samples from transgenic mice. DNA extracted from 
the transgenic and parental lines was digested with EcoRV restriction 
enzyme, and 1.0 % agarose gel was used. Then, 0.20 g agarose and 20 ml 
1X Tris-acetate-EDTA buffer in a flask were heated in a microwave for 5 
min at 100 ◦C. Then, 2 μl of ethidium bromide was added (Thermo 
Fisher Scientific, Inc. And poured onto a taped plate with casting combs. 
Then, 2 μl of mouse tail DNA samples or macrophage DNA samples were 
added to a 5X agarose gel and subjected to electrophoresis at 120 mA for 
40 min at 25 ◦C until separation was achieved. The DNA fragments were 
observed by a Bio-Rad gel imager. 
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2.15. Western blot (WB) analysis 

For ANKRD22 downstream molecular analysis, the expression levels 
of ANKRD22, inducible nitric oxide synthase (iNOS), total IRF3, IRF3, p- 
IRF3, nuclear IRF3, histone-3, IL-8, MAVS, GAPDH, and b-tubulin were 
evaluated by Western blot analysis. Proteins were separated by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to 
polyvinylidene difluoride (PVDF) membranes. The membranes were 
incubated with primary antibodies against ANKRD22, iNOS, IRF3, p- 
IRF3, histone-3, IL-8, MAVS and RIG-I at 4 ◦C overnight. The membranes 
were incubated with secondary antibody for 1 h at room temperature. 
The immunoblots were visualized using enhanced chemiluminescence 
(ECL; Thermo Scientific). The expression levels from whole cell extracts 
were normalized against that of β-tubulin. The following antibodies 
were used for western blotting in the current study: 

ANKRD22: Invitrogen, rabbit mAb #PA5-71839; 
iNOS: Abcam, rabbit mAb #EPR16635; 
IRF3: Abcam, rabbit mAb #EPR2418Y; 
p-IRF3: Cell Signaling Technology, rabbit mAb #29047; 
Histone-3: Abcam, Mouse mAb #mAbcam6002; 
IL-8: Abcam, rabbit mAb #EPR14470; 
MAVS: Abcam, rabbit mAb #ab31334; 
RIG-I: Cell Signaling Technology, rabbit mAb #4200; Melanoma- 

differentiation-associated gene 5 (MDA5): Cell Signaling Technology, 
rabbit mAb #5321 

β-Tubulin: Abcam, rabbit mAb #EPR1330. 

2.16. Coimmunoprecipitation 

We used a coimmunoprecipitation method to identify proteins that 
might be associated with the proteins of interest. The cells were lysed 
with extraction buffer, sonicated and cleared by centrifugation at 
14,000×g for 10 min at 4 ◦C. The protein level was normalized with a 
protein assay kit (Bio-Rad Laboratories, USA). The supernatant was 
incubated overnight at 4 ◦C with 1:250 dilutions of the primary anti-
body. Protein A/G agarose (Beyotime) was added and incubated for an 
additional 4 h at 4 ◦C. After washing, the proteins were boiled in SDS 
sample buffer. These samples were subjected to immunoblotting with 
antibodies against RIG-I, MDA5, MAVS and ANKRD22 according to the 
manufacturer’s instructions. 

2.17. RNA-seq 

Total RNA was prepared from ANKRD22-BMDMs and control 
ANKRD22-BMDMs by TRIzol. After removing the rRNA, the total RNA 
was prepared according to Illumina’s instructions. The libraries were 
sequenced using Illumina Sequencing Technology on an Illumina 
Genome Analyzer II according to the manufacturer’s instructions [19, 
20]. 

