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Editorial on the Research Topic


Oral neutrophils - the good, the bad, and the ugly




1 Introduction

Historically, all oral mucosa diseases due to non-specific symbiotic flora have been considered topical diseases. In the last two decades, this vision has been embodied by the idea of dysbiosis. However, the concept of dysbiosis as a pathogenic factor became very controversial in the last decade (1). Otherwise, the host microbiome is presently seen as the normal environment of the host, whereby both are in state of symbiosis and permanent interactions. The host controls its symbionts and if this fails, disease or even host death may occur. The control on symbionts is accomplished by both innate and adaptive immunity. In the oral mucosa the major defenders of the innate immune system are neutrophils and neutrophil extracellular traps (NETs). So, non-specific oral mucosa inflammation is caused by the symbiont flora when the innate immunity is dysregulated, due to either inborn immune defects, or acquired ones. In both cases, these immune defects can affect neutrophils. The former are characterised by insufficiency or lack of neutrophils in gingiva (2, 3) or by reduced NET formation on oral mucosal surfaces (4, 5), the latter by heavy neutrophil infiltration (6) and neutrophil hyper-responsiveness (7, 8). Over the last ten years, the conception of trained immunity (TI) has been developed (9, 10) and the inadequate host response has been denoted maladaptive TI (11). TI confers partial “autonomy” on neutrophils that does not underlie the direct control of adaptive immunity and dysregulated TI can harm gingiva and periodontium (12). The maladaptive TI, which is epigenetically encoded in haematopoietic stem and progenitor cells (HSPCs), causes neutrophil hyper-responsiveness. The latter dysregulates their immune response, which underlies the pathogenesis of periodontitis with late-onset. Transfusion of HSPCs, which are responsible for TI, from mice with ligature-induced periodontitis into healthy animals causes periodontitis, even without dysbiosis (8). Periodontitis with late-onset affects more than 60% of humans (13) and represent the largest share of all oral mucosal diseases. Periodontitis, its pathogenesis, the role of neutrophils, NETs and maladaptive TI has been reviewed by Vitkov et al. The neutrophil proneness to form NETs on mucosal surfaces as well as NET roles, detection, and visualisation have been described by Li et al.




2 Interconnection between oral disorders and other diseases

As periodontitis is a systemic low-grade inflammatory (LGI) disease (12, 14), implications can be expected in other organs. Irwandi et al. discussed the contribution of periodontitis to the onset, progression, and complications of atherosclerotic cardiovascular diseases. In addition, infectious diseases characterised by overproduction of NETs, like COVID-19 (15), are also aggravated in periodontitis (16), and is caused by maladaptive TI (17). Heterogeneity of neutrophils and inflammatory responses in patients with COVID-19 and healthy controls have been studied by Xu et al., Hornigold et al. reported the age-related decline in the resistance of mice to bacterial infection and in LPS/TLR4 pathway-dependent neutrophil responses. The implications of this senescence-related decline in responsiveness may contribute to exacerbating the transient bacteraemia associated with periodontitis (12). Tang et al. demonstrated that in acute stress the enriched transcripts were mainly related to inflammation, defence, wounding, wound healing, complement activation and pro-inflammatory cytokine production. Additionally, the concentration of IL-1b, IL-6 and neutrophil number in peripheral blood increased significantly after acute stress, indicating the immunity transition into an inflammatory state. In sum, acute stress led to rapid mobilisation of the immune system. The body presented an inflammatory state dominated by an innate immune response represented by neutrophils. These findings suggest that stress may be an important contributor to onset and progression of periodontitis. Siddiqui et al. studied the periodontal neuropeptide Substance P (SP) and its role on host responses and bone loss in ligature-induced periodontitis. Deletion of tachykinin precursor 1 (Tac1), a gene encodes SP, or treatment of gingiva with SP antagonist significantly reduced bone loss in ligature-induced periodontitis. Ligature-induced recruitment of leukocytes, including neutrophils, and increase in cytokines leading to bone loss in periodontium was significantly lower in Tac1 knockout mice. Furthermore, intragingival injection of SP, but not neurokinin A, induced a vigorous inflammatory response and osteoclast activation in alveolar bone and facilitated bone loss in ligature-induced periodontitis. These data suggest that the periodontal innervation, in particular SP, plays a significant role in regulating host responses and bone resorption in ligature-induced periodontitis.




3 Treatment strategies

With immunological advances, a number of treatment strategies have been introduced to combat neutrophil inflammatory responses and to reverse maladaptive TI. This enables geroscientific strategies for periodontal rejuvenation and periodontal bone restoration (18). Another treatment possibility in periodontitis might be suppression of NET formation. As summarised by Liu et al., therapies targeting NETs can be segmented into two categories: degradation/destabilization of NETs, and the inhibition of NETs formation. Due to adverse side effects, most treatment options are not justified for the treatment of periodontitis.

In patients with antithrombotic prophylaxis employing low molecular weight heparins, a possible benefit for periodontitis can be expected, as they reportedly reduce NETs formation and dissociate histones from the chromatin backbone of NETs, as resumed by Liu et al. However, any clinical studies on low molecular weight heparins in periodontitis are lacking. Irwandi et al. summarised that novel and targeted approaches to manipulate neutrophil numbers and functions are warranted within the context of the treatment of periodontitis and also to mitigate its potential impact on other LGI disease. However, manipulation of neutrophil numbers is no mild treatment option, as demonstrated by Hebeda et al. neutrophil depletion promotes a higher frequency of monocytes, natural killers, and T regulatory cells, and lower frequency of cytotoxic T cells in the blood.

Additional completely new treatment approaches have been reported. Li et al. studied inhibition effects of taurine on bacteria-induced NADPH oxidase-dependent neutrophil extracellular traps via TAK1/MAPK signalling pathways. Chen et al. analysed how the ginsenoside Rg5 counteracts NETosis and inflammatory response in neutrophils via the adenosine diphosphate receptor P2RY12 on the platelet surface, which may pave the road for its clinical application in inflammatory disorders. Cxcr2 plays a crucial role in phagocytic ability, reactive oxygen species production, F-actin and α-tubulin levels, and phosphorylation of ERK1/2 and p38 MAPK, impaired PI3K-AKT, NF-κB, TGFβ and IFNγ pathways. Therefore, Cxcr2 blockers might also be a possible option to attenuate the neutrophil hyper-responsiveness seen in periodontitis Delobel et al.




4 Conclusion

Recently, the attention in mucosal inflammatory disease has been shifted from the topical to systemic point of view i.e., from the concept of dental biofilm dysbiosis to that of dysregulated immunity. The oral dysbiosis appears to be rather a corollary phenomenon of dysregulated immunity. The neutrophils and NETs play a crucial role in the mucosal inflammatory diseases. Reversing the maladaptive TI and geroscientific strategies may aid in oral mucosal rejuvenation and even reversion of periodontal bone loses, as recently demonstrated in experimental animals. The prophylaxis and treatment perspectives of oral mucosal pathology particularly periodontology largely depends on the progress in neutrophil immunology.
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The subgingival biofilm attached to tooth surfaces triggers and maintains periodontitis. Previously, late-onset periodontitis has been considered a consequence of dysbiosis and a resultant polymicrobial disruption of host homeostasis. However, a multitude of studies did not show “healthy” oral microbiota pattern, but a high diversity depending on culture, diets, regional differences, age, social state etc. These findings relativise the aetiological role of the dysbiosis in periodontitis. Furthermore, many late-onset periodontitis traits cannot be explained by dysbiosis; e.g. age-relatedness, attenuation by anti-ageing therapy, neutrophil hyper-responsiveness, and microbiota shifting by dysregulated immunity, yet point to the crucial role of dysregulated immunity and neutrophils in particular. Furthermore, patients with neutropenia and neutrophil defects inevitably develop early-onset periodontitis. Intra-gingivally injecting lipopolysaccharide (LPS) alone causes an exaggerated neutrophil response sufficient to precipitate experimental periodontitis. Vice versa to the surplus of LPS, the increased neutrophil responsiveness characteristic for late-onset periodontitis can effectuate gingiva damage likewise. The exaggerated neutrophil extracellular trap (NET) response in late-onset periodontitis is blameable for damage of gingival barrier, its penetration by bacteria and pathogen-associated molecular patterns (PAMPs) as well as stimulation of Th17 cells, resulting in further neutrophil activation. This identifies the dysregulated immunity as the main contributor to periodontal disease.




Keywords: dysbiosis, dysregulated immunity, NET formation, caspase 4, caspase 11, bacterial membrane vesicles, outer membrane vesicles



Introduction

Periodontitis is a collective term for disorders of the tooth supporting tissues with various aetiologies (1). In general, the most frequently forms of periodontitis can be divided into two main categories triggered by (I) the biofilm attached to the outer tooth surface and (II) by dental pulp necrosis, respectively (1). The latter is also denoted “endodontic-periodontal lesions” (1) and is also a subject of endodontology. The most frequent form of biofilm-triggered periodontitis is the late-onset, formerly referred to as “chronic periodontitis”. The quite common denoting “late-onset” is not a diagnosis, but just tagging the periodontal disorders, which are an age-related condition occurring in humans after the age of 30 (2–4). Late-onset periodontitis is characterised by the formation of a periodontal pocket, a pathological formation of a duct-like space (periodontal crevice) between the pocket epithelium and the subgingival biofilm attached to the tooth root (5). The subgingival biofilm continuously disperses planktonic bacteria, pathogen-associated molecular patterns (PAMPs), and periodontal pathogenic bacteria (6). These afflict the epithelium in order to get internalised and PAMPs impair the epithelial barrier (7). The crevice is filled with the gingival crevicular fluid (GCF) and is where the periodontal pathogens are initially encountered by the first line of host defence, the crevicular neutrophils and the humoral components of innate and adaptive immunity (8). Late-onset periodontitis is characterised by the inability to efficiently control subgingival biofilm (9), damage of the host tooth supporting tissues (5) and transmigration of periodontal pathogens into blood circulation (10). That the late-onset periodontitis is triggered by subgingival dental biofilm is beyond doubt. One may argue that the dental biofilm is also the cause for this disease, or at least the dysbiosis of the subgingival dental biofilm. Currently, some observations relativise the etiological role of subgingival dysbiosis: (I) the age-association of late-onset periodontitis in susceptible individuals and (II) the neutrophil hyper-responsiveness in late-onset periodontitis, (III) the responsiveness of biofilm-induced periodontitis to anti-ageing therapy (11–13) and (IV) a microbiota shift by dysregulated immunity (14, 15).

The aim of this review was to investigate the role of neutrophils in periodontal disease. We consider the factors responsible for resistance, induction, clearance failure and maintenance of this disease and discuss the role of neutrophils in its aetiopathogenesis.



Periodontitis Pathology

Maintenance of tissue homeostasis is imperative to host survival. This fundamental process relies on a complex and coordinated set of innate and adaptive responses that calibrates responses against self, food, commensals, and pathogens (16). In health, homeostasis between gingiva and microbiota exists, i.e. the microbiota is controlled by the immunity (17) (Figure 1). In patients with neutropenia and defects of leukocyte adhesion early-onset periodontitis inevitably develops (18). Similarly, dysregulating the immunity via intra-gingival application of lipopolysaccharide results in experimental periodontitis without the contribution of any additional bacterial pathogens (19, 20). Patients with late-onset periodontitis have systemic low-grade inflammation and neutrophil hyper-responsiveness (21–25). Taken together, all forms of periodontitis are characterised with either neutrophil defects or dysregulated immunity, in particular neutrophil dysregulation. Periodontitis is not a consequence of basic alteration of the oral microbiota, but rather of the inability of the host immunity to resolve chronic inflammation (26, 27). The capacity of certain bacteria to act as a commensal or pathogen is highly dependent on the host immune conditions (28).




Figure 1 | Relationship between host and dental biofilm.



The development of a periodontal pocket marks the point of no return to homeostasis. The pocket reflects an impairment of the innate immunity to control the subgingival microbiota, as this pathological structure provides anaerobic conditions and mechanical protection for the accumulation of subgingival biofilm. It hampers the GCF flow through the prolonged duct-like crevice and facilitates the accumulation of PAMPs, proteases and is accompanied by an excess of reactive oxygen species (ROS). The periodontal inflammation can temporarily be suppressed by antimicrobials that reduce the dental biofilm (29), but not on permanent basis. Conservatively treated periodontal sites are subject to recolonization with a microbiota similar to that prior to therapy. The degree and speed of recolonization depends on the treatment protocol and the distribution patterns of periodontal microorganisms elsewhere in the oral cavity. It is further influenced by the quality of the patient’s oral hygiene (29). Nevertheless, the surgical elimination of periodontal pocket does not eliminate the proneness to relapse and does not substantially alter the microbiota (30). Albeit the sulcular microbiota in orally healthy subjects has been considered symbiotic, the differences between oral symbiotic and dysbiotic microbiota remain elusive (26, 27). The symbiosis between the microbiota and its mammalian host encompasses various forms of relationships, and how members of the microbiota interact with their host can be highly contextual with the same microbe developing as mutualist, commensal, or pathogens according to the genetic landscape and immunity of the host (16, 28). Increased inflammation in periodontitis is not associated with a distinct microbiome; it rather corresponds with higher dental biofilm biomass (31). Indeed, the higher biofilm biomass produces more PAMPs, hence a stronger inflammatory response and more host damages, as the lipopolysaccharide (LPS)-induced experimental periodontitis shows (19, 20). These findings support the alternative notion that the microbiota shift is due to dysregulated immunity (14, 15). Indeed, neutrophil hyper-responsiveness has been reported in late-onset periodontitis (21–25). The neutrophil hyper-responsiveness remains in edentulous patients with a history of late-onset periodontitis (21–23, 25), despite the disappearance of the bacteraemia after teeth exfoliation (32). Its control by the immune response is obviously insufficient in periodontitis-susceptible modern humans, who also have dissimilar diet and lifestyle than their pre-modern ancestors (33). The role of dental biofilm overgrowth is crucial (29), but it appears to be the consequence of dysregulated immunity (27); the aberrant responsiveness of neutrophils in periodontal disease supports this possibility (21–25). Lastly, the majority of modern people over 30 years remain periodontitis resistant (34).

Human beings are domestic beings seemingly eluding the “natural selection” and some of their evolutionary adaptations, like oral hygiene and professional dental treatment are artificial. The same applies to the pets. In comparison, advanced late-onset periodontitis has not been reported in wild-living Mammalia. Periodontitis completely lacks in rhinoceros (35), or is rare in marmosets (36). In wild-living apes, only occasional and mild forms of periodontitis have been reported (37).



Dental Biofilm


Biofilm Basics

Biofilms are aggregates of interface-associated sessile bacteria, Candida, and viruses (38), all embedded within a matrix of extracellular polymeric substances (EPS) (39–41). Horizontal transfer of EPS genes (42) plays an important role in the multi-species consortia of dental biofilm (43, 44). Each oral biofilm consists of five main components: (I) bacteria, (II) bacterial membrane vesicles (BMVs), (III) macromolecules like proteases and toxins, (IV) immune cell and their remnants, all encapsulated by (V) EPS. The biofilm EPS offers protection from the surrounding environment and provides certain advantages to the embedded sessile bacterial community that planktonic bacteria do not possess (45). Biofilms go through a life cycle of planktonic cell attachment to an interface, micro-colony formation, biofilm maturation, and finally dissemination (46). Each phase of this circle is characterised by distinct bacterial phenotype. Thus, the biofilm is a complex microbial community characterised by attributes not seen in planktonic bacteria: (I) primitive homeostasis and metabolic cooperativity (47) (II) cell-to-cell signalling (39) (III) essentially higher resistance to antibiotics (48) (IV) dissemination by dispersion (49) (V) detachment of bacteria (50–52) and last not least (VI) resistance to the host defence (40). Thus, many oral pathogens are protected from crevicular neutrophils within the bulky dental biofilm and can rely on nutrition from ingredients of GCF diffusing through the EPS. Thereby, the gingivitis is beneficial to the biofilm, as the first host response of gingivitis involves increased flow rate of the GCF (53). The role of dental biofilm is beyond doubt, as its removal efficiently prevents gingivitis and periodontitis. Importantly, even a short-term biofilm accumulation is sufficient to induce gingival inflammation (53). Dental biofilm is a conditio sine qua non for biofilm-induced periodontitis (29). In individuals without gingivitis and periodontitis, biofilm might be partly removed via mastication, but the artificial biofilm destruction, i.e. teeth brushing, is by far more efficient (54). The abundance of carbohydrates and the soft consistency of the diet in post-industrial revolution societies lead to biofilm overgrowth as mechanical biofilm destruction is insufficient and carbohydrates foster biofilm accumulation (55). Surviving some biofilm parts enables the biofilm maturing. This is characterised by phenotype transition into the so-called state of persisters, bacteria highly resistant to antibiotics and neutrophil killing (see § 3.3). Both persisters and EPS hinder neutrophil killing and prevent destruction of the biofilm by crevicular neutrophils (56). Modern humans attempt to compensate for this failed biofilm removal by targeting dental biofilm through oral hygiene and professional treatment. These are the new evolutionary strategies of the post-industrial age. However, only susceptible individuals are affected by periodontal disease; most humans, i.e. nearly 60%, are resistant and remain periodontally healthy lifelong (34). This fact suggests the existence of unknown immune mechanisms, able to completely protect orally healthy individuals from oral microbiota.



Heritability of Oral Microbiota and Shift Due to Diet

Oral microbiota is primarily inherited from caregivers (17). Genetic studies in twins have shown that host-related microbial communities depend on both host genetics and environmental factors (57). Oral microbiome similarity increases with shared host genotypes. Highly heritable oral taxa have been identified, although most of the variation of the oral microbiome has been determined by environmental factors (57). These findings indicate that the hosts control almost half of their oral microbiota. The remaining half differs due to differences in diet, lifestyle and environment (29) and hence are “independent” of the host genotype. From the microbiologic perspective, the environment shapes the microbiota (17). The environment of supragingival biofilm microbiota is determined by both host and diet. That of subgingival biofilm predominantly by host, as the subgingival effects of diet are minor However, a discrimination between supragingival and subgingival biofilm has been rarely reported in oral microbiome studies (31). Subgingival biofilm is found in the gingival sulcus of people without and in the pocket of people with periodontal disease. Discrimination between supragingival and subgingival biofilm in fossils of individuals without periodontitis is not possible and only partly feasible in living animals for technical reasons. The fact that no discrimination has been reported in studies on fossils and animals (33, 58) strongly suggests that the examined biofilm was either supragingival or mixed, thus limiting the usefulness of these studies on oral microbiome concerning periodontitis.

With the establishment of the agricultural and industrial lifestyle and diet alteration, there was a shift in the oral microbiota and the number of oral pathogens increased, especially of Porphyromonas gingivalis (P. gingivalis) (33). However, not only the carbohydrate-rich Neolithic diet, but also the low chewing resistance leads to the formation of biofilm. The importance of the mechanical destruction of dental biofilm in modern humans is beyond doubt and they solve this problem artificially, at least in part, by brushing teeth, flossing and professional oral hygiene (59).



Planktonic Bacteria and Biofilm Differ

A fraction of biofilm bacteria evolves into persister cells that are genetically nearly identical, but phenotypically distinct from their parent cells. Persisters are metabolically inert, replicate slowly, modulate the toxin-antitoxin system, upregulate DNA repair and anti-oxidative machinery, have enhanced phosphate metabolism, and exhibit unresponsiveness towards minimal inhibitory concentrations of antibiotics (60). Drug treatment normally kills planktonic cells and the majority of biofilm cells. Nevertheless, EPS and drug tolerant persisters remains unharmed. The latter repopulate the biofilm, disseminate into planktonic forms and start a new cycle of biofilm development (60–62). This perpetuates diseases caused by biofilm forming pathogenic microorganisms. For this reason, the biofilm is considered of “pseudo-organismic nature” (27). Therefore, new strategies aiming at EPS destruction have been introduced (41).




Immunity Dysregulation as Instigator of Periodontitis

Many features of periodontitis appear to be unrelated to the composition of oral microbiota. They can be used to examine to what extent the oral microbiota determines development and maintenance of periodontitis.


Heritability of Periodontitis: Dysbiosis as a Consequence of Immune Deficiency

The genetic backdrop of all forms of early-onset periodontitis is based on inborn neutrophil defects (18, 63) or on other inborn genetic defects leading to neutrophil activation (64). The concomitant dysbiosis in early-onset periodontitis is hence a consequence of inborn immune deficiency. The genetic predisposition of late-onset periodontitis is beyond doubt (65). However, the association of genetic polymorphisms in PAMP-sensing and PAMP-signalling genes with the microbiota composition has been detailed studied only in gut. Importantly, host cells sense bacteria via their PAMPs by pattern recognition receptors (PRRs) (66–73). PRRs include several families of receptors: toll-like receptors (TLRs), nucleotide-binding oligomerisation-like (NOD-like) receptors, RIG-I-like receptors, and C-type lectin receptors. Thus, gut dysbiosis has been demonstrated in studies on knockout TLRs in mice (67). Nod2-deficient mice showed an increased load of commensal resident bacteria, a reduced ability to prevent intestinal colonisation by pathogenic bacteria (69, 70), and an increased susceptibility to bacterial infections (71). Inflammasome-deficient mice have an impaired host/microbiome interaction causing an increased intestinal inflammation (66, 72, 73). A locus containing the Irak4 gene, a kinase that activates the nuclear factor-kB pathway in TLR-and T cell receptor-signalling pathways is associated with certain bacterial species (74). Several bacteria are associated with the locus that contains the Irak3 gene, another regulator of TLR-signalling pathway (75). Consistent findings have been observed for the association of PRR genes with microbiome composition and microbiome-associated disease (76). So, single-nucleotide polymorphisms in the NOD1 gene are associated with bacterial pathways and gene groups specific for E. coli (68). Genetic variants in NOD2 are strongly associated with Crohn’s disease, an inflammatory condition of the gut associated with dysbiosis (77, 78)]. Carriership of the NOD2 genetic risk for Crohn’s disease is associated with an increased relative abundance of Enterobacteriaceae (77). An increased risk of periodontitis among patients with Crohn’s disease has been well established (63, 78).

The host genetic backdrop of dysbiosis indicates that it is in many cases a consequence of immune defects respectively dysregulation. In addition, the inability to transfer oral pathogens within the family (79) or the merely transient effect of a single oral microbiota transplant in dogs (80), supports the concept that the dysbiosis of dental biofilm is a result of the dysregulated host immunity and not vice versa. Neither microbiota transplantation (80) nor probiotics have any effect on periodontitis (81) and gingival inflammation (82).



Ageing. Periodontitis as a Common Mammalian Age-Related Disease

Postnatal development of an individual is followed by a “middle” period of relative stability, when changes in physical and cognitive function are small and only detectable by very sensitive tools or challenging tests. During that period, most individuals in the population are free of diseases (83). This also applies to people who develop late-onset periodontitis over the age of 30 (2–4). Underneath this apparent stability, several compensatory and homeostatic mechanisms continuously operate to preserve the biochemical balance and prevent phenotypic derangements, as well as functional decline (84). These mechanisms are initially effective and provide a robust homeostasis, but start to fade later in life. Ageing is a complex process involving various mechanisms that lead to the accumulation of subcellular, cellular and intercellular damages as well as other age-related deleterious changes, together representing the organisms’ “deleteriomes” (85). Unrepaired damage accumulates beyond the functional threshold (84). On the molecular level, the most precise biomarker of ageing is based on DNA methylation profiling and is known as the “epigenetic clock” (86).

Periodontitis is a common mammalian disease affecting humans, non-human primates (87), ruminants (88, 89), rodents (11, 90), and pets (91, 92). Periodontitis has been reported in Palaeolithic, Mesolithic, Neolithic and post-industrial revolution humans (93). An important question is, whether the prevalence of periodontitis increases in Neolithic and post-industrial revolution or just the average human longevity. This question cannot be answered without doubt. The synchronous increase of average human longevity and the accompanying increase in prevalence of periodontitis creates the impression of genuine increase in prevalence in post-industrial humans. This has been mainly explained as a consequence of altered diet and lifestyle (33). However, the accumulation of somatic mutations dysregulates the immunity and results in a plethora of age-related diseases (94), which become flashier with the lifespan increase in both humans (34) and domestic mammalians (90) during the post-industrial revolution. The prevalence increase of late-onset periodontitis underlies the same kinetics. It can be deduced that anti-aging therapies should alleviate periodontal disease. Indeed, the good responsiveness of periodontitis to anti-ageing therapies (11–13) scrutinise the role of dysbiosis in periodontitis and highlights the role of dysregulated immunity. On cellular level, Porphyromonas gingivalis causes in vitro cell senescence, which is reversed by anti-ageing treatment (95).



Dysbiosis and Immunity

The capacity of certain bacteria to act as a commensal or pathogen is highly dependent on the host immune conditions, genetic predispositions, and coinfections (28). The host poses a complex regulatory system, involving epithelial cells, IgA, AMPs, and an array of innate and adaptive immune cells to control the composition and distribution of the microbiota (16). Thus, periodontitis heritability, ageing relatedness and neutrophil hyper-responsiveness (10) are consequences of immunity dysregulation. This underscores the role of immunity and enables a new perspective on periodontal disease, independently of the dysbiosis tenet. The common definition of dysbiosis is an imbalance between beneficial and harmful microorganisms (96–98). This requires the existence of “healthy” microbiota in healthy individuals that can be used as a reference pattern for differentiation between health and disease. However, a “healthy” microbiota pattern has never been established (99, 100). Especially in oral microbiota, where the diversity is very high (101), and strongly differs depending on culture, diets, regional differences, age, social state etc. The lack of “healthy” oral microbiota relativises the pathogenic role of oral dysbiosis. Recently, the dysbiosis in general (but not the oral one) has been hypothesised to be a consequence of the dysregulated immunity (14, 15, 102), and a new environmental concept of microbiota regulation by the host as its environment has been established (16, 17, 28). In knocked out CXCR2-/- mice, which are characterised by the absence of gingival neutrophils, the oral microbiome undergoes a significant shift in total load and composition as compared to that of wild type CXCR2+/+ mice with normal levels of neutrophil recruitment into the gingival tissues. This dysbiosis in CXCR2-/- mice is accompanied by a significant increase in periodontal bone pathology (103). However, transfer of the oral microbiome of CXCR2-/- mice into germ free CXCR2+/+ mice led to restoration of the microbiome to the wild type CXCR2+/+ composition and the absence of pathology. These data demonstrate that the composition of the oral microbiome is governed to a significant extent by the genetically determined immunity of the host organism (103).




Dysregulated Immunity


Neutrophil Functions in Gingiva

Neutrophils play a central role in the control of bacterial infections. Neutrophils are also the effector immune cells responsible for the antimicrobial defence in the gingiva and the first defenders to face the bacterial invasion. Thus, the tissue neutrophil density increases at least 150-fold in the first 4 h after intradermal inoculation of healthy rabbits with E. coli, since a certain neutrophil density is required to counter bacterial invasion (104). The indispensable role of neutrophils in periodontal health is evident from development of early-onset periodontitis in patients with neutropenia and with defects of leukocyte adhesion (18). Neutrophils do not recognise individual pathogens or pathogen species, but just danger signals, (I) chemokines, (II) cytokines, (III) immune complexes, (IV) PAMPs, (V) damage-associated molecular patterns (DAMPs), (VI) C3a or 5a, and (VII) complement C3 and C4 and their derivatives (105). Intra-gingivally injecting LPS is sufficient to cause experimental periodontitis and is routinely used as animal model (19, 20). Vice versa to the surplus of PAMPs, the increased PMN responsiveness characteristic for late-onset periodontitis (21–24) may effectuate the same result. Thus, neutrophils can turn from bacterial defender into tissue devastators independently from the bacterial challenge (105, 106). In particular, components of exaggerated NETs harm and even kill epithelial cells (107) and promote tissue damage (108, 109).



Trained Immunity: Neutrophil Hyper-Responsiveness and NET Aggregation

The neutrophil hyper-responsiveness in late-onset periodontitis is also an aspect of dysregulated immunity (21–25); it persists in edentulous patients with a history of periodontitis (21–23, 25). Certain microbial challenges promote the response of myeloid cell populations to subsequent infections either with the same or with other pathogens. This phenomenon involves changes in the cell epigenetic and transcription, and is referred to as ‘‘trained immunity’’ (110). It acts via modulation of hematopoietic stem and progenitor cells (HSPCs). A main driver of modulation is the sustained low level transfer of lipopolysaccharides from the periodontal pocket to the peripheral blood. Dysregulated trained immunity misleads the neutrophils to a non-resolving inflammatory state with elevated and reduced levels of inflammatory and homeostatic mediators, respectively (111). In general, trained neutrophils are prone to increased NET formation (112, 113). The neutrophil hyper-response aims to destroy the pocket pathogens, but they appear to be resistant to NET killing (114). So, bystander damages, due to the surplus of NET proteases and histones, are responsible for lessening the epithelial barrier and formation of ulceration (see §4.4). Both sorts of epithelial damage compromise the gingiva defence. Thus, the exaggerated NET formation in late-onset periodontitis (115) may also be a result of trained immunity. Trained immunity gives neutrophils a partial “autonomy” that does not underlie the direct control of adaptive immunity (10).



NET Response in Periodontitis

Dental biofilms communicate with the crevicular neutrophils via soluble excretions of dental biofilms, mostly PAMPs, recognised by neutrophil surface receptors (116). However, in periodontitis neutrophil toll-like receptors (TLRs) may be degraded by the increased concentrations of crevicular neutrophil proteases (117–121). Interestingly, when neutrophils are stimulated in vitro with oral pathogens, TLR inhibitors have no effect on ROS and NET release (114); this indicates that TLRs are not involved in the activation of crevicular neutrophil. An alternative bacterial recognition takes place via outer membrane vesicles (OMVs) (122). These are endocytosed by neutrophils and activate caspase-4/11 (123). Gram negative bacteria prevail in subgingival biofilms. Thus, the main share of BMVs from dental biofilm in periodontitis are OMVs that are heavily loaded with LPS (122). OMVs are released into the GCF by bacterial biofilms during normal cell growth without affecting cell viability; but growth conditions have a profound effect on the release of OMVs (124, 125). Two main mechanisms are responsible for bacterial and OMV dissemination from biofilms: (I) bacterial dispersion, an active process controlled by various biofilm-intrinsic mechanisms, like quorum sensing (49) and (II) detachment, a passive process driven by mechanical forces (46). During mastication and hygiene procedures, subgingival dental biofilms are exposed by a pump-like action of the periodontal pocket. It is accompanied by bacterial translocation, a clear indication of a biofilm detachment (50–52). Indeed, free LPS is recognised by membrane-borne TLR4 and induces NET formation via the MEK/ERK pathway (126); this is similar to the action of PMA (127) and activates several transcriptional nuclear factors. OMVs function as vehicles that deliver LPS into the cytosol. When endocytosed, OMVs release LPS from the early endosomal compartments into the cytosol (122). The host is thus capable of TLR4-independent cytosolic recognition of LPS (128, 129). Inflammatory caspases, namely murine caspase-11 and human caspase-4 and caspase-5 serve as receptors for cytosolic LPS (130). The latter also induces caspase 4/5/11-dependent cleavage of gasdermin D (GSDMD) and thus promotes suicidal NET formation, whereas caspase 1 is not activated (123). Otherwise, NET induced by canonical stimulants proceed caspases-independently but share the morphological features of NET formation induced by caspase-4/5/11/GSDMD signalling (123).

Another possibility to trigger NET formation when TLRs are proteolytically degraded involves the cleavage of the protease activated receptor (PAR2) on neutrophils surfaces, e.g. by gingipain. Importantly, NETs formed in this way are deficient in antibacterial activity (131), hence it is evident that the PAR2-based responses do not orchestrate the host’s defence but drive gingival damage (131).



Neutrophil-Induced Gingival Damages

Hyper-responsive neutrophils and in particular exaggerated NET formation cause tissue damage (108). Abundant crevicular neutrophils and NETs overload the pocket with neutrophil-derived proteases (118, 120, 132) and cause epitheliopathy via Oncostatin M (133). This correlates with the epithelial ulceration in periodontitis (5, 134). NET-derived components such as histones (107, 135–137) and myeloperoxidase (MPO) (107) are cytotoxic to epithelial cells; neutrophil proteases damage and even kill epithelial cells. High NET levels reportedly suppress keratinocyte proliferation, delay wound closure (138, 139) and chronifies ulcers. In contrast, aggNETs proteolytically inactivate several soluble pro-inflammatory mediators over time (140). Neutrophil activation due to plasminogen (Plg) deficiency causes periodontitis in both humans (known as ligneous periodontitis) (141) and Plg-/- mice (64). The neutrophil activation in Plg deficiency is effected via fibrin polymer binding motif recognisable by the integrin αmβ2 (CD11b/CD18) (142) and results in exaggerated NET formation in Plg-/- mice. The exaggerated NET formation effectuates heavy periodontitis, which can be suppressed by DNase I in a mouse model (64). Exaggerated NET formation is concomitant with heavy purulent periodontitis (6).

Gingival homeostasis does not require oxidative burst, as periodontitis occasionally occurs in patients with chronic granulomatous disease (CGD), a rare primary immunodeficiency that affects the innate immune system. It is caused by mutations in any of the four genes encoding the subunits of the superoxide generating phagocyte NADPH oxidase; CGD displays no or very low levels of enzyme activity (143). Some isolated cases of periodontitis have been reported in CGD patients (144–146). A survey on 368 CGD patients has reported just nine cases of gingivitis or periodontitis (147). However, excess of ROS characterises periodontitis-related neutrophil hyper-responsiveness (21–25). Consequently, the deleterious effects of ROS on host tissues (148) are boosted in periodontitis. NETs entrap oral bacteria, but do not kill them (114). Thus, the surplus of both ROS and proteases in periodontitis harms the host, a clear indication of dysregulated immunity.



Neutrophil Orchestration by Gingiva and the Adaptive Immunity

Oral epithelial cells are sentinel cells provided with a multitude of PRRs and upon PAMP stimulation produce interleukins (ILs), in particular IL-8 (149). IL-8 is mostly recognised via the neutrophil chemokine receptor CXCR2, which play a crucial role for the neutrophil recruitment into periodontal crevice (150). After penetrating the epithelial barrier, lipopolysaccharides mount a strong inflammatory response of gingival fibroblasts via their surface-expressed TLR-4 (151). In periodontitis, there is extensive inferred communication between stromal and immune cells (152). Of interest and consistent with pathways upregulated in disease, stromal and epithelial cells appeared to promote adhesion of immune cells, while fibroblasts displayed a potential toward recruitment of inflammatory cells. Gene-expression signatures indicate an active role for stromal cells in the recruitment of immune cells to the site of disease (152). Fibroblasts are particularly transcriptionally active in the production of chemokines. Fibroblasts expressed a broad array of chemokine ligands exclusive in their potential to recruit neutrophils (CXCL1, 2, 5, 8) as well as chemokines with the potential of recruiting several types of leukocytes, e.g. CXCL12, CXCL13, CCL19. Taken together, these data suggest that stromal cells utilize intercellular signalling to drive immune cell recruitment and tissue transmigration in periodontitis (152) (152).Though the gingival inflammatory response is dominated by neutrophils (153), the entire immune response is involved. Within the crevice, IgA binds to neutrophil Fc-alpha receptors; thus the adaptive immunity guides the neutrophil response (154–156). Once the adaptive immunity has developed, the neutrophil response in periodontitis is orchestrated by Th17 cells (32, 157).




Conclusion

Dental biofilms are aggregates of tooth surface-associated sessile bacteria. They are characterised by phenotype transition of a few bacteria into the so-called state of persisters, cells highly resistant to antibiotics and neutrophil killing. Both persisters and EPS hinder neutrophil killing and prevent destruction of the subgingival biofilm by crevicular neutrophils. Each microbiota depends on environmental factors, so host-related microbiota depends on host genetics and immunity. Ageing of persons developing late-onset periodontitis is a complex process involving various mechanisms that lead to the accumulation of subcellular, cellular, intercellular and other deleterious changes of immunity. Due to neutrophil defects or immunity dysregulation, both a shift in oral microbiota and periodontal damage occur, the homeostasis between host and microbiota is disbalanced and the latter is no more under the complete control of immunity. The inability of immunity to control the biofilm results in biofilm overgrowth and increased number of periodontal pathogens. As a consequence of dysregulated trained immunity, the neutrophils become hyper-responsive. The neutrophil hyper-response is aimed to destroy the pocket pathogens, but they appear to be resistant to NET killing, so gingiva damage occurs, due to the excess of NET proteases and histones. The last two are blameable for damages of epithelial barrier, its penetration by bacteria and PAMPs as well as the stimulation of Th17 cells, resulting in further neutrophil activation and host tissue damage.
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Inflammation plays a crucial role in the onset and development of atherosclerosis. Periodontitis is a common chronic disease linked to other chronic inflammatory diseases such as atherosclerotic cardiovascular disease (ASCVD). The mechanistic pathways underlying this association are yet to be fully understood. This critical review aims at discuss the role of neutrophils in mediating the relationship between periodontitis and ASCVD. Systemic inflammation triggered by periodontitis could lead to adaptations in hematopoietic stem and progenitor cells (HSPCs) resulting in trained granulopoiesis in the bone marrow, thereby increasing the production of neutrophils and driving the hyper-responsiveness of these abundant innate-immune cells. These alterations may contribute to the onset, progression, and complications of atherosclerosis. Despite the emerging evidence suggesting that the treatment of periodontitis improves surrogate markers of cardiovascular disease, the resolution of periodontitis may not necessarily reverse neutrophil hyper-responsiveness since the hyper-inflammatory re-programming of granulopoiesis can persist long after the inflammatory inducers are removed. Novel and targeted approaches to manipulate neutrophil numbers and functions are warranted within the context of the treatment of periodontitis and also to mitigate its potential impact on ASCVD.
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Introduction

Atherosclerotic cardiovascular disease (ASCVD) consists of a group of disorders that affect the heart and blood vessels (1) and include coronary heart disease, cerebrovascular disease, and peripheral vascular disease (2). ASCVD is a major cause of global mortality and a leading contributor to disability as it causes 18.6 million deaths and contributes to 34.4 million people living with disability in 2019 (3). Although its pathogenesis, progression, and complications comprise multiple complex processes, inflammation plays a key role in each stage of the disease (4).

Periodontitis is a common chronic inflammatory disease caused by oral microbial dysbiosis. The onset and progression of the disease could span over decades and is influenced by genetic and environmental factors. This prevalent oral disease is characterized by progressive destruction of hard and soft tissues supporting the tooth, including the periodontal ligament and alveolar bone (5). Untreated periodontitis leads inevitably not only to tooth loss but also to masticatory impairment and negative influences on the quality of life of a patient (6). Like ASCVD, periodontitis is a major public health concern as it affects over half of the population of the world (7) and 5–15% of the global population presents a severe form of the disease (8), causing increased costs of oral healthcare (9).

The evidence linking periodontitis to systemic diseases has previously focused on the findings that periodontal bacteria and their endotoxins disseminate physically through the blood circulation (10, 11). However, periodontitis also triggers systemic inflammation, indicated by an increased level of C-reactive protein (CRP), TNFα, IL-1β, and IL-6 in the serum of patients (2). Because of chronic inflammation occurring at the periodontium, endotoxemia, bacteremia, and systemic inflammation are collectively implicated in numerous systemic diseases, including atherosclerotic cardiovascular disease (ASCVD) (12–14).

Neutrophils are the most abundant inflammatory cells in humans and the first-line defense against infection in the innate-arm of the immune system. They are derived from the myeloid differentiation lineage of hematopoietic stem cells (HSCs) in the bone marrow. Upon detection of pathogens, neutrophils capture and destroy invading pathogens via phagocytosis and intracellular degradation, degranulation, and the formation of neutrophil extracellular traps (NETs) (15). Moreover, the emerging evidence over the past decade reveals that neutrophils are involved in chronic inflammation and are implicated in chronic inflammatory disorders, including periodontitis and ASCVD (16–20). Periodontitis appears to be associated with hyper-responsive neutrophils (21–23), which might, at least in part, be attributed to the notion that oral disease could influence hematopoietic tissue activity and trained immunity (12). Trained immunity represents a non-specific memory in innate immune cells that is induced by earlier encounters with infectious or inflammatory stimuli and which promotes increased immune responses to future challenges with the same or different stimuli (24, 25). Meanwhile, in ASCVD, neutrophils contribute to different stages and clinical manifestations of atherosclerosis (26) and literature also suggests that inflammation-adapted hematopoietic stem and progenitor cells (HSPCs) may contribute to the disease pathogenesis (27–29). As such, recent consensus between the European Federation of Periodontology and the World Heart Federation includes neutrophil hyper-responsiveness as one of the mechanisms to explain the epidemiological association between periodontitis and ASCVD (2).

Mechanisms linking periodontitis to ASCVD and the effect of periodontitis treatment in improving the surrogate markers of ASCVD in an attempt to show causal interactions between the two diseases have been extensively explored (2, 14). However, the causal mechanistic pathways between these two common non-communicable diseases are yet to be fully understood. In this review, we aim to critically address the role of neutrophils in linking periodontitis to ASCVD. Systemic inflammation triggered by different causes, including periodontitis, may drive inflammatory adaptation of HSPCs and trained granulopoiesis in the bone marrow, resulting in increased production of neutrophils with a hyper-responsive phenotype (12, 30). This systemic inflammation-driven modification of granulopoiesis can contribute to atherosclerosis in a stage-dependent manner. However, although the periodontitis treatment successfully achieves the resolution of the periodontal tissue site and improves surrogate markers of ASCVD, studies reveal that the hyper-responsive function in neutrophils may persist (23, 31). Therefore, novel approaches to target neutrophils by manipulating their numbers and functions are warranted in periodontitis treatment and to mitigate its impact on ASCVD.



The Link Between Periodontitis and ASCVD

The impact of the treatment of periodontitis on cardiovascular outcomes and surrogate markers of ASCVD has been extensively explored. Patients with periodontitis exhibit an increased risk of coronary and cerebrovascular events compared with periodontally healthy individuals. These findings may not apply to the whole population as influenced by the demographic characteristics, individuals, studies, and case definition of periodontitis (2, 32). In the ARIC study on 6736 dentate participants with 299 incidents of ischemic stroke, it was revealed that seven periodontal profile classes, that were used to assess the participants were associated with an increased risk of cardioembolic and thrombotic stroke subtypes compared with periodontally healthy participants. The assessment in this study was based on seven tooth-clinical parameters, resulting in seven different periodontal profile classes, and the greater class indicates a more severe form of periodontitis (33). Lastly, based on the 1999–2010 Taiwanese National Health Insurance Research Database involving 393,745 patients with periodontitis and 393,745 non-periodontitis individuals, there was a significantly increased incidence of arterial fibrillation in patients with periodontitis compared with controls (34). The findings from all studies had been adjusted for a wide range of potential confounders, indicating that periodontitis is an independent risk factor for an increased risk of ASCVD events.

Treatment of periodontitis may influence the progression of ASCVD. The study involving 511,630 periodontitis patients and 208,713 individuals without periodontitis from The Longitudinal Database of Taiwan’s National Health Insurance demonstrated that patients receiving dental prophylaxis had a lower hazard ratio of acute myocardial infarction compared to periodontally healthy controls, suggesting an almost 10% reduction in the risk of a new ASCVD event (35). These improvements were not observed across all types of periodontitis and controls, suggesting a difference in host susceptibility and response even after the treatment of peridontitis when looking at future incidence of ASCVD events (36).

Consistent evidence suggests that periodontitis is associated with higher blood pressure and endothelial dysfunction (2, 37–39). A recent review and subsequent meta-analysis of intervention studies confirmed that the management of periodontitis can be a novel non-drug approach for the treatment of hypertension. The evidence is still inconclusive as to whether the treatment of periodontitis influences blood pressure even in the absence of hypertension (40). The basis of this improvement in vascular function could be linked to the effect of the treatment of periodontitis in improving endothelial function as assessed by flow-mediated dilation (FMD) (41–44). A possible mechanism by which local periodontal treatment improves endothelial function in periodontitis patients is endothelial nitric oxide synthase/nitric oxide (eNOS/NO) activation. NO is mainly produced by eNOS in endothelial cells and induces the relaxation of smooth muscle cells (45, 46). Meanwhile, IL-6, TNFα, IL-1β, and CRP directly reduced eNOS at both mRNA and protein levels in human endothelial cells (47–49). As a result, NO bioavailability in the serum is reduced, leading to endothelial dysfunction and periodontitis is associated with this surrogate marker of ASCVD (50, 51). Hepatocytes are the major producers of CRP triggered by IL-6 and IL-1β stimulation, while TNFα also upregulates CRP production in human coronary artery smooth muscle cells (52–55). A recent meta-analysis reveals a progressive CRP level reduction up to 6 months in patients with periodontitis following effective treatment (37). This was also associated with a reduction of reduced serum IL-6, TNFα, and IL-1β in patients with periodontitis compared to baseline (56–59). Collectively, these findings suggest that reduced levels of CRP, IL-6, TNFα, and IL-1β after treatment of periodontitis could restore eNOS activity and NO bioavailability, resulting in improved endothelial dysfunction.



Periodontitis as a Trigger of Systemic Inflammation

Periodontitis and ASCVD share similar hallmarks of inflammatory mechanisms (60), genetic (2, 61), and common risk factors (62). However, a significant body of evidence supports an independent association between periodontitis and ASCVD following adjustment for confounders and shared risk factors (63, 64). This independent association can be explained by the capability of periodontitis to trigger a low-grade but consistent systemic inflammation, which may contribute to the development of ASCVD (65). Patients with periodontitis exhibit an elevated level of systemic pro-inflammatory mediators, which include CRP, TNFα, IL-1β, IL-6, as well as increased neutrophil numbers in the blood (2, 14, 66–69). A retrospective study involving 60,174 participants revealed that even after the adjustment of confounders, participants with periodontitis were 1.59 times more likely to have ASCVD (63). Previously, an 8-year prospective cohort study involving 11,869 participants also showed that those reporting poor oral hygiene had an enhanced risk of CVD events as well as an elevated level of CRP and fibrinogen in the serum (70).

Systemic inflammation triggered by periodontitis potentially occurs because of bacterial dissemination or periodontal tissue-derived inflammatory mediator leakage into the blood circulation. The ulceration of the epithelium owing to local periodontal inflammation along with the support of its rich vascularization may provide greater access for bacteria and their endotoxins such as lipopolysaccharides (LPS) to the circulation, leading to bacteremia (13). This event has been reported in patients with periodontitis during mastication, toothbrushing, and dental scaling (10, 11). Bacteremia would induce inflammatory alterations in the endothelium, which include enhanced expression of adhesion molecules and the production of pro-inflammatory cytokines. With regard to the spillover of inflammatory mediators into the bloodstream, this can affect vascular tissues as well as other distant organs, including the liver, which then may initiate an acute-phase response (14).



Inflammation and Neutrophils: Implications for Atherosclerosis

Atherosclerosis is a cause of myocardial infarction, ischemic cardiomyopathy, and ischemic stroke that contribute to most deaths in the population worldwide (4). Arterial wall damage due to blood lipid profile imbalance, oscillating shear stress, and pro-inflammatory mediators initiates this underlying ASCVD pathology. The subsequent processes are endothelial cell activation in arterial tissue, myeloid cell adhesion to the endothelium, and infiltration into the arterial intima (26). At the late stage of atherosclerosis, inflammatory cell accumulation, lipoprotein deposition, and cellular debris buildup are responsible for the arterial plaque formation followed by the plaque instability leading to atherosclerotic plaque rupture. Atherosclerosis is a decades-long process with many stages of evolution, and evidence suggests that neutrophils are involved in different stages of atherosclerosis (Figure 1) (26).




Figure 1 | Stage-dependent role of neutrophils in atherosclerosis. During the early stage of atherosclerosis, upregulation of E-selectin, P-selectin, and ICAM-1 induces neutrophil recruitment. Platelet-derived CCL5 activates neutrophils to release cathepsin G, leading to the firm adhesion to and accumulation of neutrophils in the endothelium. ROS and proteases secreted by neutrophils activate and dysregulate the endothelial cell layer and degrade the underlying extracellular matrix, resulting in monocyte infiltration and LDL extravasation. Neutrophils secrete MPO that mediates LDL oxidation and promotes foam cell formation. Cathelicidin- and α-defensin-derived neutrophils activate macrophages towards pro-inflammatory state, while NETs stimulate macrophage to release IL-6 and IL-1β that promote Th17 differentiation followed by the amplification of neutrophil recruitment. At the late stage of atherosclerosis, activated VSMCs induce neutrophil chemotaxis and release CCL7 to stimulate NETs. Histone H4-derived from NETs induces VSMC lysis and the secretion of proteases by neutrophils degrades collagen and lyses VSMCs, leading to the plaque instability. Neutrophils contribute to plaque erosion through NET release as well as colocalization with TLR2 of endothelial cells to induce endothelial cell stress and apoptosis.



The onset of atherosclerosis is characterized by endothelial dysfunction, which induces neutrophil recruitment to the endothelium. Specifically, the dysfunction up-regulates the expression of various endothelial cell adhesion molecules, including E-selectin, P-selectin, and intracellular adhesion molecule-1 (ICAM-1) (71). Platelets then deliver CCL5, the primary ligand of CCR5 on the endothelium and promote cathepsin G secretion by neutrophils, resulting in the firm adhesion to and accumulation of the cells in the endothelium (72, 73). Furthermore, neutrophils aggravate endothelial dysfunction by secreting reactive oxygen species (ROS), azurocidin, proteinase 3, cathelicidin, and cathepsin G in the arterial lumen (26, 74). ROS and proteases activate and dysregulate the endothelial cell layer and degrade the underlying extracellular matrix, enabling leukocyte infiltration and low-density lipoprotein (LDL) extravasation (26). Azurocidin also contributes to increasing endothelial permeability (26, 74–76), whereas azurocidin, proteinase 3, cathelicidin, α-defensin, and cathepsin G all promote myeloid cell recruitment and facilitate monocyte entry into the atherosclerotic lesions (74, 77–82).

The progression of the lesion continues following the aggravation of endothelial dysfunction by neutrophils, where macrophage activation and foam cell formation occur in the arterial intima. Neutrophil-derived granule proteins, cathelicidin, and α-defensin activate macrophages toward a pro-inflammatory state (M1 macrophage phenotype). Neutrophils also secrete myeloperoxidase (MPO) to generate oxygen radicals that oxidize apolipoprotein B, a protein structure in LDL (82). Subsequently, macrophages take up this oxidized LDL (oxLDL), resulting in foam cell formation (83). Moreover, NETs stimulate macrophages by turning on transcription factors encoding IL-6 and IL-1β. These cytokines promote the differentiation of Th17 cells, which in turn amplify neutrophil recruitment in the lesion (84). At this stage, because of sustained myeloid cell recruitment and foam cell generation, the atheroma becomes pronounced.

In the late stage of atherosclerosis, neutrophils destabilize the atherosclerotic plaque. Mechanistically, activated vascular smooth muscle cells (VSMCs) in advanced atherosclerotic lesions induce neutrophil chemotaxis and secrete CCL7, which stimulates NET release. One of the NET cytotoxic components, histone H4, disrupts the integrity of the VSMC plasma membrane, leading to cell lysis (85). Moreover, endotoxemia in a mouse model of atherosclerosis revealed that leukotriene B4-induced neutrophil recruitment to atherosclerotic plaques induces collagen degradation and VSMC lysis, leading to the feature of plaque instability (86). In eroded human plaques, neutrophils colocalized with toll-like receptor 2 of endothelial cells, and an in vitro experiments showed that co-culture of neutrophils with endothelial cells potentiates endothelial stress and apoptosis, resulting in endothelial cell detachment followed by luminal endothelial cell desquamation (plaque erosion) (19). Lastly, NETs are also involve during endothelial erosion as the disruption of NETs by either peptidyl arginine deiminase 4 (PAD4) gene knockout or DNase I treatment in atherosclerotic mice attenuates endothelial disintegration and endothelial cell apoptosis (87).

Neutrophils play dual roles, which are both adverse and favorable for cardiac tissue repair following myocardial infarction (Figure 2A). Tissue necrosis/ischemia post-acute myocardial infarction releases alarmins and inflammatory signals that attract neutrophils to the site of infarction (88). Activated neutrophils secrete ROS, proteases, NETs, and IL-1β. Granulopoiesis stimulated by IL-1β leads to neutrophil accumulation in the injured site, which is harmful to the remodeling of the ischemic area, resulting in eventual heart failure (89, 90). Following neutrophil accumulation, monocytes and monocyte-derived macrophages infiltrate the infarcted site to phagocytose cell debris and apoptotic neutrophils, activating cardiac repair (88). Intriguingly, neutrophils also contribute to this cardiac healing as their damage-associated molecular patterns (DAMPs), such as neutrophil gelatinase-associated lipocalin (NGAL) and S100A8/A9, stimulate macrophages to shift toward reparative phenotypes (91, 92). These anti-inflammatory macrophages aid in the resolution of inflammation (88). Neutrophils also secrete annexin A1, which stimulates pro-angiogenic macrophage polarization. These macrophage phenotypes release vascular endothelial growth factor A (VEGFA) to support angiogenesis in the ischemic site of the myocardium (93). Besides cardiac tissue repair, neutrophils aggravate other atherosclerosis complications, namely, ischemic stroke (Figure 2B). Following an episode of ischemic stroke, dying neurons attract neutrophils to the area to release ROS and elastase to enhance endothelial cell dysfunction and permeability. NETs promote thrombus growth, thereby increasing stroke volume. Finally, neutrophils increase neuronal cell death in a process that is likely to involve NETs (26, 94).




Figure 2 | Neurophils in ASCVD complications. (A) After acute myocardial infarction, ischemic/necrotic tissues release alarmins and inflammatory signals to induce neutrophil recruitment. Activated neutrophils secrete ROS, proteases, and NETs. S100A8/A9-derived from NETs induces IL-1β release following NLRP3 inflammasome priming in naïve neutrophils. IL-1β reaches the bone marrow to stimulate granulopoiesis leading to the amplification of neutrophil production and accumulation, which in turn, detriments the ischemic heart and eventual heart failure. During cardiac tissue repair, NGAL and S100A8/A9 stimulate macrophages to shift towards reparative phenotypes, resulting in increased clearance of apoptotic cells/debris. Neutrophils also secrete Annexin A1 to favor the shift of macrophages towards pro-angiogenic phenotypes that release VEGFA to promote angiogenesis in the ischemic site of cardiac tissue. (B) Following ischemic stroke, dying neurons attract neutrophils to the ischemic area, and neutrophil ROS and elastase promote endothelial cell dysfunction and vascular permeability. NETs contribute to thrombus growth, thereby increasing stroke volume. Neutrophils also promote neuronal cell death that is likely mediated by NETs.





Impact of Periodontitis-Induced Systemic Inflammation on Bone Marrow Activity and Subsequent Circulating Neutrophil Alterations: Plausible Mechanisms


Modulation of HSPCs in the Bone Marrow: A Key Role for Periodontitis-Induced Systemic Inflammation

Trained immunity can be initiated in the bone marrow via sustained epigenetic, metabolic, and transcriptional adaptations in HSPCs, leading to enhanced myeloid-biased differentiation and production of increased numbers of trained myeloid cells, including neutrophils (trained myelopoiesis/granulopoiesis) (95, 96). This training is based on the ability of HSPCs to sense numerous inflammatory cues in response to hematopoietic stress such as systemic inflammation (12, 96). HSPCs can directly sense pathogen-associated molecular patterns (PAMPs), such as LPS, via their pattern recognition receptors (PRRs), such as toll-like receptors (for example, TLR-4 for sensing LPS). Regarding the direct mechanism, in the context of periodontitis-induced bacteremia, it could be envisioned that systemically disseminated periodontal pathogens or their products (for example, LPS or lipopeptides) may also reach the bone marrow, resulting in innate immune training of HSPCs. However, indirect activation relies on specialized cells residing in either the peripheral tissue or bone marrow to affect the hematopoietic system through the release of cytokines (97, 98).

In addition to direct sensing of pathogens, cytokines and growth factors derived from both the bone marrow niche and peripheral tissue can mediate indirect adaptation of HSPCs (97, 98). IL-1β promotes myeloid differentiation and self-renewal of HSPCs as chronic administration of this cytokine elevates the number of myeloid-bias HSPCs. This is also consistent with the recent finding that enhanced myelopoiesis of HSPCs in a mouse model of β-glucan or experimental periodontitis-induced trained immunity is mediated by IL-1β (95, 99). TNFα exhibits different actions in HSPCs as it promotes both the survival and myeloid differentiation of HSCs while inducing the apoptosis of myeloid progenitors (100). The increased level of IL-6 in the bone marrow niche promotes myelopoiesis, indicated by an elevated number of multipotent progenitors (MPPs) and common myeloid progenitors (CMPs) (101). Type 1 IFN mediates trained granulopoiesis in mice following β-glucan treatment resulting in the production of neutrophils with an enhanced ROS-dependent anti-tumor phenotype (102). IFNγ promotes HSC self-renewal and myeloid differentiation in a mouse model of repeated Mycobacterium avium infection (103). Granulocyte colony-stimulating factor (G-CSF) is a key growth factor that drives granulopoiesis. Specifically, G-CSF produced by monocytes in the bone marrow niche is responsible for HSPC mobilization from the bone marrow to the circulation (104). Moreover, in emergency granulopoiesis, G-CSF promotes the expansion and granulocyte lineage specification of granulocyte-monocyte progenitors (GMPs) (105).

