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Editorial on the Research Topic 


Neutrophil death regulation in critical illness


Neutrophils are the most abundant white blood cells in peripheral blood, and the first line of defense against bacterial infection. They also contribute to organ injury in critical illness, in disorders such as sepsis, trauma, shock and acute pancreatitis (1). In response to pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs), spontaneous neutrophil apoptosis is inhibited and cell survival prolonged. Dysregulation of neutrophil death is associated with impaired bactericidal capacity and an amplified inflammatory response, both of which lead to organ injury (2). In this series, we summarize recent experimental findings on:

	Dysregulation of neutrophil death in organ injury

	Neutrophil heterogeneity in a variety of diseases

	Neutrophil dysregulation in COVID-19






Dysregulation of neutrophil death in organ injury

Delayed apoptosis of neutrophils and reduced neutrophil clearance contribute to lung injury in sepsis. A novel role for PD-L1 has been revealed in regulating the activity of PI3K/Akt pathway (3). In this topic, Zhu et al. reported that PD-L1/PI3K/Akt pathway regulated autophagy and the release of neutrophil extracellular traps (NETs). PD-L1 depletion in neutrophils resulted in attenuated lung injury and reduced NETs in the lung. The inhibition of NET release induced by PD-L1 knockout was reversed by antagonism of PI3K using wortmannin. LPS-induced lung injury could be attenuated by anti-PD-L1 antibody, suggesting that PD-L1 might be a promising target for treatment of lung injury induced by sepsis.

Zhu et al. also reviewed current knowledge on the dysregulation of neutrophil death in sepsis. Phagocytosis of bacteria can induce neutrophil apoptosis and necrosis, and the bacteria could be diminished by the lytic enzymes and reactive oxygen species (ROS). But the necrotic neutrophils might also release DAMPs and so exacerbate organ injury. The pathways overlap, and the processes including necroptosis, apoptosis, and pyroptosis have been called PANoptosis, reflecting a common role in coordinated cell death. It remains unclear which type of death neutrophils might undergo during sepsis.

Zhang et al. summarized the role of extracellular traps (ETs) in ischemic reperfusion injury. Most of the ETs are produced by neutrophils and called NETs. But ETs can also be released by the monocytes, macrophages, mast cells, eosinophils and basophils. The related pathways involved in NETosis have also been summarized. ET formation has been identified in ischemia reperfusion injury in the liver, kidney, intestine, lung, brain, heart, limb and even skin. Ischemia reperfusion injury may also lead to tumor recurrence and metastasis via NET formation.

Wan et al. performed a bibliometric and visual analysis of studies on NETs. The number of papers related to NETs has been increasing from 2004 to 2021 year by year. The countries, institutes and authors with the most publications are summarized. The most popular keywords of the publications related to NETs has been changed from “phagocytosis and antimicrobial peptide” to “stroke, citrullinated histone, cytokines storm, and COVID-19” recently.





Neutrophil heterogeneity in diseases

Popularization of the use of single cell sequencing has revealed the heterogeneity of cells, including neutrophils, in a variety of diseases (4). Chen et al. investigated the differences between neutrophils from the neonatal umbilical cord blood (UCB) and those from healthy adults. The neutrophils from the UCB could be classified into immature and mature subsets according to the scRNA-seq. The maturation state of neutrophils correlated with the cell cycles. The neutrophils at G2 and G3 stages could predict the prognosis of diseases, such as sepsis, inflammation and tumor. The transcriptional characteristics differentiated the UCB neutrophils from those from healthy adults, and several transcription factors were identified to be potentially related to the regulation of neutrophil apoptosis.

Trzeciak et al. identified heterogeneity of C1q expression in neutrophils from septic patients. They subtyped neutrophils into CD49chigh or CD49clow subsets. RNAseq data suggested that CD49chigh neutrophils were correlated with genes in the complement cascade, and the most differentially expressed complement-related genes were those encoding the C1q protein. C1q expression might differentiate surviving patients from those who died of sepsis. Its secretion was enhanced in apoptotic neutrophils and appears to be an “eat me” signal to promote neutrophil clearance.

Lavie et al. reported a new population of CD66b+ giant phagocytes (Gφ) in human carotid atherosclerotic plaques. It had been shown that some of the neutrophils cultured in vitro might have prolonged life span and become giant phagocytes with a single nucleus (5). Significant heterogeneity was present regarding the presence of CD66b+ neutrophils, which were negatively correlated with lipid level and positively correlated with the nitrosative stress marker 3-nitrotyrosine (3-NT) in the plaques.





Neutrophil dysregulation in COVID-19

The COVID-19 pandemic resulted in a large number of death across the world and factors associated with an increased risk of death have been widely investigated. Qiu et al. studied a cohort of 2347 patients infected by Omicron BA.2 variant. Several inflammatory indicators were included and the derived neutrophil to lymphocyte ratio (dNLR) had a highest C-index in predicting the overall survival. These data suggested a simple but useful tool to predict the prognosis of COVID-19 patients, but did not point to interventions to modulate the dysregulated neutrophil function.

Zhang et al. performed a bioinformatic analysis for COVID-19-induced acute pancreatitis (AP), a relatively rare complication of SARS-CoV-2 infection using the scRNA-seq data in the Gene Expression Omnibus database. COVID-19 and AP shared some common transcriptional features such as the genes involved in “neutrophil degranulation”. A subset of mature activated neutrophils with high level of interferon-related genes were more enriched in COVID-19 patients, and numbers of this subset were correlated with the severity of AP.

In summary, the studies included in this topic provided an additional perspective on the importance of neutrophil death, and derangements in its expression, in the pathogenesis of critical illness, including sepsis, acute respiratory distress syndrome, ischemia reperfusion injury, COVID-19, and atherosclerosis.
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Sepsis is a life-threatening systemic inflammatory condition causing approximately 11 million annual deaths worldwide. Although key hyperinflammation-based organ dysfunctions that drive disease pathology have been recognized, our understanding of the factors that predispose patients to septic mortality is limited. Due to the lack of reliable prognostic measures, the development of appropriate clinical management that improves patient survival remains challenging. Here, we discovered that a subpopulation of CD49chigh neutrophils with dramatic upregulation of the complement component 1q (C1q) gene expression arises during severe sepsis. We further found that deceased septic patients failed to maintain C1q protein expression in their neutrophils, whereas septic survivors expressed higher levels of C1q. In mouse sepsis models, blocking C1q with neutralizing antibodies or conditionally knocking out C1q in neutrophils led to a significant increase in septic mortality. Apoptotic neutrophils release C1q to control their own clearance in critically injured organs during sepsis; thus, treatment of septic mice with C1q drastically increased survival. These results suggest that neutrophil C1q is a reliable prognostic biomarker of septic mortality and a potential novel therapeutic target for the treatment of sepsis.
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Introduction

Sepsis is defined as a systemic inflammatory response to infection that causes vital organ dysfunction. Although sepsis is one of the most common reasons for hospital death (1, 2), patient responses to this disease are highly heterogeneous (3) making it difficult to identify the critical pathophysiologic processes that lead to sepsis fatality (2, 4). Thus, optimal improvements in the development of sepsis therapies require precise prognostic and predictive measures to identify unique subgroups of patients at high risk of poor outcomes that may benefit from early appropriate matching with resources to provide aggressive and targeted adjunctive interventions (5, 6).

Organ failure is the ultimate threat to the patient survival in sepsis. Organ failure results from the dysregulated host response to infection, not from the infection itself. Examination of autopsy samples from patients with multiple organ failure reveals massive neutrophil accumulation along blood vessels and within tissues (7, 8). Once they complete their action, early infiltrated neutrophils should be quickly cleared from infected tissue sites. In non-resolving inflammation, neutrophils often persist at the inflamed site as a result of impaired neutrophil clearance (9–13). Delayed neutrophil clearance is often associated with widespread tissue damage, organ failure, and ultimately death in a wide range of inflammatory diseases (14–18). The cellular and molecular signals that drive the initiation of neutrophil-mediated inflammatory responses are well studied, but we have a relatively poor understanding of the mechanisms through which the neutrophil response is resolved.

Here, we found that the expression level of complement component C1q in neutrophils determines a subpopulation of patients who have more severe immune dysregulation and thus higher mortality. Furthermore, our animal studies have shown that neutrophil-derived C1q is necessary for septic survival, and that treatment of septic mice with C1q drastically increases the survival. Therefore, a favorable sepsis prognosis depends on neutrophil specific C1q expression and patients whose neutrophils are unable to produce the C1q protein have a higher likelihood of sepsis mortality.



Results


Identification of a neutrophil population arising in septic patients with a poor outcome

Previously, we reported that the expression of neutrophil CD49c correlated with sepsis diagnosis (19). Examination of neutrophils isolated from septic patients further revealed that two distinct subpopulations of neutrophils with higher and lower CD49c expression (CD66b+CD16+CD49chigh and CD66b+CD16+CD49clow) arise during sepsis (Figure 1A). Identifying the heterogeneity in septic neutrophils with differential CD49c expression prompted further investigations to discover novel genetical and/or functional classifiers in the neutrophil populations. First, we sought to define the transcriptional signatures of CD49chigh vs. CD49clow neutrophils isolated from septic patients by RNAseq. We confirmed that there was substantial differential gene expression between neutrophils isolated from healthy donors and those isolated from sepsis patients (Figures S1A, B). Principal component analysis (PCA) of the differentially expressed genes identified in septic neutrophils revealed clear transcriptional disparities between CD49chigh and CD49clow neutrophils from patients (Figure 1B). Among the 56,871 genes identified, 1,082 were differentially expressed in CD49chigh neutrophils (Figure 1C). Pathway analysis revealed that sepsis led to a significant upregulation of genes related to the innate inflammatory response in CD49chigh neutrophils (Figure 1D). Interestingly, among the top five innate inflammatory response gene groups, we detected the robust upregulation of complement pathway associated genes. Of those, we further validated upregulation of several key complement functional genes by qRT-PCR (Figure 1E). Note that the most significant changes were detected in the complement recognition and activation step, including genes encoding C1q proteins, but not in the genes involved in the terminal pathway for the membrane attack complex (MAC).




Figure 1 | The phenotypic heterogeneity in neutrophils from septic patients. (A), Isolated neutrophils from the blood were stained with hematoxylin and eosin after cytospin and confirmed > 99.5% of pure neutrophils by morphology with a multilobed nucleus, without other myeloid cell types such as monocyte and macrophage. The additional gating strategy for CD49chigh and CD49clow neutrophil populations in the patient blood is also shown. The pseudo color plots demonstrate CD49c upregulation on septic neutrophils (day 7) compared with neutrophils from a healthy donor. (B) PCA of differentially expressed genes in neutrophil subsets (CD49chigh vs. CD49clow) from septic patients. (C), Heatmap of RNA-sequencing data from CD49chigh (n = 4) versus CD49clow (n = 3) neutrophils sorted from septic patient blood samples. Heatmap represents top 1082 genes chosen from highest 0.25% p-value summary. (D), Pathway analysis reveals a distinguishable pattern of gene-program changes in neutrophils expressing higher levels of CD49c. Bidirectional plot represents the likelihood (p>0.05) that signaling pathways were enriched (red) or reduced (blue) in CD49chigh vs>. CD49clow septic patient neutrophils. (E), Expression of the indicated genes in septic neutrophils by qRT-PCR. (F), PCA of differentially expressed genes in neutrophil subsets in endotoxemic mice or naïve (PBS) mice. (G), Volcano plot shows comparison of differentially expressed genes in septic neutrophil subsets. Red denotes genes increased and blue denotes genes decreased in neutrophils. (H), Spider plot using Enrichr GO database showing the top six categories of signaling pathways relating to genes upregulated in CD49chigh versus CD49clow septic neutrophils. Measured as a function of fold change of CD49c high over low for likelihood of genes falling into the listed categories. Data are presented as mean ± SEM. Data were analyzed by ordinary one- way ANOVA with Tukey’s multiple comparison post-test for b-e (*P < 0.05) or nonparametric Mann-Whitney test for i (**P < 0.01, ***P < 0.001).



To further verify the gene expression results in a controlled mouse model, neutrophils from endotoxemic mice were FACS-sorted into CD49chigh and CD49clow neutrophil populations, and mRNA was analyzed by RNAseq. PCA plots (Figure 1F) showed clear transcriptional separation of the CD49c subsets in mice, and a volcano plot showed differences among specific genes (Figure 1G). Among the 16,384 genes identified, 5,717 were found to be differentially expressed between CD49chigh and CD49clow septic neutrophils (Figure S1C). Of these genes, we identified 326 genes that were significantly upregulated in CD49chigh neutrophils compared to CD49clow neutrophils. Using the Enrichr online database for analysis (20), we ranked these genes according to categories that best described their protein function. Importantly, we found that CD49chigh expression was highly correlated with genes in the complement cascade (Figure 1H). Furthermore, the most differentially expressed complement cascade associated genes were C1qa, C1qb, and C1qc genes, which encode the C1qA, C1qB, and C1qC chains that assemble into the complement factor C1q (Figure 1G) (21), thus confirming our observations in septic patient samples (Figures 1D, E).



Loss of C1q expression in neutrophils is associated with sepsis mortality

To confirm the expression of C1q protein in human neutrophils, we stimulated neutrophils with lipopolysaccharide (LPS) and N-formylmethionine-leucyl-phenylalanine (fMLP) and found that LPS alone significantly elevated both the protein expression (Figure 2A) and secreted levels of C1q in vitro (Figure 2B). Immunohistologic examination of human neutrophils suggested that C1q was stored within organelles lacking myeloperoxidase (primary granules), lactoferrin (secondary granules), and MMP-9 (tertiary granules); these organelles might be secretory vesicles (Figure 2C). Consistent with human neutrophils, flow cytometry analysis also confirmed the significant expression of C1q in neutrophils from both naïve mice and LPS-treated mice (Figure 2D). To understand how C1q protein levels change in various tissues over time, we induced endotoxemia in mice by intraperitoneal injection of LPS and found that while the serum levels of C1q significantly declined during the first 6-12 h after LPS injection, C1q levels at the peritoneal site of inflammation increased significantly (Figure 2E). Notably, the elevated local C1q level coincided with massive infiltration of neutrophils into the peritoneum (Figure 2F), suggesting that newly recruited neutrophils may be a main source of tissue C1q during inflammation.




Figure 2 | Loss of C1q expression represents the functional heterogeneity of neutrophil that are associated with sepsis mortality. (A), Top: Western blot analysis of C1q expression in healthy human neutrophils after stimulation with fMLP (10 μM) or LPS (10 μg/mL) for 1h (representative of three subjects), bottom: densitometry quantification. (B), Total C1q secretion of healthy human neutrophils stimulated with LPS (10 μg/mL) for 1h in vitro. (C), Immunofluorescence image of human neutrophils stained with Abs against C1q (red), myeloperoxidase (MPO, green), lactoferrin (LF, green), and MMP-9 (MMP, green). Scale bar, 10 μm. (D), Representative MFI histograms of C1q expression from the bone marrow (BM) and circulation of CD45+/CD11b+/Ly6G/C+ neutrophils (green peaks = PBS, red peaks = LPS) versus CD45+/CD11b- lymphoid cells (grey peaks). (E), Total C1q secretion in the serum (left) and peritoneum (right) during acute systemic inflammation at 6 and 12h as measured by ELISA. (F), Absolute neutrophil counts from peritoneal lavage isolates in PBS vs LPS treated mice (n = 4 mice each). (G), qPCR of C1qa, C1qb, and C1qc in healthy subjects (n = 5-6) and septic patients (n=22) as compared to three averaged housekeeping genes. (H), Left, C1q (weight = 29Da) western blot analysis on neutrophils isolated from healthy (H), deceased (D), and survived (S) sepsis patients. M, male; F, female; Data representative of six experiments. Right, quantification of total C1q protein expression by western blot in healthy (H), deceased (D), and survived (S) patient neutrophils (n = 12, 12, and 16, respectively). (I), Total serum C1q of healthy (H), deceased (D), and survived (S) patients measured by ELISA (n = 14, 6, and 20, respectively). NS, Not significant. (J), C1q levels in neutrophils from the peritoneal lavage of septic mice were analyzed by flow cytometry (n = 4 mice/group). Data are presented as mean ± SEM. Data were analyzed by ordinary one-way ANOVA with Tukey’s multiple comparison post-test in (E, H, I), by students t-test for (B, J), and by Welch’s t-test for two-group comparison for (G).



In neutrophils isolated from the peripheral blood of septic patients, quantitative reverse-transcription PCR (qRT-PCR) analyses revealed that genes associated with C1q expression were significantly increased, irrespective of the survival status of the individual (Figure 2G). Strikingly, only neutrophils from survived sepsis patients but not from patients who died were able to translate and maintain intracellular C1q (Figure 2H). This result indicates that poor patient outcomes were associated with the loss of C1q protein, while all sepsis patients retained the ability to express C1q transcripts. Importantly, we did not observe any significant differences in serum C1q levels between healthy subjects and patient groups (Figure 2I). As in human patients, neutrophils from survived septic mice but not from mice that died were able to translate and maintain intracellular C1q (Figure 2J).



Neutrophil C1q is essential for sepsis survival

C1q is the initiator molecule in the classical complement cascade, which ultimately leads to cell lysis via the formation of the MAC (21). The presence of high C1q levels in inflamed tissue and increased neutrophil C1q production in sepsis survivors led us to hypothesize that C1q has a role outside of the classical complement cascade, functioning as an important inflammatory mediator during severe systemic inflammation. We further predicted that secretion of C1q locally at inflamed tissue sites by newly recruited neutrophils may be critical for patient survival during sepsis. To test this hypothesis, we administered a C1q neutralizing antibody (22) into the mouse peritoneal cavity 1 h prior to septic challenge. For this functional assay, we used the following two mouse models: LPS-induced endotoxemia, which can bypass the need for C1q to bind to antibody-coated bacteria and initiate the complement cascade, and cecal ligation and puncture (CLP) surgery to induce clinically relevant polymicrobial sepsis. Blocking C1q function locally at the site of inflammation dramatically increased sepsis mortality and significantly increased the serum levels of the proinflammatory cytokines IL-6 and IL-1b in both the endotoxemia and CLP mouse sepsis models (Figures 3A, B). Importantly, local injection of the anti-C1q neutralizing antibody did not alter the systemic level of C1q and other complement components in the serum (Figures 3C, D) and did not change local bacterial clearance (Figure 3E).




Figure 3 | Neutrophil C1q is essential for sepsis survival. (A), Left: Survival assay of LPS-induced endotoxemia mice treated intraperitoneally (IP) with isotype IgG control antibody or anti-C1q neutralizing antibody (10 μg/mouse) one hour prior to IP injection of LPS. n = 6 per group. Right: IL-6 and IL-1β secretion in the serum 6 hours post-sepsis induction, data representative of three separate experiments. (B), Left: Survival assay of CLP-induced sepsis in WT mice treated IP with isotype IgG control antibody or anti-C1q neutralizing antibody (10 μg/mouse) one hour prior to surgeries. n = 6 per group. Right: IL-6 and IL-1β secretion in the serum of Sham or CLP WT mice treated with either isotype control IgG antibody or anti-C1q neutralizing antibody one hour prior to surgeries. ELISA was measured 24 hours post-sepsis induction, data pooled from two experiments. (C), Total C1q secretion in the serum of WT mice IP-treated with 15 mg/kg of LPS and either isotype control IgG antibody or anti-C1q neutralizing antibody 1 hour prior to LPS injection. ELISA measured 6 hours post-sepsis induction, n = 6 per group. (D). Quantification of the serum C3a and C5a in LPS-treated mice using ELISA (n = 5 mice/group). (E) Bacterial loads in the blood of septic mice were measured at 48 h of post-CLP. The bacterial colonies grown on the blood agar plates were calculated as CFU per mL of blood (n = 5 mice in each group). (F). Sepsis severity (left) and survival curves (right) of Ly6GCre/+:C1qa+/+ (WT) or Ly6GCre/+:C1qafl/fl mice (C1q cKO) mice treated with 15mg/kg LPS, n = 5 mice per group. (G), IL-6, IL-1β, and IL-10 secretion in the serum of WT or C1q cKO mice treated with PBS (white bars = WT, light pink bars = cKO) or LPS (grey bars = WT, dark red bars = cKO), n = 4 per group. (H), Histological analysis of the inflamed lung in Ly6GCre/+C1qa+/+ vs. Ly6gCre/+C1qafl/fl mice 24 hours after PBS or 18 mg/kg of IP LPS injection using Masson’s trichrome staining. White arrows indicate blood vessels. Scale bars, 40 μm. (I), Typical flow cytometry profile of neutrophils in the peritoneum during acute LPS stimulation for 36 h (n = 3–4 mice per group). (J), The pie charts depict the proportion of live, necrotic (PI+ and Annexin−), and early (PI− and Annexin+) and late (PI+ and Annexin+) apoptotic populations in each group. Data are presented as mean of n = 3. (K), Number of apoptotic neutrophils accumulated in the bone marrow, blood, and peripheral organs (kidneys, lungs, liver, peritoneum pooled) measured in absolute number of Ly6G+/annexin V+ cells. WT vs C1q cKO treated with PBS or LPS (n = 4 per group). (L), Number of apoptotic neutrophils in Sham surgery vs. CLP mice with IgG isotype control or anti-C1q antibody (n = 3 mice per group). Data are presented as mean ± SEM. Data were analyzed by Mantel-Cox for (A, B, F), ordinary one-way ANOVA with Tukey’s multiple comparison post-test or two-way ANOVA in (A–E, K, L). (*P < 0.05; **P < 0.01). NS, not significant.



Determining the contributions of C1q to immune functions in vivo is challenging due to the increased mortality of C1qa subunit-knockout mice, which succumb to severe autoimmunity resulting from impaired clearance of apoptotic cells (23). To circumvent this problem and further assess the function of neutrophil-derived C1q in sepsis, we generated a conditional knockout C1qflox/flox; Ly6GCre/+ (C1q cKO) mouse strain by crossing C1qa-floxed mice with a mouse line in which the first exon of the Ly6g gene is replaced by a knock-in allele encoding Cre recombinase (24). Deletion of the floxed C1qa subunit alleles and the absence of protein expression were confirmed by PCR and western blot analysis (Figures S2A, B). We used C1qwt/wt; Ly6GCre/+ (WT) mice as littermate controls. Neutrophil development, bacterial clearance, TLR4 surface expression, and inflammation-mediated oxidative burst by neutrophils isolated from C1q cKO mice were unaffected (Figures S2C–F). Although C1q cKO mice showed disease severity similar to that of their WT littermates during the early period of mild endotoxemia, the absence of neutrophil-derived C1q resulted in dramatically increased mortality after LPS treatment (Figure 3F). The serum levels of IL-6 and IL-1β were significantly elevated in C1q cKO mice compared with control mice, indicating an increased sepsis severity (Figure 3G). In addition, lung histology pointed to an increased focal interstitial thickening and perivascular inflammation in C1q cKO lungs compared to WT lungs after LPS treatment (Figure 3H). Flow cytometry analysis further revealed that C1q cKO mice maintained a significantly higher proportion of neutrophils (CD11bhighLy6Ghigh) in the inflamed peritoneum during LPS induced endotoxemia (Figure 3I). This finding could be directly attributed to a decreased rate of apoptotic neutrophil clearance (or “efferocytosis”) in C1q cKO mice as compared to WT littermates (Figure 3J). Indeed, C1q cKO mice and C1q neutralizing antibody-treated mice showed the accumulation and/or delayed removal of apoptotic neutrophils in the inflamed lungs and the peritoneal space, as measured within 24 hr of endotoxemia and 48 hr of CLP (Figures 3K, L).



Neutrophil C1q is essential for resolution of inflammation

C1q binds to phosphatidylserine (PS) on apoptotic cells and mediates efferocytosis (25, 26). Therefore, we hypothesized that local C1q secretion by apoptotic neutrophils is necessary for prompt neutrophil efferocytosis and removal by phagocytes, which is an essential response to achieve a relatively good patient prognosis during sepsis (Figure 4A). To investigate whether neutrophils secrete C1q in response to inflammatory stimuli, we first performed western blot analysis of neutrophil supernatants. Interestingly, even with high concentrations of inflammatory stimuli that induce neutrophil degranulation, such as TNFα or fMLP, we failed to detect significant release of soluble C1q from neutrophils (Figure 4B). To screen for potential stimulators that trigger C1q release from neutrophils, we next turned our attention to neutrophil apoptosis and found that the secretion of C1q was most significantly enhanced after the induction of neutrophil apoptosis with Fas ligand (FasL) (Figure 4B).




Figure 4 | Neutrophil C1q is essential for resolution of inflammation. (A), Neutrophil-specific C1q expression is essential for proper efferocytosis of apoptotic neutrophils by local resident macrophage, leading to resolution of infection and survival. Without C1q, apoptotic neutrophils build up causing prolonged inflammation and therefore poorer prognosis and eventually, death. (B), C1q secretion by neutrophils in response to FasL (0.2, 1, 5 μg/ml), fMLP (0.2, 1, 5 μM), or TNF-α (0.1, 1, 10 μg/ml) stimulation was determined by Western blot analysis of neutrophil supernatants with an C1q-specific antibody. Upper: densitometry quantification. Bottom: Each panel shows one representative image of three replicated experiments. (C), Left: MFIs of surface bound C1q on Annexin V- live (top) and Annexin V+ apoptotic (bottom) human neutrophils treated with C1q. Right: Quantification of C1q expression as a percentage of total neutrophils on live and apoptotic cells (n = 3 per group). (D), An increase in C1q concentration results in a similar increase in human apoptotic neutrophil clearance by a PMA-differentiated U937 monocyte cell line. n = 3-6. Data pooled from five experiments. (E), C1q cKO neutrophils exhibit impaired clearance by peritoneal macrophages, which is rescued by the addition of 10 μg of soluble C1q (n=3 per group). (F), Representative real-time imaging of capillary obstruction with Ly6G+ cells (red) in sepsis-induced acute lung injury model (Supplementary Video 3). The capillary flow (dextran, blue) and blood vessel (anti-CD31 antibody, green) are shown. White circle indicates newly entrapped neutrophil aggregates obstructing the capillary. Scale bars, 20 μm. (G), Representative intravital imaging of the pulmonary microcirculation in the PBS, LPS, and LPS+C1q group. Scale bars, 100 μm in magnified. Right: Comparisons of Ly6G+ cell count among PBS, LPS, LPS+C1q groups. n = 3 – 4 mice per group. 3 – 4 fields of view per mouse, one-way ANOVA with post hoc Holm–Sidak’s multiple comparisons test. Data are presented as mean ± SEM. (H–J), Survival curves (left) and sepsis severity (right) of WT mice treated with LPS (H, J), or CLP (I) that received 20 μg of C1q, C3a, C5a, or vehicle 30 min prior to sepsis induction and again at 6h and 24h post sepsis induction. n = 3- 4 for PBS and n = 8 – 14 for per treatment group. (K), Survival curves (left) and sepsis severity (right) of WT mice treated with LPS that received 20 μg of C3a or C5a 30 min prior to sepsis induction and again at 6h and 24h post sepsis induction. n = 7 per group. (L), LPS-stimulated bone marrow derived macrophages exhibit a robust elevation in C1q receptor genes within 2h of activation (GEO dataset: GSE116220). (M), MFI surface expression of C1qRs CD11b (Itgam), Calreticulin (CRT, Calr), DC-SIGN (Cd209a), and SCARF-1 (Srec-1) on peritoneal macrophages stimulated with LPS (red). n =3 (N), Peritoneal macrophages were stimulated in vitro with either 40 ng/ml IFN-γ, 1 μg/ml IL-4, 10 μg/ml soluble C1q(s), or 0.1 μg/ml plate-bound C1q (p) to induce M1 pro-inflammatory vs. M2 pro-resolving polarization. The frequency of M1 markers (left) was measured as the percentage of CD45+/CD11b+/F4/80+ cells that were CD206low/MerTKlow/CD86high while M2 markers (right) were CD206high/MerTKhigh/CD86low, n = 3 per condition, data representative of three separate experiments. (O), Expression of the indicated genes in peritoneal macrophages stimulated in vitro with 0.1 μg/ml plate-bound C1q (P) was measured by qRT-PCR. Data are presented as mean ± SEM. Data were analyzed by ordinary one-way ANOVA with Tukey’s multiple comparison post-test in (B, E, N, O), students t-test in (C), Mantel-Cox and two-way ANOVA for (H–K). (*P < 0.05), and by Welch’s one-way test for multiple group comparison for (D).



Neutrophil clearance is crucial for the resolution of septic inflammation and is therefore critical for patient survival. If the secretion of C1q from neutrophils depends on apoptosis, conceptually, it may be possible that neutrophil-derived C1q functions as an important “eat me” signal to promote efferocytosis by local phagocytes (27). Flow cytometry analyses of live vs. apoptotic human neutrophils further revealed a greater extent of C1q binding on the surface of apoptotic neutrophils (Figure 4C). In addition, C1q produced significant dose-dependent enhancement of the phagocytic uptake of apoptotic neutrophils by macrophages (Figure 4D). Consistently, neutrophils isolated from C1q cKO mice showed a marked decrease in phagocytic clearance by macrophages compared to WT neutrophils, which was reversed by the addition of exogenous C1q during the experiments (Figure 4E). Importantly, loss of intrinsic C1q expression in C1q cKO mice did not alter the ability of C1q cKO neutrophils to undergo apoptosis (Figures S3A, B).

Prior work utilizing a mouse model of sepsis-induced acute lung injury (ALI) demonstrated that massive tissue infiltration and subsequent sequestration of unresolved neutrophils in the pulmonary microcirculation led to acute respiratory distress syndrome (ARDS) (28). Indeed, intravital microscopy of the mouse lung with a custom-made pulmonary imaging window revealed a significant number of neutrophil aggregates in the pulmonary microcirculation of LPS-induced ALI mice (Figure 4F and Suppl. Video 1-3). Notably, unresolved neutrophil aggregates were a main cause of pulmonary capillary obstruction in sepsis-induced ALI mice (28). In LPS-induced ALI mice, administration of C1q significantly reduced the number of neutrophil aggregates in mice 24 hrs after LPS stimulation (Figure 4G and Suppl. Video 4). These findings parallel mouse survival assays, in which periodic injections of C1q, but not C3a or C5a, protected mice from sepsis lethality in both the LPS-induced endotoxemia model and the CLP surgery model of sepsis (Figures 4H–J). These results were further corroborated using serum purified C1q obtained from two independent commercial sources (Figure 4K).

After clearing apoptotic neutrophils, tissue-resident macrophages often initiate pro-resolution program by releasing anti-inflammatory and tissue-repairing cytokines, such as TGFβ and IL-10 (29, 30). Therefore, the expression of C1q by septic neutrophils that promotes phagocytosis by tissue-resident macrophages may directly influence the polarization of macrophages from a proinflammatory (M1) phenotype to an anti-inflammatory (M2) phenotype. Among the potential C1q receptors known to be expressed (Figure 4L), peritoneal macrophages isolated from LPS-treated mice upregulated at least four of the receptors (Figure 4M), suggesting that the apoptotic neutrophil-macrophage interactions during sepsis are at least in part mediated by these receptors. Indeed, plate-bound C1q (p) but not soluble C1q (s) significantly increased the expression of M2 markers on peritoneal macrophages while simultaneously suppressing the expression of M1 markers (Figure 4N). Therefore, our data suggest that neutrophil-derived C1q mediates the polarization of M2 macrophages and increases host survival by promoting tissue repair within local microenvironments. In addition, plate-bound C1q also enhanced the expression of several key resolution markers in macrophages (Figure 4O).




Discussion

We discovered the presence of subpopulations of bloodstream neutrophils that express higher and lower levels of CD49c in ICU patients and experimental animals with sepsis. CD49chigh and CD49clow neutrophils from septic patients are transcriptionally distinct, representing the heterogeneity among neutrophils in critically ill patients. Among those differences, the expression level of C1q in neutrophils determines a subpopulation of patients who have more severe immune dysregulation and thus higher mortality. Our study further demonstrates that the acute and drastic increase in neutrophils released from the bone marrow during sepsis and their contribution to the pool of C1q in local tissue microenvironments are critical for neutrophil clearance and inflammation resolution (31) and suggests that rebalancing defective neutrophil C1q production during sepsis, possibly by exogenous augmentation, may function as a novel sepsis therapy.

Genetic abnormalities resulting in C1q absence or dysfunction lead to a lupus-like autoimmune phenotype marked by increases in glomerular damage and neuropsychiatric disorders (20, 23, 32–35). In the context of C1q immunodeficiency, the accumulation of dying cells due to the lack of normal C1q functions promotes autoimmunity via autoantigens targeted to the surface of apoptotic cells (36). The survival of septic patients is critically dependent on the ability to both control the infection and regain homeostasis via resolution of the inflammatory responses. Consistent with the pathology associated with lupus-like phenotypes in humans, our data support the idea that neutrophils are an essential source of C1q in inflamed tissues and that loss of neutrophil-derived C1q results in impaired clearance of apoptotic cells during sepsis. Neutrophil efferocytosis is a process that facilitates the resolution of infection and inflammation by removing dead cells. In addition, tissue-resident macrophages that phagocytose dying cells often initiate a feed-forward resolution program of inflammation by upregulating anti-inflammatory and tissue-repairing mediators (37–39). Thus, C1q plays a key role during the resolution phase by functioning as an important “eat me” signal (40–42) and further promotes recovery and survival in septic patients.

Sources of C1q vary depending on the inflammatory phenotype and anatomical location. For instance, microglia are known to be the main producers of C1q in the brain (43), while endothelial cells are an essential source of C1q in the liver (44). While macrophages and liver endothelial cells are still the main sources of complement components during inflammation (44, 45), the production of C1q by these cells may be insufficient to compensate for the loss of C1q production by neutrophils at tissue sites during severe sepsis. Our study further demonstrates that the acute and drastic increase in neutrophils released from the bone marrow during sepsis and their contribution to the pool of C1q in local tissue microenvironments are critical for neutrophil clearance and inflammation resolution (31) and suggests that rebalancing defective neutrophil C1q production during sepsis, possibly by exogenous augmentation, may function as a novel sepsis therapy. In addition, measuring C1q expression in neutrophils may serve as a powerful diagnostic tool that can be exploited to more accurately assign sepsis endotypes and provide earlier treatment of acute systemic inflammation to increase the potential for survival in severely ill patients.

We previously showed that both CD49chigh and CD49clow neutrophils express a similar level of CD11b, a well-known cell surface activation marker described (19). This suggests that the presence of a CD49chigh subpopulation, and the expression and secretion of intracellular C1q are not entirely dependent on neutrophil activation. Our finding leaves an unanswered fundamental question. Why do some sepsis patients express a high level of C1q in neutrophils, while others fail to maintain appropriate C1q expression? Although the full spectrum of neutrophil properties regarding C1q expression remains unexplored, it is likely that neutrophil heterogeneity may arise in the circulation, in which they acquire distinct phenotypic, transcriptional, and functional properties, that may later impact C1q production and host response to severe inflammation. Importantly, the microbiome has recently emerged as a key regulator of the neutrophil heterogeneity (46) and previous studies reported the presence of the microbiome in healthy human blood (47–50). Therefore, it is possible that the heterogeneous upregulation of C1q during sepsis may be associated with pre-priming of a subpopulation of circulating neutrophils by microbiomes in homeostasis. This may be an important topic for further studies in the future aimed at understanding the mechanisms of the microbiome-neutrophil interaction in homeostasis and potential relationships with C1q production during sepsis.



Methods


Animals

Adult male C57BL/6J mice (between 7 and 8 weeks of age) were purchased from the Jackson Laboratory and transferred to our facility, where they were allowed to acclimate for 7 days prior to sepsis induction. Ly6GCre/Cre homozygote males and females were a generous gift from Dr. Matthias Gunzer (University of Duisburg Essen) (24). C1qafl/fl homozygote males and females were a generous gift from Dr. Andrea Tenner (UC Irvine) (43). Ly6GCre/+:C1qafl/fl mice were obtained by several backcrosses to C57BL/6J until Ly6GCre/+ heterozygotes and C1qafl/fl homozygotes were achieved. Male mice between 8 and 12 weeks were used for experiments unless specified otherwise. The mice were housed under pathogen-free conditions at the University of Rochester Animal Facility. All mouse experiments were approved by the University Committee on Animal Resources (UCAR) at the University of Rochester.



Mouse models of sepsis

Lipopolysaccharide (LPS)-induced endotoxemia and Cecal Ligation and Puncture (CLP) were performed according to Animal Resource Protocol approved by the Committee at the University of Rochester (UCAR 2008-039R). For endotoxemia assays, 8–12-week-old C57BL/6J, Ly6GCre/+:C1qa+/+ (WT), or Ly6GCre/+:C1qafl/fl (C1q cKO) male mice were weighed in order to deliver equal 12.5 mg/kg dose of LPS (E. coli O127:B8, Sigma-Aldrich) diluted in PBS via intraperitoneal (IP) injection. Animals were subsequently weighed daily for up to 7 days and closely monitored where in the event that percentage body weight loss exceeded 25% mice were euthanized via IACUC small rodent euthanasia protocols. For CLP, procedures were administrated following Rittirsch et al. (51). Briefly, mice were anesthetized with an IP injection of xylazine/ketamine cocktail (dose range of 80-100 mg/kg). Secondary anesthesia was maintained with Isoflurane/02 gas mixture throughout the entire surgical procedure. Standard aseptic techniques were used to prepare the incision site. A vertical incision in the abdomen left lower quadrant was used to cut skin and peritoneum in order to access the peritoneal cavity. The cecum was ligated with silk sutures and punctured through with a 21-gauge needle, with sham mice receiving no ligation or puncture. Peritoneum and skin were approximated and closed using standard small animal surgical metal clips. Lidocaine was used topically on the wound site after stapling. Mice were resuscitated with 1 ml Ringers lactate injected subcutaneously. Animals were subsequently weighed daily for up to 7 days and given daily topical doses of Lidocaine until sacrifice to monitor disease progression and recovery. For antibody-mediated C1q neutralization in vivo, mice were pretreated with 10 μg of anti-C1q (clone JL-1, Hycult Biotech) or Rat IgG2b Isotype control (Abcam) in 100 μl of PBS via IP injection 1h prior to sepsis induction. For C1q treatment, mice were previously weighed and received single IP injection of LPS with or without treatment of 20 μg Native Human C1q protein (Abcam) administered as follows: 1 mg of C1q was reconstituted in 1 ml of distilled water with each animal receiving a single IP injection of 100 μl C1q/PBS (20 μl C1q + 80 μl PBS) at three separate time points. Dose 1 was given 30 min prior to LPS injection, dose 2 was given 6h after LPS injection and dose 3 was given 24h after LPS injection. Similar experimental processes were used for C3a (CompTech) and C5a (Sino Biological).



Preparation of ex vivo single-cell suspensions from mouse tissues

For flow cytometry characterization of immune infiltrates in mice, the lungs, bone marrow (BM), spleen, kidneys, liver, peripheral blood, and peritoneal lavage isolates were removed from naive and septic mice at indicated time points and subsequently single-cell suspensions were prepared. Briefly, mice were lethally anesthetized with avertin (2-2-2-tribromoethanol, 240 mg/kg) intravenously (IV) and peripheral blood was collected via cardiac puncture. Mice were then perfused with 40 ml of cold PBS supplemented with 5 mM EDTA (Invitrogen). RBC lysis was performed using ACK lysing buffer (Invitrogen) in peripheral blood and spleen samples only. Leukocytes from all other organs were isolated by mincing tissues for 2.5 min and digested at 37°C with 80 U/ml Collagenase D (From C. histolyticum, Sigma-Aldrich) for 30 min. Cell-cell contacts were disrupted by adding 10 mM EDTA for 5 min following digestion. Tissue homogenates were achieved by forcing the suspensions 5-10 times through an 18-gauge needle and then passed through 70 µm filters. Single cell suspensions were then subjected to a room temperature 38% Percoll (GE Lifesciences) gradient for 30 min of centrifugation at 2000 rpm with no break. Leukocyte populations that spun to the bottom were then washed once before proceeding to staining.



Sepsis patient sample

Patients admitted to Intensive Care Unit (ICU) with at least two out of four SIRS criteria (Temperature >38°C or <36°C, Heart rate >90/min, Respiratory rate >20 breaths/min or pCO2 <32mmHg, leukocyte count >12,000, < 4,000, or >10% immature forms on peripheral blood smear) and at least one acute organ dysfunction were enrolled into the study with a requirement that vital abnormalities were confirmed on two occasions (Demographics listed in Table S1). Additionally, we obtained clinical measurements, including scores for injury severity (APACHE II). The final diagnosis of sepsis was based on consensus review by three blinded expert clinicians who reviewed all clinical and severe sepsis was confirmed by clinical microbiological cultures. Blood samples were collected within 48h of diagnosis and 3-5 days later for a total of three collections. Severe sepsis was confirmed by clinical microbiological cultures. Lactate, Procalcitonin, Whole Blood Counts (WBC), and Absolute Neutrophil Counts (ANC) were determined by ICU laboratory bloodwork analysis. Blood samples were processed immediately for neutrophil isolation and split for flow cytometry, western blot cell lysates, and RNA for qRT-PCR. Serum was frozen immediately at -80°C and banked for cytokine assays.



Human neutrophil isolation and stimulation

Blood was collected from healthy volunteers via antecubital vein puncture in heparin containing vacutainers. Granulocytes and erythrocytes were separated from whole blood by centrifugation through room temperature 1-step Polymorphs (Serumwerk Bernburg AG) density gradient at 1500 rpm for 45 min with no break. Remaining erythrocytes were removed by hypotonic lysis, yielding a neutrophil purity of > 98%. The Human Research Studies Review Board of the University of Rochester approved this study, and informed consent was obtained in accordance with the Declaration of Helsinki. To measure C1q expression and secretion, neutrophils were stimulated with either LPS (10 µg/ml) or fMLP (10 µM) in serum-free RPMI (Gibco) at 37°C for 1h.



Flow cytometry and cell sorting

For mouse FACs analysis, Fc receptors were blocked with anti-CD16/32 (1:50, clone 93, eBioscience) for 10 min on ice. Samples were then stained for 15 min on ice with anti-CD45 (1:400, clone 30.F11, BD Biosciences) for leukocyte populations, anti-CD11b (1:400, clone M1/70, eBioscience) for myeloid cells, anti-Ly6G (1:200, clone 1A8, BioLegend) for neutrophil populations, anti-Ly6C (1:200, clone HK1.4, BioLegend) for monocytes, and anti-C1q (1:100, clone 7H8, Abcam) as indicated in the figure legends. For apoptosis staining, Annexin V (1:100, BD Pharmingen) was used per manufacturers guidelines. For neutrophil cell-sorting, cells were isolated from the BM and stained with anti-Ly6G, anti-mouse CD49c (1:100, polyclonal goat IgG, R&D Systems), and subsequently stained with secondary PE-conjugated donkey anti-goat IgG (Santa Cruz). DAPI (4′,6-diamidino-2-phenylindole, 1:30,000, BD Pharmingen) was added immediately before sample collection to distinguish live from dead cells. FACS-sorted CD49chigh- and CD49clow-expressing mouse neutrophils from BM of endotoxemia-treated mice (bone marrow isolated 6 hrs after 34 mg/kg LPS (E. coli O55:B5, Sigma-Aldrich) injection) were resuspended in Buffer RLT (Qiagen) supplemented with β-mercaptoethanol and immediately frozen at -80°C for RNA-sequencing studies. For measuring surface expression on human neutrophils, purified mouse anti-human integrin α3/CD49c (1:100, clone P1B5, Millipore), anti-human CD64 (1:100, clone 32.2, Trillium Diagnostics), mouse IgG1 (1:100, eBioscience) isotype control and Phycoerythrin (PE) labeled Rat anti-mouse secondary antibodies were used. FACS-sorted CD49chigh- and CD49clow-expressing human neutrophils were resuspended in Buffer RLT (Qiagen) supplemented with β-mercaptoethanol and immediately frozen at -80°C for RNA-sequencing studies. Samples were collected on an LSRII or Fortessa (BD) flow cytometer. Live neutrophils were sorted on a FACS Aria (BD) at the University of Rochester Flow Cytometry Core (FCC). Data were analyzed using Flow Jo software (TreeStar). For cell surface C1q staining, two million apoptotic human neutrophils were treated with C1q protein for 30 min at RT (250 ng/ml, 1% FBS + 1mM CaCl2 + HBS). After washing, cells were incubated with anti-C1q antibody (1 μg/ml) for 30 min at 4°C and then 1μg/ml of anti-rabbit IgG-PE for 30min at 4°C.



RNA-sequencing

Total RNA was isolated using the RNeasy Plus Micro Kit (Qiagen) per manufacturer’s recommendations. RNA concentration was determined with the NanoDrop 1000 spectrophotometer (NanoDrop), and RNA quality assessed with the Agilent Bioanalyzer 2100 (Agilent). 1 ng of total RNA was pre-amplified with the SMARTer Ultra Low Input kit v4 (Clontech) per manufacturer’s recommendations. The quantity and quality of the subsequent cDNA was determined using the Qubit Fluorometer (Life Technologies) and the Agilent Bioanalyzer 2100. 150 pg of cDNA was used to generate Illumina compatible sequencing libraries with the NexteraXT library preparation kit (Illumina) per manufacturer’s protocols. The amplified libraries were hybridized to the Illumina single end flow cell and amplified using the cBot (Illumina). Single end reads of 100 nt were generated for each sample. Volcano plot analysis was done using GraphPad Prism v.7, and genes between conditions were compared based on adjusted p values and log2 fold change after filtering out genes with zero reads. Principle component analysis (PCA) plots and heat map representations were produced using RStudio (Version 1.3.1093, 2009-2020). Genes were clustered based on both Pearson and Spearman methods and plotted in terms of z-score. ‘ggplot2’, ‘pheatmap’, and ‘viridis’ libraries were installed and ‘heatmap.2’ or ‘pheatmap’ were used to represent data clustered using ‘viridis’ color palettes. The Enrichr gene ontology database was used to obtain categories of signaling pathways relating to genes that were downregulated and upregulated in isolated neutrophils. The listed categories were ranked by the likelihood that genes fall into the group as a function of P value. Bone marrow derived macrophage (BMDM) expression of C1q receptors under 0, 0.5, 1 and 2h LPS (100 ng/ml) stimulation was datamined using Gene Expression Omnibus (GEO) dataset GSE116220 (52).



Mouse neutrophil and peritoneal macrophage isolation

Mouse neutrophils were isolated by negative selection (MoJoSort, BioLegend) from BM of naïve WT or C1q cKO 8-10-week-old male mice and allowed to senesce overnight in low-protein binding Eppendorf tubes in serum-free RPMI. FasL (0.2, 1, 5 μg/ml), fMLP (0.2, 1, 5 μM), or TNF-α (0.1, 1, 10 μg/ml) in serum-free RPMI at 37°C for 12hrs (Fig 4B). Peritoneal macrophages were isolated from WT mice. Briefly, cold PBS was injected into the peritoneum with a 30-gauge needle and peritoneal contents were gently massaged for 20-30 seconds. Peritoneal lavage was retrieved using a 21-gauge needle and spun down cells were cultured overnight on tissue-culture treated plates in complete RPMI supplemented with pen/strep, L-Glutamine, 10% heat-inactivated FBS, β-mercaptoethanol, nonessential amino acids, sodium pyruvate, and HEPES buffer at 37°C. Non-adherent cells were washed away 18-24hrs later and the majority of remaining adherent cells were macrophage. C1q receptor (C1qR) expression and macrophage phenotyping was done under the treatment of polarizing cytokines IFN-γ (40 ng/ml, Peprotech), IL-4 (1 μg/ml, Peprotech), as well as soluble C1q (10 μg/mL, Abcam), and plate-bound C1q (0.1 μg/mL, Abcam) pretreated for 1hr prior to cell culture. C1qR expression was quantified by flow cytometry using anti-CD11b (1:500, clone M1/70, BioLegend), anti-RAGE (1:400, clone 697023, R&D systems), anti-calreticulin (CRT, conc. 1:500, clone EPR3924, Abcam), anti-DC-SIGN (conc. 1:300, clone 902404, R&D systems), anti-SCARF-1 (conc. 1:500, clone 8578, Proteintech), and anti-LRP1 (CD91, conc 1: 300, clone EPR3724, Abcam). Macrophage polarization was measured as a percentage of F4/80+ cells (1:400, clone BM8, eBioscience) with varying expression levels of CD206 (1:200, clone C068C2, BioLegend), MerTK (1:200, clone 2B10C42, BioLegend), and CD86 (1:200, clone GL-1, BioLegend) as follows: M1 (CD45+/CD11b+/CD206low/MerTKlow/CD86high) and M2 (CD45+/CD11b+/CD206high/MerTKhigh/CD86low).