2.18. Gene set enrichment analysis 

To gain insight into the mechanisms underlying the regulatory role 
of ANKRD22, transcriptome II sequencing was utilized to determine all- 
gene expression in ANKRD22-overexpressing BMDMs and Ctrl-BMDMs. 
Gene set enrichment analysis (GSEA) was conducted to explore down-
stream pathways. GSEA has been shown to provide increased sensitivity 
to detect small changes in gene expression within specific sets of func-
tionally related genes, which have been described in detail in our pre-
vious work [9]. To confirm our bioinformatics predictions, 
phosphorylation and nuclear protein western blotting were performed 
to study the key features of the activated enrichment pathways in 
macrophages, transfected macrophages, and control cells. 

2.19. Statistical analysis 

Univariate Cox proportional hazards regression with Bonferroni 
correction was used for multiple comparisons and mRNAs associated 
with sepsis prognosis were identified using the survival R package, with 
a cutoff value of P < 0.05. We screened genes that were significantly 
differentially expressed between M1 macrophages and M0 and M2 
macrophages (2-fold difference, FDR <0.05) to identify genes that might 
be involved in the polarization of M1 macrophages. In the high- 
throughput experiments, FDR < 0.05 was defined as the cutoff value. 
The statistics and algorithms of the high-throughput experiments are 
described in the analysis of the high-throughput sequencing. For west-
ern blotting, ELISA and flow cytometry, P < 0.05 was defined as a sig-
nificant result. The testing results were analyzed by using one-way 
ANOVA in R 4.0.3 software. 

3. Results 

3.1. Screening for genes associated with macrophage M1 polarization and 
sepsis patient prognosis and validating their expression in ARDS patients 

The training cohort included 479 patients with sepsis and all mRNA 
expression microarrays. A total of 1182 transcripts were screened as 
prognostic molecules in sepsis patients and were significantly associated 
with 28-day cumulative mortality (all P < 0.05). To investigate the 
genes potentially involved in M1 macrophage polarization, a secondary 
analysis was performed on the macrophage polarization dataset (tran-
script counts for each subtype of macrophage:M0 47, M1 38, M2 40). We 
identified 100 significantly differentially expressed genes between M1 
macrophages and M0 and M2 macrophages [2-fold difference, false 
discovery rate (FDR) < 0.05)]. Furthermore, to find candidate genes 
simultaneously associated with the prognosis of sepsis patients and M1 
macrophages, a Venn diagram was plotted to capture the overlap be-
tween the 1182 transcripts significantly associated with sepsis patient 
28-day mortality and the 100 genes specifically expressed in M1 mac-
rophages (Fig. 1A). Finally, 8 candidate genes, including potassium 
inwardly rectifying channel subfamily J member 2 (KCNJ2), IL-8, 
transmembrane protein 140 (TMEM140), purinergic receptor P2X 7 
(P2RX7), CD93, interferon regulatory factor 1 (IRF1), syntaxin 11 
(STX11) and ANKRD22, which were both associated with sepsis and 
expressed in M1-polarized macrophages (all P < 0.05), were screened 
out (Fig. 1A). Cox regression analysis of 28-day mortality and sepsis 
gene expression was conducted, and forest plots were used to illustrate 
the HR of these 8 candidate genes (all P < 0.05). 

The expression of the IL-8 and ANKRD22 genes was significantly 
upregulated in sepsis patients with a poor prognosis, suggesting that 
these two genes may be involved in sepsis-induced ARDS. IL-8 and 
ANKRD22 were identified as risk molecules with HRs of 1.33, (95 % CI: 
1.05, 1.68) and 2.70, (95 % CI: 1.75, 4.16), respectively (Fig. 1B). The 
heatmap shows that the expression of IL-8 and ANKRD22 was markedly 
upregulated in M1-polarized macrophages (Fig. 1C). 