Systemic inflammation, indicated by elevated levels of TNFα, IL-1β, IL-6, and IFNγ in the serum, is clinically present in patients with periodontitis (66, 67). Plasma IFNα, a type 1 IFN, is also higher in periodontitis patients compared to healthy controls (106). However, the role of type 1 IFN-mediated trained granulopoiesis in inducing hyper-responsive neutrophils in periodontitis patients needs to be addressed experimentally. Recent evidence indicates an increased level of serum G-CSF in ligature-induced periodontitis mice (107). Fibroblasts in the periodontal tissue contribute to the release of G-CSF during periodontal inflammation, resulting in the promotion of granulopoiesis (108). Based on the cumulative evidence of the effect of cytokines and growth factors on HSPCs and the abovementioned clinical studies, it could be shown that periodontitis-associated systemic inflammation may modulate HSPCs toward trained granulopoiesis (Table 1). This notion was recently confirmed in a preclinical model. Specifically, it was shown that ligature-induced periodontitis (LIP)-associated systemic inflammation leads to maladaptive innate immune training in the bone marrow (i.e., generating inflammatory memory) and the generation of increased numbers of hyper-responsive neutrophils; these populate oral and non-oral tissues and promote the emergence of inflammatory comorbidities, as exemplified by the periodontitis-arthritis axis (99). This is consistent with available clinical observations as outlined below. Intriguingly, the transplantation of bone marrow from LIP-subjected mice to healthy recipient mice resulted in increased severity of arthritis in the latter, as compared with the transplantation of bone marrow from periodontally healthy mice (99). The implication of this finding (if a similar phenomenon is confirmed in humans) is that clinicians should take inflammatory memory in the bone marrow into consideration when selecting appropriate donors for hematopoietic transplantation (99).


Table 1 | Summary of circulating molecules that are elevated in periodontitis and involved in hematopoietic tissue adaptation.



Indeed, the notion that periodontitis might trigger an adaptation of HSPCs is supported by clinical imaging studies using 18F-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG-PET/CT). One study revealed that periodontal inflammation was associated with hematopoietic activity in the bone marrow and arterial inflammation. Furthermore, the authors used mediation path analysis to show that the relationship between periodontal and arterial inflammation was significantly mediated by bone marrow activity (109). More recently, another study using the same cohort of 304 participants as the aforementioned study showed that periodontal inflammation (as determined by 18F-FDG-PET/CT) is independently correlated with not only increased arterial inflammation but also increased an risk of future cardiovascular events (64). Additionally, another study harnessing the same imaging technique also reported a trend for increased periodontal inflammation and femur bone marrow activity in patients with periodontitis (relative to controls), albeit no differences were observed in vascular inflammation between the two groups (110). The lack of clear differences in this study is likely attributed (a) to the small sample size (14 participants as opposed to >300 participants in the above-discussed studies) and (b) to the fact that participants with severe periodontal disease were under supportive periodontal therapy, which could have mitigated inflammation and associated parameters, including surrogate markers of ASCVD (discussed below) (110). Moreover, the control group also included individuals with mild periodontitis, which could also impact systemic inflammation and hematopoietic tissue activity, thus reducing potential differences compared with the experimental group.



Alteration of Circulating Neutrophils in Periodontitis and its Putative Effect on Atherosclerosis

Patients with periodontitis exhibit elevated numbers of neutrophils and altered phenotypes presenting hyper-reactive features in cellular functions (discussed below) (21–23, 68, 69, 110–117). These include increased levels of ROS production in response to fMLP, PMA, or periodontal pathogens (21–23, 102, 111–115), elevated TNFα production following stimulation with the periodontal pathogen, Fusobacterium nucleatum, in vitro (116), and elevated neutrophil elastase levels linked to periodontal tissue destruction (117, 118). The systemic effect of this alteration has been recently confirmed in an experimental study with mice and experimental periodontitis that exhibited hyper-inflammatory neutrophil response following the exposure to secondary peritonitis compared with mice without periodontitis (119).

These altered features in neutrophils present a hallmark of trained myelopoiesis, which includes increased numbers of myeloid cells with enhanced inflammatory responsiveness (24, 95). As such, these changes may implicate the response of future inflammatory stimuli that drive certain pathological processes such as atherosclerosis.

Neutrophils that are increased in number and hyper-responsiveness due to periodontitis can contribute to any stage of this ASCVD pathology. Further research should address this hypothesis experimentally. However, it is still interesting to speculate that periodontitis-induced neutrophil alteration contributes to the association between periodontitis and ASCVD because of several clinical studies that support this notion. An elevated number of neutrophils in peripheral blood may increase the risk of ASCVD in periodontitis patients because neutrophil counts from peripheral blood are positively correlated with ASCVD risk (120, 121). Moreover, periodontitis patients consistently present with endothelial dysfunction, which is a key feature of ASCVD (2). This disturbed vascular function and elevated neutrophil ROS production triggered by periodontitis can aggravate the initiation of atherosclerosis. The latter may also potentiate the progression of atherosclerosis, particularly in oxidizing LDL. Hyper-responsiveness of neutrophils characterized by excessive production of neutrophil elastase and ROS in periodontitis patients could also contribute to the late stage of atherosclerosis as both hyper-reactive features induce endothelial apoptosis, resulting in endothelial desquamation (plaque erosion), fibrous cap thinning and plaque ruptures. Finally, whereas the production of NETs by circulating neutrophils has been shown to be comparable between patients with periodontitis and healthy controls, plasma NET degradation was lower in patients with periodontitis than in controls, suggesting an impaired NET degradation process in the plasma of periodontitis patients (122). This impairment might favor atherosclerosis complications, especially in post-ischemic stroke where NET accumulation promotes thrombus formation and expands stroke volume. In this context, a case-control study revealed that periodontitis was an independent predictor of poor outcome in post-ischemic stroke patients (123).




Impact of Periodontitis Treatment on Neutrophils

Whereas the treatment of periodontitis improves the surrogate markers of ASCVD, its long-term cardiovascular-protective effect is uncertain. A reduction of several serum inflammatory markers that is expected to reduce the risk of ASCVD is not observed in serum IFNγ and IL-10 because both markers remain unchanged following periodontitis treatment (40). As these markers are predominantly generated and released into blood circulation by inflammatory cells, it is interesting to speculate that while successful treatment indeed achieves the resolution of periodontal inflammation, circulating inflammatory cells still retain their periodontitis-induced altered phenotypes. The latter is supported by clinical studies that investigated the functions of peripheral blood-derived neutrophils and monocytes in periodontitis patients after the treatment. The hyper-responsiveness of these myeloid cells persisted as the levels of cytokines produced by the cells in response to pathogen or LPS stimulation were comparable between neutrophils from patients before and after periodontal treatment (31, 116). Similarly, a longitudinal study on the circulating neutrophil profiles of patients with periodontitis showed that neutrophils (as a proportion of total cells isolated from peripheral blood of periodontitis patients) did not change between baseline (before treatment) and after 3-, 6-, and 12-month post-periodontitis treatment (124). The retained neutrophil phenotypes might be because of the trained myelopoiesis induced by periodontitis-triggered systemic inflammation. In murine experiments, long-lasting changes in myelopoiesis were observed following either microbial- or sterile-induced inflammation (29, 95). Similarly, a recent report shows that upon the LIP resolution, HSPCs in the bone marrow retain a myeloid differentiation bias (99).



Targeting Neutrophils as a Novel Therapeutic Approach: Dual Benefit on Periodontitis and ASCVD

The targeted therapeutic approach for ASCVD has been established by focusing on the reduction of inflammation (Table 2). The first clinical trial, CANTOS, in an attempt to close the gap between pre-clinical studies and clinical practice, provided evidence that reducing inflammation could be relevant to treating atherosclerosis in humans. In this trial, the anti-IL-1β antibody, Canakinumab, was administered subcutaneously to individuals with a sustained acute myocardial infarction. The trial revealed a significant reduction in the rates of recurrent cardiovascular events, hospitalization for heart failure, and heart failure-associated death (125, 126). However, the adverse event in the group receiving Canakinumab was more significant death due to infection or sepsis compared to the placebo group (125). Moreover, oral administration of colchicine in patients with a recent myocardial infarction significantly reduces the risk of ischemic cardiovascular events (127). The benefits of colchicine were also observed in patients with chronic coronary disease (128). Unfortunately, patients in the colchicine group showed higher incidents of pneumonia and non-cardiovascular-caused death than those in the placebo group (127, 128). Other clinical studies on targeting inflammation in ASVD treatment have been reviewed elsewhere (129). These clinical trials indicate that therapies with alternative strategies are required to achieve outcomes in which the benefits outweigh the risks.


Table 2 | Summary of clinical trials.



Besides the necessity of different strategies to reduce the risk–benefit ratio, a refined understanding of the potential role of periodontitis-induced neutrophil alteration in the pathology of ASCVD and its retained phenotypes following successful periodontitis treatment highlights the importance of selectively targeting neutrophils during the treatment of periodontitis. This therapeutic approach is warranted to mitigate the potential impact of periodontitis on ASCVD. The main endpoint of this intervention is to either manipulate the number of neutrophils and/or their functional activities. We only discuss the approaches to block neutrophil recruitment and prevent NET-driven inflammation, while other neutrophil-targeted therapeutics have been extensively reviewed elsewhere (130).

While the results of neutrophil recruitment blockage are promising in preclinical studies, clinical trials exhibit unsuccessful outcomes due to the redundancy of signals during neutrophil recruitment and off-target effects caused by receptor cross-linking. Recent studies have provided strategies for overcoming such difficulties. The combined inhibition of several endothelial cell molecules interrupts redundant signals that recruit neutrophils (131). Intravenous injection of nanoparticles carrying small interfering RNAs (siRNAs) that target endothelial adhesion molecules including ICAM-1, E-, P-selectin, and vascular cellular adhesion molecule-1 (VCAM-1) decreased leukocyte recruitment to ischemic myocardium in a mouse model of post-myocardial infarction (131). Moreover, specific blockage of neutrophils that traffic to certain vascular tissue requires a refined understanding of recruitment patterns at particular sites (16). A neutrophil granule protein, cathepsin G promotes myeloid cell adhesion to only arterial but not microvascular tissue (73). Indeed, antibody-assisted cathepsin G neutralization in an atherosclerotic mouse model specifically alleviated neutrophil recruitment to the carotid artery, resulting in reduced atherosclerotic plaque size. However, a similar treatment did not affect neutrophil adhesion in lung microcirculation following an LPS-induced lung inflammation model in mice (73). Furthermore, the elucidation of heteromeric interactions between neutrophil-derived human neutrophil peptide-1 (HNP1) and platelet-borne CCL5 that must stimulate monocyte adhesion via CCR5 ligation allows the design of a peptide that can disturb these neutrophil–platelet interactions. This specifically designed short peptide alleviated inflammation in a mouse model of myocardial infarction (20). Finally, inducing endogenous inhibitors in leukocytes can overcome integrin activation by chemokine, thereby suppressing myeloid cell adhesion. For example, growth differentiation factor-15 (GDF-15) and annexin A1 inhibit chemokine-induced β2 integrin activation and subsequently reduce neutrophil recruitment in a mouse model of chronic inflammation (72, 132). Moreover, recombinant developmental endothelial locus-1 (DEL-1), the first identified endogenous inhibitor of the leukocyte adhesion cascade (133), inhibited neutrophil recruitment in mouse and non-human primate models (17, 134).

Important roles of NETs in both atherosclerosis progression (atherogenesis, plaque destabilization and erosion) and complication (atherothrombosis) stand out as a potential therapeutic target to manipulate cardiovascular inflammation. Peptidyl arginine deiminase 4 (PAD4) citrullinates histone to disrupt electrostatic bonds in nucleosomes, decondensing chromatin that leads to NET release (135). Cl-amidine, a PAD inhibitor administered intravenously in an atherosclerotic mouse model, prevented NET formation, leading to reduced atherosclerotic lesion area and thrombosis (136). However, the mechanism of NETosis in mice is different from that in humans as ex vivo experiments of human neutrophils showed that PMA-induced NETosis of the cells was not affected following the PAD4 inhibitor, Cl-amidine (137). Meanwhile, DNase 1 treatment might be considered to mitigate ASCVD complications like thrombosis due to NET deposition in the vascular lumen. This notion is supported by a study where the treatment protected mice from deep vein thrombosis following an inferior vena cava stenosis model (138). A reduction in lesion size was also observed in an atherosclerosis mouse model after DNase injections (84). In humans, DNAse 1 treatment to eliminate NET deposition might need a combination with other substances, as DNAse 1 alone was not adequate to degrade NETs in vitro (139). Lastly, NET chromatin can stimulate macrophages by activating AIM2 inflammation, causing the release of IL-8 and IL-1β in atherosclerotic lesions. The use of an AIM2 inhibitor could also attenuate ASCVD complications because reduced plaque vulnerability through the thickening of the fibrous cap was observed in an atherosclerotic mouse model after the treatment of an AIM2 inhibitor (140). ApoE-deficient mice on a 6-week high fat diet and injected with anti-chromatin antibodies also showed a reduced plaque area per lumen, suggesting the potential of chromatin blockage to hinder atherosclerosis (141). The use of substances to block NETs in humans should be implemented with caution because studies about the pro-inflammatory features of NETs in humans are still conflicting, as in vitro NET clearance by human macrophages did not induce pro-inflammatory cytokines (139), but NET transfection to mouse macrophages did (142).

Targeting neutrophils as an approach to mitigate the potential impact of periodontitis on ASCVD is appealing considering the numerous efforts outlined previously. This targeted strategy can not only have direct effects on ASCVD but also reduce periodontitis, which triggers inflammation that primes neutrophils for ASCVD pathology. However, safety and specificity issues are challenges that need to be solved as neutrophils interact with other myeloid lineages (130). The solution to the former concern is that the intervention should consider the therapeutic window, where the attenuation of the inflammatory process mediated by neutrophils does not interfere with neutrophil capacity during host defense (130). Recent studies revealed that the use of antibodies to inhibit NET-derived histones reduced the amplification of NET-induced inflammation rather than completely blocking NETosis or inflammation (141). Few studies have presented strategies to obtain the specificity to therapeutically target neutrophils. For example, the conjugation of siRNA targeting Bruton’s tyrosine kinase (BTK) to the F(ab’)2 fragment of an anti-neutrophil monoclonal antibody specifically targeted alveolar neutrophils in an acute lung injury mouse model. This treatment was administered locally using a technique called intranasal instillation (143). Meanwhile, others harness nanoparticle technology to enhance specificity. One of them reported that neutrophils adhered to activated endothelium-engulfed albumin nanoparticles carrying piceatannol, leading to the inactivation of these adherent neutrophils and consequently preventing vascular inflammation (144). Additionally, another report exhibited lipid-based nanoparticles that were successfully incorporated with identified peptides that interact with the neutrophil-specific surface marker, CD177 (145).

A clinical trial targeting neutrophils to lower ASCVD risk is still lacking. However, two randomized clinical trials reported that metoprolol provides a cardio-protective effect following acute myocardial infarction, which is one of the atherosclerosis complications (Table 2). Specifically, intravenous administration of metoprolol reduced infarct size and improved cardiac function in patients with acute myocardial infarction (146, 147). Studies using a myocardial infarct mouse model revealed the mechanism of this protection in which metoprolol attenuates neutrophil migration and infiltration by impairing the neutrophil–platelet interaction that is crucial during early phases of neutrophil recruitment (148, 149). Another drug candidate, AZD5069, a CXCR2 antagonist, could be a potent drug candidate in treating patients with advanced atherosclerotic lesions. CXCR2 is a chemokine receptor 2 in neutrophils that regulates neutrophil migration, and the inhibition of this receptor successfully prevents neutrophil recruitment to the site of inflammation (150). No adverse effects on neutrophil function were observed, and no safety concerns were raised in participants receiving oral administration of AZD5069 (151). The CICADA trial was proposed to investigate the effect of a CXCR2 antagonist (administered orally) on coronary flow, structure, and function in patients with coronary heart disease (152).

Mechanical intervention in periodontitis management with adjunctive neutrophil-targeted therapeutic approach could also provide benefit in reducing periodontal-induced systemic inflammation that can implicate all stages of atherosclerosis. A phase IIa clinical trial of the complement C3 inhibitor, AMY-101, summarized in Table 2, shows promising results in reducing local inflammation in periodontal tissue (153). The pharmacological blockade of the central complement component, C3, inhibits downstream activation of the anaphylatoxin C3a and C5a receptors (C3aR and C5aR, respectively), which induce inflammatory bone loss in a preclinical model (154). C5aR and TLR2 coactivation in neutrophils contribute to oral microbiota dysbiosis leading to overt periodontal inflammation and subsequent periodontal tissue destruction (155). Local injection of AMY-101 to the gingiva reduced gingival inflammation without adverse events, warranting phase III clinical trials for further investigation (153, 156). Importantly, AMY-101 significantly reduced the gingival crevicular levels of MMP-8 and MMP-9 (152), which are the major neutrophil-derived proteases and are considered biomarkers of periodontal tissue destruction (157). Meanwhile, other local neutrophil-targeted treatments, including resolvin E1, developmental endothelial locus-1, and milk fat globule epidermal growth factor 8, are still in pre-clinical studies. These proteins reduce neutrophil recruitment to the site of inflammation and prevent animal models of ligature-induced periodontitis (134, 158, 159). Additionally, resolving E1 also promotes neutrophil apoptosis and its clearance (efferocytosis), resulting in the resolution of periodontal inflammation (157). Focusing on the termination of periodontitis may prevent its systemic impact, which is heightened systemic inflammation. These strategies of local intervention potentially further improve the current periodontal treatment in providing a sustained protection to cardiovascular health.



Conclusion

Periodontitis triggers systemic inflammation which could modulate hematopoietic tissue activity in the bone marrow, resulting in trained myelopoiesis. Clinical studies demonstrating increased numbers as well as enhanced inflammatory responsiveness in neutrophils back this notion. The evidence of persistent elevated neutrophil numbers and their altered phenotypes, despite the resolution of periodontitis following local treatment, also supports the speculation that periodontitis-induced systemic inflammation can induce long-term myelopoiesis bias, a hallmark of innate immune training in the bone marrow. The quantitative and qualitative alterations in neutrophils may contribute to all stages of the ASCVD pathology, atherosclerosis (Figure 3). Although clinical intervention studies suggest that periodontal therapy improves surrogate markers of ASCVD, the long-term effects of this oral treatment to maintain such improvement and convincing evidence that successful periodontitis treatment can reduce the risk or incidence of ASCVD are yet to be investigated. Meanwhile, targeting neutrophils is warranted to improve local periodontal therapy, eliminate periodontitis effectively, that can reduce periodontitis-triggered systemic inflammation and reverse the periodontitis-induced neutrophil changes. Such targeted approaches can be harnessed as a direct treatment for ASCVD and indirect intervention of the disease through the reduction of heightened systemic inflammation triggered by periodontitis.




Figure 3 | Periodontitis-induced systemic inflammation, inflammatory modulation of bone marrow progenitor cells, and implications for atherosclerosis. Periodontitis triggers systemic inflammation, which causes inflammatory modulation of hematopoietic stem and progenitor cells, resulting in a trained myelopoiesis. In turn, as a hallmark of trained myelopoiesis, an increased number of myeloid cells, including neutrophils with enhanced inflammatory responsiveness, may contribute to all stages of the ASCVD pathology, atherosclerosis.
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Neutrophil extracellular traps (NETs) are produced in large quantities at the site of inflammation, and they locally capture and eliminate various pathogens. Thus, NETs quickly control the infection of pathogens in the body and play vital roles in immunity and antibacterial effects. However, evidence is accumulating that NET formation can exacerbate pancreatic tissue damage during acute pancreatitis (AP). In this review, we describe the research progress on NETs in AP and discuss the possibility of NETs as potential therapeutic targets. In addition, since the current detection and visualization methods of NET formation are not uniform and the selection of markers is still controversial, a synopsis of these issues is provided in this review.
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Introduction

Acute pancreatitis (AP) begins with cellular injury and endoplasmic reticulum stress due to premature activation of digestive enzymes in acinar cells (1–5). The associated processes include converting trypsinogen to trypsin by lysosomal hydrolase cathepsin B (3, 6) and then degrading trypsin by cathepsin L (6–8). Subsequently, protease activation cascade induces cell death, releasing danger molecules known as damage-associated molecular patterns (DAMPs), and eventually activating the immune system (3, 7). In this process, the intensity of the immune response determines the possibility of systemic complications and disease severity (9–11). After the onset of AP, neutrophils are the first set of leukocytes that infiltrate the pancreatic tissue, directly inducing the activation of intracellular proteases, promoting necrotic cell death, and occluding the acinar lumen leading to pancreatic damage (9, 12–15). An avalanche of research reports indicates that the aggregation of neutrophils in pancreatic tissues is a key factor in the development of AP. Mechanistically, this is because neutrophils infiltrating the pancreatic tissue can aggravate tissue damage by releasing reactive oxygen species (ROS) (13), enzymes (such as elastase and matrix metalloproteinase-9) (16, 17) and tumor necrosis factor-α (TNFα) (12, 18).

There is growing evidence that the web-like structures released by neutrophils, the neutrophil extracellular traps (NETs), can promote pancreatic tissue damage in AP (19–21). However, presently, the available detection and visualization methods of NET formation are not uniform. Due to the different stimulation of neutrophils, histone H3 may not be citrullinated during the NET formation, so the use of citrullinated histone H3 (citH3) or peptidylarginine deiminase 4 (PAD4) as a marker for NETs remains controversial (22, 23). In addition, given the diversity of AP models, the effect of different stimuli on markers may also be one of the controversial factors. Therefore, in this article, we review the research progress between NETs and AP along with the detection and visualization methods, and selection of markers underlying NET formation.



Mechanisms of NET formation

NETs are web-like structures with decondensed chromatin fragments as the skeleton and wrapped in histones, proteases, granules, and cytoplasmic proteins (24). Based on recommendations published by experts in this field, the term “NET formation” is used to describe the process by which neutrophils produce and release NETs (25).Currently, there are two known pathways for NET formation. The first is the cell death pathway known as lytic NET formation, which begins with nuclear delobulation and the disassembly of the nuclear envelope and continues until the loss of cell polarization, chromatin decondensation, and plasma membrane rupture. The second is non-lytic NET formation, which can occur independently of cell death and involves the secretory excretion of nuclear chromatin that is accompanied by the release of granular proteins through degranulation (26). According to the literature, non-lytic NET formation occurs within minutes of exposure to Staphylococcus aureus, during which there is no cell death (27, 28). In addition to this, P-selectin/P-selectin glycoprotein ligand-1 mediates neutrophil-platelet interaction (29, 30) and activated platelets can promote non-lytic NET formation through high mobility group protein B1 (HMGB1)/receptor for advanced glycation end products (31). In view of the peculiarity of the non-lytic NET formation, most of the current studies are conducted in lytic NET formation background.

In the NET formation pathway, the process from ROS generation to chromatin decondensation is the core mechanism. However, it is noteworthy that the inhibition of leukocyte signal inhibitory receptor 1 prevented NET formation without affecting ROS (32). Due to various stimuli, calcium ions are released from the endoplasmic reticulum into the cytoplasm, resulting in an increase in the production of ROS through the NADPH oxidase complex, which in turn activates the protein kinase C or RAF-MEK-MAPK pathway, resulting in NET formation (23, 33, 34). In the aforementioned process, one of the most important ways is to stimulate myeloperoxidase (MPO) through the generated ROS to activate neutrophil elastase (NE) and facilitate the transfer of NE from the azurophilic granules to the nucleus. NE transferred to the nucleus can destroy chromatin packaging by hydrolyzing histones, and then MPO binds to chromatin and synergizes with NE to cause chromatin decondensation (35). However, one study found that inhibiting the enzymatic activity of MPO only delayed NET formation, but did not prevent NET formation (36). NE plays a more important role in this process because NE needs to bind to F-actin filaments in the cytoplasm and degrade them before entering the nucleus to drive chromatin decondensation (37). In addition, the results of the in vitro studies showed that NE is sufficient to disintegrate the nucleus (35). Therefore, in the MPO-NE pathway, compared with MPO, the effect of NE activity on NET formation may be more important. In addition to the MPO-NE pathway, another well-studied pathway related to chromatin decondensation is PAD4-driven histone citrullination (38, 39). It has been found that the activation of PAD4 requires a reducing environment (40), but the inhibition of NADPH oxidase still reduces the occurrence of PAD4-driven histone citrullination (24, 26). This is because hydrogen peroxide and ROS generated by NADPH oxidase activation are sufficient to activate PAD4 (41–43). However, ROS production was not eliminated by the inhibition of NADPH oxidase, possibly due to increased mitochondrial ROS production (44). In addition, NADPH oxidase is negatively regulated by active PAD4 (45).



Role of NETs in acute pancreatitis

Many recent studies have shown that NETs may play a pivotal role in the development of AP (19–21). Elimination of NET formation by injecting DNase I into mice effectively reduced CXCL2 production and neutrophil recruitment in inflamed pancreatic tissue (19). The results showed that NETs themselves may play a role as chemotactic signals, or NETs stimulated the release of related chemokines. In addition, the results of the in vitro studies showed that histones (histones 2A, 2B, 3, and 4) in NETs can regulate STAT3 activity and trypsin activation in acinar cells, and their effects on acinar cells are similar to cerulein (19). Emphatically, the formation of NETs is partially dependent on the ROS production. For instance, a study found that c-Abl kinase can promote ROS production and NET formation. This process is accompanied by the increased expression of citH3. Concurrently, inhibition of c-Abl kinase can reduce inflammation and tissue damage in AP (46). ROS can induce autophagy (47) and NET formation is dependent on autophagy (48). Researchers have found that when specific inhibitors for autophagy were injected into mice that NET formation was also inhibited, and this was due to the expression of PAD4, and consequently the severity and survival rates for AP were improved (21). Citrullination of histones is usually driven by PAD4, as described previously. Therefore, a study demonstrated the role of PAD4 in reducing NET formation in pancreatic tissue of severe acute pancreatitis (SAP) by the oral administration of Cl-amidine, a specific inhibitor of PAD4, and the construction of PAD4 knockout (PAD4−/−) mice (21), respectively. In addition, the inhibition of PAD4 expression reduces pathological inflammation and tissue damage in the inflamed pancreas (20). In fact, a recent study also found that the injection of protectin D1 into mice can effectively inhibit the expression of PAD4, thereby reducing NET formation and improving AP (49). Furthermore, the premise of NET formation is the accumulation of neutrophils in pancreatic tissues, where the release of DAMPs plays an important role. The results of the studies found that extracellular cold-inducible RNA-binding protein (eCIRP) and complement C3 can act as DAMPs to promote neutrophil accumulation in pancreatic tissues, which, in turn, leads to NET formation and pancreatic tissue injuries (50, 51). Concurrently, eCIRP is also a component of NETs and can induce acinar cells to secrete amylase by binding to the TLR4 complex in the acinar cell membrane (50). This result suggests that NETs themselves may function as DAMPs or chemotactic signals to some extent. NETs can also be formed by responding to extracellular HMGB1 and histones in a TLR4- and TLR9-dependent manner (26). The results show that HMGB1 can cause pancreatic tissue injury by activating NET formation, but the specific mechanism of activation is not clear (52). To date, the most comprehensive research has shown that IL-17A promotes the accumulation of neutrophils in the pancreatic duct, and bicarbonate ions and calcium carbonate crystals in the pancreatic juice stimulate the accumulated neutrophils to form aggregated NETs (aggNETs), which can then occlude the pancreatic duct, inducing pancreatitis. Notably, the study also found that no intraductal aggNETs were found in cerulein-induced AP, and disease progression in this experimental animal model was independent of PAD4 (53). Based on the above results, further studies found that both low pH and high carbon dioxide/bicarbonate ratio reduced the ability of neutrophils to release NETs (54). Usually, bicarbonate can effectively increase pH, which can then increase the calcium influx, mitochondrial ROS generation, PAD4 activity, and histone 4 cleavage, thereby promoting NET formation (55, 56). Therefore, the alkaline environment provided by pancreatic juice might provide better mechanistic insight into the etiology of AP. In addition, studies have found that platelet particles in plasma samples from patients with AP can significantly promote NET formation, and the level of platelet particles is positively correlated with the severity of AP (57). In summary, reducing NET formation is an effective strategy to improve pancreatic tissue injury in AP, but the relevant mechanisms need to be further explored. Figure 1 summarizes the potential mechanisms of NET formation in AP.




Figure 1 | Roles of NETs in AP. NETs may inherently function as chemotactic signals to induce the recruitment of neutrophils, or they may stimulate the release of related chemokines (CXCL1 and CXCL2). c-Abl kinase, eCIRP, HMGB1, protectin D1, and complement C3 promote NET formation through the PAD4-driven histone citrullination pathway. Autophagy is also thought to play a role in the NET formation in AP. IL-17A promotes the accumulation of neutrophils in the pancreatic duct, and the bicarbonate ions and calcium carbonate crystals in the pancreatic juice will then stimulate the accumulated neutrophils to generate aggregated NETs and these can occlude the pancreatic duct, inducing pancreatitis. In addition, platelet microparticles can significantly promote NET formation. NETs, neutrophil extracellular traps; AP, acute pancreatitis; CXCL1, C-X-C motif chemokine ligand 1; CXCL2, C-X-C motif chemokine ligand 2; eCIRP, extracellular cold-inducible RNA-binding protein; HMGB1, high mobility group protein 1; PAD4, peptidylarginine deiminase 4.





Detection and visualization of NETs in pancreatic tissues of AP

Numerous studies have reported using immunofluorescence staining is often used as a method to detect NET formation in tissue samples (58–60). This is because NET formation is characterized by the co-localization of extracellular DNA, nuclear proteins and granular (or cytoplasmic) proteins, which are significantly separated and relatively fixed from the nucleus in resting neutrophils (61). One study tested diverse antigen retrieval methods and various combinations of commercially available antibodies, and it was found that NETs in the tissue could be best detected when using a mild antigen retrieval protocol and a combination of the NE and histone H3 antibodies (62). In existing studies, the available detection and visualization methods of NET formation in pancreatic tissues of AP are not consistent. In some studies, researchers used scanning and transmission electron microscopies combined with immuno-double-gold labeling technique to detect NET formation, using citH3 or histone2B as the marker of NETs and elastase as a marker of neutrophils (19, 20, 50, 51). Because it is difficult to identify neutrophils from cell morphology by scanning electron microscopy, transmission electron microscopy combined with immuno-double-gold labeling technique can make up for the deficiency of the former. The advantage of this technique is that the pretreatment steps have little effect on the microstructure, and the gold particles have high electron density, which make them clearly distinguishable from other immune products under the electron microscope. In addition, some researchers use immunofluorescence staining to detect NET formation. In this process, they chose citH3 as the marker of NETs, MPO or Ly-6G as the marker of neutrophils (21, 49), or directly chose SYTOX Green dye-labeled extracellular DNA as the marker of NET formation (52). In view of the fact that most of the aforementioned studies focused on the histone citrullination in chromatin driven by PAD4, which depolymerizes the chromatin and promotes NET formation, it is reliable to use citH3 as a marker in the detection of NET formation. However, considering the different stimuli in the construction of AP mouse model, we cannot rule out the possibility that NETs are produced by other ways or histone citrullination driven by PAD4 is not the main pathway; thus, if citH3 is used as the sole marker, it may lead to a potential deviation. Therefore, further studies may be needed to discuss the selection of NETs-related markers and the relationship between NETs and AP. A summary of the advantages and disadvantages of each technique based on the corresponding AP mouse model is provided in Table 1.


Table 1 | Detection and visualization of NETs in pancreatic tissues.





Discussion

An overwhelming number of studies have found that NETs can contribute to inflammation and injury of organs in mice with AP, and thus may be used as a target to reduce pancreatic tissue injuries and inflammation in patients with AP. However, there are a few issues that deserve further discussion, as outlined below. First, are there any other pathways, aside from PAD4-driven histone citrullination pathway, that are involved in the occurrence and development of AP? If so, which one is the main pathway? For now, this issue remains open for exploration in future studies. Second, most studies, including AP, used citH3 as the sole marker of NETs (59, 63), but the use of citH3 or PAD4 as a marker of NETs is controversial (22, 23). Although the detection of citH3 is considered a minimum requirement for the identification of NET formation, quantification biases caused by citH3-independent pathways should also be considered. To address this, co-staining analysis of multiple pathway-related markers should be conducted to visualize NET formation in pancreatic tissues. The components of NETs include MPO and NE: in the resting neutrophils, they do coexist in granules, and their localization with the nucleus is relatively fixed. However, after NET formation, due to chromatin depolymerization and nuclear membrane rupture, the positions of MPO, NE and nuclear DNA become unclear, and the original relatively fixed positions are dismantled, resulting in residual mixing of nucleus, cytoplasm, and granules, which provides conditions for the co-localization of the three. Therefore, a comprehensive visual qualitative analysis of co-staining of MPO, NE and citH3 by immunofluorescence may provide a more comprehensive assessment of NET formation, but further research and discussion are needed in quantitative aspects. Furthermore, it is worth noting that while NET-enriched area can be quite spacious, NETs can be significantly less stretched and contain only a few neutrophils in dense tissue, as in myocarditis (61, 64). Therefore, it is crucial to show the colocalization of nuclear and granular components more clearly by immunofluorescence staining. With the advent of multiple fluorescence immunohistochemicals, this issue can be successfully addressed. A third issue is that of generalizability. Invasive interventions are rarely performed in the early stages of SAP and the optimal timing of invasive interventions is still unclear (65), making it difficult to obtain human pancreatic tissue samples. Currently, only blood samples from patients can be tested for NET formation, and there is still a lack of effective detection methods of NET formation in human pancreatic tissue samples. This limitation is difficult to overcome. Finally, as a fourth issue, we want to remark on an interesting outlook. The premise of NET formation in AP is the accumulation of neutrophils in pancreatic tissues, it is also possible that there are neutrophil subsets with different molecular signatures during pancreatitis. Furthermore, these subsets may respond differently to environmental challenges that subsequently affect their polarization and activation. With the advent of single-cell sequencing technology, combined with analyses based on the technology of cytometry by time-of-flight (CyTOF) mass spectrometry (66, 67), the heterogeneity of neutrophils can be better elucidated. At the same time, this could also provide more directions for follow-up studies on neutrophils that produce NETs with different phenotypes and functions. Taken together, the related research progress is still limited, although these data suggest that NETs have a therapeutic potential in AP.
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Introduction

Deep venous thrombosis (DVT) belongs to venous thromboembolic disorder and is the leading cause of pulmonary embolism, which eventually contributes to heart failure and even sudden death (1). DVT is generally characterized by abnormal coagulation of blood in deep veins of lower leg and thigh; however, it may occur in upper limb deep veins, visceral veins, and vena cava (2). DVT highly occurs in long-term sedentary people and post-surgery patients (3). Recently, clinical studies have found an association between high mortality in patients with COVID-19 and DVT (4). The clinical diagnosis of DVT mainly depends on clinical risk score, serum D-dimer, and color Doppler ultrasound. Anticoagulants such as Aspirin, antiplatelet drugs, Rivaroxaban, and low molecular–weight heparin are common clinical treatment for the prevention of DVT (5). Unfortunately, all of these treatments carry a remarkable risk of bleeding (6). Therefore, it is still urgent to develop effective antithrombotic drugs with less side effects to slow down the occurrence of DVT.

Neutrophils play an import role in thrombosis. Together with platelets, neutrophils are the first cells mobilized to the injury/infection sites to limit the dissemination of microbial infection by promoting blood coagulation. However, dysregulation or excessive stimulation may contribute to thrombotic processes (7). Neutrophils release neutrophil extracellular traps (NETs) upon excessive stimulation, a process called NETosis, which promotes thrombosis by forming a scaffold for adhesion of platelets, erythrocytes, and platelet adhesion molecules (8). NETs are extracellular, web-like structures mainly composed of decondensed chromatin and granule proteins such as histones, neutrophil elastase, myeloperoxidase (MPO), calprotectin, cathelicidins, defensins, and actin (9). When activated by Ca2+, peptidyl arginine deiminase 4 (PAD4) catalyzes the conversion of histone arginine to citrulline, resulting in the decondensation of heterochromatin and prompting NET formation. Preventing NETosis can decrease thrombogenicity, which may be beneficial for thrombosis prevention and become a promising therapy target for DVT (10).

P2RY12, as an adenosine diphosphate (ADP) receptor on the platelet surface, is a key player in platelet activation and a vital target of antithrombotic drugs such as Clopidogrel, Praugrel, and Ticagrelor (11). Upon activation by ADP, P2RY12 is coupled to the Gi2 protein, and its activation inhibits adenylate cyclase activity, thereby reducing the intracellular cyclic adenosine monophosphate (cAMP) level. In addition, Gi2 signaling gives rise to the activation of Phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) pathway, which leads to a significant increase of granule release and platelet aggregation (12, 13), suggesting that dense granule release, procoagulant activity, and thrombosis are dependent on P2RY12 activation (14, 15). Interestingly, P2RY12 is expressed not only on the surface of platelets but also on several immune cells, including eosinophils, monocytes, macrophages, lymphocytes dendritic cells, and mast cells, which are involved in the inflammatory process of many diseases (16). Studies have shown that the P2RY12 plays an important role in early DVT formation (17), and P2RY12 inhibitor Clopidogrel, Ticagrelor, or Prasugrel can restrain platelet-leukocyte interaction (18–20). Although a study has demonstrated the reduction of platelet-leukocyte aggregation and NETs by Ticagrelor in patients with pneumonia (21), the direct relationship between P2RY12 and NETosis has not been elucidated yet.

Species of Panax genus, including Panax ginseng C.A. Meyer, Panax notoginseng (Burkill) F.H. Chen, and Panax quinquefolius L., are precious Chinese herbal medicines with beneficial effects in reinforcing immunity and reducing fatigue. Ginsenoside Rg5 (Figure 2A) is one of the natural saponins in P. ginseng and P. notoginseng, which has multiple pharmacological activities, such as anti-cancer, anti-inflammation, anti-diabetes, anti-obesity, neuroprotection, and cardioprotection (22). However, whether Rg5 could benefit DVT therapy has not been elucidated yet. In the present study, we firstly identified that Rg5 might bind to P2RY12 by molecular docking, which was confirmed by molecular dynamics (MD) simulation, surface plasmon resonance (SPR), and site mutation analysis. Furthermore, in DVT model mice, we found that Rg5 could attenuate thrombosis, which might be exerted by inhibiting NETosis through preventing NET release and inflammatory response by antagonizing P2RY12. These findings may pave the road for the clinical application of Rg5 in the prevention of DVT.



Materials and methods


Chemicals

Ginsenoside Rg5 (Cat# BP1651, purity > 95%) was purchased from Biopurify Phytochemicals, Ltd. (Chengdu, China). Rivaroxaban (Cat# MB1878, purity > 98%) was obtained from Meilun Biotechnology Co., Ltd. (Dalian, China). Platelet-activating factor (PAF) (Cat# GC14535) was provided by GlpBio Technology, Inc. (CA, USA). Lipopolysaccharide (LPS) from Escherichia coli 0111:B4 was obtained from Sigma-Aldrich Company (MO, USA). 2-Methylthioadenosine diphosphate (2MesADP) trisodium salt was purchased from Tocris Bioscience (MN, USA). n-Dodecyl-β-D-Maltopyranoside (DDM) (Cat# D310) was bought from Anatrace (OH, USA).



Antibodies

Antibodies against AKT (Cat# T55561F), phospho-AKT-Ser473 (Cat# T40067F), phospho-ERK1 (T202/Y204) + ERK2 (T185) (Cat# T40072F), p44/42 MAPK (ERK1/2) (Cat# T40071F), and GAPDH (Cat# M20006F) were purchased from Abmart (Shanghai, China). Nuclear factor-kappa B (NF-kB) (Cat# 8242S), p-NF-κB-Ser536 (Cat# 3033L), and β-actin (Cat# 12413) antibodies were obtained from Cell Signaling Technology (C.S.T.) Co. (MA, USA). Anti-PAD4 antibody (Cat# ab214810) and anti-Histone H3 (citrulline R2 + R8 + R17) antibody (Cat# ab5103) were purchased from Abcam (Cambridge, England). Anti-MPO antibody (Cat# GB11224) was purchased from Servicebio (Wuhan, China).



Animals

Wide-type C57BL/6 male mice (25 ± 2 g) were provided by Shanghai Sippe-Bk Lab Animal Co., Ltd. and were adapted for 1 week before use. P2RY12-knockout (KO) mice were kindly provided by Dr. Jun-ling Liu from Ruijin Hospital, Shanghai Jiaotong University School of Medicine (Shanghai, China), and genotyped as described previously (23). All mice received humane care and were kept in a standard environment with a 12/12-h cyclic lighting schedule (lights on at 07:00 am) in the Laboratory Animal Center of Shanghai University of Traditional Chinese Medicine (SHUTCM, Shanghai, China). The temperature and humidity were maintained at 25 ± 2°C and 45 ± 5%, respectively.



Bone marrow neutrophils preparation

BMNs from the femur and tibia of wild type (WT) or P2RY12-KO mice were prepared according to the instruction of the Mouse Bone Marrow Neutrophil Extraction Kit (Solarbio, Beijing, China).



DNA content detection

BMNs were seeded in 24-well plate at 2 × 106/ml per well and treated with PBS or 6.25, 12.5, and 18.75 μM Rg5 for 2 h followed by stimulation of LPS (20 μg/ml) or 50 μM PAF for 30 min. Then, the cells were collected for Western blot analysis, and cell-free supernatant was collected for further analysis. DNA content in supernatant was measured by using Quant-iT PicoGreen dsDNA Reagent and Kits (Invitrogen, CA, USA). The concentration of DNA released by neutrophils treated with 0.3% Triton was set as 100%, and the relative proportion of cell-free DNA (cfDNA) concentration in each sample was calculated by comparing with the former.



ELISA assay

Serum or medium concentrations of D-dimer, IL-6, IL-1β, tumor necrosis factor-α (TNF-α) and citrullinated histones 3 (CitH3) were measured by using respective ELISA kits (Lengton Bioscience, Shanghai, China). The absorbance was detected at 450 or 570 nm on a microplate reader (FlexStation 3, Molecular Devices, CA, USA).



Immunocytochemistry

To examine the effect of Rg5 on the formation of NETs, the BMNs were seeded in 24-well plates with coverslips pre-coated with poly-D-lysine. After treatment of 18.75 μM Rg5 for 2 h followed by stimulation of LPS (5 μg/ml) or 20 μM PAF for 3 h, the cells were fixated by 4% Paraformaldehyde (PFA) for 10 min. Consequently, the cells were blocked with 5% donkey serum for 1 h and incubated overnight with antibody against CitH3 (1:1,000) at 4°C, followed by Alexa 488–conjugated secondary antibody (1:800). Finally, the coverslips were mounted on slides with mounting medium containing Diamidinyl phenyl indole (DAPI) in the dark. The microscopy images were captured by Olympus slide scanner (VS120, Japan) and analyzed by ImageJ (version 1.46r).



Molecular docking and consensus analysis

The P2RY12–antagonist complex structure (Protein Data Bank Code: 4NTJ) was obtained to predict the potential binding mode of Rg5 with P2RY12. As described previously (24), AutoDock Vina (version 1.1.2), Maestro (version 11.4, Schrödinger, LLC, New York, NY, 2021), and molecular operating environment (MOE, Chemical Computing Group, version 2019.0101) softwares were used to calculate the binding capability of Rg5 and other compounds. The exponential consensus ranking (ECR) analysis (25) was used to assign a rank to each ligand based on the molecular docking score provided by different docking programs to combine the results of multiple docking programs.



P2RY12 protein expression and purification

P2RY12 protein were expressed and purified as described previously (26) and concentrated to approximately 1 mg/ml for further usage.



Surface plasmon resonance

The binding affinity between Rg5 and P2RY12 was measured using Biacore T200 (GE healthcare, MA, USA). P2RY12 protein was immobilized on the chip in the presence of 1× HEPES Buffered Saline-EDTA P20 (HBS-EP) with 0.03% DDM buffer (pH 7.4) by using the His Capture Kit (GE healthcare, MA, USA). Various concentrations of Rg5 (0.098, 0.195, 0.391, 0.781, 0.562, and 3.125 μM) or Ticagrelor (0.031, 0.062, 0.125, 0.25, 0.5, and 1 μM) dissolved in 5% DMSO were passed at 30 μl/min for 120 s over the P2RY12 protein, followed by a dissociation step of 120 s. The Equilibrium dissociation constant (KD) value was obtained by fitting the data to a steady state affinity model using Biacore T200 Evaluation Software (version 3.0).



Molecular dynamics simulations

The stable MD trajectory of the P2RY12–Rg5, P2RY12–Ticagrelor, or P2RY12–Aspirin complex was estimated by the Molecular mechanics/poisson-boltzmann surface area (MM/PBSA) technique implemented in AMBER14 as described previously (27). The MM/PBSA method combined molecular mechanics and continuous solvent model was used to predict the binding free energy of P2RY12 protein and ligands.



P2RY12 signaling transduction detection

CHO-P2RY12 cells overexpressing P2RY12 were cultured in Dulbecco's modified eagle medium (DMEM) high-glucose medium containing 10% fetal bovine serum at 37°C. To examine the inhibitory effect of Rg5 against P2RY12 signaling, CHO-P2RY12 cells were seeded at a density of 1 × 105 cells per well in six-well plates for 24 h and serum-starved for 12 h. Then, the cells were treated with Rg5 (3.125, 6.25, 12.5, 25, and 50 μM) for 2 h followed by stimulation of 2MesADP (100 nM) for 5 min. Afterward, the cells were collected for further Western blot analysis.



P2RY12 site mutation

The coding sequence of P2RY12 (Homo sapiens, Gene ID: 64805) was cloned into PCMV6 vector and site-directed mutated by using the Mut Express II Fast Mutagenesis Kit (Vazyme, Nanjing, China). The primers (Generay Biotech, Shanghai, China) were listed as follows: P2RY12_E188A mutation (forward, 5′- GTCTGGCATGCGATAGTAAATTACATCTGTC-3′; reverse, 5′- GTAATTTACTATCGCATGCCAGACTAGACCG-3′), P2RY12_R265A mutation (forward, 5′- CAAACCGCTGATGTCTTTGACTGCACTGCTGAA-3′; reverse, 5′- GACATCAGCGGTTTGGCTCAGGGTGTAAGGAATT-3′), P2RY12_D266A mutation (forward, 5′- ACCCGGGCGGTCTTTGACTGCACTGCTGAAAATA -3′; reverse, 5′- AAAGACCGCCCGGGTTTGGCTCAGGGTGTAA -3′), and P2RY12_R265A and D266A mutation (forward, 5′- CTGAGCCAAACCGCTGCGGTCTTTGACTGC -3′; reverse, 5′- GTGCAGTCAAAGACCGCAGCGGTTTGGCTC -3′). Plasmid was extracted according to the steps in the EndoFree Midi Kit (Cwbiotech, Taizhou, China) and transfected into CHO cells for 12 h by Tecfect DNA transfection reagent (TEYE Co, Shanghai, China). CHO cells were cultured and treated under the same conditions as CHO-P2RY12 cells, which were collected for further Western blot analysis.



Western blot analysis

The methods of protein samples preparation and Western blot analysis were described previously (28). After incubation in primary antibodies (1:1,000) and secondary antibody (1:5,000), the protein bands were visualized by using the ECL Enhanced Kit (ABclonal Technology, Wuhan, China). The photographs were taken and analyzed by using Tanon 5200 Multi (Shanghai, China).



Inferior vena cava stasis-induced DVT

DVT model was established as described previously (29). In brief, the IVC caudal to the left renal vein was ligated for 12 h to achieve stasis induction of thrombosis. None of the mice showed any bleeding during surgery.



Drug administration

A total of 48 mice were randomly divided into six groups: (1) Sham group; (2) DVT group; (3) Rg5 of 1.25 mg/kg + DVT group; (4) Rg5 of 2.5 mg/kg + DVT group; (5) Rg5 of 5 mg/kg + DVT group; and (6) Rivaroxaban of 0.3 mg/kg + DVT group. Rg5 is dissolved in saline containing 2% ethanol for injection, and Rivaroxaban was dissolved in a special solution (Polyethylene glycol/Saline/Glycerin = 996 g/100 g/60g). Rg5 or Rivaroxaban was intravenously given at 15 min prior to thrombus induction. IVC of mice in sham group was separated without ligation. After the formation of DVT, arterial blood was collected immediately and mixed with 10% sodium citrate for anticoagulation followed by centrifugation at 3,000 rpm for 15 min to obtain the plasma. The IVC between the left renal vein and the iliac crest bifurcation was separated, whose length and wet weight were measured. Afterward, the IVC was fixed by 4% PFA for further hematoxylin and eosin (HE) staining and immunohistochemistry.



Histopathology and immunohistochemistry

For HE staining, the 5-μm-thick sections were dewaxed and stained by HE as described previously (30). For immunohistochemistry, the sections were deparaffinzed and rehydrated, followed by antigen retrieval as described elsewhere (31). After deactivation of endogenous peroxidase with H2O2, they were blocked with 3% Bull serum albumin (BSA) and incubated with the anti-MPO antibody (1:2,000) and the secondary antibody (1:200). The immuno-reactive cells were visualized after Diaminobenzidine (DAB) chromogenic reaction. Finally, the images were captured by Olympus slide scanner (VS120, Japan) and analyzed by ImageJ (version 1.46r).



Calcium flux assay

Calcium flux in BMNs was monitored by using the Screen Quest™ Calbryte-520 Probenecid-Free and Wash-Free Calcium Assay Kit (AAT Bioquest, CA, USA). In brief, BMNs were seeded at 2 × 106 cells/ml in 96-well plate. After Rg5 (18.75 μM) treatment for 2 h, BMNs were loaded with Calbryte 520 AM dye for 45 min. Then, the cells were stimulated with PAF (20 μM) and monitored immediately on a fluorescence microplate reader (FlexStation 3, Molecular Devices, CA, USA) with excitation wavelength at 490 nm and emission wavelength at 525 nm at 37°C for 60 min.



PAD4 activity assay

BMNs were stimulated with PAF (20 μM) for 3 h after pre-treated with Rg5 (18.75 μM) for 2 h. Then, the cells were collected and lysed to extract the proteins, which were incubated with 10 mM ethyl N-benzoyl-L-argininate hydrochloride (BAEE) at 37°C for 10 min. The ammonia content produced through the enzymatic hydrolysis of BAEE by PAD4 was measured according to the procedure described by the manufacturer (Blood Ammonia Content Detection Kit). Finally, the absorbance was measured at 630 nm on a microplate reader (FlexStation 3).



Statistical analysis

The data were presented as mean ± SEM to describe the differences among multiple groups. Differences among groups were analyzed by one-way ANOVA with Dunnett’s analysis (n ≥ 4) and Kruskal–Wallis test (n = 3) using GraphPad Prism 5.0. The value of P < 0.05 was considered statistically significant.




Results


P2RY12 actively participated in NETosis

Because whether P2RY12 is involved in NETosis has not been elucidated yet, we firstly investigated its role in NETosis. As shown in Figure 1A, PAF dose-dependently induced the production of cfDNA in both WT and P2RY12-KO neutrophils. However, when stimulated with the same dose of PAF, higher than 50 μM, P2RY12-KO neutrophils produced significantly less cfDNA than WT neutrophils (P < 0.05, P < 0.001). Similarly, when stimulated at the concentration higher than 20 μg/ml, LPS also induced much more release of cfDNA in WT neutrophils than that in P2RY12-KO neutrophils (P < 0.01 and P < 0.001). After PAF or LPS stimulation, much more NETs in reticular structure, which were mainly composed of DNA and CitH3 derived from chromatin depolymerization in the nucleus, were released from WT neutrophils than that from P2RY12-KO neutrophils (Figure 1B, P < 0.01). Moreover, PAF-induced remarkably increased production of inflammatory factors, such as IL-6, IL-1β, and TNF-α in WT neutrophils (Figure 1C, P < 0.05); by contrast, it induced slight increment of IL-6, IL-1β, and TNF-α in P2RY12-KO neutrophils. Similarly, LPS induced more release of inflammatory cytokines in WT neutrophils than that in P2RY12-KO neutrophils (Figure 1D). These results implicated that P2RY12 is critical for the NETosis and inflammatory response in neutrophils.




Figure 1 | Effects of P2RY12 on PAF and LPS-induced NET release and inflammatory responses. (A) Different concentrations of PAF or LPS induced the release of cfDNA from WT or P2RY12-KO neutrophils (n = 4). (B) Immunofluorescent staining and statistical analysis of CitH3 and DAPI staining of WT or P2RY12-KO neutrophils induced by PAF and LPS, respectively (n = 4). (C, D) Release of IL-6, IL-1β, and TNF-α in medium of WT or P2RY12-KO neutrophils induced by PAF and LPS, respectively (n = 4). All the data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT control; ###P < 0.001 vs. P2RY12-KO Control; &P < 0.05, &&P < 0.01, &&&P < 0.001, WT vs. P2RY12-KO. #P < 0.05, ##P < 0.01.





Rg5 allosterically bound to P2RY12 and antagonized its activity

As aforementioned, P2RY12 is important for neutrophil activation, particularly NETosis, we next carried out virtual screening by using ECR strategy, which was adopted to better describe the comprehensive binding affinity of the P2RY12–ligand complex predicted by Autodock Vina, Glide, and MOE softwares. We used ranking values rather than docking scores in subsequent docking analyses. According to the ranking results, the binding affinity between Rg5 and P2RY12 was similar to that between Ticagrelor and P2RY12 (Table 1). To further investigate the stability of Rg5 binding to P2RY12, MD analysis was performed. As shown in Figure 2B, the electrostatic interaction (ΔEele) between Rg5 and P2RY12 was higher than that between Ticagrelor and P2RY12, and the total free energy (ΔGTot) of Rg5 was also slightly higher than that of Ticagrelor. In addition, as shown in Figure 2C, compared with the stable state of Ticagrelor in P2RY12, although the complex of Rg5 and P2RY12 fluctuated before 25 ns, it quickly leveled off later; and Aspirin remained in a state of fluctuation in P2RY12. The Root mean square deviation (RMSD) trajectories of Rg5 and Pocket also fluctuated slightly at the beginning but became stable later on. To confirm the direct interaction, we conducted SPR assay. As shown in Figure 2D, Rg5 dose-dependently bound to P2RY12 with a KD of 0.33 μM, which was similar to that of Ticagrelor (0.102 μM). These results suggested that Rg5 could bind to P2RY12 steadily and affect the activity of the latter. On this premise, we used CHO-P2Y12-OE cells to explore whether the binding of Rg5 to P2RY12 could interfere the downstream signaling of the latter. As demonstrated in Figure 2E, Rg5 itself had no effect on P2RY12 signaling, but it inhibited 2MesADP-induced phosphorylation of AKT and ERK in a dose-dependent manner, suggesting the antagonic effect of Rg5 on P2RY12.


Table 1 | Ranking results of Rg5, Ticagrelor, and Aspirin binding to P2RY12.






Figure 2 | Interaction between Rg5 and P2RY12. (A) Chemical structure for Rg5. (B) Comparison of binding free energy between Rg5, Ticagrelor, and Aspirin binding to P2RY12. ΔEvdw, van der Waals energy; ΔEele, electrostatic energy; ΔEPB, Poisson–Boltzmann energy; ΔESA, nonpolar energy; ΔGTot, total binding free energy. (C) Stability analysis of Rg5, Ticagrelor, and Aspirin binding to P2RY12. (D) SPR analyses of Rg5 and Ticagrelor binding to P2RY12. (E) Protein expression and phosphorylation levels of AKT (n = 3) and ERK (n = 3). All the data are shown as the mean ± SEM. *P < 0.05, **P < 0.01 vs. 2MesADP group.



To find out the exact binding sites, we first carried out molecular docking analysis of Rg5 and P2RY12. As shown in Figures 3A, B, Rg5 was predicted to interact with P2RY12 at amino acid residues E188, R256, T260, R265, and D266. Furthermore, energy decomposition of amino acid residues based on MM/PBSA free energy calculation showed that amino acid residues S101, E188, R256, R265, and D266 were important in the binding process of Rg5 and P2RY12 (Figure 3C). Because R256 was reported to play a pivotal role for the binding of ADP with P2RY12, and the mutation of R256 weakened the activation of P2RY12 by ADP, we chose E188, R265, and D266 for site-directed mutagenesis. As shown in Figure 3D, a series of P2RY12 variants were generated and overexpressed in CHO cells followed by activation of 2MesADP. However, Rg5 still could antagonize 2MesADP-induced phosphorylation of AKT and ERK unless E188 and R265 was simultaneously mutated into alanine. According to the docking results in Figure 3D, there were two main binding modes of Rg5 in P2RY12 mutants. As shown in Figure 3E, Rg5 mainly bound to two extracellular pockets, which were separated by residues Y105 and K280. Pocket 2 was the binding site of Rg5 in the WT conformation, E188A mutant, and E188A and R265A mutant of P2RY12; whereas in other mutants, Rg5 bound to the more advantageous Pocket 1. The interaction between Rg5 and binding pocket in Figure 3F showed the absence of hydrogen bonding with E188 and R265 in the interaction of Rg5 and E188A and R265A mutant, which resulted in the weakened binding effect of Rg5 to P2RY12. Ranking results in Table 2 also verified that the E188A and R265A mutant had the weakest affinity with Rg5, suggesting that E188 and R265 play an important role in the interaction between Rg5 and P2RY12.




Figure 3 | Interaction sites of Rg5 with P2RY12. (A) P2RY12 and Rg5 complex structure, and binding pocket with Rg5. (B) Two-dimensional interaction map of interactions between Rg5 and P2RY12. (C) Energy decomposition of amino acid residues in P2RY12 and Rg5 based on MM/PBSA free energy calculation. (D) Structures of P2RY12 mutation variants with Rg5 bound were shown in the upper panel, and Western blot analysis in the lower panel displayed the protein expression and phosphorylation levels of AKT (n = 4) and ERK (n = 4). All the data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 2MesADP group. (E) Hypothetical binding modes of Rg5 to P2RY12 mutation variants obtained by molecular docking. The binding conformation of Rg5 in each P2RY12 mutant were colored as follows: white, original; slate, E188A; orange, E188A and R265A; magenta, R165A; pink, D266A; cyan, E188A and D266A; yellow, R265A and D266A; green, E188A and R265A and D266A. (F) A view of the P2RY12 mutant/Rg5 complex.




Table 2 | Ranking results of Rg5 binding to P2RY12 mutation variants.