Phagocytosis assay

Apoptotic neutrophils were pre-stained with CypHer5E mono N-hydroxy succinimide (NHS) ester (GE Lifesciences) and subsequently cocultured with macrophages by briefly spinning in a non-tissue culture treated plate at 500 rpm for 1 min at a ratio of 1:10 macrophage: neutrophils for 1h. For human neutrophil phagocytosis assays, neutrophils were isolated from healthy donors and allowed to senesce overnight at 37°C. A human histiocytic lymphoma cell line (U937) was obtained from the American Type Culture Collection (ATCC) and maintained as nonadherent monocyte-like cells in suspension (53). U937s were stimulated with 2 nM Phorbol-12-Myristate-13-Acetate (PMA, Santa Cruz Technologies) overnight to induce macrophage differentiation and adherence. CypHer5E-stained apoptotic human neutrophils were cocultured with U937 macrophages at a ratio of 1:10 macrophage: neutrophils for 1hr in the presence of recombinant native human C1q (Abcam) at 10, 20, and 50 μg/ml. Cells were collected, and phagocytosis was measured by flow cytometry where CypHer5E absorbance and emission wavelengths are around 547 and 664 nm, respectively. CypHer5E has 2x greater absorbance and 5x brighter emission at pH 4.67 than at pH 9.15. Mean fluorescence intensity (MFI) of CypHer5E+ cells were calculated and analyzed using Flow Jo (Treestar) software. As a negative control, phagocytes were pretreated with Cytochalasin D (10 μM, Sigma-Aldrich) for 15 min prior to the engulfment assay.



Neutrophil respiratory burst assay

WT and cKO neutrophils were isolated from BM using negative selection (see above) and subject to respiratory burst assay kit as per manufacturer’s instructions (Cayman Chemicals, Item # 601130). Briefly, 5 x 105 neutrophils were cultured in polypropylene tubes, stimulated with PMA for 1hr at 37°C, stained with DHR-123, and analyzed on the LSRII flow cytometer.



Western blotting and analysis

Mouse neutrophils isolated by negative selection from WT control or C1q cKO mice or human neutrophils were lysed with Pierce RIPA buffer (Thermo Scientific) supplemented with protease and phosphatase inhibitors (Thermo Scientific). Volumes of 6x SDS Laemmli were added directly and boiled at 95°C for 5 min. Total cell lysates were electrophoresed on SDS-polyacrylamide gel and transferred onto polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% milk in PBS containing 0.05% Tween 30 min to 1hr at room temperature and incubated with anti-C1q (Mouse: 1:50, clone 1151, rabbit anti-mouse, gift from Tenner lab at UC Irvine, or Human: 1:250, polyclonal rabbit anti-human, Dako) and shaken overnight at 4°C. The next day, membranes were incubated with HRP-anti-rabbit (Mouse) or HRP-anti-mouse (Human) IgG antibody (1:5000, Thermo scientific) for 1hr. Signals were visualized using Pico ECL substrate (Thermo Scientific). Loading controls were based on total β-actin directly conjugated to HRP (1:1000, Santa Cruz) added after stripping in 100 mM glycine-HCl pH 2.5, 150 mM NaCl, 0.1% Tween 20 for 30 min. Band intensities were quantified with Image J software.



Immunofluorescence and bright-field microscopy

For “neutrophil C1q imaging”, human neutrophils were freshly isolated and placed in a glass-bottomed chamber (Millipore, Burlington, MA) coated with 10 µg/ml recombinant ICAM-1 and the indicated in L-15 medium (Thermo Fischer Scientific) at 37°C. For immunofluorescence microscopy, neutrophils bound to the glass slide were fixed with paraformaldehyde, permeabilized with 0.05% saponin and 0.05% Tween 20, and stained with the indicated antibodies (10 μg/ml C1q antibody + 2 μg/ml anti-rabbit alexa647 and 2 μg/ml FITC-conjugated anti-lactoferrin, -MMP9, and -MPO Abs for 2 hr). Microscopy was conducted using a TE2000-U microscope (Nikon, Melville, NY) and a 60x magnification objective. Migration analysis and image processing were performed using NIS (Nikon).



Luminex assay and ELISAs

Human serum was collected from upper layer of 1-step polymorph and the levels of C1q were determined using Human Complement 1q ELISA kit (Abclonal). The expression of serum IL-6, IL-8 and TNF-α was quantified using MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel kit (Cat. # HCYTOMAG-60, EMD Millipore) according to manufacturer’s instructions. Briefly, patient’s serum samples were thawed on the ice at least one hour before the experiment. The standards or samples were added (in duplicate) into 96-well Luminex plate. Next, serum samples were mixed and incubated with antibody-linked magnetic beads at room temperature on a shaker (800 rpm) for 120 min and washed using BioPlex Pro magnetic wash station. Beads were resuspended in 125 µl of Bio-Plex assay buffer before reading on a calibrated Bio-Plex 200 system (Bio-Rad, Marnes-la-Coquette, France) and data were analyzed with Bio-Plex Manager 6.0 software. For mouse samples, serum and peritoneal lavage from individual mice were collected at 6 and 12hrs after LPS-induced endotoxemia and the levels of C1q were determined using Mouse Complement 1q ELISA kit (Abclonal). Cytokine levels of IL-6, IL-1β, and IL-10 were determined using DuoSet ELISA kits from R&D. For functional quantifications of C3a and C5a in the serum from CLP-induced septic mice, we used ELISA kit from ABclonal technology (Cat.# RK02648) and RayBio® (Cat.#ELM-CCC5a) and followed the instructions. Streptavidin-HRP and TMB were purchased from Thermo Scientific. The colorimetric reaction was stopped with 2N sulfuric acid and measured at 450 nm.



Real-time qPCR

Total RNA was prepared from human blood neutrophils using RNeasy Mini Kit. RNA (160 ng/reaction) was reverse transcribed using iScript cDNA Synthesis Kit (Bio-Rad), which contains pre-blended oligo (dT) and random primers. All cDNAs were divided into aliquots and stored at - 20°C until further use. Relative gene expression analysis was performed using optimized primers for C1qa, b, and c (Table S2) (54). cDNA was amplified using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) with CFX Connect realtime PCR detection system (Bio-Rad). Normalization between samples was performed using the average expression of three reference genes β-actin, SDHA, and TBP (Table S2) and relative quantification of gene expression was done using the 2-ΔΔCT method (55).



Histology and data analysis

Mice were euthanized as per UCAR protocol. Heart and lungs were carefully dissected out of the cavity and the heart and soft tissue were separated from both lungs using standard microsurgical dissecting techniques. Both lungs were placed over a sponge in fixing cassettes previously submerged in 70% ethanol in order to prevent organ folding during the fixation process. All cassettes were fixed in formalin for up to 2 days prior to histological processing. After 2 days, lungs were embedded in paraffin block and 4 μm sections were obtain using standard microtome techniques by the University of Rochester – Center for Musculoskeletal Research Histology core (CMSR) department. Four section levels at 50 μm apart were collected from the main airways. Paraffin slides were processed and stained with standard techniques for Hematoxylin & Eosin and Mason’s trichrome staining per the CMSR soft tissue protocols. All paraffin slides were digitally scanned using the CMSR – Histocore automated slide scanner (Olympus VS120 with VS-ASW v2.9.2) containing a brightfield camera with the following specifications: PIKE VC50 F505C and an Olympus U-TLU adapter 0.5x. Incorporated into the scanner there is an Olympus VS-BX microscope which contains the following specs: Mirror turret BX-RFAA, a Filter wheel ODB U-FFWO, and a UCB halogen lamp. All slides were scanned at the maximum magnification using the 40X objective (U PlanSApo 40X/0.95 ∞/0.11 – 0.23/FN26.5 UIS 2e). Focal points and areas were adjusted to incorporate all lung tissue in the slide. Tiff files were generated at 2x, 10x and 40x magnification and were analyzed using the VisioPharm and Image J software.



Intravital microscopy

To visualize in vivo pulmonary microcirculation through a pulmonary imaging window, a custom-made video-rate laser scanning intravital microscopy system was implemented (IVM-CM, IVIM Technology Inc. South Korea) (28). Briefly, functional capillary imaging analysis was performed using a real-time video. Series of images were obtained after IV injection of anti-CD31 Alexa555 (33 μg for endothelium), anti-Ly6G-Alexa647 (25 μg for neutrophil), and FITC-2M (400 μg for blood flow). After splitting the colors in the video, sequential images of channels were processed by a median filter with a radius of two pixels to enhance the signal-to-noise ratio. A maximal intensity projection of 30–40 frames (1 frame/min) was generated. All image processing was performed by ImageJ. Image rendering with three-dimensional reconstruction, track analysis of neutrophils, and plotting track displacement was conducted using IMARIS 8.2 (Bitplane, Zurich, Switzerland).



Bacterial load assay

Bacterial loads from the blood of IgG control and anti-C1q neutralizing antibody-treated septic mice were measured as described (19). In brief, after 48 h of post-CLP, mice were anesthetized using Avertin. Blood was collected by cardiac heart puncture. The collected blood was diluted in the ratios of 1:100, 1:1000, and 1:10000, and 100 μl. Each dilution was streaked on Tryptic Soy Agar (TSA) with 5% sheep blood plates (Remel). Plates were incubated under steady state conditions at 37°C with 5% CO2 for 24 h. Then bacterial colonies were enumerated for each animal and colony counts for each group were expressed as CFU/ml (n = 5/group).



Statistical analysis

All statistical tests were performed with GraphPad Prism (v9). Statistical analysis was performed using Mantel-Cox test for survival curves, Two-way ANOVA, ordinary One-Way ANOVA with a Tukey’s multiple-comparison post-test, unpaired t-test, and Mann– Whitney test when appropriate. Differences were considered significant when P values were <0.05.



Study approval

The Human Research Studies Review Board of the University of Rochester approved this study, and informed consent was obtained in accordance with the Declaration of Helsinki. All mouse procedures were approved by the University of Rochester Committee on Animal Resources under protocol UCAR-2008-039R and followed all Institutional Animal Care and Use Committee (IACUC) guidelines.
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Programmed death ligand 1 (PD-L1) is not only an important molecule in mediating tumor immune escape, but also regulates inflammation development. Here we showed that PD-L1 was upregulated on neutrophils in lipopolysaccharide (LPS)-induced acute respiratory distress syndrome (ARDS). Neutrophil specific knockout of PD-L1 reduced lung injury in ARDS model induced by intratracheal LPS injection. The level of NET release was reduced and autophagy is elevated by PD-L1 knockout in ARDS neutrophils both in vivo and in vitro. Inhibition of autophagy could reverse the inhibitory effect of PD-L1 knockout on NET release. PD-L1 interacted with p85 subunit of PI3K at the endoplasmic reticulum (ER) in neutrophils from ARDS patients, activating the PI3K/Akt/mTOR pathway. An extrinsic neutralizing antibody against PD-L1 showed a protective effect against ARDS. Together, PD-L1 maintains the release of NETs by regulating autophagy through the PI3K/Akt/mTOR pathway in ARDS. Anti-PD-L1 therapy may be a promising measure in treating ARDS.
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Highlights

•Upregulated PD-L1 on neutrophils contributes to NET release and acute lung injury via regulating autophagy through PI3K/Akt/mTOR pathway

•Anti-PD-L1 antibody administration may be a promising therapeutic strategy for ARDS



Introduction

Acute respiratory distress syndrome (ARDS) represents respiratory dysfunction in critically ill patients. It is defined as an acute onset of non-cardiogenic pulmonary edema and hypoxemia caused by alveolar inflammation or infection that requires mechanical ventilation (1–3). The Berlin definition of ARDS classified ARDS into three categories, based on the degree of hypoxemia: mild (200 mmHg < PaO2/FiO2 ≤ 300 mmHg), moderate (100 mmHg < PaO2/FiO2 ≤ 200 mmHg), and severe (PaO2/FiO2 ≤ 100 mmHg) (2, 4). Estimates of the incidence of ARDS in high- and middle-income countries vary from 10.1 to 86.2 per 100,000 person-years in the hospital inpatients (2, 5), however, the incidence is even higher in the patients admitted to the ICU. Mortality in ARDS is high (30%-40% in most studies) (1). The challenge of treating ARDS to reduce mortality and achieving better outcomes is enormous.

Dysregulated inflammation, inappropriate accumulation and activity of leukocytes and platelets, uncontrolled activation of coagulation pathways, altered permeability of alveolar endothelial and epithelial barriers remain central pathophysiologic mechanisms in ARDS (2, 6). Neutrophils are considered to be complex cells with important functions as effectors of the innate immune response and they are able to regulate various processes such as acute injury and repair, autoimmune and chronic inflammatory processes. In addition, neutrophils can stimulate adaptive immunity, as they have been shown to activate splenic B lymphocytes (7, 8). During periods of inflammation, the rate of neutrophil production increases by 10-fold to 1012 cells per day, which are recruited to the site of infection, killed by phagocytosis, and then cleared by macrophages (8, 9). During ARDS, a large number of neutrophils accumulate in the lungs. The neutrophil activation, infiltration and delayed clearance are thought to play a critical role in the pathogenesis of ARDS, while the presence of excessive neutrophil extracellular traps (NETs) can lead to more severe lung injury (10–13). NETs are large, extracellular, reticular structures composed of cellular-free DNA, histones, and globular proteins such as myeloperoxidase (MPO) (14, 15), which have an important role in the clearance of systemic microbial infections. Unfortunately, the contribution of NETs in tissue damage has also been well documented in infectious diseases (15). NETs can directly kill epithelial and endothelial cells through free circulating histones and cytotoxic MPO (16, 17), which has important implications for the pathogenesis of ARDS.

Autophagy, an evolutionarily conserved cellular mechanism, degrades proteins and organelles in the lysosome and is a principal self-protection mechanism. Upon activation, multiple stimuli interfere with strictly regulated processes under a variety of pathological conditions, including hypoxia, nutrient or energy deficiencies, and even cell differentiation signals (18–20). Since autophagy is the key to cellular resistance to external stress, enhanced autophagy can protect against sepsis-induced dysfunction of kidney (21), lung (22, 23), liver (24) and other organs. Interestingly, recent evidence confirmed that LC3 overexpression attenuated acute lung injury in septic mice (25). In addition, the protective effect of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) against sepsis-associated lung injury is mediated by enhanced ATG12-dependent autophagy (26, 27). Recent studies have implicated autophagy as a key contributor to the membrane changes observed during NETosis (28). However, the autophagy status in neutrophils of ARDS patients, and its association with NETosis, are largely unknown.

Programmed death ligand 1 (PD-L1), which is upregulated upon activation in bone marrow cells, lymphocytes, normal epithelial cells and cancer cells, is an important target for immune checkpoint blockade therapy (29–33). PD-L1 blockade can exert a protective effect on sepsis at least partly by inhibiting lymphocyte apoptosis and reversing monocyte dysfunction (34). We and others have previously shown that PD-L1 is upregulated in neutrophils and may be a potential biomarker for sepsis-induced immunosuppression (35). Furthermore, increased expression of PD-L1 on human neutrophils delays apoptosis, maintains phosphorylation of Akt and drives sepsis-induced lung injury (36). The PI3K/Akt pathway has an important role in maintaining neutrophil survival by PD-L1. It has been implicated in the regulation of lung injury, and inhibition of this pathway may reduce lung injury (35, 37). However, the protective effect of PD-L1 deficiency in neutrophils against sepsis-induced lung injury may be also attributed to reversal of sepsis-induced immunosuppression and enhanced clearance of bacteria. Therefore, the present study was performed to investigate the direct role of PD-L1 in neutrophil autophagy, NET release and LPS-induced lung injury. The potential role of PD-L1 as a therapeutic target against acute lung injury was also investigated using a PD-L1-neutralizing antibody.



Materials and methods


Mice

Neutrophil specific PD-L1 conditional knockout (CKO) mice were generated by crossing PD-L1flox/flox, engineered using CRISPR/Cas9 (BIORAY LABORATORIES Inc., Shanghai, China), with elane (Ela)cre/cre mice purchased from the EMMA mouse repository (INFRAFRONTIER, München, Germany) (36, 38, 39). Male C57BL/6J mice that were 6-8 weeks of age and free of specific pathogens were obtained from the Research Animal Center of Navy Medical University (Shanghai, China). The mice were housed in barrier cages under controlled environmental conditions (12/12-h light/dark cycle; 55% ± 5% humidity; 23°C). All animal studies were approved by the Committee on Ethics of Biomedicine Research in Naval Medical University, Shanghai, China.



Patients

Patients fulfilling the clinical criteria for ARDS were recruited from the Central Intensive Care Unit of Changhai Hospital, Shanghai, China. Healthy donors served as controls. Peripheral blood samples were collected from ARDS patients within the first 24 h of admission. The study protocol was approved by the Committee on Ethics of Biomedicine Research in Naval Medical University, Shanghai, China.



In vivo experiments

The ARDS model was established as described previously (40). Briefly, the mice were anesthetized with sevoflurane (Hengrui, Lianyungang, Jiangsu, China). After exposing the trachea, a trimmed sterile 31-gauge needle was inserted into the tracheal lumen. LPS (Sigma, St Louis, MO, USA) diluted in endotoxin-free saline was intratracheally (IT) injected at a dose of 10 mg/kg in 100 μl saline. To treat ARDS mice, anti-PD-L1 antibody (eBiosciences, San Diego, CA, USA) was intraperitoneally administered at a dose of 50 μg/mouse immediately after the injection of LPS. Hematoxylin-eosin staining was conducted to quantify lung injury and the result was semi-quantified by two independent pathologists according to the criteria reported previously (41, 42). The cells in the BALF (BALF was obtained by intratracheal injection with 1 ml cold PBS) were collected and stained with anti-Ly6G-PE and anti-CD11b-APC (eBiosciences, San Diego, CA, USA) to detect neutrophils by flow cytometry. BALF levels of TNF-α, IL-1β and IL-6 were detected by enzyme linked immunosorbent assay (ELISA, R&D, Minneapolis, MN, USA). The wet-to-dry weight (W/D) ratio was calculated to assess the edema. The protein concentration in the BALF was assessed with a BCA detection kit (Thermo Scientific, Rockford, IL, USA).



Neutrophil purification, stimulation and transfection

The mice neutrophils were isolated from bone marrow by positive selection magnetic cell separation (MACS) using the Miltenyi Biotec mouse AntiLy-6G MicroBead Kit according to the manufacturer’s instructions (Miltenyi, Bergisch Gladbach, Germany) (43). The purity of the isolated cells was at least 95% according to the expression of Gr-1 and CD11b. Human neutrophils were purified by density gradient centrifugation with 3% Dextran and Ficoll-Hypaque (GE Healthcare, Little Chalfont, UK) as previously described (44, 45). The cells were resuspended in DMEM supplemented with 10% FBS, 1% glutamine, and 1% penicillin/streptomycin solution at a concentration of 1 x 106 cells/mL. Cells were incubated in polypropylene tubes to prevent adherence. The purity of the isolated cells was at least 96% according to the expression of CD15. Neutrophils were stimulated with LPS (1ug/ml) (Sigma, St Louis, MO, USA) and IFN-γ (10ng/ml)(Peprotech, Rocky Hill, USA) for 21hours. PD-L1 siRNA transfection was performed using the Santa Cruz siRNA transfection reagent for 21 hours according to the manufacturer’s instructions (Dallas, TX, USA).



MPO-DNA (NETs) assay

To quantify NETs in mouse BALF and in cell culture supernatant, a capture ELISA based on MPO associated with DNA was applied (46). For the capture antibody, 5 μg/ml anti-MPO Ab (Invitrogen, Carlsbad, CA, USA) was coated onto 96-well plates (dilution 1: 500 in 50 μl) overnight at 4°C. After washing 3 times (300 μl each), 20 μl of samples was added to the wells with 80 μl incubation buffer containing a peroxidase-labeled anti-DNA antibody (Cell Death ELISA PLUS, Roche, Indianapolis, IN, USA; dilution 1: 25). The plate was incubated for 2 hours, shaken at 300 rpm at room temperature. After 3 washes (300 μl each), 100 μl peroxidase substrate (ABTS) was added. Absorbance at 405 nm wavelength was measured after 20 minutes of incubation at room temperature in the dark. Results are reported as percent of WT mice BALF or healthy cell culture supernatant ± SD, arbitrarily set at 100%.



Flow cytometry

Mice were euthanized 24 h after LPS ARDS or sham-operated surgery to get BALF. Cells were stained with fluorochrome-conjugated anti-Gr-1, anti-PD-L1 antibodies (eBioscience San Jose, CA, USA). Flow cytometric analysis was performed on a MACS Quant (Miltenyi Biotech, Bergisch Gladbach, Germany) using Flowjo software version 7.6 (Tree Star, Ashland, OR, USA).



Western blot and immunoprecipitation

Western blotting was performed to detect PD-L1, LC3B, Beclin-1, p110 and p85, Akt, mTOR phosphorylation. The antibodies included anti-PD-L1 (Santa Cruz, Dallas, TX, USA), anti-LC3B (CST, Princeton, NJ, USA), anti-Beclin-1 (CST, Princeton, NJ, USA), anti-p85 (Abcam, Cambridge, MA, USA), anti-phosphorylated p85 (Y607) (Abcam, Cambridge, MA, USA), anti-Akt (CST, Princeton, NJ, USA), anti-phosphorylated Akt (S473) (CST, Princeton, NJ, USA), anti-mTOR (CST, Princeton, NJ, USA), anti-phosphorylated mTOR (CST, Princeton, NJ, USA) and anti-β-actin (CST). Immunoprecipitation assay was performed using the anti-p110 antibodies (CST, Princeton, NJ, USA) and Protein7 G beads (GE Healthcare, Mississauga, ON, Canada). LC3B II/I intensity was calculated using Image J software.



Immunofluorescence

Following anaesthetized, animals were perfused transcardially by phosphate-buffer saline (PBS) and 4℅ paraformaldehyde (PFA) successively. Lungs were removed and fixed in PFA at 4°C for more than 24 h. Thereafter, lungs were immersed in 30% sucrose for dehydration and then cut into 30-μm-thick slices on a cryostat. Tissue sections were incubated with 0.5℅ Triton X-100 for 20 min for permeation, and subsequently immersed in 3℅ bovine serum albumin for 1 h at room temperature for blocking. The sections were then incubated with primary antibodies (1:200) overnight at 4°C. After washed with PBS three times, the sections were incubated with secondary antibodies (1:1000) for 1 h at room temperature. Following activation of neutrophils, the cells were collected, washed with PBS for three times, fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 30 min at room temperature, and then blocked with 1% bovine serum albumin (BSA) in distilled water for 30 min. The cells were incubated overnight with a mouse anti- MPO antibody (Abcam cat. Ab25989) at a 1:500 dilution, an anti-Histone 3 antibody (Abcam; cat. Ab5103) at a 1:500 dilution. After being washed with PBS three times, the cells were stained with secondary antibodies, including Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-mouse antibodies. We used DAPI as a nuclear counterstain (Life Technologies). After being rinsed and mounted with glycerol, the sections were recorded using fluorescence microscopy.



Electron microscopy

Autophagosomes were observed in neutrophils in mice BALF by transmission electron microscopy. NETs were observed in human neutrophils by scanning electron microscopy. Cells were fixed with 2.5% glutaraldehyde, postfixed with 1% osmiumtetroxide, contrasted with uranylacetate and tannic acid, dehydrated, and embedded in Polybed (Polysciences).



Fluorescence microscopy

Neutrophils LC3B puncta were assessed with fluorescence Confocal to evaluate autophagy. Confocal fluorescence images were captured using a Leica TCS SPE confocal fluorescence microscope (Leica Microsystems). Non-confocal images were acquired with an Axio Observer inverted fluorescence microscope (Carl Zeiss). LC3B puncta was calculated using Image J software.



Statistical analysis

All statistical analyses were perform using Graphpad Prism 8.0 (San Diego, CA, USA). Comparisons of normally distributed continuous data were performed with student’s t test or one-way analysis of variance. The lung injury score was compared using the Kruskal-Wallis test with Dunn’s adjustment for multiple comparisons. A p <0.05 was considered as statistically significant.




Results


Upregulated PD-L1 promotes neutrophil recruitment in lung and aggravates lung injury

We previously reported that PD-L1 expression was increased in neutrophils during sepsis, and PD-L1 could inhibit the apoptosis of neutrophils through the PI3K/Akt pathway (36), leading to increased neutrophils aggregation in the lungs to aggravate lung injury during sepsis. But the in vivo role of neutrophil PD-L1 against ARDS might be confused by its role in immunosuppression. To investigate whether PD-L1 plays a direct role in acute lung injury, we introduced the neutrophil-specific PD-L1 knockout (PD-L1flox/flox) mice and PD-L1WT/WT mice to establish an ARDS model by intratracheal LPS injection (47). After LPS stimulation, the expression of PD-L1 in lung neutrophils increased, but compared with PD-L1WT/WT mice, the increase of PD-L1 in lung neutrophils of PD-L1flox/flox mice was not significant (Figures 1A, B). LPS-induced lung injury was present in both PD-L1flox/flox and PD-L1WT/WT mice, characterized as alveolar wall thickening, interstitial and alveolar infiltration of inflammatory cells, and hemorrhage in the lungs. However, LPS injection caused more severe lung injury in PD-L1WT/WT mice compared with the PD-L1flox/flox mice (Figures 1C, D). Inflammatory cytokines are usually elevated in the lungs in LPS-induced ARDS. Compared with the PD-L1WT/WT mice, LPS significantly attenuated the secretion of TNF-α, IL-1β and IL-6 in BALF of PD-L1flox/flox mice (Figure 1E). In ARDS, there is increased infiltration of macromolecules and fluids into the interstitium due to a compromised endothelial cell barrier (3). We measured the wet-to-dry weight ratio of the lungs and total protein concentration of BALF which is a signal of pulmonary edema in ARDS. Neutrophil-specific PD-L1 knockout effectively attenuated the effect of LPS in increasing wet-to-dry ratio of lung and increase total protein concentration of BALF (Figure 1F). Secretion of pro-inflammatory cytokines by resident alveolar macrophages in ARDS leads to recruitment of neutrophils and monocytes or macrophages, activation of alveolar epithelial cells and effector T cells, and promoting inflammation and tissue injury (2). It was observed that LPS increased the number of total cells and neutrophils in BALF from PD-L1WT/WT mice. Similarly, this trend was attenuated in the PD-L1flox/flox mice (Figure 1G). Our data suggested that up-regulated PD-L1 has a facilitating effect on the pathogenesis of ARDS and that the lack of PD-L1 may reduce neutrophil recruitment and inflammatory responses in the lung.




Figure 1 | Up-regulated PD-L1 has a facilitating effect on the pathogenesis of ARDS and that a lack of PD-L1 has a protective effect. (A–G) PD-L1WT/WT mice and PD-L1flox/flox mice were injected intratracheally with LPS (10mg/kg) for 24h. (A, B) Percent of PD-L1 expression on neutrophils in BALF. (C) Representative histological section of the lungs was stained by HE staining (scale bar:100um). (D) The lung injury scores were determined. (E) TNF-α, IL-1β, IL-6 levels in BALF. (F) BCA assay was used to determine the total protein concentration in BALF and lung tissues were weighed to calculate the W/D ratio. (G) The total cells and neutrophils detected by flow cytometry in BALF. The values presented are mean ± SEM (n=6; *P<0.05, one-way analysis of variance).





PD-L1 modulates the release of NETs both in vivo and in vitro

The prerequisite for NETs formation is the activation of neutrophils and the release of their DNA. Excessive NETs in inflammation can be injurious to tissues, and targeted modulation of NET release is a new direction in the treatment of acute lung injury (48–50). The in vivo data showed that increased release of NETs in the lungs of LPS-challenged mice and excessive release of NETs was reversed in the lung when PD-L1 was knocked out specifically in neutrophils (Figures 2A, B). In addition, we stimulated bone marrow neutrophils of mice with LPS/IFN-γ and found that the knockout of PD-L1 resulted in a reduction in neutrophil production of NETs in vitro (Supplementary Figure 1), indicating that down-regulated PD-L1 can prevent overproduction of NETs. We also collected peripheral blood neutrophils from ARDS patients and silenced PD-L1 expression using siRNA to detect PD-L1 expression and NET release (Figures 3A–D). The results showed that neutrophil NET release was increased in ARDS patients compared to healthy volunteers, while NET release was reduced in PD-L1-knockdown neutrophils.




Figure 2 | Genetic deletion of PD-L1 in neutrophils can reduce NET release in ARDS model. (A, B) PD-L1WT/WT mice and PD-L1flox/flox mice were injected intratracheally with LPS (10mg/kg) for 24h. (A) Representative immunofluorescence images of Cit-H3 (green) and MPO (red) staining with blue DAPI nuclear staining in lungs. Neutrophils express MPO (red) and NET forming neutrophils also express Cit-H3 (green). Cyan fluorescence represents the colocalization of Cit-H3 with DNA. The white arrowheads point to neutrophils not making NETs and the red arrows to neutrophils making NETs. The scale bar indicates 20 μm. Higher magnification images are shown lower row of figures – scale bars indicate 10 μm. (B) MPO-DNA complex measured in NETs structures in BALF. The values presented are mean ± SEM (n=3; *P<0.05, one-way analysis of variance).






Figure 3 | Down-regulated PD-L1 of neutrophils reduces NET release in human. (A) Representative scanning electron micrographs of neutrophil NET of normal and ARDS patients (scale bar: 5um). (B) Genetic silencing of PD-L1 using siRNA in ARDS neutrophils for 21 hours significantly decreased PD-L1 expression. (C) MPO-DNA complex measured in NETs structures in neutrophils culture supernatant. (D) Representative immunofluorescence images of Cit-H3 (green) and MPO (red) staining with blue DAPI nuclear staining in neutrophils. Neutrophils express MPO (red) and NET forming neutrophils also express Cit-H3 (green). Cyan fluorescence represents the colocalization of Cit-H3 with DNA. The white arrowheads point to neutrophils not making NETs and the red arrows to neutrophils making NETs. The scale bar indicates 50 μm. Higher magnification images are shown lower row of figures – scale bars indicate 10 μm. The values presented are mean ± SEM (n=6; *P<0.05, one-way analysis of variance).





PD-L1 modulates the release of NETs by regulating autophagy

In chronic kidney disease, excessive NETs are closely associated with endothelial cell dysfunction. Levels of NETs were significantly increased after autophagy was inhibited, suggesting a protective role of autophagy in excessive NET formation (51). In the present work, we observed that LPS/IFN-γ stimulation significantly augmented the level of autophagy in neutrophils, but PD-L1-knockdown neutrophils have a higher level of autophagy (Figures 4A, B). And we were able to confirm more accumulation of localized LC3B puncta in PD-L1-knockdown neutrophils by confocal microscopy (Figures 4C, D), indicating that autophagy levels are further enhanced after knockdown of PD-L1 in neutrophils. To verify whether neutrophil PD-L1 regulated autophagy in ARDS, we confirmed that the neutrophil autophagosomes in BALF of ARDS PD-L1flox/flox mice were more than those of PD-L1WT/WT mice by electron microscopy, which implied that PD-L1-knockdown neutrophils had a higher level of autophagy (Figure 4E). These results may suggest that PD-L1 inhibits autophagy potential in neutrophils and PD-L1 knockdown can lift this inhibition to produce more autophagy under ARDS.




Figure 4 | Genetic deletion of PD-L1 can increase autophagy levels. (A–D) Neutrophils from PD-L1WT/WT mice or PD-L1flox/flox mice are stimulated with IFN-γ (10ng/ml) and LPS (1μg/ml) for 21 hours. (A) PD-L1, Beclin-1 and LC3B II/I immunoblotting in neutrophils. (B) Integrated optical density ratio of LC3B II/LC3B (I) (C) Autophagy induction assessed with LC3B staining (confocal microscopy; green: LC3B; blue: DNA) in neutrophils (scale bar: 10um). (D) LC3B puncta/cell are depicted. (E) PD-L1WT/WT mice and PD-L1flox/flox mice were injected intratracheally with LPS (10mg/kg) for 24h. Representative transmission electron micrographs of neutrophil autophagosomes in BALF (scale bar: 2um, 1um). The values presented are mean ± SEM (n=6; *P<0.05, one-way analysis of variance).



Next step, autophagy was inhibited by wortmannin administration (52). Interestingly, when autophagy was inhibited by wortmannin, the release of NETs was re-introduced in lungs of PD-L1flox/flox mice treated with LPS (Supplementary Figure 2). Similar trend was also observed in neutrophils in vitro. The inhibition of NET release by PD-L1 knockout was reversed in mice neutrophils by wortmannin stimulated with LPS and IFN-γ (Supplementary Figure 3).



PD-L1 regulates autophagy through PI3K/Akt/mTOR pathway

Mammalian target of rapamycin (mTOR), a serine/threonine kinase, plays a critical role in regulating autophagy, and its activation can inhibit autophagy (53, 54). It has been demonstrated that PD-L1 inhibition in tumors decreases PI3K/Akt/mTOR pathway activity and enhances autophagy (55, 56), but the pathways through which PD-L1 regulates autophagy in ARDS are not yet clear. Our previous work has demonstrated that PD-L1 can bind to PI3K regulatory subunit p85 in neutrophils (36), so we speculated that PD-L1 regulates autophagy via PI3K/Akt/mTOR signaling pathway, thus preventing the release of excessive NETs to improve ARDS. To confirm this prediction, we investigated PI3K/Akt/mTOR pathway in vitro with purified bone marrow neutrophils of mice. Under LPS/IFN-γ stimulation, PD-L1 expression was elevated (Figure 4A), PI3K/Akt/mTOR pathway activity was augmented and autophagy was enhanced in neutrophils from control mice, but in PD-L1-knockout neutrophils from mice, PI3K/Akt/mTOR pathway activity was relatively lower and autophagy was stronger (Figures 5A, B).




Figure 5 | PD-L1 binds to p85 on the ER to regulate autophagy via PI3K/Akt/mTOR pathway. (A) Neutrophils from PD-L1WT/WT mice or PD-L1flox/flox mice are stimulated with IFN-γ (10ng/ml) and LPS (1μg/ml) for 21 hours. Protein levels of p85, p-p85, Akt, p-Akt, mTOR, p-mTOR and LC3B II/I in neutrophils were evaluated by western blot analysis. (B) Integrated optical density ratio of p-p85/p85, p-Akt/Akt, P-mTOR/mTOR, and LC3B II/LC3B (I) The values presented are mean ± SEM (n=3; *P<0.05, one-way analysis of variance). (C) PD-L1 and p85 overlap on the ER in neutrophils from ARDS patients, which was confirmed by confocal microscopy (blue: DNA; red: p85; yellow: PD-L1; green: calnexin (ER marker)) (scale bar: 1um). (D) Neutrophils were transfected with PD-L1 siRNA. Immunoprecipitating p110 demonstrates that p110 complexes with more p85 and Akt in ARDS patients. The values presented are mean ± SEM (n=3; *P<0.05, one-way analysis of variance).



Based on our previous work (36), we explored the site of intracellular binding of PD-L1 and PI3K regulatory subunit p85 in neutrophil. PD-L1 is a transmembrane protein and OTUB1 inhibits its degradation via ERAD (endoplasmic reticulum-associated degradation) pathway before it is fully matured, and only the intracellular domain of ER-associated PD-L1 exposes to the cytosol (57). PI3K is composed of the p85 regulatory subunit and the p110 catalytic subunit. The p85 subunit has both inhibitory and stabilizing effects on p110. Therefore, we explored whether PD-L1 and p85 combined at the endoplasmic reticulum in neutrophil to activate the PI3K/Akt/mTOR pathway. When activated, p85 phosphorylation decreased its inhibitory effect on p110, leading to an enhanced activity of p110. Unbound p85 has an inhibitory effect on p85/p110 heterodimer (58–61). The immunofluorescence assay demonstrated that PD-L1, p85 and the ER marker calnexin colocalized in neutrophils of ARDS patients (Figure 5C). In addition, we investigated the interaction between p110 and p85 or Akt by immunoprecipitation in neutrophils of ARDS patients. The results showed that both p110 and p85 or Akt binding were elevated in neutrophils stimulated by LPS/IFN-γ. When PD-L1 was knocked down by siRNA, the interaction between p110 and p85 or Akt was inhibited (Figure 5D). These findings suggested that elevated PD-L1 expression in neutrophils from ARDS patients activated PI3K and enhanced activation of Akt and mTOR.

Insulin-like growth factor 1 (IGF-1) can activate PI3K pathway (62). Therefore, IGF-1 was introduced to reverse the effect of PD-L1 knockout on PI3K/Akt/mTOR pathway. Neutrophils from PD-L1-knockout mice were stimulated by LPS/IFN-γ and treated with IGF-1. Administration of IGF-1 increased the phosphorylation of p85, Akt and mTOR (Figures 6A, B), and inhibited the level of autophagy in PD-L1flox/flox neutrophils (Figures 6C–F). And activation of PI3K/Akt/mTOR pathway also reversed the inhibition of NET release by PD-L1 knockout (Figure 6G). These data may imply that PD-L1 inhibits neutrophil autophagy by maintaining the activation of PI3K/Akt/mTOR pathway to curb autophagy potential under ARDS.




Figure 6 | IGF-1 is able to counteract the protective effect of PD-L1 knockdown by activating the PI3K/Akt/mTOR pathway. (A–G) Neutrophils from PDL1WT/WT mice or PD-L1flox/flox mice stimulated with IFN-g (10ng/ml) and LPS (1mg/ml) are treated with IGF-1 (10ng/ml) or DMSO for 21h. (A) IGF-1 can activate the PI3K/Akt/mTOR pathway confirmed by Protein levels of p85, p-p85, Akt, p-Akt, mTOR, p-mTOR in neutrophils. (B)
Integrated optical density ratio of p-p85/p85, p-Akt/Akt, P-mTOR/mTOR. (C) Autophagy induction assessed with LC3B staining (confocal microscopy; green: LC3B; blue: DNA) in neutrophils (scale bar: 10um). (D) LC3B puncta/cell are depicted. (E) PD-L1, Beclin-1 and LC3B II/I immunoblotting in neutrophils. (F) Integrated optical density ratio of LC3B II/LC3B I. (G) MPO-DNA complex measured in NETs structures in
neutrophils culture supernatant. The values presented are mean ± SEM (n=6; *P<0.05, one-way analysis of variance).





Anti-PD-L1 antibody ameliorates ARDS and enhances autophagy in mice

As described above, knockdown of neutrophil PD-L1 was protective against ARDS in mice through enhanced autophagy. Therefore, we investigated whether anti-PD-L1 antibody had a direct protective effect against ARDS. Anti-PD-L1 antibody was administered intraperitoneally into the murine model of ARDS and showed that lung injury, inflammatory factors, BALF protein concentration, BALF total cell count and neutrophil count were significantly lower in the anti-PD-L1 antibody group compared with those in the isotype antibody group (Figures 7A–E), indicating that treatment with anti-PD-L1 antibody attenuated lung injury and inhibited inflammatory factors, protein exudation and neutrophil infiltration of lung tissue. Moreover, lung NETs fluorescence and MPO-DNA ELISA assay of BALF showed that the administration of anti-PD-L1 antibody reduced the production of NETs in the lungs of ARDS mice (Figures 8A, B), thus effectively alleviating the damage to the lungs. In addition, we also examined beclin-1, LC3B (autophagy marker) protein with ARDS patient neutrophils, and the results indicated that autophagy was elevated after the application of anti-PD-L1 antibody (Figures 8C ,D and Supplementary Figure 4), suggesting that anti-PD-L1 antibody might exert a protective effect by increasing the level of autophagy in ARDS. Conventionally, anti-PD-L1 antibody acted on the cell surface to prevent the interaction between PD-L1 and its receptor, PD-1. We questioned how anti-PD-L1 antibody inhibited the intracellular effect of PD-L1 and the subsequent signaling molecules. Thus, we visualized the localization of anti-PD-L1 antibody in the neutrophils. We first stimulated neutrophils with a neutralizing anti-PD-L1 antibody, and then stained this neutralizing antibody. Interestingly, the immunofluorescence assay showed that anti-PD-L1 antibody was colocalized with the ER marker, calnexin (Figure 8E).




Figure 7 | Anti-PD-L1 antibody has an ameliorating effect on the pathogenesis of ARDS. (A–E) C57BL/6 mice injected intratracheally with LPS (10mg/kg) were treated with anti-PD-L1 antibody (50ug/mouse) or Isotype antibody for 24h. (A) Representative histological section of the lungs was stained by HE staining, magnification (bar=100um). (B) The lung injury scores were determined. (C) IL-1β, IL-6, TNF-α in BALF. (D) BCA assay was used to determine the total protein concentration in BALF and lung tissues were weighed to calculate the W/D ratio. (E) The total cells and neutrophils detected by flow cytometry in BALF. The values presented are mean ± SEM (n=6; *P<0.05, one-way analysis of variance).






Figure 8 | Anti-PD-L1 antibody can reduce NET release and increase autophagy levels in neutrophils via the PD-L1-PI3K/Akt/mTOR-autophagy-NETs pathway. (A, B) C57BL/6 mice injected intratracheally with LPS (10mg/kg) were treated with anti-PD-L1 antibody (50ug/mouse) or Isotype antibody for 24h. (A) Representative immunofluorescence images of Cit H3 (green) and MPO (red) staining with blue DAPI nuclear staining in lungs. Neutrophils express MPO (red) and NETs forming neutrophils also express Cit-H3 (green). Cyan fluorescence represents the colocalization of Cit-H3 with DNA. The white arrowheads point to neutrophils not making NETs and the red arrows to neutrophils making NETs. The scale bar indicates 20 μm. Higher magnification images are shown lower row of figures – scale bars indicate 10 μm. (B) MPO-DNA complex measured in NETs structures in BALF. (C) Neutrophils from ARDS patients were treated with anti-PD-L1 antibody (10ug/106 cells) for 21h, Beclin-1 and LC3B II/I immunoblotting in neutrophils. (D) Integrated optical density ratio of LC3B II/LC3B (I) (E) Neutrophils from ARDS patients were treated with anti-PD-L1 antibody (10ug/106 cells) for 24h, which were located on the ER (confocal microscopy; blue: DNA; red: PD-L1 antibody; green: calnexin (ER marker)) (scale bar: 10um). (F) When neutrophils receive LPS/IFN-γ stimulation, PD-L1 expression is elevated and binds to PI3K regulatory subunit p85 at the ER. Phosphorylated p85 binds tightly to catalytic subunit p110 to phosphorylate downstream Akt/mTOR. mTOR upregulation inhibits autophagy, which leads to the release of excessive NETs from the neutrophils. PD-L1 antibody enters the neutrophils at the ER to inhibit PD-L1 catalysis downstream of PI3K. The values presented are mean ± SEM (n=6; *P<0.05, one-way analysis of variance).






Discussion

Our present data implicates that PD-L1-PI3K/Akt/mTOR-autophagy-NETs pathway plays an important role in neutrophil-mediated lung injury during ARDS (Figure 8F). PD-L1 expression is elevated in neutrophils from ARDS patients and mice to activate the PI3K/Akt/mTOR pathway. When PD-L1 expression is downregulated in activated neutrophils, the activation of PI3K/Akt/mTOR pathway is compromised, followed by a weakened inhibitory effect of mTOR on autophagy, which attenuates the release of excessive NETs. More importantly, our data demonstrates that PD-L1 interact with PI3K at the ER level, but not at the cell membrane as conventionally acknowledged. Furthermore, the neutralizing antibody against PD-L1 shows a direct protective effect against LPS-induced lung injury in mice.

PD-L1 is not only an important molecule in mediating tumor immune escape, but also has an important role in inflammation development. Thanabalasuriar et al. (63) reported the role of PD-L1+ neutrophils in mice with airway inflammation and found a protective effect of anti-PD-L1 antibody against inflammation. Our previous work presented that upregulation of neutrophil PD-L1 in inflammatory states can delay the apoptotic process through the PI3K/Akt pathway and consequently induce lung injury (35). In that study, it was observed that enhanced Akt phosphorylation in neutrophils from patients with sepsis, which was reversed by PD-L1 siRNA. It was also discovered that PD-L1 interacts with p85 subunit by immunoprecipitation (35). Herein, we demonstrated that when neutrophils were stimulated by LPS/IFN-γ, PD-L1 expression was elevated and binded to p85 subunit at the ER. Traditionally, PD-L1 is thought to be expressed on the neutrophil membranes and interacts to PD-1 on the T cells membranes, suppressing normal T cell immunity and promoting immunosuppression (35, 64, 65). In this study, we found that PD-L1 and p85 could interact with each other at the ER by colocalization under fluorescence image, thereby activating the PI3K/Akt/mTOR pathway in the host cells which expressed PD-L1. Phosphorylated p85 binds tightly to catalytic subunit p110 to phosphorylate downstream Akt/mTOR. PI3K/Akt/mTOR pathway can regulate autophagy, and mTOR inhibitors can enhance autophagy. Neutrophil PI3K/Akt/mTOR pathway activity is inhibited after knockout of neutrophil PD-L1. Pehote et al. (66) showed that enhanced autophagy might reduce immune disorder and organ deterioration in ARDS. When PD-L1 was knocked out specifically in neutrophils, autophagy was enhanced by lifting suppressed autophagy potential due to increased PD-L1 and NET release was reduced. Inhibition of autophagy by inhibitor would reverse the elevated NET release in activated neutrophils where PD-L1 expression was upregulated. This means that PD-L1 can inhibit autophagy potential (higher autophagy level by PD-L1 knockout) and maintain NET release by activating PI3K/Akt/mTOR pathway.

Autophagy and NET formation are not fully understood. Several groups have reported a requirement for autophagy in the formation of NETs (67, 68), and inhibition of autophagy prevents intracellular chromatin decondensation, which is essential for NETosis and NET formation (28). Others have reported that NETs can occur in absence of essential autophagy gene (69). Meanwhile, we discussed that NETs are released in excess during ARDS and that the increased autophagy stimulated by knockdown of PD-L1 can inhibit NET release. The role of NETs in infection control was first described in 2004 by Brinkmann et al. (70). However, over the past decade, many groups have reported on the role of NETs as a double-edged sword. In concert with their bactericidal activity, NETs also display toxic effects on host tissues in different diseases, such as diabetes, rheumatoid arthritis and sepsis (17, 71–73). In addition, at least 2 different mechanisms of NET formation have been described, including a suicide lytic NETosis and a live cell or vital NETosis (74). Since autophagy has waste disposal functions, its activation and inhibition may become a new therapeutic strategy for diseases (75). There is growing evidence that autophagy promotes cellular senescence and cell surface antigen presentation, protects against genomic instability and prevents necrosis, in addition to eliminated intracellular aggregates and damaged organelles, giving it a key role in the prevention of cancer, neurodegeneration, cardiomyopathy, diabetes, liver disease, and other diseases (75, 76). Excess NETs in ARDS are harmful, and elevated autophagy may reduce NETs to improve ARDS. However, progress in assessing the role of autophagy in human disease and its treatment relies heavily on the development of methods to monitor human autophagic activity (77).

Anti-PD-L1 antibodies are widely used in clinical practice for tumor treatment. Atezolizumab (a monoclonal antibody against PD-L1), which restores anticancer immunity, improved overall survival in patients with previously treated lung cancer or breast cancer and also showed clinical benefit when combined with chemotherapy as first-line treatment of lung cancer or breast cancer (78, 79). PD-L1 blockade can exert a protective effect on sepsis and the employment of anti-PD-L1 antibodies may be a promising therapeutic strategy for sepsis-induced immunosuppression (34, 35, 80). Clinical studies demonstrate that anti-PD-L1 peptide reverses T-cell dysfunction and improves survival in sepsis patients (81, 82). Notably, anti-PD-L1 antibodies, as immune checkpoint inhibitors, can reverse immunosuppression and may increase immune lung damage. It is then worth exploring whether the use of anti-PD-L1 antibodies increases the occurrence of septic lung injury (83–85). However, Thanabalasuriar et al. reported that blocking PD-L1 reduces airway inflammation and systemic treatment of injured animals with an anti-PD-L1 antibody prevented neutrophil accumulation in the lung and reduced susceptibility to infection (63). We verified the protective effect of anti-PD-L1 antibody against lung injury, the reduction of NET release and enhanced autophagy in vivo using a mice ARDS model. In addition, we confirmed that anti-PD-L1 antibody could produce the similar effects in reducing release of NETs and enhancing autophagy in human neutrophils from ARDS patients, which indicates the therapeutic effect of anti-PD-L1 antibody against ARDS and brings a new direction to the treatment of ARDS.



Conclusion

In conclusion, PD-L1 has been identified as a therapeutic target against NET release and acute lung injury via regulating autophagy through PI3K/Akt/mTOR pathway in neutrophils. PD-L1 inhibition in neutrophils exerts a protective effect on ARDS by preventing excessive NETs. Therefore, anti-PD-L1 antibody administration may be a promising therapeutic strategy for sepsis-induced ARDS.
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A Corrigendum on 


PD-L1 maintains neutrophil extracellular traps release by inhibiting neutrophil autophagy in endotoxin-induced lung injury. 
by Zhu C-l, Xie J, Zhao Z-z, Li P, Liu Q, Guo Y, Meng Y, Wan X-j, Bian J-j, Deng X-m and Wang J-f (2022) Front. Immunol. 13:949217. doi: 10.3389/fimmu.2022.949217


In the published article, there was an error in Figure 6 as published. In Figure 6B, the integrated optical density ratio of p-p85/p85, p-Akt/Akt and p-mTOR/mTOR values do not correspond to the experiment group. The corrected Figure 6 and its caption appear below.