To further verify whether there were differences in the expression of 
IL-8 and ANKRD22 in septic ARDS patients with different severities, we 
evaluated these two proteins in the peripheral blood and alveolar lavage 
fluid of ARDS patients with different severities. The validation cohort 
included 6 healthy volunteers and 34 septic ARDS patients, including 8 
mild patients, 12 moderate patients and 14 severe patients. The details 
of the patient information are shown in Table 1 (Supplementary mate-
rials: Table 1 for details). BALF was collected from 21 septic ARDS pa-
tients, and peripheral blood specimens were collected from all 
participants. The ELISA results showed that the levels of IL-8 and 
ANKRD22 in the peripheral blood of ARDS patients were significantly 
increased compared with those in the peripheral blood of volunteers. 
The levels of IL-8 and ANKRD22 in the BALF and peripheral blood of 
severe patients was significantly higher than those in the BALF and 
peripheral blood of mild or moderate patients (Fig. 1D and E). 
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iNOS, which reflects M1 polarization of macrophages, is closely 
related to ALI [21, 22]. To further investigate whether IL-8 and 
ANKRD22 may regulate iNOS expression, and therefore macrophage M1 
polarization, shRNA was used to knockdown the expression of IL-8 and 
ANKRD22 in BMDMs. We found that the expression of iNOS was 
significantly upregulated after LPS-induced M1 polarization of macro-
phages, which was not significantly changed in the LPS + shIL-8 group 
but was obviously downregulated in the LPS + shAKNRD22 group 
(Fig. 1F and G). Further immunohistochemical experiments showed that 
ANKRD22 was markedly upregulated in lung tissue cells of CLP-ARDS 
and LPS-ARDS model mice compared with sham mice (Fig. 1H). These 
results suggest that AKNRD22 may be a key gene affecting ARDS 
occurrence and M1 macrophage polarization. 

3.2. ANKRD22 contributes to LPS-induced M1 macrophage polarization 

Is AKNRD22 a key gene that regulates the polarization of M1 mac-
rophages? To resolve this question, we first evaluated the effect of 
AKNRD22 on the expression of iNOS and the M1 polarization marker 
CD86 in macrophages. Compared with the unstimulated macrophages, 
the AKNRD22-highly expressed macrophages exhibited significantly 
upregulated iNOS protein expression and a significantly increased mean 
fluorescence intensity (MFI) of CD86. In the LPS microenvironment, the 
protein expression (MFI) of CD86 and iNOS in macrophages with high 
AKNRD22 expression was also markedly upregulated (Fig. 2A and B). 
The secretion levels of inflammatory cytokines was measured by ELISA, 
which showed that IL-1β, IL-6 and CCL2 levels were increased in the 

Fig. 1. Screening for genes associated with macrophage M1 polarization and sepsis patient prognosis and validating their expression in ARDS patients A. Eight 
molecules were screened as molecules associated with M1 polarization and sepsis patient prognosis. B. Forest plots of these 8 molecules. Through Cox regression 
analysis of 28-day mortality in sepsis patients and gene expression, high IL-8 and ANKRD22 expression was identified as a risk factor associated with poor septic 
patient prognosis. C. The expression of 8 molecules in M0/M1/M2-polarized macrophages. IL-8 and ANKRD22 were upregulated in M1 macrophages compared with 
M0 and M2 macrophages, FDR <0.05. D. Expression of IL-8 in the peripheral blood and alveolar lavage fluid of ARDS patients. E. Expression of ANKRD22 in the 
peripheral blood and alveolar lavage fluid of ARDS patients. F. WB was used to detect the effect of low IL-8 expression on iNOS protein expression in macrophages 
under different conditions. G. WB was used to detect the effect of low ANKRD22 expression on iNOS protein expression in macrophages under different conditions. H. 
Detection of ANKRD22 expression in the lung tissue of pulmonary and extrapulmonary septic ARDS model mice by immunohistochemical staining. (In Figure F, G 
and H, n = 3, each experiment was repeated times. All data are expressed as mean ± SD). 