Rg5 reduced thrombosis and inflammatory response in DVT model mice

As shown in Figure 4, IVC ligation caused significant thrombosis in mice (Figure 4A). Accordingly, the wet weight and length of thrombus in the DVT group mice were increased markedly, compared with the sham group (P < 0.001). Rg5 pretreatment, especially at dosages of 2.5 and 5 mg/kg, significantly reduced thrombus formation (P < 0.05 or P < 0.001). Meanwhile, Rg5 pretreatment at higher dosages suppressed the plasma D-dimer content in DVT mice (Figure 4D, P < 0.05). Similarly, the positive control drug, Rivaroxiban (0.3 mg/kg), also attenuated thrombus formation, as well as the plasma D-dimer content in DVT mice. These results demonstrated that Rg5 could prevent thrombosis in deep vein. On the other hand, DVT is closely relevant to thrombophlebitis. As shown in Figure 4E, much more inflammatory cells infiltrated in the veins of DVT mice compared with the sham mice. Moreover, MPO staining exposed that most of the accumulated inflammatory cells were neutrophils (Figure 4F). After pretreatment of Rg5, the infiltration of inflammatory cells including neutrophils in vein was reduced (P < 0.01 or P < 0.001). Rg5 treatment (2.5 and 5 mg/kg) also significantly inhibited the release of inflammatory cytokines IL-6, TNF-α, and IL-1β in plasma (Figures 4H–J, P < 0.05 or P < 0.001). In addition, DVT is closely related to NETs produced by neutrophils. As the biomarker of NET formation, the content of citrullinated histone H3 (CitH3) was elevated after induction of DVT, which was significantly reduced after Rg5 (5 mg/kg) pre-administration (Figure 4K, P < 0.05). Interestingly, the positive drug, Rivaroxiban (0.3 mg/kg), could also suppress neutrophil infiltration and inflammatory response, as well as CitH3 expression. These results suggested that Rg5 could inhibit NET release and inflammatory response in mice.




Figure 4 | Effect of Rg5 administration on thrombosis and inflammation in DVT mice. (A) Morphology of venous thrombosis. (B, C) Thrombus wet weight and length (n = 8). (D) Plasma D-dimer content (n = 7). (E) HE staining of inferior vena cava. (F) MPO immunohistochemical staining of inferior vena cava. (G) MPO positive cell density (n = 6). (H–K) Plasma contents of IL-6, IL-1β, TNF-α, and CitH3 (n = 7). Data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. DVT group.





Rg5 inhibited NETosis depending on P2RY12

On the premise that Rg5 had no effect on neutrophils viability (Figure 5A), we first investigated whether Rg5 had an inhibitory effect on NETosis induced by PAF or LPS. As shown in Figure 5B, Rg5 pre-treatment significantly reduced the chromatin depolymerization and the expression of CitH3 in PAF-induced WT neutrophils (P < 0.001). However, in PAF-induced P2RY12-KO neutrophils, Rg5 did not show the same effect. Similar results were found in LPS-induced WT and P2RY12-KO neutrophils (Figure 5C). In addition, Rg5 treatment dose-dependently reduced cfDNA release and inflammatory factor production in culture medium of WT neutrophils induced by PAF and LPS (Figures 5D, E). However, in PAF-induced P2RY12-KO neutrophils, Rg5 pre-treatment at 18.75 μM slightly suppressed the cfDNA release, whereas it could not inhibit further inflammatory factor release (Figure 5D). Similarly, in LPS-induced P2RY12-KO neutrophils, Rg5 still showed slight inhibitory effects on the production of IL-1β (Figure 5E). These results suggested that Rg5 inhibited NETosis mainly through P2RY12.




Figure 5 | Effects of Rg5 on PAF or LPS-induced release of NETs and inflammatory factors in WT or P2RY12-KO neutrophils. (A) Effect of Rg5 on WT or P2RY12-KO neutrophils viability (n = 4). (B, C) Immunofluorescent staining and statistical analysis of CitH3 in WT or P2RY12-KO neutrophils stimulated by PAF or LPS. (n = 6). (D, E) DNA concentration (n = 4) and IL-6, IL-1β, and TNF-α concentrations (n = 4) in the medium of WT or P2RY12-KO neutrophils stimulated by PAF or LPS. All the data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. PAF or LPS group.





Rg5 attenuated LPS or PAF-induced activation of PAD4 and ERK/NF-κB signaling pathway in neutrophils via P2RY12

As PAD4 plays an important role in NETosis, we next examined whether Rg5 could influence the activity of PAD4 and whether this action was dependent on P2RY12. As shown in Figure 6A, Rg5 treatment significantly reduced PAF-induced calcium flux. In contrast, Rg5 could not further mitigate PAF-induced calcium flux in P2RY12-KO neutrophils (Figure 6A). In terms of PAD4 expression, 18.75 μM Rg5 treatment significantly mitigated the increase of PAD4 induced by PAF in WT neutrophils (Figure 6B, P < 0.05). Accordingly, the catalytic activity of PAD4 in WT neutrophils was suppressed by Rg5, compared with PAF group cells (Figure 6C, P < 0.01 or P < 0.001). When P2RY12 was deleted, Rg5 displayed no effect on the expression and activity of PAD4 in neutrophils. These results implicated that Rg5 suppressed PAF-induced elevation of PAD4 in neutrophils through P2RY12. Thereby, we investigated whether Rg5 could regulate the signaling pathway associated with inflammatory cytokine production and whether this effect was dependent on P2RY12. As shown in Figure 6D, PAF-induced a marked rise in the phosphorylation of ERK and NF-κB, which could be counteracted by Rg5 treatment (P < 0.05, P < 0.01, or P < 0.001). PAF could also induce the phosphorylation of ERK and NF-κB in P2RY12-KO neutrophils. However, Rg5 treatment did not suppress the activated ERK and NF-κB in P2RY12-KO cells. Similarly, Rg5 failed to inhibit LPS-activated ERK/NF-κB pathway in P2RY12-KO neutrophils (Figure 6E). These results indicated that Rg5 suppressed the inflammatory pathway in neutrophils depending on P2RY12.




Figure 6 | Effects of Rg5 on PAF or LPS-induced activation of PAD4 and ERK/NF-κB signaling pathway in WT or P2RY12-KO neutrophils. (A) Calcium flux in WT or P2RY12-KO neutrophils stimulated by PAF (n = 3). (B) Protein expression of PAD4 in WT or P2RY12-KO neutrophils stimulated by PAF (n = 5). (C) Activity of PAD4 in WT or P2RY12-KO neutrophils stimulated by PAF (n = 4). (D, E) Western Blot results and statistical analysis of protein expression and phosphorylation levels of ERK (n = 5) and NF-κB (n = 5) in WT or P2RY12-KO neutrophils stimulated by PAF or LPS. All the data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. PAF or LPS group.






Discussion and conclusions

In this study, we demonstrated that Rg5 inhibited signal transduction in neutrophils and reduced DVT formation by interacting with P2RY12. On the one hand, Rg5 suppressed inflammatory response by inhibiting cytokine production through ERK/NF-κB signaling pathway; on the other hand, it reduced NETosis by preventing intracellular calcium mobilization, leading to the loss of PAD4 activity. Our results suggested that Rg5 might be a promising candidate for the prevention of DVT by counteracting neutrophil activation through P2RY12.

P2RY12 has been shown as a drug target for the prevention of platelet aggregation for a long time and is also involved in inflammation. For instance, knockout of P2RY12 or blocking of P2RY12 with Clopidogrel significantly reduced the volume of venous thrombosis in mice (18, 32). Clopidogrel, Cangrelor, and Ticagrelor have been used widely in clinic for the treatment of thrombogenesis by acting as P2RY12 antagonists, but some patients experienced side effects such as bleeding or recurrent ischemia (33). Interestingly, in our experiment, the injection of Rg5 could prolong the coagulation time compared with that of Cangrelor, but the bleeding time of Rg5 was shorter than that of Cangrelor (data not shown), suggesting that Rg5 might have less bleeding risk compared with Cangrelor. However, further research remains to be done in the future to confirm the effect.

Clopidogrel has been proven to inhibit the production of proinflammatory mediator in plasma, particularly IL-6, TNFα, and IL-1β, and reduce platelet–neutrophil interactions (18, 21, 34). However, whether P2RY12 plays an important role in the activation of neutrophils has not been clearly elucidated. A recent report demonstrated that, in the sepsis model of P2RY12-KO mice, there was no prominent increase of neutrophils in the serum and inflammation sites (35). However, there was no further investigation to disclose the underlying mechanism. In the present study, we demonstrated that both LPS and PAF stimulation enhanced inflammatory response and NET release in neutrophils; however, the effect of which was weakened in P2RY12-deficient neutrophils. These results implicated that P2RY12 is important for NETosis.

Rg5 has been shown to have multiple pharmacological activities, including anti-inflammatory, antitumor, neuroprotective, and cardioprotective properties (21). However, up to date, there is no report that clearly clarifies the direct molecular target. In our virtual screening, we found that Rg5 showed strong affinity with P2RY12, which was similar to Ticagrelor, a well-known P2RY12 antagonist. To confirm the binding, we conducted SPR assay and MD simulation, respectively, which revealed that Rg5 could dose-dependently bind to P2RY12 and form stable complex rapidly. Moreover, site-mutation analysis exposed that two amino acid residues E188 and R265, which did not directly interact with 2MesADP (36), were critical sites for the binding of Rg5 to P2RY12 and activation of downstream signaling. The roles of these two amino acids have been mentioned in previous studies, both of which were related to the activation of P2RY12 (37, 38). However, a study has also indicated that E188 and R265 were not the active sites for P2RY12; they mainly affect the conformational states of the protein (26). In agreement with the conjecture, the P2RY12 mutant constructed by homologous modeling suggested that the allosteric effect caused by mutations of E188 and R265 might account for the diminished antagonism of Rg5 to P2RY12. These results robustly corroborated the direct binding and antagonic activity of Rg5 to P2RY12.

Platelet aggregation and inflammation are related to the pathogenesis of DVT. During the occurrence of DVT in clinic, slow or restricted blood flow in veins leads to damage of venous endothelial cells due to hypoxia and further releases cytokines such as inflammatory factors, PAF, and chemokines, which induces the activation and aggregation of platelets and white blood cells. When systemic or local infection occurs, in addition to similar responses described above, platelets and leukocytes activate rapidly in response to direct pathogen stimulation, leading to a significantly increased risk of DVT (39). Activated platelets are recruited and transported to the venous wall where they attach directly to endothelial cells or to leukocytes to form heterogeneous aggregates, which is a critical step in DVT initiation (40). P2RY12 inhibitors Ticagrelor and Clopidogrel have been shown to significantly reduce the formation of platelet–neutrophil or platelet–monocyte aggregates and improve systemic inflammatory responses (41). The process of thrombosis is usually accompanied by the transformation of acute inflammation to chronic inflammation, and inflammation is closely related to DVT (42, 43). Recent studies have found that inflammation factors like IL-6, IL-1, and TNF-α were elevated in both DVT patients and mice (44, 45) and activated platelets and coagulation system, which further promoted thrombosis (46, 47). Neutrophils are essential in the development of thrombotic inflammation in DVT. In the DVT mouse model, 1 h after inferior vena cava stenosis, white blood cells began to appear and adhere to the venous endothelium. Six hours later, white blood cells covered the entire endothelial surface, of which more than 80% were neutrophils and the remaining 20% were monocytes. Moreover, when neutrophils are eliminated, DVT formation will be inhibited, indicating that the importance of neutrophils in DVT occurrence cannot be ignored (48). Activated neutrophils release NETs, which were found in the plasma and thrombus of patients with DVT (49, 50). Although monocytes also release extracellular traps (51), studies showed that neutrophils were the source of these extracellular traps (48), and a large number of NETs were also found in the thrombosis model (52). Meanwhile, treatment with DNase 1, known to degrade NETs, reduced the frequency of thrombosis (53), indicating that neutrophils and NETs in DVT are functionally important. In this study, we found that Rg5 inhibits DVT formation by reducing the release of inflammatory cytokines and the expression of NET biomarker CitH3 in mice. We induced bacterial and aseptic inflammation in vitro with LPS and PAF, respectively, and found that Rg5 reduced the inflammatory response of neutrophils by inhibiting P2RY12. This study focused only on the antagonistic effect of Rg5 against P2RY12 of neutrophils, rather than that of the platelets or other blood cells, like monocytes. However, Rg5 has been reported to have a significant anti-platelet aggregation effect (54). Combined with the fact that Rg5 can inhibit the phosphorylation of AKT and ERK signals downstream of P2RY12 and antagonize its activity, we speculate that Rg5 can inhibit platelet activation and platelet–white blood cell interaction by targeting P2RY12. Therefore, we believe that Rg5 may be an ideal treatment option for DVT.

P2RY12, as a member of the GPCR family, transmits signals mainly through two pathways: one modulates the cAMP level and PI3K/AKT pathway by binding to Gi protein, and the other influences Mitogen activated protein kinases (MAPK) signaling pathways such as ERK pathway by binding to β-arrestin or Gi protein (55). Previous studies have reported that the transcription and expression of inflammatory cytokines such as TNF-α, IL-1β, and IL-6 were related to the phosphorylation of NF-κB signal (56), which was affected by ERK pathway (57). PAD4 is highly expressed in neutrophil nuclei and relies on calcium mobilization to catalyze the conversion of several arginine sites on histones into citrulline (58), which plays an important role in the formation of NETs (59, 60). It has also been found that Rg5 can play an anti-inflammatory role by interfering NLRP3 signaling pathway and reducing inflammatory cytokines, whereas PAD4 also has the ability to upregulate NLRP3 inflammatory granules through post-transcription (61). Meanwhile, the activation of P2RY12 by ADP is closely associated with NLRP3- and NF-κB–mediated inflammatory responses (62). Therefore, on the basis of the inhibitory effect of Rg5 on P2RY12 activation in this study, the interference of Rg5 on NLRP3 signaling via P2RY12 may also explain the inhibitory effect of Rg5 on neutrophil inflammation. In the present study, Rg5 was found to inhibit ERK/NF-κB activation and inflammatory factor production in neutrophils induced by both LPS and PAF. Meanwhile, Rg5 restrained calcium influx, PAD4 activity, and NET release in PAF/LPS-induced neutrophils. However, in P2RY12 deficiency neutrophils, the suppressive effects of Rg5 on the aforementioned parameters were diminished. These results implicated that Rg5 modulated ERK/NF-κB and cAMP/PAD4 signaling pathway in neutrophils depending on P2RY12.

In summary, this study demonstrated that Rg5 as a natural P2RY12 antagonist could inhibit NETosis during thrombosis to slow down the formation of DVT. Our study provides a theoretical basis for the clinical application of Rg5 for the prevention of DVT.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Shanghai University of Traditional Chinese Medicine.



Author contribution

ZC, GW, and XX performed the experiments, analyzed the data, and wrote the paper. ZW and XW designed the study. HL, JL, and HS participated in its design and helped to draft the manuscript. MC and SL gave valuable suggestions about the study. All authors contributed to the article and approved the submitted version. 



Funding

This work was supported by Shanghai Municipal Natural Science Foundation (22ZR1461100). Major International (Regional) Joint Research Project of NSFC (81920108033), Guangxi Science and Technology Base and Talent Special Project (Guike AD20297068).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Badireddy, M, and Mudipalli, VR. Deep venous thrombosis prophylaxis. In: StatPearls. Treasure Island (FL: StatPearls Publishing (2021).

2. Bevis, PM, and Smith, FC. Deep vein thrombosis. Surg (Oxford) (2016) 34:159–64. doi: 10.1016/j.mpsur.2016.02.001

3. Diana Yap, FS, Ng, ZY, Wong, CY, Muhamad Saifuzzaman, MK, and Yang, LB. Appropriateness of deep vein thrombosis (DVT) prophylaxis use among medical inpatients: a DVT risk alert tool (DRAT) study. Med J Malaysia (2019) 74:45–50.

4. Kollias, A, Kyriakoulis, KG, Lagou, S, Kontopantelis, E, Stergiou, GS, and Syrigos, K. Venous thromboembolism in COVID-19: A systematic review and meta-analysis. Vasc Med (2021) 26:415–25. doi: 10.1177/1358863X21995566

5. Lichota, A, Szewczyk, EM, and Gwozdzinski, K. Factors affecting the formation and treatment of thrombosis by natural and synthetic compounds. Int J Mol Sci (2020) 21:7975. doi: 10.3390/ijms21217975

6. Weitz, JI, and Chan, NC. Novel antithrombotic strategies for treatment of venous thromboembolism. Blood (2020) 135:351–9. doi: 10.1182/blood.2019000919

7. Pfeiler, S, Stark, K, Massberg, S, and Engelmann, B. Propagation of thrombosis by neutrophils and extracellular nucleosome networks. Haematologica (2017) 102:206–13. doi: 10.3324/haematol.2016.142471

8. Fuchs, TA, Brill, A, Duerschmied, D, Schatzberg, D, Monestier, M, Myers, DD Jr, et al. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci USA (2010) 107:15880–5. doi: 10.1073/pnas.1005743107

9. Urban, CF, Ermert, D, Schmid, M, Abu-Abed, U, Goosmann, C, Nacken, W, et al. Neutrophil extracellular traps contain calprotectin, a cytosolic protein complex involved in host defense against candida albicans. PloS Pathog (2009) 5:e1000639. doi: 10.1371/journal.ppat.1000639

10. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat Rev Immunol (2018) 18:134–47. doi: 10.1038/nri.2017.105

11. Qutub, MA, Chong, AY, and So, DY. Current evidence on platelet P2Y12 receptor inhibitors: Is there still a role for clopidogrel in 2015? Can J Cardiol (2015) 31:1481–4. doi: 10.1016/j.cjca.2015.04.019

12. Niu, H, Chen, X, Gruppo, RA, Li, D, Wang, Y, Zhang, L, et al. Integrin αIIb-mediated PI3K/Akt activation in platelets. PloS One (2012) 7:e47356. doi: 10.1371/journal.pone.0047356

13. Guidetti, GF, Canobbio, I, and Torti, M. PI3K/Akt in platelet integrin signaling and implications in thrombosis. Adv Biol Regul (2015) 59:36–52. doi: 10.1016/j.jbior.2015.06.001

14. Kim, S, and Kunapuli, SP. P2Y12 receptor in platelet activation. Platelets (2011) 22:56–60. doi: 10.3109/09537104.2010.497231

15. Speich, HE, Bhal, V, Houser, KH, Caughran, AT, Lands, LT, Houng, AK, et al. Signaling via P2Y12 may be critical for early stabilization of platelet aggregates. J Cardiovasc Pharmacol (2014) 63:520–7. doi: 10.1097/FJC.0000000000000076

16. Mansour, A, Bachelot-Loza, C, Nesseler, N, Gaussem, P, and Gouin-Thibault, I. P2Y12 inhibition beyond thrombosis: Effects on inflammation. Int J Mol Sci (2020) 21:1391. doi: 10.3390/ijms21041391

17. Guenther, F, Herr, N, Mauler, M, Witsch, T, Roming, F, Hein, L, et al. Contrast ultrasound for the quantification of deep vein thrombosis in living mice: effects of enoxaparin and P2Y12 receptor inhibition. J Thromb Haemost (2013) 11:1154–62. doi: 10.1111/jth.12206

18. Wang, XL, Deng, HF, Li, T, Miao, SY, Xiao, ZH, Liu, MD, et al. Clopidogrel reduces lipopolysaccharide-induced inflammation and neutrophil-platelet aggregates in an experimental endotoxemic model. J Biochem Mol Toxicol (2019) 33:e22279. doi: 10.1002/jbt.22279

19. Rahman, M, Gustafsson, D, Wang, Y, Thorlacius, H, and Braun, OÖ. Ticagrelor reduces neutrophil recruitment and lung damage in abdominal sepsis. Platelets (2014) 25:257–63. doi: 10.3109/09537104.2013.809520

20. Judge, HM, Buckland, RJ, Sugidachi, A, Jakubowski, JA, and Storey, RF. The active metabolite of prasugrel effectively blocks the platelet P2Y12 receptor and inhibits procoagulant and pro-inflammatory platelet responses. Platelets (2008) 19:125–33. doi: 10.1080/09537100701694144

21. Sexton, TR, Zhang, G, Macaulay, TE, Callahan, LA, Charnigo, R, Vsevolozhskaya, OA, et al. Ticagrelor reduces thromboinflammatory markers in patients with pneumonia. JACC Basic Transl Sci (2018) 3:435–49. doi: 10.1016/j.jacbts.2018.05.005

22. Liu, MY, Liu, F, Gao, YL, Yin, JN, Yan, WQ, Liu, JG, et al. Pharmacological activities of ginsenoside Rg5 (Review). Exp Ther Med (2021) 22:840. doi: 10.3892/etm.2021.10272

23. Zheng, F, Zhou, Q, Cao, Y, Shi, H, Wu, H, Zhang, B, et al. P2Y12 deficiency in mouse impairs noradrenergic system in brain, and alters anxiety-like neurobehavior and memory. Genes Brain Behav (2019) 18:e12458. doi: 10.1111/gbb.12458

24. Liao, Q, Chen, Z, Tao, Y, Zhang, B, Wu, X, Yang, L, et al. An integrated method for optimized identification of effective natural inhibitors against SARS-CoV-2 3CLpro. Sci Rep (2021) 11:22796. doi: 10.1038/s41598-021-02266-3

25. Palacio-Rodríguez, K, Lans, I, Cavasotto, CN, and Cossio, P. Exponential consensus ranking improves the outcome in docking and receptor ensemble docking. Sci Rep (2019) 9:5142. doi: 10.1038/s41598-019-41594-3

26. Zhang, K, Zhang, J, Gao, ZG, Zhang, D, Zhu, L, Han, GW, et al. Structure of the human P2Y12 receptor in complex with an antithrombotic drug. Nature (2014) 509:115–8. doi: 10.1038/nature13083

27. Miller, BR 3rd, McGee, TD Jr, JM, S, Homeyer, N, Gohlke, H, and Roitberg, AE. MMPBSA.py: An efficient program for end-state free energy calculations. J Chem Theory Comput (2012) 8:3314–21. doi: 10.1021/ct300418h

28. Xu, Q, Chen, Z, Zhu, B, Wang, G, Jia, Q, Li, Y, et al. A-type cinnamon procyanidin oligomers protect against 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine-Induced neurotoxicity in mice through inhibiting the P38 mitogen-activated protein Kinase/P53/BCL-2 associated X protein signaling pathway. J Nutr (2020) 150:1731–7. doi: 10.1093/jn/nxaa128

29. Wrobleski, SK, Farris, DM, Diaz, JA, Myers, DD Jr, and Wakefield, TW. Mouse complete stasis model of inferior vena cava thrombosis. J Vis Exp (2011) 52:2738. doi: 10.3791/2738

30. Yang, L, Xing, F, Han, X, Li, Q, Wu, H, Shi, H, et al. Astragaloside IV regulates differentiation and induces apoptosis of activated CD4+ T cells in the pathogenesis of experimental autoimmune encephalomyelitis. Toxicol Appl Pharmacol (2019) 362:105–15. doi: 10.1016/j.taap.2018.10.024

31. Varma, MR, Varga, AJ, Knipp, BS, Sukheepod, P, Upchurch, GR, Kunkel, SL, et al. Neutropenia impairs venous thrombosis resolution in the rat. J Vasc Surg (2003) 38:1090–8. doi: 10.1016/S0741-5214(03)00431-2

32. Bird, JE, Wang, X, Smith, PL, Barbera, F, Huang, C, and Schumacher, WA. A platelet target for venous thrombosis? P2Y1 deletion or antagonism protects mice from vena cava thrombosis. J Thromb Thrombolysis (2012) 34:199–207. doi: 10.1007/s11239-012-0745-3

33. Terrier, J, Daali, Y, Fontana, P, Csajka, C, and Reny, JL. Towards personalized antithrombotic treatments: Focus on P2Y12 inhibitors and direct oral anticoagulants. Clin Pharmacokinet (2019) 58:1517–32. doi: 10.1007/s40262-019-00792-y

34. Xiao, Z, and Théroux, P. Clopidogrel inhibits platelet-leukocyte interactions and thrombin receptor agonist peptide-induced platelet activation in patients with an acute coronary syndrome. J Am Coll Cardiol (2004) 43:1982–8. doi: 10.1016/j.jacc.2003.10.071

35. Liverani, E, Rico, MC, Tsygankov, AY, Kilpatrick, LE, and Kunapuli, SP. P2Y12 receptor modulates sepsis-induced inflammation. Arterioscler Thromb Vasc Biol (2016) 36:961–71. doi: 10.1161/ATVBAHA.116.307401

36. Zhang, J, Zhang, K, Gao, ZG, Paoletta, S, Zhang, D, Han, GW, et al. Agonist-bound structure of the human P2Y12 receptor. Nature (2014) 509:119–22. doi: 10.1038/nature13288

37. Ignatovica, V, Megnis, K, Lapins, M, Schiöth, HB, and Klovins, J. Identification and analysis of functionally important amino acids in human purinergic 12 receptor using a saccharomyces cerevisiae expression system. FEBS J (2012) 279:180–91. doi: 10.1111/j.1742-4658.2011.08410.x

38. Schmidt, P, Ritscher, L, Dong, EN, Hermsdorf, T, Cöster, M, Wittkopf, D, et al. Identification of determinants required for agonistic and inverse agonistic ligand properties at the ADP receptor P2Y12. Mol Pharmacol (2013) 83:256–66. doi: 10.1124/mol.112.082198

39. Beristain-Covarrubias, N, Perez-Toledo, M, Thomas, MR, Henderson, IR, Watson, SP, and Cunningham, AF. Understanding infection-induced thrombosis: Lessons learned from animal models. Front Immunol (2019) 10:2569. doi: 10.3389/fimmu.2019.02569

40. Diaz, JA, Obi, AT, Myers, DD Jr, Wrobleski, SK, Henke, PK, Mackman, N, et al. Critical review of mouse models of venous thrombosis. Arterioscler Thromb Vasc Biol (2012) 32:556–62. doi: 10.1161/ATVBAHA.111.244608

41. Thomas, MR, Outteridge, SN, Ajjan, RA, Phoenix, F, Sangha, GK, Faulkner, RE, et al. Platelet P2Y12 inhibitors reduce systemic inflammation and its prothrombotic effects in an experimental human model. Arterioscler Thromb Vasc Biol (2015) 35:2562–70. doi: 10.1161/ATVBAHA.115.306528

42. Branchford, BR, and Carpenter, SL. The role of inflammation in venous thromboembolism. Front Pediatr (2018) 6:142. doi: 10.3389/fped.2018.00142

43. Vazquez-Garza, E, Jerjes-Sanchez, C, Navarrete, A, Joya-Harrison, J, and Rodriguez, D. Venous thromboembolism: thrombosis, inflammation, and immunothrombosis for clinicians. J Thromb Thrombolysis (2017) 44:377–85. doi: 10.1007/s11239-017-1528-7

44. Candido, S, Lumera, G, Barcellona, G, Vetri, D, Tumino, E, Platania, I, et al. Direct oral anticoagulant treatment of deep vein thrombosis reduces IL-6 expression in peripheral mono-nuclear blood cells. Exp Ther Med (2020) 20:237. doi: 10.3892/etm.2020.9367

45. Meng, Y, Yin, Q, Ma, Q, Qin, H, Zhang, J, Zhang, B, et al. FXII regulates the formation of deep vein thrombosis via the PI3K/AKT signaling pathway in mice. Int J Mol Med (2021) 47:87. doi: 10.3892/ijmm.2021.4920

46. Zhang, Y, Zhang, Z, Wei, R, Miao, X, Sun, S, Liang, G, et al. IL (Interleukin)-6 contributes to deep vein thrombosis and is negatively regulated by miR-338-5p. Arterioscler Thromb Vasc Biol (2020) 40:323–34. doi: 10.1161/ATVBAHA.119.313137

47. Bester, J, and Pretorius, E. Effects of IL-1β, IL-6 and IL-8 on erythrocytes, platelets and clot viscoelasticity. Sci Rep (2016) 6:32188. doi: 10.1038/srep32188

48. von Brühl, ML, Stark, K, Steinhart, A, Chandraratne, S, Konrad, I, Lorenz, M, et al. Monocytes, neutrophils, and platelets cooperate to initiate and propagate venous thrombosis in mice in vivo. J Exp Med (2012) 209:819–35. doi: 10.1084/jem.20112322

49. Liu, L, Zhang, W, Su, Y, Chen, Y, Cao, X, and Wu, J. The impact of neutrophil extracellular traps on deep venous thrombosis in patients with traumatic fractures. Clin Chim Acta (2021) 519:231–8. doi: 10.1016/j.cca.2021.04.021

50. van Montfoort, ML, Stephan, F, Lauw, MN, Hutten, BA, Van Mierlo, GJ, Solati, S, et al. Circulating nucleosomes and neutrophil activation as risk factors for deep vein thrombosis. Arterioscler Thromb Vasc Biol (2013) 33:147–51. doi: 10.1161/ATVBAHA.112.300498

51. Granger, V, Faille, D, Marani, V, Noël, B, Gallais, Y, Szely, N, et al. Human blood monocytes are able to form extracellular traps. J Leukoc Biol (2017) 102:775–81. doi: 10.1189/jlb.3MA0916-411R

52. Campos, J, Ponomaryov, T, De Prendergast, A, Whitworth, K, Smith, CW, Khan, AO, et al. Neutrophil extracellular traps and inflammasomes cooperatively promote venous thrombosis in mice. Blood Adv (2021) 5:2319–24. doi: 10.1182/bloodadvances.2020003377

53. Brill, A, Fuchs, TA, Savchenko, AS, Thomas, GM, Martinod, K, De Meyer, SF, et al. Neutrophil extracellular traps promote deep vein thrombosis in mice. J Thromb Haemost (2012) 10:136–44. doi: 10.1111/j.1538-7836.2011.04544.x

54. Lee, JG, Lee, YY, Kim, SY, Pyo, JS, Yun-Choi, HS, and Park, JH. Platelet antiaggregating activity of ginsenosides isolated from processed ginseng. Pharmazie (2009) 64:602–4.

55. Cattaneo, M. P2Y12 receptors: structure and function. J Thromb Haemost (2015) 13(Suppl 1):S10–S16. doi: 10.1111/jth.12952

56. Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol (2009) 1:a001651. doi: 10.1101/cshperspect.a001651

57. Lu, CH, Li, KJ, Wu, CH, Shen, CY, Kuo, YM, Hsieh, SC, et al. The FcγRIII engagement augments PMA-stimulated neutrophil extracellular traps (NETs) formation by granulocytes partially via cross-talk between syk-ERK-NF-κB and PKC-ROS signaling pathways. Biomedicines (2021) 9:1127. doi: 10.3390/biomedicines9091127

58. Thiam, HR, Wong, SL, Qiu, R, Kittisopikul, M, Vahabikashi, A, Goldman, AE, et al. NETosis proceeds by cytoskeleton and endomembrane disassembly and PAD4-mediated chromatin decondensation and nuclear envelope rupture. Proc Natl Acad Sci USA (2020) 117:7326–37. doi: 10.1073/pnas.1909546117

59. Li, P, Li, M, Lindberg, MR, Kennett, MJ, Xiong, N, and Wang, Y. PAD4 is essential for antibacterial innate immunity mediated by neutrophil extracellular traps. J Exp Med (2010) 207:1853–62. doi: 10.1084/jem.20100239

60. Tan, C, Aziz, M, and Wang, P. The vitals of NETs. J Leukoc Biol (2021) 110:797–808. doi: 10.1002/JLB.3RU0620-375R

61. Münzer, P, Negro, R, Fukui, S, di Meglio, L, Aymonnier, K, Chu, L, et al. NLRP3 inflammasome assembly in neutrophils is supported by PAD4 and promotes NETosis under sterile conditions. Front Immunol (2021) 12:683803. doi: 10.3389/fimmu.2021.683803

62. Suzuki, T, Kohyama, K, Moriyama, K, Ozaki, M, Hasegawa, S, Ueno, T, et al. Extracellular ADP augments microglial inflammasome and NF-κB activation via the P2Y12 receptor. Eur J Immunol (2020) 50:205–19. doi: 10.1002/eji.201848013



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Wang, Xie, Liu, Liao, Shi, Chen, Lai, Wang and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 24 August 2022

doi: 10.3389/fimmu.2022.888415

[image: image2]


Age-related decline in the resistance of mice to bacterial infection and in LPS/TLR4 pathway-dependent neutrophil responses


Kirsti Hornigold 1, Julia Y. Chu 1, Stephen A. Chetwynd 1, Polly A. Machin 1, Laraine Crossland 1, Chiara Pantarelli 1, Karen E. Anderson 1, Phillip T. Hawkins 1, Anne Segonds-Pichon 2, David Oxley 3 and Heidi C. E. Welch 1*


1 Signalling Programme, The Babraham Institute, Cambridge, United Kingdom, 2 Bioinformatics Facility, The Babraham Institute, Cambridge, United Kingdom, 3 Proteomics Facility, The Babraham Institute, Cambridge, United Kingdom




Edited by: 

Amiram Ariel, University of Haifa, Israel

Reviewed by: 

Jamel El-Benna, INSERM U1149 Centre de Recherche sur l’Inflammation, France

Sonja Vermeren, University of Edinburgh, United Kingdom

*Correspondence: 

Heidi C. E. Welch
 heidi.welch@babraham.ac.uk

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 02 March 2022

Accepted: 02 August 2022

Published: 24 August 2022

Citation:
Hornigold K, Chu JY, Chetwynd SA, Machin PA, Crossland L, Pantarelli C, Anderson KE, Hawkins PT, Segonds-Pichon A, Oxley D and Welch HCE (2022) Age-related decline in the resistance of mice to bacterial infection and in LPS/TLR4 pathway-dependent neutrophil responses. Front. Immunol. 13:888415. doi: 10.3389/fimmu.2022.888415



Host defense against bacterial and fungal infections diminishes with age. In humans, impaired neutrophil responses are thought to contribute to this decline. However, it remains unclear whether neutrophil responses are also impaired in old mice. Here, we investigated neutrophil function in old mice, focusing on responses primed by lipopolysaccharide (LPS), an endotoxin released by gram-negative bacteria like E. coli, which signals through toll-like receptor (TLR) 4. We show that old mice have a reduced capacity to clear pathogenic E. coli during septic peritonitis. Neutrophil recruitment was elevated during LPS-induced but not aseptic peritonitis. Neutrophils from old mice showed reduced killing of E. coli. Their reactive oxygen species (ROS) production was impaired upon priming with LPS but not with GM-CSF/TNFα. Phagocytosis and degranulation were reduced in a partially LPS-dependent manner, whereas impairment of NET release in response to S. aureus was independent of LPS. Unexpectedly, chemotaxis was normal, as were Rac1 and Rac2 GTPase activities. LPS-primed activation of Erk and p38 Mapk was defective. PIP3 production was reduced upon priming with LPS but not with GM-CSF/TNFα, whereas PIP2 levels were constitutively low. The expression of 5% of neutrophil proteins was dysregulated in old age. Granule proteins, particularly cathepsins and serpins, as well as TLR-pathway proteins and membrane receptors were upregulated, whereas chromatin and RNA regulators were downregulated. The upregulation of CD180 and downregulation of MyD88 likely contribute to the impaired LPS signaling. In summary, all major neutrophil responses except chemotaxis decline with age in mice, particularly upon LPS priming. This LPS/TLR4 pathway dependence resolves previous controversy regarding effects of age on murine neutrophils and confirms that mice are an appropriate model for the decline in human neutrophil function.
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Introduction

Neutrophils provide the first line of innate host defense against bacterial and fungal infections (1), as well as playing roles in wound healing and cancer progression (2, 3). During inflammation and infections, neutrophils are rapidly recruited from the blood stream into the inflamed or infected tissue. They kill pathogens by phagocytosis, degranulation, reactive oxygen species (ROS) and neutrophil extracellular traps (NETs) (1).

Host defense against bacterial and fungal infections diminishes with age. In the elderly, infections are more likely to develop into dangerous diseases such as pneumonia and peritonitis, progress to sepsis, and cause death from sepsis (4, 5). In humans, the age-related decline in neutrophil function is thought to contribute to the decreased immunity against bacteria and fungi, although a causal relationship is hard to establish. The elderly have normal numbers of circulating neutrophils (6), but all major neutrophil responses are altered. ROS and NET production are impaired in response to a wide range of stimuli (7–10), chemotaxis is reduced under multiple conditions, and chemokinesis is impaired upon TNFα priming (8, 11). The reduced chemotaxis has been linked to constitutively increased PI3K activity, where inhibition of PI3Kγ or PI3Kδ restored migration speed and accuracy (11). Degranulation of azurophil granules seems increased in old age (11), whereas phagocytosis is decreased (12, 13). These altered neutrophil responses have largely been attributed to the increased inflammatory state associated with advanced age (inflamm-aging), where chronically increased levels of a range of inflammatory mediators perturb signaling pathways. Impairments in signaling through the inflammatory cytokines GM-CSF and TNFα, and through toll-like receptor (TLR) pathways, are commonly reported (14). For example, the GM-CSF-mediated delay in neutrophil apoptosis which occurs during inflammation and infections is reduced in the elderly (8), as is the TNFα-priming of chemokinesis and chemotaxis (11). Neutrophils from the elderly express normal levels of TLR1, TLR2 and TLR4 (6, 8, 10). However, the cell surface level of TLR1 is reduced, and the TLR1-mediated upregulation of Mac1, shedding of L-selectin and production of IL8 are impaired (6), as is the LPS-stimulated recruitment of TLR4 into lipid rafts (8).

In mice, immunity against bacterial and fungal pathogens declines with age just as in humans. For example, old mice are less able to clear Staphylococcus aureus from skin wounds, leading to delayed wound closure (15), or to resolve Salmonella typhimurium after oral infection, causing the colonization of multiple organs (16), or clear Candida albicans after intravenous infection, leading to high fungal tissue burden and mortality (17). Old mice also show increased mortality after infection with influenza or Herpes simplex virus, and neutrophil depletion revealed that these losses of antiviral immunity are neutrophil-dependent (18, 19). Considering these consistent reductions in the immunity of old mice to a range of pathogens, the effects of age on neutrophil recruitment to infected tissues are surprisingly varied. Neutrophil recruitment to the skin was reduced in old mice after S. aureus infection (15), whereas peritoneal recruitment was increased during C. albicans infection (20), and recruitment to the lung was delayed during infection with Francisella tularensis (21) but increased during influenza virus infection (19). When neutrophil recruitment was induced with various inflammatory mediators, the effects of aging were similarly inconsistent. Keratinocyte-derived chemokine (KC)-induced neutrophil recruitment to the skin was reduced in old mice (15), as was IL-1 induced recruitment to the cremaster muscle (22), whereas LPS-induced recruitment to the lung was increased (23). Therefore, the age-related decline in immunity is clearly not simply correlated with neutrophil recruitment, suggesting that neutrophil effector responses may be reduced in old age. However, reports on the effects of age on mouse neutrophil responses show great variability. ROS production was reduced in neutrophils from old mice upon stimulation with TLR2 ligands (24), but normal in response to the oxysterol 7KC (25). NETosis was reduced in neutrophils from old mice upon stimulation with TLR2 ligands (24), but increased upon mitochondrial oxidative stress (25). Furthermore, despite neutrophil transcriptome analysis showing altered expression of NETosis-related genes with age, including histones, PADI4 and elastase, PMA-induced NETosis was normal (26). Phagocytosis of yeast by neutrophils from old mice was reduced (27), whereas phagocytosis of S. aureus was normal (15). Transwell assays showed either normal or increased spontaneous migration of neutrophils from old mice, but a loss of KC-induced chemotaxis (19, 28). These variabilities have led to the proposal that the age-related decline in murine neutrophil responses is too subtle and complex for mice to be a useful model for the decline in human neutrophil function (29).

Over recent years, research focus has therefore shifted from studying the influence of organismal age on neutrophil function to investigating the aging of individual neutrophils. This showed that neutrophils age between their release from the bone marrow into the circulation and their homeostatic clearance into tissues a few hours or at most days later. In both humans and mice, neutrophils freshly released into the circulation have high surface levels of L-selectin (CD62L) which decline over several hours, whereas aged neutrophils show increased CXCR4 surface levels before they are cleared from the blood (30–32). Fresh neutrophils are preferentially recruited to inflamed and infected organs to provide host defense, whereas the homeostatic clearance of aged neutrophils serves to protect against vascular inflammation and patrol for pathogens in the homing tissues (30). The mechanism underlying this neutrophil aging is that the cells become primed by signaling through TLRs during their time in the circulation (31, 32). Elegant experiments with germ-free mice have shown that the stimuli responsible for this priming are the TLR4 ligand LPS and TLR2 ligand peptidoglycan released by the gut microbiota (32). Unlike tissue recruitment however, the capacity of neutrophils to produce ROS and cytokines is unaltered throughout their aging in the circulation (30, 31).

Intrigued by the discrepancies between previous studies on neutrophil responses in old mice, we sought to revive research efforts into the effects of organismal age on neutrophil function, focusing on the priming pathways that had been implicated in aging human neutrophils. We found an age-related decline in murine neutrophil function that is largely dependent on the LPS/TLR4 signaling pathway, thus resolving some of the previous controversy.



Materials and methods


Materials

Kwik-Diff stain (9990700) was from Thermo Scientific Shandon. Reagents for priming neutrophils were LPS (E. coli-derived, Sigma, L3024), mouse TNFα (R&D Systems, 410-MT-010), and mouse GM-CSF (Peprotech, 315-03). Reagents for stimulating neutrophils included f-Met-Leu-Phe (fMLP, Sigma, F3506), C5a (Sigma, C5788), and phorbol 12-myristate 13-acetate (PMA, Sigma, P1585). Antibodies for western blotting were Rac1 (clone 23A8, Millipore, 05-389, 1:3000), Rac2 (Millipore, 07-604, 1:5,000), Irak4 (Cell Signaling Technology, 4363, 1:500), MyD88 (Cell Signaling Technology, 4283, 1:500), TLR4 (Cell Signaling Technology, 14358, 1:500), and Trif (Abcam, ab13810, 1:1,000). Antibodies for LPS/TLR4 pathway analysis were from Cell Signaling Technology: phospho-p38 Mapk Thr180/Tyr182 (9211, 1:1000), p38 Mapk (9212, 1:1000), phospho-p42/44 Erk Thr202/Tyr204 (9106, 1:1000), p42/44 Erk (9102, 1:1000), phospho-Akt Thr308 (9275, 1:5000), and Akt (9272, 1:1000). Antibodies for other applications are listed in the relevant sections below. Fc block (553141) was from BD Biosciences.



Mice

Male wild type mice on C57BL/6 genetic background at 8-10 weeks of age (young) and at 24 months of age (old) were compared directly in experiments. Mice were bred and group-housed (up to 5) in individually ventilated cages in the Babraham Institute Small Animal Facility that uses 12 h light/dark cycles with dusk and dawn settings, 52% room humidity (55 ± 10% range) and 20°C room temperature (19-21°C range), and were fed chow diet and water ad libitum. The C57BL/6 strain was originally purchased from Charles River (Margate, UK) and imported into the facility by embryo transfer. The unit has Specific Pathogen Free (SPF) status, monitored by quarterly testing of sentinels for 62 pathogens, exceeding current FELASA guidelines (33). Staff work in designated units, with showering-in, wearing of fresh autoclaved uniforms, gloves, hairnets and masks, and with a 48 h exclusion from other units. All materials are autoclaved or treated with vapourized hydrogen peroxide on import. The animal diet is sterilised to ≥25 Gy. Cages are opened in laminar flow cabinets. For infection with pathogenic E. coli, animals were housed in individually ventilated isocages in the Babraham Institute biosafety level 2 containment facility. Animal breeding and experiments were carried out with approval from the local Animal Welfare Ethical Review Body under the British Home Office Animal Scientific Procedures Act 1986.



Peritonitis

Pathogenic E. coli O18:K1 bacteria (34) were used to induce septic peritonitis as described (35). The bacteria were grown in a biosafety level 2 facility to mid-log phase in Luria broth (LB) at 37°C, 5% CO2, pelleted, snap-frozen in PBS/20% glycerol and stored in aliquots at −80°C. Titers were determined by CFU count on blood agar plates. Prior to infection, a fresh aliquot of bacterial stock was thawed, washed in ice-cold Dulbecco’s Phosphate Buffered Saline (DPBS) without Ca2+ and Mg2+ (DPBS–, Sigma, D8537) by centrifugation at 10,000 × g for 2 min at 4°C, resuspended at 5 × 104 bacteria/ml in ice-cold DPBS–, kept on ice and used within 1.5 h. To induce septic peritonitis, mice in a biosafety level 2 containment facility were injected i.p. with 200 μl of the E. coli suspension (1 × 104 bacteria per animal), or were mock-treated with DPBS–, before being returned to their home cages with food and water ad libitum. 3 h later, mice were euthanized by CO2 asphyxiation, death confirmed by pithing, and peritoneal lavages performed by i.p. injection and aspiration of 8 mL DPBS–, 5 mM EDTA. A second lavage was performed, pooled with the first, and samples stored on ice. An aliquot of the lavage fluid was taken for enumeration of bacteria, serially diluted in ice-cold DPBS–, plated onto blood agar plates, cultured overnight at 37°C, 5% CO2, and CFU counted on plates of comparable density (20-200 bacteria). The remaining lavage cells were pelleted at 450 x g for 10 min at 4°C, erythrocytes lysed by resuspending cells in 1 ml Geye’s solution (130 mM NH4Cl, 5 mM KCl, 780 µM Na2HPO4, 176 µM KH2PO4, 5.5 mM glucose, 1 mM MgCl2, 280 µM MgSO4, 1.54 mM CaCl2, 13.4 mM NaHCO3) and incubated at RT for 150 s, prior to the addition of 10 ml DPBS with Ca2+ and Mg2+ (DPBS++, Thermo Fisher Scientific, 14040117) supplemented with 0.1% glucose and 4 mM NaHCO3 (DPBS++++). Leukocytes were centrifuged again and resuspended in 1 ml fixation buffer (Biolegend, 420801), incubated for 20 min at RT, washed again, and resuspended in 1 ml DPBS++++. Aliquots of fixed cells were counted by hemocytometer and the rest cytospun onto glass coverslips, stained with Kwik-Diff and imaged on a Zeiss Microbeam system. Leukocytes were enumerated taking into account the lavage volume recovered.

Aseptic peritonitis experiments were done essentially as previously described (36). Mice were injected i.p. with 0.25 ml sterile 3% thioglycollate (TGC, Sigma, T9032) in H2O, or were mock-treated with H2O. 3 h later, mice were euthanized and peritoneal lavages performed and erythrocytes lysed as described above. Leukocytes were resuspended in 1.25 ml DPBS++++. 1 ml of the sample was processed for flow cytometry by staining leukocytes with AF647-Cd11b (clone M1/70, BD Pharmingen, 557686, 1:800) and FITC-Gr1 (clone RB6-8C5, BD Pharmingen, 553126, 1:800) antibodies in DPBS++++ with Fc block for 20 min on ice in the dark, washing in DPBS++++, 5 mM EDTA and resuspension in 500 μl DPBS++++ containing 1 μg/ml DAPI and 1.25 × 105 Spherotech ACBP-50-10 standard beads/ml (5.0-5.9 μm). Flow cytometry was carried out in a BD Biosciences LSRII flow cytometer, and FlowJo was used for data analysis. Neutrophils were identified by Cd11bhi, Gr1hi staining and enumerated by taking into account the lavage volume recovered. The remaining lavage leukocytes were counted by hemocytometer and analyzed by Kwik-Diff staining of cytospins as an alternative method of identification. Both methods of quantification gave essentially the same results.

To induce peritonitis with LPS, mice were challenged i.p. with 250 ng LPS (Sigma) in 250 μl sterile saline, or were mock-treated with saline, and euthanized by CO2 asphyxiation after 3 h. Peritoneal lavages were performed and lavage leukocytes analyzed by flow cytometry and Kwik-Diff staining of cytospins as described above.



Neutrophil purification

Mature primary neutrophils were freshly isolated each day by PercollPLUS gradient at 4°C from mouse bone marrow using endotoxin-free reagents throughout, essentially as previously described (35). Mouse bone-marrow was flushed from femurs, tibias and pelvic bones with ice-cold Hank’s Balanced Salt Solution without Ca2+ or Mg2+ (HBSS–, Sigma H6648) supplemented with 15 mM HEPES, pH 7.4 (RT) (Sigma, H3784) and 0.25% fatty acid-free (FAF) BSA (Sigma, A8806) (HBSS–++), triturated and filtered through a 40 μm cell strainer. 58% isotonic PercollPLUS (GE Healthcare, 17544501) in HBSS–++ was underlayed and samples spun at 1620 × g without brake for 30 min at 4°C. For mass spectrometric analysis of the neutrophil proteome, this gradient step was repeated once, by collecting the lower 5 ml and subjecting it to another PercollPLUS gradient. After gradient centrifugation, the lower 5 ml were resuspended in 40 ml HBSS–++ and centrifuged at 326 × g for 10 min at 4°C. Erythrocytes were lysed in Geye’s solution for 3 min at RT. 10 volumes of ice-cold HBSS–++ were added and cells sedimented again. Neutrophils were resuspended in ice-cold DPBS++++ and kept on ice while aliquots were counted by hemocytometer and purity assessed by Kwik-Diff of cytospins. Preparations were >90% pure, except for mass spectrometric analysis where purity was 95-98% due to the use of a second density gradient. Neutrophils were sedimented again and resuspended in the buffer appropriate for the subsequent assay.



Killing of bacteria in vitro

The ability of isolated neutrophils to kill E. coli was measured essentially as described (35). E. coli DH5α bacteria (New England Biolabs, 2527) were grown in LB to logarithmic phase on the day of the experiment. Bacteria were enumerated by OD600, sedimented, resuspended in ice-cold DPBS++++ at 2.5 x 109/ml, opsonized with 50% mouse serum for 15 min at 37°C, washed in ice-cold DPBS++++, resuspended in DPBS++++ at 2.5 x 108/ml and kept on ice. Purified neutrophils were resuspended in DPBS++++ at 2.5 x 107/ml and kept on ice. Neutrophils were then either primed with 1 μg/ml LPS for 90 min at 37°C, or kept on ice for 45 min and then primed with 20 ng/ml TNFα and 50 ng/ml GM-CSF for 45 min at 37°C, or were heat-killed at 55°C for 45 min as a negative control. Opsonized bacteria and heat-killed neutrophils were prewarmed to 37°C for 3 min prior to the assay. One volume of opsonized bacteria was added to 4 volumes of primed or dead neutrophils at a ratio of 2.5 bacteria per neutrophil, and samples were incubated at 37°C. Aliquots were removed after 30 and 120 min, diluted 1:20 in ice-cold LB, 0.05% saponin, and incubated on ice for 10 min with frequent vortexing. Serial dilutions were made in LB, and samples were plated onto LB agar and incubated overnight at 37°C. Bacterial CFU in samples with live neutrophils were expressed as % of samples with heat-killed neutrophils.



ROS

ROS production was measured by luminol chemiluminescence assay in a Berthold MicroLumat Plus luminometer (Berthold Technologies), essentially as previously described (37). Purified bone-marrow derived neutrophils were resuspended at 5 × 106 cells/ml in ice-cold DPBS++++ and primed with 5 ng/ml TNFα, 100 ng/ml GM-CSF, or with TNFα or GM-CSF alone where indicated, for 45 min at 37°C, or with 1 μg/ml LPS (E. coli LPS, Sigma, L3024) for 90 min at 37°C, with occasional flicking to prevent settling, or they were mock-primed in DPBS++++ under the same conditions. Unprimed neutrophils were kept on ice and prewarmed to 37°C for 3 min prior to the assay. Stimuli (fMLP, C5a, PMA) were prepared as 2.5x stocks in DPBS++++. Prior to the assay, an equal volume of prewarmed Detect buffer (DPBS++++ containing 16 units/ml horseradish peroxidase (HRP, Sigma, P8375) and 120 µM luminol (Sigma-Aldrich, 123072)) was added to the prewarmed (primed, mock-primed or unprimed) neutrophils. The neutrophils/Detect mix was incubated for 3 min at 37°C, before 150 μl/well were dispensed into a prewarmed 96-well luminometer plate. 100 μl of prewarmed 2.5x stimulus in DPBS++++, or DPBS++++ control, was added either by automatic injection port (fMLP, C5a) or manually (PMA), and real-time ROS production was recorded at 37°C. Final assay concentrations were 1.5×106 neutrophils/ml and 3 μM fMLP, 25 nM C5a, or 500 nM PMA. ROS production was quantified by integrating the area under the curve (AUC) of the ROS response over 2 min for fMLP and C5a, or over 10 min for PMA.



Phagocytosis

Phagocytosis of E. coli was measured as follows. E. coli DH5α were grown in LB to logarithmic phase on the day of the experiment, enumerated by OD600, sedimented, resuspended in ice-cold DPBS++++ at 2.5 x 109/ml, and opsonized with IgG opsonising reagent (Molecular Probes, E2870) according to manufacturer’s instructions. Purified bone marrow-derived neutrophils were resuspended at 1x107 cells/ml in DPBS++++ and primed with 1 μg/ml LPS, or mock-primed with DPBS++++, for 90 min at 37°C. 100 μl of neutrophils were allowed to adhere to glass coverslips in a 24-well plate for 15 min at 37°C, 5% CO2. 100 μl of opsonised E. coli were added at a ratio of 25 bacteria per neutrophil, and samples were incubated for a further 120 min. Samples were fixed in 4% paraformaldehyde, PBS for 15 min at RT, washed twice in PBS, permeabilized in 0.1% Triton X-100/PBS for 10 min at RT and washed twice in PBS. Samples were stained with anti-rabbit IgG AF568 (Thermo Fisher Scientific, A11036, 1:400), FITC-Gr1 antibody (Thermo Fisher Scientific, RM3001, 1:500) and Hoechst 33342 DNA dye (Thermo Fisher Scientific 62294, 1:400), in PBS containing Fc block (1:100), for 40 min at RT, followed by three washes in PBS. Samples were mounted in ProLong Gold Antifade mountant (Life Technologies), imaged using a Zeiss Axio Imager D2 widefield system, and images were analyzed using ImageJ.

Phagocytosis of zymosan yeast particles was assayed essentially as described (35). Zymosan A particles (Molecular Probes, Z2894) were opsonised using IgG opsonising reagent (Molecular Probes, Z2850) according to the manufacturer’s instructions and stored in HBSS++++ at 4°C. Purified bone marrow-derived neutrophils were resuspended at 1 x107 cells/ml in DPBS++++ and primed with 1 μg/ml LPS or mock-primed with DPBS++++ for 90 min at 37°C. 100 μl neutrophils were then allowed to adhere to glass coverslips in a 24-well plate for 15 min at 37°C, 5% CO2 before 100 μl opsonised zymosan particles were added at a ratio of 5 particles per neutrophil and samples incubated for a further 30 min at 37°C, 5% CO2. Samples were fixed, permeabilized, stained, imaged, and images analyzed as described here above.



Degranulation

Degranulation of myeloperoxidase (MPO) from azurophil granules in response to stimulation with E. coli was measured as follows. E. coli DH5α were grown in LB to logarithmic phase on the day of the experiment, enumerated by OD600, sedimented, and resuspended in ice-cold DPBS++++ at 2.5 x 109/ml. Purified bone marrow-derived neutrophils were resuspended at 1.82 × 107/ml in DPBS++++, and 1 x 106 cells were stimulated with E. coli (at a ratio of 12.5 bacteria per neutrophil), or were mock-stimulated with DBPS++++. Either immediately (0’ control), or after 3 h, the cells were pelleted at 326 × g for 10 min at 4°C, and the supernatant was removed and centrifuged at 10,000 × g for 1 min. Cell pellets were washed in DPBS++++. The cleared supernatant and washed cell pellets were boiled in SDS-PAGE sample buffer for 5 min, and samples were analyzed by SDS-PAGE and western blotting with MPO antibody (R&D Systems, AF3667, 1:3000), followed by ImageJ analysis. The percentage of secreted MPO was calculated as % of the total MPO in the 0’ cell pellet.

Gelatinase (MMP9) degranulation was measured by in-gel zymography essentially as described (38). Purified bone marrow-derived neutrophils were resuspended at 5 × 106/ml in DPBS++++ and primed with 1 μg/ml LPS for 90 min at 37°C, or were mock-primed in DPBS++++, or were kept unprimed on ice. Neutrophils (80 μl/well) were pipetted into a 96-well plate (Nunc; pre-blocked with 10% heat-inactivated fetal bovine serum, FBS) containing 20 μl 5x fMLP and cytochalasin B in DPBS++++, or DPBS++++ alone. Final concentrations were up to 1 μM fMLP and 10 μM cytochalasin B. Cells were incubated for 30 min at 37°C in 5% CO2, and then centrifuged at 300 × g for 10 min at 4°C. 40 μl of the conditioned supernatant was mixed with 20 μl 3x non-reducing SDS-PAGE sample buffer (160 mM Tris, pH 6.8, 8% SDS, 50% glycerol, bromophenol blue) at RT. 10 μl aliquots were separated by SDS-PAGE gel containing 0.067% gelatine B. Gels were equilibrated in 2.5% Triton X-100 for 30 min and in developing buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 5 mM CaCl2, 0.02% Triton X-100) overnight at RT, allowing the gelatinase to digest the gelatine in the gel. Gels were coomassie-stained and gelatinase activity analyzed by densitometry using ImageJ software.



Release of NETs

Release of NETs in response to stimulation with E. coli was measured exactly as described above for the degranulation of MPO (same samples used for both assays), except that samples were western blotted for citrullinated histone H3 (CitH3 antibody, Abcam ab5103, 1:4000). In addition, DNA in the cell pellets and supernatant was quantified by spectrometry.

NET production in response to stimulation with Staphylococcus aureus (S. aureus, Wood 46) was done essentially as described (35). S. aureus were subcultured in LB to logarithmic growth at 37°C, sedimented for 2 min at 12,000 x g, washed in Dulbecco’s Modified Eagle Medium with Ca2+, Mg2+ and 4.5 g/l glucose (DMEM+++, Thermo Fisher Scientific, 31053) supplemented with 10 mM Hepes, pH 7.4 (DMEM+++/Hepes), and opsonized with 10% mouse serum for 30 min at 37°C. S. aureus were washed twice in DMEM+++/Hepes following opsonization and resuspended at 5x107 bacteria/ml in DMEM+++/Hepes. Purified bone marrow-derived neutrophils were resuspended at 4x105 cells/ml in DMEM+++/Hepes containing 10% heat-inactivated FBS and primed with 1 μg/ml LPS or mock-primed for 90 min at 37°C. 250μl of cells were then seeded into each well of an 8-well chamber slide (μ-slide 8 well, 80826, ibidi) and allowed to adhere for 30 min at 37°C, 5% CO2. Cells were treated with opsonised S. aureus at a ratio of 10 bacteria per neutrophil or mocked-treated with DMEM+++/Hepes/FBS for the indicated periods of time. 15 min before the end of the incubation period, the non-cell permeable DNA dye Sytox Green (Thermo Fisher Scientific, S7020, 0.1μM) and the cell permeable DNA dye Hoechst 33342 (Thermo Fisher Scientific, 62294) were added to cells and samples were live-imaged using a Nikon Eclipse Ti-E widefield system. Images were analyzed by ImageJ software, using phase contrast and DAPI stain to determine the total cell number and Sytox Green signal to enumerate cells with NETs.