Figure 6 | IGF-1 is able to counteract the protective effect of PD-L1 knockdown by activating the PI3K/Akt/mTOR pathway. (A–G) Neutrophils from PD-L1WT/WT mice or PD-L1flox/flox mice stimulated with IFN-γ (10ng/ml) and LPS (1μg/ml) are treated with IGF-1 (10ng/ml) or DMSO for 21h. (A) IGF-1 can activate the PI3K/Akt/mTOR pathway confirmed by Protein levels of p85, p-p85, Akt, p-Akt, mTOR, p-mTOR in neutrophils. (B) Integrated optical density ratio of p-p85/p85, p-Akt/Akt, P-mTOR/mTOR. (C) Autophagy induction assessed with LC3B staining (confocal microscopy; green: LC3B; blue: DNA) in neutrophils (scale bar: 10um). (D) LC3B puncta/cell are depicted. (E) PD-L1, Beclin-1 and LC3B II/I immunoblotting in neutrophils. (F) Integrated optical density ratio of LC3B II/LC3B I.(G) MPO-DNA complex measured in NETs structures in neutrophils culture supernatant. The values presented are mean ± SEM (n=6; *P<0.05, one-way analysis of variance).



The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Sepsis is a prevalent disease that has alarmingly high mortality rates and, for several survivors, long-term morbidity. The modern definition of sepsis is an aberrant host response to infection followed by a life-threatening organ dysfunction. Sepsis has a complicated pathophysiology and involves multiple immune and non-immune mediators. It is now believed that in the initial stages of sepsis, excessive immune system activation and cascading inflammation are usually accompanied by immunosuppression. During the pathophysiology of severe sepsis, neutrophils are crucial. Recent researches have demonstrated a clear link between the process of neutrophil cell death and the emergence of organ dysfunction in sepsis. During sepsis, spontaneous apoptosis of neutrophils is inhibited and neutrophils may undergo some other types of cell death. In this review, we describe various types of neutrophil cell death, including necrosis, apoptosis, necroptosis, pyroptosis, NETosis, and autophagy, to reveal their known effects in the development and progression of sepsis. However, the exact role and mechanisms of neutrophil cell death in sepsis have not been fully elucidated, and this remains a major challenge for future neutrophil research. We hope that this review will provide hints for researches regarding neutrophil cell death in sepsis and provide insights for clinical practitioners.




Keywords: neutrophil, cell death, sepsis, apoptosis, NETs, necroptosis, pyroptosis, autophagy



Introduction

Sepsis is defined as a severe, potentially lethal organ dysfunction which results from an imbalanced host response to various infection (1). Until now, the pathogenesis of sepsis has not been fully clarified, and the mortality remains alarmingly high as a result of the lack of effective therapeutic strategies. Over the past decade, research on this disease has shifted its focus from systemic inflammatory response syndrome (SIRS) towards multiple organ dysfunction syndrome (MODS), and many advances and progress have been made (2). Sepsis can be caused by various injuries (trauma, burn, infection, etc.), but inflammation and immune-mediated pathology are usual features of the illness pathophysiology (2). In many patients requiring critical care, pro- and anti-inflammatory responses are activated simultaneously and innate immunosuppression becomes an important and potentially reversible complication of sepsis (3). With the rapid progress of sepsis, the mortality rate of septic patients remains 25%-30%, and even as high as 40%-50% in septic shock (4), which still remains a major concern in critical care filed at the moment (5).

The initial inflammatory response to sepsis is usually driven by innate immune cells in the immune system, such as neutrophils, monocytes, and macrophages, which have the ability to release a number of inflammatory cytokines (6). Neutrophils have a key role in inflammatory pathophysiology and immunological dysregulation induced by sepsis and act as the host initial important line of defense to fight infections (2). Neutrophils have a powerful antimicrobial effect, but this is also the reason for a double-edged role as both an important guardian of host defenses and a harmful facilitator of tissue damage in an uncontrolled inflammatory state (7). In septic patients, dysregulated neutrophil cell death may be hazardous because it predisposes neutrophils to immune-related organ failure, resulting in reduced body defenses and increased vulnerability to hospital-acquired infections. As a result, neutrophils have evolved from potent antibacterial components to potentially harmful mediators of tissue damage and organ failure.

Neutrophils are inherently short-lived, with a half-life of 18-19 hours (8). Under normal circumstances, neutrophils generally die through apoptosis, a programmed death; nevertheless, if the host suffers from a severe infection, neutrophils will probably experience multiple additional types of cell death (9). And under septic insults, our group found that the spontaneous apoptosis of neutrophils was inhibited and the longevity of neutrophils would be increased (10). Despite that apoptosis is inhibited, neutrophils may undergo some other types of cell death in sepsis (necrosis, necroptosis, pyroptosis, NETosis, and autophagy, which are different from apoptosis) (11–14) (Table 1). The pathological stimuli or changes in the external environment will induce a shift of death type in neutrophils and leading to overwhelming inflammatory responses (9, 33). Moreover, several types of cell death may affect each other, and the same molecule may induce different types of cell death (Figure 1). This article reviews the significance of the neutrophil cell death in the onset and progression of sepsis and its potential therapeutic role in sepsis, which can provide us with new insight to better understand the pathogenesis of sepsis and with new strategies for the treatment of sepsis.


Table 1 | Comparison of features in different types of cell death.






Figure 1 | Association of different forms of programmed neutrophil cell death. The forms and specific mechanisms about neutrophil cell death in sepsis are not clear. Neutrophil apoptosis is delayed in sepsis, and necroptosis may occur when caspase-8 activity is inhibited. Neutrophils may release NETs through NETosis, and CitH3 in NETs may cause cell death as DAMPs. GSDMD, a key protein in pyroptosis, is involved in the release of NETs, and NE in NETs has the ability to cleave GSDMD to cause pyroptosis. Autophagy, as an intracellular degradation system, can recover harmful substances in cells and prevent the spread of inflammation, but it may assist in the formation of NETs despite of the ongoing controversy (32, 34–36). The process of cell death usually begins at the receptor itself. However, the signaling cascade determines the fate of neutrophils to some extent. In addition, we summarized the therapeutic potential strategies of neutrophil death for sepsis, including induction of neutrophil apoptosis, GSDMD inhibition, anti-NETosis, and anti-DAMPs (Red Boxs).





Neutrophil homeostasis

Neutrophils, a type of polymorphonuclear leukocyte, are an essential element of the body innate immune system and contain diverse “weapons” for battling infections (37). Neutrophils were previously regarded as a homogeneous population of cells with potent antimicrobial capabilities, including phagocytosis, degranulation, and production of neutrophil extracellular traps (NETs) (37, 38). However, recent studies have shown that neutrophils can be divided into several heterogeneous groups, such as low-density neutrophils (LDNs), high-density neutrophils (HDNs), and intermediate-density neutrophils (IDNs), which are important regulatory components of the immune response (38–40). In humans, neutrophils make up 50-70% of all circulating white blood cells (41). An adult produces about 100 billion neutrophils averagely every day (42). Once mobilized into the circulation, neutrophils have a relatively short half-life, between 18 and 19 hours (8). The rate of neutrophil production, storage and excretion in the bone marrow, as well as their survival and removal mechanisms in the circulation, are major factors determining the overall amount of neutrophils within the body (37). In order to accommodate to the environmental challenges, the host must constantly adjust itself to achieve a balance between production and clearance of neutrophils. As a result of their cytotoxicity, it is important to firmly establish proper development and clearance systems to guard the body against unintentional inflammatory harm. Under normal physiological conditions, neutrophils maintain a certain number mainly through apoptosis. However, it was reported that the apoptosis of peripheral blood neutrophils from sepsis patients was inhibited (31), while the release of neutrophil NET increased in the murine septic model (43), and the autophagy level of peripheral blood neutrophils in septic patients increased (32). Unfortunately, other ways of neutrophil cell death have not been well understood in sepsis. Due to the existence of different neutrophil cell death pathways, it is crucial to comprehend how they differ mechanistically in order to develop potential targeted therapies for sepsis (Figure 1).



Necrosis

When neutrophils leave the peripheral circulation under noninfectious conditions, the majority of them undergo apoptosis (44), where the noxious agents are phagocytosed by macrophages. Necrosis, by contrast, is a chaotic type of cell death. As an anti-infective cell, when the body is infected with bacteria, neutrophil can phagocytose bacteria, and then necrosis occurs to form pus after the phagocytosed bacteria are dissolved by lytic enzymes (45). Toxic components such as proteolytic and oxidative producing enzymes may be released from necrotic cells during infection, causing damage to body. Necrosis is caused by unfavorable environmental conditions such as hypoxia or a lack of necessary nutrients, high temperatures, poisonous chemicals, and mechanical stress. Ca2+ and reactive oxygen species (ROS) are two of the most common participants in necrosis, regardless of triggering factor. Ca2+ levels in the cytosol rise during necrosis, causing calcium overload and the activation of proteases and phospholipases in mitochondria (46). Because of ion imbalance and membrane integrity loss, ROS can damage lipids, proteins, and DNA, causing mitochondria to become dysfunctional. Necrotic cells can release diverse danger signals called damage associated molecular patterns (DAMPs), including DNA chromatin compounds, high mobility group box 1 (HMGB1), heat shock proteins (HSPs), uric acid, and antimicrobial peptides (9), which can trigger the production of proinflammatory mediators by activating pattern recognition receptors (PRRs) (9).

Neutrophil necrosis can be caused by tumor necrosis factor (TNF)-α, which is released by activated neutrophils or other immune cells like dendritic cells and monocytes by activating nuclear factor kappa B (NF-кB) in surrounding cells (such as macrophages or fibroblasts) (47, 48). The cytoplasm of necrotic neutrophils is enlarged, and the nuclei are disorganized. The early death of neutrophils, however, may cause this shape to alter. Some neutrophils will become necrotic under the apoptotic pathway if the damage is severe enough, which is known as “secondary necrosis” (49). It has been reported that upon infection with Haemophilus influenzae, it is phagocytosed by neutrophils, which activates the secretion of IL-8 and respiratory burst. Nevertheless, instead of killing bacteria on their own, neutrophils release their granule contents into the extracellular milieu by necrosis, resulting in neutrophil infiltration that further amplifies inflammation (50). Although the necrosis of neutrophils in sepsis has not been clearly studied, theoretically, neutrophils in sepsis will also undergo necrosis when they die during resisting against microorganisms, leading to the production of pus. Neutrophil necrosis may be one of the main culprits of tissue injury and organ dysfunction in sepsis (51). But neutrophils may also undergo a series of molecular changes, leading to changes in the types of cell death in sepsis, and the actual proportion of necrotic cells remained to be determined in systemic and circulating neutrophils during sepsis.



Apoptosis

Apoptosis is necessary for eliminating the accumulation of neutrophils in inflammatory tissues without releasing damaging cell inclusions (52). Apoptotic neutrophils are engulfed by macrophages to limit the inflammatory responses (53, 54). Phagocytes that bind and ingest apoptotic cells can induce positive immunosuppressive and anti-inflammatory responses, and phagocytosis by apoptotic cells not only inhibits the production of a diverse array of pro-inflammatory cytokines in necrotic cell-activated macrophages, but there is also transparent in vivo evidence that transforming growth factor (TGF)-β1, which is secreted by macrophages after ingesting apoptotic cells, has an anti-inflammatory property in the peritoneum and lung with inflammation (55). But apoptosis does have a direct pro-inflammatory effect, causing the release of IL-18 and IL-1β by caspase-1-dependent pathway (56, 57). This process can be triggered in an extrinsic or intrinsic way. The extrinsic way of apoptosis is usually triggered by the interaction of TNF-α or extracellular ligands such like Fas ligand (FasL) with particular cell surface TNF receptors (58). And the intrinsic pathway is initiated through various damaging stimuli involving the mitochondrial release of cytochrome c into the cytoplasm (59), which activates the intracellular caspases that are in charge of cleaving DNA and cytoplasmic structural proteins (60). In addition, normal adults produce 1011 mature neutrophils every day. Neutrophil apoptosis is an important mechanism to maintain an appropriate number of neutrophils under physiological conditions (61, 62).

One of the most consistent and profound alterations in neutrophils during sepsis is that they activate a survival program that prevents the constitutive tendency of neutrophil apoptosis after release from the bone marrow. A study showed that 50% of resting neutrophils exhibited apoptotic morphological changes after 24 hours of in vitro culture, while the corresponding percentage for septic neutrophils was only 5 - 10% (31). Sepsis in human is associated with a severe suppression of neutrophil apoptosis rate. Activation of the anti-apoptotic environment and the presence of anti-apoptotic neutrophils may lead to the systemic inflammatory damage and multi-organ dysfunction of sepsis, even if extended neutrophil survival may reflect an adaptive resistance to infection (31, 63). Neutrophil apoptosis is negatively correlated with the severity of sepsis in septic patients, suggesting that it may be a measure of sepsis severity inside this group (64). In acute lung injury (ALI), lung neutrophil apoptosis was significantly reduced within 24 hours after injury following ligation and puncture (CLP) or endotoxemia (10, 65). We and others found that neutrophil apoptosis was significantly reduced in patients with sepsis, and the plasma from these sufferers proved capable of preventing the apoptosis of neutrophils from the healthy controls (10, 63). These data suggested that inhibition of neutrophil apoptosis increased the possibility of tissue/organ injury in experimental and clinical settings.

During sepsis, signaling pathways that promote neutrophil survival converge to control the expression and degradation of key factors affecting apoptosis (Figure 2). The activation of anti-apoptotic factors appears to be the primary cause of the delayed neutrophil apoptosis (66). Although neutrophils do not specifically express B cell lymphoma-2 (Bcl-2), they are able to express B-cell lymphoma-extra large (Bcl-xL), Annexin A1, Bak, and myeloid cell leukemia-1 (MCL-1), which are anti-apoptotic participants of the Bcl-2 family and can reduce apoptosis across both internal and external pathways (67–69). In both clinical and experimental sepsis, Pre-B cell colony-enhancing factor (PBEF) (70) and IL-10 (71) are essential for the delayed neutrophil apoptosis. A study on neutrophil apoptosis in patients with sepsis showed that the mechanism of delayed apoptosis involves the activation of NF-κB, which is related to the decrease of caspase-3 and caspase-9 levels as well as the preservation of mitochondrial transmembrane potential (31). Dysregulated phosphorylation and inhibition of the catalytic activity of caspase-8 also contribute to the survival of septic neutrophils (72, 73). In addition, the cytoplasmic aggregation of myeloid nuclear differentiation antigen (MNDA) is crucial in the apoptotic process of neutrophils. It is mainly located in the nucleus, regulates the degradation of Mcl-1, and then accumulates mitochondrial function in the cytoplasm (74). One study showed that bacterial lipoprotein (BLP) inhibited mitochondrial membrane depolarization of neutrophils and subsequently reduced caspase-3 activation, eventually resulting in a considerable delay of neutrophil apoptosis (75). Adenosine 2A receptor (A2AR)-inhibited autophagy inhibits neutrophil apoptosis by blocking caspase-8, caspase-3 and polyadenosine-diphosphate-ribose polymerase (PARP) signal transduction, which determines a new anti-inflammatory effect of A2AR in regulating neutrophil survival during inflammation (76). Recently, some scholars have shown a novel method to specifically target the pro-inflammatory neutrophils apoptosis process using doxorubicin-conjugated protein nanoparticles, which may reduce neutrophils infiltration and associated inflammatory responses in sepsis-induced lung injury, and improve the survival rate of sepsis (77). Moreover, our previous study indicated that increased programmed death ligand-1 (PD-L1) expression on neutrophils from septic patients delayed neutrophil apoptosis by triggering phosphatidylinositol 3-kinase (PI3K) dependent Akt phosphorylation, and conditional knockout of PD-L1 in neutrophils attenuated lung injury and improved survival rate in septic mice with CLP (10). In general, the regulatory mechanism of neutrophil apoptosis inhibition during sepsis is complex, and new methods of regulating neutrophil apoptosis are being explored.




Figure 2 | Neutrophil apoptosis is inhibited in sepsis. Apoptosis is essential for regulating the lifespan of neutrophils. In sepsis, the execution of the neutrophil death program is delayed by various stimuli. Inhibition of neutrophil apoptosis or reduction of macrophage uptake of apoptotic neutrophils can exacerbate injury to tissues or organs. 50% of resting neutrophils exhibited apoptotic morphological changes after 24 hours, while the corresponding percentage for septic neutrophils was only 5 - 10%. A variety of anti-apoptotic signals produced during sepsis include preservation of Mcl-1 and Annexin A1, release of PBEF, IL-10, inhibition of MNDA translocation from nucleus to cytoplasm, inhibition of Caspase-3, -8 and -9 activation, and increased PD-L1 expression.





Necroptosis

Both apoptotic and non-apoptotic types of cell death can occur in neutrophils, with the latter appearing to become more associated with inflammatory situations. Neutrophils can undergo a regulated kind of necrotic death known as necroptosis, which is dependent on the activity of the enzymes mixed-spectrum kinase-like (MLKL) and receptor-interacting protein kinase 3 (RIPK3) (78, 79). Necroptosis seems to be a form of programmed cell death, however unlike apoptosis, it is unable to result in DNA fragmentation or the apoptosis-like morphological changes (78, 79). Necroptosis in neutrophils can be caused by activating toll like receptors (TLRs), death receptors, intracellular DNA and RNA sensors, interferons (IFNs)-α receptor agonists, or adhesion molecules (including CD44, CD11b, CD18, and CD15) induction (78–80). In addition, several groups have reported that necroptosis in neutrophils can also be induced by phagocytosis of Staphylococcus aureus (81, 82), or exposure to monosodium urate (MSU) crystals (83, 84). Recent research by Schauer et al. showed that MSU crystals could cause NET aggregation (85). And Desai et al. found deficiency of RIPK3 inhibited MSU crystal-induced NET formation, confirming the involvement of neutrophil necroptosis along NET release (83).

Necroptosis has been recognized as a crucial process of inflammation-mediated cell death. Inhibition of necroptosis can attenuate sepsis-induced lung injury (86), kidney injury (87), and hepatic injury (88). The therapeutic importance of RIPK kinase inhibition during sepsis is highlighted by the fact that RIPK3 deletion defends against sepsis models (89, 90). Inhibition of RIPK3 or RIPK1 reduces systemic inflammation and reduces organ damage in septic neonatal mice (86, 91). A clinical study showed that in patients with sepsis, the expression of RIPK3 and MLKL connected with plasma HMGB1 levels, which were related to the severity and mortality of the condition (92). Additionally, the research conducted by Chen et al. showed that RIPK3 mediated necroptosis could collaborate with GSDMD induced pyroptosis (see below) in the process of sepsis, enriching inflammatory signaling pathways and enhancing tissue damage (93), which may imply that multiple cell deaths occur during sepsis and together contribute to the development of sepsis.

Whether cells die via apoptosis or necroptosis may depend on caspase-8 activity (Figure 3), but the exact molecular mechanism is currently unclear (79). Although septic neutrophil apoptosis is inhibited and the catalytic activity of caspase-8 may be suppressed (73), the significance of neutrophil necroptosis in the mechanism of human sepsis is unclear because signaling of necroptosis, apoptosis, and pyroptosis (PANoptosis, a coordinated cell death pathway) can overlap and the precise mechanisms that determine whether neutrophil dies through apoptosis or necroptosis or pyroptosis remain yet unknown (40, 79).




Figure 3 | The difference between apoptosis and necroptosis. Caspase-8 largely determines whether cells undergo an apoptotic or necrotic program. After activation of caspase-8, the cells may undergo apoptosis; When it is inhibited, the cells may become necroptotic.





Pyroptosis

Pyroptosis is regarded as a programmed cell death linked to inflammatory condition that was initially discovered in macrophages and related disorders (94). At present, most reports on cell pyroptosis are concentrated on monocytes and macrophages (95). Although there is no exact report that neutrophils can present pyroptosis in a specific environment, a significant set of reports confirm that neutrophils may also show pyroptosis (96, 97). Pyroptosis has long been considered as the caspase-1-mediated cell death as a response to some bacterial attacks (98). However, many recent studies have identified gasdermin D (GSDMD), a substrate of the classical pathway mediated by caspase-1 and the non-classical pathway mediated by caspase- 4/5/11, as the executor of pyroptosis (Figure 4) (99, 100). In the classical pathway, the intracellular Nod-like receptor (NLR) family is recognized by certain signals such as bacteria, pathogens, which allows them to activate casepase-1 by connecting to pro-caspase-1 via the adaptor protein ASC. Whereas in the non-classical pathway, the participation of ASC is not required for activation of caspase-4/5/11. A substantial gasdermin family with novel membrane pore-forming activity is represented by GSDMD. Therefore, gasdermin-mediated programmed necrosis was introduced as a new definition for pyroptosis.




Figure 4 | The key process of neutrophil pyroptosis in sepsis. In the classical pathway, pathogens, bacteria and other signals can recognize the intracellular NLR family and activate casepase-1 by forming inflammasome. Capsase-1 can cleave pro-IL-1β to IL-1β inducing inflammation. Whereas in the non-classical pathway, the participation of inflammasome is not necessary for the activation of caspase-4/5/11. Capsase-4/5/11 can cleave GSDMD to N-GSDMD and promote NET release. GSDMD can also be cleaved by NE to promote NETs release. Some possible targets for reducing NETs release during sepsis are pointed out.



The pyroptosis eliminates the intracellular bacterial replication ecotone, and the immune factors released via pyroptosis can activate effector cells that kill pathogens, thus exerting a protective effect (101). However, the release of pro-inflammatory cytokine IL-1β appears to exacerbate the pro-inflammatory response and the spread of local tissue damage, which has been confirmed in a murine model of melioidosis (102, 103). It was reported that IL-1β can be released by pyroptosis via the classical pathway, which lowers the murine survival rates (104). However, in 2014, Chen et al. clarified that activation of the NLRC4 inflammasome in neutrophils during acute Salmonella infection triggered IL-1β maturation, but upon activation of the NLRC4 inflammasome, neutrophils did not go through pyroptosis like macrophages do (105). Contrary to other myeloid cells, neutrophils are difficult to undergo pyroptosis triggered by caspase-1, even if the generation of IL-1 β is sustained (105, 106). Furthermore, N-GSDMD does not reside in the plasma membrane (PM) or improve PM permeability, which are essential for pyroptosis, despite being necessary for IL-1β secretion in NLRP3-activated mouse and human neutrophils, according to Karmakar et al. (107). This tolerance to classical pyroptosis mediated by caspase-1 extends neutrophil life, allowing neutrophils to continue IL-1β production at the infection site without jeopardizing critical non-inflammatory somatic non-dependent antimicrobial effector functions, including phagocytosis and killing of pathogens at the site of inflammation (105, 106). Notably, Kremserova et al. demonstrated that after phagocytosis of community-associated methicillin-resistant Staphylococcus aureus, the human neutrophil released IL-1β according to a formerly unknown mechanism that was reliant on serine proteases and RIPK3, but not on typical NLRP3 inflammatory vesicles as well as activation of caspase-1 (108). Therefore, whether neutrophils die of classical pyroptosis has always been the focus of debate.

Because of the limited expression of caspase-1 and the traditional inflammasome signal transduction adaptor protein ASC in neutrophils, the non-classical pyroptosis mediated by caspase-4/5/11 is particularly crucial in the activation of neutrophil GSDMD (106). According to Kumari et al., the activation of caspase-11 in neutrophils was essential and required for lipopolysaccharide-induced death during sepsis, however, it had little effect on other cells, like intestinal epithelial cells (109). Silva et al. found that neutrophil caspase-11 deficiency reduced GSDMD cleavage and NET release, which confirmed that GSDMD activity was located in the downstream of initial caspase-11 activation (28). The deletion of caspase-11 does not completely reduce the activation of GSDMD, suggesting that other components are needed for the activation of GSDMD (28). Sollberg et al. and Kambara et al. both demonstrated that GSDMD was also cleaved by neutrophil elastase (NE) (110, 111). The existence of cytoplasmic LPS can be sensed by the non-canonical inflammasome, transfection of LPS into the cytoplasm of murine neutrophils induced pyroptosis (106). Interestingly, the pyroptosis cells discharge their chromatin as well. The involvement of caspase-11 in NET release was also recently confirmed in septic neutrophils (28, 106). These discoveries suggest an association between pyroptosis and NET formation in neutrophils.

In sepsis, the main proteins in neutrophil pyroptosis (caspase-1/11, GSDMD) play a crucial role. Gentile et al. found that endogenous caspase-1 caused lower survival and increased inflammatory cytokine levels in polymicrobial sepsis, and that caspase-1/11 ablation improved neutrophil phagocytosis (112). Caspase-11 was required for neutrophil pyroptosis and was required to eliminate B. thailandensis infection, according to Kovacs et al. (113). In murine sepsis models, gene deletion or antagonism of GSDMD with disulfiram reduced NET release and improved organ function, leading to enhanced survival in septic mice (28). Furthermore, caspase-11-knockout mice, rather than caspase-1-knockout mice, can reduce neutrophil NET release and protect against CLP-induced sepsis (28). Chen et al. found that RIPK3-/-, GSDMD-/-, or RIPK3-/-GSDMD-/- prevented cell death induced by inflammatory cytokines and HMGB1, implying that blocking both necroptosis and pyroptosis reduced tissue injury and led to improved bacterial clearance in septic mice (93). There is a lot of evidence suggesting neutrophil pyroptosis may be involved in sepsis (103). The main mechanism of pyroptosis has been discovered recently, but on the other hand, the potential benefit of neutrophil pyroptosis in the treatment of sepsis, has received insufficient attention.



Neutrophil extracellular trap formation (NETosis)

Neutrophils have the ability to release NETs to trigger first-line innate immune responses to different stimuli, such as fungi, bacteria, and protozoa. In 2004, Brinkmann et al. reported the involvement of NETs in infection control for the first time (114). However, this is not exclusive to neutrophils and has been demonstrated in all granulocytes treated by IL-5, C5a, IFN- γ, or GM-CSF (115). NETs are a kind of reticular chromatin-based structure, which is introduced into the extracellular context to help clear pathogens, however, they are related to excessive inflammatory response, autoimmunity enhancement and vascular thrombosis as well (116). NETs contain proteins from azurophilic granules, such as myeloperoxidase (MPO), NE, and cathepsin G, as well as nuclear proteins such as histones H1, H2A, H2B, H3 and H4. In addition, proteins from secondary and tertiary particles, such as lactoferrin and gelatinase, can also be found in NETs (117). The release of NETs occurs mainly through a process of cell death called NETosis (116). NETosis involves multiple sequential steps, including the neutrophil nuclear and cytoplasmic granule membranes being disrupted, chromatin becoming relaxed, chromatin interacting with granule proteins, and chromatin being released from neutrophils (54, 118). Suicidal NETosis and vital NETosis are two types of NETosis that differ mainly in whether or not the neutrophils cleave (119) (Figure 5). Suicidal NETosis is a cellular suicidal behavior during which neutrophil cell membranes rupture and lose conventional functions of living neutrophils, including phagocytosis, leukocyte recruitment, and chemotaxis. In contrast, vital NETosis primarily provides extracellular antimicrobial effects, ensuring that neutrophils remain mobile and phagocytic (119). However, Yousef et al. indicated that the term NETosis was misleading, which did not apply to characterize a special type of neutrophil cell death because it denotes a combination of NET formation and DNA release after necrosis (120). Neutrophil necrosis with releasing DNA and NET formation are suggested to be viewed as two independent events and cell necrosis may be not a necessary condition for NET formation (120). Neutrophils must be stimulated with PMA for at least 2 hours to cause “NETosis”, while for NET formation, only a low concentration of PMA stimulation for 10 minutes is sufficient (114). Neutrophil necroptosis allows the release of a nuclear cloud, and RIPK3 KO neutrophils, although unable to undergo necroptosis, rapidly form NETs (121), and the mechanisms required for this are certainly different. This argues that NET formation, necrosis, and necroptosis are totally different processes. PMA induces NETosis through a NOX-dependent pathway. But some recent findings suggested that NOX-independent NET showed an increased ability to stimulate endothelial cells to play a greater role in sepsis compared with NOX-dependent NET (122). Furthermore, the issue of whether NETs contain chromosomal DNA remains a point of discussion (123). On one hand, NETs have been shown to be generally composed of mtDNA (124–127), on the other hand, regarding NETs of nuclear origin, there have been recent papers that have studied the role of chromatin in NETosis (128, 129). For example, some have shown that chromatin DNA sustains oxidative damage during NETosis, and that nuclear DNA repair is necessary for NETosis to take place (128). This supports the notion that chromatin can be the source of NETs. Transcription has also been shown to be necessary for NETosis (129). PMA-stimulated neutrophils may initially develop NETs containing mtDNA and then undergo follow-up necrosis in vitro. It has been demonstrated that nuclear DNA produced by dying neutrophils after PMA stimulation remains a DNA cloud instead of DNA fibers (130). Although it may be the method of DNA release measurement, the different time points of measurement, and the different stimuli received by neutrophils that contribute to this discrepancy, we are still cautious that neutrophil necrosis may not be a requirement for NET formation.




Figure 5 | Neutrophil NETosis in sepsis. Suicidal NETosis and vital NETosis are two types of NETosis that differ mainly in whether or not the neutrophils cleave. The primary function of vital NETosis is to offer extracellular antimicrobial effects, ensuring that neutrophils remain mobile and phagocytic, but too much NET release also cause injury. Suicidal NETosis primarily causes some damage to the body, but also provides microbicidal activity. NETs and their components, such as histones and DNA, are cytotoxic and have the ability to damage endothelial cells. Tissue factors can be created and released during the creation of NETs, triggering the coagulation cascade while also boosting platelet activation, resulting in platelet aggregation and ultimately inducing thrombosis formation. NETs may induce macrophage pyroptosis, which will aggravate the inflammatory responses during sepsis. In addition, NETs may induce M1-type polarization of macrophages of lung tissue, which increases lung inflammation and lung injury.



In addition to their beneficial effects against foreign invasion, NETs also have a number of deleterious implications on host tissues during sepsis (43, 131, 132). In sepsis, endothelial cell (EC) activation is viewed as an important part, in which NETs and their components play an important role (132). NETs can synergize with IL-1α and cathepsin G to facilitate the activation of ECs and enhance the formation of thrombosis, which may amplify and spread the thrombus related EC dysfunction caused by epidermal erosion (133). During sepsis, NETs can promote platelets aggregation by promoting sinusoidal endothelial cell separation, which causes liver dysfunction (134). Triggering receptor expressed on myeloid cells 1 (TREM-1) has the ability to promote NET release from neutrophils during sepsis, which can stimulate ECs and damage vascular reactivity, and TREM-1 inhibition suppressed these harmful effects (135). NETs also possess components that act as damage‐associated molecular patterns (DAMPs), which can contribute to endothelial damage and tissue injury (136). Protein components in NETs, especially histones, cause cytotoxicity in ECs (136–138). In septic mice, extracellular histone release leads to neutrophil infiltration, EC vacuolization, intra-alveolar hemorrhage, and vascular thrombosis (138). LPS can activate peptide arginine deiminase (PAD) and mediate NET formation via the PAD-NET pathway during sepsis, thereby altering pulmonary vascular endothelial cell permeability (139). In addition, matrix metalloproteinase-9 (MMP-9) in NETs can stimulate MMP-2 in ECs, resulting in endothelial dysfunction (140). The formation and development of thrombus in sepsis are significantly associated with NETs which can intensify endothelial dysfunction.

Sepsis may induce the activation of the coagulation system, which is a crucial innate immune response that prevents the spread of microorganisms. And the thrombogenic mechanisms of NETs are diverse. NETs can trigger exogenous coagulation pathways by producing and releasing tissue factors (141) and stimulate endogenous coagulation pathways by activating coagulation factor XII (142). Neutrophils congregate and cling to ECs firmly during sepsis. Therefore, NETs are released by neutrophils and serve as a thrombosis scaffold (143). And many of these components trigger coagulation factors, such as physiological coagulation inhibitors like NE and cathepsin G, strong coagulation initiators like chromatin and histones (130, 138). Moreover, activated platelets cooperate with neutrophils to form NETs and promote thrombosis (142, 144). The formation of thrombus leads to microvascular obstruction, causing tissue ischemia and damage, which leads to multi-organ failure and death.

NETs not only cause tissue damage by inducing EC dysfunction and coagulation disorders, but they can also act as DAMP molecules, triggering or amplifying inflammatory responses directly (136). NETs can trigger the release of cytokines (IL-1β) from macrophages, thus triggering the recruitment of immune cells to promote inflammation (145, 146). In the early acute phase of ALI, NETs are essential for neutrophils interacting with macrophages, and they increase ARDS inflammatory response by encouraging macrophage polarization toward the M1 phenotype (147). In addition, NET-derived HMGB1 causes caspase-1 activation and later macrophage pyroptosis through receptor for advanced glycation end products (RAGE) and dynamic-dependent signaling, in which histones play a key role (148), augmenting inflammatory responses following sepsis. Similarly, LPS-induced NETs can induce pyroptosis of alveolar macrophages to promote the development of ARDS, and degradation of NET DNA or silencing of absent in melanoma 2 (AIM2) gene can inhibit pyroptosis of alveolar macrophages (149). These findings reveal that NETs can exert pro-inflammatory effects by influencing the release of macrophage inflammatory factors, thereby affecting the progression of inflammation after infection.

In recent years, the role of GSDMD in neutrophil NETs release has been revealed. GSDMD-mediated NET release may be triggered by gram-negative bacteria or intracellular LPS that promote inflammatory assembly and caspase cleavage (106, 110). Cleavage of GSDMD by caspase-4/5 in humans or caspase-11 in mice targets pore formation at the neutrophil granule membrane and releases NE and myeloperoxidase early in NET formation. The emission of these granule proteins triggers series of problems such as nuclear mini-cracking, DNA amplification, chromatin condensation, histone degradation and increased nuclear membrane permeability (106). Interestingly, NE initially activated GSDMD, but N-GSDMD facilitated the release of NE through the formation of granular pores, and this interaction resulted in a surge of NE concentration in the cytoplasm and further re-cleavage of GSDMD (106). The late stage of NET release also requires GSDMD, being in charge of producing pores in cell membrane to allow DNA extrusion, which is relevant to the detrimental events in sepsis, such as systemic inflammatory process and organ failure (28).



Autophagy

Autophagy, a self-destructive process, is crucial for balancing energy sources and responding to nutritional stressors. Autophagy also performs housekeeping functions such as removing broken organelles, disordered proteins, and intracellular infections (150, 151). The process starts with a phagophore to expand to phagocytose intracellular cargo, including misfolded protein and damaged organelles, thereby isolating cargo in a double-membrane autophagosome, and then promoting autophagosomes mature by combining with lysosomes to promote degradation of autophagosomal components using lysosomal acidic proteases (150–152). A crucial regulator of autophagy, the autophagy related gene (ATG) protein is a downstream element of the mechanistic target of rapamycin complex 1 (mTORC1). ATG protein is recruited and triggered by autophagy-related stimuli to begin the production of autophagosomes (153).

Autophagy is essential for regulating neutrophil function, such as metabolism, differentiation, degranulation, phagocytosis, cytokine production, and NET formation (Figure 6), which determine the fate of neutrophils (151, 153, 154). Autophagy offers a crucial source of energy for oxidative metabolism of neutrophil differentiation and maturation via mobilizing intracellular lipid reserves, which remains required to facilitate the considerable cytoplasmic and nuclear remodeling that takes place in this phase (155). It has been established that ATG5 contributes to neutrophil differentiation. ATG5 deletion will hasten neutrophil differentiation and boost bone marrow-based neutrophil precursor cell proliferation (156). And pharmacological suppression of mTORC1- or p38-MAPK-induced autophagy in neutrophilic precursor cells prevents their differentiation (156). Neutrophil degranulation and NADPH-oxidase-mediated ROS generation, which are necessary for neutrophil inflammatory activity, can be regulated by autophagy (151). The neutrophil precursors lacking ATG7 are not capable of mitochondrial respiration and exhibit excessive glycolysis, but due to impaired mitochondrial respiration, ATP production is reduced and lipid droplets accumulate (153). TLR signaling can induce macrophages autophagy as a way to get rid of a non-cognate intracellular pathogen (157). In response to TLR ligands, neutrophils also undergo autophagy. Autophagy has been linked to both phagocytosis-independent and phagocytosis-dependent initiation in neutrophils (158). Autophagy increased phagocytosis while inhibiting killing (159). In neutrophils, an autophagy-mediated secretory pathway is used to secrete IL-1β (160) and NLRP3 plays a vital role in controlling autophagy and phagocytosis (161). The extent to which autophagy plays a role in the development of NETs is still a point of contention (120, 123). Autophagy and NET induction are linked to the PI3K–AKT–mTOR axis, and mTOR inhibition enhances NET synthesis via autophagy. NET formation is prevented by inhibiting the PI3K type III signaling pathway, which is needed for forming autophagosome, suggesting a function for autophagy in NET formation (34, 162). Nevertheless, genetic knockout of ATG5 is associated with deficiency in autophagy, but does not cause defects in extracellular trap formation in neutrophils (35), suggesting that autophagy is not necessarily required for NET formation.




Figure 6 | Role of autophagy in neutrophils. Autophagy is essential for regulating neutrophil function, such as metabolism, differentiation, degranulation, phagocytosis, cytokine production, and NET formation.



Currently, the bulk of studies on the association between autophagy and sepsis are being conducted, and many data shows that autophagy has a more beneficial effect. Septic neutrophils show increased levels of autophagy and NET formation, which improves survival in a murine sepsis model (32). A recent prospective clinical study showed that the autophagy pathway may play a significant role in the close association between increased NET formation in neutrophils and the incidence of disseminated intravascular coagulation (DIC) in patients with sepsis (163). Deficiency of ATG7 leads to increased IL-1β production and cellular scorching, resulting in impaired pathogen clearance, reduced survival and aggrevated lung injury in a murine model of Pseudomonas sepsis (164). Enhancing autophagy may contribute to the protective effect in organs during sepsis (165, 166). Some studies showed that activated autophagy could ameliorate inflammation, lung injury (167–169), kidney injury (170), and cardiac injury (171) induced by sepsis. In contrast, a few studies demonstrated an opposite conclusion. The increase in plasma mtDNA and protein is another characteristic of sepsis, suggesting that damaged mitochondria are not only eliminated intracellularly, but also extruded through the exocytosis of autolysosomes, which provokes an inflammatory response of immune cells (172).



Neutrophil cell death and potential therapy for sepsis

The various types of neutrophil cell death during sepsis undoubtedly have a significant influence on how the condition progresses. According to the above summary, one of our aims is to figure out how to govern the progression of neutrophil cell death toward the protection of the body. Despite the paucity of research in this field, there are still some studies that may provide some reference for future therapeutic strategies (Figure 1).

Delayed apoptosis of neutrophils in sepsis is a major causative factor in septic organ dysfunction. Then how to accelerate the apoptosis of septic neutrophils may be an effective treatment for this disease. We previously found that knockdown of neutrophil PD-L1 reversed the apoptotic delay and ameliorated sepsis-induced lung injury (10). In addition, anti-PD-L1 antibody application improved survival in septic mice (173). These studies suggest that anti-PD-L1 treatment may be an effective target for the treatment of sepsis by promoting apoptosis in septic neutrophils. In 2017, Dorward et al. found that cyclin-dependent kinase (CDK) inhibition with AT7519 triggered sepsis-inducing ARDS neutrophil apoptosis, which was viewed as the first pharmacological compound to reverse delayed neutrophil apoptosis in ARDS (174). In 2019, Zhang et al. reported that nanoparticles that selectively target inflammatory neutrophils could induce neutrophil apoptosis and increase survival in patients with sepsis (77). These studies on induction of apoptosis in septic neutrophils provide new insights for the treatment of sepsis.

With the continuous research on the mechanism of pyroptosis, pyroptosis is considered to be one of the important forms of neutrophil function, but the potential value of neutrophil pyroptosis in the treatment of sepsis has not received sufficient attention. It has been suggested that regulation of neutrophil pyroptosis may have a positive impact on the therapeutic treatment of sepsis (103). Numerous research had demonstrated that inhibiting Caspase-1/11 and IL-1β/IL-18 increases survival in animal models of CLP (112, 175–177), but clinical trials have been unsuccessful (178). In 2021, there were new developments in disulfiram, an FDA-approved targeted drug for NETs and pyroptosis, which inhibited septic neutrophil GSDMD activation and reduced NET release, thereby improving sepsis-induced organ damage and survival in septic mice (28). GSDMD appears to be a promising target for the treatment of sepsis by connecting pyroptosis and NET.

Another potential treatment strategy for sepsis is anti-NETosis and neutralization of DAMPs brought about by NET release. Some studies have shown that inhibition of NETosis with PAD4 inhibitors or degradation of NETs with DNase 1 improved survival in sepsis models (179), but other reports have yielded the opposite effect (180, 181). According to Mai et al., treating DNase 1 may attenuate organ damage and improve prognosis in a sepsis model (182). NETs contain DAMPs such as histones, DNAs. Anti-histone therapy was first proposed in 2009 (138). Heparin or anti-histone antibodies have been shown in later investigations to neutralize extracellular histones and lessen their toxicity, increasing survival in animal models of sepsis, but no clinical studies have been reported (138, 183–186). Non-anticoagulant heparin is more promising than traditional heparin in this sense for potential clinical uses in the future (186). Additionally demonstrated to increase survival in animal models of sepsis is the administration of DNase 1 for digesting free DNA (187). Development of drugs targeting NETs and DAMPs appears to be a promising therapeutic target for sepsis.



Conclusion

The pathophysiology of sepsis is heavily influenced by neutrophil cell death, but the type of cell death and the mechanisms involved are not well understood. Apoptosis has been the major focus of research on neutrophils in sepsis, but necrosis, necroptosis, pyroptosis, NETosis, and autophagy may also play an important role in this critical situation (9). At present, it is well known that neutrophil apoptosis is inhibited, NET release is increased and autophagy level is increased during sepsis (Table 1). However, the other types of cell death in neutrophils remains to be clarified in sepsis. Now, there is controversy about NETosis, which was once thought to be a unique type of cell death in neutrophils, and it is now thought that the release of NET may not be necessarily accompanied by cell death. Neutrophils are thought to have the ability to resist caspase-1-mediated pyroptosis (105, 106, 188), but the GSDMD can be cleaved by caspase4/5/11 to induce pyroptosis. GSDMD is believed to participate in pyroptosis and NET-mediated cell death pathways (Figure 1) (40), which implies that the interaction between NET formation and pyroptosis will also be an interesting topic for further researches.

Neutrophil cell death may be dysregulated during sepsis, and not all cell death types serve as positive host protection. Necrosis, necroptosis, NETosis, pyroptosis may consume neutrophils, but more importantly, they will induce exacerbation of inflammation. It is critical for neutrophils to maintain their viability during sepsis to engulf invading microorganisms and kill pathogens extracellularly through programmed release of DNA and granule proteins. In fact, neutrophil cell death in sepsis may coexist in multiple forms, which is particularly important for the regulation of host status (Figure 1). The distribution of neutrophil cell death may be determined by the expression of specific virulence factors by various pathogens in sepsis, the duration and intensity of stimulation, the degree of tissue damage and the response of the immune system.

Although the mechanism of neutrophil cell death in sepsis remains to be investigated, and the drug intervention targeting at neutrophil death is even rare, there is evidence that neutrophils with dysregulated death types are more harmful than protective (132). Targeting at neutrophil cell death may be a promising treatment against sepsis. Firstly, we need to determine how neutrophils die and how neutrophil cell death induces organ dysfunction during sepsis. Secondly, it would be interesting to clarify the central pathways leading to the disparity of neutrophil cell death in different timepoints and locations in septic patients. Finally, how to enlarge the protective effect and reduce the harmful effect of neutrophil cell death is a promising direction worthy of exploration in the future, and when to intervene neutrophil death also needs to be clarified.
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Acute pancreatitis is a common critical and acute gastrointestinal disease worldwide, with an increasing percentage of morbidity. However, the gene expression pattern in peripheral blood has not been fully analyzed. In addition, the mechanism of coronavirus disease 2019 (COVID-19)-induced acute pancreatitis has not been investigated. Here, after bioinformatic analysis with machine-learning methods of the expression data of peripheral blood cells and validation in local patients, two functional gene modules in peripheral blood cells of acute pancreatitis were identified, and S100A6, S100A9, and S100A12 were validated as predictors of severe pancreatitis. Additionally, through a combination analysis of bulk sequencing and single-cell sequencing data of COVID-19 patients, a pivotal subtype of neutrophils with strong activation of the interferon-related pathway was identified as a pivotal peripheral blood cell subtype for COVID-19-induced acute pancreatitis. These results could facilitate the prognostic prediction of acute pancreatitis and research on COVID-19-induced acute pancreatitis.
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Introduction

Acute pancreatitis (AP) is a clinically common critical and acute disease that occurs in approximately 13 million people worldwide every year (1). With the exacerbation of alcohol abuse and obesity worldwide, the morbidity of AP has surged in recent years. According to the Atlanta criteria for the classification of AP, AP can be divided into three subtypes based on the degree of illness, including mild acute pancreatitis (MAP), moderate severe acute pancreatitis (MSAP), and severe acute pancreatitis (SAP). The key differentiator among these three types is AP with or without transient organ failure or persistent organ failure (2). In general, 20% of patients have SAP, and the mortality rate is as high as 20%–40%. However, reliable diagnostic and prognostic predictors of AP in the transcriptome of peripheral blood cells have yet to be clarified.

Additionally, a great number of reports indicate that coronavirus disease 2019 (COVID-19) infection can potentially result in AP (3, 4). Some single-center studies have confirmed this relationship between COVID-19 and AP (5, 6). Some literature reviews have suggested that there is an increased prevalence of AP in patients infected with COVID-19 and that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) might itself cause AP in some patients (7, 8). However, the pathogenesis of AP concomitance with COVID-19 infection remains unclear.

Neutrophils are a type of immune cell enriched in peripheral blood that originate and differentiate in bone marrow and are then released from bone marrow into blood (9). In blood, neutrophils can monitor antigens, pathogens, and tissue inflammation. Once inflammation or antigen signals are detected, inactivated neutrophils can transition to various activated phenotypes. Most of the activated neutrophils are proinflammatory. However, the characteristics of activated neutrophils vary depending on the immunogenicity of pathogens (10). Neutrophils play an important role in AP. A previous study proved that neutrophils mediate further activation of trypsinogen by-products of Dihydronicotinamide adenine dinucleotide phosphate (NADPH) oxidase, exacerbate pancreatic injury, and even cause lung injury (11). Interestingly, neutrophils are also an important pathogenic factor in COVID-19 infection. COVID-19 triggers a severe pandemic with a multisystem inflammatory disorder. The characteristic of this disease is an acute syndrome in the respiratory system with cytokine-driven hyperinflammation and extensive transcriptional changes in leukocytes. Among them, neutrophils have been proven to be linked to COVID-19 immunopathogenesis, including a dysfunctional interferon (IFN) response and myeloid inflammation. However, the relationship between neutrophils and these two diseases has not been fully clarified.

Some case reports have shown that IFN has a strong relationship with AP (12). Additionally, IFN-γ could promote AP in a rat model (13). A meta-analysis systematically reviewed the literature related to the occurrence of AP after IFN treatment (AP-IFN), and the results indicated that AP and IFN have a probable or definite causal relationship (14). However, few studies have aimed to identify the potential pathogenic roles of IFN and clarify the pathogenic roles of neutrophils in COVID-19-induced AP.

Bioinformatic analysis of high-throughput sequencing data plays an important role in medical research. In fact, there are some studies based on bioinformatic analysis in AP (15–18). However, all of these analyses are based on the identification of differentially expressed genes (DEGs), and this method could result in the omission of large-scale information from unrecognized genes. Additionally, most of the studies are based on bulk sequencing data from the mouse pancreas, and studies based on human blood are rare. Weighted gene coexpression network analysis (WGCNA) is a novel bioinformatic method used to identify gene sets (gene modules) with similar expression patterns and to analyze the connection between gene sets and sample phenotypes. WGCNA can map the regulatory network among genes in gene sets and identify key regulatory genes without using differential gene analysis. Suitable for complex transcriptome data, WGCNA can be used to study developmental regulation at different stages and response mechanisms at different time points of biological and abiotic stresses. Single-cell sequencing is another novel bioinformatic analysis procedure. Traditional bulk sequencing examines the genome of a population of cells, such as cell cultures, tissues, organs, or entire organisms. Its output is the average genome of a cell population, whereas single-cell sequencing measures the genome of a single cell in a cell population (19). Using single-cell sequencing, we can identify new subpopulations, or cellular states, in a seemingly homogeneous population of cells.