S. Zhang et al.                                                                                                                                                                                                                                   



Journal of Translational Autoimmunity 8 (2024) 100228

6

AKNRD22-overexpressing group after lipopolysaccharide stimulation 
(Fig. 2C–E). However, validation using ANKRD22− /− mouse-derived 
macrophages revealed a significant downregulation in iNOS and CD86 

expression as well as IL-1β, IL-6 and CCL2 secretion levels by LPS- 
stimulated macrophages after ANKRD22 deletion (Fig. 2F–J). Rescue 
experiments using ANKRD22 knockdown macrophages transfected with 

Table 1 
Baseline Characteristics of enrolled patients.  

Characteristics Mild (n = 8) Moderate (n = 12) Severe (n = 14) P 

Age — yr (mean ± SD) 55.50 ± 14.08 59.92 ± 15.65 47.14 ± 14.71 0.103 
Gender — Male no./total no. 5/8 6/12 9/14 0.750 
Primary cause of lung injury 

— no./total no. 
6/8 11/12 12/14 0.702 

APACHE III score (mean ± SD) 79.75 ± 22.76 93.08 ± 27.19 101.90 ± 24.56 0.156 
Shock at baseline —no./total no. 6/8 7/12 11/14 0.629 
Systolic BP (mmHg) (mean ± SD) 115.00 ± 16.48 107.60 ± 18.37 113.57 ± 15.32 0.551 
Diastolic BP (mmHg) (mean ± SD) 55.00 ± 16.32 53.91 ± 9.25 68.21 ± 14.25 0.019 
Tidal volume — ml/kg of predicted body weight [Median (IQR)] 6.08 (5.88, 6.92) 6.04 (5.98, 7.02) 6.08 (5.88, 6.92) 0.867 
Minute ventilation — liters/min (mean ± SD) 9.12 ± 2.42 10.17 ± 3.59 10.17 ± 2.11 0.695 
Mean airway pressure (cm H2O) (mean ± SD) 14.75 ± 6.14 12.42 ± 4.38 16.64 ± 3.57 0.075 
PEEP — cm of water [Median (IQR)] 6.00 (5.00, 10.00) 5.00 (5.00, 8.00) 12.00 (8.00,14.00) 0.044 
PaCO2 — mmHg [Median (IQR)] 43.00 (34.50, 52.00) 36.50 (30.00, 49.00) 36.00 (31.50,41.50) 0.292 
PaO2:FiO2 — mmHg [Median (IQR)] 237.50 (221.80, 257.50) 156.50 (134.00, 173.50) 75.00 (68.575,81.75) <0.001 
Creatinine — mg/dl [Median (IQR)] 1.00 (0.25, 1.75) 1.00 (1.00,2.00) 1.00 (0.75,2.00) 0.402 
Creatine kinase — U/liter [Median (IQR)] 54.00 (19.00, 333.00) 42.50 (28.00,210.00) 130.50 (50.75,297.00) 0.339 
Alanine aminotransferase 

— U/liter (mean ± SD) 
31.50 ± 23.77 28.00 ± 22.26 38.29 ± 23.20 0.519 

Aspartate aminotransferase 
— U/liter (mean ± SD) 

50.63 ± 42.12 42.58 ± 27.03 54.71 ± 32.50 0.650 

Results are given as mean ± SD or median [IQR]. IQR: interquartile range. 

Fig. 2. ANKRD22 contributes to macrophage M1 polarization A. WB was used to detect the effects of ANKRD22 overexpression on iNOS protein expression in 
macrophages under different conditions. B. Flow cytometry was used to evaluate the effect of ANKRD22 overexpression on the MFI of CD86 in macrophages. C-E. 
ELISA was used to evaluate the effect of ANKRD22 overexpression on the macrophage secretion levels of proinflammatory the cytokines IL-1β, IL-6 and CCL2 F. Flow 
cytometry was used to evaluate the effect of ANKRD22 knockdown on the MFI of CD86 in macrophages G-I. ELISA was used to evaluate the effect of ANKRD22 
knockdown on the macrophage secretion levels of the proinflammatory cytokines IL-1β, IL-6 and CCL2. (n = 3, data are expressed as mean ± SD, each experiment 
was repeated three times). 
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the ANKRD22 high expression plasmid showed that the expression levels 
of INOS and CD86 increased again after LPS stimulation (Fig. 2F and G). 
In the above rescue experiment, the levels of the proinflammatory fac-
tors IL-1β, IL-6 and CCL2 also showed similar changes (Fig. 2I and J). 
These results indicate that AKNRD22 is an important gene that de-
termines the progression of macrophage polarization toward the M1 
phenotype. 