Chemotaxis

Transwell chemotaxis assays were done essentially as described (37) using 3 μM-pore polycarbonate filters (Millipore, Millicell-PC, PITP01250) in ultra-low cluster 24-well tissue culture plates (Costar, 3473). Bone marrow was flushed into HBSS with Ca2+ and Mg2+ (Sigma, H8264), supplemented with 0.25% fatty acid-free BSA, and 15 mM Hepes, pH 7.5 at 37°C, all endotoxin-free (HBSS++++), triturated, filtered through a 40 μm nylon cell strainer, counted by hemocytometer and adjusted to 5 x 106/ml. Cells were primed with 1 μg/ml LPS for 90 min, or with 20 ng/ml murine TNFα and 50 ng/ml GM-CSF for 45 min, or were mock-primed in HBSS++++ for the same periods of time at 37°C. Cells were pipetted into transwell filters (400 μl/filter) in a 24-well plate containing HBSS++++ (600 μl/well) in the presence or absence of 3 nM C5a or 1 μM fMLP, and were incubated for 40 min at 37°C. Cells remaining in the transwell were removed and replaced with 400 μl ice-cold HBSS–++ containing 3 mM EDTA. 60 µl HBSS–++ containing 30 mM EDTA was added to the bottom well and plates were incubated on iced metal trays for 15 min to detach cells. Transmigrated cells were collected from the bottom well, and in parallel to control cells that had not undergone chemotaxis, were centrifuged at 10,000 xg for 30 s and resuspended in ice-cold HBSS–++. Cells were stained with FITC-Gr1 (clone RB6-8C5, BD Pharmingen, 553126, 1:800) and AF647-Cd11b (clone M1/70, BD Pharmingen, 557686, 1:800) antibodies in HBSS–++ containing 1% Fc block and were analyzed using an LSR2 flow cytometer alongside Spherotech ACBP-50-10 standard beads. Neutrophils were identified by their Gr1hi/Cd11bhi staining. Transmigrated neutrophils were compared to total neutrophils in control samples.

For Ibidi chamber chemotaxis assays, 6-channel ibidi slides (µ-slide VI 0.4, ibidi 80601) were coated with 20 μg/ml fibronectin-like poly-Arg-Gly-Asp peptide (pRGD, Sigma, F5022) or with 1 mg/ml fibrinogen in DPBS– for 1 h at RT and washed 3 times in HBSS++++, and the wells and central chamber were filled with HBSS++++. Isolated neutrophils were resuspended at 2 x 107/ml in HBSS –++ and kept on ice until use. Cells were primed by adding 5 µl to 90 µl of HBSS++++ supplemented with 1g/l glucose and containing 20 ng/ml TNF-alpha and 50 ng/ml GMCSF for 45 min at 37°C, or were mock-primed. Buffer was removed from both wells of the ibidi slide before adding the cells, leaving the central chamber full. 45 µl of primed or mock-primed cells were added into one well and 45 µl of liquid removed from the other to draw the cells through into the central chamber. The slide was inserted into the microscope housing, and cells were allowed to adhere for 20 min at 37°C. 5 μl of HBSS–++ containing 10 µM fMLP, or other concentrations where indicated, and 5 x 106 carboxyl polystyrene beads (Bangs Laboratories, PC06N, 6.9 μm) was then added to one well and 5 µl of buffer removed from the other to create an fMLP gradient, or HBSS–++ alone was used for mock-stimulation. The beads were used to locate the steepest part of the gradient where imaging was done. Neutrophils were live-imaged for 20 min every 10 s in a prewarmed Olympus CellR microscope using the 20x objective. Cells were tracked manually using the chemotaxis and migration plugin of ImageJ software to quantify various parameters of cell speed and directionality as indicated. Responders were defined as cells that migrated at least their own cell-length over the 20 min observation period.



Cell surface receptor levels

Bone marrow cells were flushed with ice-cold HBSS–++, filtered through 40 μm cell strainers, counted, pelleted at 326 × g for 10 min at 4°C, and resuspended in ice-cold DPBS++++ at 4 × 107 cells/ml. 125 μl of cells were either kept on ice, or were primed with 20 ng/ml TNFα and 50 ng/ml GM-CSF, or with 1 μg/ml LPS, for 45 min at 37°C. Cells were sedimented at 10,000 × g for 30 s at 4°C, resuspended in Fc block (BD Biosciences, clone 2.4G2, 1:1000; for Mac1 and L-selectin) or in DPBS++++ (for FcγRIII), and incubated on ice for 15 min. Cells were sedimented at 10,000 × g for 30 s, resuspended in ice-cold DPBS++++ containing fixable viability dye (eBioscience, eFluor™ 780, 1:1000), antibodies for neutrophil markers Ly6G (Ly6G-BV510, BioLegend, clone 1A8, 1:500) and Mac1 (CD11b-AF647, BD Bioscience Clone M1/70, 1:1000), and PE-labelled antibodies for FcγRIII (CD16, BioLegend, clone S17014E, 1:100) or L-selectin (BD Biosciences clone MEL-14, 1:100), and were incubated on ice for 30 min. Cells were washed in ice-cold HBSS–++, 1 mM EDTA, resuspended in 300 μl ice-cold HBSS–++, 1 mM EDTA, and kept on ice. Flow cytometry was performed using a BioRad ZE5 flow cytometer, recording 20,000 neutrophils per sample. Neutrophils were identified by Ly6Ghi, CD11bhi staining, and the mean fluorescence intensity (mfi) of receptor levels on the neutrophil surface was quantitated using FlowJo.



Neutrophil proteomics

Neutrophils were isolated to 95-98% purity as described above with two consecutive PercollPLUS gradients from the pelvic bone-marrow of 8 young (8 weeks) and 8 old (24 months) mice, in 4 independent experiments with 2 young and 2 old mice per experiment. Separately for each mouse, cells were resuspended at 2 x 107/ml in DPBS++++, treated with the cell-permeable serine protease inhibitor diisopropyl-fluorophosphate (DFP, 7 mM, Sigma, D0879) for 10 min at RT, washed twice in DPBS++++, sedimented for 30 s at 10,000 x g, and the cell pellets snap-frozen in liquid nitrogen and stored at -80°C prior to further processing. Proteins were solubilized and reduced in 6 M guanidine-HCl, 100 mM Tris, 10 mM DTT for 1 h at 50°C, then cooled and alkylated with 50 mM iodo-acetamide for 30 min in the dark. The alkylated proteins were precipitated with 4 volumes of acetone for 16 h at -20°C, then solubilized in 100 mM triethyl-ammonium bicarbonate, 6 M guanidine hydrochloride, and sequentially digested with Lys-C and trypsin (Promega) for 16 h at 30°C. The resulting peptides were labelled with tandem mass-tags using two sets of 8-plex reagents (Thermo Scientific). The two combined sets of 8 samples were each separated into 60 fractions by high-pH reverse phase HPLC. The major peptide-containing fractions were analyzed by LC-MS on an Orbitrap Fusion Lumos mass spectrometer, using an SPS-MS3 scan sequence. Proteins were identified from the mass spectrometry data by searching the Uniprot mouse proteome database using Mascott software (Matrix Science), and relative abundances of the identified proteins were determined using Proteome Discoverer software (Thermo Scientific). This identified 8001 proteins in total. Non-mouse derived proteins (e.g. human keratins, bovine serum albumin) were removed from the list, which left 7945. Only proteins detected in at least 4 old and 4 young mice were analyzed further, which left 7338. Statistical analysis of the relative protein abundances was done using R software to calculate differences between young and old by two-sided t-tests on log-transformed data, with Benjamini-Hochberg false-discovery rate correction for multiple comparisons of all 7338 quantified proteins. Proteins were assigned to one or more categories of protein class or signaling pathway using a combination of PANTHER pathway analysis (www.pantherdb.org) and manual curation.



LPS/TLR4 pathway activity

Purified bone marrow-derived neutrophils were resuspended at 1x107 cells/ml in DPBS++++, primed with 1 μg/ml LPS or mock-primed with DPBS++++ for 90 min at 37°C, and stimulated with pre-warmed fMLP (1 μM final) for one min. The reaction was stopped by addition of excess ice-cold PBS, followed by centrifugation at 12,000 x g for 10 s at 4°C. The cell pellet was lysed in lysis buffer (20 mM Tris [pH 7.5, 4°C], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X100, 2.5 mM Na pyrophosphate, 1 mM β-glycerol-phosphate, 1 mM Na orthovanadate, 4 mM DTT, 0.1 mM PMSF, and 10 μg/ml of each aprotinin, pepstatin, antipain and leupeptin) for 10 min on ice with frequent vortexing. Debris was sedimented at 12,000 x g for 10 min at 4°C, and the lysates were boiled in SDS-PAGE sample buffer and subjected to SDS-PAGE and western blotting using antibodies for phosphorylated p38 Mapk, p42/44 Erk and Akt. Blots were stripped and reprobed with antibodies for total p38 Mapk, p42/44 Erk and Akt. Antibodies are listed in Materials. Blots were quantitated by ImageJ densitometry, and phospho-protein signals normalized to total-protein for each sample.



Western blots

To evaluate protein expression in neutrophils, total lysates were prepared from mature neutrophils isolated from bone marrow as described above, were treated with 7 mM DFP for 10 min at RT, and washed in DPBS++++. Cells were sedimented or 30 s at 10.000 xg, resuspended in boiling 1.3 x SDS-PAGE sample buffer, and boiled for 5 min with repeated trituration through a 25 x G needle. Proteins were separated by SDS-PAGE, transferred onto PVDF, blocked and probed with the appropriate antibodies, and detected using ECL or ECL Prime (GE Healthcare). Where required, membranes were stripped in 25 mM glycine, pH 2.0, 1% SDS for 5 min at RT and reprobed with different antibodies. Protein loading was assessed by coommassie staining. Densitometric analysis of western blots was done manually using the wand tool of ImageJ software, essentially as described in ‘www.sybil-fp7.eu/node/95‘, except that bands of interest were delineated on the ImageJ plots using two vertical lines through the whole gel, and background was subtracted from the equivalent areas of an empty lane, to avoid bias.



Rac activity

Rac activity was assessed by Pak-CRIB pull down, essentially as described (18). GST-Pak-CRIB bait was purified from bacterial culture as described (39) and stored in GST-FISH buffer (10% glycerol, 50 mM Tris pH 7.4, 100 mM NaCl, 1% NP-40, 2 mM MgCl2, 2 mM DTT, 100 µM PMSF, and 10 µg/ml each of leupeptin, pepstatin A, aprotinin and antipain) at 4°C for up to one week. Purified bone marrow-derived neutrophils were resuspended at 1 × 107/ml in DPBS++++ and pre-warmed for 3 min at 37°C. 200 μl aliquots were stimulated with 10 x fMLP (Sigma, F3506) at the indicated concentrations in DPBS++++ for 10 s, or were mock-stimulated. The reaction was stopped by the addition of 1 ml of ice-cold GST-FISH buffer containing 1.2% NP-40 (to give a final concentration of 1% NP-40), and cells were lysed by incubation on ice for 2 min with frequent vortexing. Samples were centrifuged at 12,000 x g for 3 min at 2°C to sediment debris, the supernatant transferred into fresh precooled tubes, and 2% kept as a total lysate control. The remaining sample was incubated with GST-Pak-CRIB beads by end-over-end rotation for 15 min on ice. Samples were washed 5 times in GST-FISH buffer before adding boiling 1.3x SDS-PAGE sample buffer and boiling the samples for 5 min. To process total lysate samples, boiling 4x SDS-PAGE sample buffer was added to final 1.3x, and samples boiled for 5 min. GTP-Rac and total Rac were quantified by western blotting with Rac1 and Rac2 antibodies and densitometry using ImageJ.



PIP3 and PIP2 measurements

PIP3 production by class I PI3K, and the amount of PIP2 in the cell, were measured directly by lipid mass spectrometry (40). Isolated bone-marrow derived neutrophils were resuspended in DPBS++++ at 7.4 x 106 per ml and primed with 1 μg/ml LPS for 90 min, or with 20 ng/ml murine TNFα and 50 ng/ml GM-CSF for 45 min, or mock-primed for the same periods of time in DPBS++++ at 37°C. 1 x 106 cells were then stimulated for 10 s with 3 µM fMLP or 25 nM C5a, or were mock-stimulated in DPBS++++. The reaction was stopped by the addition of 750 µl CHCl3:MeOH (1:2). Synthetic deuterated stearoyl/arachidonoyl PIP3 (10 ng) and PI(4,5)P2 (100 ng) were added to each sample as internal standards. Lipids were extracted as previously described (41) and analyzed by high performance liquid chromatography-mass spectrometry (HPLC-MS) (40). The stearoyl/arachidonoyl species of PIP2 and PIP3 were quantitated, as they are the most abundant species of these lipids in neutrophils (40). For quantification, the area of the PIP2 and PIP3 peaks was integrated and compared to the relevant internal standard.



Data collection and statistical analysis

Sample size was determined using power calculations to yield 80% power, based on results of pilot experiments and on previously published data as referenced. Experiments were performed at least three times except where indicated. Sample size and numbers of independent experiments are detailed in Figure Legends. Within the parameters of group size and age, mice were selected for cohorts at random by the staff of the Small Animal Unit. Image analysis was performed in a blinded manner. Excel 2016 and GraphPad Prism 8.0 were used for tabulation, statistical analysis and plotting graphs, except for proteome analysis where R software was used. Data were tested for normality of distribution using Shapiro-Wilk test to determine if parametric or non-parametric statistical analysis was required. Where warranted by variance between groups, data were log-transformed prior to statistical analysis. Statistical outliers were identified using Tukey’s test and removed from datasets. Other samples were only excluded when there was a known technical problem affecting the analysis. For the analysis of proteomics data, comparisons between the age groups were made by two-tailed unpaired Student’s t-test. For all other data, two-way or three-way ANOVA was used to test for effects of interventions. Group sizes (n) are listed in figure legends. Effect size and variance are reported as group mean ± standard error. P-values reported for proteomics data are from t-tests with Benjamini-Hochberg false discovery rate correction for multiple comparisons, p-values reported for other data are from multiplicity-adjusted Sidak’s post-hoc comparisons. The threshold for statistical significance was set at p<0.05.




Results


Old mice have impaired immunity against E. coli infection and altered neutrophil recruitment during septic peritonitis

In humans, the incidence of bacterial peritonitis increases with age, associated with high mortality rates from sepsis (4). To investigate if antibacterial immunity wanes similarly in aging mice, we compared young (8-10 week-old) and old (24 months-old) mice. These mouse ages are equivalent to the human ages of 20 and 80 years, respectively (42). We tested the ability of the mice to clear pathogenic E. coli strain O18:K1 in an acute model of septic peritonitis. This model tests the early innate response (after 3 h) to an infection that would prove fatal to 75% of the mice within 36 h if left to progress (34). At the acute stage tested here, only neutrophils are recruited, to combat the infection together with resident peritoneal macrophages (35). Old mice showed a 4.6-fold reduction in their ability to clear the infection, despite constitutively having 6-fold more peritoneal leukocytes than young mice and double the leukocyte recruitment in response to the infection (Figure 1A). Hence, as for elderly humans, the innate immunity of mice to septic peritonitis decreases with age. This result reinforces previous reports showing reduced innate immunity of old mice to other types of bacterial and fungal infections (15–17).




Figure 1 | Hornigold K et al. Old mice have impaired immunity against E. coli infection and altered neutrophil recruitment, and the ability of their neutrophils to kill E. coli is reduced. (A) E. coli-induced septic peritonitis. Young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were infected i.p. with 1x104 pathogenic E. coli O18:K1 (filled symbols), or were mock-infected (open symbols), and culled humanely 3 h later. Peritoneal lavages were performed and assessed for bacterial burden by bacterial culture and quantification of CFU. Lavage neutrophils and total leukocytes were quantified by microscopy. Data are mean ± SEM of mice pooled from 3 independent experiments, with 1-2 mock-infected and 1-3 infected mice/age/experiment. (B) Aseptic peritonitis. Young and old mice were challenged i.p. with 0.25 ml sterile 3% thioglycollate (TGC, filled symbols), or were mock-treated (open symbols), and culled 3 h later. Peritoneal lavages were assessed for numbers of peritoneal neutrophils, macrophages and total leukocytes by hemocytometer and microscopy of cytospins. Data are mean ± SEM, pooled from 5 independent experiments, with 1-3 mock-treated and 1-4 TGC-treated mice/age/experiment. (C) LPS-induced septic peritonitis. Young and old mice were challenged i.p. with 250 ng LPS in 0.25 ml saline (filled symbols), or were mock-treated with saline (open symbols), and culled 3 h later. Peritoneal lavages were assessed as in (B). Data are mean ± SEM, pooled from 3 independent experiments, with 1-2 mock-treated and 2-3 LPS-treated mice/age/experiment; dots represent individual mice. Statistics in (A-C) are two-way ANOVA with Sidak’s multiple comparisons test on log-transformed raw data; black p-values are significant, grey p-values non-significant. (D) In vitro killing of E. coli. Neutrophils purified from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were primed with 1 μg/ml LPS or with 20 ng/ml TNFα and 50 ng/ml GM-CSF, as indicated, or were heat-killed as a negative control, and were incubated with serum-opsonised E. coli DH5α (ratio of 2.5 bacteria per neutrophil) at 37°C for 30 or 120 min. Bacterial killing by neutrophils was quantified by comparing CFU between samples containing live and heat-killed neutrophils. Data are mean ± SEM of 3 independent experiments; each dot represents the mean of one experiment. Statistics are three-way ANOVA with Sidak’s multiple comparisons test; black p-values are significant, grey p-values non-significant.



To investigate neutrophil recruitment, we compared two peritonitis models, thioglycollate (TGC)-induced aseptic peritonitis and septic LPS-induced peritonitis. The latter recapitulates in part the E.coli infection, as LPS is the main endotoxin derived from gram-negative bacteria like E.coli, driving the inflammation that leads to sepsis. Neutrophil recruitment into the peritoneum was normal during aseptic peritonitis (Figure 1B) but increased in response to LPS (Figure 1C). Furthermore, peritoneal macrophage numbers were constitutively elevated in old mice, accounting for the high number of total peritoneal leukocytes (Figures 1B, C). Altogether, defective neutrophil recruitment and peritoneal macrophage numbers do not seem to underlie the impaired antibacterial immunity of old mice, suggesting functional defects in one or more of these cell lineages.

We tested the effector responses of isolated neutrophils from young and old mice. We chose to purify mature neutrophils from the bone-marrow, where a pool of mature cells is always stored for rapid release into the circulation in case of inflammation or infection. We reasoned that using these cells instead of peripheral neutrophils would minimize confounding effects from the neutrophil aging which occurs in the circulation.



Killing of E. coli is impaired in neutrophils from old mice

Following from the in vivo infection experiments, we tested the capacity isolated neutrophils from young and old mice to kill E.coli. We primed neutrophils before the assay, either with LPS or with GM-CSF and TNFα, in order to mimic inflammatory conditions. Priming sensitizes neutrophils to mount larger effector responses in response to stimuli, and is based on receptors stored on granules being upregulated to the neutrophil surface (43). Neutrophils from old mice had a reduced ability to kill bacteria, regardless of whether they were primed with LPS or with GM-CSF and TNFα. However, the defect in GM-CSF/TNFα-primed cells was overcome by prolonged incubation of neutrophils with the bacteria, whereas the defect in LPS-primed cells persisted (Figure 1D). Overall, the impaired clearance of E.coli infections in vivo in old age may stem from an age-dependent loss of killing capacity in neutrophils.



LPS-primed ROS production is impaired in neutrophils from old mice

ROS production is an important effector response in neutrophil-mediated immunity, so we tested the ability of isolated neutrophils from young and old mice to produce ROS. We primed neutrophils with LPS or with GM-CSF and TNFα, and stimulated them with the GPCR ligands and chemoattractants C5a, a component of the complement cascade, or fMLP, a peptide derived from bacterial proteins. Priming alone did not elicit ROS production, and in the absence of priming, C5a and fMLP induced only limited responses, as expected (Figures 2A-C). These data show that bone-marrow derived mature neutrophils from old mice are not pre-activated through effects of ‘inflamm-aging’. In mock-primed cells, C5a-stimulated ROS was lower in old age than young, whereas fMLP-stimulated ROS was not, showing an impairment dependent on the GPCR pathway (Figures 2A-C). Pilot experiments using priming with GM-CSF and TNFα separately or combined showed additive effects on fMLP-stimulated ROS production (Supplemental Figure 1). Hence, we decided to combine GM-CSF/TNFα throughout the study and juxtapose them to LPS. LPS or GM-CSF/TNFα effectively primed the C5a- and fMLP-stimulated ROS production in young age, as expected (p <0.0001 in A and C, p=0.0002 in B). In old age, the LPS-primed response was reduced (Figures 2A, B), whereas the GM-CSF/TNFα-primed response was not (Figure 2C). Therefore, there is an age-related decline in GPCR-dependent ROS production, with a degree of selectivity for the LPS-primed response over GM-CSF/TNFα. We also tested receptor-independent ROS production by activating the NADPH oxidase with PMA. PMA-stimulated ROS production was equal in neutrophils from young and old mice, showing that the overall capacity of the NADPH oxidase complex is not affected by age (Figure 2D).




Figure 2 | Hornigold K et al. LPS-primed ROS production is impaired in neutrophils from old mice. Isolated neutrophils from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were primed with (A, B) 1 μg/ml LPS for 90 min or with (C) 100 ng/ml GM-CSF and 5 ng/ml TNFα for 45 min, or were mock-primed for the same periods of time, or (D) kept unprimed, prior to stimulation with (A-C) 25 nM C5a, (B) 3 μM fMLP or (D) 500 nM PMA (closed symbols), or mock-stimulation (open symbols), as indicated. ROS production was measured by real-time chemiluminescence assay with luminol and HRP for extra- and intracellular ROS. Left-hand panels show representative luminometer traces from one experiment; right-hand panels show the quantification as AUC. Data are mean ± SEM of 5-6 independent experiments, as indicated; each dot is the mean AUC from one experiment. Matched data are indicated by purple lines for stimulated cells. Statistics are two-way ANOVA with Sidak’s multiple comparisons tests on log-transformed raw data, in A-C for chemoattractant-stimulated cells; black p-values are significant, grey p-values non-significant.





Phagocytosis is impaired in neutrophils from old mice, in part through effects of LPS

We tested the capacity of neutrophils from young and old mice to phagocytose either IgG-opsonized E. coli or IgG-opsonized zymosan yeast particles in the presence or absence of LPS priming. In the context of the E. coli experiments, LPS priming mimics the inflammatory conditions encountered by neutrophils prior to contact with the bacteria, and for the zymosan experiments, it mimics co-infection of fungus (yeast) and gram-negative bacteria (LPS). The overall number of E. coli or zymosan particles taken up by neutrophils from old mice was reduced in LPS-primed cells but not in mock-primed cells (Figures 3A, B). The number of particles inside phagocytosing neutrophils was no different between the ages or priming conditions, but the proportion of neutrophils capable of phagocytosing was diminished in old age, both in LPS- and mock-primed cells, and for both stimuli (Figures 3A, B). Hence, phagocytosis is impaired in neutrophils from old mice in a partly LPS-dependent manner.




Figure 3 | Hornigold K et al. Phagocytosis is impaired in neutrophils from old mice, in part through effects of LPS. Neutrophils from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were primed with 1 μg/ml LPS for 90 min at 37°C (closed symbols), or were mock-primed (open symbols), and then plated onto glass coverslips for 15 min and stimulated either with IgG-opsonised E. coli (25 bacteria per neutrophil) for 120 min at 37°C (A), or with IgG-opsonised zymosan yeast particles (5 particles per neutrophil) for 30 min at 37°C (B). Cells were fixed, stained with FITC-Gr1 and AF568-IgG antibodies and Hoechst DNA dye, and assessed for the number of E. coli or zymosan particles within by widefield microscopy and ImageJ analysis. Representative images from one experiment are shown. Graphs in (A) and (B) show the quantification by ImageJ analysis for the number of particles per neutrophil overall (left panel), number of particles in neutrophils which had taken up at least one (middle panel), and proportion of phagocytosing neutrophils (right-hand panel). Data in (A) and (B) are mean ± SEM of 4 independent experiments; each dot represents the mean of one experiment. Statistics are two-way ANOVA with Sidak’s multiple comparisons tests; black p-values are significant, grey p-values non-significant.





Degranulation is impaired in neutrophils from old mice, in part through effects of LPS

We measured the ability of neutrophils from young and old mice to degranulate myeloperoxidase (MPO) from azurophil granules in response to E. coli, by western blotting cell pellets and cell supernatants for MPO. E. coli induced strong degranulation of MPO, which was higher in neutrophils from young mice than old, despite the total cellular content of MPO being the same between the ages (Figure 4A). Hence, degranulation of azurophil granules is impaired in old age.




Figure 4 | Hornigold K et al. Degranulation is impaired in neutrophils from old mice, in part through effects of LPS. (A) Degranulation of azurophil granules in response to E.coli. Neutrophils from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were stimulated with E. coli (ratio of 12.5:1 bacteria/neutrophil; closed symbols), or were mock-stimulated with DBPS++++ (open symbols), for 3 h at 37°C. Cell pellets and cell supernatants were collected and western blotted for the azurophil granule marker MPO. Degranulation was quantitated by comparing secreted MPO to total MPO in the 0’ total lysate (TL) control. (B) Degranulation of gelatinase granules in response to fMLP. Neutrophils from young and old mice were kept unprimed on ice, or mock-primed at 37°C for 45 min, or primed with 1 μg/ml LPS for 90 min at 37°C, as indicated, and were then either mock-stimulated (open symbols), or stimulated with 1 μM fMLP, or with both 1 μM fMLP and 10 μM cytochalasin B (closed symbols) for 30 min at 37°C. Gelatinase activity released into the medium was analyzed by in-gel zymography. The representative coomassie-stained gel of mock-primed cells from one experiment shows the digestion of the gel by gelatinase as white areas. Quantification of gels was done by ImageJ densitometry. Data in (A) and (B) are mean ± SEM of 3-4 independent experiments, as indicated; each dot represents the mean of one experiment. Statistics are two-way ANOVA with Sidak’s multiple comparisons tests on log-transformed raw data; black p-values are significant, grey p-values non-significant.



We also measured the ability of neutrophils to degranulate gelatinase (MMP9) from gelatinase granules in response to fMLP, in the presence or absence of LPS priming, by using in-gel zymography to measure the secreted gelatinase activity (Figure 4B). Cytochalasin B, which depolymerizes the cortical actin ring of neutrophils thereby facilitating granule fusion with the plasma membrane, was used to test overall degranulation capacity. Stimulation of unprimed neutrophils with fMLP induced limited degranulation that was no different between the ages (Figure 4B). Mock-priming, which allows some vesicle trafficking, also resulted in limited degranulation, as expected (35). This was enhanced by fMLP stimulation in neutrophils from young mice but not old, showing there is a GPCR-dependent impairment (Figure 4B). LPS-priming induced robust degranulation in neutrophils from young but not old mice, showing there is also an LPS-dependent defect (Figure 4B). The LPS-primed response was not increased further by fMLP. The age-related defects in fMLP-stimulated mock-primed and LPS-primed cells were overcome by cytochalasin B treatment, demonstrating that LPS- and GPCR pathways were affected by age, rather than degranulation capacity overall. In contrast to LPS, GM-CSF/TNFα priming revealed no difference between the ages (data not shown). Hence, similar to ROS production and phagocytosis, neutrophils from old mice show both LPS-dependent and LPS-independent impairments in degranulation.



Release of NETs in response to S. aureus but not E. coli is impaired in neutrophils from old mice, independently of LPS

We measured the ability of neutrophils from young and old mice to release NETs in response to E. coli, using the same samples that were also tested for MPO degranulation (Figure 4A), by quantifying citrullination of histone H3 and the amount of DNA in cell pellets and cell supernatants. Unlike degranulation of MPO which was reduced in old age, extracellular release of DNA and citrullination of histone H3 were not affected by age under the same conditions (Figure 5A).




Figure 5 | Hornigold K et al. NET release in response to S. aureus but not E. coli is impaired in neutrophils from old mice, independently of LPS. (A) NET release in response to E. coli. Release of DNA and citrullination of histone H3 were measured in the same samples as in Figure 4A to test NET release in neutrophils from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice in response to E. coli. DNA in cell pellets and cell supernatants was quantitated by spectrometry, and citrullinated H3 by western blotting. A representative blot from one experiment is shown. Data are mean ± SEM of 3-4 independent experiments, as indicated; each dot represents the mean of one experiment. Statistics (two-way ANOVA) revealed no differences between the ages (grey p-values). (B) NET release in response to S. aureus. Neutrophils from young and old mice were primed with 1 μg/ml LPS or mock-primed for 90 min at 37°C, seeded onto glass slides and allowed to adhere for 30 min at 37°C before stimulation with serum-opsonised S. aureus (10 bacteria per neutrophil; filled symbols), or mock stimulation (open symbols), for the indicated periods of time. Non-cell permeable Sytox Green and cell permeable Hoechst DNA dyes were added to samples 15 min before the end of incubation, and cells were live-imaged by widefield microscopy. (A) Representative images of mock-primed neutrophils from one experiment stimulated with S. aureus for the indicated lengths of time. The grey arrow indicates a dead cell, the red arrow a NET. (B) NETosis was quantify by ImageJ, using Sytox Green signal to identify NETs, and phase contrast and Hoechst signal to count total cells. Data are mean ± SEM of 7 independent experiments with mock-primed cells (left-hand panel) and 3 with LPS-primed cells (right-hand panel). Statistics are two-way ANOVA with Sidak’s multiple comparisons test. P-values denote significant differences between S. aureus-stimulated cells from young and old mice; black p-values are significant, grey p-values non-significant.



We also tested the ability of neutrophils to undergo S. aureus-induced NET release, in the presence or absence of LPS priming. S. aureus is a gram-positive bacterium, so in this context LPS priming was used to mimic co-infection with gram-negative bacteria. S. aureus induced robust NET formation which was stronger in neutrophils from young mice than old (Figure 5B). LPS priming alone hardly affected NET release, even when we used a species of LPS previously reported to induce NETs (data not shown) (44). LPS priming also had no major effect on S. aureus-induced NETs, meaning the response remained higher in cells from young than old mice (Figure 5B). Overall, neutrophils from old mice have a defect in NET release that depends on the type of bacteria but is independent of LPS. It should be noted that the defect was only observed after prolonged incubation (from 3 hours), which may explain why some previous studies failed to see the age-related impairment in NET release in mouse neutrophils.



Migration is normal in neutrophils from old mice

Our in vivo experiments showing altered neutrophil recruitment in old mice suggested that neutrophil migration may be affected. In addition, reduced chemotaxis of neutrophils from old mice was previously reported (15, 28). Hence, we investigated neutrophil migration. Using transwell assays, we found no difference in spontaneous neutrophil migration or in chemotaxis to fMLP between young and old, regardless of whether the cells had been mock-primed, or primed with LPS or GM-CSF/TNFα (Figures 6A, B). To investigate the possibility of subtle defects in velocity or directionality, we used ibidi chamber chemotaxis assays, with an fMLP gradient ranging from 0 to 10 μM fMLP. Pilot experiments showed that these conditions elicited a clear chemotactic response without being saturating (Supplemental Figure 2). Nevertheless, neutrophils from old and young migrated equally well by all parameters tested (accumulated and Euclidian distance, velocity, straightness of path, directionality and % of responding cells), both during random migration and chemotaxis to fMLP (Figure 6C). This was seem both when the neutrophils were plated on the fibrinonectin-like surface poly-RGD (Figure 6) or on fibrinogen, although there was a trend towards increased chemotaxis of mock-primed cells from old mice on fibrinogen (Supplemental Figure 3). Therefore, in contrast to our expectations, migration is normal in neutrophils from old mice. It appears that the increased neutrophil recruitment in vivo stems from LPS-dependent changes in the tissue environment rather than neutrophil-intrinsic migratory properties.




Figure 6 | Hornigold K et al. Migration is normal in neutrophils from old mice. (A, B) Transwell assay. Bone marrow cells from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were (A) primed with 1 μg/ml LPS or mock-primed for 90 min at 37°C, or (B) primed with 50 ng/ml GM-CSF and 20 ng/ml TNFα or mock-primed for 45 min, before placing them into the top well of transwell filters with 3 μM pores and stimulation with 1 μM fMLP, or mock-stimulation with buffer only, in the bottom well for 40 min at 37°C. Transmigrated and total neutrophils were quantitated by flow cytometry. Data are mean ± SEM of 3 independent experiments in (A) and 2 in (B); each dot represents the mean of one experiment. (C) Ibidi chamber assays. Isolated neutrophils from young or old mice as in (A) were primed with 50 ng/ml GM-CSF and 20 ng/ml TNFα for 45 min and seeded into ibidi chambers coated with 20 μg/ml pRGD. Cells were allowed to adhere for 20 min at 37°C before establishing a gradient with 10 µM fMLP at one end of the chamber (filled symbols), or a mock-gradient with buffer only (open symbols), and neutrophils were live-imaged for 20 min (frames every 10 s) using an Olympus CellR microscope. Cells were tracked and migration quantitated using the ‘chemotaxis and migration’ plugin of ImageJ. Top panels show representative tracks from one experiment, other panels quantify the indicated parameters of cell speed and directionality obtained from ImageJ. Data are mean ± SEM of 6 independent experiments with tracks from 25-72 cells per condition in each experiment; each dot represents the mean of one experiment. Statistics in (A) and (C) were two-way ANOVA and revealed no differences between the ages.



Neutrophils from old mice had constitutively reduced L-selectin and increased FcγRIII cell surface levels, whereas the cell surface level of Mac1 was low in both ages. Priming with GM-CSF/TNFα led to upregulation of Mac1 and shedding of L-selectin in both ages equally and overcame the altered FcγRIII level (Supplemental Figure 4). In contrast, LPS priming increased the surface level of Mac1 and reduced L-selectin in neutrophils from old mice but not young, whereas it induced shedding of FcγRIII equally between the ages (Supplemental Figure 4). These data, together with the finding that LPS-treatment was able to prime fMLP-stimulated chemotaxis effectively (Figure 6A, p=0.0004), suggest that not the entire LPS signaling pathway, but only certain aspects of it are defective in neutrophils from old mice.



Age-related dysregulation of the neutrophil proteome

In order to begin to understand the origins of the functional impairments we observed, we compared the total proteomes of neutrophils from young and old mice using tandem mass-tag mass spectrometry. Overall, we identified murine 7943 proteins, and for 7338 of these we obtained enough data for a meaningful comparison between young and old (Supplemental Table 1). A surprisingly large number of proteins was not affected by age; only 361 proteins (5%) were expressed significantly differently, 207 higher in old age and 154 lower (Figure 7A, Supplemental Figure 5 and Supplemental Table 1). A heatmap of the 139 most deregulated proteins (p<0.01) shows that the age-related changes were consistent between the 8 mice tested per age-group (Figure 7B). Among the dysregulated proteins, chromatin and RNA regulators were noticeably downregulated, whereas proteases, protease inhibitors and cell surface receptors were enriched in in old age (Supplemental Figure 5). Also upregulated were immunoglobulins, but this is almost certainly an artefact caused by the homing of immunoglobulin-producing plasma cells into the bone marrow in old age (45). As expected from our ROS assays, the components of the NADPH oxidase were all expressed to normal amounts, which reinforces that LPS priming but not overall NADPH oxidase capacity is affected (Figure 7C). In contrast, many of the anti-pathogen proteins stored in granules (46–48) were among the most upregulated proteins in old age, particularly proteases from the cathepsin family and protease inhibitors from the serpin family (Figure 7D and Supplemental Figure 6). Hence the defect in bacterial clearance observed in vivo was not caused by a simple decline in granule protein expression; it seems more likely that granule proteins are upregulated in old age to compensate for the impaired degranulation. Of note, not all granule proteins were deregulated. For example, the marker proteins for the main granule populations, myeloperoxidase, lactoferrin and gelatinase, were all expressed at normal levels (Supplemental Figure 6), suggesting that bulk granulopoiesis is normal in old age, but some granule proteins are upregulated specifically.




Figure 7 | Hornigold K et al. Age-related dysregulation of the neutrophil proteome. Neutrophils were isolated to 95-98% purity from the bone-marrow of 8 young (8 weeks) and 8 old (24 months) mice, in 4 independent experiments with 2 young and 2 old mice per experiment, treated with the protease inhibitor DFP (7 mM) for 10 min at RT, washed twice, and frozen. Sample processing included protein digest and labeling with tandem mass-tags. Mass-tagged samples were combined, fractionated into 60 fractions, and analyzed by LC-MS mass spectrometry. Proteins were identified using Mascott software and their relative abundances determined using Proteome Discoverer software. (A) 7338 murine proteins were detected in at least 2 of 4 experiments (4 out of 8 mice per age) and analyzed using R software for differences in relative abundance between young and old. (B) Heatmap of proteins whose expression changed with p<0.01 between old and young mice. (C-E) Proteins were assigned to different classes and pathways by PANTHER pathway analysis and manual curation (see also Supplemental Figures 5–8 and Supplemental Table 1). (C) Proteins of the NADPH oxidase complex. (D) Granule-lumen proteins. (E) TLR pathway proteins. The 49 granule-lumen proteins (D) and 67 TLR pathway proteins (E) identified (red) are plotted in the context of all other proteins (grey). Deregulated granule lumen proteins (D) and TLR pathway proteins (E) are shown by red flags and listed in the grey boxes. (A-E) Abundances are expressed as log(old/young). Statistical significance was assessed by two-sided t-test of log(young) vs log(old) with Benjamini-Hochberg false discovery rate correction for multiple comparisons of all 7338 quantified proteins. (F) Neutrophils were isolated and DFP-treated as in (A), lysed, and total lysates pooled (4 mice per pool per age) and western blotted for the indicated proteins of the LPS/TLR4 signaling pathway. Coomassie staining was used as loading control. Blots shown are representative from one of two pools per age-group.



We looked into the expression of signaling and cytoskeletal proteins in more detail. Among signaling proteins upregulated in old age were membrane receptors (9%, 11 out of 117 identified), phospholipid-modifying proteins (7%, 5/71) and proteins from the TLR signaling pathways (7%, 5/67) (Figure 7E, Supplemental Figures 7, 8). The deregulated membrane receptors comprised mainly Fc-receptors and integrins, but also the endosomal TLRs TLR7 and TLR9 (Supplemental Figure 8A). The phospholipid-modifying proteins comprised phosphoinositide kinases PI4K2a and phospholipases PLBD2, PLA2G15, PLD3 and PLD4 (Supplemental Figure 7A). PLD3 and PLD4 are of particular interest, as they were recently shown to not possess phospholipase activity, but rather to act as 5’ exonucleases which metabolize pathogenic nucleic acids in endosomes, the substrates of TLR7 and TLR9 (49). Apart from TLR7, TLR9, PLD3 and PLD4, only one other protein relevant to TLR pathways, the CD180 antigen, was upregulated in old age by mass spectrometry (3-fold, p=0.0019) (Figure 7E and Supplemental Figure 7B). CD180 is a TLR-like transmembrane protein that binds to TLRs, inhibiting signaling through the TLR4, TLR7 and TLR9 pathways (50, 51). Remarkably few proteins from the GTPase pathways (3%, 9/339), protein kinases (3%, 6/224) and protein phosphatases (0%, 0/86), ubiquitin pathways (2%, 4/262) and cytoskeletal proteins (3%, 6/189) were deregulated (Supplemental Figures 8B–F and Supplemental Table 1).

Among the deregulated pathways, TLR4 signaling is particularly relevant here, seen that LPS priming of the ROS response, phagocytosis and degranulation was impaired in neutrophils from old mice. We failed to obtain enough data for TLR4, the LPS receptor, for quantification by mass spectrometry. However, western blotting showed that TLR4 expression was unaltered by age (Figure 7F), in agreement with earlier reports on human neutrophils (8, 10). In contrast, expression of the adaptor protein MyD88, a key mediator of the TLR4 pathway, was consistently lower in neutrophils from old than young mice by western blot (5-fold, p<0.0001) (Figure 7F). Irak4, an important kinase in the TLR4 pathway, was upregulated in old age (4-fold, p=0.0028), whereas the adaptor protein Trif was unchanged (Figure 7F). The data on MyD88 and Irak4 expression suggest that western blotting may be a more sensitive readout for age-dependent changes than the tandem mass-tag mass spectrometry, which required many more sample preparation steps. In any event, both the upregulation of the inhibitory CD180 and downregulation of MyD88 may be sufficient to explain the decline in LPS priming capacity in old age.



LPS/TLR4 pathway activity is impaired in neutrophils from old mice

To investigate the LPS/TLR4 pathway further, we tested the effects of LPS priming and fMLP stimulation on the activities of Erk, p38 Mapk and Akt in neutrophils from young and old mice by phospho-western blot. LPS priming alone significantly (p=0.0095) activated p38 Mapk in neutrophils from young mice but not old (Figure 8). In mock-primed cells, fMLP stimulation (1 μM, 1 min) did not significantly activate any of the pathways. In contrast, in LPS-primed cells, fMLP stimulation led to robust further activation of p38 Mapk (p=0.0197) and induced the activation of Erk (p=0.0055), but only in neutrophils from young mice, not old (Figure 8). Akt was not significantly activated under the conditions tested here. Although there was a tendency for total protein levels of Erk and p38 Mapk to be higher in neutrophils from young mice than old, this did not reach significance throughout experiments. Together, these data show that LPS/TLR4 signaling through Erk and p38 Mapk is profoundly impaired in neutrophils from old mice.




Figure 8 | Hornigold K et al. LPS/TLR4 pathway activity is impaired in neutrophils from old mice. Neutrophils from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were primed with 1 μg/ml LPS, or mock-primed with DPBS++++, and stimulated with 1 μM fMLP for 1 min. Total cell lysates were western blotted using antibodies for phosphorylated p38 Mapk, p42/44 Erk and Akt. Blots were stripped and reprobed for total p38 Mapk, p42/44 Erk and Akt. Blots were quantitated by ImageJ densitometry, and phospho-protein signals normalized to total-protein for each sample. Representative blots, and a coomassie-stained membrane as total loading control, are shown. Data are mean ± SEM of 3 independent experiments; each dot represents the mean of one experiment. Statistics are two-way ANOVA with Sidak’s multiple comparisons tests; black p-values are significant, grey p-values non-significant.





PIP3 production and PIP2 levels are reduced in neutrophils from old mice

Production of the lipid second messenger PIP3 by class 1 PI3Ks is required for chemoattractant-stimulated ROS production (52). Hence we measured PIP3 in response to neutrophil stimulation with C5a or fMLP, either upon mock-priming or priming with LPS or GM-CSF/TNFα, using direct PIP3 measurement by lipid mass spectrometry (40). No PIP3 was detectable in mock-stimulated cells, even when cells were primed (Figures 9A–D). This was as expected (40), and confirms results from the ROS and degranulation assays showing that neutrophils from old mice are not pre-activated by inflamm-aging. Stimulation with C5a or fMLP induced rapid and robust PIP3 production, which was lower in old than young after cells had been mock-primed for 90 min (Figures 9A–D). Priming with LPS or GM-CSF/TNFα increased fMLP-stimulated PIP3 production, but had no effect on C5a-stimulated PIP3, and the fMLP-stimulated response remained lower in LPS-primed cells from old mice (Figures 9A–D).




Figure 9 | Hornigold K et al. PIP3 production and PIP2 levels are reduced in neutrophils from old mice. Neutrophils from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were primed with 1 μg/ml LPS or mock-primed for 90 min (A, B, E, F), or were primed with 50 ng/ml GM-CSF and 20 ng/ml murine TNFα or mock-primed for 45 min (C, D), prior to stimulation with 25 nM C5a (A, C) or 3 µM fMLP (B,D-F), or mock-stimulation, for 10 s. PIP3 (A-D) and PIP2 (E) were extracted and quantitated by lipid mass spectrometry using internal synthetic standards. Data in (A, B, E, F) are mean ± SEM of 4 independent experiments and data in (C, D) from 3; each dot represents the mean of one experiment. (F) Ratio of PIP3 over PIP2 from (B) and (E). Statistics are two-way ANOVA with Sidak’s multiple comparisons test, for chemoattractant-stimulated cells only in (A–D, F); black p-values are significant, grey p-values non-significant.



PIP3 is produced by PI3K-mediated phosphorylation of the membrane phosphoinositide PIP2. Hence, we analyzed the same lipid mass spectrometry samples further to see whether the impaired PIP3 production might be caused by altered PIP2 levels. Indeed, PIP2 was constitutively reduced in neutrophils from old mice, and remained lower under all conditions tested (Figure 9E). Yet even after taking into account the ratio of PIP3 to PIP2, as is commonly done in PIP3 mass-spectrometry (40, 41), neutrophils still showed the age-related reduction in fMLP-stimulated PIP3, suggesting that it was not solely a consequence of lower substrate availability. Taking into account PIP2, LPS-priming increased PIP3 production only in the young, revealing an age-related LPS-priming defect independent of PIP2 availability (Figure 9F). Hence, neutrophils from old mice show reduced fMLP-stimulated production of PIP3 which is partially LPS-dependent, as well as having constitutively reduced levels of PIP2. The reduced LPS-primed PIP3 production might explain the impaired ROS response.



Rac activity is normal in neutrophils from old mice

ROS production and migration require activation of the small GTPase Rac (53). Mouse neutrophils express two isoforms of Rac, Rac1 which confers directionality to migration, and Rac2 which confers the ability to migrate per se and is also required for ROS productions as an integral part of the NADPH oxidase complex. Seen that ROS production was impaired, we tested the activities of Rac1 and Rac2 in response to stimulation with C5a or fMLP, under mock-primed and LPS-primed conditions. Both Rac1 and Rac2 were robustly activated upon chemoattractant stimulation (p=0.0025 in A, p=0.0008 in B, p<0.0001 in D), but there was no difference between the ages. LPS priming had no effect on the activity of either Rac1 or Rac2 (Figure 10). Hence, as suggested by the normal migration properties of the neutrophils, the activities of Rac1 and Rac2 are not affected by age. These data imply furthermore that Rac activity is not related to the age-related decline in LPS-primed ROS production.




Figure 10 | Hornigold K et al. Chemoattractant-stimulated Rac activity is normal in neutrophils from old mice. Neutrophils from young (8-10 weeks, black symbols) and old (24 months, purple symbols) mice were primed with 1 μg/ml LPS or mock-primed for 90 min, prior to stimulation for 10 s with 25 nM C5a (A) or 3 µM fMLP (B-D), or mock-stimulation as indicated. Rac activity was assessed by Pak-CRIB pull down. GTP-Rac (active) and total Rac levels were analyzed by western blotting with Rac1 and Rac2 antibodies and quantified by densitometry using ImageJ. (C) Representative western blots from one experiment as in (B). Data in (A) and (B) are mean ± SEM of 3 independent experiments and data in (D) of 6; each dot represents the mean of one experiment. Statistics were two-way ANOVA with Sidak’s multiple comparisons test and showed no differences between ages.






Discussion

Our study shows that old mice have lower resistance to bacterial infection, their neutrophils have a reduced ability to kill bacteria, and all major neutrophil effector responses, with the notable exception of chemotaxis, are impaired, particularly in the context of LPS priming.

We showed that old mice have a lower capacity to clear pathogenic E. coli strain O18:K1 during an acute model of septic peritonitis. This infection model recapitulates the situation in humans, where the incidence of peritonitis increases with age to become a leading cause of mortality from sepsis for the elderly in intensive care units (4). Our data complement earlier reports on decreased immunity of old mice to cutaneous S. aureus infection (15), oral S. typhimurium infection and systemic C. albicans infection (17), showing that old mice have consistently reduced immunity to bacteria and fungi regardless of the infected organ. It would be valuable to perform a kinetic study in future to determine at which ages the immunity declines most.

In contrast to this consistent loss of innate immunity, the effects of age on neutrophil recruitment are much more varied, either reduced (15, 21, 22), or normal (54), or increased (19, 20) (23), depending on the affected organ and inflammatory or infectious agent. Congruently, we found that neutrophil recruitment was normal during aseptic peritonitis but elevated during LPS-induced peritonitis. The increased LPS-dependent recruitment is unlikely to be linked to the neutrophil-intrinsic defect in LPS priming, and more likely to systemically increased inflammatory chemokines/cytokines. A previous study used LPS to induce pulmonary neutrophil recruitment, which was also raised and accompanied by increased production of inflammatory cytokines (23), suggesting LPS may consistently increase recruitment in old mice regardless of the affected organ. A beautiful recent study used intravital microscopy to show that aberrant neutrophil trafficking in old mice is indeed caused by increased inflammatory cytokines in aged tissues rather than neutrophil-intrinsic defects (22). IL1β-stimulated neutrophil recruitment in the cremaster muscle of old mice was reduced due to increased reverse-transendothelial migration caused by mast cells in the aged tissue producing KC, leading to downregulation of the KC receptor CXCR2 on the neutrophil surface through agonist-induced internalization (22).

The finding by several studies that innate immunity declines in old mice regardless of effects on neutrophil recruitment (15, 17–20) suggested that neutrophil effector responses may be impaired. To study these effector responses, we required basal neutrophils that allowed us to induce specific pathways for priming and activation, which precluded the use of tissue-infiltrated neutrophils. We isolated mature neutrophils from the bone marrow rather than from peripheral blood in order to minimize any age-dependent differences in the proportions of freshly released and senescent neutrophils. Indeed, the peripheral pool of neutrophils is more senescent in old mice than young (increased CXCR4 and lower L-selectin/CD62L on the cell surface), due to reduced efferocytosis of aged neutrophils by macrophages in old mice (55). As mentioned before, neutrophil aging occurs in the circulation through priming by factors such as LPS and peptidoglycans produced by the gut microbiota (32). Our bone marrow-derived neutrophils showed no evidence of being pre-primed when we assayed ROS production, degranulation or migration. The neutrophils from old mice did, however, show a reduction in L-selectin and increase in FcγRIII levels on their surface in the basal state (on ice), raising the possibility that they are partially primed. Alternative explanations that remain to be tested could be altered total levels or altered shedding of these proteins. The cell surface level of Mac1 was as low in basal neutrophils of both ages, as was the secretion of gelatinase granules (see below), arguing against a primed state in old age. Overall, it appears our approach effectively prevented confounding the effects of senescence and organismal age, but a more in-depth analysis of priming state may be required in the future.

ROS production by neutrophils from elderly humans is impaired in response to a range of priming agents and stimuli (7–10), whereas ROS production by neutrophils from old mice is more varied, either normal or reduced depending on stimulus (24, 25). PMA-stimulated ROS production is normal in neutrophils from both elderly humans (10) and old mice (our data), and all subunits of the NADPH oxidase are expressed at normal levels in old age, so aging clearly does not affect the NADPH oxidase itself but rather the upstream signaling pathways. The ROS response was normal upon priming with GM-CSF/TNFα, but impaired after LPS priming both upon stimulation with C5a and fMLP. Therefore, bone-marrow derived mouse neutrophils are a good model for the age-related decline in ROS production, particularly when associated with LPS priming. Human neutrophils are usually isolated from the periphery rather than the bone marrow, and like in mice, the peripheral population is more senescent (CD62Llo) in old people than young from priming in the vasculature (56). The reduction in the GM-CSF primed ROS response that is commonly seen in elderly humans may therefore be a consequence of senescence rather than a neutrophil-intrinsic defect.

Phagocytosis is generally reduced in neutrophils from elderly humans (12, 13), whereas it was reported to be more variable in neutrophils from old mice, either reduced (27) or normal (15). Our assays showed an overall reduction in the phagocytosis of both E. coli and zymosan yeast particles. The number of E. coli or zymosan particles taken up was impaired in neutrophils from old mice after LPS priming, and there was also a decline in the proportion of phagocytosing neutrophils which was independent of LPS. This partial LPS dependence, together with the need to assess several parameters of phagocytosis to document a phenotype, may explain why some previous studies failed to observe an age-dependent decline in phagocytosis.

Neutrophil priming occurs through degranulation. The fusion of granules with the plasma membrane upregulates receptors stored on granules to the plasma membrane, readying the cell for stimulation, as well as causing the release of proteases and other anti-pathogen factors from the granule lumen into the extracellular space. Surprisingly little information on the effects of age on degranulation exists, both in human and mouse. The blood plasma of elderly humans contains more cleavage products of neutrophil elastase, an azurophil granule lumen protease, and neutrophils from elderly people have higher cell surface levels of CD63, a membrane protein stored on azurophil granules (11), and show higher elastase activity after phagocytosis of S. pneumoniae (57). However, the former may be a consequence of neutrophil senescence or death and the latter may reflect phagocytic capacity rather than degranulation. Direct degranulation assays with isolated neutrophils from the elderly have to our knowledge never been done. We show that, gelatinase release was low in basal neutrophils, with no difference between the ages. As the secretion of gelatinase granules is particularly sensitive to priming (46, 47), this further supports the notion that bone marrow-derived neutrophils from old mice are not primed. Neutrophils from old mice showed reduced degranulation of azurophil granules (induced by E. coli) as well as gelatinase granules (induced by LPS/fMLP), and the latter defect had again both LPS-dependent and LPS-independent elements. The overall capacity to degranulate was normal when depolymerization was forced with cytochalasin B. It seems possible that neutrophils from old mice are more reticent to depolymerize their cortical actin ring, making granule fusion harder. The age-related decrease in degranulation contrasted with the marked upregulation of granule lumen proteins from the cathepsin and serpin families. Hence, the decline in bacterial clearance in vivo is not caused by reduced expression of granule proteins. Evidently, the upregulation of cathepsins is insufficient to protect old mice during bacterial infection, but possibly the upregulation of serpins, which inhibit proteases, might contribute to the age-related decline in immunity. It would be of interest to investigate why cathepsins and serpins are selectively deregulated among granule proteins. In addition to these granule proteins, several other proteases and protease inhibitors were upregulated in old age. It would also be interesting to study the subcellular localizations of these proteins in the future.

NET release by neutrophils from elderly humans is impaired in response to many stimuli (7–10), whereas like the other neutrophil responses, this is reportedly more variable in neutrophils from old mice, either reduced upon stimulation with TLR2 ligands (24), normal after stimulation with PMA (26), or increased upon mitochondrial oxidative stress (25). We found normal NET release in response to E. coli in old age, but reduced S. aureus-stimulated NETs. The lack of effect of age on E. coli-induced NET release suggests that the rapid killing of E. coli by young neutrophils, which was impaired in the old, was a consequence of responses such as phagocytosis and degranulation rather than NET release. LPS priming had hardly any effect, so this defect is independent of LPS. This was surprising, as ROS production is often strongly linked with NETs, and we saw an age-dependent decline in LPS-primed ROS production. However, NET release can also occur independently of ROS production, through mechanisms which remain incompletely understood (58). Our proteomic found no dysregulated expression of NETs-related proteins such as histones, PADI4 and elastase, in contrast to their previously reported up- or downregulated transcription (26), suggesting either that transcriptomics is a more sensitive readout or that protein production or stability overrides mRNA levels in these cases. Future work will be required to elucidate which NET pathways are impaired.

We showed that both random migration and fMLP-stimulated chemotaxis were normal in neutrophils from old mice, regardless of whether the cells were mock-primed or primed with LPS or GM-CSF/TNFα, both in transwell assays and in imaging-based ibidi assays on pRGD and fibrinogen surfaces. Therefore, the increased peritoneal neutrophil recruitment in response to LPS in vivo was clearly not a consequence of an altered intrinsic ability of neutrophils to migrate. Rather, our results support the recent study discussed above, which showed that altered neutrophil recruitment in old age is caused by extrinsic, tissue-derived factors (22). Other mouse studies reported normal or elevated spontaneous neutrophil migration, and reduced chemotaxis in old age (19, 28). Chemotaxis of neutrophils from elderly humans is also reduced, despite normal surface levels of major chemoattractant receptors (8, 11). We can only assume that the difference between our study and other mouse neutrophil studies is due to different assay conditions. However, we employed similar transwell assays and additionally the more sophisticated ibidi chamber, which if anything should have made it more likely to detect defects in migration. Using the ibidi assay under the same conditions, we could confidently detect differences in migration speed of 20% in other projects (unpublished observation), so assay sensitivity was not limiting. It is possible that the age-related impairment is specific to certain chemoattractants, as we employed fMLP, whereas as the previous studies used KC, despite the surface level of the KC receptor CXCR2 being reduced in neutrophils from old mice (19). We found altered cell surface levels of L-selectin and FcγRIII in neutrophils from old mice, and altered effects of LPS priming on Mac1 and L-selectin surface levels. It is therefore possible that more detailed future analysis of LPS-primed migration, particularly under shear-stress conditions, might reveal age-related defects.

Neutrophil proteomics had been done in multiple previous studies, mostly studies on subcellular fractions such as the various granule subsets, but also functional proteomics such as phospho-proteomics or changes associated with diurnal rhythms or neutrophil-dependent diseases such as chronic granulomatous disease or leukocyte adhesion deficiency (47, 48, 59, 60). One study compared the proteomes of neutrophils from newborn and adult humans, showing low abundance in newborns of proteins related to the proteasome, transendothelial migration and NETosis, as well as several granule proteins including elastase and myeloperoxidase (61). However, to our knowledge neutrophil proteomes have never been compared between young and old adults, neither in humans nor mice. A recent study compared transcriptomics, metabolomics and lipidomics of bone marrow-derived neutrophils from male and female old and young mice (26). Sex-differences outweighed age-differences, and age-dependent changes were seen only by transcriptomics but not metabolomics or lipidomics (26). Like our proteomic analysis, transcriptomics found chromatin regulators among the most downregulated genes in old age, associated with higher chromatin compaction. In addition, the mRNAs of several cell-cycle regulators were downregulated (26) which we did not see on the protein level, whereas we found reduced expression of many RNA regulators. Like our proteomics, the transcriptomics also detected the upregulation of several granule proteins in old age (26), but did not detect the increased levels of serpins. The transcriptomics also did not note any upregulation of membrane receptors, phospholipid-modifying or TLR pathway genes in old age. Overall however, the congruence between the two studies regarding chromatin regulators and granule proteases shows robust age-related changes.