In our current analysis, we performed WGCNA of sequencing data from more than 100 human blood samples divided into a healthy group, MAP group, MSAP group, and SAP group for the first time and identified functional gene modules. Then, we identified the pivotal genes in the functional gene modules with significant diagnostic value through a machine-learning method. Finally, we investigated the potential mechanism and pathogenic neutrophil subtype in COVID-19-induced AP.



Materials and methods


Data screening

High-throughput bulk sequencing datasets related to peripheral blood of AP and COVID-19 infection were screened in the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). The GSE194331 dataset, which includes peripheral blood gene expression data from 87 patients with AP of varying severity (mild = 57, moderate to severe = 20, and severe = 10) within 24 h of presentation to the hospital and peripheral blood gene expression data from 32 healthy controls, was used in this study (18). Additionally, to explore the common biological mechanism between AP and COVID-19, the GSE152418 dataset was used in the following analysis as the COVID group, including 17 COVID-19 subjects and 17 healthy controls (20). Then, to identify the transcriptional change in neutrophils between COVID-19 and normal sepsis, the single-cell sequencing dataset GSE157789, which includes 14 samples of COVID-19-induced sepsis after 72 h, three samples of bacteria-induced sepsis after 72 h, seven samples of COVID-19-induced sepsis after 7 days, and two samples of bacteria-induced sepsis after 7 days, was analyzed. Five healthy controls in single-cell sequencing datasets were excluded from this study (21).



Identification of differentially expressed genes

The raw gene count tables from the GSE194331 dataset were acquired, and ensemble gene names were converted into gene symbols using the org.Hs.eg.db package in R software. Then, the sum of each gene count number in each dataset was calculated, and low expression genes were excluded in the following research (sum of gene count number <100). Additionally, each table was subjected to differential expression analysis to compare COVID-19 vs. healthy controls using the DESeq2 package in R software (3). The criteria for differential expression analysis were |logFC| >1 and P value <0.05.



Gene ontology and pathway enrichment analysis

Gene Ontology analysis, pathway enrichment, and hub pathway identification were executed using the Metascape online tool (https://metascape.org/) (22). Hub genes were identified through the STRING database (https://cn.string-db.org/) with a threshold score of 0.7, and protein−protein interactions (PPIs) were visualized using Cytoscape software. The cytoHubba plug-in was used to identify hub genes with their ranks (23).



Weighted gene coexpression network analysis

To cluster the common modules among different subtypes of AP, WGCNA was executed on the GSE194331 dataset using the WGCNA package in R software. The significant advantage of WGCNA is grouping DEGs in modules by coexpression analysis and screening and identifying specific coexpression gene modules with significant correlations among different subtypes of AP. During the analysis, first, an outlier specimen was identified and excluded. Second, the coexpression network with soft thresholding power was constructed to obtain a higher level of scale-free R2 and mean connectivity (24). In the dynamic tree cut and module identification section, we chose 17 as the minimum number of gene modules. Clinical characteristic data of BD samples and COVID-19 samples from the GSE198533 and GSE152418 datasets were acquired, and then we calculated the gene significance (GS) and module membership (MM) through WGCNA. Then, the relationship between gene modules and clinical traits was represented in the form of a heatmap. After that, the module with coexpression patterns and significance was identified.



Random forest algorithm manipulation

Random forest is a robust clustering supervised machine-learning algorithm for hub gene identification, and it can be used to calculate the significance of predictive variables distinguished from background noise (25). In the current study, a random forest algorithm was used to identify hub genes of two identified modules based on WGCNA through the randomForest package in R software (ntree = 1,500), grouping by healthy control, MAP, and MSAP&SAP.



Immune infiltration estimation and receiver operating characteristic curve analysis

To estimate the immune subtype changes between the peripheral blood of AP patients and the peripheral blood of healthy controls, Immune Cell Abundance Identifier (ImmuCellAI) (http://bioinfo.life.hust.edu.cn/ImmuCellAI/) was used. ImmuCellAI is a tool to estimate the abundance of 24 immune cells from gene expression datasets, including RNA-Seq and microarray data, in which the 24 immune cells comprise 18 T-cell subtypes and 6 other immune cells: B cells, natural killer cells (NK cells), monocytes, macrophages, neutrophils, and dendritic cells (DCs) (26). Receiver operating characteristic (ROC) curves were rendered on DEGs using the R package pROC.



Patient sample enrollment

Peripheral blood was obtained from AP patients within 24 h of admission to Changhai Hospital from 2017 to 2020. Ethics approval was obtained from the Shanghai Changhai Hospital Ethics Committee. AP diagnosis was made at the time of presentation to the emergency department. Severity was defined according to the Revised Atlanta classification. Specifically, patients were defined as having SAP if they developed persistent organ failure beyond 48 h. Patients were defined as having MSAP if they developed transient organ failure and/or local or systemic complications. Finally, 28 samples were included in our PCR analysis, including 14 MAP, 8 MSAP, and 6 SAP samples. These samples are divided into two groups, including the MAP and MSAP&SAP groups. The details of the patients are listed in Table S1.



Polymerase chain reaction

Then, peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood by Ficoll density gradient centrifugation. RNA from PBMCs was isolated with TRIzol reagent (Invitrogen, USA). The concentration of the RNA was analyzed using a Nanodrop 1000 spectrophotometer (Thermo Fisher, USA) and then transcribed into cDNA using a high-capacity cDNA reverse transcription kit (Life Technology cooperation, USA) and amplified. The primer sequences, number of cycles, and annealing temperature are listed in Table S2. The expression levels were transformed into standard β-actin content and calculated by the 2-ΔΔCt method. Then, GraphPad Prism 8 software was used to visualize the expression data, and a paired t test was executed to identify the paired groups with significance.



Analysis of single-cell sequencing data

The single-cell transcriptome matrix dataset GSE157789 was acquired from the GEO database. The number of genes detected in each cell was limited from 0 to 8,000. Then, ribosome Unique Molecular Identifiers (UMI) rates below 60% and mitochondrial UMI rates below 20% passed cell quality filtering and were considered mitochondrial genes (Figure S2). The Seurat software package (version: 3.1.4, https://satijalab.org/seurat/) was used to perform cell normalization and regression to obtain scaled data. The standard for PCA construction was the top 2,000 highly variable genes, and the basis for the construction of t-distributed Stochastic Neighbor Embedding (tSNE) and Uniform Manifold Approximation and Projection (UMAP) was the top 10 PCA. We acquired the unsupervised cell cluster result based on the top 10 principal functions through the graph-based cluster method. The FindAllMarkers function and the Wilcoxon rank sum test algorithm were used to calculate the marker genes (logFC >0.25; p-value <0.05; min.pct >0.1). Genes with the top 10 log fold change (logFC) are visualized.



Identification of significantly related pathways in different neutrophil cell types

To assess whether the gene set is enriched in a neutrophil cell subpopulation, the “irGSEA” package (https://github.com/chuiqin/irGSEA/) in R software was used. We used this package to score individual cells using multiple gene set enrichment methods and to generate a multiple gene set enrichment score matrix. Then, we used the Wilcoxon test to calculate the DEG sets of each cell subpopulation in the enrichment fraction matrix of each gene set. Some specific enriched pathways were marked and visualized in single plots.



Pseudotime analysis

Monocle2 (http://cole-trapnell-lab.github.io/monocle-release) was used to execute the single-cell trajectory analysis utilizing DDR-Tree and default parameters. We selected marker genes of the Seurat (version: 3.1.4) clustering result and raw expression counts of the cell passed filtering. On the basis of pseudotemporal analysis, the branch expression analysis model (BEAM Analysis) was used to analyze branch fate-determining genes.



Identification of significant metabolic pathways at the single-cell level

The “ScMetabolism” package in R software was used to calculate the metabolism status among different cell types in neutrophil datasets. “ScMetabolism” was designed to easily quantify single-cell metabolic activity using a single-line command and combining the published gene sets and manually reviewed gene sets from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and the Reactome database to generate the list of metabolic gene sets (27).



Subtypes from single-cell sequencing estimation in bulk sequencing data from peripheral blood of acute pancreatitis patients and healthy controls

The downloaded bulk sequencing data (GSE194331) and neutrophil subtype matrix acquired from Seurat analysis were uploaded to cibersoftx (https://cibersortx.stanford.edu/runcibersortx.php). The relative proportion of Group 0 subtypes in the GSE194331 dataset was acquired through cibersoftx deconvolution analysis. Visualization of the proportion of the targeted subgroup in each group, including healthy controls, patients with MAP, patients with MSAP, and patients with SAP, was performed using GraphPad Prism 8. The significance analysis between each group was performed using a t test.




Results


Identification of differentially expressed genes with significant pathways and hub genes

The GSE194331 dataset, which includes mRNA expression data from peripheral blood of AP patients as the disease group (57 mild pancreatitis samples, 20 moderate severe pancreatitis samples, and 10 severe pancreatitis samples) and healthy volunteers as the healthy control group (32 samples), was subjected to differential expression analysis through the DEseq2 package (logFC >1, p < 0.05) (Figure 1A), and 1,064 DEGs were identified (Table S3). As shown in Figure 1B, the transcriptional expression of the top 50 upregulated and downregulated genes could distinguish most of the disease samples, especially severe samples, from healthy samples (Figure 1B). “Neutrophil degranulation” is a significant pathway identified in the bar graph of enriched terms across input gene lists (Figure 1C). “Response to stimulus” is the most distinct term in Gene Ontology analysis (Figure 1D). These terms emphasize the pivotal value of neutrophils in the occurrence of AP. PPI analysis indicated that there were some modules with significant density, including a module with IL-1R1, IL-1RN, IL-1R2, IL-10, and MMP1, a module with HIST family genes, and another module with MAPK-related genes (Figure 1E). IL-10, IL-6, OSM, MMP9, MMP1, LCN2, HGF, TIMP1, IL1B, and HIST1H4F were identified as the top 10 enriched genes (Figures 1F, G).




Figure 1 | (A) Volcano plot of peripheral blood of acute pancreatitis datasets (logFC >1, p < 0.05). (B) Heatmap of the top 50 upregulated and downregulated genes with unsupervised clustering analysis. (C) Bar graph of enriched terms across input gene lists, colored by p-values. (D) Terms of the Gene Ontology list, colored by p-values. (E) Protein−protein interaction network of DEGs. (F) Network of the top 10 genes. (G) Enriched score of the top 10 genes.





Identification of pivotal gene modules in acute pancreatitis through Weighted Gene Co-Expression Network Analysis (WGCNA)

To further clarify the potential mechanism and gene module among normal peripheral blood and differential subtypes of AP (MAP, MSAP, and SAP), WGCNA was executed on disease samples of the two datasets after batch normalization (Figure 2A). As shown in Figures 2B, C, all samples were included, and the optimal vector power was set at 11. The brown module and turquoise module are two significant gene modules with negative and positive correlations with the severity of AP, respectively (Figure 2D). Other gene modules had compact gene regulatory networks (Figure 5C). The gene list of the brown module and turquoise module is shown in Table S4. The WGCNA results suggest that genes in the brown module and turquoise module manipulate common biological processes in AP.




Figure 2 | WGCNA results in different subtypes of acute pancreatitis. (A) Sample dendrogram. (B) The scale plot of WGCNA to identify optimal vector power (cutoff value = 0.8). (C) Sample dendrogram and trait heatmap. (D) Module–trait relationships: every module has its correlation coefficient and corresponding p-value.





Investigation of pivotal gene ontology terms and pathways in screened gene modules

To further investigate the gene functions and significant KEGG pathways in the identified modules, the Metascape database was used. “Metabolism of RNA” pathways related to T-cell activation and virus infection were significantly enriched in the turquoise module. The pathway network of the turquoise module revealed that these three aspects of related pathways acted independently (Figure 3A). Additionally, “Neutrophil degranulation,” “Inflammatory response,” and “Response to bacterium” were significantly enriched in the brown module. The pathway network of the turquoise module reveals that these related pathways act synergistically (Figure 3B).




Figure 3 | (A) Gene Ontology analysis and KEGG pathway analysis with an interaction network in genes from the turquoise module. (B) Gene Ontology analysis and KEGG pathway analysis with an interaction network in genes from the brown module.





Identification of immune cell subtypes and reliable biomarkers in acute pancreatitis

During immune cell-type infiltration analysis, the results indicated that with the progression of AP, peripheral blood DCs, monocytes, macrophages, and neutrophils showed an increasing tendency, and B cells, CD4 T cells, CD8 T cells, Treg cells, T helper (Th) cells, Th1 cells, Th2 cells, and Tfh cells showed a decreasing tendency (Figure 4A). Then, random forest analysis was executed between the severe AP groups (MSAP&SAP) and the control group (healthy control and MAP) (Figure 4B). The top 30 genes are listed (Figure 4C). Among these genes, 10 genes, including S100A6, S100A9, S100A12, CD63, ITK, CD5, ANXA3, KLF12, TRABD2A, and CCR7, were identified with significant diagnostic value (AUC >0.8) (Figure 4D).




Figure 4 | (A) Estimation of immune cell subtype infiltration in all samples, divided into three groups (1 = healthy control group, 2 = MAP group, and 3 = MSAP&SAP group). (B) Error plot of random forest analysis (Tree = 1,500). (C) Top 30 genes in random forest analysis. (D) ROC plot of genes with significant diagnostic value (AUC >0.8). **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, P > 0.05.





Validation of reliable biomarkers to monitor the severity of acute pancreatitis

As shown in Figure 5A, all eight genes showed significant differences between the healthy control group, MAP group, and MSAP&SAP group. Genes with higher expression are more suitable for use as diagnostic factors because of the lower detection error rate. Following this criterion, three genes were screened with significant value as diagnostic factors (minimum relative expression >500), including S100A6, S100A9, and S100A12. To test the robustness of these genes for the identification of AP severity, 28 peripheral blood samples were collected, and the relative expression of these genes was detected. The details of the enrolled patients are listed in Table S1. The patients were grouped by the severity of AP (MSAP&SAP group and MAP group). Significant differences were identified between these two groups in the expression value of all genes (Figure 5B). ROC analysis also verified these genes with significant diagnostic value between SAP and MAP (Figure 5C).




Figure 5 | (A) Bar plot of 10 identified genes with prognostic value in the current datasets. (B) Expression of S100A6, S100A9, and S100A12 in the peripheral blood of our local cohort. (C) ROC plot of S100A6, S100A9, and S100A12 based on the peripheral blood expression of our local cohort. ***P < 0.001.





Identification of common biological processes and pivotal peripheral blood cell types between acute pancreatitis and COVID-19

To further explore common biological processes and pivotal cell types in COVID-19-induced pancreatitis, the GSE152418 dataset was used in the following study. A total of 1,494 DEGs were identified through the DEseq2 package (Figure S1; Table S5). A total of 161 common upregulated genes and 12 downregulated genes were identified between the peripheral blood of AP and COVID-19 patients (Figure 6A). “Neutrophil degranulation” was significantly enriched in the KEGG pathway analysis of these common genes (Figure 6B). The “neutrophil degranulation” pathway was identified in the central roles of networks with the most significant value (Figures 6C, D).




Figure 6 | (A) Common DEGs between the peripheral blood of acute pancreatitis and COVID-19 patients. (B) Gene Ontology and KEGG pathways in the identified common DEGs. (C) Gene Ontology and KEGG pathway interaction network with each term. (D) Gene Ontology and KEGG pathway interaction network with p-values.





Identification of neutrophil cell types in single-cell datasets

As mentioned in the introduction, a previous study showed that COVID-19-induced sepsis can potentially induce and accelerate AP (5–8). However, there is no report related to bacteria-induced sepsis, another common cause of sepsis. According to our analysis above, neutrophils could be an important subtype as a common pathogenic factor between COVID-19 infection and AP in peripheral blood. Hence, we next investigated the change in neutrophils between bacteria-induced sepsis and COVID-induced sepsis by analyzing single-cell sequencing data to identify the pathogenic factor of peripheral blood in COVID-19-induced AP. As shown in Figure 7A, 0.05 was selected as the resolution in the following steps. Groups 1, 6, and 9 were identified as neutrophils (Figures 7B–D).




Figure 7 | (A) Cluster tree at different resolutions. (B) Neutrophil markers in different subtypes of peripheral blood. (C) Identified neutrophil subtypes in the UMAP plot with subtypes. (D) Identified neutrophil subtypes in the UMAP plot with groups.





Identification of different neutrophil cell types

Then, the identified neutrophils were screened and extracted into the following analysis. Five neutrophil subgroups were identified (Figures 8A–C). As shown in Figure 8D, Group 0 was significantly upregulated in the COVID-19 group, and Group 3 was significantly increased in bacteria-induced sepsis. The top 10 genes in each group were screened out (Figure 8E). Importantly, the top genes in Group 0 were associated with the IFN-reactive phenotype and inflammation. Groups 3 and 4 were more likely to exhibit a proliferative phenotype. Neutrophil degranulation is significantly related to the activation of neutrophils. The marker genes of neutrophil degranulation are MPO, ELANE, CAMP, CYBA, MMP8, and MMP25. As shown in Figure 8F, marker genes of neutrophil degranulation were significantly upregulated in Group 0. In summary, Group 0 represents a subtype of mature activated neutrophils, mainly enriched in COVID-19-induced sepsis, with high expression of IFN-related genes.




Figure 8 | (A) Neutrophil markers in different subtypes of peripheral blood. (B) Identified neutrophil subtypes in the UMAP plot with subtypes. (C) Cluster tree at different resolutions. (D) Stacked plot of neutrophil subtypes. (E) Heatmap of the top 10 genes in each subtype. (F) Markers of neutrophil degranulation in each subtype.





Group 0 neutrophils are a potential pathogenic subtype of acute pancreatitis related to interferon secretion and are upregulated in the peripheral blood of patients with acute pancreatitis

Finally, after validation through single-cell pathway analysis, Group 0 was identified as an IFN-related group (Figures 9A, B). Pseudotime locus analysis illustrated that Group 5 represents the naive and inactivated phenotypes of neutrophils in sepsis, and the evolutionary trajectory of Group 0 was different from that of other mature neutrophils (Figures 9C, D). Then, some common metabolism-related pathways were identified in Group 0, including “fatty acid degradation,” “alpha-linolenic acid metabolism,” “sulfur metabolism,” and “fatty acid biosynthesis” (Figures 9E, F; Table S6). Finally, to further validate the identified IFN-related neutrophil pathogenic subtype, cibersoftx software was used to estimate the proportion of the identified subtype from single-cell sequencing data in all neutrophils among AP patients and healthy controls (based on the former GEO bulk sequencing dataset: GSE194331). The proportion of this subtype was nearly 0 in peripheral blood from healthy controls and was significantly upregulated in peripheral blood of AP patients, rising with increasing disease severity (Figure 9G).




Figure 9 | (A) Single-cell pathway analysis of the five subgroups. (B) The activated interferon-related pathway among all subgroups. (C) Pseudotime locus analysis of the five subgroups sorted by pseudotime. (D) Pseudotime locus analysis of the five subgroups sorted by subgroup. (E) Single-cell metabolism-related pathway analysis in Group 0 between the COVID-19-induced sepsis group and the bacteria-induced sepsis group. (F) The common identified metabolism-related pathways in Group 0. (G) The proportion of the identified subtype from single-cell sequencing data in all neutrophils among acute pancreatitis patients and healthy controls (based on the GSE194331 dataset) (*p < 0.05, ***p < 0.0001).






Discussion

AP is a common clinical acute abdominal disease with pancreatic inflammation, including pancreatic edema, bleeding, and even necrosis. The clinical features of AP are acute epigastric pain, nausea, vomiting, fever, and even slipping into shock (1). The severity of pancreatitis is different, grouped into MAP, MSAP, and SAP according to the Atlanta classification (2). The key differentiator among these three types is AP with or without transient organ failure or persistent organ failure. In general, 20% of patients have severe AP, and the mortality rate is as high as 20%–40%. The cause of AP varies, including gallstone obstruction in the pancreatic duct (the most common cause of AP), alcohol abuse, endoscopic retrograde cholangiopancreatography (ERCP), and an imbalanced internal environment (28). Multiple biomarkers have been reported to have significant diagnostic value in AP. The types of these biomarkers vary, including biochemical indices (such as amylase and lipase) and other novel indicators (such as indicators from the metabolome, genes, and miRNA). However, these novel indicators have not been investigated (29). In our current research, we identified two pivotal gene modules through WGCNA methods based on the transcriptional expression data of peripheral blood from AP patients and healthy controls. Genes in the two modules play important roles in the exacerbation of AP. Then, 30 genes were identified through machine-learning methods with significant diagnostic value in AP. Additionally, we selected and verified three key genes, S100A6, S100A9, and S100A12, with robust diagnostic value for both the occurrence of AP and the severity of AP. S100A6, S100A9, and S100A12 encode low-molecular weight (9,000–14,000 Da) calcium-binding proteins with highly conserved amino acid sequences. They are named S100 because they can dissolve in 100% saturated ammonium sulfate solution. Most of the proteins in the S100 family can be released to intercellular substances, regulating different phenotypes of recipient cells, including the activation and proliferation of immune cells, with the acquisition of cytokine production ability. Specifically, S100A6 promotes the proliferation and motility of cancer cells and induces the activation of fibroblasts (30, 31). In inflammation-related diseases, S100A6 induces a sensational inflammatory response by directly combining heat shock protein 70 (HSP70) with heat shock protein 90 (HSP90) (32, 33). A study reported that S100A6 is elevated during the carcinogenesis of pancreatic cancer (34). S100A9 could serve as a damage-associated molecular pattern (DAMP) to stimulate TLR4 and induce a sensational inflammatory response (35). Moreover, a recent study reported that the upregulation of S100A9 induces pancreatic injury and an AP response via NLRP3 activation by targeting VNN1-mediated ROS release and that loss of S100A9 decreases AP injury (36). S100A12 is highly abundant in neutrophils and has been identified as an activator of long-term inflammation via the RAGE pathway (37). A previous animal study reported the diagnostic value of S100A12 in AP in rats. To the best of our knowledge, this is the first study to identify AP biomarkers based on the transcriptional expression pattern of peripheral blood through WGCNA and machine-learning methods, and this is the first human study emphasizing that S100A6, S100A9, and S100A12 have diagnostic value for the severity of AP. These findings could increase the value of our research.

COVID-19, caused by SARS-CoV-2, is an epidemic disease that poses a certain threat to humans (38). SARS-CoV-2 infection was first reported in Wuhan (China) in December 2019, and it has rapidly spread around the world, causing 524 million active cases with 6 million deaths as of May 2022. A great number of reports indicate that COVID-19 infection can potentially result in AP (3, 4). Some single-center studies have confirmed the relationship between COVID-19 and AP (5, 6). Some literature reviews have suggested that there is an increased prevalence of AP in patients infected with COVID-19 and that SARS-CoV-2 might itself cause AP in some patients (7, 8). However, the pathogenesis of AP concomitance with COVID-19 infection remains unclear. In our current studies, by analyzing bulk sequencing data from the peripheral blood of COVID-19 and AP patients, neutrophil-related pathways were identified as the most significant pathways. The results emphasized the potential roles of neutrophils in COVID-19-induced AP. However, there is no report related to bacteria-induced sepsis, another common cause of sepsis. Hence, the following analysis focused on the identification of potential pathogenic subtypes of neutrophils. During the analysis procedure, a subgroup of neutrophils was identified as significantly expressed in COVID-19-infected peripheral blood. The gene expression characteristic of these neutrophils is high expression of IFN with proinflammatory phenotypes. Additionally, the differentiation of this group was significantly different from that of the other groups. In fact, some clinical and basic studies have focused on the potential role of IFN as a promoter in AP. The pathogenesis of AP induced by an imbalanced internal environment usually results from drug mistakes. Among these drugs, there are some case reports that IFN could result in AP (12). Additionally, IFN-γ has been reported to act as a promoter in a rat model of AP (13). A meta-analysis systematically reviewed the literature related to the occurrence of AP after IFN treatment (AP-IFN). After reviewing 16 studies that reported AP-IFN in a total of 23 patients, the results indicated that AP and IFN had a probable or definite causal relationship according to the Naranjo scale (14). Therefore, according to our results of pathogenic neutrophils with high expression of IFN and proinflammatory phenotypes, upregulation of this subgroup of neutrophils in patients may stimulate the immune system, leading to pancreatic damage via an autoimmune mechanism. Moreover, the basic mechanism of this neutrophil subgroup in the progression of AP is currently being researched and will be illustrated in our future reports.

In conclusion, we performed WGCNA of sequencing data from more than 87 human blood samples divided into a healthy group, MAP group, MSAP group, and SAP group for the first time and identified two functional gene modules associated with the severity of AP. Next, we identified and verified some pivotal genes in functional gene modules with significant diagnostic value, including S100A6, S100A9, and S100A12, through machine-learning methods and experimental validation in blood samples from AP patients. Then, through analysis of single-cell sequencing data, we investigated the specific changes in neutrophils in the peripheral blood of COVID-19 patients and identified one pathogenic neutrophil subgroup with high expression of IFN and a proinflammatory phenotype in COVID-19. Finally, we observed that the upregulation of the pathogenic neutrophil subgroup was correlated with the severity of AP in bulk sequencing data. To the best of our knowledge, this is the first study to identify gene biomarkers in peripheral blood of AP using WGCNA and to propose a potential pathogenesis of COVID-19-induced pancreatitis through the identification of a specific functional subgroup in neutrophils. These findings could facilitate clinical severity diagnosis and basic research of AP.

However, this study has some shortcomings. First, the AP high-throughput data are from a public database, and specific clinical data of enrolled patients are difficult to collect. Second, the potential mechanisms of the screened genes and functional neutrophil subtypes in AP need to be further clarified in basic research in further in vivo experiments.
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The function and heterogeneity of neutrophils in neonatal umbilical cord blood (UCB) have not been characterized. In this study, we analyzed the neutrophils in UCB and healthy adults using single-cell RNA sequencing analysis for the first time. We found that neutrophils divided into six subpopulations (G2, G3, G4, G5a, G5b, and G5c) with different marker genes and different functions under homeostasis. Compared with healthy adults, neutrophils of UCB were more naïve and have more obvious degranulation and activation functions. Moreover, we found significant differences in the amount and function of G5b cells between healthy adults and UCB. The amount of G5b group in UCB was lower, but it has more degranulation, secretion and activation functions. In addition, we noted a new subset of G5c labeled by CD52, which almost did not exist in UCB. Besides, its differential genes were enriched in terms such as protein synthesis and mRNA transcription. Furthermore, uncharacteristic transcription factors ZNF-276, ZNF-319 and ZNF-354A were identified in our study. In summary, we first examined the heterogeneity and functional diversity of neutrophils in UCB, and these data provided new insights into the mechanism of neutrophil-mediated diseases of neonates and the wider use of neutrophils in UCB.
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Background

The neutrophil is a major component of the innate immune system and are the first cells recruited to injured or infected sites. In the presence of abnormal neutrophil numbers or quality, it might disrupt the immune system’s homeostasis environment and contribute to the development or progression of disease. Neutropenia or neutrophil dysfunction would put patients at high risk for fatal infection (1). With the in-depth study of neutrophils, researchers have proved that neutrophil dysfunction developed many diseases, such as malignant tumors, autoimmune diseases and severe infections (2, 3). Granulocyte transfusion as one of the main treatment methods has a long history in treating patients with neutropenia or neutrophilic dysfunction, and can be used to prevent and treat infection (4). In addition, in recent years, with the emergence of immunotherapy, neutrophilic adoptive therapy also began to be used in the treatment of refractory infectious diseases and malignant tumors, and good therapeutic effect was achieved (5).

It was increasingly recognized that UCB, previously considered medical waste, was actually a valuable source of therapeutic cells (6). The cells of UCB were easier to collect than that of healthy adults, and their unique properties made them especially appropriate for cell therapy. The unique properties of these cells included their naive nature (7, 8), the high proportion of stem and progenitor cells (7, 9), and non-hematopoietic cells with therapeutic potential (8). But neutrophils in UCB, the most numerous of the immune cells, were rarely mentioned. There were no clear differences between UCB-derived neutrophils and healthy adults’ neutrophils in terms of how they function.

With the help of single-cell RNA sequencing(scRNA-seq), an important method for characterizing immune cells and their function, we preliminary explored the differences between neutrophils of UCB and adults. We provided the first reference map of neutrophils subsets in UCB, and the functional difference of neutrophils in UCB were explained. The results of our study lay the theoretical groundwork for the further study of UCB neutrophils.



Result

To study the functional changes of neutrophils in UCB, we tested neutrophils with scRNA-seq in healthy adults and UCB. Neutrophils samples for sequencing were collected from peripheral blood of 25 healthy adults and UCB of 40 healthy neonates of full-term natural delivery (Table 1). Among them, 5 UCB samples and 5 peripheral blood samples from healthy adults were used for the detection of seRNA-seq. The magnetic bead separation was used for the separation of neutrophils.


Table 1 | Clinical data of UCB (including maternity and neonate) and healthy adults submitted for examination.




Conservative classification of neutrophils in UCB

The 45905 high-quality cells were obtained through rigorous quality control (Supplementary Figure 1A). We identified 13 major cell populations by graph-based clustering (Figure 1A). With the known genetic markers (HBB, HBA1, and HBA2) of red blood cell (RBC) (10), groups 12 were considered RBC (Supplementary Figure 1B). Furthermore, 10 and 11 clusters were also characterized by a high percent of mitochondrial unique molecular identifier (UMI) count and low UMI count per cell (Supplementary Figure 1C). Therefore, in further analysis we discarded groups 10,11 and 12. FCGR3B and S100A8 are considered as specific marker genes of neutrophil (11), and CD10 encoded by MME is considered to be a surface marker of mature neutrophils (12). For these reasons, we identified groups 0-9 as neutrophils, and subgroups 6 and 9 as immature neutrophils (Figure 1B). The specific marker genes Kit and CD34 of granulocyte-monocyte progenitors (GMP) (13) are not expressed on neutrophils (Supplementary Figure 1D). As a result, no GMP was found in the neutrophils we collected. In addition, the correlation analysis based on cell subpopulation differential genes and cell cycle-related genes (Figure 1C and Supplementary Table-Sheet 1) suggested that 9 cluster could have a proliferative function in the neutrophil subsets. According to the study of Xie et al (14), neutrophils have been classified into eight subsets (G0-G5c) in bone marrow, tissue and circulation. Using the genetic markers present in the references (Supplementary Table-Sheet 2), we conducted correlation analysis between our data and the data set in the references (Figure 1D). At the same time, combined with the ScGeneModule analysis (Supplementary Figure 1E), the final classification of neutrophils was confirmed. The original cell subgroups were reclassified into G2-G5C (Figure 1E). As expected, a quasi-temporal analysis was performed on neutrophils, revealing that differentiation and maturation took place in a closely linked trajectory from G2 to G5c (Figure 1F and Supplementary Figure 1F).




Figure 1 | Conservative classification of neutrophils in UCB and healthy adults. (A) Uniform manifold approximation and projection (UMAP) of 45905 neutrophils from UCB and healthy adult. (B) Violin plots of the genes FCGR3B, S100A8 and MME in populations. (C) Heatmap showing row-scaled expression of cell cycle-related genes for 0-9 clusters neutrophils. (D) Correlation of scRNA-seq defined neutrophil clusters with the neutrophil subtypes reported by Xie et al. (E) Projection of new clustering results on UMAP. (F) Pseudo-time analysis of neutrophils. The order of cells was inferred from the expression of the most variable genes in all cells, and the direction of development was determined from biological features.





Characteristics of differentiation and development of neutrophil subgroups

Our data identified additional DEGs and characteristically expressed genes that distinguished each subgroup (Figure 2A). And these DEGs analysis also revealed that each subgroup of neutrophils was enriched for different GO-BP items (Figure 2B). In line with the differentiation and maturation process of neutrophils, neutrophils highly expressed MKI67, MS4A3 (Figure 2A) and other genes related to cell proliferation in G2 cells, and highly expressed aging marker CXCR4 in the more mature subset G5c. Apart from that, the genes (CXCL8, CCL4, IL-1B and TNFAIP3) coding chemokines and inflammatory factors were expressed at high level in G5c cells as well (Figure 2A).




Figure 2 | Characteristics of differentiation and development of neutrophils subgroups. (A) Heatmap of gene expression in each subgroup based on differentially expressed genes (DEGs). (B) Diagram of gene ontology (GO) about biological process (BP) analysis for genes within each subgroup. The following GO terms were shown with Benjamini-Hochberg corrected P-values <0.05 (one-sided Fisher’s exact test). (C) Heatmap illustrating four-level granule genes expression of neutrophils. (D) Violin diagrams of four-level granule genes function scores in each cluster. (E) Violin diagrams of representative genes related to four-level granules of neutrophils. (F, G) Violin plots of the functional scores of activation and maturation of neutrophil subsets. (H) Heatmap for correlation analysis between each subgroup and the disease.



There were four types of particles in neutrophils: azurophil granule, specific granule, gelatinase granule and secreted vesicle (15). Expression of granule genes was closely related to neutrophils differentiation and maturation. Scores of granule genes were calculated for each subpopulation based on gene expression level (Supplementary Table-Sheet 3 and Figures 2C, D). Consistent with previous studies, the genes (ELANE, MPO and CD63) coding for the azurophil granule proteins were highly expressed in G2 cells. G3 and G4 cells had high expression of specific granule genes (CYBB, CYBA) and gelatinase granule genes (MMP8, MMP9). The related-gene MMP25 of secretory vesicle was up-regulated in the late stage of neutrophil differentiation (Figure 2E).

In addition, we measured the maturation and activation functional scores of each cluster based on the expression of related genes (Supplement Table-Sheet 3). As expected, group G5 was the most mature neutrophils (Figure 2F), while G3 and G4 cells showed the highest activation functional scores of all subsets (Figure 2G). To predict the association between each subgroup of neutrophils and diseases, we performed correlation analysis for each subgroup and diseases in published literatures based on the characteristic gene expression of each subgroup (Figure 2H). We found that G2-G3 populations can predict diseases including sepsis, inflammation, as well as tumor development and metastasis.



Functional differences of neutrophils between UCB and adult

We analyzed genetic markers for neutrophils each subgroup in UCB and healthy adults, and neutrophils were divided into six cell subgroups (G2-G5C) in both groups (Figure 3A). However, there were significant differences among them. The main subgroups of healthy adults were G5a, G5b and G5c, while G5a and G5c were dominant in UCB (Figure 3B). In addition, to analyze functional differences of neutrophil subsets between adult and UCB, GO-BP analysis was performed according to DEGs (Figure 3C). There were significant differences in enrichment items among subsets (Figure 3D). The subsets of UCB are mainly enriched in degranulation, cell activation and secretion, while the subsets enriched in immune response and cytokine response of healthy adult.




Figure 3 | Functional differences among neutrophil subgroups between UCB and healthy adult. (A) Neutrophils conserved marker genes. ‘-’means neutrophils in UCB, and ‘+’ represents healthy adult neutrophils. (B) Plots of subpopulations in different groups and samples. (C) Heatmap of differentially expressed genes in subsets of neutrophils between healthy adult and UCB. Asters represent gene expression differences between UCB and healthy adults. (D) Scale diagram of GO-BP analysis of various subsets of neutrophils in healthy adults and UCB. ‘-’means DEGs up-regulated of adults, while ‘+’ represents DEGs up-regulated of UCB neutrophils. (E–I) Functional scores of neutrophil subgroups. Neutrophil maturation and activation (E); Neutrophil chemotaxis (F) and apoptosis (G); Neutrophil phagocytosis (G) and degranulation. (J–L) Neutrophil functional evaluation in vitro. Chemotaxis of neutrophils in healthy adults and UCB (J). Neutrophil apoptosis in healthy adults and UCB (K). The expression levels of CD63 in neutrophils of healthy adult and UCB (L). Data represent means ± s.d. (n= 3–5) of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not statistically.



Moreover, the maturation score of neutrophils in UCB was lower than that in healthy adults. In contrast, the neutrophils of UCB had higher activation scores in each subset (Figure 3E). The differences between the two groups were most significant in G2, G3 and G4 clusters. The functional scores of chemotaxes, phagocytosis and apoptosis of UCB neutrophil were down-regulated (Figures 3F–H). Interestingly, different from previous studies, the degranulation score of G2-G5C cells significantly increased in UCB (Figure 3I).

Next, we verified functions of UCB neutrophils in vitro. Consistent with the differences in gene expression, the chemotactic and apoptotic functions of UCB neutrophils were lower than those of healthy adults (Figures 3J, K), and the expression of degranulation related index CD63 was higher than that of healthy adults (Figure 3L). Besides, there was no significant difference in CD35 expression between the two groups (Supplementary Figure 2A), which was contributed to secretory vesicles. These results indicated that above functions may be regulated by related genes transcription. However, the phagocytic phenotype and genotype of neutrophils were inconsistent, there was no significant difference between adult and UCB (Supplementary Figure 2B). Data from these studies suggested that neutrophil phagocytosis might be driven by post-transcriptional or post-translational processing of related genes.



Comprehensive analysis of the vulnerable subset of neutrophils in UCB—G5b subgroup

G5b cells with specific Interferon-stimulated gene (ISG) gene markers (Figure 4A) can predict diseases in the body. Previous studies have shown that the G5b subgroup could be rapidly amplified in the case of Escherichia coli infection, and play a role of sterilization and anti-infection (14). However, the amount of G5b subgroup was significantly reduced under early burn stress condition (16). Interestingly, our results showed that the amount of G5b cells in steady-state UCB was much lower than that in healthy adults (Figure 4B). Consistent with previous researches (14, 16), the functions of G5b compared with other clusters were mainly enriched in ISG related pathways, anti-infection and response to external stress, etc (Figure 4C).




Figure 4 | Characteristics of the G5b subgroup in UCB and adult. (A) UMAP of specific genetic markers in the G5b subgroup. (B) The amount of G5b cells in cord blood and healthy adults. (C) Go-BP analysis of differential genes in G5b subgroup compared with the other subgroups. GO terms with Benjamini-Hochberg-corrected P-values <0.05 (one-sided Fisher's exact test) are listed. (D) Heat maps of G5b genes differentially expressed in healthy adults and UCB. (E) GO-BP analysis of differential genes in healthy adults and UCB.  Gene cluster entries in red represent differentially expressed genes up-regulated, while gene cluster entries in blue represent differentially expressed genes down-regulated. (F) Violin diagram of characteristic transcription factors in the G5b subgroup.



To analyze the differences in G5b group function between UCB and healthy adults, we performed GO-BP analysis based on DEGs (Figures 4D, E). The results indicated that the G5b subpopulation in healthy adults were mainly enriched in immune response, ISG pathway and cytokine stimulation, while the G5b cells in UCB were mainly enriched in activation, degranulation and secretion of cells.

In addition, we also noticed that interferon-specific transcription factors IRF5 and IRF9 were highly expressed in the G5b subgroup (Figure 4F). Meanwhile, STAT1 and STAT2, as interferon signal sensors and transcriptional activators, were also highly expressed in G5b cells. Besides, ETV7 and its accessory gene ETV6 were up-regulated in G5b subset, which regulated cell development and differentiation.



New subset of G5c (further classification)

Compared with healthy adults, the proportion of G5c cells in UCB was significantly reduced (Figure 5A). Interestingly, a specific subset of cells was present in the G5c population that was prevalent in the peripheral blood of healthy adults but almost absent in UCB (Supplementary Figure 3A). We speculated that this group of cells has a special function. Therefore, G5c was reclassified into G5c1 and G5c2 according to the characteristic genes (CD52, CST3) (Figures 5B, C). To clarify the function of this group of cells, G5c1 and G5c2 were re-analyzed for differential genes (Figure 5D). Based on DEGs analysis, we calculated neutrophil maturity and aging score, and found that there were no significant differences in maturity and aging score between the two groups (Figure 5E). As mentioned above, neutrophils granule biosynthesis is time-targeted. Therefore, we further analyzed the expression of granule genes in the two groups (Supplementary Figure 3B), and noticed that some genes (MME, CD63, MMP25, and NCF1) coding granule and secretion vesicle were up-regulated in G5c2 cells (Figure 5F). To clarify the functional differences between the two groups, GO-BP analysis was performed (Figure 5G). The results indicated that DEGs of G5c1 cells were mainly enriched in terms such as cell activation and immune response, however, G5c2 cells were enriched in functions like mRNA translation, protein synthesis and localization. At the same time, the DEGs of subsets were involved in the related pathways (Supplementary Figures 3C, D).




Figure 5 | Specific expression of G5c subset in neutrophils. (A) Scale diagram of G5c in healthy adults and UCB. (B) Proportions of G5c1 and G5c2 in deferent group. (C) Violin diagram of G5c2 specific marker genes. (D) Heatmap of G5c1 and G5c2 differential genes based on DEGs. (E) Violin plots of the functional scores of activation and maturation of G5c1 and G5c2. (F) Violin diagrams of genes expression related with neutrophils four-level granules in G5c2. (G) GO-BP analysis based on DEGs between G5c1 and G5c2. Gene cluster entries in red represent differentially expressed genes up-regulated, while gene cluster entries in blue represent differentially expressed genes down-regulated.





Natural selection of UCB neutrophils for metabolic regulation

The metabolic activities of neutrophils were closely related to their differentiation, maturation and functional performance (17). Adenosine triphosphate (ATP) was produced by three main pathways: glycolysis, the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS). Mitochondria mainly participates in TCA and OXPHOS metabolism. And mature neutrophils used ATP mainly provided by glycolysis. Our results showed that the functional scores of glucose-related metabolisms (glucose metabolism, glycolysis, and pyruvate) and lipid metabolism decreased progressively along with the differentiation and development of neutrophils (Figures 6A–D, K–N). This could be due to the fact that neutrophils need a large amount of ATP in the early process of proliferation and differentiation, and the cells were in a high catabolic state. One of the characteristics of the maturation of neutrophils was the decreased activity of their mitochondria and ATP production (18). It has also been confirmed in our study that TCA and OXPHOS functional scores of mitochondria metabolism-related were significantly up-regulated in G2-G4 cells and down-regulated in mature neutrophils (Figures 6E, F, O, P). Furthermore, the differences were more significant in UCB, which might attribute to the higher mitochondrial content and activity of neutrophils in UCB.




Figure 6 | Metabolic characteristics of neutrophil subgroups. (A–C) The violin plots of glycol-metabolism-related functions scores in each subgroup. Glucose metabolism (A), glycolysis (B) and pyruvate metabolism (C). (D) The violin plot of lipid metabolism function score. (E, F) The violin plots of mitochondria related metabolism functional scores in each subset. Oxidative phosphorylation (E) and the tricarboxylic acid cycle (F). (G–J) The violin plots of functions scores in metabolism-related ROS production of each subset. Pentose phosphate pathway (G), NADPH (H), ROS production (I), electron transport chain (J). (K–T) Box plots of function scores of the metabolic pathways in UCB and healthy adults. *p < 0.05, ***p < 0.001, NS, not statistically.



One of the products of pentose phosphate pathway (PPP) was nicotinamide adenine dinucleotide phosphate (NAPDH), and the production of reactive oxygen species (ROS) was mainly mediated by NOX produced by NADPH oxidase. The functional scores of PPP, NADPH and ROS production were relatively stable in healthy adult, while neutrophils in UCB were significantly up-regulated in G2-G3 cells and down-regulated in G5 cells (Figures 6G–I, Q–S). Besides, electron conduction chain mediated by mitochondrial also contributed to ROS production, and the functional score decreased in G5 cells (Figures 6J, T).



Novel transcription factors of neutrophils in UCB

In the process of neutrophil differentiation and development, different transcription factors are involved. To investigate the regulatory mechanisms of neutrophils in UCB during differentiation and maturation, we performed a SCENIC analysis (Figure 7A). Compared with healthy adults, transcriptional activity of UCB neutrophils in the G3 subset was significantly down-regulated (Figure 7B), suggesting potential functional changes in during G3 cells in UCB. Previous studies have confirmed that C/EBP family is closely related to neutrophil division, proliferation, differentiation and maturation as well as granular protein formation (19, 20). These results were also verified in our study. The expression of CEBPA and CEBPE was significantly up-regulated in G2-G4 cells, and reached the peak in G3 subset (Figure 7C). Meanwhile, CEBPB and CEBPD were highly expressed in G5 cells (Supplementary Figures 4A, B). In addition, the genes (NFKB1, NFKB2, RELA, RELB, REL) of NF-κB pathway have higher regulation intensity in G5c cells (Figure 7E and Supplementary Figures 4C, D), confirming that they play an important role in regulating neutrophil apoptosis.




Figure 7 | Characteristics of transcription and communication in neutrophil subsets. (A) Heatmap for transcription factors with different regulatory intensities in each subset of neutrophils. (B) Violin plot of characteristic transcription factors of neutrophils in each subset. Box plot of neutrophilic transcription factor scores between UCB and adults in each subset. (C–F) Violin plot of different activity of transcription factors in neutrophil subsets. (G) Activity and motif description based binding sites of three novel transcription factors in neutrophil subsets. *p < 0.05, ***p < 0.001, NS, not statistically.



In addition, the intensity of CEBPA and CEBPE regulation was higher in UCB than in healthy adult neutrophils (Figure 7D), suggesting that neutrophils of UCB were more naïve and differentiative potential. Different from the expression of NFKB2, RELA and RELB transcription factors, the expression of NFKB1 and REL were enhanced in UCB (Figure 7F, Supplementary Figures 4E, F). Interestingly, the intensity of HIF1A regulation peaked in G4 cells (Supplementary Figure 4G). Moreover, HIF1A has strong regulation role in UCB than in adults (Supplementary Figure 4H).

Furthermore, ZNF276, ZNF319, and ZNF354A were detected (Figure 7G), whose regulatory role was unclear in the published literatures. These transcription factors exhibited significant differences in differentiation and maturation of neutrophils, and their functions required further research.




Discussion

Fetal immune system development was a special process. Placental microenvironment and pregnancy hormones play a key role in shaping the phenotype, function, metabolism and transcription of neutrophils in UCB (21, 22). They are the reasons for the different genotypes of neutrophils in UCB compared to healthy adults. In the previous literatures, such differences were considered as functional defects or impaired functions of neutrophils in UCB (23, 24). However, we prefer to regard the differences as an adaptive physiological change during cell development.

Using scRNA-seq, we found that neutrophils of UCB showed commonality and characteristics compared to healthy adults. The classification of UCB neutrophils and healthy adult neutrophils was conserved, and the neutrophils were divided into six subpopulations with identical genetic markers. Different from the studies by Xie et al. (14)and Huang et al (16), we found the existence of G2 cell populations with proliferative functions and G3 and G4 subpopulations, in addition to mature G5a, G5b and G5c subsets in UCB and adults. This was consistent with reports that immature neutrophils account for a higher proportion in UCB (25). In particular, G2 and G3 subsets could predict diseases such as sepsis, infection, inflammation and tumor metastasis. In addition, compared with healthy adults, GO-BP analysis of neutrophil subgroups in UCB was abundant in cell activation, degranulation and secretion, and short of interferon-related pathways, immune response and cytokine response. This could explain why newborns were more susceptible to infection, as stated in many studies (24, 26, 27).

Moreover, we found significant differences in the function and quantity of the G5b subset of UCB compared to healthy adults. G5b subset could be rapidly corresponding and amplified facing infection-related diseases, which played a key role in the immune defense (14). We hypothesized that neutrophils in bone marrow were reprogrammed under the continuous stimulation of the external microbial environment after birth. These complex environmental factors, such as various bacterial components, inflammatory cytokines, toxins and so on, should be the key to the maturation of the immune system, and these factors might regulate the amplification of G5b in UCB and made the function close to adults. The weakness of G5b in UCB might partially explain the inhibited innate immune response and poor rapid mobilization ability of neutrophils of neonates in the face of infection.

Furthermore, we noted a special neutrophil subset of G5c2 (CD52+) in G5c cells, which was almost absent in UCB. CD52 was generally expressed on the surface of immune cells such as lymphocytes, eosinophils and natural killer cells, and is involved in graft-versus-host disease (28–30). Lin et al. demonstrated the neutrophils with low expression of CD52 complement mediated lysis and resulted in neutropenia in the presence of Alemtuzumab (31). Our study confirmed that the CD52 gene was specifically expressed in mature neutrophil G5c cells. Interestingly, the GO-BP and pathway analysis of G5c2 were more similar to that of G3 subgroup. We hypothesized that this subgroup might be directly differentiated from G3 cells by exposure to external microorganisms, and to be a stable subset of cells with memory function. Primitive neutrophils may have evolved into the G5c2 subgroup in response to exposure to microbe-rich environments. These speculations still required further validation.