3.3. ANKRD22 plays an important role in sepsis-induced ARDS 

To further verify the role of ANKRD22 in sepsis-induced ARDS, we 
knocked out the ANKRD22 gene in mice and established a septic ARDS 
model and then separately evaluated the effect of ANKRD22 on lung 
injury in septic ARDS caused by pulmonary and extrapulmonary infec-
tion. We used a histological evaluation of the lungs to confirm the effect 
of ANKRD22 on LPS/CLP-induced lung injury in mice. Compared with 
the control mice, the LPS and CLP model mice showed acute lung injury; 
that is, the pathological specimens showed extensive thickening of the 
alveolar wall and obvious infiltration of inflammatory cells in the LPS- 
WT/CLP-WT group, whereas knockdown of ANKRD22 attenuated 
these changes in the LPS-KO/CLP-KO group (Fig. 3A). The lung injury 
scores in the LPS- KO and CLP-KO groups were significantly lower than 
those in the LPS-WT and CLP-WT groups, respectively (Fig. 3A–B). 

The LWW/BW response to pulmonary edema is related to the severity 
of lung injury. In the endogenous or exogenous LPS- or CLP-induced ARDS 
model mice, the LWW/BW ratio was significantly higher than that in the 
control group. After ANKRD22 was knocked out, the LWW/BW ratio was 
significantly reduced in mice with LPS-induced pulmonary ARDS or CLP- 
induced extrapulmonary ARDSFig. 3C), suggesting that ANKRD22 
knockout can effectively inhibit lung injury and alleviate ARDS. 

Cytokine storm-mediated lung injury is an important mechanism of 
ARDS [23]. In this study, the levels of IL-1β, IL-6 and CCL2 in the 
alveolar lavage fluid of the LPS- or CLP-induced pulmonary and 
extrapulmonary ARDS model mice were significantly higher than those 
in the alveolar lavage fluid of the control mice. Knockout of ANKRD22 
inhibited the production of the pulmonary or extrapulmonary ARDS 
proinflammatory cytokines IL-1β, IL-6 and CCL2 (Fig. 3d and e). These 
results indicate that high expression of ANKRD22 is critically linked to 
the ARDS inflammatory storm and exacerbation of lung injury. 

3.4. ANKRD22 promotes the M1 polarization of macrophages in ARDS 
model mice 

Previous studies have shown that macrophage M1 polarization 
contributes to particulate matter (PM)-induced lung injury [24], while 
inhibition of M1 polarization can alleviate acute lung injury [25]. 
Therefore, we evaluated the effect of ANKRD22 knockout on the ratio of 
M1-type macrophages in the lungs of ARDS model mice using immu-
nohistochemistry and flow cytometry. Compared with the that in the 
lungs of the LPS-Sham group, the proportion of F4/80+ macrophages in 
the lungs of LPS-induced ARDS model mice was significantly increased. 
After ANKRD22 knockout, the proportion of F4/80+ macrophages in the 
lungs of mice was significantly reduced again (Fig. 4A and B). ANKRD22 
knockdown had a similar effect on CLP-induced ARDS model mice 
(Fig. 4A and B), further suggesting that ANKRD22 promotes M1-type 
macrophage aggregation in the lungs during sepsis-induced ARDS. 