Our proteomic analysis of the TLR pathways revealed an upregulation in old age of CD180, a transmembrane protein that inhibits signaling through TLR4 and other TLR pathways (50, 51). Furthermore, we found reduced expression of MyD88 by western blotting. MyD88 expression is also reduced in neutrophils from elderly humans (8). MyD88 confers one of the two major arms of the TLR4 signaling pathway, leading to the activation of NF-κB-responsive genes for the production of inflammatory cytokines (62). As CD180 and Myd88 are important regulators of the TLR4 pathway, their deregulation is likely to contribute to the impaired LPS priming in old age. It is important to note however that LPS-primed chemotaxis and shedding of FcγRIII were normal, meaning that not the entire LPS priming pathway is defective. Perhaps the MyD88-independent arm of the TLR4 pathway which is regulated by Trif (62) remains intact, as we found normal Trif levels. Moreover, aging will not only affect the expression but also the subcellular localization and activity of TLR4 pathway components. Evidence for this was seen in neutrophils from elderly humans, where the LPS-induced localization of TLR4 and Irak1 to lipid rafts is reduced (8). We demonstrate profoundly impaired activation of Erk and p38 Mapk in LPS-primed neutrophils from old mice. A more detailed future characterization of LPS/TLR4 signaling will be required to elucidate the mechanisms through which this pathway is impaired. Furthermore, our proteomics showed that components of other TLR signaling pathways, notably the endosomal TLR7 and TLR9, as well as exonucleases PLD3 and PLD4 which metabolize substrates of endosomal TLRs (49), are among the most upregulated proteins in old age. Therefore, in addition to the TLR4 pathway, the effects of age on signaling through these endosomal TLRs would merit investigation.

We investigated the activity of class I PI3K, an important effector of the LPS/TLR4 pathway (63). PI3K activity was previously reported to be constitutively increased in neutrophils from elderly humans, and inhibition of PI3Kγ or PI3Kδ restored speed and accuracy during neutrophil chemotaxis (11). However, in that study PI3K activity was determined through phosphorylation of the regulatory PI3K subunit (11), an indirect proxy that can be a poor indicator of activity. We used direct lipid mass spectrometry to measure PI3K activity (40), which revealed a partially LPS-dependent reduction of chemoattractant-stimulated PIP3 production. Hence, class I PI3K activity is reduced rather than increased in old age, both upon prolonged incubation of cells at 37°C and upon LPS priming, but not after GM-CSF/TNFα priming, which was unaffected. Furthermore, the neutrophil isoform PI3Kγ specifically determines the proportion of neutrophils that migrate by chemokinesis (64), whereas we only tested spontaneous migration and chemotaxis. In view of these PIP3 results, it would be interesting to test chemokinesis.

The age-dependent loss of signaling through the LPS/TLR4 pathway is not specific to neutrophils. Loss of TLR4 and other TLR signaling pathways with age has also been shown in monocytes, macrophages and dendritic cells. Peritoneal or spleen-derived macrophages from old mice showed reduced production of inflammatory cytokines in response to LPS despite normal levels of TLR4, with reduced activation of p38Mapk and Jnk (65, 66). Similarly, LPS-induced maturation of dendritic cells is reduced in old mice (67, 68), and splenic dendritic cells produce less TNFα upon LPS stimulation despite normal TLR4 levels (67). Furthermore, peripheral blood monocytes showed reduced production of inflammatory cytokines in response to stimulation of TLR1/2, and lower TLR1 surface levels in old age (69), as well as impaired NF-κB activity in response to TLR5 ligands, despite higher TLR5 expression and TLR5-dependent activation of p38 Mapk and Erk (70). Hence, age-related impairments of TLR pathways are seen in the mouse throughout different types of innate immune cells. How the reduced TLR functions in each of these cell types contribute to the impaired innate immunity of old mice in vivo, however largely remains to be demonstrated.

Our study suggests that mice are an appropriate model for studying the age-related decline human neutrophil function, particularly regarding the impaired LPS/TLR4 pathway. Age-related impairments in ROS production, degranulation, phagocytosis and PIP3 production were all partially LPS-dependent. This LPS/TLR4 pathway dependence resolves some of the previous controversy regarding the effects of age on murine neutrophils. No other study specified the use of endotoxin-free reagents, and only three recent papers (22, 24, 26) described the health status of the mice, specifying pathogen-controlled conditions. This suggests that neutrophils may have been in varying states of priming, especially in some older studies. Finally, the impaired ability to kill bacteria in vitro and reductions in neutrophil ROS production, phagocytosis, degranulation and NET formation that we demonstrated here may all contribute to the decline in antibacterial immunity in vivo. Future studies will need to evaluate the contribution of each neutrophil response to this impaired innate immunity through the use of genetic deficiencies, neutrophil depletion and pharmacological inhibitors.
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Neutrophil extracellular traps (NETs) are produced by neutrophil activation and usually have both anti-infective and pro-damage effects. Streptococcus uberis (S. uberis), one of the common causative organisms of mastitis, can lead to the production of NETs. Taurine, a free amino acid abundant in the organism, has been shown to have immunomodulatory effects. In this study, we investigated the molecular mechanisms of S. uberis-induced NETs formation and the regulatory role of taurine. The results showed that NETs had a disruptive effect on mammary epithelial cells and barriers, but do not significantly inhibit the proliferation of S. uberis. S. uberis induced NADPH oxidase-dependent NETs. TLR2-mediated activation of the MAPK signaling pathway was involved in this process. Taurine could inhibit the activation of MAPK signaling pathway and NADPH oxidase by modulating the activity of TAK1, thereby inhibiting the production of ROS and NETs. The effects of taurine on NADPH oxidase and NETs in S. uberis infection were also demonstrated in vivo. These results suggest that taurine can protect mammary epithelial cells and barriers from damage by reducing S. uberis-induced NETs. These data provide new insights and strategies for the prevention and control of mastitis.
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Introduction

Neutrophil extracellular traps (NETs) are extracellular web-like structures released by neutrophils after specific stimulation and are made up of a combination of DNA, histones, granule proteins, antimicrobial peptides and so on. The process of their release is called NETosis (1). It has been a hot topic of research in neutrophil biology due to its close association with pathological phenomena such as infectious inflammation, tumor behavior and tissue damage. In recent years, research on the link between NETs and mastitis has been gaining attention. Swain et al. found NETs only was detected in the milk of cows with clinical mastitis, but not subclinical mastitis (2, 3). The milk can affect the phagocytosis of pathogenic bacteria by neutrophils, but has no inhibitory effect on the formation of NETs (4). In addition, it has been suggested that NETs and their histone components can cause damage to mammary epithelial cells (5). These studies suggest that NETs may be related to the severity of mastitis. Therefore, understanding the mechanism of neutrophil NETosis and regulating it appropriately could help in the prevention and control of mastitis.

Different stimuli can induce NETs by different molecular mechanisms (6). NADPH oxidase, a key enzyme in redox signaling, is a major generator of reactive oxygen species (ROS) in vivo. ROS generation by NADPH oxidases have been shown to be involved in most of the mechanisms underlying NET induction. MAPK is an important cellular signal that regulates cellular immune defense, including extracellular signal-regulated kinase (ERK), p38 family of kinases, and c-Jun N-terminal kinases (JNK) (7). The MAPK signaling pathway has been reported to be associated with the formation of NADPH oxidase-mediated NETs induced by Escherichia coli (E. coli), Streptococcus lactis and Streptococcus suis (8–10). These studies suggest that the extent to which p38, ERK and JNK affect the formation of NETs is pathogen-specific. Streptococcus uberis (S. uberis) is by far the most common causative agent of Streptococcus mastitis, with increasing prevalence worldwide (11, 12). Reinhardt et al. reported the observation of NETs formation in S. uberis-infected mammary glands (13). However, it is unclear whether MAPK signaling pathway and NADPH oxidase are involved in the mechanisms underlying S. uberis-induced NETs.

Nutritional modulation has been shown to be a viable strategy for mastitis prevention and control. Taurine, as the most abundant free amino acid in the body, has anti-inflammatory, antioxidant, ion homeostasis and metabolic regulating functions (14). Neutrophils are important effector cells in the mammary gland inflammatory response. Taurine, present in neutrophils at levels of up to 20-50 mM, has a regulatory effect on the immune function of neutrophils (15). For example, taurine supplementation in vitro has been shown to down-regulate pro-inflammatory-related gene expression in bovine PMN and to improve cellular antioxidant properties (16). Our group has shown that taurine can alleviate mammary inflammation and protect the integrity of the blood-milk barrier in mice infected with S. uberis, indicating the regulatory effect of taurine on the mammary inflammatory response (17). Based on this, understanding the regulatory effect of taurine on NETosis will contribute to furthering reveal the protective effect of taurine on the mammary gland in S. uberis infection.

In the present study, we aimed to explore the molecular mechanisms of NETosis in S. uberis infection and the role of taurine. The data clearly demonstrated that S. uberis induced NADPH oxidase-dependent NETs via TLR2/TAK1/MAPK signaling pathway. Taurine was able to limit NETs formation by inhibiting TAK1 activity. This helps to reduce the disruption of the mammary epithelial barrier by NETs. These data provide new scientific basis for the use of taurine in the prevention and control of mastitis.



Materials and methods


Bacterial culture

S. uberis 0140J (ATCC, Manassas, USA) were inoculated into Todd-Hewitt broth (THB) supplemented with 2% fetal bovine serum in an orbital shaker at 37°C for 3-4 h until grown at an OD600 of 0.5-0.6 (about 1×109 CFU/mL).



Animals and model of mammary infection

Specific pathogen-free (SPF) C57BL/6 mice(WT-B6) were purchased from Nanjing Qinglongshan Animal Farm (Nanjing, China) and bred under specific pathogen-free conditions in the Nanjing Agricultural University Laboratory Anima Center. All procedures involving animals were approved by the committee on the Use and Care of Animals of Nanjing Agricultural University (Nanjing, China).

24 pregnant mice aged 8-10 weeks were randomly divided into 4 groups. Two groups (Taurine, Taurine+S. uberis) were treated with taurine. Mice received 200 mg/kg of taurine daily, suspended in physiological saline by intragastric gavage from gestation day 14 until parturition. The other groups (Control, S. uberis) were given only the equal volume of physiological saline. At 48 h after parturition, mice in the S. uberis and taurine+S. uberis groups were infused with approximately 1×107 CFU/mL S. uberis in 50 μL of sterile pyrogen-free saline into the L4 and R4 teats and 50 μL of saline was given to the control and taurine group. In detail, after administration of ether anesthesia, the L4 and R4 teats of mice were moistened with 75% ethanol, and a 33-gauge needle fitted to a 1 mL syringe was gently inserted into the mammary duct, then 50 μL of S. uberis or physiological saline was injected. At 24 h post infection, all mice in the 4 groups were euthanized, and the mammary gland and blood serum were collected and stored at -80°C until analyzed.



EpH4-Ev cells culture

EpH4-Ev cells (ATCC, Manassas, USA) were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, NY, USA) with 10% fetal bovine serum (FBS, Gibco, NY, USA) in 6-well plates until the confluence reached 70–80%.



Bone marrow neutrophil extraction and treatment

Neutrophils were isolated from 6-8 week old C57BL/6 mice(WT-B6) bone marrow as previously described (18). Tibias and femurs were collected from euthanized mice. Bone marrow were suspended in PBS buffer before overlaid on discontinuous percoll gradients (55%, 62%, and 81% in the order from top to bottom) (Solarbio, Beijing, China). After centrifugation at 1,000× g for 30 min, cells at the interface between 62% and 81% gradients were harvested and washed by 1640 medium. The cells were cultured in 1640 medium (Gibco, NY, USA) with 5% heat-inactivated FBS in a constant temperature cell incubator at 37°C and 5% CO2. Cells were used in subsequent experiments when they reached more than 85% Ly6G+ analyzed flow cytometry.

In the challenge experiments, the S. uberis grown at an OD600 of 0.5–0.6 was centrifuged for 10 min at 3,000× g and resuspended in an equal volume of PBS. Then this suspension was added to cells (MOI = 10). For the treatment experiments, neutrophils were pre-treated with taurine (Sigma, MO, USA), NAC (ROS scavenger, Beyotime, Nantong, China), DPI (NADPH oxidase inhibitor, Sellcek, TX, USA), mitoTEMPO (Mitochondria ROS scavenger, Cayman, MI, USA), Losmapimod (p38 inhibitor, TargetMOL, Shanghai, China), SCH772984 (ERK inhibitor, TargetMOL, Shanghai, China), SP600125 (JNK inhibitor, TargetMOL, Shanghai, China), NG25 (TAK1 inhibitor, Invitrogen, CA, USA) and TLR2 antibody (Affinity, OH, USA) 1 h before addition of S. uberis.



Cell viability assay

The effect of taurine on neutrophils viability was determined by CCK-8 assay (Solarbio, Beijing, China). Briefly, the cells were seeded at 1×104 cells/well in a 96-well plate and treated with different doses of taurine for 5 h. Then 10 μL of CCK-8 was added into each well and incubated for another 1 h. The optical density was measured at OD450.



Fluorescent staining of NETs

The concentration of extracted neutrophils was adjusted to 5×106/mL using 1640 medium containing 5% heat-inactivated FBS, and 500 μL of cell suspension was added to each well of a 24-well plate. After adding S. uberis (MOI = 10), mix thoroughly and then centrifuge using 1,000× g for 10 min to spin down cells. Neutrophils were incubated at 37°C, 5% CO2 for 4 h. After incubation, adding SYTOX GREEN (1 μM) staining solution to treat for 10 min and observe directly under a fluorescent microscope.



NETs induction and quantification

The concentration of extracted neutrophils was adjusted to 5×106/mL using 1640 medium containing 5% heat-inactivated FBS, and 500 μL of cell suspension was added to each well of a 24-well plate. After stimulation by S. uberis (MOI = 10), the medium was removed and then 0.5 mL of 1640 medium was added to the well plate. Wells were treated with 0.1 mg/mL DNase І (Solarbio, Beijing, China) and incubated at 37°C for 10 min to partially digest NETs. The cell suspension was transferred to a sterile centrifuge tube by centrifugation at 500× g for 10 min and the cell free dsDNA supernatant was collected.

NETs in the supernatant and blood serum were quantified by measuring the dsDNA content in the supernatant according to the Quant-iT™ PicoGreen ® dsDNA kit instructions (Invitrogen, CA, USA).



Collection of NETs

To perform induction and isolation of the NETs, 5×106 neutrophils were stimulated for 4 h using 100 nM PMA (Solarbio, Beijing, China). The medium was removed and then 0.2 mL of DMEM was added to the well plate. Wells were treated with 0.1 mg/mL of DNase І and incubated at 37°C for 10 min to partially digest NETs. The cell suspension was transferred to a sterile centrifuge tube by centrifugation at 500× g for 10 min and the cell free dsDNA supernatant was collected. NETs in the supernatant were quantified by measuring the dsDNA content in the supernatant according to the Quant-iT™ PicoGreen ® dsDNA kit instructions.



LDH assays of EpH4-Ev cells

The lactate dehydrogenase (LDH) activity in EpH4-Ev cell supernatants were determined using commercial kits (Solarbio, Beijing, China) according to the manufacturer’s instructions.



Measurement of mammary epithelial barrier permeability

EpH4-Ev cells were inoculated in the upper chamber of the Transwell (Millipore, MA, USA). The culture medium was changed 24 h after inoculation and every other day thereafter. The trans-epithelial cell resistance was measured using a Millicell resistivity meter. TEER value = (actual value - blank control assay)/bottom area of the chamber. The TEER increased significantly after about 5-7 d of cell culture, demonstrating the formation of a somatic mammary epithelial barrier model, and could be used for subsequent experimental studies when the TEER was > 1500 Ω/cm2. Then NETs or DNase І (3 mg/mL) were added in the upper chamber. FITC-dextran (FITC-D, Sigma, MO, USA) was selected as a marker for paracellular transport. After stimulated for 12 h, the monolayer was washed and 200 μL of 1 mg/mL FITC-D was added to the upper chamber. After incubation for 1 h at 37°C and 5% CO2, the sample from the lower chamber was collected. The fluorescence intensity of FITC-D in the samples (excitation wavelength 490 nm, emission wavelength 520 nm) was measured using a fluorescent enzyme marker.



Determination of the antibacterial effect of NETs

About 1×103 CFU/mL S. uberis 0140J was in sterilized DMEM medium containing 400 ng/mL NETs or DNase І (3 mg/mL) and incubated at 37°C for 4 h. Then the bacteria solution was diluted 10-fold with sterile saline in a gradient manner. The mixed dilution was evenly applied to a solid THB dish and incubated at 37°C for 24 h. Plates with CFU in the range of 30-300 were selected for counting and the number of viable colonies was calculated according to the dilution.



ROS determination

Intracellular ROS of neutrophils was stained by DCFH-DA according to the instructions (Beyotime, Nantong, China). Briefly, 1×106 neutrophils were infected with S. uberis 0140J at a MOI of 10 for 2 h, and then the cells were loaded with 10 μM DCFH-DA for 30 min at 37°C. Cells were washed 3 times with PBS. Next, they were collected at 1,000× g for 5 min and resuspended in PBS. The cell samples were immediately analyzed by flow cytometry using a FACSCanto instrument; 10 000 cells per sample were analyzed using CellQuest Pro acquisition software and FlowJo software.



Western blot

Total proteins were isolated from mouse mammary gland and neutrophils with RIPA lysis buffe (Solarbio, Beijing, China) with added 1 mM phenylmethylsulfonyl fluoride (PMSF, Solarbio, Beijing, China). The supernatants were collected by centrifuging at 12,000 rpm for 10 min at 4°C. Protein concentration was measured by bicinchoninic acid assay (BCA) (Beyotime, Nantong, China). About 30 μg protein lysates were separated on polyacrylamide gel by electrophoresis and transferred onto polyvinylidene diﬂuoride (PVDF) membranes (Millipore, MA, USA). The membranes were blocked with 5% bovine serum albumin diluted in Tris buffered saline with Tween-20 (TBST) for 2 h at room temperature and hybridized overnight with primary antibody (1:1000) at 4°C. Before and after incubation with the HRP-linked anti-rabbit IgG (1:10000, CST, MA, USA) at room temperature for 2 h, the membranes were washed 3 times with TBST. The signals were detected by an ECL Western blot analysis system (Tanon, Shanghai, China). Analysis of bands was quantifed with ImageJ software (NIH, USA). The primary antibodies were listed as follows: β-actin (ABclonal, Wuhan, China), TAK1, p-TAK1 (CST, MA, USA), p38, p-p38, ERK, p-ERK, JNK, p-JNK, p47phox, p-p47phox and TLR2 (Affinity, OH, USA).



Statistical analysis

All experiments were repeated at least 3 times. Results were analyzed using the GraphPad Prism 8.0 software (La Jolla, CA, USA). Data were expressed as means ± standard error of the mean (SEM). Differences were evaluated by one-way analysis of variance (ANOVA) followed by Tukey’s tests and Student–Newman–Keuls test. Significant differences were P < 0.05.




Results


S. uberis induces NETs that cause damage to EpH4-Ev cells and mammary epithelial barrier damage

First, we found that S. uberis challenge of neutrophils for more than 2 h resulted in a significant increase in extracellular dsDNA (Figure 1A). By STYOX Green fluorescence staining, we observed the reticulated DNA backbone of NETs (Figure 1B). So the extracellular DNA levels were quantified to evaluate the NET formation. This suggests that S. uberis could induce NETs formation. Next, we treated mammary epithelial cells and mammary epithelial barriers with NETs for 12 h. Treatment with NETs at 200 ng/mL and 400 ng/mL resulted in a significant increase on LDH activity of EpH4-Ev cell supernatants as well as mammary epithelial barrier permeability compared to controls. In contrast, pretreatment with DNase І enzyme significantly reduced the damage to cells and barrier by NETs (Figures 1C, D). In addition, we also found that 400 ng/mL of NETs had no significant effect on the proliferation of S. uberis (Figure 1E). These results suggest that NETs cause EpH4-Ev cell damage and disrupt mammary epithelial barrier integrity, but may have no effect on S. uberis proliferation.




Figure 1 | S. uberis induce NETs that cause damage to EpH4-Ev cells and mammary epithelial barrier damage. (A, B) Neutrophils were infected with S. uberis at MOI of 10. (A) The extracellular dsDNA content of neutrophils (n = 3). (B) SYTOX Green fluorescence staining of neutrophil extracellular dsDNA at 4 h after S. uberis stimulation (green) (n = 3). (C, D) EpH4-Ev cell and mammary epithelial barrier were treatment with NETs or DNase І (1.5 mg/mL) for 12 h. (C) LDH activity in EpH4-Ev cells supernatant (n = 3). (D) FITC-dextran (FITC-D) flux of mammary epithelial barrier (n = 3). (E) CFU of S. uberis (n = 5). Data are presented as mean ± SEM. *P > 0.05. ns, not significant (P > 0.05).





NADPH oxidase-mediated ROS dominate the production of NETs in S. uberis infection

To investigate whether there is a link between S. uberis-induced NETs and ROS, NAC, DPI and mitoTEMPO were used to pretreat the cells. As shown, S. uberis significantly increased intracellular ROS levels compared to controls (Figure 2A). Pretreatment with NAC, mitoTEMPO or DPI significantly inhibited the S. uberis-induced rise in intracellular ROS and also significantly reduced the level of NETs in the supernatant. Moreover, DPI was significantly more effective than mitoTEMPO (Figures 2A, B). The results imply that NADPH oxidase-mediated ROS production in S. uberis infection is an important factor driving the formation of neutrophil NETs.




Figure 2 | NADPH oxidase-mediated ROS dominate the production of NETs in S. uberis infection. The neutrophils were pretreated with NAC (5 mM), DPI (2 μM) and mitoTEMPO (TEM, 10 μM) for 1 h before infected with S. uberis at MOI of 10 for 2 h at 37°C. (A) The intracellular ROS level evaluated by Flow Cytometry. (B) The dsDNA content in supernatant. Data are presented as mean ± SEM (n = 3). *P < 0.05.





MAPK signaling pathway is involved in S. uberis-induced NADPH oxidase activation and ROS production

To further clarify the upstream signals mediating NADPH oxidase activation, we examined the effect of S. uberis on MAPK signaling activation. We found that S. uberis caused a significant increase in the phosphorylation levels of p38, ERK and JNK in neutrophils (Figure 3A). Moreover, pretreatment with Losmapimod, SCH772945 or SP6001255 significantly reduced the levels of p47phox phosphorylation and ROS (Figures 3B, C) and significantly downregulated the levels of NETs (Figure 3D). The results show that S. uberis induces NETs by activating NADPH oxidase production into ROS through the MAPK signaling pathway.




Figure 3 | MAPK signaling pathway is involved in S. uberis-induced NADPH oxidase activation and ROS production. The neutrophils were pretreated with Losmapimod (Los, 20 μM), SCH772945 (SCH, 0.5 μM) and SP6001255 (SP, 10 μM) for 1 h before infected with S. uberis at MOI of 10. (A) Immunoblot and statistical analysis of neutrophil p38, ERK and JNK proteins and phosphorylated proteins. (B) Immunoblot and statistical analysis of neutrophil p47phox proteins and phosphorylated proteins at 2 h. (C) The Intracellular ROS level evaluated by Flow Cytometry at 2 h. (D) The dsDNA content in supernatant at 4 h. Data are presented as mean ± SEM (n = 3). *P > 0.05.





TLR2 mediates the activation of MAPK signaling pathways in S. uberis infection

To clarify whether TLR2 is involved in infection-induced MAPK signaling activation and NETosis, TLR2 antibodies were used to pretreat cells to block ligands from binding to TLR2. As shown in the figure, pretreatment with TLR2-containing antibodies significantly inhibited infection-induced increases in cellular p38, ERK, JNK and p47phox protein phosphorylation levels (Figure 4A). At the same time, TLR2 antibody also caused a significant down-regulation of neutrophil intracellular ROS and supernatant NETs levels in infection (Figures 4B, C). This suggests that TLR2 mediates the activation of MAPK signaling and NADPH oxidase in neutrophils stimulated by S. uberis, contributing to NETs production.




Figure 4 | TLR2 mediates the activation of MAPK signaling pathways in S. uberis infection. The neutrophils were pretreated with TLR2-antibody (anti-TLR2, 100 ng/mL) for 1 h before infected with S. uberis at MOI of 10. (A) Immunoblot and statistical analysis of neutrophil p38, ERK, JNK and p47phox proteins and phosphorylated proteins at 2 h. (B) The Intracellular ROS level evaluated by Flow Cytometry at 2 h. (C) The dsDNA content in supernatant at 4 h. Data are presented as mean ± SEM (n = 3). *P < 0.05.





Taurine inhibits S. uberis-induced NETs production and MAPK signaling activation

Next, we explored the role of taurine in regulating the release of neutrophil NETs in infection. Taurine treatment for 5 h had no significant effect on cell viability compared to the control group (Figure 5A). Compared to the S. uberis group, pretreatment with 15 mM and 45 mM taurine resulted in a significant reduction in NETs levels in supernatants (Figure 5B), and also significantly reduced cellular p38, ERK and JNK protein phosphorylation levels (Figure 5C). This suggests that MAPK signaling pathway is involved in the inhibitory effect of taurine on neutrophil NETosis in S. uberis infection.




Figure 5 | Taurine inhibits S. uberis-induced NETs production and MAPK signaling activation. The neutrophils were pretreated with taurine for 1 h before infected with S. uberis at MOI of 10. (A) The cell viabilities treated with taurine for 5 h detected by CCK-8 assay. (B) The dsDNA content in supernatant at 4 h. (C) Immunoblot and statistical analysis of p38, ERK and JNK proteins and phosphorylated proteins at 2 h. Data are presented as mean ± SEM (n = 3). *P > 0.05. ns, not significant (P > 0.05).





TAK1 is critical for the inhibition of MAPK signaling activation and NETs production by taurine in S. uberis infection

We further explored the regulatory mechanism of taurine on MAPK signaling pathway. Compared with the control group, TAK1 phosphorylation levels were significantly increased in the S. uberis-infected neutrophils. Taurine pretreatment significantly inhibited the phosphorylation level of neutrophil TAK1 in infection (Figure 6A). NG25, a TAK1 inhibitor, significantly inhibited the phosphorylation levels of p38, ERK, JNK and p47phox proteins, consistent with the effect of taurine (Figure 6B). Also, taurine and NG25 had a similar inhibitory effect on the production of neutrophil ROS and NETs (Figures 6C, D). These results suggest that taurine inhibits MAPK signaling pathway and NADPH oxidase activation by modulating TAK1 activity, thereby reducing the production of neutrophil ROS and NETs.




Figure 6 | TAK1 is critical for the inhibition of MAPK signaling activation and NETs production by taurine in S. uberis infection. The neutrophils were pretreated with taurine (45 mM) or NG25 (40 nM) for 1 h before infected with S. uberis at MOI of 10. (A) Immunoblot and statistical analysis of TAK1 proteins and phosphorylated proteins. (B) Immunoblot and statistical analysis of p38, ERK, JNK and p47phox proteins and phosphorylated proteins. (C) The Intracellular ROS level evaluated by Flow Cytometry. (D) The dsDNA content in supernatant. Data are presented as mean ± SEM (n = 3). *P < 0.05.





Taurine inhibits NAPDH oxidase activity and NETs production in S. uberis-induced mastitis in mice

Finally, we demonstrated the effect of taurine on neutrophil NETs production in vivo through a S. uberis-induced mice mastitis model. Taurine treatment significantly inhibited the increase in p47phox protein expression and phosphorylation levels in mammary tissue resulting from S. uberis infection (Figure 7A). This is consistent with the results of the in vitro assay. At the same time, S. uberis caused a significant upward shift in the concentration of NETs in the serum of mice compared to the control group, while taurine significantly reduced the level of NETs (Figure 7B). This indicates that taurine has the same inhibitory effect on the production of NETs in vivo.




Figure 7 | Taurine inhibits NAPDH oxidase activity and NETs production in S. uberis-induced mastitis in mice. (A) Immunoblot and statistical analysis of p47phox proteins and phosphorylated proteins. (B) The dsDNA change in serum. Data are presented as mean ± SEM (n = 6). *P < 0.05.






Discussion

Mastitis is an important disease that threatens the development of dairy farming. S. uberis is a common causative agent of mastitis and is capable of inducing NETs formation. In this study, we found that S. uberis induced NADPH oxidase-dependent NETs via TLR2/MAPK signaling. NETs are a double-edged sword for the host’s immune defense system, which have been shown to cause damage to mammary epithelial cells. Here, the resultant data demonstrate taurine, a well-known nutrient, was able to inhibit NETosis by modulating the activity of TAK1 in S. uberis challenge. These data bring new insights into the prevention and control of mastitis.

Previous studies have found that most mammary pathogenic bacteria could induce NETosis (19). Such as E. coli, Staphylococcus aureus (S. aureus) and Klebsiella pneumoniae (19). Pisanu et al. detected NETs in the mammary gland alveoli and milk from S. uberis-infected sheep (20). In this study, we found that in vitro S. uberis stimulation of neutrophils induced NETs. It is well known that NETs usually have a dual role of being anti-infective and causing damage (1). The results of the present study showed that NETs at 200 and 400 ng/mL were able to cause damage to mammary epithelial cells, which is consistent with the findings of Wei et al (5). Moreover, we further found that NETs were able to disrupt the integrity of the mammary epithelial barrier, leading to increased permeability. However, the inhibitory effect of 400 ng/mL of NETs on S. uberis proliferation was not significant, suggesting that S. uberis may escape killing by NETs. It is not uncommon for pathogenic bacteria to escape killing by NETs. Many pathogenic bacteria have developed strategies to evade neutrophil immune defense mechanisms. For example, S. aureus can escape by secreting micrococcal nucleases to degrade NETs (21). Group A Streptococci have developed several strategies to evade NETs-dependent host defenses, including the expression of nucleases to degrade NETs (22, 23) and the inhibition of MPO release via M1T1 serotype Streptococcal collagen-like proteins (24). Indeed, it has been shown earlier that neutrophils have a limited role in host resistance to S. uberis infection and that the rise in neutrophil numbers induced by S. uberis infection failed to reduce CFU of bacteria in milk (25, 26). However, studies on the escape of S. uberis from killing by NETs have not been reported and the mechanism needs to be further investigated. In conclusion, the above results suggest that S. uberis is able to stimulate NETosis and may escape killing by NETs, implying that NETs may not play a role in the clearance of pathogenic bacteria in S. uberis-infected mastitis, but still cause damage to the mammary epithelial barrier. Therefore, limiting the formation of NETs is beneficial in alleviating the blood-milk barrier damage caused by S. uberis infection.

There are multiple ways in which neutrophils are affected by different stimuli to trigger NETosis, of which the typical triggering mechanisms can be categorized as NADPH oxidase-independent and NADPH-dependent pathways (6). The former is due to the transfer of large amounts of peptidylarginine deiminase 4 from the cytoplasm of neutrophils to the nucleus after binding to calcium ions, mediating histone periguanylation and subsequently promoting chromatin relaxation and release. The process is not dependent on the activation of NADPH oxidases. For example, S. aureus, Candida albicans, MIP-2, A23187 and ionomycin can induce NETosis through this mechanism (18, 27–29). The NADPH-dependent pathway is attributed to the activation of NADPH oxidase in neutrophils followed by the production of ROS, which then disassemble the nuclear membrane, allowing elastin and MPO to interact with the nucleus, thereby cleaving histones and promoting chromatin depolymerization. Eventually the neutrophil membrane is completely lost and the granular contents of the depolymerized DNA are released into the extracellular environment. Stimuli that trigger this mechanism include PMA, Oxidized LDL, Pseudomonas aeruginosa and so on (30–32). Here, DPI, mitoTEMPO and NAC all significantly reduced the S. uberis-induced increase in ROS levels and NETs release. Notably, NADPH oxidase inhibitors (DPI) were significantly more effective than mitochondrial ROS scavengers (mitoTEMPO), implyting that NADPH oxidase-mediated ROS play a dominant role in S. uberis-induced NETs. This suggests that S. uberis is capable of inducing NADPH oxidase-dependent NETs.

Our previous experiments showed that S. uberis induced neutrophil infiltration and MAPK signaling pathway activation in mammary tissue (17). Here, we also found that S. uberis stimulated JNK, p38 and ERK signaling activation in neutrophils. NADPH oxidase is a multi-component enzyme system that is active only after the assembly of four cytoplasmic proteins, p47phox, p67phox, p40phox and Rac2, with the transmembrane proteins p22phox and gp91phox. Phosphorylation of p47phox at Ser379 is required for its activation (33). MAPK signaling pathway is one of the important pathways that induce NADPH oxidase activation and NETs formation (34). For example, JNK activation turns on LPS and E. coli-induced NADPH oxidase-dependent suicidal NETosis (10). NADPH oxidase-derived reactive oxygen species production activates the ERK1/2 pathway in Streptococcus agalactiae-induced NETs formation (8). Streptococcus Suis serotype 2 stimulates NETs formation via activation of both p38 and ERK1/2 (9). In this study, inhibition of p38, ERK and JNK all prevented S. uberis-induced phosphorylation levels of the p47phox and reduced the production of ROS and NETs. In addition, TLR2 has an important role in the innate immune response of mammary tissue and mammary epithelial cells induced in S. uberis infection (7, 35). Here, the use of neutralizing antibodies to block TLR2 was able to reduce MAPK signaling and NADPH oxidase activation levels and decrease NETs formations. These results suggest that TLR2-mediated activation of the MAPK signaling pathway and NADPH oxidase leads to NETosis in S. uberis infection.

Because of the damaging effects of NETs, a growing number of studies have identified NETs as a therapeutic target for inflammatory diseases (36). Wang et al. showed that treatment with the peptidyl arginine deiminase inhibitor Cl-amidine could inhibit the release of NETs to reduce LPS-induced pathological damage in mouse mammary glands (37). Antioxidants are often used as NETosis modulators due to the close association of ROS with NETosis (33). Taurine is involved in the maintenance of neutrophil redox homeostasis (15). It has been reported taurine has prorotective effect on respiratory burst activity of polymorphonuclear leukocytes in endotoxemia (27). Abdelmegeid et al. showed that taurine supplementation down-regulated the expression of inflammation-related genes in bovine neutrophils (16). In vitro taurine exogenous taurine reduced the production of NETs stimulated by PMA and HOCl (38). Moreover, its derivative TauCl could also inhibit the production of NETs under PMA stimulation (39). We found 15 mM and 45 mM taurine pretreatment significantly inhibited S. uberis-induced NETs. At the same time, taurine also inhibited MAPK signaling pathway activation, consistent with the results of previous animal experiments (17). TAK1 is a member of the mitogen-activated protein kinase kinase family and is functionally located downstream of TLR2 (40). Further studies revealed that taurine was able to reduce the activation of TAK1. The inhibitory effects of TAK1 inhibitor (NG25) on MAPK signaling and NADPH oxidase activation were similar to those of taurine. These results suggest that taurine is able to inhibit MAPK/NADPH oxidase activation by modulating TAK1 activity in neutrophils, thereby limiting of NETs formation.

Our previous studies have demonstrated the ability of taurine to inhibit MAPK signaling activation in mice mammary tissue caused by S. uberis infection and to protect the blood-milk barrier (17). Here, taurine inhibited the expression of the p47phox in S. uberis-infected mammary tissue, consistent with previous findings in a rat animal model (41). As a brief addition, we further found that taurine also had an inhibitory effect on the phosphorylation of the p47phox which reflect NADPH oxidase activity and was able to significantly reduce the concentration of NETs in serum. It is important to note that these data do not prove that taurine has a direct effect on neutrophil NADPH activation and NETosis in vivo. Because a reduction in neutrophil trafficking to the gland, which has been shown by our previous studies (17), would also contribute to this result. However, it is sufficient to suggests that taurine may protect the blood-milk barrier from disruption by reducing NADPH oxidase activity and NETs formation.

In summary, S. uberis induced the formation of NETs by activating the neutrophil TLR2/TAK1/MAPK signaling pathway to drive NADPH oxidase production of ROS. Taurine was able to inhibit MAPK/NADPH oxidase activation by regulating TAK1 activity. Limiting effect of taurine on NETs contributes to reducing the disruption of the mammary epithelial barrier.
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It is well known that psychological stress could affect the immune system and then regulate the disease process. Previous studies mostly focused on the effects of chronic stress on diseases and immune cells. How acute stress affects the immune system remains poorly understood. In this study, after 6 hours of restraint stress or no stress, RNA was extracted from mouse peripheral blood followed by sequencing. Through bioinformatics analysis, we found that when compared with the control group, differentially expressed genes in the stress group mainly displayed up-regulated expression. Gene set enrichment analysis results showed that the enriched gene terms were mainly related to inflammatory response, defense response, wounding response, wound healing, complement activation and pro-inflammatory cytokine production. In terms of cell activation, differentiation and chemotaxis, the enriched gene terms were related to a variety of immune cells, among which neutrophils seemed more active in stress response. The results of gene set variation analysis showed that under acute stress, the inflammatory reaction dominated by innate immunity was forming. Additionally, the concentration of serum IL-1β and IL-6 increased significantly after acute stress, indicating that the body was in an inflammatory state. Importantly, we found that acute stress led to a significant increase in the number of neutrophils in peripheral blood, while the number of T cells and B cells decreased significantly through flow cytometric analysis. Through protein-protein interaction network analysis, we screened 10 hub genes, which mainly related to inflammation and neutrophils. We also found acute stress led to an up-regulation of Ccr1, Ccr2, Xcr1 and Cxcr2 genes, which were involved in cell migration and chemotaxis. Our data suggested that immune cells were ready to infiltrate into tissues in emergency through blood vessels under acute stress. This hypothesis was supported in LPS-induced acute inflammatory models. After 48 hours of LPS treatment, flow cytometric analysis showed that the lungs of mice with acute stress were characterized by increased neutrophil infiltration, decreased T cell and B cell infiltration. Immunohistochemical analysis also showed that acute stress led to more severe lung inflammation. If mice received repeat acute stress and LPS stimulation, the survival rate was significantly lower than that of mice only stimulated by LPS. Altogether, acute stress led to rapid mobilization of the immune system, and the body presented an inflammatory state dominated by innate immune response represented by neutrophils.
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Introduction

Psychological stress is the process of psychological and physiological changes caused by the body’s awareness of the threat of stressors through cognition and evaluation (1, 2). Psychological stress beyond individual tolerance is often the source of many diseases. Depression, cardiovascular diseases, tumors, inflammatory bowel diseases and autoimmune diseases are closely related to psychological stress (3–8). With the transformation from traditional medical model to biopsychosocial model (9), the role of psychological stress in the occurrence and development of diseases has drawn increasing attention.

Stress is usually be regarded as the experience of anticipating or encountering adversity, while stress response is the non-specific response of the body to stressors. According to the duration of stimulation, stress can be divided into acute stress and chronic stress (10). The effects of acute stress and chronic stress are different. It is generally believed that chronic stress is harmful to health (11–13), while acute stress is conducive to life survival (14). Current evidence supports that stress regulates the process of disease by affecting the immune system (15–17). At present, most studies focused on the effects of chronic stress on diseases and immune cells. However, acute stress is the basis of chronic stress and may determine the direction of chronic stress-induced response. How acute stress affects the immune system remains poorly understood. Here, we studied the effects of acute stress on gene transcription in peripheral blood cells of mice through bioinformatics analysis, and detected the changes of blood cell populations under acute stress. We further explored the effect of acute stress on the pathological state of the body. Given that the effect of acute stress gradually attenuates with the removal of stressor, it is a good choice to verify in the acute inflammation model. Therefore, LPS-induced acute inflammation model widely used in medical research was selected as the verifier. Our data showed that acute stress led to rapid mobilization of the immune system, and the body presented an inflammatory state dominated by innate immune response represented by neutrophils.



Materials and methods


Mice

Female C57BL/6 (B6; H-2 Kb) mice, aged 6-8 weeks, were purchased from Charles River (Beijing, China). All mice were maintained in specific pathogen–free (SPF) conditions. All protocols involving animals were in compliance with the experimental guidelines approved by the Laboratory Animal Care Committee of Shandong First Medical University & Shandong Academy of Medical Sciences.



Stress model and LPS administration

Stress model was prepared as described previously (18). Briefly, mice were placed in a 50-ml conical centrifuge tube filled with multiple punctures to allow ventilation without food and water supply. The control littermates were kept in normal cage and were not supplied with food and water during the stress. After 6 hours of restrain stress, peripheral blood cells were obtained for flow cytometric analysis. In other experiments, mice received restrain stress followed by intraperitoneal injection with 2 mg/kg LPS diluted in PBS (E.coli, serotype 0111:b4; Sigma-Aldrich) or the same volume of PBS. 48 hours later, mice were killed and the lung tissues were taken for flow cytometric analysis and H&E staining. In other cases, mice received daily restraint stress and LPS injection, and their mortality was monitored.



ELISA assay

After mice received restraint stress or no stress for 6 hours, mouse serum was collected. Concentration of IL-1β, IL-6 and TNF-α in the serum were determined by ELISA Ready-SET-Go Kit (eBioscience) according to the manufacturers’ protocol.



Bulk RNA-seq

Peripheral blood was obtained from mice with or without stress. RNA were extracted by using Illumina TruSeq RNA Sample Prep Kit (Illumina) according to the manufacturer’s instructions. RNA-seq libraries were prepared using standard Illumina protocols, followed by sequencing on an Illumina NovaSeq6000 instrument. RNA sequencing data have been saved in the NCBI GEO database for public access. GEO accession number is GSE210252.



DEG identification

Dimension reduction analysis of RNA-seq was performed using R package Rtsne (19). R package DESeq2 was used to identify differentially expressed genes (DEG). Log2 fold change (FC) was used to evaluate the degree of gene expression difference. The adjusted p value (adj.P.Val) was used to avoid the occurrence of false-positive results. Compared with control group, genes with | log2FC | >1 and adj.P.Val < 0.01 were regarded as DEG in stress group. R package ggplot2 and pheatmap were used to visualize the identified DEG by generating volcano plot and heat maps respectively.



PPI construction and hub gene identification

Based on the selected DEG, we used an online tool for searching of interacting genes (string; http://string.embl.de/) to predict the functional interactions between proteins (20). Based on the STRING database, a protein-protein interaction (PPI) network was constructed by using genes with confidence score ≥ 0.4. Subsequently, the network data were input into Cytoscape (v3.7.2) software. The Molecular Complex Detection (MCODE) was performed to screen modules of PPI network (degree cutoff=2, node cutoff=0.2, k-core=2, max.depth=100). Ten hub genes were identified by maximum clique centrality (MCC) algorithm.



Functional analyses

Gene set enrichment analysis (GSEA) and gene set variation analysis (GSVA) were used for functional analyses (21, 22). Briefly, GSEA was performed on the whole transcriptome by using R package clusterprofiler (23). Gene Ontology (GO) enrichment analysis included cellular component (CC) analysis, molecular function (MF) analysis and biological process (BP) analysis. GOplot packages of R was used to visualize the enriched gene terms (24). “GO BP” gene terms were downloaded from the molecular signature database, and GSVA was performed by using R package GSVA to reveal the functional changes between the stress group and the control group. For GSEA and GSVA, adj.P.Value < 0.05 was considered statistically significant.



Preparation of single cell suspensions

Single cell suspensions were prepared as described previously (25). Briefly, blood leukocytes were purified by lysing erythrocytes with ACK Lysing buffer. Lung parenchyma was collected from mice and digested with collagenase IV (1mg per ml) for 1h at 37°C followed by resuspension in 30% Percoll (GE Healthcare, Uppsala, Sweden)for centrifugation at 1200g for 20 min at room temperature. Then cells were incubated with ACK Lysing buffer to remove erythrocytes.



Flow cytometry

Single cell suspensions were first blocked with anti-Fcr III/II receptor mAb (2.4G2) followed by staining with fluorescence-conjugated mAb for CD45 (30-F11), CD19 (1D3), CD3 (145-2C11), CD11b (M1/70), Ly6G (1A8), Ly6C (HK1.4), NK1.1 (PK136). All mAbs were obtained from Thermo Fisher (Thermo Fisher Scientific Inc., Waltham, MA, USA). CD45+ cells were gated to analyze the CD3-CD19+ B cells, CD3+NK1.1- T cells and CD3-NK1.1- NK cells. CD45+CD11b+ cells were gated to analyze Ly6C+Ly6Ghigh neutrophils and Ly6ChighLy6G- monocytes. Flow cytometry gating strategy was shown in Supplementary Figure 1. For cell count, stained cells were collected at high speed for 50 seconds and counted by flow cytometry using the Aria II Flow Cytometer (BD Bioscience).



Statistical analysis

Statistical significance of differences was determined by Student’s t tests (2 groups) or ANOVA (at least 3 groups). Data were presented as mean ± SD, and P < 0.05 was considered statistically significant. GraphPad Prism 5 software (Graphpad, software, Inc, LaJolla, CA, USA) was used for statistical analysis.




Results


Acute stress changes the gene expression profile of peripheral blood cells

RNA sequencing was performed on the peripheral blood of 6-hour stressed mice and control mice, and the samples were clustered according to the gene expression profile. As shown in Figure 1A, 8 samples could be classified into two groups, which was completely consistent with the experimental design. Dimension reduction analysis of RNA-seq was also performed using t-SNE method. We constructed a low dimensional embedding of high-dimensional gene expression data, and obtained two-dimensional analogues of clusters. As shown in Figure 1B, these two clusters just responded to the stress group and the control group. Our data indicated that the quality control of RNA-seq was good. Gene differential expression analysis was subsequently carried out on the two groups of samples. Taking | log2FC | >1 & adj.P.Val < 0.01 as the threshold, our data showed that there were significant differences in the gene expression profiles between the stress group and the control group. Compared with the control group, 307 genes displayed up-regulated expression and 12 genes displayed down-regulated expression in the stress group (Figure 1C, D). All the DEG were listed in Supplementary data.




Figure 1 | Changes of gene expression profile in peripheral blood of mice under acute stress. After 6 hours of restraint stress (n=4) or no stress (n=4), RNA of peripheral blood was extracted and sequenced, and DEG were further screened. (A) Cluster analysis of all samples. (B) Dimension reduction analysis of all samples by t-SNE method. (C) Difference of gene expression between the stress group and the control group displayed by volcano graph. (D) Difference of gene expression between the stress group and the control group displayed by heatmap graph.





Acute stress affect the gene expression at immune response level

Through the GO enrichment analysis of the whole transcriptome by GSEA, there enriched many gene terms under acute stress. At the level of immune response, the biological processes represented by gene terms mainly involved inflammatory response to wounding, wound healing, defense response to bacterium, acute inflammatory response, chronic inflammatory response, humoral immune response, regulation of inflammation and immune response (Figure 2A). The molecules corresponding to these gene terms were mainly distributed in cell membrane, secretory granule, receptor complex, integrin complex and so on (Figure 2B), and their functions were mainly related to cell adhesion, integrin binding, glycosaminoglycan binding, receptor ligand activity, cytokine receptor binding, pattern recognition receptor activity, etc. (Figure 2C). We selected some important gene terms related to immune response and found that all genes in these gene terms showed up-regulated expression (Figure 2D). The results of GSVA showed that when compared with control group, some gene terms such as defense response to bacterium, acute/chronic inflammatory response displayed up-regulated expression, while other gene terms such as tolerance induction displayed down-regulated expression in the stress group (Figure 2E). Our data suggested that acute stress might trigger inflammatory response to cope with the upcoming unknown threat.




Figure 2 | Analysis of gene expression at immune response level by GSEA and GSVA. (A) GO enrichment analysis of the whole transcriptome was performed by GSEA, and the biological processes represented by the gene terms were visualized at the immune response level. (B, C) Genes from these gene terms were selected for another GO enrichment analysis, and the top 10 CC and MF were visualized. (D) Select some important gene terms related to immune response, and then visualize the gene expression. (E) Meanwhile, GSVA was performed on RNA-seq, and the differentially expressed gene terms were visualized at the immune response level.





Acute stress affect the gene expression at immune molecular level

Immune molecules are usually used by immunocytes to interact with each other and exert effects, so we analyzed the enriched gene terms by GSEA at the immune molecular level. The biological processes represented by the enriched gene terms mainly involved cytokine-mediated signal pathway, production of IL-1, IL-6, IL-8, TNF, responses to IL-1, IFN-γ and chemokines, as well as complement activation (Figure 3A). The molecules corresponding to these gene terms were mainly distributed in cell membrane, receptor complex, secretory granule, endocytic vesicle, phagocytic vesicle and so on (Figure 3B), and their functions were mainly related to the cytokine receptor binding, immune receptor activity, cytokine activity, cell adhesion, glycosaminoglycan binding, cytokine receptor activity, cytokine binding, pattern recognition receptor activation, etc. (Figure 3C). In some important gene terms related to immune molecules, all genes showed up-regulated expression (Figure 3D), suggesting that acute stress might trigger the mobilization of immune molecules. We further detected the serum proinflammatory cytokines in mice by ELISA. Our data showed that IL-1β and IL-6 increased significantly in the circulation after acute stress, but TNF-α did not change significantly. The promoting effect of acute stress on serum IL-6 was much stronger than that on IL-1β (Figure 3E). The results of GSVA showed that when compared with control group, some gene terms such as complement activation and response to chemokine displayed up-regulated expression, while other gene terms such as immunoglobulin production, response to IL-2 and IL-7 displayed down-regulated expression in the stress group (Figure 3F).




Figure 3 | Analysis of gene expression at immune molecular level by GSEA and GSVA. (A) GO enrichment analysis of the whole transcriptome was performed by GSEA, and the biological processes represented by the gene terms were visualized at the immune molecular level. (B, C) Genes from these gene terms were selected for another GO enrichment analysis, and the top 10 CC and MF were visualized. (D) Select some important gene terms related to immune molecules, and then visualize the gene expression. (E) Concentration of serum proinflammatory cytokines IL-6, TNF-α and IL-1β were detected by ELISA in mice with or without stress (n=5, per group). **P < 0.01, ***P < 0.001. Means ± SD are shown. Data shown are representative of 2 independent experiments. (F) Meanwhile, GSVA was performed on RNA-seq, and the differentially expressed gene terms were visualized at the immune molecular level.





Acute stress affect the gene expression at the cellular level and the number of blood cells

Immune cells are the core components that reflect the immune function of the body, we thus analyzed the enriched gene terms by GSEA at the cellular level (Figure 4A). In terms of cell activation, the biological processes represented by the enriched gene terms mainly involved granulocyte activation, neutrophil activation, neutrophil degranulation, B cell activation, CD4+ αβT cell activation, platelet activation and the regulation of cell activation. In terms of cell development and differentiation, the biological processes represented by the enriched gene terms mainly involved leukocyte differentiation, granulocyte differentiation, regulation of T cell proliferation and regulation of cell differentiation. In terms of cell chemotaxis or migration, the biological processes represented by the enriched gene terms mainly involved granulocyte migration, neutrophil migration, monocyte chemotaxis, mononuclear cell migration and regulation of cell chemotaxis or migration (Figure 4B). It was worth noting that genes in the gene terms related to B cell activation and T cell activation showed down-regulated expression (Figure 4B). The results of GSVA showed that when compared with control group, some gene terms such as neutrophil mediated killing, monocyte activation and chemotaxis displayed up-regulated expression, while other gene terms such as B cell activation and differentiation, T cell activation, differentiation and function, NK cell degranulation, NKT cell differentiation displayed down-regulated expression in the stress group (Figure 4C). Flow cytometric analysis showed that acute stress led to a sharp reduction of T cells, B cells, NK cells and monocytes as well as significant increment of neutrophils in peripheral blood (Figure 4D, E).




Figure 4 | Analysis of gene expression at the cellular level and cell number in peripheral blood. (A) GO enrichment analysis of the whole transcriptome was performed through GSEA, and the biological processes represented by enriched gene terms were visualized at the cellular level. (B) Select some important gene terms related to cell activation, differentiation and migration, and then visualize the gene expression. (C) GSVA was performed on RNA-seq, and the differentially expressed gene terms were visualized at the cellular level. (D) At the same time, flow cytometry was used to analyze the changes of immunocytes in the peripheral blood between stress group and control group (n=4, per group). (E) Histograms represent the cell number counted by flow cytometry. Data are representative of 3 independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001. Means ± SD are shown.





Identifying the hub genes and analyzing migration-related genes from DEG

To further predict the interaction network among the molecules corresponding to the DEG, we performed PPI network analysis online and visualized it using R package ggraph. As predicted, PPI network was full of complex molecular communication (Figure 5A). We next imported the PPI network data into Cytoscape software and identified 10 major hub genes containing Il1b, Tlr2, Fn1, Cd14, Lgals3, Clec7a, Vegfa, Nlrp3, Ly6g and Fcgr3 (Figure 5B). Il1b got the highest score among hub genes, and the cytokine encoded by it is crucial for the occurrence of inflammation. We further used the MCODE plug-in to calculate and screen the co-expression module containing Il1b. As shown in Figure 6C, there were 8 up-regulated genes in the module including Il1b, Il1rn, Ccr1, Cxcr2, Mefv, Cd80, Fpr1 and Fpr2 (Figure 5C). Ccr1 and Ccr2 have been known to be related to cell migration and chemotaxis. Considering the fact that peripheral blood immune cells need to cross blood vessels to play a role in tissues, we analyzed the differential expression of known genes related to cell migration. As shown in Figure 5D and Figure 5E, the expression of Ccr1, Ccr2, Xcr1 and Cxcr2 was up-regulated in the stress group as compared to the control group, suggesting that they played an important role in the migration of immune cells to tissues with emergency under acute stress.




Figure 5 | Identification of hub genes and analysis of migration-related genes from DEG. After 6 hours of restraint stress or no stress (n=4, per group), RNA extracted from peripheral blood was sequenced and analyzed. (A) The selected DEG were used for PPI network analysis online. (B, C) Hub gene and modules were screened from PPI network through Cytoscape software. (D, E) Genes related to cell migration or chemotaxis were analyzed and visualized by volcano graph and heatmap graph.






Figure 6 | Acute stress caused excessive lung inflammation in LPS-treated mice. Mice were intraperitoneally injected with LPS after 6 hours of restraint stress or no stress. (A) 48 hours later, the inflammatory cells infiltrated in the lungs were detected by flow cytometry (n=4, per group). Histograms represent the cell number counted by flow cytometry. (B) Meanwhile, lungs were sectioned and stained with H&E to observe the pathological changes. (C) Mice received LPS stimulation with or without restraint stress every day, and the mortality and hazard ratio were calculated (n=4, per group). *P < 0.05, Means ± SD are shown. Data are representative of 3 independent experiments. ns, no significance.





Acute stress leads to excessive lung inflammation in LPS-treated mice

The above bioinformatics analysis showed that acute stress could affect the gene expression profile of peripheral blood cells. Among these cells, myeloid cells other than lymphoid cells seemed to be ready to migrate from blood vessels to tissues to participate in inflammation. We tested this hypothesis. As shown in Figure 6A, LPS was injected intraperitoneally into mice to simulate microbial infection. 48 hours later, a lot of neutrophils and monocytes infiltrated into the lungs, but this phenomenon was not found in mice with simple acute stress. If LPS stimulation was performed after restrain stress, only neutrophil infiltration into the lung was further enhanced, while T cells and B cells showed a trend of decreased infiltration. We also performed H&E staining on lung tissue to assess the severity of pneumonia. The results showed that lungs of mice with LPS stimulation were characterized by inflammatory cell infiltration into alveolar interstitium, thickened alveolar walls and fluid exudation into alveoli. Such pathological changes were not found in the control group and stress group. Surprisingly, acute stress followed by LPS stimulation caused more serious pneumonia (Figure 6B). If mice received daily LPS stimulation, they would die occasionally. If LPS stimulation was performed after stress, the mortality of mice began to increase significantly after 4 days. The hazard ratio of mouse mortality under stress was 8.6 (Figure 6C). These data showed that acute stress led to an inflammatory state characterized by neutrophil mediated reaction, and repeated acute stress was harmful to the health of mice.




Discussion

As we all know, chronic or long-term stress has many adverse effects on health (4, 5, 26). Acute or short-term stress could improve mobility and responsiveness for battle or flight, so as to promote the survival of life (14). Both acute and chronic stress affect the occurrence, progression, and outcome of diseases through the neuroendocrine-immune axis (15, 27). Although chronic stress seems to be more closely related to disease, immune changes caused by acute stress are often the basis of biological effects caused by chronic stress. Exploring the regulation of acute stress on the immune system not only helps to deeply understand the initiation of stress response, but also helps to explain how chronic stress affects the progress of disease. Previous studies have reported that acute stress could enhance the body’s immune response (16, 28, 29), but the characteristics of the immune response have not been described in detail.

Most immune cells are transported to tissues and organs through the circulatory system after they mature from bone marrow or thymus. Therefore, detecting the changes of peripheral blood immune cells could better reflect the impact of acute stress on the immune system. To avoid the problem of insufficient information obtained by traditional detection methods, we sequenced RNA extracted from peripheral blood to obtain biological big data, and then performed bioinformatics analysis. We found that 6 hours of restraint stress was enough to change the gene expression profile of peripheral blood immune cells, and most of DEG displayed up-regulated expression. The gene terms enriched by GSEA and GSVA were mainly related to inflammation, defense response, inflammatory response to wounding, pro-inflammatory cytokine production and so on. The core of these data was that acute stress may trigger an inflammatory state. This opinion was supported by the increase of serum proinflammatory cytokines after acute stress. Our results are consistent with previous literature that IL-6 is the dominant cytokine induced by acute stress in mice in the circulation (30). Similarly, a meta-analysis of several studies also showed that IL-6, TNF-α, and IL-1-β secretion were increased in response to acute stress in human (29). Among the 10 hub genes screened from PPI network, Ilb encodes one important pro-inflammatory cytokine, which is crucial for the occurrence of inflammation (31). Tlr2, Cd14, Nlrp3 and Clec7a are involved in the signal pathways mediated by pattern recognition receptors, thus participating in the recognition of pathogenic microorganisms (32–35). Fn1 is a fibrinogen-encoding gene and Vegfa is a growth factor-encoding gene, they are involved in the wound healing (36). Lgals3 is a gene encoding Galectin-3, which has been considered as a modifier of anti-microbial immunity (37). Ly6g-encoded Ly6G has been regarded as neutrophil-specific marker in mice (38), suggesting an important participant of neutrophils in acute stress-induced response. Fcgr3 is a gene encoding a receptor that binds IgG with high affinity and participates in IgG-mediated biological activity (39). Our results supported the previous hypothesis that acute or short-term stress prepares the immune system to respond to possible challenges such as injury or infection caused by stressors (such as predators, or modern medical/surgical procedures) (28, 40).