Apart from that, we found that mitochondria dependent metabolisms were stronger in the early stages of neutrophil proliferation and differentiation (G2, G3, G4), and significantly in UCB. This suggested that mitochondrial metabolism might be more important than glycolysis metabolism in immature neutrophils different from previous studies (18, 32, 33). However, mature neutrophils were considered to be primarily glycolytic metabolites. The transformation of neutrophil metabolic phenotype still needs further exploration. Oxidative stress was a consequence of excessive oxidants or free radicals, which was mainly reactive oxygen species and reactive nitrogen (34). Excessive oxidative stress may lead to a variety of pregnancy-related disorders, most notably pre-eclampsia and intrauterine growth restriction (35, 36). Mature neutrophils in UCB were significantly down-regulated in ROS production and related pathways such as NAPDH, and respiratory electron transport chain. This might be related with the variety of antioxidants secreted by the placenta (21), which transmitted directly or indirectly to the fetus to prevent the effects of excessive oxidative stress on the fetus.

In the neutrophil transcription factor regulatory network, C/EBP family, NF-κB transcription was expressed differently between UCB and adults. CEBPA played an important role in regulating neutrophil lineage and early differentiation, and CEBPE was also involved in the formation of specific particles and gelatinase particles (19, 20). The upregulation of CEBPA and CEBPE in UCB suggested that neutrophils in UCB were naive and have more differentiational potential. The NF-κB transcription factor family regulated a variety of biological processes, including many aspects of immune function (37–39). NFKB1 and REL played an important role in B lymphocytes and regulation of T cell proliferation (40, 41). The up-regulation of NFKB1 and REL in UCB may indicate that these two transcription factors might be involved in regulating the early proliferation and differentiation of neutrophils. Besides, it was well known that bone marrow hematopoietic stem cells were maintained in a hypoxic environment, and hypoxic transcription factors were highly expressed in order to adapt to the hypoxic environment. In our study, HIF1A was gradually upregulated and reached its peak at G4 cells instead of G2 cells, suggesting that HIF1A might play an important regulatory role in the neutrophilic maturation, more than be adapt to environmental hypoxia.

We applied scRNA-seq for the first time to study cord blood neutrophils to provide a comprehensive transcriptome view of them. Neutrophils contributed to the first line of defense against infection. Therefore, accurate functional evaluation of neutrophils in healthy neonates could provide theoretical basis for early evaluation and early warning of infection-related diseases in neonates. Neutrophils allotransplantation could treat neutropenia and dysfunction related diseases (such as malignant tumors, autoimmune diseases, etc.) (42, 43). Compared with adults, neutrophils from UCB were more suitable for allogeneic cell transplantation due to their convenient selection, more primitive, less differentiation potential and less graft-versus-host reaction. Our previous study found that cord blood neutrophils were a complex population with different functional subsets. However, single-subgroup allotransplantation was theoretically more controllable than multi-subgroup allotransplantation. In addition, studies have shown that different subgroups of neutrophils have the potential to convert to each other under different stimuli (14). Therefore, in future studies, we could treat different types of diseases through precise and targeted training (such as cytokines, toxins and bacterial bones et al) of cord blood neutrophils with the characteristic of high differentiation potential. In conclusion, a comprehensive analysis of the heterogeneity and functional diversity of cord blood neutrophils has been carried out, providing potential opportunities for early diagnosis and treatment in subsequent diseases.



Method


Ethical approval

This study was approved by the Medical Ethics Committee of Suzhou Hospital affiliated to Nanjing Medical University. UCB and healthy adult volunteers provided consent for all experiments that involved human blood. We collected blood samples from UCB and cubital vein of healthy donors. Experiments were conducted according to approved guidelines.



Extraction of umbilical UCB and adult peripheral blood neutrophils

Peripheral blood of healthy adults was obtained from cubital vein of volunteer. UCB was taken from the umbilical cord arteries after delivery and ligated during the third stage of labor before delivery of the placenta. 4ml of blood sample was stored in heparin anticoagulant tubes and separated within 2 hours. Negative selection for neutrophil was performed using a magnetic bead separation kit according to the specification (Stemcell, Vancouver, Canada). The neutrophils extracted with magnetic beads were washed twice in PBS, and then centrifuged to discard the supernatant. The extracted neutrophils were cultured in RPMI 1640 (Gbico, Canada) containing 10% fetal bovine serum (Gbico, New Zealand).



Single-cell RNA sequencing

Single-cell transcriptome information was captured (from 10 sample sources) using the BD Rhapsody system. Through a limited dilution method, the single-cell suspension was randomly assigned to 200,000 micropores. In order to pair cells in micropores with the beads containing oligonucleotide barcodes, the beads were added to the saturated state. Micropores in the cells were used to hybridize mRNA molecules and the bar codes on the beads were used to capture oligonucleotides. After reverse transcription, ExoI digestion was performed in a test tube. An UMI was bound to each cDNA molecule at the 5’ end during cDNA synthesis to identify the source of the DNA. For full transcriptome libraries, BD Rhapsody uses random primers and extensions (RPE), amplification PCR (RPE), and WTA index PCR (WTA). The library was quantified using an Agilent high-sensitivity DNA chip on the Bioanalyzer 2200 and a Thermo Fisher Scientific qubit high sensitivity DNA analysis. The sequencing was done on a 150-bp paired-end run by an Illumina sequencer (Illumina, San Diego, CA).



Single-cell RNA statistical analysis

To achieve high-quality data, we filter adapter reads and delete low-quality reads by using the default parameters and FastP. With the application UMI-tools, the single-cell transcriptome recognizes the whitelist of cell barcodes. Data were mapped to the human genome (Ensemble version 91) using STAR mapping. To obtain the UMI counts for each sample, the UMI-tools standard pipeline was used. Cells with more than 200 expressed genes and mitochondrial UMI rate below 10% passed cell quality filtering and mitochondrial gene analysis. We used the Seurat package (version: 3.1.4, https://satijalab.org/seurat/) to normalization and regression of the cell, after scaling the data. The criteria for PCA construction was the first 2000 highly mutated genes, and tSNE and UMAP construction was based on the first 10 PCCS. We used Harmony to eliminate potential batch effects, since samples are batch processed and sorted. Based on the graph clustering method, we obtained the clustering results of unsupervised cells based on the top 10 subjects. Marker genes for the result were calculated using Findallmarker function and Wilcox rank-sum test algorithm (lnFC> 0.25; Pvalue < 0.05; Min. PCT > 0.1).



GO-pathway enrichment analysis

In this experiment, GO analysis was conducted to clarify the biological significance of unique genes in the significant or representative profiles of the differentially expressed genes (44).The GO annotations were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). We used Fisher’s exact test to identify significant GO categories and FDR to correct the p-values.

By analyzing KEGG’s pathway database, we determined the significant pathways of the differential genes. Fisher’s exact test is used to select the significant pathway, and the P-value and FDR are used to define the threshold of significance (45).



SCENIC analysis

Three new R packages are used in SCENIC. The first is GENIE3, which identifies TF targets based on co-expression. The second is RcisTarget, used to perform motif enrichment. The third and final option is AUCell, a method of assessing regulon activity within single cells. We evaluate transcription factor regulatory strength using the 20-thousand motif database of RcisTarget and GRNboost and We also use single-cell regulatory networks (pySCENIC, v0.9.5) and clustering workflows (pySCENIC). Codes and tutorials for CENIC are available at http://scenic.aertslab.org.



Co-regulated gene analysis(scGeneModule)

We used the find gene modules function of monocle3 with the default parameters for discovering gene co-regulation networks.



Pseudo-time analysis

Using BEAM analysis, we examined the genes that control how branches grow based on a quasi-temporal analysis. We screened the expression count of primary cells before Monocle analysis, and selected the marker genes of Seurat (version 3.1.4) for clustering results. We used BEAM analysis to analyze the genes that determine the fate of branches on the basis of quasi-temporal analysis.



Function score

We scored individual neutrophils for genetic characteristics of certain biological functions. The cells’ corresponding function scores were scored using the mean normalized expression of the corresponding genes.



Identification of DEGs

To identify DEGs, we used the FindMarkers function (test). Use = “bimod”, logfc.threshold=log[1.5], min.pct = 0.01). The analysis of gene ontology was carried out using the R package top GO. Disease analysis was conducted by using Fisher’s Exact Test based on DisGeNET (http://www.disgenet.org).



Chemotaxis of neutrophils

In a 35 mm petri dish, 2.7mL agarose (1.2% agarose, 50% HBSS containing H2CO3, 50% RPMI1640 containing heat-inactivated FBS) was added, and stood at room temperature for 5min. Then place the petri dish in a 4° refrigerator for 30-60min. Before adding samples, three holes with a diameter of 3.5mm and a spacing of 2.8mm were drilled on the obtained gel using a hole punch. Chemotactic peptide (fMLP, 10μ L) was added to the middle hole, 10ul cell suspension (10^7 cells/mL) was added to both sides, and incubated for 2h at 37° in an incubator containing 5% CO2. At the end of culture, the chemotactic distance was measured and observed under an optical microscope.



Flow cytometry

Neutrophils were resuspended in precooled PBS at a cell concentration of 5x10^6 cells/mL (100 μL PBS, 5x10^5 cells/tube). Antibodies are used according to the manufacturer’s agreement. After incubation for 0.5h, FACS Canto II cell analyzer (BD Biosciences) was used to detect neutrophils (BD Biosciences). FlowJo software was used for data analysis. Respiratory oxygen explosion of neutrophils was detected by CM-H2DCFDA (Solarbio, China). The plasma membrane expression of CD35(BD, USA) and CD63(BD, USA) was measured to determine degranulation of secretory granules. Neutrophil phagocytic ability was detected by Phagocytosis kit (Red Zymosan) (abcam, USA) and neutrophils were incubated with the media (1640, 10%.FBS) for 2h. Analyzing apoptosis requires annexin V and 7-AAD (BD, USA), as per manufacturer’s protocol.



Statistical analysis

As a general rule, experiments are compared using a two-tailed, unpaired T-test. In each graph, the values represent the mean plus standard deviation, and P<0.05 was considered statistically significant. All experiments were repeated at least three times. The statistical analysis and graphics were completed with GraphPad Prism (GraphPad) and R (Statistical computation of R items).
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In response to strong signals, several types of immune cells release extracellular traps (ETs), which are web-like structures consisting of DNA decorated with various protein substances. This process is most commonly observed in neutrophils. Over the past two decades, ET formation has been recognized as a unique mechanism of host defense and pathogen destruction. However, the role of ETs in sterile inflammation has only been studied extensively in recent years. Ischemia reperfusion injury (IRI) is a type of sterile inflammatory injury. Several studies have reported that ETs have an important role in IRI in various organs. In this review, we describe the release of ETs by various types of immune cells and focus on the mechanism underlying the formation of neutrophil ETs (NETs). In addition, we summarize the role of ETs in IRI in different organs and their effects on tumors. Finally, we discuss the value of ETs as a potential therapeutic target for organ IRI and present possible challenges in conducting studies on IRI-related ETs as well as future research directions and prospects.
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Introduction

Neutrophils are the most abundant immune cells in human blood. They play a central role in the innate immune defense as the first line of defense during infection and inflammation. The main modes of neutrophil function include phagocytosis, degranulation, cytokine release, and the formation of neutrophil extracellular traps (NETs) (1). NET formation is another mechanism of host defense (2). In 2004, neutrophils were first reported to kill pathogens through the formation of extracellular traps (ETs) (3). Since then, a large number of studies have focused on ETs, and it has gradually been discovered that similar to neutrophils, other immune cells (e.g., monocytes/macrophages, mast cells, eosinophils, and basophils) can also release ETs (4–7). Furthermore, researchers from various disciplines are trying to understand the ultrastructure and composition of ETs generated by various immune cells, the cellular and molecular mechanisms and signaling pathways that induce ETs, and the role of ETs in various animals and human disease states. In addition to capturing and killing microorganisms causing infectious diseases, ETs are also involved in the occurrence and development of non-infectious diseases, including autoimmune diseases (8, 9), thrombosis (10, 11), cancer (12, 13), and sterile inflammatory tissue injury (14). Among them, organ ischemia reperfusion injury (IRI) is a typical type of sterile inflammatory injury in which ETs play an important role.

Organ damage caused by ischemia/reperfusion (I/R) involves two major phases, namely, the sterile inflammatory responses due to immune cell infiltration and the oxidative stress and damage to parenchymal cells (e.g., hepatocytes and renal tubular epithelial cells) (15). Parenchymal cells and endothelial cells undergo various types of cell death under conditions of organ ischemia and hypoxia, and necrotic cells release damage-associated molecular patterns (DAMPs), including interleukin (IL)-33, heat shock proteins, histones, and high mobility group box-1 (HMGB1) (16, 17). These DAMPs promote immune cell infiltration and inflammatory factor production, further enhancing the various types of cell death of other parenchymal cells. This induces a pro-inflammatory positive feedback loop, which in turn exacerbates IRI (18, 19). Neutrophils and macrophages are the two most important types of immune cells infiltrating organs during IRI (15, 20). Several recent studies have reported that the ETs released by neutrophils and macrophages are involved in and exacerbate IRI (21, 22).

In this review, we first briefly summarize the various types of immune cells that can release ETs. Afterwards, we focus on the processes and mechanisms involved in the release of ETs from neutrophils, and their role in aggravating IRI in various organs. We further explore the link between NET formation in IRI and tumor progression. Finally, we summarize multiple approaches for the targeted inhibition of ET formation and the clearance of ET components to prevent their deleterious effects, which are of great value for mitigating IRI.



Extracellular traps released from various immune cells

Neutrophils are the most abundant innate immune effector cells in the human immune system. They are also the most classic immune cells known to release ETs, which are web-like structures composed of DNA and granule proteins that are released after cell death (2, 3). NETs capture and kill bacteria and have an important role in the body’s intrinsic immune defense against microbial infections (2, 3). However, the excessive release of ETs by neutrophils results in blood vessel blockage, thrombosis, self-antigen exposure, parenchymal cell damage, and tumor cell metastasis, which in turn disrupt the body’s internal environment and contribute to disease development and progression (8, 12, 13, 23–25). Accumulating evidence has shown that in addition to neutrophils, other innate immune cells — including monocytes/macrophages, mast cells, eosinophils, and basophils — can also release ETs in response to various pathogenic and pro-inflammatory stimuli, which are involved in immune regulation and exert beneficial or harmful effects on the body.

Monocytes/macrophages play an important role in initiating the innate immune defense and regulating inflammation. The ability of monocytes/macrophages to release ETs has attracted increasing attention. Researchers have previously shown that statins induce the release of ETs from monocytes/macrophages by inhibiting the sterol pathway (4). Like neutrophils, macrophages can release ETs to defend the body against attack from various microorganisms, such as Escherichia coli, Bacillus licheniformis, Haemophilus influenzae, Mycobacterium tuberculosis, and Candida albicans (26–28). However, it has also been reported that the macrophage ETs (METs) induced by Mycobacterium massiliense do not have bactericidal activity and instead provide a favorable environment for bacterial aggregation and promote bacterial growth (29). Studies have also confirmed that many inflammatory mediators and chemical stimuli such as interferon-γ (IFN-γ), hypochlorous acid, IL-8, tumor necrosis factor-α, and hydrogen sulfide can also induce METs in vitro (30). The mechanisms of MET formation share some similarities with NETs, including NADPH/ROS-dependent mechanisms, calcium mechanisms and PAD4 mechanisms, which largely depend on the nature of the stimuli (9, 31, 32).

Mast cells are crucial for innate immune responses and are well-known for their role in initiating and maintaining local and systemic allergic responses. However, mast cells also play an equally critical role in host defense against infection, autoimmunity, and inflammatory diseases (33–35). In 2008, researchers first identified the formation of mast cell ETs (MCETs) through reactive oxygen species (ROS)-dependent cell death mechanisms. They found that the intact extracellular meshwork of MCETs can trap and effectively inhibit the growth of pyogenic bacteria (5). These MCETs are known to consist of DNA, histones, trypsin, and the antimicrobial peptide LL-37, of which LL-37 is the major effector molecule controlling Group A Streptococcus infection (36). Some microorganisms such as heat-killed Mycobacterium tuberculosis and Listeria monocytogenes induce the release of microbicidal MCETs by producing large amounts of ROS via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX)-dependent mechanism (37, 38). Furthermore, the enhanced activity of the transcription factor HIF-1α induces antimicrobial effects by promoting the formation of MCETs in mice and human cells (39). During the development of psoriasis, IL-17 and IL-1β can induce the formation of MCETs in vivo. IL-17+ mast cells frequently produce IL-17 during the release of ETs, which is closely related to the pathogenesis of psoriasis (40).

Eosinophils are multifunctional cells that play an important role in the defense against parasitic infections, allergic diseases, and the protection of cardiac function after myocardial infarction and autoimmune diseases (41, 42). Eosinophils were first described to release ETs in a ROS-dependent manner in the presence of lipopolysaccharide (LPS) in combination with IL-5 or IFN-γ stimulation (6). The study showed that the release of eosinophil ETs (EETs) was independent of eosinophil death. Further, mitochondrial DNA was rapidly released from cells in a catapult-like manner, which contributed to the maintenance of intestinal barrier function and defense against bacterial infection in inflammatory conditions (6). In contrast, in human allergic diseases, local eosinophils release nuclear DNA traps after cell death (43). Studies have reported that microfilariae can trigger EETs in a Dectin-1-dependent manner, and these extracellular DNA traps can inhibit the motility of microfilariae and contribute to protective immunity against filariae (44). EETs are present in bronchoalveolar lavage fluid (BALF) derived from patients with allergic asthma, where they activate pulmonary neuroendocrine cells through the CCDC25-ILK-PKCα-CRTC1 pathway and amplify allergic immune responses (45). In tissue samples from patients with eosinophilic granulomatosis with polyangiitis, EETs with a bold net of chromatin threads are observed within small-vessel thrombi, providing a scaffold for platelet adhesion (46). In addition, EETs in diseased tissue are believed to induce elevations in cell-free DNA and the formation of immune thrombi, which is closely associated with disease activity (46).

Basophils are mainly associated with proinflammatory and immunomodulatory effects in allergic diseases and parasitic infections. Basophils, like neutrophils and eosinophils, can induce the formation of extracellular DNA traps (BETs) under the stimulation of monosodium urate (MSU) crystals (7). Recently, the physiological activation of human and mouse basophils was demonstrated to induce the release of ETs containing mitochondrial DNA and granule proteins. Moreover, BET formation was found to be independent of NOX activity (47). Furthermore, despite lacking phagocytic activity, activated basophils could kill extracellular bacteria by releasing extracellular DNA traps (48). There are relatively few studies on BETs, and substantial research is needed to explore the formation of BETs in different pathological states and their roles in the occurrence and development of diseases.



Mechanisms underlying the formation of neutrophil extracellular traps and NETosis

The mechanism through which immune cells induce the release of ETs is not well understood. It can differ depending on the stimuli and the local microenvironment in which the different immune cells are located. In organ IRI, different infiltrating immune cells are observed at different stages following I/R. The acute phase of I/R is dominated by the inflammatory injury caused by neutrophil infiltration. A deeper understanding of the process of ET release from neutrophils and the mechanism of NET induction is essential for understanding their role and potential impact in IRI.

In 2004, Brinkmann et al. (3) first reported that neutrophils release extracellular trap reticula in response to IL-8, phorbol myristate acetate (PMA), or LPS stimulation. Since then, numerous studies have reported that multiple factors can induce the formation of NETs, including various microorganisms (bacteria, fungi, viruses, and parasites), cytokines, chemicals, metabolites (lipids, cholesterol, glucose, and MSU crystals), proteases, complement, activated platelets, DAMPs, and hypoxia (19, 49–56) (Figure 1). The specific mechanism through which neutrophils generate NETs also differs according to the different stimuli. The release of NETs accompanied by cell membrane rupture and neutrophil death is called NETosis. Distinct from apoptosis, necroptosis, pyroptosis, and ferroptosis, NETosis is a unique cell death program observed in neutrophils. The main processes involved in NETosis are neutrophil activation, cytoplasmic granule dissolution, neutrophil protease activation, chromatin decondensation and swelling, plasma membrane rupture, and NET release (57, 58).




Figure 1 | Process of neutrophil extracellular trap formation and underlying cellular and molecular mechanisms. Neutrophils release extracellular traps (NETs) by different mechanisms in response to different stimuli. Activation of neutrophil surface receptors NOX (nicotinamide adenine dinucleotide phosphate oxidase), TLRs (Toll-like receptors), FcγR (Fc gamma receptor), Mac-1 (macrophage-1 antigen), PD-L1 (programmed death ligand 1), S1PR2 and dectin-1 is involved in NET formation. The generation of ROS (reactive oxygen species) and intracellular calcium promotes the activation of PAD4 (peptidyl arginine deiminase 4), which promotes histone citrullination in the nucleus and induces chromatin decondensation. ROS production also promotes the release of MPO (myeloperoxidase) and NE (neutrophil elastase) from neutrophil granules, which enter the nucleus with the assistance of actin and also facilitate chromatin decondensation. NE and caspase-1/11 can activate GSDMD (gasdermin D), which translocated to the cell membrane to form pores, leading to membrane rupture and release of NETs decorated with various proteins such as MPO, NE, histones and more to the extracellular space.



Studies have reported that the activation of neutrophil surface receptors such as NOX, Toll-like receptors (TLRs), Fc gamma receptor (FcγR), macrophage-1 antigen (Mac-1), programmed death ligand 1 (PD-L1), S1PR2 and dectin-1 may be involved in the initiation of NETosis, which involves the release of ROS (both NOX-derived and mitochondria-derived) or the elevation of intracellular calcium concentrations (59–62) (Figure 1). ROS-related upstream signaling pathways, including protein kinase C (PKC), Raf/MEK/ERK, P38 mitogen-activated protein kinase (MAPK), Src/Syk, and PI3k/Akt, may medicate the NETosis induced by PMA, immobilized immune complexes, microbes, and diphenyl phosphate (DPHP) (51, 63–66). ROS promotes the activation of Akt, which induces PMA-activated neutrophils apoptosis switch to NETosis (65). In addition, the production of ROS activates granzyme myeloperoxidase (MPO), which causes azurophilic granules to release neutrophil elastase (NE) into the cytoplasm. The activated NE is further transported to the nucleus and subsequently synergizes with MPO to promote chromatin decondensation (67–69). During this process, NE binds to and degrades F-actin to block actin dynamics (69). The inhibition of actin disassembly prevents the release of NETs (70). However, recent studies have found that NE transport to the nucleus requires the rearrangement of the actin cytoskeleton and that actin cytoskeleton dynamics are essential for NET formation (71). An increase in intracellular calcium concentrations also induces NET formation (72). Increased intracellular calcium promotes NET formation by directly activating peptidyl arginine deiminase 4 (PAD4), independent of the ROS pathway (72). Thus, PAD4 is downstream of ROS and calcium signaling during NETosis. PAD4 induces chromatin decondensation by catalyzing the conversion of arginine residues on histones to citrulline residues and is a key trigger of NETosis (73–75). Of course, NET formation can occur independent of PAD4 (66). Studies have shown that cytosolic LPS and gram-negative bacteria can drive NETosis via a caspase-11-dependent mechanism and the coordination of gasdermin D (GSDMD) function (76). In addition, unilateral ureteral obstruction induces NET formation via a caspase-11/GSDMD-dependent mechanism, which promotes renal inflammation and macrophage-to-myofibroblast transition to facilitate renal fibrosis (77). GSDMD, a pore-forming protein, can be activated upon cleavage by neutrophil proteases during NETosis and localize to the plasma membrane, causing its rupture and the release of decondensed chromatin into the extracellular space (78). The release of NETs seems to be more closely related to pyroptosis, since GSDMD is also a key regulator of pyroptosis. Furthermore, the nucleotide-binding domain (NOD)-like receptor protein 3 (NLRP3) inflammasome can also contribute to NETosis via a process that is dependent on PAD4, and its inhibition significantly attenuates NET formation in a noninfected state (79). Therefore, further studies are needed to better define the inflammasome pathways acting during NET formation and the possible bridging role between NETosis and pyroptosis. The mechanisms involved in NETosis are very complex, and it is likely that other synergistic or independent cellular and molecular pathways are involved in the induction of NETosis. This also needs to be further explored.

Most stimuli that induce NET formation lead to cell rupture and death, a process that takes several hours. However, as early as 2007, researchers observed that under conditions of sepsis, platelets can induce the rapid release of NETs from neutrophils within minutes through TLR4, enabling the capture of bacteria (80). Subsequently, in response to Staphylococcus aureus infection in human neutrophils, NETs were found to be released into the extracellular space within vesicles through a very rapid (5–60 min), unique mechanism, independent of ROS production by NOX (81). A recent study demonstrated for the first time that the rapid (within 5 min) NET release observed after exposure to Staphylococcus aureus is an early event in the antimicrobial response and is dependent on mitochondrial complex III (82). ROS produced by mitochondria and NOX mediate bactericidal activity in neutrophils (82). In addition, tumor-associated aged neutrophils can trigger mitochondria-dependent vital NET formation, which promotes lung metastasis in breast cancer (83). Other stimuli — including gram-positive bacteria (84), parasites (85, 86), and heparin (87) — can also induce rapid NET release. These early/rapid NET release processes have been shown to be independent of cell death, with neutrophils remaining viable for phagocytosis and chemotaxis after NET release. This type of NET release is called “vital NETosis” (23, 88). However, some experts suggest that this nomenclature is inaccurate because “osis” implies death and “vital” implies living, making these terms contradictory (89). The term “vital NET formation” is perhaps more accurate. Vital NET formation may be more closely related to infectious diseases (60). However, the rapid release of NETs has not been observed in cases of sterile inflammatory organ injury. In the future, extensive studies will be needed to clarify whether vital NET formation is present and active under conditions of normal tissue repair and organ IRI.



Extracellular traps in organ ischemia reperfusion injury

So far, several studies have focused on elucidating the correlation between ET formation and the sterile inflammatory damage induced by organ IRI. ET formation occurs during organ I/R, aggravating organ damage, which induces the formation of more ETs. This leads to a pro-inflammatory vicious cycle and ultimately impairs organ function (14, 19). It is necessary to understand the mechanisms and signaling pathways involved in this pro-inflammatory vicious cycle formed by ETs and IRI. Therefore, we summarized the markers and mechanisms of ETs induction and inhibition in organ IRI (Table 1). In the following sections, we will review, in detail, the link between ET formation and IRI in various organs. Most of the literature focuses on the relationship between NETs and IRI, and this part will also be our focus of attention.


Table 1 | Markers and mechanisms of extracellular trap induction and inhibition in organ IRI.




Extracellular traps in liver ischemia reperfusion injury

Liver IRI is a local sterile inflammatory response driven by innate immunity (15). Liver IRI usually occurs after liver resection and transplantation, and it is one of the main causes of postoperative disease recurrence and poor prognoses (130). Moreover, it is also a key contributor to early organ dysfunction and graft failure after liver transplantation (131). The mechanisms of liver IRI are complex and not fully understood. The overproduction of ROS and subsequent sterile inflammatory cascades are major contributors to tissue damage following liver IRI (132). The generation of ETs is closely related to the excessive production of ROS. ET formation is a newly discovered biological function of immune cells during sterile inflammatory responses, which is involved in the process of liver IRI.

As drivers, neutrophils play an important role in the early stages of liver I/R and are the major amplifiers of liver IRI. Neutrophils are also major contributors to the acute rejection associated with liver transplantation (133, 134). The formation of NETs plays some role in driving liver IRI (135). Excessive NET formation is often observed in the liver tissue and serum from clinical specimens and animal models of liver I/R. These NETs have been shown to be an independent factor of liver IRI (95, 100). During the initial stage of liver I/R, DAMPs (e.g., HMGB1 and histones) released by damaged hepatocytes stimulate the production of NETs through the TLR4 and TLR9-MyD88 signaling pathways (18). The resulting NETs initiate inflammatory responses and exacerbate liver injury, and PAD4 inhibitors and deoxyribonuclease I (DNase I) attenuate DAMP-mediated liver injury by inhibiting NETs (18). In a rat orthotopic liver transplantation model, HMGB1 was found to induce the formation of NETs through the TLR-4/MAPK signaling pathway (136). This promoted the intracellular translocation of HMGB1 and the M1 polarization of Kupffer cells, which in turn exacerbated acute rejection after liver transplantation (136). IL-33 is also a type of DAMP that drives neutrophil infiltration through its receptor suppression of tumorigenicity 2 (ST2) during the inflammatory response. Huang et al. (50) demonstrated that the IL-33 released by liver sinusoidal endothelial cells during liver I/R induces NET formation via ST2 signaling, which in turn amplifies the inflammatory cascade and sterile inflammatory response in the liver. In addition to DAMPs, other inflammatory mediators and chemicals can also exacerbate liver IRI by inducing NET formation. Using a combination of computerized dynamic network analysis and experimental validation, Tohme et al. (94) identified a central role for IL-17A in the rapid evolution of the inflammatory mediator network in the early phase of liver I/R. IL-17A exacerbates liver injury after I/R by inducing neutrophil infiltration and NET formation (94). Studies have shown that superoxide, a marker of oxidative stress after liver I/R, can induce NET formation in vitro through the TLR4 and NOX signaling cascade (90). In mouse models of liver I/R, pretreatment with allopurinol (superoxide inhibitor) and N-acetylcysteine (ROS inhibitor) results in a reduction of NETs and amelioration of liver injury (90). In addition, acrolein induces the release of NETs through NOX2 and P38 MAPK signaling to aggravate liver IRI in rats (91). In contrast, some physiological inhibitors and chemicals can alleviate liver IRI by inhibiting the formation of NETs. Studies have reported that tissue inhibitor of metalloproteinases-1, a physiological inhibitor of matrix metallopeptidase 9 (MMP9), can reduce the formation of NETs and thus limit the effect of NETs on the liver IRI (92). Diphenyleneiodonium (DPI), a NOX inhibitor, can inhibit the formation of NETs by inhibiting the NADPH/ROS/PAD4 signaling pathway, thereby reducing liver injury and maintaining liver function (137). Tetramethylpyrazine (TMP), the main chemical component of Ligusticum chuanxiong, inhibits NET formation during liver I/R by inhibiting NOX.

Further, TMP combined with DPI can effectively attenuate IRI during liver transplantation in the rat (97). Additionally, pretreatment with histidine-rich glycoproteins was found to prevent liver IRI in mice via the inhibition of neutrophil infiltration and NET formation (96). Hydroxychloroquine (HCQ) protects against liver IRI by blocking TLR9 to inhibit the formation of NETs (95). Recombinant human thrombomodulin prevents NET generation in neutrophils by blocking the TLR4/ERK/JNK and TLR4/NADPH/ROS/PAD4 signaling pathways, thereby preventing rat liver IRI and improving liver function (99). NETs have been shown to interact directly with platelets and exert procoagulant effects in infectious disease models. Studies have shown that NETs generated in mice with liver I/R can directly induce platelet activation via TLR4, leading to a systemic procoagulant state that induces remote organ injury via immunothrombosis (138). In a recent study, Lu et al. (100) demonstrated that human umbilical cord-derived mesenchymal stromal cell-derived extracellular vesicles exert nanotherapeutic effects, inhibiting local NET formation by transferring functional mitochondria to intrahepatic neutrophils and repairing their mitochondrial function, thereby attenuating liver IRI in mice. In addition, previous exercise training was found to reduce NET formation during liver I/R and also attenuate liver tissue necrosis (98).

The activation of liver macrophages (Kupffer cells) and resident mast cells is closely related to the accumulation of neutrophils, lymphocytes, eosinophils, and monocytes in the liver and promotes tissue injury (139). Studies have shown that the degranulation of gastrointestinal mast cells enhances the inflammatory injury cycle of liver I/R, including the hepatic infiltration of neutrophils and NET formation (93). Inhibiting the activity or number of mast cells may be an effective strategy for preventing liver IRI (93). ETs released by macrophages are also involved in liver IRI. Wu et al. (22) found that MET formation can be induced during liver I/R, leading to iron overload. This drives hepatocyte ferroptosis and ultimately aggravates liver IRI. Currently, studies on ETs and liver IRI are mainly focused on NETs. However, the liver is an immune organ and contains a large number of innate immune cells. Thus, whether mast cells, eosinophils, and basophils release ETs during liver I/R and participate in the liver injury process deserves further in-depth investigation.



Extracellular traps in renal ischemia reperfusion injury

The formation of ETs has a broader role in the pathophysiology of several diseases involving sterile inflammation. In the kidneys, ET formation is a major driver of the self-amplifying cycle of tissue necrosis and inflammation (14). ETs are associated with many renal diseases, such as antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis, immune complex glomerulonephritis, acute kidney injury (AKI) and renal fibrosis (14, 77). There exists a close relationship between renal IRI and the formation of NETs, as these events form a positive feedback loop and aggravate the renal necroinflammatory response. Studies have shown that during renal IRI, tubular epithelial cells undergo necrosis and release extracellular DNA, which causes platelet activation. The interaction of activated platelets with neutrophils causes NET formation, leading to a further increase in renal inflammation and tissue damage (101). Pretreatment with clopidogrel, which inhibits platelet aggregation prior to renal ischemia, can significantly reduce the formation of NETs in renal tissue and attenuate IRI in mice (101). Treatment with exogenous DNase I administered intraperitoneally immediately after renal I/R in rats can improve renal function and attenuate renal IRI by degrading extracellular DNA (140).

Consistent with these findings, Nakazawa et al. (19) demonstrated that the tubular epithelial cell necrosis induced during renal I/R occurs prior to the expansion of localized and circulating NETs and increased expression of inflammatory and injury-related genes. In addition, it has been revealed that extracellular histones released from dying tubular epithelial cells are central mediators in NET-related tissue damage and serve as independent acceleratory factors during the crescendo of necroinflammation in postischemic kidneys (19). Histones can induce NET formation in neutrophils, and the substances released by NETs further kill tubular epithelial cells and induce NET formation. The death of tubular epithelial cells and the production of NETs show a co-stimulatory interaction, leading to a pro-inflammatory vicious cycle that ultimately leads to renal and distal organ damage (19).

Recombinant thrombomodulin (rTM) produces anti-inflammatory effects by binding to circulating histones (141). Studies have shown that pretreatment with 10 mg/kg rTM does not ameliorate renal IRI. However, it significantly reduces the accumulation of histones and NETs in the lungs after renal I/R, exerting a protective effect on the lungs (103). PAD4 has been shown to be closely associated with NET formation in many disease models. Studies correlating renal I/R with PAD4 in mice have shown that PAD4-deficient mice do not form NETs during renal I/R, and their renal function is restored 48 h following renal I/R (21). Unlike that of PAD4-deficient mouse-derived neutrophils, the adoptive transfer of wild-type mouse-derived neutrophils to PAD4-deficient mice could restore renal NET formation and impair renal function following renal I/R (21). This cell adoptive transfer experiment confirmed that PAD4 in neutrophils plays a key role in renal IRI and NET formation (21). In addition, PAD4 is also involved in the acute lung injury (ALI) caused by renal I/R. Intraperitoneal injection of GSK484 (a PAD4 inhibitor) before renal I/R attenuates distal lung injury by reducing neutrophil infiltration, NET formation, and inflammatory cytokine secretion (102). Fc gamma receptor IIb (Fcgr2b) is associated with systemic lupus erythematosus (SLE), and Fcgr2b-/- mice develop age-related lupus features. Thus, they have been used as a representative model for SLE (142). After renal I/R treatment in Fcgr2b-/- lupus mice, NETs and apoptosis were found to be significantly induced in Fcgr2b-/- kidneys at 24 h post-IRI, and lupus nephritis was aggravated at 120 h post-IRI (104). This process was found to be regulated by spleen tyrosine kinase (Syk) and PAD4 signaling (104). Zhuang et al. (105) systematically compared the transcriptome between IRI kidneys and sham kidneys using RNA sequencing and found that purinergic receptor P2X 1 (P2RX1) was significantly up-regulated in kidneys with IRI. P2RX1 supported the formation of NETs following renal IRI, and these NETs were essential for the impairment of mitochondrial dynamics (105). Meanwhiles, in vitro, the activation of P2RX1 promoted platelet ATP release, which subsequently promoted the glycolytic metabolism of neutrophils and NET formation (105). In addition, the oral administration of Candida albicans to mice prior to renal I/R increased systemic inflammation and NETs through the activation of TLR-4 and dectin-1, exacerbating renal IRI (62). In line with these findings, Complement C3 KO mice with renal I/R showed attenuated renal injury when neutrophil infiltration and NET formation were reduced (106).

Whether the ETs causing renal IRI are mainly derived from neutrophils or macrophages has been inconclusive. Nevertheless, most current studies have focused on the NETs promoting renal IRI. Pretreatment with anti-Ly6G IgG can deplete neutrophils in mice with renal I/R, significantly reducing renal NET production and renal injury at 24 h post-reperfusion (106). This depletion experiment demonstrated that neutrophils and their ETs play an important role in promoting renal IRI. However, in a mouse model of rhabdomyolysis, Okubo et al. (143) demonstrated that macrophages and platelets, but not neutrophils, contribute to rhabdomyolysis-induced extracellular DNA release and AKI. During rhabdomyolysis, platelet activation via the hemoglobin (iron) released from necrotic muscle cells enhances MET production by increasing intracellular ROS production and histone citrullination, which further promotes tubular injury (143–146). Whether macrophages and their ETs are involved in IRI independently or act in concert with NETs during renal I/R remains unclear. The numbers and proportions of neutrophils and macrophages in kidneys also vary during the different stages of I/R (20). In the early stage of renal I/R, the renal tissue is predominantly infiltrated by neutrophils, and NETs may play a dominant role during this phase. In the late stage of I/R, with the depletion of neutrophils and repair of renal tissue, the number of macrophages increases gradually. However, whether these increased macrophages can form ETs to continuously promote renal IRI or participate in tissue repair deserves further in-depth investigation. Currently, the research on NETs and METs in renal IRI is still in its infancy. A large number of studies are urgently warranted to explore the role and mechanisms of ETs in renal IRI.



Extracellular traps in intestinal ischemia reperfusion injury

Intestinal IRI is a clinical problem that occurs most commonly after acute mesenteric ischemia, traumatic/hemorrhagic or septic shock, burns, and surgery. It can lead to multiple organ dysfunction and mortality in critically ill patients (147–149). Neutrophils may contribute to intestinal IRI by forming ETs (108, 112). After I/R induction in the rat intestine, Wang et al. (108) found that intestinal IRI leads to the excessive release of NETs. These NETs contribute to the early inflammatory response after intestinal IRI and disrupt the intestinal barrier as well as the functional integrity of tight junctions (108). The extracellular DNA released by NETs contributes to organ damage. Treatment with DNase I can disrupt generated NETs and significantly reduce the formation of NETs in the intestine and serum (108). Thus, it inhibits the histopathological changes that occur following intestinal IRI, restores the integrity of the intestinal barrier, and increases the expression of tight junction proteins (108). In addition, therapeutic interventions with DNase I attenuate tissue injury, apoptosis, and oxidative stress after intestinal I/R by inhibiting NET-mediated inflammatory responses (107). In a rat model of traumatic hemorrhagic shock, the early intravenous administration of tranexamic acid attenuated NET formation via the classic ROS/MAPK pathway and prevented the disruption of tight junction proteins (111). Hayase et al. (109) found that the accumulation of extracellular histones and NETs exacerbates remote liver injury after intestinal I/R. In their study, the intraperitoneal injection of 10 mg/kg rTM at the beginning of intestinal I/R in mice neutralized extracellular histones and attenuated the liver tissue injury induced by intestinal I/R (109). Using intravital imaging technology, Ascher et al. (110) found that the presence of some gut microbes restricted NET formation in I/R-injured mesenteric venules, likely due to diminished neutrophil TLR4 signaling. Furthermore, they also demonstrated that the TLR4/TRIF signaling axis was critically involved in mesenteric IRI-induced NETosis (110). Zhan et al. (112) found that NETosis was enhanced in the lungs after intestinal I/R in C57BL/6J mice and that the deletion of MyD88 attenuated the production of NETs and intestinal I/R-induced lung injury. Treatment with DNase I or a PAD4 inhibitor significantly attenuated intestinal I/R-induced ALI (112). In addition, the HMGB1 released from necroptotic enterocytes during intestinal I/R exacerbated the intestinal I/R-induced ALI by inducing NET formation (112). Therefore, NETs could serve as clinical indicators and therapeutic targets for intestinal IRI. Targeting NETosis and its products could help in attenuating intestinal I/R-induced remote organ injury.



Extracellular traps in lung ischemia reperfusion injury

Lung IRI is a common pathological condition, and the resulting inflammatory cascade is thought to play a central role in its pathophysiology (150). Lung IRI usually occurs after lung transplantation and is one of the main factors leading to primary graft dysfunction (PGD) in recipients and early morbidity and mortality after lung transplantation (151, 152). In BALF from human lung transplant recipients, NETs were found to be more abundant among patients with PGD (153). NET formation was increased following either hilar clamp or orthotopic lung transplantation after prolonged cold ischemia (OLT-PCI) (153). Disruption of NETs via the inhibition of platelets or the intrabronchial administration of DNase I reduced lung injury and improved oxygenation (153). In addition, increased mitochondrial DNA (mtDNA, an endogenous DAMP) levels were detected in the BALF of an experimental PGD model induced by OLT-PCI, and it was confirmed that the mtDNA released during lung I/R triggers NET formation via TLR9 signaling, driving lung injury (113). TLR9 deficiency in lung recipients or donors reduces NET formation and lung injury (113). Thus, DNase I treatment may have the dual benefit of both degrading pathogenic NETs and neutralizing NET triggers such as mtDNA. Using intravital imaging, oxidative lipidomics, and transplant models, Li et al. (114) demonstrated that TLR4 signaling and downstream NOX4 expression in vascular endothelial cells during lung I/R mediate neutrophil recruitment to the lungs and increase NET formation. The knockdown of TLR4 expression in vascular endothelial cells results in decreased neutrophil infiltration and NETosis (114). Treatment with DNase I reduces lung neutrophil extravasation and subpleural NET formation, thus improving graft function (114). However, studies also show that although DNase I treatment can rapidly degrade NETs within the graft, the ensuing release of NET fragments promotes the production of inflammatory factors in human alveolar macrophages by activating the TLR-MyD88 signaling pathway (154). It also initiates the proliferative response of dendritic cells to alloantigen-specific CD4+ T cells, preventing lung transplant acceptance (154). In addition, Antunes et al. (155) demonstrated — for the first time — that methoxyeugenol protects lung tissue from inflammation and inhibits LPS-induced neutrophil infiltration and NET formation in ALI mice. At present, the specific mechanism underlying the induction of NETs during lung I/R and the impact of NETs on lung injury or lung transplant rejection remain unclear and need to be explored in depth. In addition, whether alveolar macrophages can also release ETs during I/R and the role they play in lung IRI deserves further investigation.



Extracellular traps in cerebral ischemia reperfusion injury

Cerebral IRI, which usually occurs after thrombolysis and recanalization in ischemic stroke, is characterized by massive cell death and neutrophil activation. Novotny et al. (156) detected NETs within the thrombi of 100% (71/71) of patients with acute ischemic stroke (AIS) and confirmed that the abundance of NETs in these thrombi was associated with poor outcomes in these patients. In addition, the level of NETs in the thrombi was also related to the degree of neurological injury (116). With the prolongation of reperfusion, collateral blood flow improved in patients with ischemic stroke, and this was associated with lower levels of NETs in the thrombus (116). These results suggest that targeting NETs in thrombi may enable early neurological protection in AIS patients. In line with this, Denorme et al. (117) found that elevated plasma biomarkers of NETs are associated with worsening stroke outcomes. During AIS, NETs can exert deleterious effects in a platelet TLR4-dependent manner, and the early administration of DNase I can reduce infarct size and improve stroke outcomes after ligature-induced permanent middle cerebral artery occlusion (119). In addition, other studies have shown that platelets can exacerbate cerebral IRI by driving HMGB1 release and NET formation (117). Neonatal NET-inhibitory factor (nNIF) is an endogenous NET inhibitory peptide that blocks the formation of NETs without affecting the other functions of neutrophils (157, 158). Prophylactic therapy with nNIF effectively prevents platelet-induced NET formation and improves short-term and long-term outcomes following ischemic stroke (117). Polymorphonuclear granulocytes (PMNs) migrate into the brain parenchyma and release large amounts of proteases, which are thought to be the main cause of neuronal cell death and reperfusion injury following ischemia (159). However, Enzmann et al. (160) found no PMN infiltration in 25 infarcted brain tissue samples collected from patients with ischemic stroke at early post-infarction time points. Moreover, they found that intravascular PMN aggregation did not correlate spatially with the release of NETs (160). In contrast, studies have shown that neutrophils accumulate around the meninges and blood vessels after cerebral I/R and eventually reach the infarcted brain parenchyma (161). Disruption of the basement membrane and NET formation can be detected 24–48 h after reperfusion (161). In addition, the release of NETs impairs the blood–brain barrier and vascular remodeling during stroke recovery. However, the disruption of NETs using DNase I or the knockdown of PAD4 increases neovascularization and repair and improves functional recovery (115). The components of NETs, i.e., histones and extracellular DNA, are also detrimental during cerebral I/R, and targeting them can attenuate the damage caused by ischemic stroke (162). Studies have also shown that the formation of NETs after cerebral I/R is closely related to the pyruvate kinase M2 (PKM2) gene in myeloid cells, which regulates the post-ischemic inflammatory response of peripheral neutrophils by promoting the phosphorylation of signal transducer and activator of transcription 3 (STAT3) (118). Myeloid cell-specific PKM2-/- mice show reduced formation of NETs and improved cerebral blood flow, and also exhibit reduced thrombotic inflammation following cerebral I/R (118). ML265 is a small molecule that inhibits PKM2 nuclear translocation by inducing its tetramerization (163). ML265 treatment significantly reduces the nuclear translocation of PKM2 and inhibits NETosis after AIS. Additionally, it improves long-term sensorimotor outcomes in mice (118). Currently, DNase I has been identified as the main degrader of NETs following cerebral I/R (164). Studies have shown that differently polarized macrophage subsets can degrade NETs (165). Microglia, a type of macrophage in cerebral, can protect neurons by direct engulfment of invading neutrophil (166). It would be interesting to explore whether reactive microglia can regulate the formation of NETs in cerebral IRI. The link between microglia and NETs in cerebral IRI deserves further in-depth examination.



Extracellular traps in myocardial ischemia reperfusion injury

Innate immune cells play an important role in the early response to myocardial IRI. During myocardial I/R in mice, high neutrophil infiltration and NET formation can be observed in the injured myocardial tissue (120). The intraperitoneal injection of recombinant human DNase I at 1 h after the induction of a left anterior descending occlusion and 11 h after reperfusion can reduce the infiltration of neutrophils and the formation of NETs in myocardial tissue (120). Additionally, it can reduce the size of the myocardial infarct and improve cardiac function (120). Further, PAD4-/- mice do not produce NETs during I/R and are protected from myocardial IRI (120). Previous studies have demonstrated the potential role of NETs in linking sterile inflammation to thrombosis (167). It was shown that in rats, neutrophil (MPO-positive) density in the left ventricular ischemic zone increases following 45 min of myocardial ischemia and 3 h of reperfusion, and this is accompanied by strong immunostaining for NETs (121). The intravenous administration of DNase I 5 min before reperfusion reduces I/R-induced neutrophil aggregation, NET formation, and MPO activity (121). In addition, NET-mediated microthrombosis contributes to myocardial “no-reflow.” However, DNase I combined with recombinant tissue-type plasminogen activator (rt-PA) reduces myocardial I/R-induced anatomic “no-reflow” and limits infarct size, improving long-term post-infarction left ventricular remodeling (121). Surprisingly, rt-PA treatment alone has no significant effect on the number of NETs (121). Extracellular histones in NETs are highly toxic to tissues (168). Meara et al. (124) described a non-toxic small polyanion (SPA) that interacts electrostatically with histones to displace them from NETs, thereby destabilizing their structure and neutralizing their pathological effects (124). SPAs were found to significantly inhibit rat myocardial IRI in vivo by reducing NET formation and free histone-mediated pathological damage (124). Fibronectin splicing variant containing extra domain A (Fn-EDA), an endogenous ligand of the innate immune receptor TLR4, can promote thrombosis and inflammation (169, 170). In one study, hyperlipidemic apolipoprotein E-deficient mice with Fn-EDA knockout showed less neutrophil infiltration and NET formation compared to WT mice after myocardial I/R. Moreover, they showed reduced cardiomyocyte apoptosis and infarct size. The findings confirmed that Fn-EDA-mediated myocardial IRI requires the involvement of TLR4 (122). The heterodimerization of platelet-derived CCL5 and CXCL4 enhances their ability to activate and recruit inflammatory cells and is involved in the formation of NETs (171). Researchers specifically designed a compound called MKEY (a peptide antagonist) to block the interaction between CCL5 and CXCL4 (172). MKEY was administered intravenously to mice 1 day before myocardial I/R and treatment was continued until 7 days after I/R. The results showed that MKEY treatment significantly reduces the inflammatory response after I/R and the formation of NETs in vivo, while also reducing myocardial infarct size and improving cardiac function (123). The gut microbiota plays a crucial role in cardiovascular disease. During myocardial I/R, the gut microbiota induces the formation of NETs, which can directly lead to the apoptosis of cardiomyocytes and myocardial microvascular endothelial cells, exacerbating myocardial IRI (125). In addition, Tang et al. recently showed that Kruppel-like factor 2 (KLF2)-deficient neutrophils exhibit enhanced NET formation in vitro and are essential for angiotensin II-induced cardiac hypertrophy (173, 174). However, whether KLF2 is involved in myocardial IRI, and whether KLF2 has a negative effect on NET formation during myocardial I/R, warrants further investigation.