We have demonstrated that ANKRD22 regulates the M1 polarization 
of macrophages in vitro and that ANKRD22 expression is upregulated in 
ARDS model mice in vivo. Here, we further prove that ANKRD22 has an 
effect on the M1 polarization of macrophages in ARDS model mice. Flow 

Fig. 3. AKNRD22 plays critical roles in sepsis-induced ARDS A. Representative histological sections of lung tissue from ARDS model mice 24 h after modeling 
(hematoxylin and eosin staining; magnification, × 200). B. The pathological lung injury score based on histological sections. C. Comparison of the lung wet weight to 
body weight ratio (LWW/BW) in different groups at 24 h. D. Comparison of the proinflammatory cytokine IL-1β levels in alveolar lavage fluid by ELISA. E. Com-
parison of the proinflammatory cytokine IL-6 levels in alveolar lavage fluid by ELISA. F. Comparison of the proinflammatory cytokine CCL2 levels in alveolar lavage 
fluid by ELISA. Data are expressed as the mean ± SD. (n = 6, data are expressed as mean ± SD, each experiment was repeated three times). 
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cytometry results showed that the CD86 expression of macrophages was 
significantly upregulated in the lung tissue of LPS-ARDS or CLP-ARDS 
model mice, while the M1 polarization of macrophages in the lungs of 
both groups was significantly decreased after ANKRD22 knockdown 
(Fig. 4C and D). These findings indicate that ANKRD22 promotes the 
development of ARDS and regulates macrophage M1 polarization, but 
the mechanism is not clear. 

3.5. ANKRD22 promotes macrophage M1 polarization by activating IRF3 

To explore the underlying mechanism by which ANKRD22 regulates 
macrophage M1 polarization, transcriptome II sequencing was utilized 
to detect all-gene expression in ANKRD22-BMDMs and Ctrl-BMDMs. 
GSEA showed that RIG-I might be the underlying signaling pathway 
(FDR < 0.05) (Supplementary materials: Fig. S5 for details). Rig-I re-
ceptors are cell sensor proteins that activate signaling cascades that lead 
to the production of the proinflammatory cytokine IFN-β [26]. 

RIG-I pathway activation is characterized by IRF3 phosphorylation 
and IRF3 translocation into the nucleus, and these events have been 
shown to promote macrophage M1 polarization in our previous studies 
[8]. Western blotting of subcellular fractions was performed to validate 
whether ANKRD22 could affect poly (I:C)-induced IRF3 activation. 
Compared with the macrophage cells in the control group, the macro-
phage cells in the high expression ANKRD22 group showed significantly 
increased phosphorylated IRF3 and IRF3 levels in the nucleus, with or 
without the poly (I:C) stimulation (Fig. 5A and B). After receiving poly 
(I:C) stimulation, IRF3 activation was increased in macrophages 
extracted from wild-type mice but significantly decreased in the 
ANKRD22-KO group, which was again increased in the overexpression 
ANKRD22 rescue experiment (Fig. 5D–F). 

Rig-I receptors activate and upregulate the expression of the sepsis 
proinflammatory factor IFN-β [27–29], so inhibition of the IRF3 
signaling pathway may reduce the inflammatory response in sepsis [30]. 
In this study, compared with the control group, the ANKRD22 

Fig. 4. ANKRD22 promotes M1 polarization of macrophages in ARDS model mice A. Immunohistochemical staining for F4/80 in the lung tissues of different groups. 
B. Comparison of the proportion of F4/80+ cells in the lung tissues of each group. C. Representative flow scatter plots of CD86 + F4/80+ single lung cells in each 
group. D. The histogram shows the percentage of CD86 + F4/80+ cells in single lung cells in each group. (n = 6, data are expressed as mean ± SD, each experiment 
was repeated three times). 
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overexpression group exhibited increased IFN-β secretion in macro-
phages, with or without the induction of poly (I:C). 

Secretion of IFN-β was more pronounced in macrophages derived 
from wild-type mice after receiving poly (I:C) stimulation but was 
significantly reduced in the ANKRD22-KO group, which increased again 
after ANKRD22 expression was rescued (Fig. 5G–H). These results sug-
gest that ANKRD22 regulates macrophage IRF3 activation as well as 
IFN-β secretion. 