We evaluated the gene terms enriched by GSEA and GSVA in three aspects including cell activation, differentiation and chemotaxis. Obviously, acute stress enhanced the activation, differentiation and migration of granulocytes, especially neutrophils. However, the activation and differentiation of B cells and T cells were weakened under acute stress. Our data suggested that granulocytes were more active in the response induced by acute stress. Correspondingly, acute stress led to a significant decrease of T cells and B cells and a significant increase of neutrophils in peripheral blood, which supported our hypothesis. This phenomenon did not depend on the gender of mice (data not shown). Even in humans, the changes of immune cell populations in peripheral blood caused by acute stress are similar to those in mice (41). We agree with the opinion that stress response is a non-specific response of the body to stressors. In addition, previous studies have shown that acute stress could trigger the redistribution of immune cells in the body, in which hormones played an important regulatory role (42, 43). Our results showed that some DEG were involved in the process of granulocyte differentiation, which suggested that modifying the development and differentiation of different cell populations may be one of the reasons for the changes of peripheral blood cells under acute stress. This conjecture was supported by the analysis of hematopoietic stem and progenitor cells in the bone marrow under acute stress. We found that granulocyte-macrophage progenitor cells (GMP) increased in the bone marrow during acute stress (Supplementary Figure 2). Since GMP is the progenitor of granulocytes, the increase in its number under acute stress may lead to the generation of more neutrophils, which are then released into the peripheral blood.

The terminal site where immune cells play a role are usually tissues and organs. After infection or injury, tissues will release chemokines, which quickly attract and recruit immune cells from adjacent blood vessels (44). Under acute stress, we found that the enriched gene terms involved in cell chemotaxis or migration were mainly related to granulocytes and monocytes but not T cells and B cells. This highly suggested that acute stress prepares innate immune cells in peripheral blood to infiltrate into tissues with emergency. For cell migration, chemokines released by infected or damaged tissues determine the destination of cell migration, while the expression of chemokine receptors determines which cell types need to migrate (45). Our data showed that the expression of chemokine receptor-encoding genes including Ccr1, Ccr2, Cxcr2 and Xcr1 in the stress group was significantly higher than that in the control group. Ccr1-encoded CCR1 and Cxcr2-encoded CXCR2 are mainly expressed in neutrophils, and Ccr2-encoded CCR2 is mainly expressed in monocytes in the blood (46–48). This suggested that acute stress will mobilize peripheral blood neutrophils and monocytes to migrate to infected or injured tissues. To test the hypothesis, it is a good choice to take the inflammatory model as an amplifier. It was well known that peritoneal injection of LPS could induced system inflammation. Considering that the effect of acute stress gradually attenuates with the removal of the stressor, we detected the pathological status and immune cell infiltration of lung tissue on day 2 after LPS administration. Not surprisingly, LPS treatment led to obvious inflammatory pathological changes in the lungs of mice, and myeloid cells rather than lymphocytes were mainly accumulated in the lungs. Our data was consistent with previous studies that lymphocytes obviously infiltrated into lung tissue on day 4 after LPS treatment, while neutrophils and monocytes migrated to the lung earlier than lymphocytes (49, 50). This reflected the different migration speeds of different immune cell populations to inflammatory tissues. The opinion was supported in our previous study on LPS-induced neuroinflammation (51). Interestingly, if mice with acute inflammation were under acute stress, only neutrophil infiltration into lung tissue was enhanced. So, it was obvious that innate immune cells dominated by neutrophils played a central role in the inflammatory state caused by acute stress.

Although bioinformatics analysis has many advantages, its results need to be verified by experiments. Through a series of analysis strategies, we gradually guided the analysis results to the immune cell populations. Therefore, our validations were not for some genes, but for certain cell populations and pathological states. The reason why we did not pay attention to T cells and B cells was that their numbers in the peripheral blood are decreasing. In fact, lymphocytes in multiple organs showed a decreasing trend, and many of them migrated to the bone marrow (Supplementary Figure 3).

In LPS-induced systemic inflammation, repeated acute stress and LPS injection increased the risk of death in mice, which was consistent with the understanding that chronic stress was usually harmful to health. But what is the significance of acute stress-aggravated pneumonia? We could explain that excessive inflammation may be an important factor in promoting the death of mice, or we think that enhanced inflammation is a powerful tool against infection. Under acute stress, LPS-induced pneumonia seemed to be dominated by innate immunity represented by neutrophils, while adaptive immunity represented by T cells and B cells was in a contracting state. Previous data have shown that chronic restraint stress promoted lymphocyte apoptosis (18) and even weakened autoimmune diseases such as EAE (42). These data were consistent with our findings that acute restraint stress led to the reduction of peripheral blood lymphocytes. So, chronic stress effects may be the continuation and accumulation of acute stress effects. However, in other stress models, chronic stress could aggravate autoimmune diseases such as inflammatory bowel disease (52, 53). The regulation of immune system by chronic stress and acute stress may be very different. So, there is a significant gap in our understanding of the transitional phase between acute and chronic stress, studies on repeated acute stress might help fill this gap (54).

Altogether, our data showed that acute stress led to rapid mobilization of the immune system, and the body presented an inflammatory state dominated by innate immune response represented by neutrophils.
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Maternal neutrophils cells are players in gestational tolerance and fetus delivery. Nonetheless, their actions in each phase of the pregnancy are unknown. We here investigated the role of maternal neutrophil depletion before the blastocyst implantation phase and outcomes in the pregnancy index, placenta, and fetus development. Neutrophils were pharmacologically depleted by i.p. injection of anti-Gr1 (anti-neutrophils; 200 µg) 24 hours after plug visualization in allogeneic-mated C57BL/6/BALB/c mice. Depletion of peripheral neutrophils lasted until 48 hours after anti-Gr1 injection (gestational day 1.5-3.5). On gestational day 5.5, neutrophil depletion impaired the blastocyst implantation, as 50% of pregnant mice presented reduced implantation sites. On gestational day 18.5, neutrophil depletion reduced the pregnancy rate and index, altered the placenta disposition in the uterine horns, and modified the structure of the placenta, detected by reduced junctional zone, associated with decreased numbers of giant trophoblast cells, spongiotrophoblast. Reduced number of placenta cells labeled for vascular endothelial growth factor (VEGF), platelet-endothelial cell adhesion molecule (PECAM-1), and intercellular cell adhesion molecule (ICAM-1), important markers of angiogenesis and adhesiveness, were detected in neutrophil depleted mice. Furthermore, neutrophil depletion promoted a higher frequency of monocytes, natural killers, and T regulatory cells, and lower frequency of cytotoxic T cells in the blood, and abnormal development of offspring. Associated data obtained herein highlight the pivotal role of neutrophils actions in the early stages of pregnancy, and address further investigations on the imbricating signaling evoked by neutrophils in the trophoblastic interaction with uterine epithelium.
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Introduction

Mammalian reproduction is a complex phenomenon, which generally leads to inefficient outcomes. The majority of conceptions do not evolve, especially by losses before the blastocyst implantation (1, 2), which takes place in a very short period of gestation named window of implantation (WOI). During WOI occurs the synchronization of embryonic development and uterine differentiation into a receptive status (3). WOI is characterized by pre-receptive and receptive periods followed by refractory no receptive phases. In humans and rodents, implantation of blastocysts begins with apposition, followed by attachment to trophoblast outgrowth and decidualization, which are spatiotemporally regulated by many players, such as endocrine/growth factors/immune mediators of cell-cell and cell-matrix interactions (3, 4). Disruptions to the implantation process are also considered causes of pregnancy-associated complications, such as preeclampsia, intrauterine growth restriction, and preterm birth (5, 6).

The maternal immune response in the endometrium is pivotal to the establishment of WOI. The fetal antigen contact with the maternal endometrium modifies the local repertoire of immune cells, which display a fundamental role in trophoblast invasion, vascular remodeling by extravillous trophoblast, embryo invasion, and maternal tolerance (7, 8). The innate immune response in the blastocyst implantation period is not characterized as classical inflammation, as it occurs to enhance the adhesiveness of the uterine epithelium and the formation of new vessels for the blood supply. Therefore, innate-mediated inflammation must be local and adjustable to the process, as both impaired and exacerbated innate response leads to failure in the blastocyst-endometrium interactions (9).

Neutrophils are the predominant circulating innate immune cells in humans prompted to migrate into the site of inflammation to eliminate insulting agents. More recently, the role of neutrophils in host defense and homeostasis has been outspread by identifying neutrophil phenotypes, which display pro or anti-inflammatory properties and influence the resolution of inflammation and tissue repair (10). Neutrophil switching to distinct subtypes is dependent on the phase of the inflammatory process and modulated by the chemical and cellular composition of the surrounding inflammatory microenvironment (11).

In this context, it has been highlighted that neutrophils acquire different phenotypes during pregnancy, with fundamental roles in each phase. Studies describing neutrophils phenotype in the placental microenvironment are scarce. However, all studies corroborate that neutrophils display a proangiogenic phenotype. In the first trimester, neutrophils are found in the human decidua, in an area mainly involved in tissue remodeling and physiological decidual implant reaction, displaying high resistance to apoptosis, do not exerting a suppressive activity, and expressing fibro/angiogenic factors (12) In the second trimester, the number of neutrophils at decidua basalis is increased and high levels of activation markers and angiogenesis-related proteins, such as vascular endothelial growth factor-A (VEGF) are detected (13). In pregnant mice, the augmented neutrophils numbers were observed on gestational days 8 – 10, which coincides with the period of spiral arterial angiogenesis (13).

Several chemical mediators in the uterine microenvironment modulate neutrophil recruitment and functional phenotypes in normal pregnancy (14–16). Studies have demonstrated that placental cell debris and IL-8 are involved in the neutrophil migration to decidua (17). During coitus, inflammatory neutrophils are recruited for the elimination of excessive sperm through phagocytosis; nevertheless, in the following phases, they are inhibited to allow the healthy motile sperm to reach the oviduct (18). Moreover, neutrophils are found in the uterine stroma at the early phase of WOI and proangiogenic neutrophils were identified in the second‐trimester decidua of normal pregnancy, displaying the ability to perform transendothelial invasion and induce endothelial tube formation in vitro in comparison to resting circulating neutrophil (13, 15). During maternal tolerance mediated by T cells, mice neutrophils in the pregnant uterus acquire an anti-inflammatory phenotype, undergo apoptosis, and release intracellular granules into T cells, favoring the Treg maternal tolerance, and placenta angiogenesis; the frequency of anti-inflammatory neutrophils is reduced in the blood of pre-eclampsia mothers (19). During childbirth, local neutrophils are classical pro-inflammatory cells, which contribute to fetus expulsion (20). Moreover, it is evident that pro-inflammatory activated neutrophils are involved in the pre-eclampsia pathogenesis, and a higher neutrophil-lymphocyte ratio is related to preterm labor (7, 18, 19, 21).

Some studies using antibody-mediated circulating neutrophil depletion approaches have highlighted the role of these cells in the placenta and fetus development. In this context, Higashisaka and collaborators showed that neutrophil depletion in mice on gestational day 15 just exacerbated the pregnancy complications induced by the silica nanoparticles, being that neutrophil depletion per se was not able to impair the pregnancy outcomes (22). On the other hand, Nadkarni and collaborators showed that neutrophil depletion on gestational days 5 and 8 promoted abnormal placentation and fetus alterations (19). These studies suggest that the effects of neutrophil depletion can be associated with the earlier stages of placentation. Indeed, we show that circulating neutrophils are required for efficient placentation and fetal development.



Material and methods


Animals and allogenic pregnancy

Mice were maintained and reproduced at Animal House at the School of Pharmaceutical Sciences, University of Sao Paulo (Brazil) with chow and water ad libitum in a temperature-controlled room (22–25°C and 70% humidity) with a 12-hr light-dark cycle. Allogeneic pregnancy was performed by mating male Balb/C with female C57Bl/6 mice (both 5–6 weeks old). Females were caged overnight with males (3:1), and successful mating was verified the following morning by the presence of a vaginal plug. All procedures were performed according to the Brazilian Society for the Science of Laboratory Animals (SBCAL) and approved by the Institutional Animal Care and Use Committee from the Faculty of Pharmaceutical Sciences of the University of Sao Paulo (Protocol number 557).



Peripheral maternal neutrophil depletion

Neutrophil depletion was achieved by intraperitoneal injection of 200 µg anti-Gr1 antibody (clone RB6-8C5; e-Bioscience/Invitrogen, Waltham, Massachusetts, USA), isotype-matched control antibody (clone eB149/10H5; Rt IgG2b k; e-Bioscience/Invitrogen), or phosphate-buffered saline (Control) into C57Bl/6 pregnant at 24 h after vaginal plug visualization (reported as gestational day 0.5). Maternal blood was collected from the abdominal aorta and used to perform leukogram and flow cytometry.



Peripheral leukocyte profile and immunophenotyping by flow cytometry

The effectiveness of maternal peripheral neutrophil depletion and peripheral leukocyte profile was evaluated by total and differential leukogram, and flow cytometry. For the evaluation of maternal peripheral neutrophil depletion, peripheral blood was collected by aortic puncture in tubes containing heparin on gestational day 3.5. The leukogram was performed under optical microscopy by manual counting in the Neubauer chamber using Turk’s solution. The morphological evaluation was performed using Panotico staining smears (peripheral blood mononuclear cells - MNs and peripheral polymorphonuclear cells - PMNs).

Flow cytometry was employed to confirm the efficacy of anti-Gr1 injection using peripheral blood collected by aortic puncture in tubes containing heparin. Leukocyte population, PMNs and MNs were isolated using forward versus side scatter channels.

Peripheral leukocyte profile was investigated by flow cytometry. Leukocytes were obtained from abdominal aorta on gestational day 18.5. Whole blood was lysed with an ammonium lysis buffer. Isolated leukocytes were incubated with PE-anti-mouse CD3; FITC anti-mouse CD4, APC anti-mouse CD8, APC anti-mouse FoxP3, PE anti-mouse B220; FITC anti-mouse F4/80; PerCP Cy5 anti-mouse-Gr1, and FITC anti-NK1.1 (BD-Bioscience or Invitrogen) for 50 minutes at room temperature and in the dark. In sequence, the labeling cells were acquired in an Accuri C6 flow cytometer (BD Biosciences), and 10,000 events were considered for analysis. The data were expressed as the frequency of positive cells.



Cesarean section procedure

C-sections were performed under aseptic conditions on gestational days 5.5 to count the number of implantation sites and on 18.5 to investigate the reproductive and pregnancy outcomes and to collect the fetus and placentas for posterior analysis. C-sections were performed after mice were anesthetized with xylazine and ketamine (7 mg/kg and 77 mg/kg, respectively; i.p; Vetbrands, Jacarei, SP, Brazil). In addition, on gestational day 18.5, maternal blood was collected from the abdominal aorta and used to identify the leukocyte profile by flow cytometry.



Reproductive and pregnancy outcomes calculation

On gestational day 5.5, the uterus was surgically removed for implantation points count. The pregnancy index and outcomes were performed as previously described (23, 24). Briefly, the successful pregnancy index was calculated considering the ratio of mice that presented vaginal plugs and the presence of live fetuses at C-section performed on gestational day 18.5. Also, the uterus and ovary were removed followed by the count of fetuses and resorption points. The uterus, placenta, and fetus were also weighted, and a placenta index was calculated by considering the ratio between the weight of the fetus and the weight of their respective placentas.



Histological procedures and analyses

Placentas were fixed in 4% buffered paraformaldehyde and histologically processed for inclusion in paraffin. Sections of 4 μm were stained according to analyses performed. The photomicrographs were obtained by optical microscopy using high-power objectives on the Imager.A2 Zeiss microscope (Zeiss, Oberkochen, Germany). The quantification of all the parameters cited below was carried out using ImageJ software by analyzing 5 fields of each section.



Placenta morphometric analysis

Placenta morphometry (total size, decidua, junctional zone, and labyrinth area) was measured in hematoxylin and eosin-stained (H&E) sections using the Axiovision software (Zeiss, Oberkochen, Germany). Periodic Acid Schiff (PAS) staining was performed using a commercial kit and following the manufacturer’s instructions (EasyPath; São Paulo, Brazil) to count the glycogen-positive cells. Also, the giant trophoblast cells and spongiotrophoblast were counted based on morphologic characteristics. The cell count was performed using the Cell counter tool from Image J software (National Institutes of Health, Bethesda, USA). Five fields were analyzed in the junctional zone from each placenta section by two independent observers.



Immunohistochemistry

After placenta section permeabilization (0.01% Triton X; Sigma) (Sigma-Aldrich, Burlington, USA) and antigen retrieval (sodium citrate buffer, 10 mM, pH 6.0, 30 minutes in 96°C), endogenous peroxidase was blocked with three rounds of 3% hydrogen peroxide. Slides were incubated with blocking buffer (5% Tris-buffered saline–bovine serum albumin; 1 h) and incubated overnight with purified rabbit anti-VEGF (1:200; Invitrogen) goat anti-ICAM, or anti-PECAM antibodies (both 1:25; Santa Cruz Biotechnology, Dallas, USA). Thus, the slides were washed with tris-buffered saline three times and then incubated with anti-rabbit (1:250; Abcam, Cambridge, UK) or anti-goat (1:100; R&D System, Minneapolis, USA) horseradish peroxidase (HRP) antibody, followed by 3,3-diaminobenzidine (DAB; DAKO, Glostrup, DEN), and hematoxylin counterstaining. As negative control of reactions, slides were incubated only with anti-rabbit or anti-goat HRP antibodies. 



Statistical analysis

Data were analyzed using Student’s t-test or one-factor analysis of variance (One-Way ANOVA) followed by Tukey post-hoc test using GraphPad software version 7. Differences between assessed means were considered statistically significant assuming p < 0.05. All results are shown as mean ± standard error of the mean. When needed, nominal data were statistically evaluated using the Fischer Exact Test and p < 0.05 was considered statistically significant.




Results


Neutrophils depletion before the implantation phase reduced the pregnancy index

Neutrophil depletion at the pre-receptive phase of implantation, was carried out by i.p. of anti-Gr1 24 hours after vaginal plug visualization (Figure 1A). In this experimental approach, a decrease in the circulating neutrophils number was observed up to 48 hours after anti-Gr1 i.p injection, while the mononuclear cells population was not affected (Figures 1B and b’). The depletion of circulating neutrophils abrogated implantation points in 50% of the pregnant mice, as observed by laparotomy performed on gestational day 5.5. Differently, all control animals (100%) presented around ten points of implantation. It is important to mention that the remaining 50% of mice treated with anti-Gr1, presented around eight and just one had almost twenty points of implantation (Figures 1C, D). On gestational day 18.5, pregnant mice were submitted for cesarean section and reproductive parameters were analyzed. Herein, it was observed that the number of resorption sites in neutrophil-depleted mice was similar to those found in the control/isotype groups (Figure 1E) Ilustrative image of the absence of resorption sites is exhibited in the Figure 1F - f'. Only one anti-Gr1 animal presented higher resorption sites as shown in Figure 1 - f''. Nonetheless, the pregnancy failure rate was around 60% in the neutrophil-depleted group. On the other hand, the control/isotype group showed a rate of pregnancy success of around 86% (Supplementary Table 1). Furthermore, in the neutrophil-depleted mice that had a successful pregnancy, the number of the fetuses was similar to the control group (Figure 1G), and the weight gain of pregnant mice and the weight of the pregnancy uterus were not altered (Supplementary Figures 1A, B). The gross analysis of the uterus showed that neutrophil depletion altered the placenta’s disposition inside of uterine horns. As shown in Figure 1H, the control/isotype mice showed the same number of placenta on both uterine horns (four fetuses on each horn - left/right). On the other hand, neutrophil-depleted mice presented three and five placentas on the right and left horns, respectively, showing no equidistant pattern as observed for the control/isotype group. Moreover, the placental weight and index were not changed (Supplementary Figures 1C, D).




Figure 1 | Neutrophil depletion before the implantation phase of pregnancy reduces pregnancy index and reproductive outcomes. Anti-Gr1/isotype injection and the subsequent endpoints were illustrated in the experimental workflow (A). The total number of mononuclear cells (MN) and polymorphonuclear (PMN) was monitored before and after 48h of anti-Gr1/isotype i.p. injection by manual count (B) and flow cytometry (b’), respectively. On gestational day 5.5, mice were euthanized for implantation points count (C). Representative images of implantation points (D - arrows) in the isotype (d’), and in the Anti-Gr1 (d’’) groups are shown. The lack of implantation points observed in anti-Gr1 treated mice is also depicted (d’’’). On gestational day 18.5, pregnant mice were submitted for cesarean and the number of resorption points (E), fetuses (G), and disposition of fetuses in the uterine horns (H) was analyzed. Representative images of resorption sites (F) in the isotype (f’) and Anti-Gr1 (f’’) are shown. Schematic diagram, isotype, and Anti-Gr1 placenta distribution into the uterine horns are demonstrated (H). Each number indicates a fetus inside of the placenta. Arrow indicates cervix location. Data were statistically analyzed using One-Way ANOVA followed by Tukey’s post-test (n= 5 – 9 animals/group) and p < 0.05 was considered statistically significant. * p < 0.05 versus respective control before Anti-Gr1 injection (B). No significant difference was observed (C, E, G).





Neutrophils depletion impaired the development of the junctional zone

Macroscopic analysis of the placenta from neutrophil-depleted mice showed a reduced size and altered macrostructure compared to the control/isotype group (Figures 2A–C). Thus, morphometric analyses were performed. Placenta sections stained with H&E were used to measure the total area and the three main placental layers: the labyrinth (Lb), the junctional zone (JZ), and the maternal decidua (Dc) (Figures 2D–F). As shown in Figure 2G, the neutrophil-depleted mice showed a reduced total area in comparison to control/isotype groups. The labyrinth and decidua areas were not altered by neutrophil depletion (Figures 2H, I). However, it was verified that anti-Gr1 treatment decreased the junctional zone area (Figure 2J). Considering the role of the junctional zone as an endocrine compartment and potential energy source (25, 26), we evaluated whether the number of cell types that comprise this layer (glycogen trophoblast cells - GlyTCs; spongiotrophoblast - SpT; and trophoblast giant cells - TGCs) was altered. As shown in Figures 2K–M, at the junctional zone, it was verified the presence of GlyTC (arrow) exhibiting vacuoles containing particles of glycogen (PAS positive); TGCs (*) characterized by the largest cytoplasm and located at the boundary between JZ and Dc zones; and SpTs (arrowhead) identified as clusters of tightly packed polygonal cells that comprise the middle layer of the placenta sandwiched between the outer secondary TGCs and the Lb layer. Further, we observed that the number of GlyTC was not significantly altered by neutrophil depletion (Figure 2N). However, we verified that the counting of TGCs and SpT was decreased in neutrophil-depleted mice (Figures 2O, P).




Figure 2 | Neutrophil depletion altered placenta morphology and reduced the number of specialized cells in the junctional zone. On gestational day 18.5, placentas were removed for gross analyses (A-C) and then submitted for histology evaluation with H&E staining (D-F). Morphometrical analysis was employed to measure the total area (G), the Lb- labyrinth (H), Dc - decidua (I), and JZ - junctional zone (J) using PAS staining. The count of the types of cells in the junctional zone and the presence of glycogen trophoblast-positive cells was performed by analyzing five fields (M). The trophoblast subtypes were quantified and indicated in the sections as glycogen-trophoblast cells (N), giant trophoblast cells (O), and spongiotrophoblast (P). * < 0.05 in comparison to control group; #p < 0.05; ##p < 0.01 in comparison to isotype control. Data were statistically analyzed using One-Way ANOVA followed by Tukey’s post-test (n = 6 – 9). Results were expressed as mean ± SEM. Arrowheads in PAS staining (K-M) indicate spongiotrophoblast (SpTs); arrows indicate glycogen trophoblasts (GlyTCs), and asterisks indicate giant trophoblast cells (TGCs). Embedding paraffin; sections thickness 4 µm. Bars 50 µm.





The angiogenesis and adhesiveness markers in the junctional zone were altered by neutrophils depletion

Since VEGF, PECAM-1, and ICAM-1 are important for angiogenesis and placentation, their expression was assessed in the junctional zone by immunohistochemistry. We verified that VEGF protein was expressed by TGCs and SpTs (Figures 3A–C). However, the neutrophil depletion reduced the number of VEGF-positive cells when compared to control/isotype groups (Figure 3L). The expression of PECAM- 1 (Figures 3D–F) and ICAM-1 (Figures 3G–I) was located especially in cells next to maternal vessels, being this pattern was observed for all studied groups (Figures 3J, K show the negative control). Nonetheless, the number of positive cells for the adhesion markers decreased in the neutrophil-depleted compared to the control/isotype groups (Figures 3M, N).




Figure 3 | Neutrophil depletion altered angiogenesis and adhesiveness markers in the placenta. Expression and distribution of VEGF (A-C), PECAM-1 (D-F), and ICAM-1 (G-I) in the junctional zone of placenta were evaluated by immunohistochemistry. Negative control sections labeled with anti-rabbit (J) and anti-goat (K) HRP-conjugated antibodies. Count of VEGF (L), PECAM-1 (M) and ICAM-1 (N) positive cells. *, **p < 0.05; 0.01 in comparison to control group; #, ##p <0.05, 0.01 in comparison to isotype. Data were statistically analyzed using One-Way ANOVA followed by Tukey’s post-test (n= 4 – 6 placentas). Results were expressed as mean ± SEM. Immunoreactive cells for adhesiveness markers are indicated as arrowheads. Asterisks - giant trophoblast cells; TGCs. Arrows - spongiotrophoblast – SpTs. Counterstaining with hematoxylin; embedding paraffin; sections thickness 4 µm. Bars 50 µm.





Neutrophils depletion modified the circulating leukocytes profile and promoted morphologic alterations in the offspring

The analysis of circulating leukocytes performed at the end of pregnancy showed the frequency of monocytes (F4/80+) and natural killers’ cells (NK.1+), which were higher in neutrophil-depleted mice in comparison to control/isotype groups. The frequency of neutrophils (Ly6G+) and B lymphocytes (B220+) was similar for both groups (Figure 4A). Furthermore, the circulating CD4+ and CD8+ cells were reduced in the neutrophil-depleted group (Figure 4B). However, in the CD4+ population, the frequency of T regulatory cells (FoxP3+) was increased in the neutrophil-depleted group (Figure 4C).




Figure 4 | Neutrophil depletion altered the peripheral leukocyte profile and offspring development. On gestational day 18.5, peripheral leukocytes from mice were collected for immunophenotyping of granulocytes (Gr-1), monocytes (F4/80), natural killers cells (NK1.1), and mature B cells (B220) (A). T lymphocyte subtypes were divided into CD3+ CD4/CD8 positive cells (B) and T regulatory cells, characterized as CD3+CD4+FoxP3+ positive cells (C). The fetuses were carefully removed for gross analyses (D). *p < 0.05 in comparison to the control group. Data were statistically analyzed using One-Way ANOVA followed by Tukey’s post-test (n= 3 – 4 animals/group). Results were expressed as mean ± SEM.



Considering that neutrophil depletion affected the placenta structure, we performed a gross evaluation of the offspring. Indeed, neutrophil depletion promoted significant abnormalities, as offspring presented an overall swollen appearance, indicative of generalized edema, and the limbs remained attached to the body (Figure 4D). It was also observed that the alterations displayed a pattern among the fetuses (Supplementary Figure 2A). The fetal weight was not changed (Supplementary Figure 2B). Altogether the gross analyses may indicate that neutrophil depletion evokes delayed fetal development.




Discussion

Pre-implantation embryos are highly sensitive to environmental conditions during the early development process (27), which includes embryonic epigenome remodeling, and the first cell differentiation. In this phase, blastocyst differentiates into inner cell mass which gives rise to the embryo, and trophectoderm will form the placenta (28).

It is well known that the implantation site resembles an inflammatory response, with a profusion of recruited immune cells (29) into the endometrial stroma and lumen from the blood (30–32). Innate immune cells are the significant population of leukocytes in the uterus at the time of blastocyst implantation. Uterine NK (uNK) cells are the most abundant population, although DCs, macrophages, neutrophils, and mast cells are also present (33). Even though the role of immune cells in pregnancy has been extensively investigated, many questions remain open. Thus, approaches such as immune cell depletion have been applied to better understand the role of the immune system at different phases of pregnancy. In this context, it has been shown the depletion of T regulatory cells in the early phase of pregnancy causes increased fetal resorption, maternal systemic inflammation, enhanced uterine artery resistance to flow and increased nitric oxide modulation of blood pressure (34). Furthermore, macrophages depletion evokes blastocyst implantation failure due to disruption of the luteal microvascular network associated with the decreased production of progesterone, which is essential for establishing pregnancy (35). Recently, the neutrophil’s role in the placenta has been also discussed, as they address their role in the earliest phases of gestation (19, 22). Indeed, we here observed the depletion of neutrophils sustained at the beginning of WOI promoted a reduction of implantation points and compromised the placenta architecture and fetal development, reinforcing the signaling induced by neutrophils is necessary to the implantation of the blastocyst.

Implantation depends on a genetically healthy blastocyst and uterine receptivity (36). However, the immune cells’ repertoire decides whether the uterine endometrium will be receptive or refractive. An immune-competent and receptive endometrium will tolerate and support the trophoblast invasion to initiate the placentation (33). Mouse placenta is organized in the maternal decidua, junctional zone, and labyrinth. The trophoblast giant cells (TGC) and spongiotrophoblast (SpT) are found in the junctional zone and the syncytiotrophoblast in the labyrinth (37). The TGCs help the embryo invade the uterine epithelium and implant it into the endometrium (38). These cells also acquire an invasive phenotype, penetrating deeply into the endometrial stroma and contacting maternal arteries, promoting vascular remodeling, the crucial step that supports the anatomical foundations for placenta development (39). While SpT probably has a structural function and produces several layer-specific secreted factors that may prevent the growth of maternal blood vessels into the fetal placenta (40). Here, morphometric analyses showed the lack of maternal peripheral neutrophils decreased the placenta area due to junctional zone reduction, which presented a decreased TGC and SpT cells number. The reduced junctional zone observed in different experimental conditions has been associated with changing the endocrine environment in the placenta locally and with systemic effects on both fetus and mother (41–43). Also, the control of invasion of trophoblast cells depends on their interaction with immune cells (44, 45). Herein, the neutrophils depletion at the beginning of pregnancy seems to alter the invasion of trophoblast, and consequently impairs the proper placenta development.

Besides morphometric analyses, angiogenic and adhesiveness markers were assessed in the junctional zone. The VEGF-induced signaling controls the angiogenesis-vascularization during placentation. It is expressed in arteriolar smooth muscle, endothelium, trophoblast, uNKs, and decidual cells (46–49). The VEGF expression in the placenta microenvironment has been associated with the modulation of the TGC development and differentiation, and consequent maintenance of the homeostasis of the maternal vascular space in the mouse placenta (50). Additionally, placental VEGF has related to the modulation of metalloproteinase 2 and 9, which play a role in the endometrial tissue remodeling at implantation (51), decidualization (52), and trophoblast invasiveness (53, 54). The imbalance in the VEGF expression is associated with the abnormal placenta and its pathologies such as pre-eclampsia (55). Furthermore, it has been demonstrated that neutrophils at decidua basalis adopt a unique phenotype, expressing high levels of activation markers and angiogenesis-related proteins such as VEGF (13). Although immunohistochemical staining is not the most accurate for quantitative determination, here, we found a reduced number of VEGF-positive trophoblast cells associated with neutrophil depletion during the pre-receptive phase of embryo implantation.

Homotypic and heterotypic cell adhesions are pivotal to blastocyst implantation, and deficiencies in cell-cell interactions impair this process. Immunoglobulins cell adhesions, such as ICAM-1 and PECAM-1, display pivotal roles in immune response and tissue structure, as they are adhesion membrane proteins that cross-link with actin filaments. Also, they are relevant players in intracellular signaling during cell adhesions (56, 57). In pregnancy, ICAM-1 expression on the apical membrane of uterine epithelial cells and on the inner cells of trophoblast formation is enhanced at the time of implantation, which seems to be induced by progesterone secretion (58, 59). Furthermore, ICAM-1 is involved in maternal tolerance maintenance by controlling the secretion of Th2 cytokines (60). By being expressed on endothelial cells, PECAM-1 is highly involved in the angiogenesis process and its up-regulation on the placenta is expected, as novel vessels are required to irrigate the growing fetus. Several pieces of evidence support the role of PECAM-1 on pregnancy failures, as in preeclampsia, cytotrophoblasts fail to express PECAM-1 (54, 61). Mothers down expressing PECAM-1 suffer recurrent implantation failures, in a mechanism depending on the secretion of transforming growth factor β1 induced by PECAM-1 (62), and the impairment of PECAM-1 expression on blastocyst has been pointed out as an emerging marker to successfully assisted transfer embryo (63). Furthermore, PECAM-1 is detected early in the pluripotent inner cell mass of mouse blastocyst, which contains no vascular cells (64) (61), suggesting that it may exert additional roles on blastocyst implantation beyond angiogenesis. Despite the mechanisms displayed by neutrophils needing to be further evaluated, it is possible to infer that the impairment of VEGF, ICAM-1, and PECAM-1 positive cells associated with neutrophil depletion at the earlier phase of pregnancy contributes to placenta and fetus deficiencies shown here.

Many factors are involved in fetal malformation that includes specific genetic defects or congenital abnormalities in the embryo itself, intrauterine infections, and defects in placentation (39, 65). The association between placental dysfunction and fetus alterations has been explored in different contexts. It was shown that the majority of animal lethality found during genetic manipulation was associated with placental dysmorphologies, which were correlated with abnormalities, such as forebrain development, heart chamber, and septum morphology, subcutaneous edema, and overall artery or vein topology (66). Furthermore, alterations in the placenta during preeclampsia cause defective trophoblast invasion, spiral arterial impairment, and maternal decidua remodeling, leading to maternal and fetal complications or diseases (67, 68). Moreover, impairment in the development of the junctional, zone promotes endocrine changes in the placenta environment leading to reduced fetal growth (41, 43). Hence, the placental alterations promoted by neutrophil depletion during the pre-receptive phase of embryo implantation may be associated with the morphological alterations found in the offspring.

Altogether, the data obtained here highlight the relevance of maternal neutrophils in the earliest phase of pregnancy and to sustain placentation and fetus development. The reduced number of neutrophils in the pre-receptive phase led to fetal morphological alterations and an imbalance in the maternal peripheral leukocyte profile. The present data shed light on the intrinsic communication between neutrophils and pregnancy successful; further investigations will provide data to elucidate the fine-tuning mechanisms and signaling triggered by neutrophils during blastocyst implantation.
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Supplementary Figure 1 | Effects of neutrophil depletion on maternal weight gain, fetuses, and placental weight and index. Pregnant mice were weight on gestational day 1 and before euthanasia on day 18.5 (A). After the cesarean, placenta (B) and pregnant utero (C) were weighted. The placenta index was based on the ratio of fetus weight in relation to its respective placenta (D). Data were statistically analyzed using test “t” (n = 3 - 6). No significant difference was observed.

Supplementary Figure 2 | Effects of neutrophil depletion on the offspring development. Representative image of offspring from control/isotype and anti-Gr1 groups (A). Fetus weight (B).

Supplementary Table 1 | Pregnancy index (PI) was calculated considering the of number of females delivering live pups/number of females with evidence of pregnancy*100. Data was statistically evaluated using Fischer Exact Test and results obtained showed there was no statistical association between Isotype/PBS and anti-Gr1 (0.13) as p < 0.05 was considered statistically significant.
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Neutrophils play a major role in the protection from infections but also in inflammation related to tumor microenvironment. However, cell-extrinsic and -intrinsic cues driving their function at steady state is still fragmentary. Using Cxcr2 knock-out mice, we have evaluated the function of the chemokine receptor Cxcr2 in neutrophil physiology. We show here that Cxcr2 deficiency decreases the percentage of mature neutrophils in the spleen, but not in the bone marrow (BM). There is also an increase of aged CD62Llo CXCR4hi neutrophils in the spleen of KO animals. Spleen Cxcr2-/- neutrophils display a reduced phagocytic ability, whereas BM neutrophils show an enhanced phagocytic ability compared to WT neutrophils. Spleen Cxcr2-/- neutrophils show reduced reactive oxygen species production, F-actin and α-tubulin levels. Moreover, spleen Cxcr2-/- neutrophils display an altered signaling with reduced phosphorylation of ERK1/2 and p38 MAPK, impaired PI3K-AKT, NF-κB, TGFβ and IFNγ pathways. Altogether, these results suggest that Cxcr2 is essential for neutrophil physiology.
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Introduction

One of the first line of defense against pathogens such as bacteria, fungi, or parasites involves neutrophils, which are key mediator of innate immunity and inflammation. Neutrophils use different ways to clear the infection, including bacterial uptake (phagocytosis), phagolysosomal degradation of bacteria with a cocktail of antimicrobial factors and reactive oxygen species (ROS) (oxidative burst) or release of granules to neutralize extracellular pathogens (degranulation) (1). In addition, when intruders are too large or have escaped the other microbial killing processes, neutrophils can extrude a physical barrier to pathogen dissemination, called a neutrophil extracellular trap (NET), containing DNA, histones and granule proteases (2).

Neutrophils are the most abundant circulating leukocytes, representing 50% to 70% of all circulating leukocytes in humans and about 10 to 25% in mice (3). Neutrophils are relatively short lived cells (4), even if recent studies have questioned this aspect and it is now believed that human and murine neutrophils could have a half-life of 5 days or 18h, respectively (5).

Neutrophils arise from granulocyte–monocyte progenitors (GMPs), mostly within the bone marrow (BM) during hematopoiesis in response to several cytokines, principally granulocyte colony–stimulating factor (G-CSF) (6), but also from extramedullary tissues such as spleen (7–9). The first progenitor that is ‘neutrophil committed’ is the neutrophil promyelocyte (10), which then maturates through granulocyte-committed precursors comprising myeloblasts, promeylocytes and myelocytes, to a post-mitotic or transition pool of metamyelocytes, band cells and segmented neutrophils (11). Mature post-mitotic neutrophils are released from the BM into the peripheral blood, extravasate from circulation into the tissues under the coordinate regulation of various adhesion molecules and chemokines (12). They are involved not only in the control of inflammation following infections or injuries but have also pro or anti-tumoral actions as tumor associated neutrophils (TANs) (13–15). In inflammatory sites, neutrophils fight the injury or infection and undergo apoptosis and are phagocyted by macrophages, once inflammation has been resolved (16). Senescent neutrophils can also home back to the BM in a Cxcr4-dependent mechanism (17). The terminal differentiation of neutrophils in the BM, before release into the bloodstream, is still a subject of debate, as some steps of maturation could occur in other organs such as the spleen (9) and in the same line, neutrophil progenitors have been found in the spleen (18). Maturation markers of neutrophils are also currently discussed, but classically Ly6G, Cd101, Cxcr4 and Cxcr2 are used in mice (8, 12).

Cxcr2 appears as one of the key chemokine receptor expressed by neutrophils both in mice and humans (19, 20). Cxcr2 binds the chemokines Cxcl1, 2, 3, 5, 6, 7 and 8 in human, which all have pro-angiogenic properties and are located in a short cluster of chromosome 4 (21–23). Cxcr2 ligand action is conditioned by its interaction with proteoglycans (24) and Cxcr2 signals through multiple pathways including PI3K and Src (25). In addition, recent work has highlighted the role of Cxcr2 in tumorigenesis, in particular through tumor-associated neutrophils (14, 23, 26, 27), but also in the effects microbiota on pituitary function (28). Cxcr2 knockout mice have been generated and are characterized by a splenomegaly due to an increase of metamyelocytes, mature neutrophils and B lymphocytes (29). These mice also display a defect in neutrophil recruitment after infection (30).

So far, the mechanism of Cxcr2 action in neutrophils remains poorly understood. In this study, we have investigated the role of Cxcr2 in mouse neutrophils in the spleen and the BM, taking advantage of Cxcr2-/- mice. Our data show that Cxcr2 impairment in neutrophils affects differently spleen and BM neutrophils in terms of maturation, phagocytosis and ROS production. Moreover, we analyzed at the transcriptomic level the pathways that were altered by Cxcr2 deletion in neutrophils. Altogether, these results suggest that proper Cxcr2 expression and function is required for maturation and effector functions of peripheral neutrophils.



Materials and methods


Animal models and housing

All animal experiments conformed to our animal protocols that were reviewed and approved by the Institutional Animal Care and Use Committee. Cxcr2-/- mice (29) were obtained from the Jackson Laboratory. Cxcr2-/- mice were backcrossed in FVB genetic background for more than 12 generations. Control (WT) mice were also in a FVB background. All mice were housed in a SOPF (Specific and Opportunistic Pathogen Free) animal facility.



Isolation of cells

Cells from the BM were isolated by centrifugation from the femurs and tibias of the animals, whereas spleens were mashed on 100 µm nylon cell strainer. After centrifugation, red blood cells were eliminated by treatment with ACK buffer (0.155 mM NH4Cl, 1 mM KHCO3, 0.1 mM EDTA) and filtered on a 40 µm nylon cell strainer. After ACK treatment, cells were filtered on a 40 µm nylon cell strainer. For neutrophil isolation, a first enrichment with EasySep™ Mouse CD11b Positive Selection kit (StemCell technologies, Grenoble, France) was performed followed by cell sorting of CD45+ CD11b+ Ly6G+ F4/80- cells on an ARIA IIu FACS sorter (Becton Dickinson, Le Pont-de-Claix, France).



Flow cytometry

Flow cytometry experiments were performed with the following conjugated antibodies from Biolegend (London, United Kingdom): anti-mouse CD11b (clone M1/70), CD45 (clone 30-F11), Cxcr2 (clone SA044G4), Ly6G (clone 1A8), CD62L (clone MEL-14) or BD Biosciences (BD Biosciences, Le Pont-de-Claix, France): Cxcr4 (clone 2B11), or Ebiosciences (Fisher Scientific, Illkirch, France): CD101 (clone Moushi101), Fixable viability dye (65-0866). Flow analysis was performed on live singlets with a LSR II Fortessa flow cytometer (Becton Dickinson, Le Pont-de-Claix, France). Data were analyzed using FlowJo (Tree Star).



Intracellular flow cytometry

Cells were first stained with antibodies directed against extracellular markers (CD45, CD11b, Ly6G) and then permeabilized with Cytofix/Cytoperm and Permwash buffer (BD Biosciences). Intracellular staining of F-actin was performed with Phalloidin, Fluorescein Isothiocyanate Labeled (Sigma-Aldrich, ref P5282), whereas α-tubulin was labeled with α-Tubulin antibody (clone 11H10, Cell Signaling, ref 2125) followed by secondary an anti-rabbit IgG antibody coupled to Alexa Fluor 555 (ThermoFisher, ref A27039). Phospho-p42/44 MAPK ERK1/2 (Thr 202/Tyr 204) (Cell signaling, ref 4370) followed by secondary an anti-rabbit IgG antibody coupled to Alexa Fluor 555 (ThermoFisher, ref A27039) was used to detect Phospho-p42/44 MAPK ERK1/2. p-p38 MAPK (Thr 180/Tyr 182) coupled to PE (cell Signaling 6908), was used to detect phospho-p38 MAPK.



Annexin V staining and measure of mortality

To determine the proportion of apoptotic and dead cells, fresh neutrophils were stained with Annexin-FITC and propidium iodide (PI) according to manufacturer instruction (Invitrogen, ref V13242).



Phagocytosis assay

CD45+ CD11b+ Ly6G+ neutrophils were incubated for various times at 37°C with E. coli Red Phrodo bioparticles (ThermoFisher, Illkirch, France) at a concentration of 15 µg/ml and analyzed in a kinetic manner by flow cytometry with a LSR II Fortessa flow cytometer (Becton Dickinson, Le Pont-de-Claix, France). Data were analyzed using FlowJo (Tree Star). When opsonized particles were used, they were opsonized for 1h at 37°C with opsonizing reagent (E2870, ThermoFisher, Illkirch, France), according to manufacturer instructions.



Reactive oxygen species and mitochondrial superoxide quantification

Reactive oxygen species and mitochondrial quantification was performed by labelling fresh CD45+ CD11b+ Ly6G+ neutrophils for 20 min at 37°C, using CellRox Orange reagent (ref. C10443) and Mitosox reagent (ref. M36008) respectively, following the manufacturer’s instructions (Molecular Probes, ThermoFisher Scientific).



RNA extraction and RNA-seq data processing

Total RNA was isolated using TRIzol reagent (Fisher Scientific, Illkirch, France), as described by the manufacturer. RNA integrity and quality were verified using RNA ScreenTape kit and Tapestation 2200 apparatus from AGILENT (Les Ulis, France). cDNA libraries were synthesized using NEBNext® rRNA Depletion and Ultra™ II Directional RNA Library Prep Kit (New England Biolabs, Evry-Courcouronnes, France). Library quality was checked on Tapestation 2200 apparatus from AGILENT (Les Ulis, France) with DNA 1000 ScreenTape. Samples were sequenced on Novaseq 6000 (Illumina) with an average sequencing depth of 30 million of paired-end reads. Length of the reads was 150 bp. Each 24 Plex Samples was sequenced on one Illumina SP FlowCell (2*800 million of 150bases reads). Raw sequencing data was quality-controlled with the FastQC program. Low quality reads were trimmed or removed using Trimmer (minimum length: 120 bp). Reads were aligned to the mouse reference genome (mm10 build) with the Star tool. Gene counts were obtained by read counting software Htseq. Normalization and differential analysis were performed with the DESeq2 package with Benjamini-Hochberg FDR multiple testing correction (p < 0.05; 1.5-fold or higher change) comparing WT and KO animals. The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus (31) and are accessible through GEO Series accession number GSE209860 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209860).



Bioinformatic analysis

To assess biological interpretation of the most differentially expressed genes, we used Gene ontology (GO) enrichment analysis. A gene set enrichment analysis (GSEA) was performed using signatures from GSEA collections. A normalized enrichment score (NES) was calculated for each gene set and only gene sets with an adjusted p value < 0.05 were selected.



Statistics

Statistical analyses were carried out using unpaired Mann-Whitney test.




Results


Cxcr2 invalidation affects the maturation of neutrophils

To evaluate the impact of Cxcr2 knockout on neutrophil distribution and function, we first measured the presence of CD45+ CD11b+ Ly6G+ neutrophils in the BM and the spleen by flow cytometry (Figure 1A). Ly6G+ neutrophils were composed of two subpopulations with high (Ly6Ghi) or low (Ly6Glo) levels of Ly6 (Figure 1A). In BM, the percentage of total Ly6G+ (Ly6Ghi + Ly6Glo) neutrophils was increased by about 30% in Cxcr2-/- compared to WT animals, and this was much more pronounced in the spleen, with more than 8 - fold more neutrophils in Cxcr2-/- animals (Figure 1B). Of particular note, the percentage of CD45+ cells was not different in WT and KO spleens, whereas it slightly increased (88.7% vs 95.2%) in KO BM compared to WT BM (Supplemental Figure 1). No major change in FSC and SSC distribution was observed for Ly6G+ neutrophils (Supplemental Figure 2). In terms of absolute numbers, we observed a 5-fold increase of the total number of CD45+ cells and CD45+ CD11b+ Ly6G+ neutrophils in the spleen of Cxcr2-/- animals, whereas minimal differences between and Cxcr2-/- and WT animals was seen in BM (no change of the number of CD45+ cells and less than 30% increase for CD45+ CD11b+ Ly6G+) (Supplemental Figure 3). This obviously creates a bias in the analysis of any type of subpopulation and for this reason, we decided to continue to look at percentage of subpopulations of neutrophils among neutrophils, to avoid this.




Figure 1 | Cxcr2 knock-out decreases the percentage of mature neutrophils in the spleen. (A) Representative dot plots of the gating strategy of CD45+ CD11b+ Ly6Ghi and CD45+ CD11b+ Ly6Glo neutrophils among CD45+ cells in WT and Cxcr2-/- bone marrow (BM) and spleen (SP). (B) Quantification of the percentage of the total neutrophils (CD11b+ Ly6G+: sum of Ly6Ghi and Ly6Glo) in the CD45+ fraction. (C) Quantification of CD11b+ Ly6Ghi cells (left panel) and CD11b Ly6Glo (right panel) in the CD11b+ Ly6G+ (Ly6Ghi and Ly6Glo fractions) population. (D) Gating strategy to identify CD101+ neutrophils in the CD45+ CD11b+ Ly6G+ fraction. (E) Gating strategy to identify CXCR4+ neutrophils in the CD45+ CD11b+ Ly6G+ fraction. (F) Percentage of mature CD101+ neutrophils in the CD11b+ Ly6G+ fraction. (G) Percentage of CXCR4+ neutrophils in the CD11b+ Ly6G+ fraction. Data represent the mean ± SEM of at least 6 animals (Mann-Whitney test, NS: non-significant, *p < 0.05, **p < 0.01).



The level of Ly6G expression has been correlated with the degree of maturation of neutrophils with Ly6Ghi neutrophils being the most mature (32). In BM, there was a slight reduction of the percentage of immature Ly6Glo neutrophils among total Ly6G+ in Cxcr2-/- animals, whereas there was an increase by 2-fold of immature Ly6Glo neutrophils in Cxcr2-/- spleen (Figure 1C). To strengthen these results, we used the CD101 marker, which characterizes mature neutrophils (8). Among neutrophils, we observed a reduction of CD101+ mature neutrophils in the spleen, but an increase of mature neutrophils in BM (Figures 1D, F). Next, we also looked at Cxcr4 expression in neutrophils, which is correlated not only to immaturity of neutrophils (8), but also to aged neutrophils (33). The percentage of Cxcr4+ neutrophils increased twice in the spleen, but was unaffected in the BM (Figures 1E, G), confirming the increase of the proportion of immature neutrophils in the neutrophil fraction of the spleen. To assess more precisely whether these neutrophils corresponded to immature or aged neutrophils in the spleen of KO animals, we used the marker CD62L (L-Selectin), in addition to CXCR4 to identify “aged” CD62Llo- CXCR4hi neutrophils, as previously described (33). We observed that the proportion of aged CD62Llo- CXCR4hi cells among neutrophils increased in KO spleen compared to WT, but there was no significant change in BM (Supplemental Figure 4).

To further assess the nature of neutrophils, we isolated by cell sorting CD45+ CD11b+ Ly6G+ neutrophils from WT and KO BM and spleen and colored them with Giemsa (Supplemental Figure 9). WT BM neutrophils displayed a condensed round nucleus, with a small cytoplasm, whereas KO BM neutrophils seem to have a larger ring-shaped nucleus, which could suggest that they are more mature. In the spleen, WT neutrophils had a strongly colored ring-shaped nucleus. Spleen KO neutrophils exhibited a larger nucleus with a less pronounced staining and also a cytoplasmic center, which could be reminiscent of band neutrophils (34). These morphological differences suggest that WT and KO neutrophils might have distinct features.



Cxcr2-/- neutrophils display altered phagocytic ability

Phagocytosis is one of the major function of neutrophils to eliminate infections. Thus, we analyzed the phagocytic abilities of BM and spleen neutrophils. Kinetics of phagocytosis showed that BM Cxcr2-/- neutrophils had an enhanced phagocytic ability compared to WT neutrophils (Figure 2A), whereas spleen Cxcr2-/- neutrophils were less phagocytic than spleen WT neutrophils (Figure 2B). We have also performed an additional analysis, by separating Ly6Ghi and Ly6Glo neutrophils (Supplemental Figure 5). Similar results were obtained for Ly6Ghi neutrophils as for Ly6G+ neutrophils, which is an increase of phagocytosis for BM KO neutrophils and a decrease of phagocytosis for spleen KO neutrophils. Concerning Ly6Glo neutrophils, they were less phagocytic than Ly6Ghi neutrophils, both in the spleen and BM. Moreover, BM KO Ly6Glo were also more phagocytic than BM WT Ly6Glo neutrophils. On the other hand, no difference was seen for spleen Ly6Glo neutrophils between WT and KO animals. In addition, when using opsonized bioparticles (Supplemental Figure 6), we obtained the same trend of difference between WT and KO neutrophils as for non-opsonized particles.




Figure 2 | spleen Cxcr2-/- neutrophils have an impaired phagocytosis ability. (A) To measure phagocytosis, BM CD11b+ Ly6G+ neutrophils were incubated with Red E. coli Phrodo bioparticles at 37°C for 0, 30 min, 1h or 2h and analyzed by flow cytometry. Upper panel: Gating strategy to identify phagocytic neutrophils (Phago+) in the CD11b+ Ly6G+ fraction at 2h time. Lower panel: Percentage of phagocytic Ly6G+ neutrophils. (B) Same experiment with spleen neutrophils. Results are expressed as the percentage of phagocytic neutrophils in the CD11b+ Ly6G+ population and represent the mean ± SEM of at least 6 animals (Mann-Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001).



To better understand the mechanisms underlying these changes in phagocytic ability, we looked at ROS production and to actin-tubulin cytoskeleton organization of neutrophils, which are essential for phagocytosis (35). We observed a strong reduction in the production of cytoplasmic ROS (Figures 3A, B) and mitochondrial superoxide (Figures 3C, D) of spleen Cxcr2-/- neutrophils, whereas no difference could be measured between BM WT and Cxcr2-/- neutrophils. Spleen Cxcr2-/- neutrophils had also lower levels of F-Actin (Figures 4A, B) as well as tubulin (Figures 4C, D) compared to WT, but BM neutrophils were unaffected by Cxcr2 impairment. These results of decreased levels of F-actin and tubulin were also confirmed, when comparing MFI values for F-actin and tubulin for the different types of neutrophils (Supplemental Figure 7). Altogether, these results could account for the lower phagocytic ability of spleen Cxcr2-/- neutrophils, which is in agreement with a lower maturity.




Figure 3 | spleen Cxcr2-/- neutrophils display reduced ROS and superoxide levels. (A) Gating strategy to measure cytoplasmic Ros levels using CellRox Orange in CD11b+ Ly6G+ neutrophils. (B) ROS levels were quantified in spleen and BM CD11b+ Ly6G+ neutrophils using CellRox Orange probe. Results are expressed as the percentage of ROS-positive neutrophils in the CD11b+ Ly6G+ population and represent the mean ± SEM of at least 6 animals (Mann-Whitney test, NS: non-significant, **p < 0.01). (C) Gating strategy to measure Mitochondrial superoxide levels using Mitosox in CD11b+ Ly6G+ neutrophils. (D) Measure of the percentage of mitochondrial superoxide –positive CD11b+ Ly6G+ neutrophils using Mitosox reagent. Data represent the mean ± SEM of at least 6 animals (Mann-Whitney test, NS: non-significant, **p < 0.01).






Figure 4 | Decrease of Actin+ and Tubulin+ levels in spleen Cxcr2-/-. (A) Gating strategy to measure F-Actin levels (Actin+) in CD11b+ Ly6G+ neutrophils. (B) Percentage of CD11b+ Ly6G+ expressing Actin (mean ± SEM of at least 6 animals; Mann-Whitney test, NS: non-significant, **p < 0.01). (C) Gating strategy to measure α-Tubulin levels (Tubulin+) in CD11b+ Ly6G+ neutrophils. (D) Percentage of CD11b+ Ly6G+ expressing Tubulin. (mean ± SEM of at least 6 animals; Mann-Whitney test, NS: non-significant, **p < 0.01).





Spleen Cxcr2-/- neutrophils have a higher viability

Neutrophil are short term living cells, so we wondered whether Cxcr2 could modulate their survival ability. We observed that the percentages of apoptotic or dead cells were reduced for spleen Cxcr2-/- neutrophils (Figures 5A–C, respectively), whereas it was similar for WT and Cxcr2-/- BM neutrophils. So, this suggests that the reduced phagocytic ability of spleen Cxcr2-/- neutrophils is not a consequence of an impaired survival. We have also measured apoptosis and death after a 2h incubation at 37°C, and obtained similar results (Supplemental Figure 8), which suggests that an increased apoptosis or death after 2h incubation does not affect the phagocytosis ability of neutrophils.




Figure 5 | spleen Cxcr2-/- neutrophils exhibit a reduced apoptosis and mortality. (A) Gating strategy to identify alive, dead and apoptotic cells based on Annexin V and PI staining. Control plot corresponds to cells labelled with cell surface markers, but not with Annexin V and PI (B) Measure of the percentage of apoptotic neutrophils in the spleen and BM of WT and Cxcr2-/- animals by annexin V staining. (C) Same measure of dead cells by PI staining. Results are expressed as the percentage of CD11b+ Ly6G+ neutrophils and represent the mean ± SEM of 6 animals; Mann-Whitney test, NS: non-significant, **p < 0.01.





Transcriptomic analysis confirms the impaired maturation of spleen Cxcr2-/- neutrophils

We next focused on spleen neutrophils to decipher whether and how Cxcr2 deficiency impacts their molecular identity. RNAseq analyses of WT and Cxcr2-/- spleen neutrophils showed that more than 2,500 transcripts were up-regulated and about the same number down-regulated in Cxcr2-/- spleen neutrophils (Figures 6A–C). We then focused on their maturation using the neutrophil maturation signature reported by Xie and collaborators (36). GSEA analysis confirmed that spleen Cxcr2-/- were less mature than their WT counterparts (Figures 6D, E), with down regulation of genes encoding Cathepsin D (Ctsd), JunB or IL-1β involved in Netosis (2), Arginase-2 (Arg2) controlling extra-urea cycle arginine metabolism and nitric oxide synthesis (12), C-type lectin receptor Clec4d crucial for bacteria elimination (37) or Selplg (CD162), important for the rolling of neutrophils (38).