Extracellular traps in limb ischemia reperfusion injury

Limb IRI is an important clinical challenge in patients with acute muscle ischemia after trauma or a major artery thrombotic occlusion due to lower extremity vascular disease. Limb IRI can evolve to inflammation, tissue edema, muscle fibrosis, and necrosis, eventually resulting in reduced range of motion or complete loss of function (175). In a mouse model of acute hind limb I/R, IRI caused extensive immune infiltration and strong NET formation in skeletal muscle (128). Oklu et al. (126) found that WT mice experiencing limb I/R showed higher levels of NET formation than TLR4 mutant mice, and that these NETs were mainly present in the interstitial tissue and perivascular and microvascular thrombi. NETs in skeletal muscle sections from WT mice were significantly reduced after treatment with DNase I (126). These results suggest that NETs may contribute to limb I/R-induced muscle fiber injury in a TLR4-dependent manner. HCQ, a small molecule inhibitor of TLR7/8/9, has been found to reduce the formation of NETs and the production of inflammatory molecules after limb IRI, ultimately attenuating muscle fibrosis and improving muscle fiber regeneration after IRI (128). Albadawi et al. (127) evaluated the effect of exogenous DNase I treatment on skeletal muscle injury after acute limb IRI in mice. They found that although treatment with DNase I significantly reduced ET formation in ischemic muscles, it did not alter skeletal muscle fiber injury or the levels of proinflammatory molecules (127). In addition, neutrophil depletion followed by limb I/R marginally reduced ET formation in ischemic muscle, but did not alter skeletal muscle fiber injury (127). These data indicate that neutrophils are not the only contributors to ET formation and muscle fiber injury after limb IRI. A large number of studies are needed to explore the role and mechanisms underlying the induction of limb IRI via ETs released from other immune cells.



Extracellular traps in cutaneous ischemia reperfusion injury

Cutaneous IRI typically occurs due to pressure ulcers, Raynaud’s phenomenon-induced skin ulcers, and skin flap grafts following reconstructive surgery. It is related to the oxidative damage caused by apoptosis, necroptosis, ROS, and excessive generation of pro-inflammatory factors (176–178). NETs have been reported to delay the healing of skin lesions, and pharmacological targeting of NETs can accelerate wound regeneration (179, 180). Methyl β-cellobioside per-O-sulfate (mCBS), a type of SPA, can inhibit NET-associated histone-mediated injury. Further, mCBS injection 5 min before and after cutaneous I/R can consistently and significantly increase the area of skin flap survival (124). IL-36 receptor antagonist (IL-36Ra), encoded by Il36rn, attenuates myocardial IRI though reducing neutrophil recruitment and improving blood flow in mice (181). Tanaka et al. (129) found that in Il36rn-/- mice, cutaneous I/R resulted in a significant delay in wound healing and increased inflammatory cell infiltration. Furthermore, they found that compared with WT mice, Il36rn-/- mice showed significantly greater NET formation in the cutaneous tissue around the IRI after 4 and 72 h of reperfusion (129). The intraperitoneal injection of Cl-amidine (10 mg/kg/day) to inhibit NET formation significantly attenuated the cutaneous IRI in Il36rn-/- mice (129). These results show, to some extent, that NETs are associated with the exacerbation of cutaneous IRI. Skin flap tissue IRI caused by skin flap transplantation is one of the primary reasons for the low success rate of the procedure (176). Hence, there is a need to explore the intrinsic links between NETs and skin flap transplantation-induced IRI along with the related mechanisms. NET targeting could become a new intervention for improving skin flap survival. Furthermore, whether Langerhans cells in the skin can also release ETs and participate in cutaneous IRI is unknown and must be explored in depth.




Link between ischemia reperfusion injury-induced neutrophil extracellular traps and cancer

Back in the mid-19th century, Rudolf Virchow discovered leukocyte infiltration in tumor tissue and first proposed the link between inflammation and cancer (182). Today, the close relationship of inflammation with the tumorigenesis and metastasis of most types of cancers has been clarified (183). IRI is a type of sterile inflammatory injury, and I/R-induced sterile inflammation promotes tumor recurrence and metastasis after liver resection or liver transplantation (184, 185). Under inflammatory conditions, the web-like DNA strands released by NETs, which are embedded with various proinflammatory molecules, capture circulating tumor cells (CTCs) and contribute to cancer metastasis (186–188). Yang et al. (189) proposed that NET-DNA is a chemokine that activates the ILK-β-parvin pathway to enhance cell motility and promote cancer metastasis by binding to the transmembrane protein CCDC25 on cancer cells. In this review, we have previously mentioned that a large number of NETs are induced during I/R. Therefore, it would be interesting to understand whether IRI-triggered cancer recurrence and metastasis are closely related to NET formation during I/R. Tohme et al. (190) observed that in patients undergoing hepatectomy for colorectal liver metastases, greater evidence of postoperative NET formation in the serum was associated with a higher risk of recurrence. Subsequently, they induced liver I/R in a mouse model of colorectal liver metastases and found that NETs formed due to IRI promoted the development and progression of liver metastases. Interestingly, this effect could be reversed through local treatment with DNase I or the inhibition of PAD4, which hinder NET formation (190). Ren et al. (191) studied the relationship between IRI-induced NETs and cancer metastasis from the perspective of platelet–neutrophil interactions. Their findings suggested that the surgical stress induced by liver I/R in mice activates platelets and promotes their aggregation within tumor cells via the TLR4-ERK5 axis, which is conducive for the capture of tumor cells by IRI-induced NETs and subsequent distant metastasis (191). Blocking platelet activation or the knockdown of TLR4 protects mice from liver I/R-induced metastasis, and no CTCs are captured by NETs (191). This result suggests that the targeted disruption of the interaction between platelets and NETs may have therapeutic effects, preventing postoperative distant metastases. The relevance of NETs to T cells has been studied to a limited extent. Kaltenmeier et al. (192) induced liver I/R to generate a NET-rich tumor microenvironment (TME) in an established cancer metastasis model. They found that IRI-induced NETs promote tumor growth by enhancing CD4+ and CD8+ T cell exhaustion and dysfunction in the TME, which is closely associated with the PD-L1 embedded within the NET chromatin. Targeting NETs containing PD-L1 via DNase or anti-PD-L1 treatment attenuates tumor growth (192). In addition, liver IRI-induced NETs also contain HMGB1, and NET-derived HMGB1 enhances tumor invasiveness by inducing the epithelial to mesenchymal transition (EMT) program (193). Thrombomodulin prevents NET-induced EMT by blocking HMGB1, thereby inhibiting the promotive effect of IRI-induced NETs on liver metastasis (193). Tohme et al. (194) found that drag reducing polymers, which are blood-soluble macromolecules, reduce IRI-induced platelet aggregation, neutrophil infiltration, and NET formation. Moreover, they also prevent I/R-induced metastatic tumor development and growth. In a metastatic model, exercise training pretreatment was found to attenuate the inflammatory response of liver IRI and the formation of NETs, reducing the incidence of IRI-related liver metastases (98). In conclusion, I/R-induced NET formation contributes to tumor development and metastasis. The alleviation of I/R-induced sterile inflammation and targeted interventions against NETs at the site of injury are emerging as promising therapeutic strategies for reducing postoperative tumor progression and recurrence. Currently, studies in this area mainly focus on liver IRI. However, whether NETs induced due to IRI in other organs also contribute to tumor development and metastasis deserves further investigation.



Targeting extracellular traps for ischemia reperfusion injury treatment

As mentioned above, ETs are involved in the IRI process in various organs, and the excessive production and/or impaired clearance of ETs can exacerbate IRI. Therefore, strategies for reducing excessive ET formation or enhancing ET degradation are expected to improve organ IRI and have obvious therapeutic benefits. Therapeutic approaches for inhibiting the overproduction of NETs by targeting key molecules with various drugs or gene knockout technology have been reported in the literature (Table 2). Among the many approaches used to target intracellular signaling molecules, the drugs rTM and HCQ inhibit NET formation by inhibiting the TLR pathway (95, 99). The inhibition of genes such as IL-33, ST2, IL-36R, P2RX1, PKM2, and complement C3 via gene knockout technology or drugs can reduce NET formation and attenuate IRI (50, 105, 106, 118, 129). In addition, the interaction of platelets and mast cells with neutrophils can promote the formation of NETs. Thus, the inhibition of platelet activation or the elimination of platelets and mast cells can inhibit NET formation and control IRI and IRI-induced tumor metastasis (93, 101, 191). However, these interventions do not directly target NETs.


Table 2 | Targeted anti-extracellular trap interventions to improve outcomes of organ IRI.



The inhibition of NET formation via the targeting of NET components could limit the role of NETs more directly. The blockade of ROS production using antibodies or the inhibition of citrullination histones with PAD4 inhibitors can inhibit NET formation and protect against IRI in the liver (90, 137, 138, 190), kidneys (21, 102, 105), intestine (112), lungs (113), cerebrum (115, 117), myocardium (120), limbs (128), and skin (129). The function of NETs largely depends on their reticular DNA structure and the various proteins embedded within them. Enhancing the clearance of NETs by promoting the degradation of extracellular reticular DNA with DNase I may be another effective strategy to reduce IRI (101, 108). One key advantage of DNase I is that it is used clinically and has not shown any toxicity (195). However, in one study, DNase I treatment could not improve limb IRI, although it promoted NET clearance (127). Therefore, in addition to the reticular DNA structure, the multiple proteins embedded within NETs may also contribute to organ damage. Histones are a core factor causing NET-related tissue injuries, and the positive feedback loop between histones and NETs can aggravate distal organ injury after renal IRI (19). Neutralizing histones on NETs significantly attenuates IRI in multiple organs (19, 109, 124, 162). In addition, the antibody-mediated blockade of other NET components — such as MMP9, HMGB1, and PD-L1 — can also limit the function of NETs and improve IRI (92, 112, 192). NE and MPO are also closely related to NET formation (68, 87). Whether targeting agents against NE and MPO could alleviate organ IRI warrants further investigation.

Some treatments with unknown mechanisms of action, such as exercise training and the supplementation of gut microbiota, can also reduce organ IRI by reducing NETs (98, 110). However, gut microbes have been reported to exacerbate myocardial IRI by regulating NET formation (125). The influence of gut microbiota on organ IRI may be dependent on the species of microorganisms, which leads to the conflicting findings. Immunoregulatory methods for reducing NET formation are currently considered one of the primary therapeutic strategies for organ IRI and may further improve patient outcomes. Future studies are needed to identify therapeutic strategies and drugs that target specific pathways of NET induction, generation, and degradation and evaluate them through clinical trials to demonstrate the potential of NETs as therapeutic targets for organ IRI.



Current challenges in the study of extracellular traps and ischemia reperfusion injury

Currently, there are some challenges that hinder research on ETs in organ IRI. First, many drugs and treatments that have been reported to inhibit NET formation also inhibit neutrophil infiltration. However, neutrophil is essential for organ repair, thus, blocking of neutrophil infiltration may be deleterious at the late phase of organ IRI (196). In addition, it is worthwhile to investigate whether the decreased neutrophil infiltration causes the decreased NET formation or whether the drug or treatment itself can alter the ability of neutrophils to produce ETs. Second, in organ IRI, many stimuli can trigger cell necrosis, which involves chromatin release similar to NETs. Many reported detection methods cannot distinguish between the generation of extracellular DNA from the release of ETs and the effects of cell necrosis. The combined immunofluorescence staining of DNA and citrullinated histones helps to distinguish between cell necrosis and other forms of DNA release. NE or MPO, the third most important marker, may enhance the reliability of the results if it is found to be co-localized with DNA and histones on staining (23). In addition, the ET release process can be more directly visualized in real-time using intravital confocal microscopy (50). The NET components NE and MPO are also present in METs (26, 197). Therefore, whether the ETs affecting organ IRI at various stages are mainly derived from neutrophils needs to be carefully examined. Comparative analysis using the immunofluorescence-based colocalization of immune cell and ET markers or the depletion of corresponding immune cells can help identify the main sources of ETs (106). Finally, accurate quantification of NETs in patient plasma or serum remains a challenge. Recently, Matta et al. (198) developed a new method to reliably detect NETs in patient plasma using multiplex enzyme linked immunosorbent assay (ELISA) (MPO, citrullinated histone H3 and DNA) combined with immunofluorescence smear methods. The techniques for identifying NETosis are complex. Thus, establishing an ELISA for quantifying NET-related components may be practical. However, the quantitative changes in NET formation do not necessarily translate to disease progression or improvement. Therefore, more studies are needed before ETs can be used as a reliable biomarkers for organ IRI and prognosis.



Conclusion and prospection

NET formation is a double-edged sword. On the one hand, NETs capture and kill bacteria through their reticular DNA traps, playing an important role in the innate immune defense. On the other hand, the excessive production of NETs can affect the development and outcomes of non-infectious diseases, and especially sterile inflammation-related diseases. NET formation appears to be associated with IRI in various organs, especially in the early stages of inflammatory infiltration following I/R. Recently, the role of METs in liver IRI has also been reported (22). However, the research on ETs at various stages of organ IRI remains in its infancy. In the future, more studies will need to be conducted to explore the roles of ETs generated by various immune cells at different stages of IRI along with the related mechanisms. In addition, it will be necessary to further explore the specific networks regulating ET formation in different microenvironments and the role that the multiple proteins embedded within the reticular DNA traps play in IRI. As numerous proteins present in ETs are investigated, new functions of ETs may emerge. An in-depth understanding of the molecular mechanisms of ET formation could help us inhibit ETs via targeted drugs, and then attenuate IRI. Thus, such research could pave the way for new diagnostic and therapeutic strategies for managing IRI.
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Background

Neutrophil extracellular traps (NETs) are specialized structures formed by neutrophils that were initially found to be important in killing pathogenic bacteria during infection. With the development of related research, the relationship between NETs and diseases such as sepsis, cancer, and systemic lupus erythematosus has received close attention. However, there is a lack of reports that comprehensively and objectively present the current status of NETs-related studies. Therefore, this study aims to visually analyze the current status and trends of NETs-related research by means of bibliometrics and knowledge mapping.



Methods

NETs-related articles and reviews were retrieved using the Web of Science core collection subject search, and bibliometric analysis was performed in Excel 365, CiteSpace, VOSviewer, and Bibliometrix (R-Tool of R-Studio).



Results

A total of 4866 publications from 2004 to 2022 were included in the bibliometric analysis. The number of publications shows an increasing trend from year to year. Collaborative network analysis shows that the United States and Germany are the most influential countries in this field, with the highest number of publications and citations. The journal with the most publications is Frontiers in Immunology. Brinkmann Volker is an authoritative author in this field, and his publication “Neutrophil extracellular traps kill bacteria” is the most frequently cited. The literature and keyword analysis shows that the relationship between NETs and diseases (hematological diseases, sepsis, cancer, etc.) and cell death (apoptosis, necroptosis, pyroptosis, etc.) is a popular research topic. Currently, NETs and SARS-CoV-2-related studies are at the forefront of the field.



Conclusion

This study is the first to visualize the research in NETs-related fields using bibliometric methods, revealing the trends and frontiers of NETs research. This study will provide valuable references for scholars to find research focus questions and partners.





Keywords: Nets, neutrophil, VOSviewer, CiteSpace, visual analysis



Introduction

Neutrophils are the most abundant leukocytes in the human blood and play an essential role in the body’s resistance to infections caused by various pathogenic microorganisms (1). In addition to the clearance of pathogens by phagocytosis (2) and degranulation (3), neutrophil extracellular traps (NETs), first reported in 2004, are considered another mechanism of neutrophil antibacterial activity (4). NETs are reticular structures produced by neutrophils and are composed mainly of DNA and protein components (histones, granzymes and peptides) (4, 5). The generation of NETs is usually accompanied by a specific cell death form named NETosis (6). In the presence of NETs stimulants such as phorbol myristate acetate (PMA), protein kinase C is first activated, which promotes activation of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complexes which in turn produces reactive oxygen species (ROS) (7, 8). Hydrogen peroxide, a type of ROS, is believed to mediate the dissociation of “azurosomes”, protein complexes formed in the membranes of azurophil granules and involving 8 different types of enzymes (9). Subsequently, the serine proteases (neutrophil elastase -NE, cathepsin G and azurocidin) and myeloperoxidase (MPO) in azurosomes are released into the cytosole and migrated to the nucleus where, together with Peptidyl-arginine deiminase 4 (PAD4), they promote citrullination of histones, ultimately leading to chromatin decondensation (10–12). Under the promotion of ROS, the nuclear membrane is gradually damaged and separated, and chromatin is released extracellularly through the membrane pores (13). Eventually, the cell membrane is cleaved, and NETs-related substances are released from the cytoplasm to the extracellular compartment (8). This type of NETs formation is called suicidal NETosis (14). Notably, NETs release may also proceed without neutrophil’s cell death (14). The formed NETs can trap and immobilize invading pathogens, including bacteria, viruses, and fungi (4). The NETs component contains antimicrobial proteins such as calprotectin, thereby leading to the killing of the trapped pathogens (15). Therefore, NETs formation is a new innate immune response (4). In addition, although NETs are beneficial for pathogen clearance, they have adverse effects on the organism (16, 17). Much evidence suggests that excess NETs are strongly associated with the development and progression of various diseases, including hematologic disorders (18), sepsis (19), systemic lupus erythematosus (SLE) (20), and tumors (21).

Bibliometric analysis is a method that uses mathematical and statistical methods to review and analyze studies in a specific field of research over a specific period, both qualitatively and quantitatively (22). This method focuses on countries, institutions, journals, authors, and keywords related to research in a specific field, providing readers with an objective view of trends and frontiers in the field (23, 24). Bibliometric analysis has been used in many research areas, including innate immunity (25), pyroptosis (26), ferroptosis (27), and other areas closely related to NETs. Despite the rapid development of NETs-related research in the last two decades, there is still a lack of bibliometric analyses related to the field of NETs. Therefore, this study aims to analyze the overall situation of NETs-related research and identify the research trends and frontier hotspots in the past two decades by using two bibliometric software programs, VOSviewer and CiteSpace, which may provide a reference for researchers to understand the corresponding fields and find collaborations.



Materials and methods


Data sources

The data for the metrological analysis of this study were obtained from the Web of Science Core Collection (WOSCC), a comprehensive, standardized database widely used in academia (28). In WOSCC, TS stands for Topic Sentence. The search formula used in this study was set to “TS= (neutrophils OR neutrophil) AND TS= (“NETs” OR “neutrophil extracellular traps” OR “neutrophil extracellular trap” OR “netosis”). The search period was limited to January 1, 2004 to July 10, 2022. Only “Article” and “Review” were selected as article types, and the language was limited to English, resulting in 4866 articles. The results were exported as plain text files in txt and CSV formats, according to the above formula for searching on WOSCC. The search was completed on July 10, 2022, to prevent data bias due to database updates.



Data analysis and visualization

CiteSpace, developed by Chaomei Chen, is currently the most widely used software for bibliometric analysis (29). We used CiteSpace 6.1. R2 Advanced visualization to analyze country distribution and collaboration, the dual-map overlay of journals, institutional distribution, subject area distribution, keyword timeline graphs, reference collaboration and literature bursts. VOSviewer was developed by Nees Jan van Eck et al. and is mainly used for bibliometric network graph analysis (30). We used VOSviewer 1.6.18 to visually analyze country distribution, institution distribution, author distribution and collaboration and keyword collaboration. The clustering, wich relies on the similarity matrix and VOS mapping technique, was completed automatically and the corresponding labels were then added by the authors according to the content. In addition, we used Bibliometrix (R-Tool of R-Studio) (31) to visually analyze the country distribution, references and keywords, and Microsoft Excel 365 to show the publication and citation trends of the literature over the years. Finally, we used MATLAB [R2018a (9.4.0.813654)] software to predict the number of NETs-related publications. All raw data used in this study were obtained from public databases and therefore did not require ethical review.




Results


Annual publications and citation trends

Figure 1A shows the annual publication volume and annual citation frequency of related articles from 2004 to 2022. In general, the number of NETs-related annual publications shows an increasing trend, with a decrease in 2008 and an increase in all other years. The year with the highest number of publications is 2021, with 377 articles. Overall, the annual citation frequency of NETs-related literature showed an increasing trend, with a more moderate increase in 2009-2010, 2015-2016, and 2017-2018. The 2021 literature had the highest annual citation frequency of 14,213, with the highest increase of 20.78% for all years. Figure 1B shows the logistic, linear, and general prediction model curves of article volume fitted by MATLAB software. The left panel shows the fitted curves for NETs-related article volume from 2004 to 2022 and the predicted curves for article volume from 2022 to 2050. The red curve y1 has a good fit (R2 = 0.9804), and the purple dashed line is the 95% prediction bounds for y1. The curves y2, y3, y4, and y5 all have R^2 values above 0.98, indicating a good fit. The results show that the expected peak annual publication volume of NETs-related research in the future may be approximately 800, and the peak time may be after 2050. The right panel shows the predicted curve of NETs-related publication volume in 2022. The results show that NETs-related research articles may exceed 425 in 2022.




Figure 1 | Description of NETs-related publication volume and citation frequency and forecast of publication volume. (A) The number of NETs-related publications and citation frequency for each year from 2004 to 2022, with the overall increasing trend of NETs-related publications and citation frequency reaching the maximum in 2021 (2022 data only until July 10). The number of publications fluctuates between 50-377, with a maximum value in 2021 and an average of more than 240 in the last decade (2012 to 2021). An overall upward trend in citation frequency is observed. (B) The left panel shows the forecast of NETs-related publications from 2022 to 2050, and the right panel shows the forecast of publications in 2022. y1 is the logistic growth model, y2, y3, y4, y5 is the linear model, and y6 is the general model. R^2 is the coefficient of the model. The larger the R^2 (close to 1), the better the fitted regression equation is. “Pred bnds” represents the predicted upper and lower bounds.





Distributions of countries/regions

Currently, there are 99 countries/regions participating in the study of NETs, mainly concentrated in the Northern Hemisphere. It is worth noting that the links between countries/regions are mainly concentrated between North America and Europe, North America, and East Asia, with strong links between Oceania and North America and Europe (Figure 2A). Table 1 shows the top 10 countries/regions in terms of number of publications, the corresponding frequency of citations and centrality. The betweenness centrality of countries/regions measures the importance of the position of the countries/regions in the network. The USA published the most documents (1555), followed by China (738) and Germany (714). The USA has the highest citation frequency (93856), followed by Germany (49879). The citation frequency of all other countries/regions is less than 20,000.




Figure 2 | Analysis of NETs-related country/region. (A) Countries/regions involved in NETs-related research. The links between countries/regions indicate their collaborations and connections. (B) Analysis of collaborative network visualization of countries/regions in VOSviewer. The figure shows the countries/regions with more than 1 number of documents. The nodes of different colors represent the countries/regions with different clusters, and the size of the nodes indicates their node sizes.




Table 1 | Top 10 countries/regions in terms of number of publications, the corresponding frequency of citations and centrality.



Figures 2B and Supplementary Figure 1 show the international cooperation of the top 20 countries by publication volume. The results of the global collaboration network analysis show that countries and regions are roughly divided into 10 clusters in VOSviewer according to the closeness of collaboration, which are represented by different colors (Figure 2B). Each node in CiteSpace represents a country/region, and the radius of the node increases with its contribution to NETs research (Supplementary Figure 1). The connections between nodes indicate the collaborative relationship between individual countries and regions, and the thickness of the links is positively correlated with the depth of collaboration. The betweenness centrality of a node indicates its strength of association with other nodes, which is proportional to the size of the surrounding purple ring. The larger the purple circle, the larger the value of betweenness centrality. The USA and Germany are the main research centers of NETs and have close cooperation with several countries, such as England, Canada, China, and Australia.



Distribution by institutions

Table 2 and Supplementary Table 1 shows the top 10 institutions in terms of number of publications, frequency of citations and the corresponding centrality. The institution with the highest number of publications is Harvard Medical School (127), followed by the University of Michigan (119). The top ten institutions in terms of number of publications are from the United States with five, followed by Sweden with two. The most frequently cited institution is the Max Planck Institute for Molecular Biomedicine (17982), followed by Harvard University (12087) and the University of Michigan (10752). The top 10 most cited institutions are from the United States with 7, followed by Germany with 2. Notably, The University of Amsterdam (0.33), The Beatson Institute for Cancer Research (0.31), The Baylor College of Medicine (0.29), The University Medical Center Mainz (0.27), and several other institutions show high centrality, which implies that these institutions occupy a significant position in research in the field of NETs.


Table 2 | Top 10 institutions in terms of number of articles issued and the corresponding centrality.



The analysis by research institutions aims to understand the global distribution of NETs-related research and provide opportunities for cooperation. In VOSviewer, institutional cooperation is divided into 8 closely related blocks (Figure 3A). Figure 3B shows the ratio of institutional publications to total publications in the past five years, generated by dividing the number of NET-related publications in each institution over the past five years by their total number of publications from 2004 to 2022. Figure 3B shows the ratio of institutional publications to total publications in the past five years. The color bias towards yellow means a higher ratio, indicating that these institutions are emerging forces in the field of NETs; the color bias towards purple means a lower ratio, indicating that these institutions have relatively a little research in the field of NETs in recent years. The results show that the number of studies conducted by Harvard Med Sch, Shanghai Jiao Tong University, Harbin Medical University and other institutions has increased significantly in the past five years. In contrast, Boston Children’s Hospital, University of California San Diego, Max Plank Institute for Infection Biology and other institutions have conducted relatively few studies in the past five years. In CiteSpace, the University of Michigan is the most productive institution in the institutional cooperation network, but its centrality is low. In contrast, institutions such as the University of Amsterdam, University of California San Diego, and Karolinska Institution have higher centrality, indicating that they have extensive collaborations with academic institutions around the world (Supplementary Figure 2).




Figure 3 | Analysis of NETs-related institution. (A) Analysis of collaborative network visualization of institutions in VOSviewer. The figure shows the institutions with more than 5 documents. The nodes of different colors represent the institutions of different clusters, and the size of the nodes indicates the frequency of their occurrence. (B) Analysis of the number of articles published by institutions in recent years. The recent 5 years heat value of each institution is obtained by dividing the number of publications in recent 5 year by the total number of publications.





Distribution of authors

Co-cited authorship analysis refers to the literature of two authors being cited by a third author simultaneously. A higher co-citation frequency indicates closer academic interest and research density (32). The analysis of the authors with the highest number of publications and co-citation frequencies in NETs-related research can visually reflect the research strength of the authors and NETs-related research hotspots. Table 3 and Supplementary Table 2 shows the top 10 authors in the number of publications, frequency of co-citations, the corresponding institutions and the corresponding total link strength. The author with the highest number of publications is Kaplan Mariana J. (National Institutes of Health, USA) (67),
followed by Herrmann Martin (University Hospital Erlangen, Germany) (51), Knight Jason S. (University of Michigan, USA) (49) and Maren von Köckritz-Blickwede (University of Veterinary Medicine,Germany) (47). The most frequently co-cited author is Brinkmann Volker (Max Planck Institute, Germany) (4008), followed by Tobias A. Fuchs (New York University, USA) (2621) and Venizelos Papayannopoulos (The Francis Crick Institute, UK) (1690). It is worth noting that Brinkmann Volker has a high influence in this field in terms of both citations and co-citations.


Table 3 | Top 10 authors in terms of number of publications, the corresponding institutions and total link strength.



The collaborations of the authors of NETs-related literature are shown in VOSviewer (Figure 4A), which provides information for finding research partners and industry authorities. Herrmann Martin and Kaplan Marina J. are at the center of the collaborative network. Herrmann Martin is associated with Von Koeckritz-Blickwede Maren, Knight Jason S., Abrams Simon T. and Fuchs Tobia A. are actively collaborating, while Kaplan Marina J. is in close collaboration with Knight Jason S., Wagner Denisa D., Boettcher Michael and Fuchs Tobia A. The co-cited authorship network map shows that the research focus of the authors of NETs-related literature is highly homogeneous (Figure 4B). The authors are mainly divided into 4 clusters: Brinkmann V, Fuchs Ta, etc. (green); Martinod K, Clark Sr, Von Bruhl Ml, etc. (red); Knight Js, Kessenbrock K, Lande R, etc. (blue); Cools- Lartigue J, Demers M, et al. (yellow).




Figure 4 | Analysis of NETs-related author. (A) Collaborative network visualization of authors in VOSviewer. The figure shows the authors with more than 8 documents. The nodes in different colors represent the authors in different clusters, and the size of the nodes indicates the frequency of their occurrence. (B) Analysis of collaborative network visualization of authors’ citations in VOSviewer. The size of the nodes indicates the frequency of their occurrence.





Distribution of journals

We used the bibliometric online analysis platform to identify journals with high publication volume and impact in NETs-related fields. The journal’s impact factor (IF) and Journal Citation Reports (JCR) quartile reflect the journal’s influence. The journals with the top 25% (including 25%) of IF are in JCR quartile 1(Q1), and top 25%-50% (including 50%) of IF are in JCR quartile 2(Q2). Table 4 and Supplementary Table 3 shows the top 10 journals in the number of articles, frequency of co-citation, corresponding IF (JCR2021) and JCR quartile. The journal with the highest number of publications is Frontiers in Immunology (8.786, Q1) (388), followed by the International Journal of Molecular Sciences (6.208, Q1) (129), PLOS One (3.752, Q2) (109), and Scientific Reports (4.996, Q2) (109). Among the top ten journals in terms of the number of publications, five journals are distributed in the Q1 JCR, and eight have the IF above 5. The most frequently co-cited journals are Blood (25.476, Q1) (14576) and Journal of Immunology (5.446, Q2) (13208). Among the top 10 journals in co-citation frequency, eight journals are distributed in Q1 JCR and six journals have an IF over 10. It is worth noting that 4 of the top 10 journals in terms of publication volume are also among the top 10 journals in terms of co-citation frequency, including Frontiers in Immunology, Plos One, Journal of Immunology and Blood, indicating a strong influence of these journals.


Table 4 | Top 10 journals in terms of number of publications, corresponding IF (JCR 2021) and JCR quartile.



The visualization in VOSviewer shows the journals in which NETs-related literature was published and the relationships between them (Figure 5A). The clustering is based on the similarity of the journals and is divided into 5 categories overall: the blue cluster has studies focused on autoimmunity (Journal of Autoimmunity, Rheumatology, etc.); the green cluster has studies focused on immunity (Frontiers in Immunology, Infection And Immunity, etc.); yellow clusters are focused on clinical research and treatment as well as blood-related fields (Journal of Clinical Medicine, Thrombosis Research, etc.); red clusters are focused on critical care medicine (Shock, Critical Care, Journal of Surgical Research, etc.); and the studies in the purple cluster are mainly in the field of cell biology (Cells, etc.). Based on the co-cited frequency, these journals are classified into 4 clusters that tend to have similar research directions (Figure 5B). The red cluster is focused on hematology-related areas (Blood, Journal of Thrombosis and Hemostasis, etc.); the green cluster is focused on immunity (Frontiers in Immunology, Journal of Innate Immunity, etc.); the blue cluster is mainly in the field of biochemistry and molecular biology (Journal of Cell Biology, Cell Death and Differentiation, etc.); and the yellow cluster is mainly in the field of autoimmunity (Annals of The Rheumatic Diseases, Autoimmunity Reviews, etc.).




Figure 5 | Analysis of NETs-related journal. (A) Analysis of collaborative network visualization of journals in VOSviewer. The figure shows the journals with more than 10 documents. The nodes in different colors represent the journals in different clusters, and the size of the nodes indicates the frequency of their occurrence. (B) Analysis of collaborative network visualization of journals’ citations in VOSviewer. The size of the nodes indicates the frequency of their occurrence. (C) The dual-map overlay of journals. Citing journals are on the left, cited journals are on the right, and colored paths indicate citation relationships.



We used knowledge flow analysis to explore the evolution of knowledge citations and co-citation between citing and cited journals (33). The dual-map overlay of journals shows the topic distribution, changes in citation trajectories, and shifts in research centers across academic journals (Figure 5C) (33, 34). The labels on the left of the dual map represent citing journals, and the labels on the right represent cited journals. A colored curve of citation connections originating from the citing map and pointing to the cited map shows the context of the citation (33). Citing journals are mainly from MOLECULAR, BIOLOGY, IMMUNOLOGY, MEDICINE, MEDICAL, and CLINICAL, called research frontiers. The cited journals are mainly from MOLECULAR, BIOLOGY, GENETICS, HEALTH, NURSING, MEDICINE, DERMATOLOGY, DENTISTRY, and SURGERY, called the knowledge base.



Keyword analysis

As an overview of the core content of the article, keywords can be used to analyze the frontiers of NETs research. Table 5 shows the top 20 keywords by frequency. The most frequently occurring keyword is “nets” (1711), followed by “neutrophils” (1002). In addition, “inflammation” (1314) and “netosis” (691) are frequent keywords, indicating that their corresponding fields are popular in NETs-related research. A co-occurrence network diagram of keywords is visualized in VOSviewer (Figure 6A). The connecting lines between different keywords indicate that they have co-occurrence relationships. The keywords are clustered according to the research direction and roughly divided into 5 categories: keywords in the blue cluster are related to physiological or pathological phenomena (phagocytosis, degranulation, etc.) and are intracellular and extracellular substance related (MPO, biofilm, etc.). The keywords in the green cluster are related to inflammation (inflammation, macrophages, immune cells, etc.). Keywords in the red cluster are related to cardiovascular (thrombosis, platelet, etc.) and critical medicine (COVID-19, sepsis, etc.). The keywords in the purple cluster are related to cell death (cell death, apoptosis, etc.). The keywords in the yellow cluster are related to autoimmunity (autoimmunity, autoantibodies, etc.). The light blue cluster (cytokines, lipopolysaccharide, etc.), and the orange cluster (atherosclerosis, etc.) are linked to several clusters, indicating that they are cross-cutting areas in each research direction.


Table 5 | Top 20 keywords in terms of frequency of occurrence and the corresponding total link strength.






Figure 6 | Analysis of NETs-related keyword. (A) Collaborative network visualization of keywords in VOSviewer. The figure shows the keywords with more than 15 occurrences. The nodes of different colors represent the keywords of different clusters, and the size of nodes indicates their frequency. (B) Timeline view of keywords. Each horizontal line represents a cluster. The smaller the number is, the larger the cluster, with #0 being the largest cluster. Nodes size reflects co-citation frequency, and the links between nodes indicate co-citation relationships. Nodes occurrence year is the time when they were first co-cited.



In CiteSpace, the timeline graph shows the most frequently occurring keywords for each cluster over time (Figure 6B). The earliest and largest cluster is #0 (thrombosis). In this field, the earliest keywords include beta-2 glycoprotein I (beta2GPI) and thrombin generation, while ischemia reperfusion injury, ischemic stroke and coronary artery disease are the latest research targets. Another large cluster that emerged earlier is #1 (autoimmune diseases). In this field, keywords such as microscopic polyangiitis, interferon and monocytes are the research frontiers. It is worth noting that 3 of the 7 clusters are still in progress, namely, #1 (autoimmune diseases), #2 (staphylococcus aureus) and #6 (toll-like receptors), indicating that relevant research in this field is ongoing. In addition, #7 (SARS-COV-2) is the latest cluster; the main keywords are coronavirus and insulin resistance, which is a frontier hotspot of NETs-related research. The details of Figure 6B are provided in the Supplementary Table 4.

Figure 7A shows the keywords’ annual popularity (number of citations in the year/total citations in the year) from 2005 to 2022. Keywords such as phagocytosis and antimicrobial peptide have had relatively low annual popularity in recent years. In contrast, the annual popularity of keywords such as stroke, citrullinated histone, cytokines storm, and COVID-19 have been relatively high in recent years, suggesting that these keywords represent emerging frontier areas. Figure 7B shows the popularity correlation of keywords, where keywords with high popularity in similar periods are clustered into different clusters marked with different colors. The results show that there are 7 clusters: the pink cluster (histone, ROS, NADPH oxidase oxide, etc.), purple cluster (DNase, virulence factor, neutrophils, etc.), orange cluster (TLR, dendritic cell, phagocytosis, etc.), blue cluster (COVID-19, cytokine storm, fibrosis, etc.), green cluster (bacteria, DNA, necrosis, etc.), yellow cluster [autophagy, cell-free DNA, cell death, etc.)], and red cluster (venous thrombosis, lupus nephritis, extracellular DNA, etc.). This indicates that keywords within the same cluster have higher popularity in the same period.




Figure 7 | Heatmap analysis of NETs-related keywords. (A) Annual heatmap from 2004 to 2022. The annual heat value of each keyword is obtained by dividing the number of citations in that year by the total number of citations in that year. (B) Keyword relevance heatmap. Keywords with high popularity in similar time periods are clustered into one category and marked with different colors.





Highly cited reference analysis

Table 6 shows the top ten articles in terms of citation frequency and average annual citation frequency. The most frequently cited article is “Neutrophil extracellular traps kill bacteria” (Brinkmann V, et al., 2004) (5334), which focuses on the composition of NETs and their bacteriostatic effect in experimental dysentery and spontaneous human appendicitis (4). Notably, this was the first paper in the field, discovering NETs, which justifies its very high number of citations. Next, “the novel cell death program leads to neutrophil extracellular traps” (Fuchs, Tobias A., et al., 2007) (1925), which describes a process of NETs formation: the nucleus is deformed, and chromatin is homogenized after stimulation of neutrophil NET components is mixed, followed by NADPH oxidase and ROS-mediated cell death accompanied by cell membrane rupture, which releases NETs to exert antimicrobial effects (8). The most frequently cited article on an annual basis is “Molecular mechanisms of cell death: recommendations of the Nomenclature Committee on Cell Death 2018” (Galluzzi Lorenzo, et al., 2018) (354.2). This article suggests defining Netotic cell death as ROS -dependent, regulated cell death confined to hematopoietic-derived cells and closely associated with NETs release (35). The second most frequently cited annual average is “Neutrophil extracellular traps kill bacteria” (280.7).


Table 6 | Top 10 highly cited references.



Article co-citation analysis analyzes the relationship between articles by analyzing the co-citation frequency of the articles (36). The relationship between studies is presented in CiteSpace, and the authors and years of the bursting articles with increased citation frequency are indicated in the figure (Figures 8A, B). The clustering is based on the degree of association between the literature and was divided into 19 categories, which are indicated by different colors. The category with the highest number of published articles is #0, and the most common keyword in these articles is oxidative stress. In terms of timeline, the earliest research areas in the NETs field are three separate research clusters: #13 (polysaccharide capsule), #15 (gynecological diseases), and #17 (male reproductive system diseases), which together are developed into #14 (Group a Streptococcus), #7 (macrophage extracellular traps), and #19 (posttranslational modifications). Furthermore, #16 (insect) and #12 (polyinosinic-polycytidylic acid) are later independent research clusters; #16 developed mainly into clusters #10, #19 and #12 developed into clusters #7 and #0. After 2009, clusters #0 (oxidative stress) and #2 (rheumatic diseases) are closely related and then developed into three relatively discrete clusters, #1 (bleeding disorders), #6 (sepsis), and #4 (cell death). Subsequently, the closeness of the linkages between the studied areas further declined, and several relatively independent clusters emerged, including #5 (cancer), #11 (blood−brain barrier), #9 (respiratory diseases), and #3 (SARS-CoV-2). Notably, cluster #8 (platelets) originated separately from the study of Aslam R et al. (2006) in cluster #19 and eventually developed into a more independent line of research in areas such as cluster #1 (bleeding disorders).




Figure 8 | Analysis of NETs-related reference. (A) Analysis of the network of references in CiteSpace. Node size is proportional to the number of times the article is co-cited. (B) Clustering of references based on similarity between references, including #0 oxidative stress, #1 bleeding disorders, #2 rheumatic diseases, #4 cell death, #5 cancer, #9 respiratory diseases, #12 polyinosinic-polycytidic acid, #15 gynecological diseases, #16 insects, and #17 male reproductive system disease.



Figure 9A shows the relationship of the top twenty articles by citation frequency. The results show that “Neutrophil extracellular traps kill bacteria” published by Brinkmann V et al. in 2004 (4) received the most citations from other articles. Subsequently, 2010 (5 articles) and 2013 (6 articles) had the most highly cited articles, and these articles served as a link between the previous phase and the next phase. Ultimately, most of the articles are cited in “Neutrophil extracellular traps in immunity and disease” by Papayannopoulos V et al., 2018 (37). Figure 9B shows the top 25 references with the strongest citation bursts. The first two citation bursts occurred in 2007. They are titled “Novel cell death program leads to neutrophil extracellular traps” (8) and “Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood” (38). It is worth noting that “Novel cell death program leads to neutrophil extracellular traps” is the paper with the strongest burst (Strength = 98.61), published by Tobias A Fuchs et al. in the Journal of Cell Biology in 2007, and its burst duration lasts until 2012. “Neutrophil extracellular traps in immunity and disease” by Venizelos Papayannopoulos, published in Nature Reviews Immunology, also had a high burst (Strength = 92.22). The results show that 2011 had the highest number of new citation bursts (7 times), followed by 2013 (5 times), which indicates that the high-burst papers in these two years caused a related research boom. There are two citation bursts with research directions for COVID-19 until 2020 (39, 40), which shows that NETs-related research is ongoing.




Figure 9 | (A) Association between the top 20 citation bursts. (B) The top 25 references with the strongest citation bursts.





Subject area analysis

CiteSpace analysis shows the citation relationship of NETs-related literature by subject area (Supplementary Figure 3). The literature related to the discipline “IMMUNOLOGY” has the highest number of citations, followed by “BIOCHEMISTRY & MOLECULAR BIOLOGY”, “CELL BIOLOGY “BIOCHEMISTRY & MOLECULAR BIOLOGY”, “CELL BIOLOGY”, “MICROBIOLOGY” and “MICROBIOLOGY”. “BIOCHEMISTRY & APPLIED MICROBIOLOGY”, “RADIOLOGY, NUCLEAR MEDICINE & MEDICAL IMAGING”, and “NEUROSCIENCES”, “ENDOCRINOLOGY & METABOLISM”, “ONCOLOGY”, “ONCOLOGY”. “BIOCHEMISTRY & MOLECULAR BIOLOGY”, “CELL BIOLOGY”, “MICROBIOLOGY”, “RESPIRATORY SYSTEM” and “CRITICAL CARE MEDICINE” are marked by purple circles, indicating that these disciplines have a greater influence in this field. The influence of these disciplines in this field is indicated by the purple circles around these disciplines.




Discussion

CiteSpace 6.1. R2 Advanced, VOSviewer 1.6.18, and R-bibliometrix were used to analyze the data of 4866 articles on neutrophil extracellular traps between 2004 and 2022 from the Web of Science and to evaluate the spatial and temporal distributions, author contributions, core articles, research hotspots and frontiers of the field based on these data.


General distribution

The analysis in this study is based on 4866 NETs-related articles from 1117 institutions with 22,373 authors in the WOSCC database from January 1, 2004, to July 10, 2022. The rapid increase in the number of articles indicates that NETs is attracting increasing attention. Brinkmann Volker et al. first reported the term “Neutrophil extracellular traps, NETs” in 2004, which began NETs-related research. The number of studies related to NETs has steadily increased over the past decade or so, with approximately three times as many publications in 2021 as in 2011.

In the country/region analysis, the two most important indicators are the number of publications and betweenness centrality. High centrality (>=0.10) means that these countries/regions act as “bridges” in the global collaborative network. As shown in Tables 1, 2 and Figures 2, 3, the USA and Germany are the central countries for research in the NETs field. The United States has the highest number of publications and citation frequency, while Germany has the third highest number of publications and the second highest citation frequency. Five of the top ten institutions in terms of number of publications are from the United States; seven of the top ten institutions in terms of citation frequency are from the United States and two are from Germany, with Max Planck Institute for Infection Biology from Germany having a much higher citation frequency than other institutions. Germany’s centrality of 0.26 is the highest among all countries, followed by the USA with a centrality of 0.24, indicating its dominant position in global NETs research collaboration. In addition, countries such as the UK, China, Canada, and Switzerland are widely involved in NETs research and collaboration.

As seen in Table 3 and Figure 4, Brinkmann Volker’s co-citation frequency ranks first and far exceeds that of other scholars, which indicates his outstanding influence in NETs-related fields. Brinkmann Volker is from Max Planck Institute for Infection Biology, Germany. In 2004, Brinkmann Volker et al. published the article “Neutrophil Extracellular Trap Kills Bacteria” in Science, which described for the first time an extracellular scaffold structure with DNA that can trap and kill pathogens and named it “Neutrophil extracellular traps, NETs”; it has been cited 5,334 times and is the most frequently cited article in this field. It is worth mentioning that this work was carried out under the guidance of Arturo Zychlinsky, who is the corresponding author of this article. Kaplan Mariana, J. is the top author in terms of the number of articles published and ranked third in citation frequency. Notably, Galluzzi Lorenzo’s team’s “Molecular mechanisms of cell death: recommendations of the Nomenclature Committee on Cell Death 2018” and “Molecular definitions of cell death subroutines: recommendations of the Nomenclature Committee on Cell Death 2012” ranked third in citation frequency and first in average annual citation frequency. The citation frequency of “Molecular definitions of cell death subroutines: recommendations of the Nomenclature Committee on Cell Death 2012” ranked fourth and also has a significant influence in related fields.

As shown in Table 4 and Figure 5, Frontiers in Immunology is not only the journal with the highest number of publications but also one of the top 5 journals in terms of co-citation frequency. Blood received the highest number of co-citations and the second highest citation frequency, mainly due to the high number of relevant and highly cited articles published in the journal. Notably, among the top 10 journals in terms of co-citation frequency, there are 3 journals related to IMMUNOLOGY (J Immunol, Front Immunol, J Exp Med), excluding MULTIDISCIPLINARY SCIENCES. Two journals are related to BIOCHEMISTRY & MOLECULAR BIOLOGY-related journals (NATURE MEDICINE, J Biol Chem), and J Clin Invest is associated with MEDICINE, RESEARCH & EXPERIMENTAL, which is consistent with the dual-map analysis in Figure 5C.



Hotspots and frontiers

Keyword analysis helps to understand the field frontier and hot content of NETs. In existing studies, the main keywords include “nets”, “neutrophils”, “inflammation”, “netosis”, “platelet”, “innate immunity”, “COVID-19”, “thrombosis”, and “sepsis” (Table 5), which are mainly related to NET formation and release and NETs-related diseases, suggesting that these keywords are popular topics for NETs. The co-occurrence network diagram shows that in past research, high-frequency keywords showed several popular research directions, including HEMATOLOGY (thrombosis, platelet, myocardial infarction, etc.), IMMUNOLOGY (immunity, autoimmunity, immunosuppression, etc.), CELL DEATH (apoptosis, necroptosis, pyroptosis, etc.), and INFLAMMATION (sepsis, COVID-19, etc.). Correspondingly, the timeline diagram analysis shows that #0 (thrombosis), #1 (autoimmune diseases), #2 (staphylococcus aureus), and #3 (net formation) are all larger clusters, indicating that they have higher heat. Figure 7 shows that in recent years, INFLAMMATION, HEMATOLOGY, IMMUNOLOGY, and CELL DEATH remain hot research fields, and the keywords in each field represent hot new research directions. The heat of the emerging THERAPY field continues to increase, mainly including keywords such as immunotherapy and prognosis. It is worth noting that, similar to the interdisciplinary content of IMMUNOLOGY and HEMATOLOGY, the popularity of IMMUNOTHROMBOSIS continues to increase, indicating that interdisciplinary research has strong potential for popularity.