3.6. ANKRD22 activates IRF3 by binding MAVS 

Fig. 5 demonstrates that the macrophage Rig-I receptor pathway is 
the downstream activation pathway of ANKRD22, and studies have 
proven that activation of IRF3 requires upstream MDA5 or RIG-I pro-
teins to bind to MAVS proteins [31]. Our experimental results show 

coimmunoprecipitation between ANKRD22 and MAVS rather than with 
MDA5 (Fig. 6A). To determine whether ANKRD22 activates RIG-I by 
utilizing the classic MAVS pathway, we examined the effect of MAVS 
knockdown on RIG-I pathway protein expression. Compared with the 
sh-MAVS control group, the expression of iNOS, phosphorylation of 
IRF3 and nuclear expression of IRF3 in macrophages with high expres-
sion of ANKRD22 were significantly decreased (Fig. 6B–E). However, 
the expression of iNOS, phosphorylation of IRF3 and the level of nuclear 
IRF3 in macrophages with low expression of MAVS and high expression 
of ANKRD22 showed no significant changes compared with the 
ANKRD22 control group (Fig. 6B–E). These findings suggest that 
ANKRD22 requires MAVS to activate IRF3 to promote macrophage po-
larization (Fig. 7). 

Fig. 5. ANKRD22 promotes macrophage M1 polarization by activating IRF3A-C. Effects of ANKRD22 overexpression on total IRF3, p-IRF3 and nuclear IRF3 protein 
expression in macrophages detected under different conditions by WB. D-F. Effects of ANKRD22 knockout on total IRF3, p-IRF3 and nuclear IRF3 protein expression 
in macrophages detected under different conditions by WB.G. The effect of ANKRD22 overexpression on the macrophage secretion levels of the proinflammatory 
cytokine IFN-β was evaluated by ELISA.H. The effect of ANKRD22 knockout on the macrophage secretion levels of the proinflammatory cytokine IFN-β was evaluated 
by ELISA. (n = 3, data are expressed as mean ± SD, each experiment was repeated three times). 
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4. Discussion 

Here, we found that ANKRD22 exacerbated sepsis-induced ARDS and 
promoted pulmonary macrophage M1 polarization. ANKRD22, a mem-
ber of the ankyrin repeat motif (ANK) family, is an N-myristoylated 
protein mainly expressed in tumor cells, activated monocytes/macro-
phages, and epithelial cells [32, 33]. ANKRD22 could help repair 
damaged gastric mucosa by promoting the mobilization of LGR5+

gastric epithelial cells via the upregulation of Wnt/β-catenin pathway 
activity in a mouse model [34]. Chen et al. found that low ANKRD22 
levels in CD11b+HLA− DR-CD14− CD15+ cells derived from primary 
ovarian tissues were associated with a more advanced stage and a higher 
recurrence rate. They identified ANKRD22 as a potential novel target for 
immunotherapy in ovarian cancer [35]. ANKRD22 up-regulated the 
transcription of E2F1, and promoted the progression of non-small cell 
lung cancer by enhancing cell proliferation. Therefore, regulating 
ANKRD2 expression can repair epithelial cell damage, maintain immune 
homeostasis and achieve disease treatment. In this study, we found that 
ANKRD22 expression was significantly elevated in the alveolar lavage 
fluid and blood of ARDS patients, as well as in the lung tissues of ARDS 
mice. Knockdown of ANKRD22 resulted in a significant reduction in 
lung injury scores and decreased in the secretion of pro-inflammatory 

factors in ARDS mice, suggesting that ANKRD22 is a critical molecule 
in exacerbating acute lung injury. 