Figure 6 | Cxcr2-/- neutrophils display decreased maturity at the transcriptomic level. (A) Volcano plot showing the global changes in RNA expression patterns for spleen neutrophils isolated from Cxcr2-/- (SP KO) versus WT (SP WT) animals. Data represent analysis of cpm estimates with a log of fold change of more than 1.5 fold and p< 0.05 of 4 animals per group. Grey dots: NR: non-regulated genes; Green dots: genes with a log of fold change of more than 1.5 fold; blue dots: genes with a p-value <0.05; red dots: genes with a log of fold change of more than 1.5 fold and p< 0.05. (B) Number of differentially regulated genes for the spleen neutrophils. Up: genes up-regulated in spleen isolated from Cxcr2-/- versus WT animals. Down: down-regulated genes. NR: non regulated genes. (C) Simplified Heatmap of spleen Cxcr2-/- versus WT neutrophils. (D) Normalized enrichment score (NES) after GSEA analysis of the transcriptome of spleen neutrophils isolated from Cxcr2-/- versus WT animals according to Neutrophil maturation of Xie et al. (36). (E) Heatmap of the significantly regulated genes (p<0.05) of Neutrophil maturation signature. (F) Cluster of chemotaxis and migration GSEA analysis from Cxcr2-/- versus WT animals according to Biologic process GO: Cell-chemotaxis (NES= -1.64; q= 0.0002), Leukocyte-chemotaxis (NES= -1.62; q= 0.001), Granulocyte chemotaxis (NES= -1.53; q= 0.029), Regulation of Chemotaxis (NES = -1.46; q = 0.013), Granulocyte migration (NES= -1.54; q=0.025), Myeloid-leukocyte-migration (NES= -1.50; q= 0.012), leukocyte-migration (NES = -1.48; q= 0.003).



In addition, there was a cluster of GSEA Biological process (BP) signatures showing a down-regulation of the chemotaxis and migration of spleen Cxcr2-/- neutrophils (Figure 6F), suggesting a decrease in the migration ability of these neutrophils.



ERK and p38 MAPK pathways are down-regulated in spleen Cxcr2-/- neutrophils

To look at the signaling that were affected in spleen Cxcr2-/- neutrophils, we first focused on ERK and p38 MAPK signaling, which are known to modulate the migration and adhesion of neutrophils (39, 40). RNAseq data showed that both ERK1 and ERK2 cascade (Figures 7A, C), as well as p38MAPK cascade (Figures 7B, D), were down regulated in spleen Cxcr2-/- neutrophils. Concerning ERK1/2 cascade, there is in particular a down-regulation of the AP-1 Transcription Factor Jun, of the Cyclic AMP-Dependent Transcription Factor Atf-3, IL1β, growth factors such as TGFβ1 and IGF1, multiple chemokines such as Ccl3, 4, 15, 18, 23 and of a number of kinases such as Ptk2b (Protein Tyrosine Kinase 2 Beta), the tyrosine-protein kinase Syk, Csk (C-Terminal Src Kinase) or the serine/threonine protein kinase BRAF (Figure 7C). For p38MAPK cascade, we observed in particular a down regulation of Mitogen-Activated Protein Kinase 14 (Mapk14), Mitogen-Activated Protein Kinase Kinase Kinase 3 (Map3k3), Map3k5, and cytokines such as IL1β, HGF.




Figure 7 | ERK and p38 pathways are down-regulated in Spleen Cxcr2-/- neutrophils. (A) NES after GSEA analysis of the transcriptome of spleen neutrophils isolated from Cxcr2-/- versus WT animals according to ERK1 and ERK2 cascade signature. (B) Same analysis for p38-MAPK signature. (C) Heatmap of the significantly regulated genes (p<0.05) of GO-BP ERK1 and ER2 cascade signature. (D) Heatmap of the significantly regulated genes (p < 0.05) of GO-BP p38 MAPK cascade signature. (E) Phospho-p42/44 MAPK ERK1/2 (Thr 202/Tyr 204) was analyzed by flow cytometry in spleen CD11b+ Ly6G+ neutrophils. Left panel: representative Mean of Fluorescence (MFI) of WT (red line) and KO (blue line) Ly6G+ neutrophils. Results are expressed as MFI of phospho-ERK positive neutrophils in the CD11b+ Ly6G+ population and represent the mean ± SEM of at least 6 animals (Mann-Whitney test, *p < 0.05). (F) Phosphorylation of p38MAPK on Thr180/Tyr182 was analyzed by flow cytometry in the same conditions (Mann-Whitney test, ***p < 0.001).



To confirm these results, we measured by flow cytometry the intracellular content of Phospho-p42/44 MAPK ERK1/2 and phospho-p38 MAPK (Thr 180/Tyr 182). The mean of fluorescence (MFI) of p-ERK1/2 and p-p38 were down-regulated by about 50% in spleen Cxcr2-/- neutrophils compared to WT neutrophils (Figures 7E, F, respectively) confirming the alterations of these pathways.



Several pathways are impaired in spleen Cxcr2-/- neutrophils

To further investigate the mechanisms involved in the changes observed in spleen Cxcr2-/- neutrophils, we explored the main pathways that were affected at the transcriptomic level. GSEA analysis showed a reduction of PI3K-AKT signaling (Figure 8A), TNFα signaling via NFκB (Figure 8B), NIK-NFκB signaling (Figure 8C), as well of the cellular response to IL-1 (Figure 8D) and TGFβ signaling (Figure 8E) and signaling by IFNγ (Figure 8F) signatures in spleen Cxcr2-/- neutrophils compared to WT neutrophils. Among the genes involved in PI3K-AKT pathway, we observed a down-regulation of Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha, Delta and Gamma (Pik3ca, Pik3cd and Pik3cg), and Phosphoinositide-3-Kinase Regulatory Subunit 1, 2 and 5 (Pik3r1, Pik3r2, Pik3r5), Janus Kinase 1 (Jak1), Glycogen Synthase Kinase 3 Beta (GSK3b), and Kras, which are crucial for this pathway.




Figure 8 | Multiple pathways are down-regulated in Spleen Cxcr2-/- neutrophils. GSEA analysis of the following signatures: (A) WIKI-PI3K-AKT signaling. (B) Hallmark-TNFα signaling via NFκB. (C) GO-BP NIK-NFκB Signaling (D) GO-BP Cellular response to IL-1 (E) WP-TGFβ signaling pathway (F) Hallmark IFNγ-response.



NF-κB pathway was also impaired with in particular down-regulation of genes such as NF-κB Subunits p52 (Nfkb2), Relb, C-Rel (Rel), TNF Alpha Induced Protein 2 and 3 (Tnfaip2 and Tnfaip3), Tnfaip3 Interacting Protein 1 (Tnip1), TNF Receptor-Associated Factor 1, 3 and 5 (Traf1, Traf3, Traf5) or TNF Receptor Superfamily Member 10b (Tnfrsf10b).

Upstream of NF-κB activation, cellular response to IL-1 was also altered, with a down-regulation of IL-1 itself, but also of Interleukin 1 Receptor Type 1 (Il1r1). Two other pathways were also linked to PI3K/Akt, ERK, p38 and NF-κB signaling, namely TGFβ and IFNγ signaling. TGFβ signaling was impaired with a decrease in Transforming Growth Factor Beta 1 (Tgfb1), Transforming Growth Factor Beta Receptor 1 and 2 (Tgfbr1 and Tgfbr2), and Smad2, 3, and 4. IFNγ signaling is also acting through ERK and MAPK and PI3K signaling and exhibits in particular a down-regulation of Janus kinase 2 (Jak2), suppressor of cytokine signaling protein 1n and 3 (Socs1, Socs3), Signal transducer and activator of transcription 4 (Stat4), Intercellular adhesion molecule-1 (ICAM-1) and Integrin Subunit Beta 7 (ITGB7).




Discussion

Although the role of neutrophils in general inflammation but also tumor microenvironment inflammation is growing, the factors controlling their function are still not completely identified. In particular, the involvement of Cxcr2 in neutrophil physiology and features, as well as its impact on signalization in neutrophils is still a matter of debate. In this study, we report that impairment of Cxcr2 leads to a modest increase of the percentage of neutrophils in the BM, but a strong one in the spleen, in agreement with previous studies (29). We also show that Cxcr2 differentially affects the maturation state of neutrophils in the spleen and the BM. More precisely, based on the maturation markers Ly6G (32) and Cd101 (8) expression, Cxcr2 deletion led an increase of Ly6Glo or CD101-immature neutrophils in the spleen, but to a decrease of immature neutrophils in the BM. The presence of resident immature neutrophils in the spleen is thought to serve as a reservoir of neutrophils, which will undergo a rapid proliferation and mobilization in case of infection to increase the number of active mature neutrophils (18, 32). Spleen is also a site of accumulation and destruction of neutrophils in human (41), so the presence of a high number of immature neutrophils could correspond to both resident and recruited neutrophils. On the other hand, considering that the BM is the main site of production of neutrophils, this would suggest that Cxcr2 impairment does not alter the maturation process on neutrophils in the BM, or that there could be a retention of mature neutrophils in BM. This latter hypothesis is unlikely, as we did not see any difference in the percentage Cxcr4+ neutrophils in the BM. Cxcr4 is indeed crucial for the retention of neutrophils in the BM (17), even though other studies have shown that the CXCR4 antagonist plerixafor did not mobilize neutrophils from the BM, but rather enhanced the release of neutrophils in the circulation from the marginated pool present in the lung (42). In contrast, the percentage of Cxcr4+ neutrophils was increased 2-fold in the spleen, which could account for several features: this could be the sign of more immature, since Cxcr4 expression is high in proliferating immature neutrophils (8). However, high levels of Cxcr4 can also be seen in senescent or aging neutrophils (17, 43). To clarify this point, we analyzed the presence of aged CD62Llo – CXCR4hi neutrophils as defined previously (33). This shows that there is an increase of aged CD62Llo – CXCR4hi neutrophils in the spleen of KO animals, but no change in BM. In addition, we also observed that the percentage of apoptotic or dead neutrophils was reduced among spleen Cxcr2-/- neutrophils compared to WT, whereas no difference was seen in BM. Overall, our data suggest that spleen Cxcr2-/- neutrophils are distinct from BM neutrophils, as they are healthier and have more immature features (Ly6Glo Cd101- Cxcr4+) than their WT counterparts.

To go further in the understanding of the effects of Cxcr2 impairment, we have observed that spleen Cxcr2-/- neutrophils exhibited a reduced phagocytic ability than WT neutrophils. On the other hand, BM Cxcr2-/- neutrophils had a higher phagocytic ability than the WT. This difference between spleen and BM neutrophils might be explained by their difference of maturation mentioned above. This is also true for basal phagocytic ability of WT neutrophils, which is higher in the spleen than in the BM. This might be due to a higher proportion of mature CD101+ neutrophils in WT spleen compared to WT BM (Figure 1F), as we have also shown that Ly6Ghi neutrophils had a better phagocytic ability than Ly6Glo neutrophils (Supplemental Figure 5).

To explore the difference in phagocytic ability of WT and Cxcr2-/- neutrophils more thoroughly, we looked at ROS production and actin and tubulin cytoskeleton, which are key elements in phagocytosis (35, 44). The percentage of cells with high cytoplasmic ROS, mitochondrial superoxide, F-actin and α-tubulin was reduced among spleen Cxcr2-/- neutrophils compared to WT, but was not modified in BM neutrophils. This reduction could explain part of the reduced phagocytic ability of spleen Cxcr2-/- neutrophils, although one can also notice that decreased phagocytic ability of WT BM neutrophils compared to WT spleen neutrophils is not correlated to their actin levels, suggesting that other parameters might be involved. It is interesting to notice that aged neutrophils are resistant to infections and display also a reduction of actin levels (43). Moreover, it has also been shown that in some cases, immature neutrophils could produce less ROS (8).

It was essential to analyze the mechanisms underlying the differences between spleen Cxcr2-/- and WT neutrophils. RNAseq analysis of both types of isolated neutrophils confirmed the defect in maturation of spleen Cxcr2-/- neutrophils, with in particular a down regulation of genes involved in Netosis (Cathepsin D, JunB or IL-1β) (45), of Arginase-2 controlling extra-urea cycle arginine metabolism and nitric oxide synthesis, of Clec4d implicated in bacteria elimination (46) or Selplg (CD162), essential for the rolling of neutrophils (47). Several GO pathways of migration and chemotaxis constituted a down-regulated cluster, suggesting also an impairment of spleen Cxcr2-/- chemotaxis. This could explain an accumulation of neutrophils in the spleen, with a weak ability to migrate to other tissues. Earlier studies have shown that in inflammatory conditions, Cxcr2 was essential for the recruitment of neutrophils (48).

In terms of signaling, we report a down regulation of ERK and p38 MAPK pathways, both at the transcriptomic level, but also when assessing the phosphorylation of ERK and p38 at the protein level. The ERK and p38 MAP kinases are strongly stimulated in neutrophils upon activation by G-protein coupled receptors agonists. Moreover, p38 MAPK is critical for the release of primary and secondary granules, but not that of secretory vesicles by neutrophils (49). p38 inhibition has been shown to delay apoptosis of neutrophils (50), which is in agreement of the reduced rate of apoptosis that we observed in spleen Cxcr2-/- neutrophils. Moreover, p38 MAPK promotes chemotaxis towards fMLP by interfering with GRK2-mediated desensitization, whereas ERK MAPK is inhibiting it (51, 52). However, the role of ERK MAPK pathway in neutrophil functions remains unclear, due to contradictory studies (37).

In addition, PI3K-Akt, TNFα signaling and NF-κB signaling, were also altered. TNFα is essential to trigger neutrophil activation and phagocytic activity (53). It is interesting to note that in neutrophils, the production of ROS is dependent on PI3K and ERK (54). Moreover, PI3K, ERK and p38 are necessary for efficient phagocytosis (55). It has also been reported that PI3Kγ-/- neutrophils display a defect in migration towards fMLP, C5a, Cxcl8 or Ccl3 and respiratory burst upon activation by C5a or fMLP (56), but another study suggests that PI3K is not required for chemotaxis towards fMLP (51).

Cellular response to IL-1 was also reduced. IL1α and IL1β are very potent mediators of inflammation response, but their role in neutrophils remains poorly understood. Their main effect on neutrophils could be to increase their survival (37).

We also observed a down-regulation of TGFβ and IFNγ pathways. In the steady state situation, the role of TGFβ on neutrophil function is poorly understood. However, in cancer context, TGFβ is responsible for promoting the generation of pro-tumoral type N2 neutrophils (57), whereas type IFNβ and IFNγ might favor anti-tumoral type N2 neutrophils (58, 59). In non-cancerous situation, IFNγ has also been shown to enhance, or prime, increased ROS production in combination with a secondary stimulus and to promote phagocytosis (60), which could account for the decrease in ROS and phagocytosis that we observed in spleen Cxcr2-/- neutrophils. As treatment of PMNs with IFNγ increases the production of TNFα and IL-1β (61), this could also account for the down-regulation of TNFα and IL1β signaling that we report.

In conclusion, this work highlights the multiple roles played by the chemokine receptor Cxcr2 in neutrophils and reinforces the importance of localization of neutrophils in terms of action and features. The identification of the pathways that are dependent on Cxcr2 and their further investigation will be essential to understand the roles of Cxcr2 in neutrophils in the steady state or inflammatory situation but also in the tumoral context.
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Severe respiratory viral infections, including SARS-CoV-2, have resulted in high mortality rates despite corticosteroids and other immunomodulatory therapies. Despite recognition of the pathogenic role of neutrophils, in-depth analyses of this cell population have been limited, due to technical challenges of working with neutrophils. We undertook an unbiased, detailed analysis of neutrophil responses in adult patients with COVID-19 and healthy controls, to determine whether distinct neutrophil phenotypes could be identified during infections compared to the healthy state. Single-cell RNA sequencing analysis of peripheral blood neutrophils from hospitalized patients with mild or severe COVID-19 disease and healthy controls revealed distinct mature neutrophil subpopulations, with relative proportions linked to disease severity. Disruption of predicted cell-cell interactions, activated oxidative phosphorylation genes, and downregulated antiviral and host defense pathway genes were observed in neutrophils obtained during severe compared to mild infections. Our findings suggest that during severe infections, there is a loss of normal regulatory neutrophil phenotypes seen in healthy subjects, coupled with the dropout of appropriate cellular interactions. Given that neutrophils are the most abundant circulating leukocytes with highly pathogenic potential, current immunotherapies for severe infections may be optimized by determining whether they aid in restoring an appropriate balance of neutrophil subpopulations.
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Introduction

Severe lung injury and systemic inflammation are the main hallmarks of severe respiratory viral infections, including SARS-CoV-2 (1). Neutrophils, or polymorphonuclear leukocytes, are the most abundant leukocyte population in the blood and found in high numbers in the lung during severe respiratory viral infections (2). During viral infections, neutrophils can contribute to viral clearance through mechanisms such as phagocytosis, and release of neutrophil extracellular traps, secretion of cytokines and activation of the adaptive immune response (2–4). However, the overactivation of neutrophils may cause bystander damage to host tissues and lead to poor outcomes (2–4). Although neutrophils are considered as a primary cellular driver of the pathogenesis of acute respiratory distress syndrome (ARDS) and have been implicated in the pathophysiology of severe COVID-19 (5–9), the challenges of isolating neutrophils for analysis and their inability to survive cryopreservation have resulted in poor understanding of their function in disease progression (10). Additionally, neutrophils are still largely considered to be a homogenous effector cell population with clearly established roles in combatting bacterial and fungal infections, but their mechanistic contributions to the immunopathogenesis or clearance of viral infections remain unclear. While recent studies have started to recognize the heterogeneity of neutrophils during cancer and other chronic diseases (11, 12), whether different neutrophil subtypes exist beyond “immature,” “mature,” and “senescent” is uncertain during an acute infection. The goal of our study, therefore, was to test the hypothesis that different phenotypes of mature neutrophils exist under basal healthy conditions, with subsequent changes in relative abundance during acute respiratory viral infections depending on the severity of immunopathology of COVID-19 disease.

To investigate this, we employed single-cell RNA sequencing (scRNA-seq) analysis of the peripheral immune response to SARS-CoV-2, a technique that has provided novel insights into immune cell heterogeneity and dysregulation during COVID-19 (7, 10, 13–18). Most of the studies to date have utilized preserved peripheral blood mononuclear cells (PBMC), which are mainly comprised of monocyte and lymphocyte populations. As a result, the literature largely reflects an incomplete and possibly biased picture of increased immature and dysfunctional neutrophils – largely reflecting low-density neutrophils that are captured in the PBMC fraction (15, 19, 20). Given that neutrophils are the most abundant leukocyte in peripheral blood during both health and infection, a comprehensive analysis of unpreserved, fresh neutrophils from human subjects is needed in order to determine whether mature neutrophils have the ability to adopt distinct phenotypes, and how these phenotypes change during clinically significant respiratory infections such as SARS-CoV-2.

In this study, we recruited adult subjects hospitalized with mild or severe SARS-CoV-2 infections, in order to examine how neutrophil phenotypes changed based upon the severity of infection over time, compared to healthy adults. We took care only to include adult patients who were without significant co-morbidities or underlying immunosuppressive conditions that might confound neutrophil phenotypes. Our analysis resulted in the identification of 7 mature and 2 immature neutrophil clusters, which had differential pathway activation patterns. Our results also demonstrated that quantitatively and qualitatively, neutrophils are a potentially more robust cellular regulator of inflammatory responses than monocytes, further underscoring the importance of investigating the considerable heterogeneity of responses in the neutrophil population.



Methods


Patient cohort, biological samples, and preparation of single-cell suspensions

A total of 11 patients admitted with SARS-CoV-2 infections and 5 healthy control subjects (all outpatients) were enrolled from the Veterans Affairs Ann Arbor Healthcare System and Michigan Medicine University Hospital. Between June, 2020 and June, 2021, all adult patients admitted with COVID-19 disease to these two facilities were screened and recruited if they had no evidence of baseline immunosuppression (e.g., chronic prednisone use of 15 mg or more daily, other immunosuppressive medications, HIV infection, neutropenia), active or recent malignancy within past 5 years, immunomodulatory therapies (e.g., biologics), chronic infection (e.g., hepatitis viral infection), significant systemic autoimmune disease, chronic malnutrition or debility, significant chronic organ dysfunction (e.g., chronic liver disease, poorly controlled diabetes, severe COPD or lung disease, heart failure with EF<40%), chronic alcohol consumption of >5 drinks a day, or active co-infection other than SARS-CoV-2. 11 patients with COVID-19 were classified into two groups based upon severity – “mild” (n = 4, hospitalized but needing <50% O2), or “severe” (n = 7, hospitalized but needing > 50% O2 or in Intensive Care Unit). Out of seven patients with severe symptoms, 4 patients deteriorated clinically and passed away. The demographic and disease characteristics of the prospectively recruited patients studied by scRNA-seq are listed in Supplementary Figure 1. All participants had to be capable of providing written informed consent for sample collection and subsequent analyses.

Within 72 hours of hospital admission (“T1”) and 5-7 days later (“T2), blood was collected into lavender top tubes (EDTA) and processed immediately after collection except that one patient was sampled day 15 days later. Data from this patient passed our strict quality control and clustered with the other patients within the same group. Healthy control subjects and 2 Veterans who were discharged did not get a second sample. For PMBC and granulocyte isolation from patient blood, 5ml of blood was carefully layered on 5ml of Lymphocyte-poly isolation media (NC9950836, Fisher) in a 15ml conical tube in a biosafety cabinet. The sample was spun in a sealed bucket at room temperature, 500g, 35 minutes. After centrifuge, leukocyte bands containing mononuclear cells and granulocytes were transferred to another 50 ml conical tube. Cells were diluted with an equal volume of HBSS without Calcium and Magnesium and spun at room temperature, 350g for 10min. The supernatant was removed from each pellet and suspended in 5ml 1x ACK lysis buffer for 2 minutes. Pellets were suspended with PBS containing 0.04% BSA and then counted. An aliquot of mononuclear and granulocyte cells was processed in a cytospin and stained using Diff Quick (26096-25, Electron Microscopy Sciences). Cell differentials were counted, and the mononuclear and granulocyte populations were combined to achieve a 1:1 ratio. Cells were immediately processed for the single-cell RNA library. For all samples, cell viability exceeded 90%.



Single-cell RNA library preparation and sequencing

The scRNA-seq libraries were constructed using a Chromium Next GEM Single Cell 3ʹ Reagent Kit v3.1 (10X Genomics) according to the manufacturer’s introduction. In brief, the cell suspension (700-1,200 cells per ul) was loaded onto a Chromium single cell controller to generate single-cell gel beads in the emulsion (GEMs). Following this, scRNA-seq libraries were constructed according to the manufacturer’s instructions. The libraries were sequenced using an Illumina Novaseq sequencer at Advanced Genomics Core of the University of Michigan using the suggested cycling from 10X Genomics.



Single-cell RNA-seq data processing

We aligned single-cell RNA sequencing data against the GRCh38 human reference genome and preprocessed using cellranger pipeline (version 6.0.0). A preliminary single-cell gene expression matrix was then exported from cellranger for further analysis. Quality control was applied to cells based on three metrics - the total UMI counts, number of detected genes, and proportion of mitochondrial gene counts per cell. Specifically, cells with less than 500 UMI counts and 200 detected genes were filtered out, as well as cells with more than 20% mitochondrial gene counts. Thereafter, we applied DoubletFinder, which identifies doublets formed from transcriptionally distinct cells (21), to remove potential doublets. The expected doublet rate was set to be 0.075, and cells predicted to be doublets were filtered out. After quality control, a total of 108,597 cells were collected for further analysis.



Clustering and cell-type annotation

We used Seurat (22) to integrate and cluster the collected single cells from COVID19 patients and healthy controls. The gene counts for each cell were normalized by LogNormalize method, which divides gene counts by the total counts for that cell and multiplied by the scale.factor. The normalized gene counts were then natural-log transformed using log1p function. The top 2000 most variable genes were selected using FindVariableFeatures functions for the clustering of single cells. We used dimensions of reduction 30 and resolution 0.3 for the cluster analysis. We used SingleR (23) and human primary cell atlas reference (24) to annotate cell types of single cells. The cell type of the cluster was determined by the dominant cell type in each cluster. The proportion of B cells, T cells, and NK cells in every sample was further calculated to determine the consistency between our data and observed in other published data (25, 26) in the cell type composition difference between severe COVID19 patients and healthy controls.



Cellular crosstalk analysis

We used iTALK (27) to identify and visualize the possible cellular crosstalk mediated by up-regulated ligand-receptor pairs between each cell type in COVID19 patients. We used the cytokine/chemokine category in the ligand-receptor database for this analysis. We used Wilcoxon rank-sum test to identify the significantly up-regulated genes (adjusted P-value <0.05 & average log fold change >0.1) for every cell type in the severe and mild COVID19 patients, respectively, compared with healthy controls at day 0. We also identified up-regulated genes (adjusted P-value <0.05 & average log fold change >0.1) between day 5 and day 0 in recovered mild COVID19 patients and deceased severe COVID19 patients, respectively. We then matched and paired the up-regulated genes against the ligand-receptor database to construct a putative cell-cell communication network using iTALK. The iTALK defines an interaction score using the log fold change of ligand and receptor to rank these interactions.



Feature genes and pathways for neutrophils

We collected neutrophil cells from mild and severe COVID19 patients within 72 hours of hospital admission (“T1”), as well as healthy controls to identify significantly up-regulated feature genes (adjusted P-value <0.05 & average log fold change >0.1) by comparing neutrophils from one type (healthy, mild, or severe) to the rest of neutrophils from other types, using cells as biological replicates. The overlap among feature genes identified in healthy, mild, and severe groups was presented in the Venn plot using the Venn package. The top 10 feature genes for each type of neutrophil were presented in a bubble plot using the DotPlot function from the Seurat package. These feature genes were then mapped to human protein-protein interactions (PPIs) downloaded from the BioGRID database (version 4.4.197) using R. The KEGG pathways significantly enriched (adjusted P-value <0.05) in feature genes that connected by PPIs were identified using enrichKEGG function from clusterProfiler package (28). The GSEA analysis was performed using clusterProfiler package (28). The bipartite plot of significant pathways, genes, and PPIs was presented using the Cytoscape tool (29).



Neutrophil cluster analysis

We integrated neutrophils from mild and severe COVID19 patients, as well as healthy controls to identify neutrophil clusters using resolution 0.5 in Seurat. The significantly up-regulated (adjusted P-value <0.05 & average log fold change >0.1) feature genes for each neutrophil cluster were identified by comparing one cluster to all other clusters. The top 5 feature genes for each cluster were shown in a bubble plot using DotPlot function from the Seurat package. The KEGG and GO pathways significantly enriched (adjusted P-value <0.05) in feature genes were identified for each cluster using clusterProfiler package. The top 3 significant pathways (KEGG) and all significant pathways (GO) were shown in the bubble plot using ggplot2 package. The composition changes of each cluster among healthy control, mild and severe COVID19 were identified using student’s t-test and presented using ggpubr package. We define the severity of COVID19 from 1 to 4, in which 1 means healthy, 2 means mild, 3 means severe but recovered, and 4 means severe patient that deteriorated clinically and later passed away. The association between composition changes of each cluster and severity of COVID19 were identified using spearman’s correlation and the Hmisc package. The significant associations were shown using corrplot package. We further identified differentially expressed genes (DEGs) between severe and mild, mild and healthy respectively, for each cluster that associated with the severity of COVID19. The KEGG pathways significantly enriched (adjusted P-value <0.05) in DEGs were identified using the gseKEGG function from clusterProfiler package. The normalized enrichment score (NES) of significant pathways indicates the activation status of the pathway.



Statistics

Statistical analysis was performed using R with Student’s t test or analysis of variance (ANOVA). Asterisks on figures indicate statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.



Study approval and ethics

This study was approved by the Veterans Affairs Ann Arbor Institutional Review Board (IRB) and University of Michigan IRB (IRB-2020-1228 and HUM00181804, respectively). All participants provided written informed consent for sample collection and subsequent analyses. Study procedures adhered to full ethical and safety standards.




Results


Neutrophils are major contributors to the inflammatory response relative to other leukocytes during COVID

Activated monocytes and T cells have been portrayed as the primary cellular drivers of inflammation during severe COVID-19. Despite being the predominant leukocyte population in terms of numbers (30), neutrophils have been largely overlooked in human studies due to the inability of these cells to survive long-term storage and cryopreservation. Thus, we performed droplet-based scRNA-seq to examine the transcriptomic profiles of freshly isolated peripheral neutrophils and other leukocytes from hospitalized adult patients with COVID-19 disease and healthy donors (HD) (Figures S1A,B). To reduce confounding, we excluded subjects with conditions are known to impact immune responses (Methods). The 11 patients with COVID-19 who met our stringent selection criteria were classified into two groups based upon severity – “mild” (n = 4, hospitalized but needing ≤50% O2), or “severe” (n = 7, hospitalized but needing > 50% O2 or in the intensive care unit, or ICU). The clinical characteristics of enrolled patients are detailed in Figure S1B. Neutrophils and other leukocytes were isolated from peripheral blood samples. Since neutrophils are particularly sensitive to degradation, isolated cells were immediately processed for scRNA-seq experiments (see Methods). Non-neutrophil leukocytes from peripheral blood were included at approximately equal proportions in the scRNA seq analysis to dissect cell-cell interactions.

A unified single-cell analysis pipeline was employed, including preprocessing involving batch removal and quality control steps (see Methods). A total of 108,597 high-quality cells from all samples proceeded to downstream analysis. Among these cells, 30,429 cells (28%) were from the healthy donor group, 22,188 cells (20%) were from the mild group, and 55,980 cells (52%) were from the severe group. Using Seurat (22) and SingleR (23), we identified 15 major cell types or subtypes according to the expression of canonical gene transcripts in the peripheral blood (Figures 1A, B). Among them, 45,463 cells are classified as mature (CXCR2+ FCGR3B+) or immature (CD24+PGLYRP1+CEACAM8+) neutrophils (Figures 1A, B) (7, 31).




Figure 1 | Neutrophils display marked inflammatory signatures relative to other leukocyte populations. (A) Cellular populations identified by scRNA seq. The UMAP projection from HD (n = 5), Mild (n = 4), severe (n = 6) samples. (B) Canonical cell-defining transcripts were used to label clusters by cell identity as represented in the UMAP plot. Data are colored according to expression levels and the legend is labeled in log scale. (C) UMAP plots of cells colored by cytokine score (left) and inflammatory score (right panel). (D) Violin plots indicate progression of cytokine (left) and inflammatory scores (right panel) for neutrophils and monocytes with increased severity of infection. (E) Heatmap of selected cytokine genes in different subsets of cells. ****p < 0.0001.



Next, we analyzed the transcriptional profiles of the main myeloid (i.e., monocyte and neutrophil) cell populations to determine the differential contributions of each cell type towards the inflammatory landscape during COVID-19. First, to validate the compatibility of our approach with previous studies, we examined transcriptional expression of two monocyte markers most consistently reported to change with COVID-19 severity. Monocytes from severe COVID-19 patients displayed decreased HLA-DRA and increased CD163 expression compared to healthy donors and mild COVID-19 patients (Figures S2A, B), consistent with prior reports (10, 15). We next sought to investigate if neutrophils contribute to cytokine storm during COVID-19 disease. To capture a global snapshot of the inflammatory state of different cell populations, we analyzed the cytokine and inflammatory pathways scores in different cell types based on the overall expression of cytokine and inflammatory response genes (Figures 1C, D, Supplementary Table 1), adapted from (26, 32). Monocytes and megakaryocytes have previously been shown to be major sources of systemic cytokine production based upon this scoring system in COVID-19 patients (26), which we also found in our results. Additionally, we observed that neutrophils have greater potential to contribute to the magnitude of the systemic inflammatory response, indicated by their high cytokine and inflammatory pathway scores (Figures 1C, D). In addition, neutrophils outnumber monocytes by 10 to 40-fold in infected subjects (Figure S2C). Altogether, the substantially higher numbers and the high inflammatory scores of neutrophils underscore the importance of regulating neutrophil-mediated systemic inflammatory responses in COVID-19.

We then investigated the main inflammatory gene signatures for each leukocyte population and found that neutrophils have a distinct inflammatory cytokine/receptor profile with enrichment of CXCL1, IL1RN, CXCL8, TNFSF10, TNFSF13B, CXCL16, and IL8R1 (Figure 1E). Immature neutrophils express markedly higher levels of lactoferrin (Ltf) and Il18. Furthermore, we found strong transcriptional upregulation of S100A9 and S100A8 alarmins in neutrophils from COVID-19 patients (Figure S2D), previously reported to correlate with disease severity (16, 33). This increase persists over time for S100A8 in the severe compared to the mild COVID-19 group (Figure S2E). Together, our data show that relative to other peripheral leukocytes, neutrophils are capable of being a major regulatory cell population that governs the severity and magnitude of the inflammatory response during COVID.



Identification of dysregulated neutrophil phenotypes in severe COVID-19 patients

We next analyzed transcriptional changes within the overall neutrophil population associated with the severity of the disease. Neutrophils from healthy, mild, and severe patient groups show distinct gene expression profiles (Figure 2A), reflecting significant transcriptomic changes during disease progression. Neutrophil transcripts which are robustly expressed in the uninfected state, including anti-proliferation and pro-apoptotic genes (LST1, G0S2, CPPED1, BTG2, PMAIP1) and anti-inflammatory genes (AMPD2, SEC14L1, ZFP36), are significantly downregulated in COVID-19 patients (Figure 2B). Neutrophils from mild patients have increased expression of genes associated with anti-viral responses, including Interferon stimulated genes (ISGs) and TRAIL (TNFSF10) (Figure 2B). Remarkably, expression of these genes is attenuated in neutrophils from the severe patients, whose neutrophils displayed increased activation markers including GBP5 (activator of NLRP3 inflammasome assembly) (34), FCER1G (implicated in IL-1b production by neutrophils) (35), and CD177, previously associated with COVID-19 severity and death (36), as well as stress-related genes such as IRAK3, FKBP5, IL1R2 (Figure 2B).




Figure 2 | Identification of dysregulated neutrophil phenotypes in severe COVID-19 patients. (A) Venn plot of significantly up-regulated genes (adjusted P-value <0.05) in neutrophils from healthy controls, mild and severe COVID19 patients. (B) Top 10 differentially expressed upregulated genes in neutrophils from healthy controls, mild and severe COVID19 patients, respectively. (C) Predicted cell-cell interaction networks of significantly up-regulated pathways (adjusted P-value <0.05) in neutrophils from severe COVID19 patients compared with that from the mild group.



To further investigate how neutrophils may functionally differ during infection as compared to healthy controls, we performed pathway analysis of neutrophil transcriptomes. In hospitalized patients with milder COVID-19 disease, we observed broad activation of multiple pathways involved with immune responses to various viral infections, including COVID-19 related pathways (mostly antiviral genes), NOD-like receptor signaling, Toll-like receptor (TLR) signaling, and immune responses to both viral and intracellular pathogens (e.g., influenza A, Salmonella, Epstein-Barr) (Figure S3). Thus, upregulated pathways highlight a pronounced diversity of antiviral neutrophil response in hospitalized patients with milder COVID-19. Conversely, in neutrophils from patients with severe disease, we observed significant activation of NF-kB signaling, and TNF signaling pathways, as well as oxidative stress response pathways (e.g., cyclooxygenase genes, glutathione metabolism, and oxidative phosphorylation), compared to those from mild COVID-19 patients (Figure 2C). This suggests stress response phenotype in severe patients, rather than a protective-antiviral phenotype seen in the mild disease. Notably, unlike patients with mild disease, severe patients show marked induction of ribosomal genes, suggesting an increase of cellular protein production capacity beyond the observed increase in active gene transcription.



Neutrophil cell-cell interactions become progressively dysregulated in patients with severe COVID-19

To provide immunologic context for how neutrophils interact with other cell types, we conducted an analysis on the intercellular crosstalk between cytokines and receptors on immune cells. To identify how cytokine-receptor-mediated cell-cell interactions (CCI) evolve across disease severity, we counted the CCIs that represent the active intercellular communication probabilities between up-regulated cytokines and receptors on all cell types in mild versus severe COVID-19 disease. We found that during mild disease, there are overall more active CCIs among all of the different cell populations than that in severe disease (Figures 3A, B). Conversely, during severe disease, the number of unique CCIs drop out, resulting in potential degradation of cell-cell cross-regulatory mechanisms. Cell-cell interactions become concentrated and are dominated by interactions between 4 major cell types - neutrophils, monocytes, gamma-delta T cells, and hematopoietic stem cells (HSC), which accounts for more than 60% of the cell-cell interactions in severe disease (Figure 3C). As the illness proceeds, we found that in mild patients who recovered from the disease, diverse cell-cell interactions remain preserved at later timepoints, while severe patients who eventually succumb have progressive loss of cell-cell interaction diversity compared to earlier timepoints (Figure 3D). These data support a framework where neutrophil cell-cell interactions become progressively dysregulated in patients with severe COVID-19. Additionally, a potential mechanism by which neutrophils contribute to severe inflammation may be reinforcement of activation pathways for specific cell populations such as monocytes and gamma-delta T cells, which have been reported to be robustly pro-inflammatory cell populations during viral infections.




Figure 3 | Neutrophil cell-cell interactions become progressively dysregulated in patients with severe COVID-19. (A) Circos plot showing the up-regulated cellular crosstalk mediated by significantly (adjusted P-value <0.05) up-regulated ligand-receptor pairs between inflammation-related cell types from mild or severe COVID19 patients compared with that from healthy controls. (B) Count of the up-regulated cellular crosstalk for every cell type in mild and severe COVID19 patients, respectively. (C) Composition of the up-regulated cellular crosstalk in mild and severe COVID19 patients, respectively. (D) Circos plot showing the cellular crosstalk mediated by up-regulated (2nd timepoint versus 1st timepoint, or T2 vs T1) ligand-receptor pairs between inflammation-related cell types from recovered mild (left) and deceased severe (right) COVID19 patients, respectively.





COVID-19 resulted in alterations of neutrophil subset compositions and their transcription profiles across the levels of the disease severity

We next examined whether different phenotypes of neutrophil populations could be identified by scRNA-Seq. We performed cluster analysis of neutrophil scRNA data using the SNN modularity optimization-based clustering algorithm. In total, 9 distinct clusters of neutrophils could be identified based on specific patterns of gene expression. Cluster 9 represents pro-neutrophils (DEFA3+DEFA44+MPO+ELANE+ AZU+; azurophilic granule content genes), cluster 7 represents pre-neutrophils (LTG+LCN2+CAMP+MMP8+; specific and gelatinase granule content genes), and the remaining 7 clusters represent mature neutrophils (all CXCR2+) (Figures 4A, B). The two immature neutrophil clusters (clusters 7 and 9) exhibit robust gene expression of their respective granule content proteins but relative suppression of all of the other genes (Figure 4C). Conversely, the mature neutrophil clusters had suppression of granule content genes, but distinct patterns of gene activation that were relatively low in the immature populations (Figure 4C). Clusters 2 and 8 displayed upregulation of MMP9, several S100A genes including S100A12, and MME (i.e., Neprilysin), which have been implicated in the pathogenesis of COVID-19 (37, 38). Clusters 3, 5, and 6 had high levels of expression of regulatory genes for transcription and apoptosis (Figure 4C). Notably, cluster 4 was significantly enriched in interferon (IFN) stimulated genes (ISGs, e.g., ISG15, IFIT genes, MX1, GBP, GBP5, HERC5, and RSAD2). Thus, contrary to the assumption that they are a homogenous and transcriptionally quiescent cell population, mature neutrophils display transcriptional diversity with the ability to activate gene expression programs, ranging from immuno-regulatory types to a preferentially antiviral subtype with induction of IFN-stimulated genes.




Figure 4 | Neutrophil heterogeneity in COVID-19 patients. (A) UMAP plot of neutrophil clusters. (B) Nomenclature and marker genes for each neutrophil cluster. (C) Top5 up-regulated genes in every neutrophil cluster. (D) Top3 KEGG pathways significantly enriched in up-regulated genes in every neutrophil cluster.



Subsequent pathway analysis provided insights about possible biological functions of each neutrophil subset (Figure 4D and Figure S4). Pathway analysis using KEGG and GO of cluster 4 revealed significant activation of viral response pathways as well as NOD-like receptor signaling pathway, supporting its distinct role in anti-viral responses. Other clusters also show specific pathway enrichment; for example, cluster 1 exhibited pathways involved in ferroptosis, cluster 3 and 5 in NF-kappa B signaling, and cluster 7 with activated Ribosome and Coronavirus disease-COVID-19, which is consistent with the concept of “pre-neutrophils” being robustly activated during acute infection with SARS-CoV-2.

Next, we determined whether all of these clusters exist at baseline and whether specific neutrophil subsets were augmented depending on the presence or severity of infection. We found higher proportions of clusters 1 and 6 in healthy compared to infected subjects, while clusters 4, 7, and 9 were increased in COVID-19 patients, especially in the severe group (Figure 5A, Figures S5A, B). Since clusters 7 and 9 are immature neutrophils, their increase provides evidence of emergency myelopoiesis in severe COVID-19 patients, also supported by previous reports (15, 33). Overall, cluster 4 was significantly associated with disease severity, while cluster 6 was negatively associated with the severity of the disease (Figure 5B). Within each cluster, we also observed the neutrophils up-or down-regulating gene groups and pathways based upon disease state (Figure 5C, Figures S6, S7). For example, compared to healthy controls, cluster 7 neutrophils (immature neutrophils) from infected subjects upregulated genes involved in multiple pathways associated with host defense, including neutrophil extracellular trap formation, cytokine signaling, and NF-kB signaling (Figure 5C, Figure S6). Cluster 4 neutrophils, which are enriched with anti-viral responses, displayed activation of the ribosome and COVID-19 pathways in patients with mild disease, as compared to healthy controls, with further activation in subjects with severe disease (Figure 5D, Figure S7). Some pathways involved in anti-viral responses are down-regulated in cluster 4 from severe patients compared with mild patients, consistent with what we discovered in Figure 2B. Oxidative phosphorylation pathways were activated in multiple neutrophil clusters in subjects with severe infection compared to those with mild disease (Figure 5D). Cluster 6 displayed striking downregulation of multiple pathways during severe disease, including those related to IL-17 signaling, NF-kB, and cAMP signaling (Figure 5D). Strikingly, neutrophils displayed progressively decreased activation of hepatitis, influenza, and other viral pathways with increasing COVID-19 disease severity (Figures 5C, D). Together, neutrophils heterogeneity and their changes in proportion or transcription are strongly related to the severity of the COVID-19 disease.




Figure 5 | COVID-19 resulted in alterations of neutrophil subset compositions and their transcription profiles. (A) Neutrophil clusters that differed in proportions (% of neutrophils) between healthy controls and hospitalized patients with mild or severe COVID19. (B) Neutrophil clusters that significantly (adjusted P-value <0.05) associated with the severity of COVID19. Spearman’s’ correlations were used to determine the association between cluster proportion and the severity of COVID19 (healthy 1, mild 2, severe 3, decreased 4). Red: positive correlation; Blue: negative correlation. Depth of color increase with the absolute value of the association. Only significant associations (adjusted P-value <0.05) are shown in this graph. (C) GSEA analysis of significantly different KEGG pathway gene sets in selected neutrophil clusters from COVID19 patients compared with that from healthy controls. (D) GSEA analysis of significantly different KEGG gene sets in selected neutrophil clusters from severe COVID19 patients compared with that from mild COVID19 patients. *p < 0.05, **p < 0.01. NES, Normalized enrichment score.






Discussion

Since the start of the SARS-CoV-2 pandemic, a variety of “omic”-based analyses have been utilized to understand the pathogenesis of severe COVID-19 associated infection (7, 31, 39). Notably underrepresented in these studies is a comprehensive analysis of neutrophils, which despite being abundant and widely considered as integral cellular contributors to immune dysregulation, have been largely overlooked for a variety of reasons, including the technical difficulty of isolating neutrophils and preserving them for downstream studies such as single-cell sequencing analyses. Only recently have two groups put forth papers that have explicitly used neutrophil-preserving methods in studying human samples - one using scRNA sequencing-based phenotyping of healthy human subjects, and another examining neutrophil phenotypes from patients with acute respiratory distress syndrome (ARDS) from severe COVID-19 disease or bacterial pneumonia (40, 41). Our work builds upon their findings in that we examined how neutrophil phenotypes differ in relative abundance and pathway activation in patients with mild versus severe COVID-19 disease. We also determined whether all phenotypes exist at baseline, or if new subpopulations of neutrophils emerge during infections, based upon the severity of the infectious insult. Our results suggest that discrete clusters of mature neutrophils exist even under basal uninfected conditions, as reflected by distinct transcriptional profiles and activated pathways. We furthermore observed that the relative proportions of each cluster change during infection and with increasing severity.

Additionally, most scRNA seq studies of patients with COVID have utilized samples collected from subjects that span a large age range (children to elderly) and the full spectrum of co-morbid conditions, which may introduce bias and confounding factors when identifying what mechanisms underlie severe SARS-CoV-2 infections, particularly given the small sample sizes. Our study focused exclusively on human adult patients hospitalized with respiratory manifestations of COVID-19 disease, taking care to exclude subjects with chronic immunosuppression, active malignancy, autoimmune conditions, poorly controlled diabetes, chronic infections, and other advanced co-morbidities that could influence immune responses at baseline. Due to our cohort being mainly Veterans, all of our subjects were males and mostly White. Although the total number of subjects was small, our study was actually one of the largest studies to examine neutrophil responses by scRNA seq. Thus, by controlling for the variability in neutrophil responses that might be introduced by severe chronic comorbidities, sex, age, or race, our results can be considered to reflect the intrinsic heterogeneity of neutrophil responses during health and SARS-CoV-2 infections.

Upon SARS-CoV-2 infection, altered neutrophil abundance and functionality have been linked with the pathophysiology of severe COVID-19 disease (5, 7, 42, 43). We show that neutrophils are a potentially important cellular source of cytokines and can be major contributors to the inflammatory response upon SARS-CoV-2 infection. Importantly, neutrophils display dynamic responses, with evidence of increased oxidative stress and ribosomal pathway activation and suppression of multiple viral pathways (e.g., influenza and measles response pathways) during severe infections. Our results further contribute to our understanding of neutrophil biology, revealing vast heterogeneity and breadth of inflammatory responses in neutrophil subsets in COVID-19 patients (12), in contrast to the prevailing view that neutrophils are a homogeneous antimicrobial cell population.

Our computational clustering revealed extensive heterogeneity in neutrophils with the identification of seven transcriptionally distinctive mature and two immature neutrophil clusters. In particular, the identification of distinct mature neutrophil clusters is an important finding to our understanding of how neutrophils contribute to the pathogenesis of severe infections, as it underscores the importance of recognizing a broader spectrum of neutrophil functional phenotypes. We found those neutrophil subsets display the ability to activate differential gene expression programs, ranging from inhibitory/regulatory subsets to a preferentially antiviral subset with activated IFN-regulated gene expression profile. The proportion of each phenotype correlated with severe disease course. For example, cluster 4 neutrophils showed significantly activated viral response pathways, suggesting a distinct subset of neutrophils in anti-viral responses. However, they also display progressively decreased activation of the viral pathways and increased stress response-related pathways with worsening COVID-19 disease severity. Our findings indicate that neutrophils are capable of mounting effective antiviral defenses but with disease progression, adopt a form of immune dysregulation characterized by excess cellular stress, thereby contributing to the immunopathology of severe SARS-CoV-2 infections.

The progression of ARDS during severe COVID-19 disease, as well as other severe respiratory viral infections, continues despite patients already having cleared the viral infection in the majority of cases, especially in immunocompetent hosts (44). It is during this period when the host is transitioning either to recovery or persistent inflammation that the outcome of infection is determined. The immune mechanisms governing resolution versus persistent inflammation are complex, with evidence of aberrant intercellular regulatory mechanisms that perpetuate inflammation (45). Our work builds upon this concept by examining how systemic neutrophil responses differ in COVID-19 patients, all of whom are sick enough to be hospitalized, but whose respiratory manifestations are milder versus severe. In patients with severe COVID-19, we find evidence of neutrophils no longer acting in concert with other cell types, as reflected by their loss of intensity and diversity of cell-cell interaction with other immune cell populations. To understand how neutrophils might impact systemic inflammatory responses, we found that neutrophils have higher inflammatory scores compared to monocytes, suggesting that they could be a key source of a diverse set of cytokines that are highly elevated in COVID-19 patients with severe disease progression. These findings complement prior reported findings that megakaryocytes and specific monocyte subsets were the primary producers of cytokines (26). Our results indicate that future investigations should identify ways to harness the regulatory capacities of neutrophils in a therapeutic manner, including how to promote antiviral functions early during infection, and perhaps more importantly, how to shift the balance towards a more restorative neutrophil profile as the human host attempts to recover after the infection has been cleared.

Altogether, our report presents details that help us better understand the vast heterogeneity and breadth of inflammatory responses in neutrophil subsets in COVID-19 patients.
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Many end-stage liver disease etiologies are attributed to robust inflammatory cell recruitment. Neutrophils play an important role in inflammatory infiltration and neutrophil phagocytosis, oxidative burst, and degranulation. It has also been suggested that neutrophils may release neutrophil extracellular traps (NETs) to kill pathogens. It has been proven that neutrophil infiltration within the liver contributes to an inflammatory microenvironment and immune cell activation. Growing evidence implies that NETs are involved in the progression of numerous complications of liver transplantation, including ischemia-reperfusion injury, acute rejection, thrombosis, and hepatocellular carcinoma recurrence. NETs are discussed in this comprehensive review, focusing on their effects on liver transplantation complications. Furthermore, we discuss NETs as potential targets for liver transplantation therapy.
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Introduction

Neutrophils play a major role in the innate immune response (1), and have a wide range of immune functions, including phagocytosis, reactive oxygen species (ROS) production, lytic enzyme activation, and neutrophil extracellular traps (NETs) production through a process called NETosis (2, 3). NETs comprise chromatin, DNA fibers, and granule proteins. Additionally, NETs are important in treating non-infectious diseases, such as cancer, diabetes, thrombosis, and autoimmune illnesses (4–6). Recent evidence suggests that NETs may contribute to pathological changes after liver transplantation, including liver ischemia-reperfusion injury (IRI), acute rejection, and recurrence of hepatocellular carcinoma (7–9). However, there is little knowledge of the relationship between NET formation and complications of liver transplantation. Herein, we summarize the latest findings that associate NETs with liver IRI, acute rejection, thrombosis, and hepatocellular carcinoma recurrence. We also discuss the potential of NET as a potential therapeutic target in patients following liver transplantation. NET targeting and degradation could be novel promising therapeutic interventions in end-stage liver disease and complications of liver transplantation.



NET formation

A novel immune defense mechanism known as NETs was discovered in 2004. However, it is difficult to clearly define the specific function of NETs in immune defense (10, 11). With regards to neutrophil pathogenic stimulation, the activation of the signaling pathways, and membrane integrity, the formation of NETs can be classified into three types, namely, lytic, viable, and mitochondrial NET formation (12). Lytic NETs are formed within ten minutes from neutrophil stimulation with phorbol myristate acetate (PMA), lipopolysaccharide (LPS), or IL-8 (13). Several pathways lead to the formation of lytic NETs, including ROS generation in neutrophils that lead to the activation of the enzyme, peptidylarginine deiminase 4 (PAD4). Subsequently, PAD4 converts arginine residues on histones into citrulline, which results in chromatin decondensation (14, 15). In addition, neutrophil elastase (NE) and myeloperoxidase (MPO) are activated and translocated to the nucleus. NE and MPO are also synergistically involved in chromatin decondensation. Likewise, NE can also degrade actin filaments, and block the phagocytosis pathway (16). Single-stranded DNAs and histones are released in the cytoplasm, and form early NETs with antibacterial proteins (e.g., MPO, citH3, NE, and cathepsin G) (17). NET formation requires NADPH oxidase activity and downstream ROS formation (18). Lytic NET formation can be induced by bacteria, fungi and especially chemical stimuli, such as LPS, TNF-α and IL-8 (19). Several in vitro studies showed neutrophils formed NET-like structures in response to PMA, LPS, TNF-α and IL-8. In these cells, pretreatment with CI-amidine or use of a PAD4-deficinet line reduced citrullination of histones and NET formation (20, 21).

In viable NET formation, PAD4 is activated by TLR-2 and TLR-4 receptors on neutrophils under different stimuli. For example, bacterial LPS results in the entry of PAD4 into the nucleus to citrullinate the histones, H3 and H4, and unwind DNA strands (22, 23). In contrast to the formation of lytic NET, the PAD4 gene is activated without ROS and does not rupture the cell or nuclear membrane. During the process, the neutrophils are not destroyed, and unwound DNA strands enter the cytoplasm to form early NETs with bacteriostatic proteins. As fascicles, they are exocytosed and released from the cell. Despite the absence of nuclear DNA, neutrophils are still capable of phagocytosing bacteria and killing them (24, 25).

The third mechanism describes the formation of NETs with mitochondrial DNA. A previous study demonstrated that eosinophils release mitochondrial DNA after the initial priming with IL-5 or INF-γ, and subsequent LPS stimulation (26). DNA release is ROS-dependent and independent of eosinophil apoptosis. In a subsequent study, mitochondrial NETs were reported to be damaged after the neutrophils were primed with GM-CSF for 20 minutes and then stimulated with LPS for another 15 minutes, which resulted in the release of DNA into the extracellular matrix (27). Neutrophil granular proteins, such as MPO and NE, were also detected in the extracellular matrix with the DNA, but nuclear proteins were not found. It was later reported that NETs contained mitochondrial DNA rather than nuclear DNA sequences (28). Unlike viable NETs, the formation of mitochondrial NETs is ROS-dependent, because the effects of ROS inhibitors and neutrophil deficiency inhibit the release of NETs (29). Recent studies further elucidated the importance of the post-translational modifications of histones, which has a biphasic impact on NETs formation (30). Another study found that the pre-forming protein gasdermin D (GSDMD) plays a key role in neutrophil membrane lysis, nuclear membrane development, and NETs formation (31). However, still unclear about the involvement of PAD4 activation and the presence of mitochondrial DNA in the formation and structure of NETs. To conclude, the mechanism behind the generation and release of NETs requires further investigation (Figure 1).




Figure 1 | Mechanisms of NET formation. Three mechanisms of NET formation have been described: lytic NET formation, viable NET formation, and mitochondrial NET formation.





NETs function

Researchers have demonstrated that NETs have a wide range of efficacy against bacteria, viruses, fungi, and parasites. Several components in NETs, including histones, contain bactericidal and antimicrobial properties (32). NE, a granular protein, can also degrade certain bacterial virulence factors (33). According to prior studies, a fibrous NET structure enhances its bactericidal activity, by either concentrating the antimicrobial molecules into a small area or even serving as a physical barrier against microorganisms (34). Despite NETs’ ability to fight infections, it was soon realized that they were also detrimental to gastrointestinal, liver, and lung inflammations (35, 36). Activated neutrophils co-cultured with enterocyte-like Caco-2 cells revealed that NETs might damage epithelial cells by directly binding to their proteases (37). The researchers also proposed that NETs could facilitate the attachment of enteropathogenic E. coli to the mucosa by causeing damage to the intestinal mucosal barrier (38). Inflammation-associated lung damage and fibrosis are linked to NETs. A recent study revealed postmortem that the four patients who died of COVID-19, each had NETs in their lungs. Airway compartments and neutrophil-rich inflammatory areas of the interstitium contained NETs, while the arteriolar microthrombi contained NET-prone primed neutrophils (39). Murao A, et al. reported that the extracellular cold inducible RNA-binding protein (eCIRP)/TREM-1 interaction and Rho activation are expected to support the development of novel therapeutic molecules able to mitigate inflammation and sepsis by comtrolling NET formation (40).

NETs are considered to be double-edged swords in innate immunity. Because NETs play both an antibacterial and anti-infective role in the early stages of pathogenic microorganism invasion. However, excessive deposition and clearance disorder can lead to inflammation and immune damage to target organs (4, 16, 18, 41). Surgical stress, including liver resection and liver resection and liver transplantation that lead to NET formation. Yazdani et al. found that NET formation was decreased in IL-33 KO mice. IL-33 deficiency protected livers from I/R injury, whereas rIL-33 administration during I/R exacerbated hepatotoxicity and systemic inflammation. In vitro, IL-33 mainly released from liver sinusoidal endothelial cells, causes excessive sterile inflammation after hepatic I/R by inducing NET formation (42).

Thrombosis is the formation of a blood clot from the actions of platelets and coagulation factors in the events of vascular damage. A thrombus is formed when coagulation is activated, and fibrinolytic activity is decreased, thereby causing vasculitides to block and disrupt the blood supply to the tissues (43–45). Recent studies have reported the presence of neutrophils and NETs in the thrombus of humans and mice (46). In addition, NETs have been found to stimulate both internal and external coagulation pathways that promote thrombosisby providing a scaffold for the deposition of fibrinogen, platelets, von Willebrand factors, and erythrocytes (47). NETs also promote the deposition of thrombogenic substances. As platelets aggregate and become activated in NETs, the histones interact with fibrinogen, TLR2, and TLR4, to generate thrombin (48). In mouse models, DNase I can effectively prevent intravascular microthrombosis, which suggests a key role of NETs in thrombosis (49). However, another study argued that NETs promote thrombosis through their DNA and histone components instead of the deposition approach (50). That said, further studies are required to fully understand the promoter role of NETs in thrombosis.

Over the past few years, NETs have attracted increasing attention due to their essential role in innate immunology and thrombosis. However, there is also evidence that NETs play a pro-tumorigenic role in cancer (51). A growing number of studies are looking into the potential diagnostic and prognostic values of circulating NETs (52). The deposition of NETs promotes tumor cell proliferation, immunosuppression, and cancer-associated thrombosis. In addition, NETs can accelerate metastasis by contributing to epithelial-to-mesenchymal transition. NETs collect and multiply circulating tumor cells, resulting in tumor cell intravasation and micrometastases (53). At the same time, post-operative infections can increase NETs deposition, which exacerbates the recurrence and progression of post-surgical cancer (54). Considering their integral role in cancer, NETs could be potential therapeutic targets to inhibit tumor cell proliferation, metastasis, and thrombosis.