Neutrophil extracellular traps and diseases

The link between NETs and disease has received increasing attention. As shown in Figure 8A, the earliest popular research on NETs-related diseases mainly focused on cardiovascular diseases (#1 bleeding disorder, #2 rheumatic diseases), among which the important role of NETs in the process of thrombosis attracted much attention (41). “Extracellular DNA traps promote thrombosis” published by Tobias A Fuchs et al. elaborated the role of NETs in thrombosis from the perspective of platelet adhesion, activation, and aggregation (18). NETs can also promote thrombus formation by promoting thrombin generation (42) and activating thrombosis-related molecules (43). In addition, NETs play an important role in atherogenesis (44). In recent years, the relationship between NETs and sepsis, cancer, respiratory diseases, and other diseases has attracted increasing attention (45–48). Although NETs can clear pathogens from the body, there is evidence that excessive NETs in sepsis can exacerbate tissue damage (37), which may be related to elevated neutrophil-derived circulating free DNA (used to assess sepsis-related organ function) obstacles (49). Notably, the promotion of disseminated intravascular coagulation and thrombosis by NETs is also one of the mechanisms of sepsis development (50, 51). The relationship of NETs to cancer was first elucidated by Sivan Berger-Achituv et al., who found that intratumoral NETs in Ewing sarcoma were associated with poorer prognosis (52). NETs were subsequently shown to promote tumor development in many cancers, such as pancreatic (53), breast (54), and bowel cancer (55). Evidence suggests that tumor cells promote the release of NETs from neutrophils through stimulation, such as secretion of IL-8/CXCL8 and CXCR1/CXCR2 agonists, which provides an explanation for the link between NETs and cancer (56–58). Research on the relationship between NETs and lung diseases is a new hot spot in recent years, among which acute lung injury (ALI) and acute respiratory distress syndrome (ADRS) are very popular (59, 60). NETs were shown to be increased in ARDS, and this was closely associated with diminished macrophage phagocytosis (59). One possible explanation is that the increased NETs in ALI/ARDS affects the progression of ARDS by activating the pyroptosis of lung macrophages through inflammatory pathways (61). The relationship between NETs and cystic fibrosis (CF) lung disease is also receiving attention (62). In CF lung disease, although neutrophils can infiltrate and control chronic infections in the airways, there is evidence that NETs contribute to exacerbation of lung tissue damage, and the complete etiology is still not clear (63). In addition, with the outbreak of COVID-19 in 2020, research on NETs and severe acute respiratory syndrome coronavirus (SARS-CoV-2) has become the latest hot spot. Although NETs and NETosis can control the severity of viral infections (64), studies have shown that the persistence of NETs during respiratory viral infections can lead to tissue damage (65). In COVID-19, elevated levels of NETs may not only be associated with more severe ALI and ARDS (66–68) but may also lead to coagulation disorders (69). The mechanism of the increase in NET content in COVID-19 is still unclear; it may be related to SARS-CoV-2-mediated downregulation of cytokine storms (CSs) and angiotensin-converting enzyme 2 (ACE2), thereby inhibiting neutrophil infiltration (66, 70). In addition, there is evidence that ROS generated by SARS-CoV-2 infection can promote the generation of NETs (71).

Due to the negative impact of excessive NETs in many diseases, detection of NETs as biomarkers of disease and targeted reduction of NETs to treat related diseases have also become recent hotspots (13). In colorectal and breast cancer patients, measurement of NET-associated products including citH3 and MPO in the blood cfDNA is more specific than cfDNA alone (72, 73). Thalin et al. observed that high levels of citH3 in plasma are an important indicator of short-term mortality in some cancer patients (74). Further clinical studies are needed to clarify the link between the level of NETs and poor cancer/disease prognosis. Many studies have also tried different attempts to attenuate NETs formation for treating inflammatory diseases. Looney et al. proved that pretreatment with a non-steroidal anti-inflammatory drug aspirin could reduce endotoxin-induced acute lung injury by reducing the production of NETs (75). Lapponi et al. also demonstrated that aspirin could inhibit the inflammatory transcriptional regulator NF-κB that promotes NETosis (76). Diabetes is associated with an excess release of NETs and enhanced NETosis (77). Menegazzo et al. studied the effect of metformin, a drug commonly used to treat diabetes, on NETosis and found that compared with placebo, metformin significantly reduced NETs levels in vitro (78). Further studies found that metformin prevented membrane translocation of PKC-βII and activation of NOX in neutrophils, thereby altering the pathological changes in nuclear dynamics and DNA release (78). Notably, Khan et al. screened 126 compounds, which belong to 39 classes commonly used for treating cancer, blood cell disorders, and other diseases, for NETosis modulating ability, and suggested anthracyclines along with dexamethasone as therapeutic candidates for suppressing unwanted NETosis in NETs overexpressing diseases (79). At present, the development of drugs to treat related diseases by targeting the formation or removal of NETs mainly focuses on basic research, and more clinical studies are needed to clarify the clinical effects of these drugs. In the future, developing specific and effective drugs to treat NETs-related diseases by targeting NETs formation is still a research hotspot in this field (13, 80, 81).



Neutrophil extracellular traps and cell death

As shown in Figure 8, the link between NETs and cell death is one of the emerging hotspots in recent years. To date, studies related to NETs and cell death have focused on the fields of NETosis, apoptosis, necroptosis, autophagy, and pyroptosis (82, 83). NETosis-related research started later and is considered a novel cell death mode differentiated from apoptosis and necrosis (82). Brinkmann Volker et al. are the first to discover that phorbol 12-myristate 13-acetate (PMA)-mediated release of NETs is accompanied by the neutrophil suicide, which was named “NETosis” (4). Studies have shown that a variety of molecular substances are involved in the regulation of NETosis (84). For example, NADPH oxidase, reactive oxygen species (ROS), was shown to be crucial in NETosis, promoting the formation and release of NETs (7, 10). Conversely, the exposure of neutrophils with the inhibitor of PAD4 citrullinating histones is associated with impaired NETosis and reduced release of NETs (11). It is worth mentioning that the release of NETs is not always accompanied by cell death, and living neutrophils can release components of NETs (14). In terms of apoptosis, evidence suggests that the formation of NETs does not occur in the process of apoptosis (8, 85), but some studies suggest that the disturbance of apoptosis and the removal of apoptotic cells may affect the release of NETs (86). Interestingly, Nades Palaniyar et al. discovered a novel form of cell death in which apoptosis and NETosis occur simultaneously in the same neutrophil (87). Under the condition of high doses of UV irradiation, they found that the activation of neutrophil apoptosis pathway was accompanied by the release of NETs, which they named “ApoNETosis” (88). In addition, if apoptotic neutrophils are not cleared by phagocytes in time, secondary necrotic/pyroptotic cell death may occur under the action of gasdermin family proteins (89). It has been suggested that this necrotic/pyroptotic may lead to the release of NETs (86), but further research is needed. There is no clear conclusion as to whether necroptosis is involved in the release of NETs. Mary Speir et al. found that receptor-interacting serine/threonine-protein kinase 1 (RIPK1) kinase-dependent necroptosis can promote plasma membrane degradation and DNA release by recruiting mixed lineage kinase domains such as pseudokinase (MLKL), which may favor the release of NETs (90). By contrast, Elaine F Kenny et al. induced neutrophil necroptosis by agonists such as TNF-α and Z-VAD-FMK and found no increase in the release of NETs (91). The relationship between NETs and autophagy is also controversial. On the one hand, in animal experiments, the lack of WDFY3 (WD Repeat and FYVE Domain Containing 3), a master regulator of selective autophagy, inhibits the generation of NETs (92). Eleni Frangou et al. found that patients with active SLE have enhanced levels of neutrophil autophagy, which leads to increased release of NETs (93). On the other hand, deletion of the autophagosome-forming gene autophagy-related 5 (ATG5) did not affect the ability of mouse neutrophils to form NETs (94). In addition, some signaling pathways play important roles in NETs and autophagy. For example, Asako Itakura et al. found that inhibition of the mammalian target of rapamycin (mTOR) enhanced autophagosome formation and accelerated the release of NETs, suggesting that the mTOR pathway may play a role in the release of NETs by regulating autophagic activity (95). Gasdermin D (GSDMD) plays an important role in pyroptosis (96). Many studies have shown that GSDMD can form functional pores within the cell membrane to disrupt the integrity of the membrane, leading to the occurrence of pyroptosis (97, 98). GSDMD is also crucial in NETs and pyroptosis (99). For example, Kaiwen W Chen et al. found that GSDMD-induced neutrophil death promotes the release of NETs under noncanonical (caspase-4/11) inflammasome signaling (100). Similarly, Gabriel Sollberger et al. demonstrated that the formation of NETs and the release of chromatin structures are dependent on GSDMD, which plays an important role in NETosis (101).





Limitations

This study is the first to use bibliometric visualization to analyze NETs-related research in the past 20 years. However, this study inevitably has certain limitations. First, the data used in this study are only from the WOSCC database and do not include data from other databases, such as PubMed, Cochrane Library, and Google Scholar. Despite the comprehensiveness and reliability of the WOSCC, data from the WOSCC database may have certain missing articles. Second, only English-language literature was included in this study, which may lead to biased results. Finally, the data in this study may be inconsistent in various aspects; for example, the same institution may have used different names at different time periods.



Conclusions

In this study, we used bibliometric analysis to review the trends, hot spots, and frontiers of NETs-related research in the last two decades. Frontiers In Immunology, Blood, etc., are influential journals in this field, and Brinkmann Volker is the authoritative author in this field. HEMATOLOGY, IMMUNOLOGY, and CELL DEATH are hot topics in this field, and the relationship between NETs and SARS-CoV-2 may be a direction for future research. Our study illustrates basic scientific knowledge and various interrelationships about extra neutrophil traps and provides important clues about research trends and frontiers. We hope this study will help researchers better grasp current general trends in the field.
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Background

Several systemic inflammatory biomarkers have been associated with poor overall survival (OS) and disease severity in patients with coronavirus disease 2019 (COVID-19). However, it remains unclear which markers are better for predicting prognosis, especially for COVID-19 Omicron BA.2 infected patients. The present study aimed to identify reliable predictors of prognosis of COVID-19 Omicron BA.2 from inflammatory indicators.



Methods

A cohort of 2645 COVID-19 Omicron BA.2 infected patients were retrospectively analyzed during the Omicron BA.2 surge in Shanghai between April 12, 2022, and June 17, 2022. The patients were admitted to the Shanghai Fourth People’s Hospital, School of Medicine, Tongji University. Six systemic inflammatory indicators were included, and their cut-off points were calculated using maximally selected rank statistics. The analysis involved Kaplan-Meier curves, univariate and multivariate Cox proportional hazard models, and time-dependent receiver operating characteristic curves (time-ROC) for OS-associated inflammatory indicators.



Results

A total of 2347 COVID-19 Omicron BA.2 infected patients were included. All selected indicators proved to be independent predictors of OS in the multivariate analysis (all P < 0.01). A high derived neutrophil to lymphocyte ratio (dNLR) was associated with a higher mortality risk of COVID-19 [hazard ratio, 4.272; 95% confidence interval (CI), 2.417-7.552]. The analyses of time-AUC and C-index showed that the dNLR (C-index: 0.844, 0.824, and 0.718 for the 5th, 10th, and 15th day, respectively) had the best predictive power for OS in COVID-19 Omicron BA.2 infected patients. Among different sub-groups, the dNLR was the best predictor for OS regardless of age (0.811 for patients aged ≥70 years), gender (C-index, 0.880 for men and 0.793 for women) and disease severity (C-index, 0.932 for non-severe patients and 0.658 for severe patients). However, the platelet to lymphocyte ratio was superior to the other indicators in patients aged <70 years.



Conclusions

The prognostic ability of the dNLR was higher than the other evaluated inflammatory indicators for all COVID-19 Omicron BA.2 infected patients.





Keywords: biomarkers, COVID-19, inflammation, Omicron BA.2, prognosis



Introduction

The coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron BA.2 is a serious infectious disease and has rapidly spread worldwide, resulting in significant morbidity and mortality all over the world (1–3). Despite major advances in treatment modalities and the popularity of large-scale vaccination campaigns, it remains important to quickly identify COVID-19 Omicron BA.2 infected patients at high risk for in-hospital mortality. Therefore, there is an urgent need for reliable biomarkers that could predict patient survival, help identify vulnerable individuals, and timely provide them with effective treatment, as well as reasonably allocate medical resources.

Aggressive inflammatory response to SARS-COV-2 Omicron BA.2 can lead to a “cytokine storm”. This physiological reaction can accompany the entire occurrence and development of COVID-19 and directly correlates with multi-organ failure and poor prognosis of severe COVID-19 (4, 5). Recently, a growing number of studies have reported that multiple inflammation-related parameters can be used as effective prognostic predictors in COVID-19 patients. Indicators of a systemic inflammatory response, such as derived neutrophil to lymphocyte ratio (dNLR), monocyte to lymphocyte ratio (MLR), platelet to lymphocyte ratio (PLR), and systemic inflammatory response index (SIRI) have facilitated mortality prediction in COVID-19 patients (6, 7). In addition, a high systemic immune-inflammation index (SII) and neutrophil to lymphocyte ratio (NLR) are also biomarkers that influence COVID-19-related mortality (8–10).

Although the above-mentioned studies have indicated that some inflammation-related indicators have value for predicting unfavorable prognosis in COVID-19 patients, it is necessary to establish which of those indicators would be optimal in Omicron BA.2 cases. To the best of our knowledge, this is the first study to evaluate and compare the predictive and prognostic roles of 6 inflammation-related biomarkers on the survival of COVID-19 Omicron BA.2 infected patients. Additionally, we used a receiver operating characteristic (ROC) analysis to evaluate the survival predictive power of the biomarkers accounting for time dependence, which has not been thoroughly investigated in COVID-19 Omicron BA.2 infected patients. We also weighed which indicator was unique among the different sub-groups.



Materials and methods


Study design and participants

This retrospective cohort study was conducted in Shanghai Fourth People’s Hospital, School of Medicine, Tongji University, between April 12, 2022, and June 17, 2022. The study was approved by the Ethics Committee of the hospital (No. 2022105-001) and reported in the Chinese Clinical Trial Register (No. ChiCTR2200063644). The requirement for informed consent was waived by the Ethics Commission. To diagnose patients for COVID-19, samples were taken from them via nasopharyngeal swabs and tested for SARS-CoV-2 Omicron BA.2 using real-time reverse transcription polymerase chain reaction (RT-PCR). Patients aged ≥18 years old were included, while those with incomplete blood count documentation were excluded.



Data collection

Demographic, clinical, and laboratory data collected included age, gender, medical history, complete blood count, disease severity on hospital admission, length of hospitalization, and the number of days until in-hospital death. Related therapies during hospitalization were also recorded. A third researcher (L.X.) adjudicated any differences in interpretation between the two primary reviewers (X.Y. and W.Q.), who extracted information from electronic medical records of the patients using a standardized data collection form. The outcome of interest was in-hospital mortality of COVID-19 Omicron BA.2 infected patients.



Laboratory procedures and definitions

Techniques for laboratory confirmation of SARS-CoV-2 Omicron BA.2 infection have been previously reported (11). These diagnostic standards are based on the National Institute for Viral Disease Control and Prevention’s guidelines (China). After clinical remission of symptoms such as fever, coughing, and dyspnea, throat-swab specimens were collected for SARS-CoV-2 PCR re-examination every other day. The criteria for discharge were the absence of fever for at least 3 days, detection of substantial improvement in both lungs by chest computed tomography (CT), clinical remission of the respiratory symptoms, and two throat-swab samples negative for SARS-CoV-2 RNA obtained at least 24 h apart.

The Guidelines for the Prevention and Treatment of the Novel Coronavirus (Ninth Edition) in China were followed to treat all patients and to classify the severity of the disease into asymptomatic, mild, common, severe, and critically severe (12). In particular, high fever was defined as axillary temperature ≥38°C. Evaluation of medical history involved hypertension, diabetes, heart disease (coronary heart disease, myocardial disease, arrhythmia, and chronic heart failure), kidney disease (chronic kidney disease and renal insufficiency), lung disease (chronic bronchitis, bronchial asthma, chronic obstructive pulmonary disease, and lung cancer), brain disease (cerebral infarction, cerebral hemorrhage, and brain tumor) and malignant tumors.



Measurements of inflammatory parameters

Routine blood examinations, including complete blood count, were conducted at admission. The six inflammatory indicators evaluated were dNLR, NLR, SII, SIRI, PLR, and MLR. The dNLR was calculated as neutrophil count/(white blood cell count-neutrophil count), NLR was calculated as neutrophil count/lymphocyte count, SII was calculated as platelet count × neutrophil count/lymphocyte count, SIRI was calculated as monocyte count × neutrophil count/lymphocyte count, PLR was calculated as platelet count/lymphocyte count, MLR was calculated as monocyte count/lymphocyte count.



Statistical analysis

Continuous variables with normally distributed data were described as mean (SD) and compared using Student’s t-test. Mann-Whitney U test was used to compare continuous variables with non-normal distribution data described as medians (quartiles). Categorical variables were presented as n (%), and χ² or Fisher’s exact tests were used to compare differences between survivors and non-survivors, where appropriate.

We dichotomized the continuous inflammatory indicators based on the optimal cut-off points calculated using maximally selected rank statistics. OS was evaluated using Kaplan-Meier curves and analyzed by the two-sided log-rank test. To assess the relationship between the inflammatory indicators and OS, the Cox proportional hazard model was implemented. Then, the predictive value of each indicator was weighed using the C-index and time-dependent ROC curves (time-ROC). Finally, a sub-group analysis of age, gender and disease severtiy was conducted to determine whether the same indicator was applicable in the different sub-groups and to gain insight into the most useful biomarker.

A two-sided α of less than 0.05 was considered statistically significant. Statistical analyses were performed using the SPSS 22.0 software and the R 4.1.3 software.




Results


Characteristics of the patients

During 68 days and nights, the hospital staff treated a total of 2645 individuals that were diagnosed with COVID-19 Omicron BA.2. Of them, 1540 patients were aged ≥70, 953 were aged ≥80, 323 were aged ≥90, and 19 were aged ≥100. The oldest patient was 104 years old, and the youngest was 1 year old.

After excluding 298 patients who did to meet the inclusion criteria, 2347 individuals were finally enrolled in the analysis (Figure 1). Of them, 57 patients died during hospitalization and 2290 were eventually discharged. Among the 2347 patients, the mean age was 72.19 ± 16.41, females were prevalent (n = 1369, 58.3%), and 336 (14.3%) individuals underwent severe and critically severe courses of the disease. Comorbidities were present in more than half of the patients, with hypertension as the most common comorbidity, followed by heart disease and diabetes. Eighty-four (3.6%) were transferred to the intensive care unit (ICU) and 16 (0.7%) received continuous renal replacement therapy (CRRT). Five hundred and thirty-nine (23%) received primary care and 498 (21.2%) were administrated antibiotics. One hundred and eighty-nine (8.1%) had symptoms of high fever; 108 (4.6%) received noninvasive ventilation, 60 of whom received high flow ventilation. Compared with survivors, non-survivors were older and with a higher level of inflammatory indicators. Severe and critically severe patients at admission were associated with poor survival (Table 1). The comparisons of other baseline information between survivors and non-survivors are shown in Table 1.




Figure 1 | Flowchart of the patient selection process.




Table 1 | Demographics and clinical characteristics.





Association of inflammatory indicators and OS in COVID-19 Omicron BA.2 infected patients

The cut-off points of 6 inflammatory indicators were 4.01 (dNLR), 5.73 (NLR), 999 (SII), 3.77 (SIRI), 0.75 (MLR), and 275 (PLR). The non-linear correlation between these inflammatory indicators and the mortality of the patients is shown in Figure S1. Univariate and multivariate analyses showed that dNLR, NLR, SII, SIRI, PLR and MLR were independent risk factors for increased mortality in COVID-19 Omicron BA.2 infected patients (Table 2). Kaplan–Meier curves showed that patients with a high level of inflammation had unfavorable OS (Figure 2).


Table 2 | Univariate and multivariate cox analyses of inflammatory indicators in the COVID-19 Omicron BA.2 infected patients.






Figure 2 | Kaplan-Meier curves of inflammation indicators in COVID-19 Omicron BA.2 infected patients. (A–F) Kaplan-Meier curves of six inflammation indicators. (A) Derived neutrophil to lymphocyte ratio (dNLR), (B) neutrophil to lymphocyte ratio (NLR), (C) systemic immune-inflammation index (SII), (D) systemic inflammation response index (SIRI), (E) platelet to lymphocyte ratio (PLR), (F) monocyte to lymphocyte ratio (MLR).





The prognostic ability comparison of the inflammatory indicators

C-index and time-ROC were conducted to compare the prognostic capacity of 6 inflammatory indicators in COVID-19 Omicron BA.2 infected patients. Compared with the other inflammatory indicators, dNLR showed the highest C-index for OS in patients at days 5, 10 and 15, i.e., 0.844 (95% CI, 0.734-0.954), 0.824 (95% CI, 0.7443–0.905) and 0.718(95% CI, 0.637-0.799), respectively (Table 3). According to C-index, dNLR, NLR and SII were the top 3 inflammatory indicators on days 5, 10, or 15. In particular, dNLR had a higher time-dependent AUC value than the other inflammatory indicators. Additionally, SII, dNLR and NLR had the optimal predictive value on day 3 (Figure 3). Among the sub-groups, dNLR had the highest C-index regardless of age (when the patient was age ≥70), gender or disease severity. However, PLR was superior to the other indicators in patients aged <70 (Tables S1-S3).


Table 3 | C-index of six indicators for OS in COVID-19 Omicron BA.2 infected patients.






Figure 3 | Time-dependent ROC of inflammatory indicators for diagnosing overall survival in COVID-19 Omicron BA.2 infected patients. dNLR, derived neutrophil to lymphocyte ratio; NLR, neutrophil to lymphocyte ratio; SII, systemic immune-inflammation index; SIRI, systemic inflammation response index; PLR, platelet to lymphocyte ratio; MLR, monocyte to lymphocyte ratio.





Analysis of the top 3 indicators and clinical characteristics in COVID-19 Omicron BA.2 infected patients

Overall, dNLR, NLR, and SII were the top three inflammatory indicators for the prognosis of the COVID-19 Omicron BA.2 infected patients. The baseline characteristics of the patients (stratified by high/low dNLR, NLR, and SII) are shown in Tables S4, S5, S6. A forest plot of the results for dNLR, NLR, and SII across the sub-groups (Figure 4) showed that high dNLR, NLR, and SII were risk factors for mortality in patients aged ≥70 and those who were severely affected by the disease, regardless of gender. Interestingly, age (P for interaction < 0.001), gender (P for interaction < 0.001), and high levels of dNLR, NLR, and SII were found to interact. Moreover, COVID-19 Omicron BA.2 infected patients had increased dNLR, NLR, and SII along with elevated disease severity (Figure S2).




Figure 4 | Sub-group analysis of three inflammation indicators in COVID-19 Omicron BA.2 infected patients. (A–C) Sub-group analysis of dNLR, NLR, and SII in patients. (A) Derived neutrophil to lymphocyte ratio (dNLR), (B) neutrophil to lymphocyte ratio (NLR), (C) systemic immune-inflammation index (SII).






Discussion

Numerous studies have reported that inflammatory indicators are reliable predictors of OS in COVID-19 patients; however, an optimal indicator remains unknown. In the present study, we included a large cohort of COVID-19 Omicron BA.2 infected patients to assess and compare 6 inflammatory indicators, and found that patients with a high level of dNLR, NLR, SII, SIRI, PLR, and MLR were associated with poor survival. More importantly, dNLR was superior to the other indicators for predicting prognosis and stably and consistently discriminative for risk stratification in most patient sub-groups.

In the present study, the overall case-fatality rate was 2.4%. Most deaths were observed in severe or critically severe patients with a mortality rate of 14.9% (50/336), which was lower than previous studies (13–15) probably due to advancements in treatment modalities and large-scale vaccination. Nonetheless, early identification of patients at high risk of mortality remains important to contribute to the rational allocation of medical resources and timely and effective treatment. Therefore, it is important to discover convenient and optimal prognosis biomarkers for COVID-19 infection.

Recent evidence has revealed that innate and adaptive immunity are impaired during COVID-19 infection (16–18). Briefly, immunological changes in COVID-19 patients are characterized by lymphopenia, lymphocyte stimulation and dysregulation, and granulocyte and monocyte aberrations, which eventually lead to increased cytokine release and elevated antibody production (19–21). In severe conditions, neutrophil proportions become substantially higher, while eosinophil, basophil, and monocyte proportions are reduced (22–24). The dysregulation of immune responses described above may lead to multiple organ failures or even death.

Previous clinical studies have reported that dNLR (25), NLR (26), SII (27), SIRI (28), PLR (29), MLR (30), were valuable for the prognosis of COVID-19 patients. However, the use of ROC analysis to evaluate the predictive power of inflammatory markers (considering time dependence) has not been fully addressed for COVID-19 Omicron BA.2. Consistent with earlier publications, we found that those inflammatory indicators were associated with poor survival in COVID-19 Omicron BA.2 infected patients. Moreover, each indicator had an independent prognostic character.

In our study, dNLR displayed the best predictive performance for prognosis among all inflammatory indicators. The use of dNLR could be an objective, easy-to-use, and simplified approach for the early identification of high-risk in-hospital mortality of COVID-19 patients. Nevertheless, these results need to be confirmed by external COVID-19 patients.

Currently, dNLR, NLR, and SII are 3 top indicators of the systematic inflammatory response (31) and are widely investigated as useful for the prognosis of solid cancer, cardiovascular diseases, and inflammatory diseases (32–34). Patients with COVID-19 have elevated neutrophils and lower lymphocytes due to an inflammatory immune response to the viral infection. In addition, platelets produce related inflammatory factors, which have an important role in regulating immunity and inflammation during the disease (35). Therefore, derivatives of white blood cell subsets and platelets, dNLR, NLR, and SII could be relevant predictive parameters of COVID-19 Omicron BA.2 infection.

The results of the present study have several clinical implications. Since dNLR, NLR, and SII can be quickly calculated based on a routine blood test on admission, clinicians could identify COVID-19 Omicron BA.2 infected patients with a high risk of mortality at an early stage. Thus, treatments could be modified accordingly to reduce in-hospital deaths. Because the observational character of this study makes it susceptible to various confounders, we adopted strict methods of statistical adjustment to minimize potential confounding. In addition, we tested the robustness of the results by repeating the analyses in different subgroups and considering gender, age, and disease severity.

The present study also has some inevitable limitations. First, the number of deaths was limited, which may reduce validity when building a prediction model and increase the risk of overfitting. Second, we only measured the inflammatory indicators at admission, while testing dynamic changes in these indicators might be a more robust approach. Third, we had no certainty about treatments prior to patient admission, which may have affected the levels of inflammatory markers. Fourth, the cut-off points of 6 inflammatory indicators were calculated using maximally selected rank statistics, which need to be verified in the future study. Finally, for validation as the optimal predictor marker for in-hospital mortality at an early stage, dNLR needs to be further evaluated in external patients with COVID-19.

In conclusion, dNLR showed the best performance in predicting the prognosis of COVID-19 Omicron BA.2 infections among all evaluated indicators. The assessment of dNLR could identify COVID-19 Omicron BA.2 infected patients at risk of an unfavorable prognosis. Therefore, we propose dNLR as a useful prognostic marker for clinical practice.
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Introduction

A small subpopulation of CD66b+ neutrophils with extended lifespan and immensely large size was identified in vitro. They internalized dead neutrophil remnants and cellular debris, transforming them into giant phagocytes (Gφ) resembling macrophage-foam cells with a massive lipid content and CD68+ scavenger receptor expression. Thus, we sought to investigate if similar CD66b+ neutrophils with altered morphology and functions exist in inflammatory/atherosclerotic conditions in vivo, by using human carotid atherosclerotic plaques.



Methods

Thirty-three plaques were obtained from 31 patients undergoing endarterectomy. Carotid plaques were analyzed for CD markers by immunohistochemistry and immunofluorescence and quantitatively analyzed by confocal microscopy. Intra-plaque lipids were stained with Oil Red O.



Results

Plaque CD66b+ neutrophils co-expressed myeloperoxidase (MPO)+ and neutrophil elastase (NE)+. Also, co-expression of CD66b+/CD68+, CD66b+/CD36+, CD66b+/vascular-endothelial-growth- factor (VEGF)+ and 3-nitrotyrosine (3-NT)+/NE+ was noted. Similarly, macrophages co-expressed CD163+/CD68+, CD163+/VEGF+ and CD163+/3-NT+. Both cell types were predominantly localized in lipid-rich areas and stained for lipids. CD66b+ and CD163+ expressions were highly positively correlated with each other and each with CD68+, and 3-NT+. Morphologically, CD66+ cells were big, had a rounded nucleus, and resembled macrophage-foam cell morphology as well as that of Gφ in vitro. To clarify whether CD66b+ and CD163+ cells represent two distinct plaque-populations, plaques were double-stained for CD66b/CD163 co-localization. A third of the plaques was negative for CD66b/CD163 co-localization. Other plaques had a low co-localization, but in few plaques, co-localization was high, collectively, indicating that in some of plaques there were two distinct cell populations, those resembling Gφ, and those co-expressing CD66b+/CD163+, demonstrating a hybrid neutrophil-macrophage phenotype. Interestingly, CD66b+/CD163+ co-localization was highly positively correlated with the oxidant 3-NT, hence, supporting trans-differentiation of CD66b+ cells to CD163+ Cells. Conversely, phagocytosis of dead neutrophils by macrophages might have also occurred.



Discussion

Thus, we conclude that in some of the plaques CD66b+ cells might represent cells resembling Gφ that developed in prolonged culture conditions. Yet, CD66b+/CD163+ co-expressing cells represent a new neutrophil-macrophage hybrid population of unknown transitioning point, possibly by adopting macrophage markers or contrariwise. Nonetheless, the significance and functions of these cells in plaque biology or other inflammatory/atherosclerotic conditions should be unveiled.





Keywords: human carotid plaques, neutrophil-derived giant phagocytes (Gφ), neutrophil-macrophage hybrids, foam cells, CD66b, CD163, CD68, atherosclerosis



Introduction

Typically, neutrophils were viewed as a homogenous short-lived population of terminally differentiated cells with limited transcriptional capacities, possessing specific killing abilities against invading pathogens. In recent years however, mounting evidence demonstrates that neutrophils are a heterogenous group of cells, presenting vast phenotypic and functional heterogeneity (1). Along this line, we described for the first time a new and novel subpopulation of blood derived neutrophils which spontaneously develop in prolonged culture conditions (2–4). Freshly isolated blood neutrophils in culture are known to have a very short lifespan among leukocytes and are constitutively committed to apoptosis. Notably, in culture, most neutrophils become apoptotic within 24 hrs (5, 6). Yet, by maintaining neutrophils in prolonged culture conditions, without additional growth factors or cytokines, a small number of Annexin-V negative/LC3B+ neutrophils remain viable and display an extended life span. Within 3 days they become immensely vacuolated, acquiring an excessively large size by internalizing granules, cellular residues and debris of non-viable neutrophils, thus, becoming giant phagocytes (Gφ) (2, 3). Moreover, unlike other types of giant phagocytic cells which are multinucleated heterokarions, arising from cell-cell fusion, these neutrophil-derived Gφ have a single nucleus (7). They also differ from monocytic macrophages by their loose attachment to the surface of the tissue culture dish and their movement abilities in culture differ from those of macrophages, as demonstrated by time lapse-photography (2). In addition to these unique morphological features, these cells are devoid of monocytic (CD14, CD163, CD16) or dendritic (CD1c, CD141) cells markers while exhibiting phenotypic markers and functions of neutrophils. Their neutrophilic origin is evident by the expression of the specific neutrophil granules marker - CD66b, azurophilic granules markers - CD63, and myeloperoxidase (MPO). Also, Gφ express additional neutrophilic markers including neutrophil elastase (NE), CD11b and CD15. Functionally, these Gφ take-up latex beads and opsonized zymosan, express the NADPH oxidase gp91-phox and p22-phox subunits and generate reactive oxygen species (ROS) in response to stimulation with PMA (2–4). However, unlike freshly harvested neutrophils, Gφ also intensively express the scavenger receptors CD68 and CD36, and take-up oxidized low density lipoprotein (oxLDL). An additional unique feature of Gφ in culture is their ability to generate ROS in response to stimulation with oxLDL. The presence of LC3B-coated vacuoles and LC3B aggregates in Gφ indicate that autophagy is a constitutive trait in these cells.

Treating Gφ with various inhibitors affected Gφ development in culture. Inhibiting NADPH oxidase by diphenyl iodide (DPI), ROS production by N-acetylcysteine (NAC), phagocytosis by cytochalasin B, or inhibiting PI3K pathway - all abolished their formation in culture. Additionally, inhibiting autophagy or culturing neutrophils in the presence of GM-CSF/IL-4 also abolished their development. These latter findings indicate that functional phagocytosis, NADPH-oxidase, ROS signaling as well as autophagy are essential for their development in culture conditions (2, 4).

However, based on their phenotype and functions studied thus far, it is unclear whether neutrophil-derived Gφ bear any significant relevance to physiological or pathological conditions in vivo.

The human carotid plaque represents an in vivo easily attainable atherosclerotic tissue which enables to analyze the composition of inflammatory cells in human arterial disease. In earlier studies, most cellular analyses of carotid plaques primarily focused on macrophage foam cells and T cells. However, in the last decade the contribution of neutrophils to atherosclerotic plaque destabilization and rupture emerged as an important factor (8, 9). In a comprehensive study by Ionita et al. high neutrophil numbers were associated with a large lipid core in human atherosclerotic carotid plaques and more so in symptomatic patients. These increases in neutrophil numbers were also associated with histopathologic features of rupture-prone atherosclerotic lesions, suggesting plaque destabilization (10). Hosokawa et al. identified infiltration of esterase activity and CD66b+ neutrophils in seven human atherosclerotic carotid plaques which appeared morphologically activated and expressed oxidant activity (11). Of note, Naruko et al. have shown that neutrophil infiltration in plaques was actively associated with acute coronary events. Moreover, all patients who had died from acute myocardial infarction (AMI) had neutrophils within their plaques, whereas in coronary lesions of patients who had died of non-cardiovascular disease, neutrophils were extremely rare (12).

In the current study we sought to investigate whether this cell phenotype that spontaneously developed in culture conditions, might be present in human arterial atherosclerotic disease, such as the carotid plaques of patients undergoing endarterectomy, and might be associated with inflammatory/anti-inflammatory conditions in vivo. Neutrophils are difficult to study, particularly in tissues, due to their propensity for activation and trans-differentiation (13, 14). Nonetheless, the presence of cells resembling neutrophil-derived Gφ was confirmed based on their specific CD markers combined with their morphology. These cells, like Gφ in culture, expressed the specific neutrophil marker CD66b, neutrophil elastase (NE) myeloperoxidase (MPO) and CD63. Additional markers which were previously identified in Gφ in culture included CD68 and CD36 scavenger receptors, 3-nitrotyrosin (3-NT) and lipids. In parallel, because of their foam cell morphology monocytes/macrophages were also identified by their exclusive CD163 marker. Due to the morphological similarities between CD66b+ and CD163+ expressing cells, CD66b+/CD163+ co-localization experiments were performed. In several plaques CD66b/CD163 co-localization was not observed, in other plaques a low co-localization was noted, and in few plaques CD66b+/CD163+ co-localization was high. Thus, indicating the presence of several populations of CD66b/CD163 expressing cells in human carotid plaques.



Materials and methods


Patients

A total of 33 plaques were obtained from 31 patients (21 Males/10 Females) undergoing endarterectomy in the Department of Vascular Surgery and Transplantation, Rambam Medical Centre, using standard surgical techniques (15). Surgery was performed if carotid stenosis was 50% or more in clinically symptomatic patients, in those who had either ipsilateral cerebrovascular event (CVA) or transient ischemic attack (TIA) or amaurosis fugax in the last 180 days, and in clinically asymptomatic patients if the stenosis was 70% or higher. Asymptomatic patients included those with carotid artery stenosis without a history of ischemic stroke, TIA or other neurologic symptoms referable to the carotid arteries as defined by NASCET-North American Symptomatic carotid Endarterectomy Trial (16). Demographic data, comorbidities, risk factors, medications, and blood chemistry were recorded. The protocol was approved by The Local Humans Rights Committee of RAMBAM Medical Center (RMB-0175-14), according to the declaration of Helsinki, and all patients signed an informed consent form.



Preparation of the specimens

Carotid plaques were removed by standard surgical techniques and minimal manipulation to the specimens. Immediately after the surgery, plaques were stored in phosphate buffered saline (PBS) at 4°C. The specimens were embedded into an optimum cutting temperature (OCT) compound (LEICA, 020108926) and stored at -80°C for further analysis. Samples were analyzed by immunohistology, immunohistochemistry, and immunofluorescence using confocal microscopy. For immunohistochemistry plaque samples were analyzed for various CD cellular markers including CD66b, CD163, CD68, and lipids. Additional cellular markers were used for confocal microscopy. Quantitative analyses of the expression of various markers were performed as previously described (2, 15) and as specified below. Mouse monoclonal primary antibodies were used to identify neutrophils (anti-CD66b), macrophages-foam cells (anti-CD163) and anti-3-nitrotyrosine for oxidative-nitrosative stress. Rabbit primary polyclonal antibodies were used for double-labeling the cells with additional markers including scavenger receptors anti-CD68 and anti-CD36, anti-NE, anti-MPO, anti-Vascular Endothelial Growth Factor (VEGF), anti- CD31, and anti- smooth muscle actin (SMC-actin). Polyclonal anti-CD163 was used for double-labeling with anti-CD66b. Intra/extra cellular lipids and lipid crystals were determined by immunohistochemistry with Oil Red O staining (15).



Antibodies for immunohistochemistry and immunofluorescence

Mouse monoclonal primary antibodies included: anti-CD66b (80H3, AbD Serotec), anti-CD163 (GHI/61), anti-3 nitrotyrosine (3-NT), and anti-smooth muscle cell actin (SMC-actin) (Santa Cruz Biotechnologies, Inc. CA), HIF-1α (GT10211, Gen Tex). Rabbit primary polyclonal antibodies included: anti-CD68 (ProteinTech, USA), anti-CD36 (SR-B3, Novus), anti- myeloperoxidase (MPO) (ab45977, Abcam, UK), anti-neutrophil elastase (NE) (Calbiochem, San Diego, CA), anti-CD163 (M-96) (Sc-33560, Santa Cruz Biotechnologies, Inc. CA) anti-CD31 (ab32457, Abcam, UK), and VEGF (Abcam, UK). Secondary antibodies included: Cy2 (CF 488A)-conjugated goat anti-rabbit IgG and/or Cy5 (CF 647)-conjugated goat anti-mouse IgG (Biotium, Hayward, CA). Isotype controls included: purified mouse IgG1(clone MG1-45) and IgG2 (clone MOPC-173, BioLegend, San Diego, CA), and rabbit IgG (sc-2027, Santa Cruz Biotechnologies, Santa Cruz, CA).



Immunohistochemistry

Frozen sections were cut at a 5 μm thickness and mounted on microscope slides. The 5-μm-thick sections were stained with hematoxylin and eosin (H&E), and lipid deposits in the plaques were visualized by Oil Red O staining as previously described (3, 15). Primary antibodies against CD66b, CD163, and CD68 cellular markets were diluted to 1:100, and a Histostain-Plus Kit AEC, Broad Spectrum (Invitrogen) was used for their detection. The sections were incubated with the primary antibodies for 2 hrs. at 37°C. Then, the sections were incubated with secondary antibody from the Histostain-Plus kit, for 30 min at 37°C. The 3-amino-9-ethylcarbazole (AEC) was used as a chromogen to detect the antibodies according to manufacturer’s instructions. Polymorphonuclear neutrophils (PMNs) were identified by the expression of CD66b, macrophages were identified by the expression of CD163 and foam cells were identified by the expression of CD68 scavenger receptors. Isotype controls were used as specified in the list of antibodies. Lipid deposits were stained with Oil Red O. Sequential sections were stained each for an antibody including for negative controls. At least 3 different sections were cut from the center of each plaque for each CD marker and in each section at least 5 different fields were analyzed.

Collagen and non-collagen proteins were detected by differential staining in tissue sections with two dyes - Sirius Red for all collagens and Fast Green for non-collagen proteins.



Immunofluorescence and confocal microscopy

Frozen sections were cut at a thickness of 5 μm and mounted onto microscope slides. Sequential sections were used for a single antibody or for two antibodies (co-expression- as specified in Tables 1, 2) including for the negative controls. Samples were fixed with acetone for 15 min. at 4°C and washed with PBS. Then, incubated with the primary antibodies diluted at 1:100 in blocking buffer of 10% normal goat serum in RPMI-1640 medium, overnight at 4°C (2). The following cellular markers were used to identify and quantify cell populations in the carotid plaques; PMNs were identified by primary antibodies for CD66b, NE, and MPO and macrophages were identified by CD163. Double staining of CD66b(mono)/CD163(poly) was performed to identify potential co-expression. Additional markers included the scavenger receptors CD36 and CD68 for foam cells, the oxidative stress marker 3-NT, hypoxia inducible factor 1α (HIF-1α), VEGF, CD31 – for vessel identification by the presence of endothelial cells, and smooth muscle cell actin (SMC-actin), a marker of arterial wall remodeling.


Table 1 | Quantitative analysis of cellular carotid plaque markers (by % stained area ± SD) from the total plaque area and relatively to CD163+ and CD66b+ expressing cells.




Table 2 | Pearson Correlation (R) analysis between % stained area of CD66b+ and CD163+ and % stained area of various markers and 3-nitrotyrosine (3-NT).



After overnight incubation with primary antibodues the slides were washed and incubated with 1/400 secondary antibodies in blocking buffer, at room temperature, for 40 min. Secondary antibodies included Cy2 (CF 488A)-conjugated goat anti-rabbit IgG and/or Cy5 (CF 647)-conjugated goat anti-mouse IgG (Biotium, Hayward, CA). Isotype controls included: purified mouse IgG1 (clone MOPC-21, BioLegend, San Diego, CA), and normal rabbit IgG (sc-2027, Santa Cruz Biotechnologies, Santa Cruz, CA). After 40 min. incubation, slides were washed and mounted with mounting medium containing 4’, 6-diamidino-2-phenylindole (DAPI) for nuclear staining (Vectashield H-1000, Vector lab. Inc. Burlingame, CA).



Quantitative confocal fluorescence analysis

Slides were analyzed by a confocal laser scanning system (LSM 700) using Nikon E600 (Japan) fluorescence microscope and Plan Apo x 40 immersion oil objective. Fluorescent intensities were integrated with Image J software (Wayne Rasband, NIH, USA). Menders Overlap Coefficient (MOC) was used to quantify co-localization (17). Histological observations were recorded by an observer who was blinded to the clinical information.



Statistical analysis

Continuous variables are presented as means and standard deviations (SD) and categorical variables are presented as absolute numbers and percentages. Pearson correlation analysis was performed to explore associations between variables. P < 0.05 was considered significant.




Results


Demographics, comorbidities, risk factors and medications of patients

Table 3 presents the demographics, comorbidities, cardiovascular risk factors, and the use of medications for the 31 patients investigated. The average age of all patients was 71.9 ± 8.7 years, average BMI was 27 ± 3.7 Kg/m2. Male to female ratio was 2:1, and forty two percent of the patients were symptomatic, while most patients had at least one cardiovascular co-morbidity.


Table 3 | Patients demographics, comorbidities, cardio-cerebrovascular risk factors and use of medication.





Immunohistochemistry of plaques

Figure 1 represents immunohistochemical staining of a carotid plaque for macrophages, neutrophils, foam cells, and lipids. The immuno-histological staining experiments were performed for each marker alone in a separate consecutive section, the areas depicted for CD163+, CD66b+, CD68+, and Oil Red O staining (A- D), are similar for each sections. This plaque is a representative of one of the plaques that were negative for CD66b/CD163 co-localization. It is evident from these sections that most of the CD163+ stained macrophages (A, A’) and CD66b+ neutrophils (B, B’) accumulated in areas rich in CD68+ foam cells (C, C’) and lipids (D, D’). Both monocytes/macrophages and neutrophils are predominantly present in CD68 positive areas which are also lipid rich areas in the carotid plaque. Detailed immunohistochemical analysis for CD66b, CD163 and CD68 staining under a higher magnification is depicted in Figure 2. The photomicrographs in Figure 2 represent one of the plaques that was negative for CD66b/CD163 co-localization. Typical cells in a section stained for CD66b show a CD66b+ cell (A) and a CD66b-negative cell in (B). Representative cells from a section stained for CD163 show a CD163-negative cell in (C) and a CD163-positive cell in (D). Representative CD68+ stained cells from a CD68 stained section in (E, F). Isotype controls were negative for all markers (G, H). Figures 2A’–H’ depict magnifications of the various cell markers which correspond to (A-H). Of note, the CD66b+ cells presented in this Figure are larger in size than classical circulating blood neutrophils which are about 12-15 µm in diameter, and do not have a multi-lobed nucleus. Figures 3A–C depict the distribution of intracellular and extracellular lipids stained with Oil Red O, as well as magnifications of typical lipid laden cells in (3D, E) and (3D’, E’).




Figure 1 | Immunohistochemical staining of macrophages (CD163+), neutrophils (CD66b+),  foam cells (CD68+) and lipids in human carotid plaques. (A) Distribution of CD163-positive macrophages within area rich in foam cells, (A’) insertion of (A). (B) Distribution of CD66b-positive neutrophils within area rich in foam cells, (B’) insertion of (B). (C) Distribution of CD68-positive foam cells within the carotid plaque, (C’) insertion of (C). (D) Distribution of lipids within area rich in foam cells, stained with Oil Red O, (D’) insertion of (D).






Figure 2 | Immunohistochemical staining for CD66b neutrophils, CD163 macrophages and CD68 foam cells, each stained in a consecutive section of the carotid plaques. (A) a CD66b-positive cell and (B) a CD66b-negative cell are both from the same section stained with anti-CD66b antibody. (C) a CD163-negative and (D) CD163-positive cell, both are from the same section stained with anti-CD163 antibody. In (E, F) CD68-positive cells were stained with anti-CD68 antibody. (G) Isotype control IgG1 for CD66b and CD163. In (H) Isotype control IgG (rabbit) for CD68. (A’–H’) cell magnifications corresponding to (A–H). These sections were taken from a plaque negative for CD66b/CD163 co-localization, as determined by immunofluorescence with confocal microscope. Original magnification: A- H x100, scale bar: 50.2 µm, insert: 2x100, scale bar: 50.2 µm.






Figure 3 | Representative immunohistochemical lipid deposits stained by Oil Red O in lipid rich area of a human carotid plaque. (A) intracellular lipids, (B) extracellular lipids, (C) lipid crystals, (D, E) foam cells prevalent in human carotid plaques, both taken from the same plaque section. (B'–E') enlargements corresponding to (B–E). Original magnification: (A–C), x40, scale bar: 125 µm; (D, E), x100, scale bar: 50.2 µm; inserts: 2x100, scale bar: 50.2 µm.





Immunofluorescence and co-localizations of neutrophils and macrophages markers

Figure 4 represents immunofluorescence of cells analyzed by confocal microscopy. Neutrophils were identified by CD66b+ expression and co-localized with CD68+ (A), macrophages were identified by CD163+ expression and co-localized with CD68+ (B), both cell types co-expressed the scavenger receptor CD68. Plaque CD66b+ neutrophils also co-localized with MPO (C). Isotype controls for monoclonal (red) and polyclonal (green) antibodies were negative (D). All in all, the large neutrophilic cells are very similar to the macrophages-foam cells in size and morphology but differ in the specific markers. Double staining by immunofluorescence revealed that out of 33 plaques analyzed, 31 plaques expressed the specific CD66b neutrophil marker and 21 of the plaques co-expressed CD66b+/CD68+. Thirty-two plaques were CD163 positive for macrophage-foam cells and 22 plaques co-expressed CD163+/CD68+. Plaque cells and CD66b-positive cells also co-localized with additional markers as depicted in Figure 5 including: 3-NT+/CD68+ (A), CD66b+/NE+ (B), 3-NT+/NE+ (C) and CD66b+/CD36+ (D). Isotype controls (for mouse monoclonal and rabbit polyclonal antibodies) were negative for the corresponding markers (same as in Figure 4D).




Figure 4 | Representative double immunofluorescence staining for CD66b, CD163, CD68, and MPO in human carotid plaque sections. (A) co-expression of CD66b (red) in neutrophils co-expressing CD68 (green) scavenger receptors, (B) co-expression of CD163 in macrophages (red) co-expressing CD68 (green) scavenger receptors, (C) co-expression of CD66b (red) in neutrophils co-expressing MPO (green), (D) isotype control staining for mouse IgG1 and rabbit IgG followed by CF647 goat anti-mouse IgG (red) and CF488 goat anti-rabbit IgG (green).Top photomicrographs (A–D) represent merged channels of co-expression and enlarged inserts. Below enlarged inserts represent each channel (red or green) separately. Scale bar: 20 µm.






Figure 5 | Representative double immunofluorescence staining for 3-NT, CD68, CD66b, NE and CD36 in human carotid plaque sections. (A) co-expression of 3-NT (red) and CD68 (green), (B) co-expression of CD66b neutrophils and NE (green), (C) co-expression of 3-NT (red) and NE (green), (D) co-expression of CD66b neutrophil (red) and CD36 scavenger receptor (green). Isotype control staining for mouse IgG and rabbit IgG followed by CF647 goat anti-mouse IgG (red) and CF488 goat anti-rabbit IgG (green), as shown in Figure 4D. Top photomicrographs (A–D) represent merged channels of co-expression and enlarged inserts. Below enlarged inserts represent each channel (red or green) separately. Scale bar: 20 µm.