ANKRD22 is a critial molecule that regulates M1 polarization of 
pulmonary macrophage during ARDS. In recent years, ANKRD22 has 
been reported to be a novel metabolic reprogramming molecule 
involved in the occurrence of various tumors at different sites via 
various mechanisms [33, 34, 36–42]. However, few studies have 
investigated its role in the regulation of macrophage polarization. 
ANKRD22 expression was upregulated in activated macrophages in 
human kidney transplant biopsies [43] Liu Jet et al. found that 
ANKRD22 could promote the infiltration of inflammatory cells into 
damaged gastric tissue and increase mitochondrial Ca2+ influx and 
cytoplasmic nuclear factor production in macrophages [44]. This study 
found that elevated levels of ANKRD22 were associated with poor 
prognosis and M1 macrophage polarization in sepsis patients. In the 
septic ARDS model, ANKRD22 knockout mice also significantly reduced 
M1 polarization of lung macrophages. Up-regulation of ANKRD22 gene 
expression enhances M1 polarization in macrophages, whereas 
down-regulation attenuates M1 polarization in vitro. Therefore, 
ANKRD22 promotes the polarization of macrophage M1 during ARDS. 

Activation of MAVS-IRF3 is critical for ANKRD22 to promote the 
polarization of macrophage M1. In the ANKRD22 downstream pathway, 

Fig. 6. ANKRD22 activates IRF3 by binding MAVS A. Immunoprecipitation to determine whether the binding of ANKRD22 to MAVS depends on the classical 
pathway (MDA5 or RIG-I). B. The effect of low MAVS expression on the expression of ANKRD22-activated IRF3 protein and iNOS was detected by WB. C. WB 
quantitative analysis of low MAVS expression inhibiting ANKRD22-enhanced iNOS protein expression levels. D. Low MAVS expression inhibited ANKRD22-enhanced 
p-IRF3 protein expression levels, as shown by WB quantitative analysis. E. Low MAVS expression inhibited ANKRD22-enhanced nuclear IRF3 protein expression 
levels, as shown by WB quantitative analysis (n = 3, data are expressed as mean ± SD, each experiment was repeated three times). 
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RIG-I-like receptor pathway-related genes were significantly enriched 
when ANKRD22 expression was upregulated. Previous studies have re-
ported that in response to viral infection, RIG-I-like RNA helicases bind 
to viral RNA and activate the mitochondrial protein MAVS, which in 
turn activating the transcription factors IRF3 and NF-κB to induce type I 
interferons [45] Poly I:C is recognized by the macrophage membrane 
helicase receptor RIG-I and the MDA5 molecule, leading to activation of 
the RLR pathway and subsequent activation of the MAVS-IRF3/7 
cascade to produce effector molecules such as IFNβ and ISGs [46]. 
RIG-I and MDA-5 act together in the polarization of M1 macrophages in 
vivo, and they control infection by regulating the cellular polarization of 
target gene expression [47]. The mechanism may be that RIG-I and 
MDA-5 bind to the mitochondrial adaptor protein MAVS, which further 
forms a MAVS-IRF3 complex with IRF3 to initiate downstream signaling 
[48]. 

In this study, coimmunoprecipitation showed that LPS stimulation 
only enhanced the interaction of ANKRD22 with MAVS, but not with 
RIG-I or MDA5, and after MAVS knockdown in macrophages with high 
ANKRD22 expression, the expression levels of iNOS, phosphorylated 
IRF3 and nuclear IRF3 were significantly reduced. Previous studies have 
shown that the signaling domains (tetramer formation of RIG-I 2CARD) 
of RIG-I and MDA5 must form homo-oligomers to interact with MAVS to 
activate downstream signals [49], and this study shows that ANKRD22 
acts directly on MAVS to activate IRF3 and promote the polarization of 
macrophage M1. 

5. Conclusion 

In summary, the present study suggests that ANKRD22 upregulation 
exacerbated sepsis-related ARDS. In this process, ANKRD22 may 
mediate IRF3 activation by binding to MAVS to promote macrophage 
M1 polarization. These findings indicate that targeted regulation of 
ANKRD22 may be an effective treatment for septic ARDS patients. 
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