Quantitative analysis of plaque markers

Table 1 presents quantitative analyses of the markers investigated in these plaques including cellular, inflammatory, and oxidative stress markers. The data are presented by the mean percent of the stained area of at least 3 different sections from the center of each plaque for each single or double stained markers. In each section at least five different fields were analyzed for each of the various markers determined. Co-expression was determined in the same section, but for determination of each set of different co-localization markers, consecutive sections were used. The absolute % stained area of the cells in the plaque was also converted to relative percentage of the cells. The expression of CD163+ and that of CD66b+ were considered as 100% each, and all values were calculated as relative percentages. These calculations exemplify the relatively small % of the area that was stained by the cells as compared to other components of the plaque such as lipids, vessels, endothelial cells smooth muscle cells collagens and non-collagen proteins etc. For instance, collagen and non-collagen proteins are more than 25-fold higher as relative to CD66b+ or CD163+ expression. The percent area of overlap between CD66b+ and NE+ was more than 70% by co-localization by double-immunostaining analysis. Thirty tree percent of CD66b+ cells co-localized with CD68+, and 16.5% co-localized with CD36+. The percent area expressed by CD163+ macrophages, using both monoclonal (mono) or polyclonal (poly) antibodies, was similar or higher (respectively) than that of CD66b+ expressing cells, but this difference was not statistically significant. The percent area of overlap between CD163+ macrophages and CD68+ was 35% by co-localization by double-immunostaining analysis. Also, macrophage co-localization of CD163mono (red) and CD163poly antibodies (green), was relatively low, as compared to the area expressed by each antibody alone, indicating that each of the antibodies recognized a different epitope.



Co-localization of neutrophils/macrophages markers in plaques

In order to clarify whether CD66b+ neutrophils and CD163+ macrophages are distinct populations of cells, CD66b (mono)/CD163(poly) co-localization was performed. Co-localization of CD66b/CD163 was quantified in 26 of the plaques and largely varied between the samples (Table 1). In nine of the plaques there was no CD66b/CD163 co-localization at all. In 14 plaques co-localization was low and only in three plaques CD66b+/CD163+ co-localization was high. These three patients’ plaques exceeded the group’s average by at least one standard deviation (SD). There was a 15-20% in CD66b+/CD163+ co-localization across all plaques as compared to the relative percent of each of the CD66b+ or CD163+ cells. While in 9 plaques there was no co-localization, in the plaques with low CD66b+/CD163+ co-localization, 8 -12% of the cells co-localized as compared to CD66b+ or CD163+. However, in the 3 plaques with the high co-localization the amounts of both CD163+ and CD66b+ expressing cells were much higher than the average values for all other plaques. Thus, the CD66b+/CD163+ co-localization was calculated separately for these plaques, using their average CD66b+ or CD163+ values of expression as a reference. A 50% to about 80% co-localization was found for CD66b+ and CD163+ cells, respectively (in Table 1).

Figure 6 represents three of the CD66b+/CD163+ types of co-localization visualized. In (A) CD163+ macrophage expression was higher than that of CD66b+ (A’, A”). In (B) the expression is about equal in both cell types (B’, B”) and in (C) there is a stronger expression by CD66b+ neutrophils (C”) as compared to CD163+ macrophages (C’). In (D) isotope control is presented for all. In plaques with a low co-localization, the expressions for both markers were lower and fainter, but the same types of co-expression patterns were noted as depicted in Figures 6A–C. In some plaques there was overall a CD66b+ dominance over CD163+, in other plaques CD163+ expression was higher or it was about the same. Yet, all types of co-expressing cells represented in Figure 6 were present in different fields of the plaques, with lower intensities.




Figure 6 | Representative immunofluorescence by double staining of CD66b/CD163, depicting typical co-localizations of various carotid plaques. In (A) merged co-expression of CD66b+/CD163+, in (A’) green channel, higher expression of CD163+ as compared to (A’’) red channel for CD66b. In (B) merged CD66b+/CD163+ co-expression with similar intensities of expression for CD163+ (B’) and CD66b+ (B’’). In (C) merged CD66b+/CD163+co-expression, in (C’) low CD163+ expression, in (C’’) higher expression of CD66b+ as compared to CD163. In (D) isotype controls for rabbit polyclonal antibody (D’) and for mouse monoclonal antibody (D’’), as specified in Figure 4D.





Correlation analyses

Correlation analysis (Table 2) revealed that the CD66b+ expressing cells were significantly negatively correlated with extracellular lipids and with all lipids (extra/intracellular and crystals), whereas CD163+ cells were significantly positively correlated with intracellular lipids and negatively with lipid crystals. Also, CD66b+ cells were highly significantly positively correlated with CD68 and with CD163+ expressing cells, and CD163+ cells were also highly significantly correlated with CD68+. Both CD163+ macrophages and CD66b+ neutrophils were positively correlated with the nitrosative stress marker 3-nitrotyrosine (3-NT). Of note, neutrophils/macrophages co-expressing CD66b+/CD163+ were also highly significantly correlated with 3-NT. Moreover, CD66b+/CD163+ also correlated with a macrophage subgroup co-expressing CD163+/3-NT+.



Hypoxia associated markers

The developing plaques are characterized by hypoxic stress, therefore HIF-1α and VEGF were quantitatively determined since both can facilitate vessel growth. CD163+ and CD66b+ cells expressed HIF-1α (data not shown) and VEGF. Figure 7 represents co-expression of CD66b+ neutrophils and CD163+ macrophages with VEGF, the downstream gene of HIF-1α. Additionally, the presence of endothelial CD31 and SMC-actin representing vascular remodeling was also confirmed in the plaques investigated as depicted in Table 1.




Figure 7 | VEGF co-expression by double immunofluorescence staining for CD66b neutrophils and CD163 macrophages in human carotid plaques. (A) co-expression of CD66b-positive neutrophils (red) and VEGF (green), (B) co-expression of CD163-positive macrophages (red) and VEGF (green). Isotype control staining for mouse IgG and rabbit IgG followed by CF647 goat anti-mouse IgG (red) and CF488 goat anti-rabbit IgG (green), as shown in Figure 4D. (A, B) represent merged co-expression. In right expression for each stain separately and enlarged inserts on the left.



Table 4 summarizes all the markers studied including: for macrophages and neutrophils, various co-localization markers for both types of cells, and additional cellular markers stained by immunofluorescence.


Table 4 | A list of the various CD and cellular markers studied, and the number of plaques quantified by confocal microscopy.






Discussion

It is commonly known that neutrophils are short-lived in ex vivo conditions (18). Yet, in earlier studies we described the spontaneous development of a small sub-population of neutrophil-derived Gφ with extended life span in culture (2, 3). We were intrigued by their vastly enlarged size observed in vitro after a few days in culture. Thus, we divided fresh neutrophils into two sub-groups, each labeled with a different PKH stain (green or red), mixed them together and followed their fate daily, microscopically. As expected, most of the neutrophils died within 24 hrs., however, the few neutrophils that remained viable (0.01- 0.02%), avidly internalized remnants of dead neutrophils and cellular debris. Subsequently, transforming within 3-5 days in culture from classical small-sized neutrophils with a multi-lobed nucleus into large phagocytic cells with a rounded nucleus. They also internalized oxidized LDL, zymosan, and latex upon stimulation, and generated ROS. These newly developed neutrophils resembled macrophage-foam cells morphologically but expressed neutrophil specific markers (CD66b, CD63, NE, MPO), and were negative for monocytic or dendritic markers. Importantly, FACS analysis revealed that the cultures consisted of pure neutrophils. Moreover, by mixing and co-culturing autologous neutrophils and monocytes, fewer Gφ developed in culture.

In the current study we sought to investigate the potential relevance of Gφ to inflammatory-atherosclerotic conditions in vivo, using the human carotid plaque as a model. Several important findings emerged from this study. First, the presence of CD66b+ neutrophils and 163+ macrophages was observed in lipid-rich areas of the plaque. Second, Both CD66b+ and CD163+ expressing cells also co-expressed CD68 scavenger receptors and both had similar morphology, size, and lipid content which is characteristic of foam cells. Third, CD66b+/CD163+ neutrophil/macrophage co-localization was also noted. This co-expression varied widely between the plaques, ranging from zero in some of the plaques, to low in most plaques. A high CD66b+/CD163+ co-localization was also found in few plaques. Fourth, the CD66b+ cells in the plaques also co-expressed additional specific neutrophil markers visualized by confocal immunofluorescence double staining. They co-localized with NE, MPO, and CD63 (data not sown), as well as with CD36, which is another scavenger receptor that was previously shown to co-localize with CD66b+ cultured Gφ. Fifth, CD66b+ neutrophils and CD163+ macrophages co-expressed oxidative-nitrosative stress activity detected by co-localization of 3-NT+/NE+ and 3-NT+/CD163+ cells, respectively. Sixth, the presence of VEGF was demonstrated by neutrophils co-expressing CD66b+/VEGF+ and macrophages co-expressing CD163+/VEGF.

We hypothesize that CD66b+ cells which did not co-localize with CD163+, resemble the Gφ which developed in pure neutrophil cultures and represent a type of an inflammatory/anti-inflammatory-activated neutrophil phenotype. Yet, other neutrophils that co-expressed CD66b+/CD163+ to varying degrees, exhibit neutrophil/macrophage plasticity and trans-differentiation to monocytes/macrophages or monocytes/macrophages hybrids. Evidently, these hybrid cells might have combined neutrophil-macrophage properties. The latter co-localization findings, in particularly, demonstrate the complexity and the difficulties in studying intricate tissues such as carotid plaques, and likely each plaque represents a different stage in development and severity.

The neutrophil is the most abundant white blood cell in the circulation, yet, it received little attention in the pathophysiology of atherosclerosis (19, 20). However, in the last decade the evidence is gradually mounting as to its involvement and significance in various stages of plaque formation, development, and rupture (18, 21). In earlier studies, CD66b+ neutrophils’ localization within plaques, and their numbers were strongly associated with histopathologic features of rupture-prone plaques, implicating their involvement in plaque destabilization (10). A massive neutrophil infiltration was found in culprit lesions of autopsy specimens from acute coronary syndrome (ACS) patients as compared to the rare neutrophil infiltration in patients who died from non-cardiovascular disease (12). Also, in seven severely atherosclerotic vulnerable plaques investigated, infiltrating neutrophils appeared activated and were generating oxidants (11).

More recent studies, however, demonstrated that neutrophils accelerate all stages of atherosclerotic plaque development including plaque initiation, progression, instability, and rupture, staring with the onset of atherosclerosis through damage to the arterial wall caused by oscillating shear forces, hyperlipidemia, and inflammatory cytokines. These promote endothelial cell activation and adhesion by myeloid cells, consequently infiltrating into the arterial intima. The accumulation of immune cells, lipoproteins and cell debris in the arterial intima contribute to atherosclerotic plaque development and instability, promoting plaque rupture and cardiovascular complications (21). Specifically, neutrophils were shown to be the first to extravasate to sites of inflammation and to recruit and regulate monocyte entry into atherosclerotic lesions, thereby accelerating foam cell formation (22). Neutrophils and their secretory products also affected macrophage fate and function (21, 23), and were also shown to accumulate in injured areas of the plaque and to surround damaged vasculature, promoting tissue repair by inducing angiogenesis and revascularization (24, 25). Collectively, these studies clearly demonstrate the significance of CD66b+ neutrophils in all stages of plaque development and tissue repair.

Unlike the studies reported thus far, implicating neutrophils in various stages of plaque development, we focused our attention on identifying the presence of neutrophils resembling the Gφ that were previously reported to develop spontaneously in culture conditions in vitro, by characterizing their morphology and the markers co-expressed in plaque neutrophils.

In the current study, neutrophils expressing CD66b+/NE+/MPO+ were shown to reside in lipid-rich areas of the plaques as were CD163+ foam cell macrophages, and both cell types co-expressed the scavenger receptors CD68 and CD36. Nonetheless, in some of the plaques also varying sums of CD66b+/CD163+ co-localization was noted. However, CD66b+ cells looked like macrophages-foam cells morphologically and expressed CD68 and CD36 scavenger receptors which are considered exclusive as macrophages markers. Thus, the co-localization of both scavenger receptors - CD68 and CD36 with CD66b+ expressing cells might have facilitated their transformation into foam cells, similarly to Gφ in culture. It is therefore likely that the rooted belief that CD68 is exclusively expressed by cells of the monocytic lineage and macrophage-foam cells, lead some investigations in earlier studies to identify plaque macrophages based solely on the expression of CD68, consequently, ignoring the possibility that other cell types present in plaques might express similar phenotypes (26, 27). This approach might have resulted in underestimation of the contribution of neutrophils to plaque pathology (27).

To clarify whether CD66b+ and CD163+ cells in carotid plaques are distinct cell populations, CD66b/CD163 co-localization was performed. Substantial differences were noted between plaques. In a third, co-localization was negative, suggesting that CD66b+ and CD163+ represent distinct cell populations. In other plaques, co-localization varied, but was mostly low, whilst, in few plaques it was highly positive. Hence, indicating that CD66b+/CD163+ co-localization is a gradual process of neutrophil to macrophage (or vice versa) trans-differentiation. Evidently, neutrophil plasticity and trans-differentiation are increasingly being recognized. Neutrophils were shown to express features of other myeloid cells including eosinophils, antigen presenting cells (APCs), dendritic cells (DCs) as well as monocytes (13). Trans-differentiation of neutrophils to APCs was found at inflammatory sites of autoimmune arthritis (28). Long-lived neutrophils with phenotypic plasticity, trans-differentiated into neutrophil-dendritic cells hybrids (N-DCs), expressing properties of neutrophils and DCs, accompanied with a potent anti-fungal activity (29). In rheumatoid arthritis, N-DCs were found concurrently with CD66b+ neutrophils co-expressing features of APCs. Moreover, increased ROS generation in the synovial fluid of these patients promoted trans-differentiation of neutrophils to N-DCs (30). Also, mouse bone marrow resident cells with neutrophilic phenotype were able to differentiate to monocytes when cultured with M-CSF (31). Taken together these recent findings support a high neutrophil plasticity and trans-differentiation. Yet, we cannot rule out the possibilities that there is a macrophage to neutrophil trans-differentiation or that CD66b+/CD163+ co-expressing cells in the carotid plaques might have resulted from macrophages phagocytosing dead neutrophils and adopting their markers.

Of note, in carotid plaques, smooth muscle cells (SMCs) were shown to trans-differentiate and acquire macrophage-like phenotype, contributing to atherosclerotic plaque pathogenesis due to their phenotypic plasticity and the ability to mimic macrophages. This trait resulted in underestimating SMCs’ involvement in plaque pathology (32, 33). Moreover, these latter findings support a fundamental mechanism of myeloid cells (and neutrophils in particularly), in which they rapidly adapt to their immediate tissue environment or to diverse biological microenvironmental stimuli in health and disease through plasticity and trans-differentiation (13).

Correlation analysis revealed that CD66b+ and CD163+ cells were significantly positively correlated with CD68. While CD66b+ cells were negatively correlated with extracellular lipid and all lipids, CD163+ cells were significantly positively correlated with intracellular lipids, hence becoming foam cells. Given that CD66b expression in neutrophils is positively correlated with the expression of CD68, and negatively with all lipids indicates that also CD66b+ might become foam cells in lipid rich areas of the plaques, and thus, represent a supportive role by acting as a backup system when the macrophage clearing system is insufficient and/or overwhelmed (34). For instance, by eliminating and protecting the arterial wall from excessive lipid accumulation.

Among other factors, increased oxidant activity in plaques is associated with endothelial dysfunction (19) and neutrophil trans-differentiation into N-DCs (30). Macrophages co-expressed 3-NT+/CD163+ while co-expression in neutrophils was detected in 3-NT+/NE+ cells. Both cell types were significantly positively correlated with quantitative expression of 3-NT, indicating that in carotid plaques, nitrosative stress is associated with both. Interestingly, cells co-expressing CD66b+/CD163+ were highly positively correlated with 3-NT, as were neutrophils that trans-differentiated into N-DCs (30). Activated macrophages are known to produce NO through iNOS. However, the data are scarce for neutrophils. Yet, few studies show that all three NOS isoforms are present and generate NO in adult human neutrophils (35). Moreover, MPO, a major factor in oxidizing products in neutrophils was shown to produce nitrating oxidants in vivo (36). In addition, 3-NT levels were shown to decrease in stable plaques and increase in unstable plaques (37). In a study identifying CD68+ cells as representing only macrophages, carotid 3-NT and NOSII co-localized in late stages of atherosclerosis, suggesting that NOS expression is involved in oxidation/peroxidation of lipids promoting carotid formation (27). Hence, 3-NT+/NE+ neutrophils in carotid plaques can contribute to free radicals by oxidizing/peroxidizing lipids, and thus, facilitate foam cell formation through scavenger receptor regulation.

A great number of cytokines and chemokines were identified over the last few years in neutrophils, signifying their involvement in inflammatory and immune processes as well as in angiogenesis and repair (38). In earlier studies, neutrophils were shown to synthesize and store molecules with angiogenic activity including VEGF (39), which participates in angiogenesis and neovascularization, to promote plaque destabilization and thrombeolitic events (40). However, VEGF can have dual effects, detrimental as well as beneficial, by protecting endothelial cells (41). Besides VEGF, intraplaque neutrophils were also shown to produce IL-8 and elastase which are all crucial for the development and progression of plaques (42). Herein, we confirmed that both CD163+ and CD66b+ cells in plaques co-expressed VEGF, as illustrated in Figure 7.

The limitations of this study should be acknowledged. In the immuno-histological staining experiments, we could not perform co-localization with two antibodies simultaneously due to limitations in the kit’s procedure. However, consecutive sections were analyzed basically at the same area of the plaque (see Figure 1). Immunofluorescence and co-localization experiments with confocal microscopy, also compensated to some extent for this limitation.

The number of plaques investigated was relatively small. However, it should also be acknowledged that these experimental procedures for identifying the markers investigated on a large-scale study are tedious, time consuming and very expensive. Moreover, unlike tissue culture studies or studies with inbred animal strains, each plaque is a complex tissue, with a unique morphology and cellular composition which was endarterectomized at different stages of its development and exposed to different environmental/microenvironmental signals. Undoubtedly, large-scale studies are needed to further clarify the characteristics and functions of CD66b+ and CD66b/CD163 co-expressing cells and their contribution to plaque pathology. It is still an open question – weather it is neutrophil to macrophage trans-differentiation or vice versa, or do they represent neutrophil-macrophage hybrids? Or possibly CD66b+/CD163+ cells are macrophages phagocytosing dead neutrophils and adopting their markers? However, since neutrophils are the first to arrive to plaques, and to facilitate many monocyte functions they might be the ones that respond swiftly to signals and acquire macrophage markers.



Conclusions

In surveying the literature, we could not find a report demonstrating CD66b+ neutrophils resembling the ones reported herein. Neutrophils that are large foam cells with a rounded nucleus but positive for NE/MPO/CD63, for the non-neutrophil markers, CD68 and CD36 scavenger receptors, and concurrent neutrophil-macrophage CD66b+/CD163+ co-expression to varying extents in many of the plaques. Some of the earlier studies presenting photomicrographs of CD66b+ positive cells in human carotid plaques specimens were stained only by immunohistochemistry, validating the presence of neutrophils solely based on their specific CD66b+ markers. In these studies, the resolutions presented for CD66b+ cells were illustrated by very small magnifications, or by molecular methods, making it impossible to appreciate their size or morphology (10–12, 38, 42–44) as described herein. The CD66b+/CD163+ cells’ co-localizations depicted here might represent a neutrophil-macrophage hybrid cell or trans-differentiation of one type of cell to the other. Since CD66b+ cells and lipids were significantly inversely correlated, we hypothesize that the presence of CD66b+ cells in lipid-rich areas might represent a supportive role in helping macrophage foam-cells to combat inflammation and eliminate and protect the arterial wall from excessive lipid accumulation. On the other hand, 3-NT which promotes oxidation of lipids, could facilitate carotid plaque formation. Of note, identifying these unique subpopulations of neutrophils in plaques and in additional in vivo inflammatory conditions may provide valuable insights into the regulation of inflammatory responses during the initiation and progression of atherosclerotic plaque development. Moreover, the in vitro studies described earlier can be utilized to further facilitate the understanding of inflammatory/atherosclerotic neutrophil biology.
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Patients, N = 31

Age (years) 71.9 + 8.7
BMI (Kg/m” 27.7 £3.7
Gender 21M/10F

Comorbidities and risk factors - N (%)

Symptomatic 13 (41.9)
Asymptomatic 18 (58.1)
IHD 10 (32.2)
sp/MI | 8 (25.8)
CVA 16 (51.5)
TIA | 7 (22.6)
HTN | 27 (87.1)
PVD | 13 (41.9)
DM | 17 (54.8)
COPD | 10 (32.2)
Hyperlipidemia | 26 (83.9)

Smoking status - N (%)

Current 10 (32.2)

Non-smoking 19 (61.3)
Past smoking 2 (6.4)

Drugs - N (%)

Aspirin 21 (67.7)
Plavix 17 (54.8)
Clex 3(9.7)
Statins 26 (83.9)
Ace inhibitors 20 (64.5)
Ca-channel blockers 15 (48.4)
-blockers 13 (41.9
block (41.9)
o-blockers 5(9.1)
Adrenergic o-agonist 3(9.7)
Insulin 4 (12.9)
B-guanidine C cholesterol 18 (58.1)

Values are presented as average + SD where appropriate. N - number of patients; in parentheses
(%) percent of patients expressing the specific value. IHD, ischemic heart disease; s/p MI, status
post myocardial infarction; CVA, stroke or cerebro-vascular accident; TIA, transient ischemic
attack; HTN, hypertension; PVD, peripheral vascular disease; DM, diabetes mellitus; COPD,
chronic obstructive pulmonary disease.
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CD68 - 33 CD66b - 33 CD163(mono) - 32

CD36 - 19 CD66b/CD6S - 33 CD163 (poly) -29
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CD31-14
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Lipids - 27

Letters in RED represent mouse monoclonal antibodies. Letters in GREEN represent rabbit polyclonal antibodies. N, represents the number of carotid plaques quantified for each of the markers.
(Mono), monoclonal antibody; (poly), polyclonal antibody.
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Macrophages, CD163+ (mono) red 32 1.09 + 1.85(*) 100% + 169.7 128.2 + 217.6
Macrophages, CD163+ (poly) green 29 1.35 + 1.50 1239 +137.9 158.8 £ 176.5
CD163+(mono)/CD163+(poly) 19 0.13 022 119 +202 153+ 259

Scavenger Receptors

CD68+ 33 148 £ 1.71 135.8 + 156.9 174.1 £ 2012
CD36+ 19 266 + 2.62 2440 +240.4 312.9 + 3082
Neutrophil-Derived Foam Cells

CD66b+/CD68+ 33 0.28 +0.73 32,9+ 859
CD66b+/CD36+ 29 0.14 +0.30 165 + 353

Macrophage-Derived Foam Cells

CD163+/CD68+ 32 0.38 £1.21 349 + 111.0
Neutrophil Elastase (NE) 29 201 +5.78 236.5 + 680.0
CD66b+/NE+ 20 061 + 1.42 71.8 + 167.1
CD163 mono+/NE+ 16 0.12 +0.18 11.0 + 16.5

CD66b+(mono)/CD163+(poly)

All 26 plaques 26 017 +0.39 156 +35.8 200+ 459
9/26 plaques - no co-localization 9 0.00 + 0.00 00 0.0 0.0+ 00
14/26 plaques - low co-localization 14 007 +0.10 6492 82+ 118
3/26 plaques - high co-localization 3 114 £ 0.50 77.3 £ 1085 (§) 493 +359(5)
3-Nitrotyrosin (3-NT) 33 360 +4.12 3303 + 378.0 423.5 + 4847
3-NT/CD163+(poly) 16 063 +0.75 57.8 +68.8 74.1 + 882
3-NT+/NE+ 33 042+ 1.03 385+ 945 494+ 1212

Additional intra/extra-cellular markers

HIF-1o 8 5.10 +2.69 467.9 + 246.8 600.0 + 316.5
VEGF 9 411+£7.72 377.1 £708.3 483.5 £ 908.2
CD31 14 1.37 + 1.98 1257 + 181.7 161.2 + 232.9
SMC actin 15 2.11 + 1.76 193.6 + 161.5 248.2 £ 207.1
Lipids all 27 15.49 £ 6.06 1421.1 + 556.0 18224 + 7129
Intracellular lipids 27 3.28 £2.31 300.9+ 2119 385.9 + 271.8
Extracellular lipids 27 9.59 + 5.66 879.8 £519.3 1128.2 + 665.9
Lipid crystals 27 4.05 £2.89 371.6 + 265.1 476.5 + 340.0
Collagen 33 23.14 £ 104 21229 + 954.1 2722.5 + 1223.5
Non-collagen proteins 33 6.53 £ 6.70 599.1 £ 614.7 768.2 + 788.2

Data are reported as mean + SD. (Poly), polyclonal antibody; (mono), monoclonal antibody. (*) Data are calculated as Relative % from the % stained area of CD163+ cells. (#) Data are calculated as
Relative % from the % stained area of CD66b+ cells. (§) Data are calculated as relative % of average CD66b+ and CD163 expression from the high co-localization plaques.
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Article Title

Neutrophil extracellular traps kill bacteria

Novel cell death program leads to neutrophil
extracellular traps

Molecular mechanisms of cell death:
recommendations of the Nomenclature Committee
on Cell Death 2018

Molecular definitions of cell death subroutines:
recommendations of the Nomenclature Committee
on Cell Death 2012

Platelet TLR4 activates neutrophil extracellular traps
to ensnare bacteria in septic blood

Extracellular DNA traps promote thrombosis

The acute respiratory distress syndrome

Neutrophil elastase and myeloperoxidase regulate
the formation of neutrophil extracellular traps
Monocytes, neutrophils, and platelets cooperate to
initiate and propagate venous thrombosis in mice in
vivo

Netting neutrophils in autoimmune small-vessel
vasculitis

Source Title

SCIENCE

JOURNAL OF CELL BIOLOGY

CELL DEATH AND DIFFERENTIATION

CELL DEATH AND DIFFERENTIATION

NATURE MEDICINE

PROCEEDINGS OF THE NATIONAL
ACADEMY OF SCIENCES OF THE UNITED
STATES OF AMERICA

JOURNAL OF CLINICAL INVESTIGATION
JOURNAL OF CELL BIOLOGY

JOURNAL OF EXPERIMENTAL MEDICINE

NATURE MEDICINE
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etal.

Galluzzi, Lorenzo,
etal.
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etal.
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etal.
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Harvard Medical School
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Lund University
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Publication
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Rank Journal Publications IF (JCR2021) JCR quartile

1 Frontiers In Immunology 388 8.786 Q1
2 International Journal of Molecular Sciences 129 6.208 Q1
3 Plos One 109 3.752 Q
4 Scientific Reports 109 4.996 Q2
5 Journal of Immunology 76 5.446 Q2
6 Journal of Leukocyte Biology 66 6.011 Q2
7 Cells 63 7.666 Q
8 Blood 62 25.476 Q1
9 Thrombosis And Haemostasis 48 6.681 Q1

10 Journal of Thrombosis And Haemostasis 45 16.036 Q1
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dNLR

Per SD (increased)
< 4.01

> 4.01

NLR

Per SD (increased)
<573

>5.73

SIT

Per SD (increased)
<999

> 999

SIRT

Per SD (increased)
<3.77

>3.77

PLR

Per SD (increased)
<275

> 275

MLR

Per SD (increased)
<075

> 0.75

cases/controls

28/2078
29/212

25/1995
32/295

23/1937
34/353

36/2069
21/221

35/2065
22/225

41/2064
16/226

Model 0

HR (95%CI)

1.404 (1.292-1.526)
Ref
8.780 (5.220-14.767)

1.206 (1.138-1.278)
Ref
7.587 (4.493-12.812)

1.247 (1.167-1.333)
Ref
7.756 (4.567-13.171)

1.154 (1.075-1.237)
Ref
4.909 (2.865-8.413)

1.338 (1.207-1.483)
Ref
5.317 (3.118-9.067)

1.222 (1.093-1.367)
Ref
2.926 (1.639-5.220)

P-value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Model 1

HR (95%CI)

1.220 (1.089-1.367)
Ref
4.191 (2.383-7.371)

1.271 (1.150-1.405)
Ref
3.351 (1.909-5.879)

1.255 (1.114-1.413)
Ref
3.703 (2.105-6.514)

1.186 (1.044-1.347)
Ref
2.493 (1.402-4.436)

1.152 (1.031-1.287)
Ref
3.187 (1.826-5.561)

1.121 (0.963-1.307)
Ref
1.890 (1.050-3.401)

P-value

0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.009

0.002

0.012

<0.001

0.142

0.034

Model 2

HR (95%CI)

1.237 (1.098-1.393)
Ref
4.272 (2.417-7.552)

1.281 (1.164-1.410)
Ref
3.571 (1.998-6.188)

1.279 (1.138-1.438)
Ref
4.591 (2.595-8.120)

1.193 (1.005-1.348)
Ref
2.680 (1.497-4.798)

1.181 (1.045-1.334)
Ref
3.412 (1.936-6.012)

1.132 (0.973-1.316)
Ref
1.968 (1.090-3.553)

P-value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.005

0.001

0.008

<0.001

0.108

0.025

Cox proportional hazard models were used. Model 0, unadjusted model; Model 1, adjusted by age, gender, discase severity; Model 2, adjusted by Model 1, hypertension, diabetes, heart
disease, kidney disease, lung disease, brain disease and malignant tumors. CI, confidence interval; HR, hazard ratio; SD, standard deviation; Ref, reference; dNLR, derived neutrophil to
lymphocyte ratio; NLR, neutrophil to lymphocyte ratio; SII, systemic immune-inflammation index; SIRI, systemic inflammation response index; PLR, platelet to lymphocyte ratio; MLR,
monocyte to lymphocyte ratio.





OPS/images/fimmu.2022.1065345/table3.jpg
C-index(95%CI)

Indicators 5-day 10-day 15-day

dNLR 0.844 (0.734-0.954) 0.824 (0.743-0.905) 0.718 (0.637-0.799)
NLR 0.819 (0.704-0.933) 0.806 (0.719-0.892) 0.692 (0.609-0.775)
SII 0.844 (0.757-0.937) 0.823 (0.737-0.908) 0.684 (0.593-0.776)
SIRI 0.759 (0.645-0.873) 0.746 (0.655-0.837) 0.629 (0.535-0.722)
PLR 0.743 (0.623-0.863) 0.710 (0.609-0.811) 0.606 (0.517-0.695)
MLR 0.627 (0.488-0.766) 0.606 (0.496-0.716) 0.537 (0.448-0.626)

CI, confidence interval; dNLR, derived neutrophil to lymphocyte ratio; NLR, neutrophil to lymphocyte ratio; SII, systemic immune-inflammation index; SIRI, systemic inflammation
response index; PLR, platelet to lymphocyte ratio; MLR, monocyte to lymphocyte ratio.
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Total (n=2347) Non-survivor (n=57) Survivor (n=2290) P-value

Age (years) 72.19 + 16.41 83.70 £ 9.49 71.90 + 16.45 < '0.001
Gender 0.196
Female 1369 (58.3) 38 (66.7) 1331 (58.1)

Male 978 (41.7) 19 (33.3) 959 (41.9)

LOS (days) 10 (6-14) 7 (4-11) 10 (6-14) <0.001
Laboratory findings

White blood cell count (10°/L) 5.25 (4.14-6.84) 7.24 (5.56-9.53) 5.22 (4.11-6.77) <0.001
Lymphocyte count (10°/L) 1.35 (0.94-1.84) 0.95 (0.58-1.33) 1.36 (0.95-1.84) 0.003
Monocyte count (10°/L) 0.43 (0.33-0.56) 0.37 (0.28-0.63) 0.43 (0.33-0.56) 0.89
Neutrophil count (10°/L) 3.21 (2.28-4.52) 5.92 (3.92-7.63) 3.17 (2.27-4.45) <0.001
Eosinophil count (10°/L) 0.05 (0.02-0.11) 0.01 (0-0.05) 0.05 (0.02-0.11) 0.003
Basophil count (10°/L) 0.01 (0.01-0.02) 0.01 (0-0.01) 0.01 (0-0.02) <0.001
Platelet count (10°/L) 183 (145-229) 179 (127-231) 183 (145-229) 0.56
dNLR 1.65 (1.14-2.46) 4.05 (2.30-6.53) 1.64 (1.13-2.39) <0.001
NLR 2.35 (1.52-3.82) 6.01 (3.31-11.76) 231 (1.51-3.72) < 0.001
SIT 429 (262-751) 1079 (612-2016) 423 (260-723) <0.001
SIRT 1.02 (0.57-1.87) 2.26 (1.20-5.23) 1.00 (0.57-1.81) <0.001
PLR 134 (100-192) 204 (120-310) 133 (99-189) <0.001
MLR 0.32 (0.22-0.48) 0.42 (0.27-0.83) 0.31 (0.22-0.48) 0.002
Treatments

ICU 84 (3.6) 13 (22.8) 71 (3.1) <0.001
CRRT 16 (0.7) 1(1.8) 15 (0.7) 0.326
Primary care 539 (23.0) 39 (68.4) 500 (21.8) <0.001
High fever 189 (8.1) 17 (29.8) 172 (7.5) <0.001
Antibiotics 498 (21.2) 46 (80.7) 452 (19.7) <0.001
High flow ventilation 60 (2.6) 4(7.0) 56 (2.4) 0.083
Noninvasive ventilation 108 (4.6) 17 (29.8) 91 (4.0) < 0.001
Invasive ventilation 29 (1.2) 10 (17.5) 19 (0.8) <0.001
Comorbidities 1439 (61.3) 37 (64.9) 1402 (61.2) 0.572
Hypertension 1010 (43) 24 (42.1) 986 (43.1) 0.886
Diabetes 449 (19.1) 14 (24.6) 435 (19.0) 0.291
Heart disease 514 (21.9) 10 (17.5) 504 (22.0) 0.421
Malignant tumor 152 (6.5) 6 (10.5) 146 (6.4) 0.208
Lung disease 173 (7.4) 4(7.0) 169 (7.4) 0.208
Kidney disease 97 (4.1) 2(3.5) 95 (4.1) 1
Brain disease 383 (16.3) 10 (17.5) 373 (16.3) 0.8
Disease severity <0.001
Asymptomatic 356 (15.2) 1(1.8) 355 (15.5)

Mild 788 (33.6) 4 (7.0) 784 (34.2)

Common 867 (36.9) 2(3.5) 865 (37.8)

Severe 191 (8.1) 25 (43.9) 166 (7.2)

Critically severe 145 (6.2) 25 (43.9) 120 (5.2)

Values are presented as mean + standard, frequency (%), or median (inter-quartile range). LOS, length of hospitalization; dNLR, derived neutrophil to lymphocyte ratio; NLR, neutrophil to
lymphocyte ratio; SII, systemic immune-inflammation index; SIRI, systemic inflammation response index; PLR, platelet to lymphocyte ratio; MLR, monocyte to lymphocyte ratio; ICU,
intensive care unit; CRRT, continuous renal replacement therapy.
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ETs Organ Year Markers in Markers in Inducers  Inhibitors Mechanisms in vitro  Mechanisms Refs

IRI serum/  immunofluorescence in vivo
supernatant
NETs Liver 2015 MPO-DNA Cit-H3 and H2AX HMGBI, NA TLR4-/TLR9-MyD88 TLR4 and TLR9  (18)
histones
NETs Liver 2016 MPO-DNA Cit-H3 Superoxide NA TLR4 and NOX TLR4 (90)
NETs Liver 2017 MPO-DNA Cit-H3 IL-33 NA IL-33-ST2 IL-33-ST2- (50)
MAPKSs/NF-xB
NETs Liver 2018 NA Cit-H3, MPO and NE Acrolein NA NOX2 and P38 MAPK ERK and P38 1)
MAPK
NETs  Liver 2018 NA Cit-H3 and MMP9 NA TIMP NA NA (92)
NETs Liver 2018 NET-DNA and NA Gastrointestinal  NA NA Degranulation of ~ (93)
Cit-H3 MCs gastrointestinal
MCs
NETs Liver 2019 MPO-DNA Cit-H3 IL-17A NA NA NA (94)
NETs Liver 2020 Cit-H3-DNA Cit-H3 NA HCQ TLR9-PAD4/NOX NA (95)
and cfDNA
NETs Liver 2021 MPO-DNA Cit-H3 and MPO NA HRG NA NA (96)
NETs Liver 2021  Extracellular Cit-H3 NA TMP NOX NOX and ERK/  (97)
DNA JNK
NETs Liver 2021 MPO-DNA Cit-H3 NA ExT NA NA (98)
METs Liver 2021 dsDNA, MPO  Cit-H3 NA NA Drive of hepatocyte ferroptosis NA (22)
and NE
NETs Liver 2021  Extracellular Cit-H3, MPO, NE and PR3 NA 1™ TLR4/ERK/JNK and TLR4/ NA (99)
DNA and Cit- NADPH/ROS/PAD4
H3
NETs Liver 2022 MPO-DNA Cit-H3 and MPO NA MSC-EVs Induction of mitochondrial Transfer of (100)
fusion and enhancement functional
mitochondrial function in mitochondria
neutrophils
NETs Kidney 2017  Extracellular Cit-H3 and NE Platelets NA Activation of platelets by NA (101)
DNA necrotic cell-derived DNA
NETs Kidney 2017 MPO-DNA Cit-H3 and NE Histones NA NA NA (19)
(human), NE-
DNA(mouse)
NETs Kidney 2018 cfDNA Cit-H3 and NE NA YW3-56 NA PAD4 (21)
NETs Kidney 2020 MPO-DNA Cit-H3 and NE NA GSK484 NA PAD4 (102)
NETs Kidney 2020 NA Cit-H3 NA 1™ NA NA (103)
NETs Kidney 2021 dsDNA and Cit-H3, MPO and NE NA Fegr2b Syk and NF-xB Syk (104)
MPO
NETs Kidney 2021 NA Cit-H3 P2RX1 NA Platelets and neutrophils NA (105)

metabolic interaction
(glycolytic metabolism and
extracellular ATP)

NETs Kidney 2022  dsDNA MPO and NE Candida NA TLR4/dectin1-Syk-NFxB NA (62)
albicans
NETs Kidney 2022 NA Cit-H3 and MPO C3 NA C3a-C3aR C3a-C3aR (106)
NETs Intestinal 2017 MPO-Histone ~ NA NA DNase I NA Extracellular (107)
DNA
NETs Intestinal 2018 cfDNA Cit-H3 NA DNase I NA NA (108)
NETs Intestinal 2019 NA Cit-H3 NA 1™ NA NA (109)
NETs Intestinal 2020 NA NA NA Gut TLR4/TRIF TLR4/TRIF (110)
microbiota
NETs Intestinal 2020 NA Cit-H3 and MPO NA TXA ROS/MAPK NA (111)
NETs Intestinal 2022 MPO-DNA Cit-H3 and MPO HMGBI1 NA NA TLR4-MyD88 (112)
and dsDNA
NETs Lung 2020 CitH3-DNA Cit-H3 and NE mtDNA NA TLR9Y and PAD4 TLR9 and PAD4  (113)
and NE-DNA
NETs Lung 2022 NA NE and histones NA NA NA TLR4 and NOX4  (114)
NETs Cerebral 2020  Extracellular Cit-H3 NA NA NA PAD4 (115)
DNA
NETs Cerebral 2022 NA Cit3-H4 and MPO NA NA NA NA (116)
NETs Cerebral 2022 CitH3 and Cit-H3, MPO and NE HMGBI1 NA NA Platelet- (117)
MPO-DNA neutrophil
interactions
NETs Cerebral 2022 NA NA PKM2 NA STAT3 and NF-xB NA (118)
NETs Cerebral 2022 NA Cit-H3, NE and NIMP- NA NA NA Platelet TLR4 (119)
R14
NETs Myocardial 2014 NA Cit-H3 NA NA NA PAD4 (120)
NETs Myocardial 2015 NA DNA, histone H2B and NA NA NA NA (121)
MPO
NETs Myocardial 2018 NA Cit-H3 Fn-EDA NA NA TLR4 (122)
NETs Myocardial 2018 NA Cit-H3 NA MKEY NA CCL5-CXCL4 (123)
NETs Myocardial 2020 NA NA NA SPAs NA Histones (124)
NETs Myocardial 2022 MPO-DNA Cit-H3 Gut microbiota NA NA NA (125)
NETs Limb 2013 NA H2A/H2B/DNA complex ~ NA NA NA TLR4 (126)
NETs Limb 2016 NA H2A/H2B/DNA complex NA NA NA NA (127)
NETs Limb 2020 NA Cit-H3 and MPO NA NA NA PAD4 (128)
HCQ NA TLR7/8/9
NETs Cutaneous 2020 NA NA NA mCBS NA Histones (124)
NETs Cutaneous 2022 NA Cit-H3 and MPO NA IL-36Ra NA HMGBI1 (129)

Cit-H3, citrullinated histone H3; cfDNA, cell-free DNA; C3, complement C3; DNase I, deoxyribonuclease I; ETs, extracellular traps; ERK, extracellular regulated protein kinases; ExT,
exercise training; Fegr2b, Fc gamma receptor I1b; Fn-EDA, fibronectin splicing variant containing extra domain A; HMGBI, high mobility group box 1; HCQ, hydroxychloroquine ; HRG,
histidine-rich glycoprotein; IRI, ischemia reperfusion injury; IL, interleukin; IL-36Ra, interleukin-36 receptor antagonist; METs, macrophage extracellular traps; MPO, myeloperoxidase;
MAPK, mitogen-activated protein kinase; MMP9, matrix metallopeptidase 9; MCs, mast cells; MSC-EVs, mesenchymal stromal cell-derived extracellular vesicles; mtDNA, mitochondrial
DNA; mCBS, methyl p-cellobioside per-O-sulfate; NETS, neutrophil extracellular traps; NOX, nicotinamide adenine dinucleotide phosphate oxidase; NE-kB, nuclear factor kappa-B; NE,
neutrophil elastase; NA, not available; PAD4, peptidyl arginine deiminase 4; PR3, proteinase 3; P2RX1, purinergic receptor P2X 1; PKM2, pyruvate kinase M2; Refs, references; rTM,
recombinant thrombomodulin; ROS, reactive oxygen species; ST2, suppression of tumorigenicity 2; Syk, spleen tyrosine kinase; STAT3, signal transducer and activator of transcription 3;
SPAs, small polyanions; TLR, Toll-like receptor; TIMP, tissue inhibitor of metalloproteinases; TMP, tetramethylpyrazine; TRIF, TIR-domain-containing adapter-inducing interferon-p;
TXA, tranexamic acid.
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Target molecule/ Agents/interventions Effects Organ Rets
function IRI
NET components
DNA DNase 1 Degradation of NETs Liver (18) (94, 100) (138)
(190) (192)
Kidney (101) (140) (21) (105)
Intestinal (107, 108, 111, 112)
Lung (113) (114)
Cerebral (117) (119) (115) (162)
Myocardial (120, 121)
Limb (126, 127)
Histones Anti-histones antibody: BWA3 and histones Inhibition of NETSs, decreased histones and Kidney (19, 103)
neutralizer: mCBS, rTM NETs accumulation Intestinal (109)
Cerebral (162)
Myocardial (124)
Cutaneous
Histone citrullination Pan-PAD inhibitors: Inhibition of histone citrullination and Liver (18, 190)
Cl-amidine, YW3-56, YW4-03 NETs formation Kidney (19, 21) (104)
Cerebral (115, 119)
Limb (128)
Cutaneous (129)
Inhibitors of PAD4 (GSK484, GSK199, nNIF) and Liver (138, 190)
PAD4 KO Kidney (21, 102, 105)
Intestinal (112)
Lung (113)
Cerebral (115, 117)
Myocardial (120)
Limb (128)
NADPH oxidase NADPH oxidase inhibitor: Inhibition of NETs and inflammatory factors Liver (91, 97) (99)
F-apocynin, DPI, TMP
ROS inhibitor: N-acetylcysteine (90)
MMP9 rAAVS-TIMP-1 Decreased NETSs and leukocyte activation Liver (92)
HMGB1 HMGBI antagonist: TM Inhibition of NETs and NET-induced EMT Liver (193)
Anti-HMGBI antibody Decreased NETosis, inflammatory and Intestinal (112)
cell apoptosis
PD-L1 anti-PD-L1, PD-L1 KO Decreased NETs Liver (192)
Intracellular signaling molecules
MAPK pathway P38 MAPK inhibitor: Naringin Inhibition of NETs and inflammatory factors Liver (91)
ERK/JNK inhibitor: TMP 97)
NF-«B pathway NF-kB inhibitor: BAY11-7082 Decreased NETs Kidney (104)
Syk pathway Syk inhibitor: R788 disodium
TLR pathway Inhibitor of TLR4 (rTM) Inhibition of NETosis and Liver (99, 191)
and TLR4 KO CTC entrapment by NETs Limb (126)
Inhibitor of TLR9 (HCQ) Decreased NETs Liver (95)
and TLR9 KO Lung (113)
Limb (128)
IL-33/ST2 pathway 1L-33 KO and ST2 KO Decreased NETs and neutrophil infiltration Liver (50)
CCL5-CXCL4 CCL5-CXCL4 blocker: MKEY Inhibition of NETs Myocardial (123)
IL-36R IL-36R antagonist Inhibition of NETs Cutaneous (129)
P2RX1 P2RX1 inhibitor: NF449 Decreased NETs Kidney (105)
PKM2 Inhibitor of PKM2 (ML265) and PKM2 KO Inhibition of neutrophil activation and NETosis ~ Cerebral (118)
Complement cascade C3 KO Decreased NETs and neutrophil infiltration Kidney (106)
Interaction of neutrophils with other cells
Platelets anti-CD41 antibody Inhibition of CTC entrapment by NETs Liver (191)
Clopidogrel Inhibition of platelet and NETs Kidney (101)
Platelet TLR4 KO Inhibition of NETs-activated platelets Liver (138)
Inhibition of NETs Cerebral (119)
Platelet HMGB1 KO Inhibition of NETs Cerebral (117)
Mast cells Depletion of Mast cells Decreased NETs and neutrophil infiltration Liver (93)
Metabolism-related mechanism
Superoxide Allopurinol Decreased NETs Liver (90)
Gut microbiota Antibiotic cocktail protocol Decreased NETs Myocardial (125)
Mitochondria MSC-EVs Transferred mitochondria and decreased NETs  Liver (100)
Others
Multiple unknown Exercise Training Decreased NETs and inflammatory network Liver (98)
mechanism complexity
Drag reducing polymers Decreased NETs and micrometastases Liver (194)
Histidine-rich glycoprotein Inhibition of NETs Liver (96)
Tranexamic acid Decreased NETs Intestinal (111)
Gut microbiota Inhibition of NETosis Intestinal (110)

CTC, circulating tumor cell; DNase I, deoxyribonuclease I; DPI, diphenylenciodonium; EMT, epithelial to mesenchymal transition; ERK, extracellular regulated protein kinases; HMGBI,
high mobility group box 1; IRI, ischemia reperfusion injury; IL, interleukin; MMP9, matrix metallopeptidase 9 MAPK, mitogen-activated protein kinase; MSC-EVs, mesenchymal stromal
cell-derived extracellular vesicles; mCBS, methyl B-cellobioside per-O-sulfate; NET, neutrophil extracellular trap; nNIF, neonatal NET-inhibitory factor; NE-KB, nuclear factor kappa-B;
PAD, peptidyl arginine deiminase; PD-L1, programmed death ligand 1; P2RX1, purinergic receptor P2X 1; PKM2, pyruvate kinase M2; Refs, references; rTM, recombinant
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Characteristics

Number

Sex, female (%)

Age (year)
Gestational age(week)

Delivery mode,
spontaneous labor (%)

Intrapartum fever (%)

GBS Colonization (%)
PIH (%)

Gestational diabetes (%)

Birth weight (g)

Imin Apgar score

Smin Apgar score

10min Apgar score

WBC count (10°/L)
Neutrophil count (10%/L)

Maternity

n=40
100%
26 (21-34)
N/A
N/A

0
0
0
0

N/A
N/A
N/A
N/A
749+ 1.23
5.24  1.01

Neonate

n=40
45%
N/A

9 (38-41)
100%

N/A

N/A

N/A

N/A

344729 + 570.45

10
10
10

N/A

N/A

Healthy adult

n=25
44%

25 (22-35)
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Data presented as median (age range and birth weight); mean (standard deviation) or number (percentage); GBS, group B B hemolytic streptococcus; PIH, Pregnancy induced hypertension;

WBC, white blood cell; N/A, not applicable.
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1 USA 1555 93856 0.24
2 China 738 15214 0.05
3 Germany 714 49879 0.26
4 England 342 19846 0.18
23 Ttaly 280 12031 0.10
6 Japan 271 8594 0.04
7 Canada 249 19170 0.16
8 Sweden 224 12781 0.12
9 Netherlands 220 10669 0.10

10 France 216 12552 0.08
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