With deepening research in the field of NETs in liver transplantation, multiple studies discovered that DAMPs, including HMGB1 and histones or superoxide released during liver IRI, related in NETs formation. TLR-4 and/or TLR-9-myeloid differentiation primary response protein signaling pathways stimulated by HMGB1 and histones, respectively, are thought to exacerbate liver IRI (7, 55, 56). Our study founded that NETs promote kupffer cell M1 polarization and intracellular translocation of HMGB1 aggravating liver IRI even cause acute graft rejection following liver transplantation (57).



NETs detection

Whilst the importance of NETs has been highlighted in innate immunity, it is a challenge to detect NETs due to their heterogenous and acellular structure (58). Moreover, primary human neutrophils cannot be transfected for mechanistic interrelation studies, further complicating NET-related studies (59). Besides that, NETs must be distinguished from cell-free DNA (cfDNA), which originates independently of necrosis and apoptosis (60). Hence, it is crucial to discover NETosis markers and develop quantitative detection strategies that are sensitive and specific, particularly towards lytic NETs. Immunoconfocal microscopes are commonly used to detect NETs via immunocytochemistry and immunohistochemistry. Several groups have recommended co-localizing at least three key NET components (i.e., extracellular DNA, NE, and histones) for the accurate detection of NETs. This co-localization helps to differentiate NETs from dead or dying cells that release DNA (61). SYTOX Green dye stain is more specific than DAPI for the detection of NETs in a mixture with extracellular DNA (62, 63). Despite the simple concept, the methodology is not well-developed. There are several challenges to this, such as the need for researchers to manually evaluate the presence of neutrophil-derived proteins and DNA, difficulty in quantifying the formation of NETs, and controversial reported analytical techniques (64). H3cit, MPO and NE are considered as NETs-specific biomarker. Thus, those markers can be used for the ELISA-based detection of NETs (65).

To improve the detection of NETs in vitro, two types of flow cytometry methods (i.e., image-based and cell-appendant) have been developed using antibodies against major NET components (66). For example, Zhao et al. used multispectral imaging flow cytometry to identify the swelling of the nuclei in NET-neutrophils as a potential marker for NETosis (67). According to Gavillet et al., NETs simultaneously express both MPO and citrullinated histones on their surface, and these molecules can be detected by flow cytometry (68). In another study, Cichon et al. introduced a novel method to detect NET formation in vivo via intravital microscopy (69). Recently, it was reported that CDr15 dye stain was impermeable to cell membranes and emitted strong fluorescent signals when bound to the extracellular DNA of NETs. When compared to SYTOX Green, CDr15 showed lower background fluorescence and higher specificity towards NETs. This was supported by the successful detection of NETs stained with CDr15 in formaldehyde-fixed tumor specimens (70). These novel approaches highlight the promising future developments of NET detection technologies. With advancing technology in NETs detection, accumulating evidence demonstrated that NETs may be a potential biomarker of inflammation and autoimmune diseases to reflect the degree of tissue damage and inflammatory conditions (71). A study reported that the serum levels of NETs changed dynamically during severe fever with thrombocytopenia syndrome (SFTS) progression. High NETs levels were strongly associated with multiple pathological processes and predicted severe illness in patients with SFTS (72). Another study found that serum levels of NETs can provide a picture of systemic inflammatory state and thereby estimate risk for HCC recurrence after surgery. The research of NETs detection technology have important clinical implications for both treatment and biomarker discovery (73).



NETs and end-stage liver disease

NETs can also play a pivotal role in liver diseases such as acute liver failure, alcohol-associated liver disease, non-alcoholic steatohepatitis (NASH), liver cirrhosis, and hepatocellular carcinoma (HCC) (59, 74, 75). Globally, liver cirrhosis ranks among the top ten leading causes of death (76). A recent study by Zenlander et al. suggests that the level of plasma markers for NET formation correlates to the severity of liver dysfunction in patients with liver cirrhosis and HCC. A comparison between patients with liver cirrhosis and HCC showed that there was no significant increase in the plasma NET markers (77). Another study demonstrated that a higher rate of complications such as recurrent infections, may occur in liver cirrhosis patients with deficient NETs (78). NASH is becoming the most prevalent chronic liver disease in Western society due to its increasing prevalence (79). According to findings by Van der Windt et al., NETs may be involved in the protumorigenic inflammatory environment in NASH. The strategies used to eliminate NETs may also reduce the risk of HCC in NASH (78). Another study proved that NETs promote regulatory T cell activity through metabolic reprogramming in NASH. In other words, therapeutic targeting of NETs and regulatory T cells can prevent the development of HCC in NASH patients (80).

Acute liver failure (ALF) is a life-threatening condition, that is caused by a variety of factors, including viral infections and drug-induced liver damage (81). A clinical study involving 676 patients with ALF reported that patients with ALF had 7.1 folds higher levels of cfDNA and 2.5 folds higher levels of MPO-DNA complexes, as compared to healthy controls. The levels of cfDNA did not correlate with the 21-day transplant-free survival, but they were higher in more severe cases. This finding suggests that NET formation is a contributing factor to disease development (82). Another study of ALF in mice reported the pathogenic role of NETs in ALF. The management of ALF could be improved by regulating the levels of miR-223/NE and NETs (83).

There is also growing evidence that the presence of NETs in a cancer inflammatory microenvironment promotes HCC cell proliferation (53). Researchers found that neutrophils isolated from patients with HCC produced more NETs in vitro. The presence of elevated MPO-DNA was associated with increased mortality after liver surgery in HCC patients (84, 85). The oncogenic role of NETs in HCC has been preliminary confirmed. However, the specific mechanisms of NETs in portal vein tumor thrombus and HCC recurrence after surgical resection require further investigations (Figure 2).




Figure 2 | Neutrophil extracellular traps have been implicated in the pathophysiology of several different end-stage liver diseases.





NETs and IRI

End-stage liver disease patients benefit from liver transplantation. However, liver IRI is a major cause of liver failure and graft loss associated with liver transplantation (86, 87). In clinical studies, ischemia-reperfusion-related tissue injury accounts for approximately 10% of early graft failures and is a major contributor to both acute and chronic rejection (88). Ischemia livers produce lesser ATPs due to lower oxygen levels. As ATP is low, ROS cytokinesis, vasoactive agents, and adhesion molecules are produced, which can aggravate the damage (89). As a result of ROS generation, the concentration of intracellular calcium increases, and the pH changes, leading to apoptosis and necrosis (90). An important component of liver IRI is inflammation, and neutrophils play an important role in the events leading to liver injury after reperfusion. The excessive activation and recruitment of neutrophils during reperfusion contribute significantly to the pathogenesis of IRI. A neutrophil induces liver injury through a multistep process that involves neutrophil activation, vasculature transport, and migration across the endothelium (91–93).

As more studies on the functions of NETs emerge, it is implicated that NETs may contribute to the pathogenesis of hepatic IRI. Histones and high mobility group box 1 (HMGB1) proteins, commonly associated with tissue damage, are released from damaged hepatocytes, and this activates TLR4 and TLR9 to induce NETs formation. A recent study suggested that NADPH-mediated superoxide production initiates NETs formation after IRI. Pretreatment with allopurinol and N-acetylcysteine was found to decrease NETs formation and liver injury after ischemia injury in mice (94). Neutrophils and NETs were found in the liver from ischemia-reperfusion mice models, and both were negatively correlated with histidine-rich glycoprotein (HRG) expression. Supplemental HRG treatment inhibited neutrophil infiltration and NETs formation in livers to alleviate liver IRI (95). Zhang et al. also correlated the presence of NETs with hepatic IRI, and hydroxychloroquine could alleviate hepatic IRI by inhibiting NETs formation in hepatic ischemia-reperfusion mice models (55). One study suggested that acrolein can cause the release of NETs in the liver during IRI and slow the recovery rate of a post-operative liver. In patients with chronic hepatic disorders, targeting NOX2 and P38MAPK signaling could inhibit the formation of NETs, and improve the survival and function of the post-operative liver (56). In our study, we found that tetramethylpyrazine (TMP), a compound extracted from Ligusticum wallichii Franchat, has the potential to improve liver functions and alleviate hepatic IRI. Furthermore, TMP inhibited NADPH oxidase activity, thus inhibiting the formation of NETs in rats after liver transplantation. We provide the first evidence of a synergistic effect between TMP and diphenyleneiodonium to alleviate hepatic IRI (96). We further examined the effect of recombinant human thrombomodulin (rTM) on liver transplantation in a rat model, focusing on the TLR-4/MAPK axis. Our data illustrated that NETs independently contribute to hepatic IRI, and rTM treatment mitigated neutrophil infiltration and suppressed NETs formation after liver transplantation (97). Although these results suggest that antioxidant treatment can protect against liver IRI via the attenuation of NETs formation, the therapeutic benefits of NETs inhibition should also take into account the possible complications in immunocompromised individuals after transplantation (Figure 3).




Figure 3 | Neutrophil extracellular traps have been implicated in the pathophysiology of liver ischemia-reperfusion injury following liver transplantation. DAMPs, damage-associated molecular patterns; HCQ, Hydroxychloroquine; TMP; Tetramethylpyrazine, rTM; recombinant human thrombomodulin.





NETs and acute rejection

Many individuals with end-stage liver disease around the world benefit from liver transplantation (98). According to a recent publication, the 5-year survival rate of grafts and patients after a liver transplant was 72.8 and 76.1%, respectively. Acute rejection (AR) is a common complication after liver transplantation, that affects about 25 to 50% of patients (99). There is evidence that immunosuppressive agents can reduce the rates of acute rejection, but immunosuppressive treatments can also decrease the survival rate of patients (100, 101). Total bilirubin, alanine aminotransferase, and aspartate aminotransferase are commonly used clinically to monitor the liver function of liver grafts (102). Furthermore, the levels of immunosuppressive drugs in the blood can be monitored to predict the risk of AR (103). However, standard laboratory tests are inefficient for detecting AR, in terms of time and specificity (104, 105). Hence, the identification of therapeutic targets and early diagnostic strategies for AR should be the focus of future research (106). Recently, donor-derived cell-free DNA (dd-cfDNA) in AR is attracting increasing attention as a diagnostic biomarker (107). Allograft injury releases dd-cfDNA into the patient’s serum, which makes it a good biomarker to evaluate the condition of allografts and the possibility of rejection (108). A study was conducted by Schutz et al. that measured the levels of dd-cfDNA in 107 patients with liver transplantation. Patients with AR had the highest percentage (29.6%) compared with those healthy controls (3.3%) (109). A more recent study suggested that dd-cfDNA is even more sensitive than conventional transaminases to detect AR (110).

Extracellular DNA is the most important component of NETs, and neutrophils are generally activated in the AR. However, there are insufficient studies to assess the correlation between NETs formation and AR after liver transplantation. As such, we have conducted some studies in this area (8, 15). Serum samples obtained from 13 liver transplant individuals were analyzed, and we found that the levels of NETs were elevated. During recovery, the levels of NETs decreased gradually and then stabilized. The levels of NETs increased following AR diagnosis, and decreased following treatment with oral rapamycin, in three patients. Next, the serum NETs were measured in liver transplant patients with AR. The levels of NETs in patients undergoing liver transplantation were positively correlated with liver enzymes and the incidence of AR. Our findings revealed that AR is influenced independently by NETs and that NETs subsequently induced kupffer cell M1 polarization and intracellular translocation of HMGB1. On the other hand, HMGB1 activates the TLR-4/MAPK signaling pathway, which causes NETs formation. This positive feedback loop between neutrophils and kupffer cells further amplifies the inflammatory signals and graft injury. Additionally, NET inhibitors combined with immunosuppressive agents may offer a novel treatment option for AR (57). NETs are a potential novel target for AR diagnosis and treatment (Figure 4).




Figure 4 | Neutrophil extracellular traps have been implicated in the pathophysiology of acute rejection following liver transplantation.





NETs and arterial thrombosis

Hepatic artery thrombosis is the most common vascular complication, that may lead to non-functional liver graft and acute liver failure, following liver transplantation (111, 112). A significant proportion of this is seen in patients with recurrent biliary tract infection or asymptomatic biliary leakage with liver dysfunction (113). Thrombosis after liver transplantation has a high incidence rate and poor prognosis in children undergoing liver transplantation because it is difficult to diagnose in the early stages (114). It is well-recognized that neutrophils and platelets act as first responders to injuries and infections (115). As part of their host defense mechanisms, neutrophils promote blood coagulation by increasing fibrin deposition and limiting the spread of infections (32). NET-fibrin interactions prevent bacterial invasion into the surrounding tissues of the liver microvasculature, while their disruption promotes bacterial dissemination throughout the body (116). A dysregulation or excessive stimulation of the vasculature may lead to pathological thrombosis. Therefore, neutrophils play a pivotal role in regulating thrombosis through several mechanisms (117).

NETs have been recently identified as new DNA-based components involved in the formation of blood clots and thrombosis (118). Platelets, red blood cells, and platelet adhesion molecules adhere to NETs via a scaffold, which promotes thrombosis (119). Additionally, many of the scaffold components can also stimulate platelet activation and blood coagulation (6). In addition, NETs can stimulate both intrinsic and extrinsic coagulation, primarily through the serine proteases in neutrophils. Endothelial cells are highly cytotoxic to the histones, H3 and H4, and that platelets can aggregate because of these histones (5). In comparison to venous thrombosis, arterial thrombosis is more common in acute events, as a result of thrombus shedding in acute myocardial infarction (AMI), ischemic stroke, and acute arterial embolism (120). According to Riegger et al., NETs were present in the thrombus of stroke patients and atherosclerotic plaques of patients with atrial fibrillation (121). Another study found that NETs were more prevalent in newly formed coronary thrombi than in older ones and that both myocardial infarction and ST-segment elevation were positively associated with the level of NETs in the coronary thrombi (122). The surgical stress response from liver resection and transplantation can aggravate the deposition of NETs in the liver, and platelets activated with NETs can produce a systemic procoagulant state, leading to immunothrombosis and remote organ injury (123). A mouse model with liver IRI was found to significantly increase both circulating platelet activation and platelet-neutrophil aggregation. NETs and platelet-rich microthrombi were found in the microvasculature of injured organs after liver surgery, and the inhibition of NETs with DNase reduced immune thrombosis and organ damage (124). Although the key role of NETs in immune thrombosis and its related mechanisms have been reported by a large number of studies, the findings on the regulation of coagulation and immune thrombosis after liver transplantation are still lacking. Hence, it is necessary to explore the role and specific mechanisms of NETs in immune thrombosis after liver transplantation, for better management of the condition.



NETs and hepatocellular carcinoma recurrence

Hepatocellular carcinoma (HCC) and end-stage liver diseases have widely benefited from liver transplantation (125, 126). However, HCC recurrence is one of the main causes of mortality in HCC patients who undergo liver transplantation (127, 128). It has been established that certain tumor characteristics can lead to the recurrence of HCC, including the concentration of alpha fetoproteins, tumor diameter, macrovascular invasion, and extended orthotopic liver transplantation criteria (129). A recent study found that both pre-operative serum hepatitis B viral DNA and pre-operative prognostic nutritional index can potentially be used to predict HCC recurrence after liver transplantation (130, 131). However, these studies all had small sample sizes or were conducted retrospectively and lack of molecular-biological investigations. Despite these advances, the mechanism behind the high HCC recurrence rates remains a mystery, and that these biomarkers have clear limitations.

Recently, NETs have been detected in various cancer samples (i.e., breast, liver, and gastric cancers) and metastatic tumors. In tumor development, NETs play an important role in cancer immunoediting and immune-cell interactions (132–134). Research suggests that NETs activate dormant cancer cells, which causes tumor recurrence (135). Furthermore, HMGB1 is also involved in NETs formation in TME by interacting with TLR4, and this releases excessive inflammatory cytokines (136). NETs also promote cancer invasion and migration, which exacerbates tumor aggressiveness (137). It is well known that the degradation of matrix proteins inhibits the immune system of the host, which is one of the mechanisms of tumor evasion (53). NETs-associated proteinases activate matrix metalloproteinases to induce tumor-associated macrophages, which stimulate the release of pro-inflammatory factors (i.e., IL-8, IL-1β, and TNF-α), eventually leading to immune escape and tumor metastasis (138).

Tumor metastasis is the main cause of cancer mortality, and neutrophils are involved in this process (139). Multiple studies reported that NETs trap circulating cancer cells and release proteases, which results in tumor metastasis and proliferation (35, 140). Najmeh et al. demonstrated that β1-integrin can induce NET-related entrapment of circulating lung carcinoma cells, resulting in cancer development and metastasis (141). These results were supported by Cools-Lartigue et al., where circulating lung carcinoma cells were found to be encapsulated in NET DNA conglomerates in a murine model. It was also shown that circulating “NETs-cancer cells packages” seeded in the liver, produced micrometastases within 48 hours and secondary hepatocellular carcinoma after two weeks (51). A retrospective analysis found that high level of NETs predicted shorter recurrence-free survival and overall survival. Serum levels of NETs as a biomarker pre-surgery can help identify patients with a higher risk for HCC recurrence (73). Another study showed that HCC is capable to stimulate NETs enriched in oxidized mitochondrial-DNA, which are highly pro-inflammatory and pro-metastatic (142). Cheng Y et al. demonstrated that combination of NK cell adoptive therapy and hydrogel-based delivery system can destruct NETs and prevent post-resection and post liver transplantation HCC recurrence (143). NETs play an integral role in cancer invasion, transport, and transendothelial migration according to a multilevel model, especially in HCC recurrence should be further studied.



Potential therapeutic targets for NETs

In various diseases, NETs play the role of pathogenic drivers, thus making them attractive therapeutic targets. Studies have found that the levels of NETs correlated with the survival of cancer patients (142, 144). However, the risks of using NETs as therapeutic targets should also be evaluated. Targeting NETs would increase infection susceptibility, considering the protective role of NETs against severe infectious diseases (58). A study reported that mice with deletions of PAD4 were more vulnerable to bacterial infections (145). According to another study, PAD4 knockout may protect mice from polymicrobial sepsis-induced septic shock (146). Therefore, the potential risk of targeting NET formation may be determined by the type of disease and immune status of the organism. Another major risk of NETs degradation is the release of NETs-derived DNA and histones, which may trigger inflammation. Currently, therapies targeting NETs can be segmented into two categories: degradation/destabilization of NETs, and the inhibition of NETs formation.

The degradation of NETs has already been extensively studied. Research found that DNase I was capable of partially lysing NETs, and that tPA and DNase I could synergistically initiate thrombolysis (122). The use of DNase I as a treatment in mice suffering from thrombosis was also effective at preventing recurrent stroke, myocardial infarction, and deep vein thrombosis (49). However, further research is required to determine whether DNase I degradation of NETs would increase inflammation and risk for thrombosis. It has also been suggested that treatment with low molecular weight heparins (LMWH) can reduce NETs formation (5). Some researchers reported that histones could be dissociated from the chromatin backbone of NETs via heparin therapy and that LMWH can inhibit PMA-induced NETs formation (147). According to a study, the therapeutic use of heparin to treat NET-associated pathologies reported the opposite effect. Lelliott, et al. showed that heparin induced NETs formation in vitro, in the absence of PAD4 (148). Two independent studies reported that heparin-induced thrombocytopenia-related thrombosis was caused by NETs (149, 150). These contradictory results, as well as the potential side effects and risks, suggest the need for further investigations.

Another strategy to target already formed NETs is to interfere with their formation. Cloamidine, a pan PAD inhibitor, was found to inhibit the expression of PAD4, which subsequently prevents NETosis (151). Another potential advantage is that PAD4 deficiency in mice does not affect bacteremia during polymicrobial sepsis. The efficacy of GSK484 (developed by Glaxo Smith Kline) and BMS-P5 (developed by Bristol-Myers Squibb) in inhibiting NET development and suppressing associated diseases have now been confirmed by several in vitro and in vivo studies (152, 153). As a potential therapeutic target, NE inhibitors have proven effective in inhibiting NETs formation (51). For example, it was demonstrated that Sivelestat (an inhibitor of NE) inhibited NETs growth in mice with lung carcinoma (154). Antibodies are also known to prevent the formation and release of NETs in several inflammatory conditions, owing to their action toward citrullinated proteins (Figure 5) (155).




Figure 5 | Potential therapeutic targets for NETs. (A) Inhibition of NET formation. (B) Degradation and destabilization of already formed NETs.





Conclusion and future perspectives

There is increasing evidence showing that NETs contribute to ischemia-reperfusion injury, acute rejection, thrombosis, and the recurrence of hepatocellular carcinoma. There is also potential for NET-related molecules as biomarkers and as targets for therapeutic intervention in complications of live transplantation. With further study, NETs is promising to provide a vast number of innovative applications in liver transplantation. There is an urgent need for the development of new methodologies to accurately detect NETs formation, considering the limitations of current methods. In addition, NETs detection should be standardized to ensure consistent results from comparative studies by different research groups. Thus far, strong evidence has shown that NETs might induce inflammation and tumor immune escape in ischemia-reperfusion injury and recurring hepatocellular carcinoma. Further research is required to understand the pathogenicity of NETs in liver transplantation. Neutrophils and NETs play a pivotal role in immune defense, and their potential as therapeutic targets warrants further study. A long-term safety assessment is also needed to assess the benefits and risks of NET-inhibition treatment. As an emerging field within liver transplantation, the relationship between NETs and the postoperative complication of liver transplantation also requires further investigation.
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Periodontitis is one of the most common oral diseases in humans, affecting over 40% of adult Americans. Pain-sensing nerves, or nociceptors, sense local environmental changes and often contain neuropeptides. Recent studies have suggested that nociceptors magnify host response and regulate bone loss in the periodontium. A subset of nociceptors projected to periodontium contains neuropeptides, such as calcitonin gene-related peptide (CGRP) or substance P (SP). However, the specific roles of neuropeptides from nociceptive neural terminals in periodontitis remain to be determined. In this study, we investigated the roles of neuropeptides on host responses and bone loss in ligature-induced periodontitis. Deletion of tachykinin precursor 1 (Tac1), a gene that encodes SP, or treatment of gingiva with SP antagonist significantly reduced bone loss in ligature-induced periodontitis, whereas deletion of calcitonin related polypeptide alpha (Calca), a gene that encodes CGRP, showed a marginal role on bone loss. Ligature-induced recruitment of leukocytes, including neutrophils, and increase in cytokines leading to bone loss in periodontium was significantly less in Tac1 knockout mice. Furthermore, intra-gingival injection of SP, but not neurokinin A, induced a vigorous inflammatory response and osteoclast activation in alveolar bone and facilitated bone loss in ligature-induced periodontitis. Altogether, our data suggest that SP plays significant roles in regulating host responses and bone resorption in ligature-induced periodontitis.




Keywords: Tac1, substance P, periodontitis, mouse model, osteoclasts, cytokines, neutrophils




1 Introduction

Periodontitis is a common oral disease affecting over 40% of the adult population in the United States (1). It is primarily due to the result of microbial dysbiosis and the dysregulation of host inflammatory responses (2, 3). Persistent and uncontrolled inflammation in periodontitis leads to a progressive loss of periodontal tissues, including the alveolar bones that support the teeth. Alveolar bone is maintained by constant mechanical stimulation from the tooth and undergoes vigorous remodeling throughout life. Alveolar bone disruption that occurs in periodontitis is irreversible and is the primary cause of tooth loss.

The host inflammatory response to periodontal infection is regulated by a number of factors, including sensory neurons that innervate the periodontal tissues (4, 5). These sensory neurons transduce various noxious mechanical, thermal, and chemical stimuli. Among these, nociceptive afferents expressing transient receptor potential cation channel subfamily V member 1 (TRPV1), are largely peptidergic afferents that secrete a variety of neuropeptides to regulate the inflammatory process (6). Substance P (SP) and calcitonin gene-related peptide (CGRP) are the most abundant neuropeptides. Recent studies have suggested that nociceptors play a regulatory role in periodontitis (4, 5, 7). We have demonstrated that the activity of nociceptors exaggerates inflammatory tissue responses and facilitates bone loss in a mouse periodontitis model (4). Infection with pathogenic microbes leads to the activation of TRPV1 and transient receptor potential cation channel subfamily A member 1 (TRPA1), which are enriched in the peptidergic nerve terminals, and mediate the Ca2+-dependent release of neuropeptides causing neurogenic inflammation (8–10). SP and CGRP are implicated in multiple biological processes including inflammation (11, 12); however, the specific role of these neuropeptides from these nociceptive terminals in periodontitis remains to be determined.

SP was identified as an early marker for gingival inflammation in experimental periodontitis in humans (13). SP has been detected at significantly higher levels in the gingival crevicular fluid of patients with periodontitis than normal, and its level decreases after effective treatment (14–17). In contrast, CGRP is present in human gingival crevicular fluid at lower levels at sites of periodontitis than at healthy sites (18–20). Given that CGRP and SP are known to affect bone remodeling, they may serve as neurogenic factors that contribute to the regulation of host responses and alveolar bone loss in the periodontium. Therefore, in this study, we used genetically engineered mouse models to investigate the roles of neuropeptides in ligature-induced periodontitis.




2 Materials and methods



2.1 Experimental mouse models

All animal procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals (Publication 85–23, Revised 1996) and were performed according to the University of Maryland-approved Institutional Animal Care and Use Committee protocols and the ARRIVE guidelines. C57BL/6 mice, Tac1−/− (Jax, 004103), and CalcaCre/Cre mice (Jax, 033168) were obtained from the Jackson Laboratory. CalcaCre is a knock-in/knock-out line in which Cre is targeted to the first coding exon of the mouse Calca gene, and therefore homozygote knock-in mice do not express Calca. Both Tac1−/− and CalcaCre/Cre mice procreate normally. Eight-week-old male and female mice were used in each experimental group. In all assays, the animals were randomly allocated to the experimental groups. Animals were group-housed under standard conditions with ad libitum access to water and food. The experimenters were blinded for the treatment groups during the analysis of the data in each assay.




2.2 Ligature-induced periodontitis

Mice were anesthetized using ketamine/xylazine (100-150 mg/kg of ketamine and 10-20 mg/kg of xylazine). A 5-0 silk ligature was placed around the second maxillary molar (M2), which remained in place in all mice throughout the experimental period. The suture was tied gently to prevent damage to the periodontal tissue. The ligatures remained in place in all mice throughout the indicated experimental period.




2.3 Micro-focus computed tomography

The animals were anesthetized with ketamine/xylazine and euthanized via transcardial perfusion using 4% PFA (4). Maxillae were hemisected and micro-focus computed tomography (µCT) images were obtained using a Siemens Inveon Micro-PET/SPECT/CT (Siemens, Ann Arbor, MI) at a 9 µm spatial resolution. Siemens Inveon Research Workplace 4.2 software was used for image acquisition and processing, 2-D and 3-D image viewing, and quantitative analysis. Unless otherwise indicated, bone loss was evaluated from the buccal side. To assess the levels of periodontal bone loss, four linear measurements were taken following 3-D reconstruction of the µCT scans. Bone loss was evaluated on the distal side of the distobuccal root of the first molar (M1), the mesial side of the mesiobuccal root of the second molar (M2), the distal side of the distobuccal root of M2, and the distal side of the distobuccal root of the third molar (M3). Unless otherwise indicated, distances from the cement-enamel junction (CEJ) to the most apical site of bone destruction were measured. Four measurements were averaged to obtain the distance from the CEJ.




2.4 Tissue processing and immunohistochemistry

Immunohistochemical assays of the trigeminal ganglion (TG) and maxillae were performed as previously described (4, 21–23). Maxillae were decalcified in 0.5M Ethylenediaminetetraacetic acid (EDTA) in PBS (pH 7.4) over the course of 14 days. Tissue processing was performed at the Histology Core at the University of Maryland School of Medicine for paraffin embedding and the tissues were sectioned at 5 µm. Some tissues were cryoprotected and cryosectioned at a thickness of 12 µm for TG and 30 µm for the decalcified maxillae. Immunohistochemical assays were performed using rat anti-substance P (Sigma-Aldrich, #MAB356), rabbit anti-TRPV1 (kindly provided by Dr. Michael Caterina at Johns Hopkins University), anti-CGRP (Millipore, #C7113, rabbit or Penninsula lab, guinea pig). pan-cytokeratin (BLD, #914204; mouse), and rabbit anti-CD45 (abcam, #ab10558; rabbit). The specificity of the anti-TRPV1 and anti-CGRP was previously verified (24, 25). SP primary antibody was validated by using Tac1-/- mice. The sections were further incubated with appropriate secondary antibodies for two hours at room temperature. Tooth sections were stained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize the cellular nuclei.




2.5 Tartrate-resistant acid phosphatase (TRAP) staining

Maxillae were fixed overnight with 4% paraformaldehyde at 4°C and decalcified in 0.5M ethylenediaminetetraacetic acid (EDTA) for two weeks at room temperature. The decalcified tissues were dehydrated, embedded in paraffin, and sectioned into 5 µm slices. TRAP and alkaline phosphatase (ALP) staining was conducted using a commercial kit (#29467001; Fujifilm Wako Pure Chemical Corporation, Richmond, VA, USA), following the manufacturer’s protocol, with some modifications. Briefly, deparaffinized and rehydrated sections were incubated in acetate-tartaric acid buffer containing naphthol ASMX phosphate and Fast Red TR (TRAP substrate). The staining process was monitored until the color reaction became distinct. After washing, tissues were counterstained with the nuclear staining solution. In an experiment, ALP staining was performed together with TRAP staining, but it was not quantified. Digital images were scanned using an Aperio scanning system (Leica, Wetzlar, Germany). To quantify the numbers of osteoclasts in the interradicular alveolar bone surface, we selected images showing the tooth roots of both the first and second molars and the second and third molars. Dense, purple-colored, TRAP-stained multinucleated osteoclasts on the surface of bone between the roots from two teeth were counted. The number of osteoclasts from each region was normalized to the perimeter of the bone surface assessed, to calculate the number of osteoclasts per millimeter (TRAP+ cells/mm) of each sample.




2.6 Retrograde labeling of periodontal afferents

In C57BL/6 mice anesthetized with ketamine/xylazine, fluoro-gold (FG) (Fluorochrome LLC, Denver, CO, USA) was injected into the gingiva around the maxillary first molar to retrogradely label the periodontal afferents in the TG as described previously (23). FG was dissolved in 0.9% saline at a concentration of 4%. A 50 μl Hamilton syringe was used to slowly inject 5 μl of tracer into five sites (1 μl per site) on the gingiva around the distobuccal groove, buccal groove, mesial groove, palatal groove, and the distopalatal groove of the first maxillary molar. On seven days after injection, the ligature was placed around the maxillary first molar. The unligatured side was used as control. After two weeks, the mice were euthanized by transcardial perfusion for further histological study. After performing IHC, the FG signal was identified under a gold filter (11006v2, Chroma, Bellows Falls, VT, USA). We used Image J to calculate the surface area of the cells. We followed the criteria for neuronal size classification (small, < 300 μm2; medium, 300 to 600 μm2; large, > 600 μm2) (22, 26).




2.7 Flow cytometry

Mice were anesthetized using ketamine/xylazine and transcardial perfusion was performed using >20 ml PBS to flush out the immune cells from the vasculature. To dissect out the gingival blocks, vertical incisions were made immediately anterior to the maxillary M1 and posterior to the M3, and horizontal incisions were made at the border of the gingiva on both the buccal and palatal sides. Gingival tissues from the unligatured side were used as controls. The gingival tissues were processed as previously described (4, 27). The gingival tissues were digested in a mixture of 3.2 mg/ml type IV collagenase (Invitrogen, 17104019) and 0.15 μg/ml DNase (Sigma, DN25) in media for 25 min at 37°C with gentle shaking. Then EDTA was added to a final concentration of 2 mM, and the solution was incubated for 5 min. The enzymes were prepared in a complete media containing RPMI with 2 mM L-glutamine, 100 units/ml penicillin, 100 µg/ml streptomycin, and 10% fetal bovine serum. The enzyme-digested gingival tissues and media were mashed through a cell strainer with a pore size of 70 μm, and additional cold DNase media was added. The cell suspension was centrifuged at 4°C, at 314×g for 6 min, and the pellet was resuspended in 100 µl cold PBS containing 0.5% FBS. Gingival tissues and single cell suspensions obtained from two separate mice in the same experimental group were pooled for one flow cytometry experiment. Single cell suspensions obtained from two separate mice in the same experimental group were pooled for one flow cytometry experiment. CD45-PE, CD11b-BV421, and Ly6G-PE-Cy7 antibodies were used to identify neutrophils. Flow cytometry analysis was performed within 2 hours on Cytek Aurora flow cytometer (3 lasers: 405nm, 488nm, 640nm; Cytek Biosciences, San Jose, CA, USA). The spectral data were unmixed based on single color compensation beads controls and analyzed using FCS Express 7 software (De Novo Software, Pasadena, CA, USA). Neutrophils were defined by 7-AAD-/CD45+/Ly6G+/CD11b+. Percentages of each cell population in live, single cells were calculated for comparisons between groups.




2.8 Gingival injection of the drugs

Gingival injections of drugs were performed using an insulin syringe with a 31G needle under isoflurane anesthesia. SP (Sigma-Aldrich, # S6883; 1 µg/site), QWF (Tocris, #6645; 2 µg/site), neurokinin A (NKA; MilliporeSigma, # 86933746; 1 µg/site) or vehicles (PBS or dimethyl sulfoxide) were injected into the proximal and distal areas of the gingiva around M2.




2.9 Luminex multiplex assay

The mice were euthanized following anesthesia with ketamine/xylazine, and maxillae, including the gingiva, alveolar bone, and three molars, were dissected out. Whole tissues were ground in a buffer (210 µl; 50 mM Tris, 2 mM EDTA pH 7.5) containing a protease/phosphatase inhibitor cocktail (5872S; Cell Signaling Technology, Danvers, MA, USA) using a tissue grinder (Pyrex PTFE Pestle Tissue Grinder with Steel Shaft). After spinning down for 5 min at 1000 g at 4°C, the supernatant was collected and frozen on dry ice. Luminex multiplex cytokine assays were performed using Mouse Luminex Discovery Assay Kits (R&D Systems, Minneapolis, MN, USA) and a Luminex 100 Multi-analyte System (Luminex, Chicago, IL, USA).




2.10 Quantification and statistical analysis

All data are presented as mean ± SEM. The data were analyzed using Student’s t-tests, a one-way ANOVA, and a two-way ANOVA followed by post hoc assays, as indicated in the figure legends, using GraphPad Prism 7 (GraphPad Software, San Diego, California USA). Comparisons of distributions of neuronal sizes between two groups were performed using Mann-Whitney test. A value of P< 0.05 was considered statistically significant.





3 Results



3.1 Tac1 knockout mice show reduced bone loss in periodontitis

A subset of TG neurons retrogradely labeled from gingiva expressed SP, CGRP, and TRPV1 (Figures 1A, B). The FG-labeled gingival TG neurons were largely small- (52.4%) or medium- (42.2%) sized neurons with only a few large-sized neurons (5.4%) (Figure 1C). We previously showed that 23% of TG neurons retrogradely labeled from gingiva expressed CGRP, which is highly co-expressed with TRPV1 (23). Approximately 15% of the FG-labeled neurons express SP or TRPV1, and approximately 10% of the labeled neurons co-express SP and TRPV1. The majority of SP+, CGRP+, or TRPV1+ neurons were small-sized neurons (Figure 1D). FG+/SP+ neurons were significantly larger than FG-negative SP+ neurons (red). FG+/TRPV1+ neurons were also significantly larger than FG-negative TRPV1+ neurons (blue). In contrast, FG+/CGRP+ neurons were not significantly different from FG-negative CGRP+ neurons (green). However, the size distribution of FG+/SP+ and FG+/CGRP+ neurons were not significantly different. SP+ nociceptive afferents abundantly project to the gingiva and periodontal ligaments (Figures 1E, F). In contrast, SP was undetectable in Tac1 KO mice, confirming SP deficiency in this line. CGRP+ nociceptive terminals were also detected from periodontia (Figure 1G). These data suggest that SP+ or CGRP+ afferents represent a subpopulation of sensory neurons innervating periodontal tissues.




Figure 1 | Substance P and CGRP is expressed in small to medium-sized gingival afferents. (A) Representative images of immunohistochemical labeling of TRPV1 (red) and substance P (SubP; green) in trigeminal ganglia (TG). Periodontal afferents were labeled by Fluoro-gold (FG), a retrograde tracer, injected into the gingiva around the maxillary second molar. White arrowheads indicate examples of FG+/TRPV1+/SP+ neurons in TG sections. The yellow arrowhead indicates an example of FG+/TRPV1+/SP-negative neuron. The arrow indicates FG-negative TRPV1+/SP+ neuron. Scale bar, 50 µm. (B) Representative images of immunohistochemical labeling of TRPV1 (red) and CGRP (green) in TG retrogradely labeled by FG from gingiva. The white arrowhead indicates an example of FG+/TRPV1+/CGRP+ neuron. Scale bar, 50 µm. (C) Size distribution of FG-labeled gingival afferents (1,234 neurons from five TG). (D) Violin plots comparing the size distribution of FG+ or FG-negative SP+ (red), CGRP+ (green), or TRPV1+ (blue) neurons. N=159, 231, 75, 219, 147, and 257 neurons. ****p<0.0001 in Mann-Whitney test. NS, not significant. (E–G) Immunohistochemical labeling of SP (green; E, F), CGRP (red; G) and DAPI (blue) in decalcified periodontia of Tac1 KO or WT mice (E, F) or C57bl/6 (G) mice. B, bone; G, gingiva; P, periodontal ligament; T, tooth. Scale bar, 50 µm. NS, not significant.



To determine functional roles of SP and CGRP, encoded by Tac1 and Calca gene respectively, we used Tac1 and Calca knockout mice for ligature-induced periodontitis experiments. Tac1 knockout (KO) mice (Tac1-/-) were viable and exhibited a hypoalgesia phenotype (28). We first examined ligature-induced bone loss in the Tac1 KO mice via µCT. Two weeks after placing the ligature, wild type (WT) mice showed remarkable alveolar bone loss in both the buccal and palatal sides as indicated by a decrease in alveolar bone height, as well as buccal bone plate disruption (Figures 2A–C). In contrast, Tac1 KO mice exhibited an obviously reduced loss of the alveolar bones compared to WT controls. Specifically, alveolar bone height reduction and buccal bone disruption were less severe, and the buccal bone plate showed fenestration rather than complete resorption on the crest (Figures 2B, C). Consequently, the distance from CEJ to buccal alveolar bone crest (B-Crest) was significantly less in Tac1 KO than WT, although the distance from CEJ to the most apical site of bone destruction (B-max) was not significantly different. Bone loss in palatal side was also significantly less in Tac1 KO than WT. In histological sections, bone loss was more prominent in WT than in Tac1 KO after ligature, whereas alveolar bone without ligature was comparable (Figure 2D). Different extent of bone loss between genotypes are unlikely due to the different extent of mucosal damage since cytokeratin-expressing gingival epithelia were comparable (Figure 2E).




Figure 2 | Knockout of Tac1 reduces ligature-induced bone loss. (A) Time course of the experiments. Mx, Maxilla; Lt, left side ligature. (B) µCT examination of the effect of Tac1 KO on bone loss two weeks after ligature placement. Arrowhead, fenestration of buccal alveolar bone on the distobuccal root of M2. Scale bar, 1 mm. (C) Quantification of bone loss. *p < 0.05, **p<0.01 in Student’s t-tests. N=9 in WT and 8 in KO. (D) H&E staining of decalcified periodontia of WT and Tac1 KO with (bottom) or without ligature (top). Scale bar, 200 µm. (E) Immunohistochemical labeling of pan-cytokeratin (red) in WT and Tac1 KO 5 days after ligature. Blue, DAPI. Scale bar, 200 µm. Lig, ligature. (F) Violin plots comparing the frequency distribution of FG+ neuronal areas in TG from C57bl/6 mice in control and ligature side (N=1,234 neurons from five TG in control; N=779 from four TG in ligature group). Solid line within the plot, median; dotted lines, quartiles. *p<0.05 in Mann-Whitney test. (G) Proportions of SP+, TRPV1+, or SP+/TRPV1+ neurons among FG+ TG neurons in the control (Con) and the ligature (Lig) group. Each point indicates a proportion in a ganglion. N=5 in the control and 4 in the ligature group. 151 to 428 FG-labeled neurons per ganglia were quantified. (H) Violin plots comparing the size distribution of FG+/SP+ (black), FG+/TRPV1+ (red), or FG+/SP+/TRPV1+ (blue) neurons in the control (Con) or the ligature (Lig) group (N=159, 106, 147, 118, 111, and 85 neurons). Solid line within the plot, median; dotted lines, quartiles. * p<0.05; **p<0.01 in Mann-Whitney test.



We assessed if ligature-induced periodontitis produces changes in SP or TRPV1 expression in TG. The retrogradely labeled FG+ TG neurons from mice with ligature showed a slight but significant increase in neuronal sizes compared to controls (Figure 2F). The proportions of FG+/SP+ neurons, FG+/TRPV1+ neurons, or FG+/SP+/TRPV1+ neurons were not significantly different between the control and the ligature group (Figure 2G), suggesting that altered expressions of SP or TRPV1 in gingival afferents are not major contributors to the nociceptor regulation of periodontitis. Interestingly, the size distributions of FG+/SP+, FG+/TRPV1+, or FG+/SP+/TRPV1+ neurons were significantly larger in the ligature group than in controls, although the extent of such changes was modest (Figure 2H).




3.2 Calca deletion shows a marginal role in bone loss in periodontitis

Since CGRP is another type of neuropeptide abundantly expressed in nociceptors, we therefore also examined the involvement of CGRP in ligature-induced bone loss by using Calca KO mice that are deficient of CGRP (Figure 3). We found that ligature-induced bone loss in Calca KO mice was comparable to WT, suggesting that net effects of global knockout of CGRP may not significantly impact bone resorption in periodontitis.




Figure 3 | Knockout of Calca does not affect ligature-induced bone loss. (A) Time course of the experiments. (B) µCT analysis of bone loss one week after ligature placement in CalcaCre/Cre, in which Cre is knocked into the locus of Calca without expression of Calca. Scale bar, 1 mm. (C) Quantification of bone loss. N=5 per group. ns, not significant.






3.3 Tac1-encoded neuropeptides modulate osteoclast activation and host immune responses in periodontitis

In agreement with reduced bone loss, TRAP staining revealed that osteoclast numbers outlining the bone surfaces were also decreased in Tac1 KO mice in comparison to controls. These histological studies were conducted five days after ligature placement, when osteoclasts and bone resorption were more actively ongoing than at the two-week time point (Figures 4A–D). Osteoclasts activities were comparable between genotypes without ligature (Figure 4E). In ligature groups, ALP activities were observed along the bone surfaces in both Tac1 KO and WT mice in comparable extents, suggesting that Tac1 KO did not substantially affect the bone formation process (Figure 4F).




Figure 4 | Knockout of Tac1 reduces ligature-induced activation of osteoclasts. (A) Time course of the experiments. (B) TRAP staining five days after ligature placement in Tac1 KO and WT mice. Lig, ligature; M2, second molar; M3, third molar. Scale bar, 500µm. (C) Magnified view of the insets in (A) Scale bar, 100µm. (D) Quantification of TRAP+ cells. **p < 0.01 in Student’s t-tests. N=6 per group. (E) TRAP staining of periodontia without ligature in WT and Tac1 KO mice. Scale bar, 200µm. (F) Alkaline phosphatase staining in Tac1 KO and WT mice. Scale bar, 100µm. AB, alveolar bone; Lig, ligature; P, periodontal ligament.



Given that the regulation of host responses by neuropeptides underlies the neural regulation of barrier tissue functions, we further investigated the role of Tac1 in the recruitment of immune cells to sites of periodontitis. We performed flow cytometry assays using cells collected from gingiva with and without ligature in WT and Tac1 KO mice. The proportion of total CD45+ leukocytes (Figure 5A) and neutrophils (Figure 5B) were significantly greater in periodontia from the ligature side than from the control side in WT mice. In comparison, the proportion of ligature-induced total CD45+ leukocytes and neutrophils were significantly reduced in Tac1 KO mice compared to WT (Figures 5C, D). Consistently, immunohistochemical labeling of CD45 in periodontia with ligatures also demonstrated limited recruitment of CD45+ cells in Tac1 KO mice relative to controls (Figure 5). Furthermore, cytokines associated with inflammatory responses, such as tumor necrosis factor, interleukin 1β, and receptor activator of nuclear factor kappa- Β ligand (RANKL), were significantly lower in the periodontia of Tac1 KO mice than WT (Figure 6). Altogether, these results indicate that Tac1 KO mice exhibit reduced host response in ligature-induced periodontitis and suggest that SP is a major neurogenic regulator of host immune responses and alveolar bone loss in periodontitis.




Figure 5 | SP knockout reduces ligature-induced host responses at the site of periodontitis. (A, B) Flow cytometry was performed to identify the proportion of immune cells in single-cell suspensions from gingiva in control (Con; a-b) or ligature side (Ligature; c-d) in WT or Tac1 KO mice two weeks after ligature placement. The percentage in each plot represents the fraction of the given cells out of live, single cells in each sample. Examples of total CD45+ leukocytes (A) and neutrophils (B) in WT/control, KO/control, WT/ligature, and KO/ligature groups are shown. (C, D) Proportions of CD45+ or neutrophils in live, single cells in each sample are plotted. ****p <0.0001 in Sidak post hoc tests following one-way ANOVA. N=6 per group. (E) Immunohistochemical labeling of CD45 in a periodontium under ligature (Lig; yellow dotted line) in WT or Tac1 KO mice two weeks after placing the ligature. Scale bar, 50 µm. B, alveolar bone; Lig, ligature.






Figure 6 | SP knockout decreases proinflammatory cytokines in periodontium. (A) Time course of the experiment. Luminex assay for measuring tumor necrosis factor (TNF; B), interleukin 1β (IL1βγ C) and receptor activator of nuclear factor kappa- Β ligand (RANKL; D) in periodontia from WT or Tac1 KO mice. The mice were euthanized two weeks after placing the ligature. *p<0.05; ***p<0.0005; ****p<0.0001. N=8 per group.






3.4 Exogenous SP, but not NKA, induces inflammatory responses and promotes ligature-induced bone loss

Since Tac1 encodes both SP and NKA and both are detected in human gingiva crevicular fluid (17, 29), we determined if local injection of exogenous SP or NKA into gingiva is sufficient to induce osteoclastic activities and gingival inflammation. Results showed that injections of SP alone without periodontal ligature increased the number of osteoclasts along the bone surfaces of the injected areas (Figures 7A–C). Moreover, infiltration of CD45+ cells was also increased in SP-injected areas compared to vehicle-injected areas (Figures 7D–F). In contrast, the injection of exogenous NKA did not induce the osteoclast activity (Figures 8A–C) or CD45+ cell infiltration (Figures 8D, E). These results support the idea that Tac1 KO phenotypes inducing the inflammatory responses and osteoclasts activation are dominantly mediated by SP, but not by NKA.




Figure 7 | Exogenous injection of SP is sufficient to activate osteoclasts and to recruit immune cells in periodontium. (A) Time course of the experiment. (B) TRAP staining in substance P (SP; 1 µg/site)- or vehicle (Veh) injected into a periodontium. Scale bar, 100 µm. (C) Quantification of TRAP+ cells of the injected periodontia. *, p<0.05 in Student’s t-test. N=4 mice per group. (D) Immunofluorescence for CD45 in a periodontium injected with Veh or SP. Scale bar, 100µm. B, bone; GE, gingival epithelium. (E) Magnified view of the insets in panel (D) Scale bar, 30µm. (F) Quantification of CD45+ cells. Percentage of the number of CD45+ cells among DAPI+ cells in gingival epithelium and connective tissues within 600 µm distance to tooth surface was calculated. ***p<0.0001 in Student’s t-test. N=4 mice per group.






Figure 8 | Exogenous injection of neurokinin A is not sufficient to activate osteoclasts and to recruit immune cells in periodontium. (A) Time course of the experiment. (B) TRAP staining in neurokinin A (NKA; 1 µg/site)- or vehicle (Veh) injected into a periodontium. Scale bar, 100 µm. (C) Quantification of TRAP+ cells of the injected periodontia. N=6 mice per group. P>0.4 in Student’s t-test. N=6 mice per group. (D) Immunofluorescence for CD45 in periodontia injected with Veh or NKA. Scale bar, 100µm. B, bone; GE, gingival epithelium. (E) Quantification of CD45+ cells. Percentage of the number of CD45+ cells among DAPI+ cells in gingival epithelium and connective tissues within 600 µm distance to tooth surface was calculated. P>0.7 in Student’s t-test. N=5 mice per group.



To further test the roles of exogenous SP in periodontitis, we examined ligature-induced bone loss in mice with local injections of SP or vehicle (Figure 9). Consistently, the SP-injected group demonstrated more vigorous bone resorption compared to the Veh-injected group.




Figure 9 | Exogenous substance P aggravates ligature-induced periodontitis. (A) Time course of the experiment. Under isoflurane anesthesia, SP (1 µg/site) or vehicle (PBS) was injected twice a day into two sites in the gingiva around the maxillary second molar; one site between the first and second molars, and the other site between the second and third molars) for five days after placing the ligature. (B) µCT examination of a periodontium five days after ligature placement with Veh or SP injection. Scale bar, 1 mm. (C) Quantification of bone height loss. ****p<0.0001 in Student’s t-test. N=5 per group. CEJ, cement-enamel junction.






3.5 Pharmacological inhibition of SP receptors decreases ligature-induced bone loss resembling Tac1 KO mice

We also determined the effects of inhibiting SP receptors in the periodontium by performing gingival injections of QWF, a tripeptide SP antagonist, or vehicle with periodontal ligature (Figures 10A–D). Results showed that QWF injection significantly decreased bone loss compared to the vehicle injection, which is consistent with the effects of Tac1 KO.




Figure 10 | Substance P receptor antagonist reduces ligature-induced periodontitis. (A) Time course of the experiment. Under isoflurane anesthesia, QWF (2 µg/site) or vehicle (PBS) was injected twice a day into two sites in the gingiva around the maxillary second molar; one site between the first and second molars, and the other site between the second and third molars) for 14 days after placing the ligature. (B) µCT examination of a periodontium with vehicle or QWF injection. Scale bar, 1 mm. Dotted lines represent the measurements. (C) Quantification of bone loss. *p<0.05 in Student’s t-test. (D) Representative images of H&E stained sagital sections. N=8 per group.







4 Discussion

It has been suggested that there are neural regulatory mechanisms for bone homeostasis, with sensory neurons playing an important role in regulating bone metabolism and remodeling (30, 31). Dysregulation of neural activity is involved in a number of pathological conditions affecting the skeletons. Recently, we showed that chemical ablation of nociceptors by resiniferatoxin (RTX) or chemogenetic silencing of TRPV1-lineage afferents reduced bone loss in a periodontitis mouse model (4). Here, we have further demonstrated that periodontal ligature applied to Tac1 KO mice reduces alveolar bone loss, activation of osteoclasts, the recruitment of inflammatory cells to the periodontium, and cytokine levels. These results fully recapitulate the phenotype of mice with RTX induced-ablation or chemogenetic silencing of nociceptors. Moreover, we have shown that SP injections alone are sufficient to induce robust inflammation and bone resorption in the periodontium, while local pharmacological inhibition of SP receptors in gingiva decreases bone loss. Altogether, our data indicate that  nociceptor Mediated SP signaling plays an important role in regulating bone resorption in periodontitis. In contrast, while CGRP has been suggested as an anabolic regulator of alveolar bone loss through in vitro assays (7), we found that Calca KO mice did not show significant differences in alveolar bone loss in vivo. We assume that CGRP-mediated anabolic effects are overwhelmed by the catabolic effects of SP, and the simultaneous release of SP and CGRP from nociceptor terminals induces a net increase in bone loss.

Retrograde labeling of gingival afferents showed that >90% of gingival afferents are small to medium-sized neurons. This is in contrast with pulpal afferents, in which large-sized neurons are highly enriched (49%) (22). Our previous (23) and the current study showed that 23% and 15% of gingival afferents express CGRP and SP, respectively. Therefore, it would be reasonable to estimate that approximately a quarter of gingival afferents are peptidergic afferents. The proportion of the SP+ or TRPV1+ gingival afferents was not changed after placing the ligature. Inflammation of masseter muscle produced by complete Freund’s adjuvant upregulates the expression of SP and TRPV1 in TG whereas orthodontic tooth movement of the maxillary first molar does not induce such changes (32, 33). Therefore, upregulation of SP and TRPV1 in TG may be context dependent and the extent of tissue inflammation produced by ligature is not as strong as masseter inflammation. The analysis of size distribution showed that SP+ and TRPV1+ gingival afferents were larger than SP+ and TRPV1+ non-gingival (unlabeled) TG neurons, whereas CGRP+ gingival afferents were not different from CGRP+ non-gingival afferents. The size distributions of SP+ and CGRP+ peptidergic afferents were not significantly different. Comparing the size distributions between the control and the ligature group, SP+ or TRPV1+ gingival afferents were modestly shifted toward a larger range in the ligature group. These results suggest that gingival SP+ and TRPV1+, but not CGRP+, afferents are uniquely larger than non-gingival afferents, and the placement of ligature may upregulate SP and TRPV1 in medium-sized neurons. Alternatively, given the finding that the distribution of the entire FG+ neuronal sizes was also shifted in the ligature group, one possibility is that the harmful effects of retrograde labeling dye (e.g (34),) lead to the degeneration of a subset of small-sized TG neurons, which might be aggravated by the ligature-induced inflammation. Further studies using independent approaches (e.g., different chemical or viral tracers) may clarify it. Nonetheless, given the modest extent of changes, we presume that altered expressions of SP or TRPV1 in gingival afferents are not major contributors to the nociceptor regulation of periodontitis.

The Tac1 gene (also known as PPT-1 or PPT-A) encodes both SP and NKA (29). Tac1 produces multiple isoforms of mRNA transcripts through alternative splicing, which further produces SP and NKA via post-translational modification. SP and NKA are co-synthesized and co-released from sensory neurons and are both implicated in periodontitis (14, 15). Therefore, our data using Tac1 KO mice suggests that both SP and NKA are involved in the regulation of periodontal bone loss. Untangling the relative roles of Tac1-encoded SP and NKA in biological processes is challenging. As SP and NKA preferably bind to the G-protein linked NK1 receptor (NK1-R) and the NK2 receptor (NK2-R) respectively, and both receptors demonstrate broad expressions in periodontal tissues, specific inhibition of NK1-R and NK2-R may indicate the respective contributions of SP and NKA. Indeed, our data using QWF, an efficacious inhibitor of NK1-R, does suggest the dominant contribution of SP in periodontal bone loss. Furthermore, direct injection of SP, but not NKA, into gingiva was sufficient to produce immune cell recruitments and osteoclastic activation, which supports the dominant role of SP compared to NKA. These data suggest that specific NK1-R antagonists, such as FDA-approved anti-emetic Aprepitant (35), might be considered as a supplemental therapeutic approach to delay the development or progression of periodontitis.

NK1-R is broadly expressed in both immune and bone cells, and SP may, therefore, directly regulate the inflammatory process and bone remodeling under physiological and pathological conditions (36–38). SP enhances both osteogenesis and bone resorption in vitro (39–41). SP increases differentiation of osteoblasts and increases osteogenic activity at low concentration (39). Consistently, Tac1 KO mice show reduced bone volume and trabecular number/thickness in femur (42). At the higher concentrations that are likely detected at the site of injury or inflammation, SP enhances differentiation and resorptive activity of osteoclasts (39, 43, 44). Our results suggest that Tac1 deficiency does not globally influence alveolar bone without ligature but protects bone loss following ligature placement. Therefore, SP-induced osteoclast accumulation and differentiation may significantly contribute to the bone loss seen in periodontitis. In addition to NK1R, SP also binds to the mast cell surface receptor MRGPRB2 to activate mast cells, which play a significant role in the inflammatory process—including periodontitis (38, 45). Therefore, neural-mast cell interactions could lead to the regulation of the progression of periodontitis. In future studies, an analysis of the relative roles of NK1-R, NK2-R, and MRGPRB2 in periodontitis would be a rational approach to provide mechanistic insight into SP’s regulation of periodontal bone loss.

Aside from nociceptors, SP expression has also been reported in many other tissues, including inflammatory cells in periodontitis models (12, 44). However, these results should be interpreted with caution, as many SP antibodies may also detect other members of the tachykinin family (36, 46). A study using RNA in situ hybridization has demonstrated that SP is only expressed in a highly restricted number of cells (aside from neurons) during the inflammatory process (46). Therefore, we believe nociceptors remain the primary source of SP release in periodontitis, particularly at an early stage of inflammation.

In the current study, we did not attempt to identify the upstream signal which trigger the release of SP from afferent terminals under periodontitis. TRPA1 and TRPV1 are largely co-expressed in nociceptors and are both involved in various inflammatory processes (5). Tissue inflammation generates putative endogenous agonists of TRPV1 and TRPA1, such as byproducts of oxidative stress (47, 48). Inflammatory mediators such as prostaglandin E2 or bacterial toxins such as P. gingivalis-derived lipopolysaccharides can activate or sensitize TRPV1 and TRPA1 (49–51). TRPA1 activation then evokes SP secretion in dorsal root ganglion neurons (52). Therefore, it is possible that periodontitis-induced TRPV1/TRPA1 signaling triggers SP secretion from nociceptors in ligature-induced periodontists. Interestingly, however, TRPV1 KO mice have previously been reported to increase ligature-induced bone loss (7). One possibility is that the global KO of TRPV1 affects the function of osteoclasts, which may express functional TRPV1 (53, 54). Conditional KOs of TRPV1 specific to sensory neurons should reveal the relative contributions of neuronal and osteoclastic TRPV1.

Despite the substantial contributions of the peptidergic nociceptive afferents to periodontitis, it is puzzling that chronic periodontitis is not usually accompanied by pain. The molecular mechanisms of such painless periodontitis are not well understood but might involve a multitude of unique bacteria-host responses in periodontitis (55, 56). For example, mechanical hyperalgesia in gingiva does not occur by inoculating P. gingivalis, which is due to the inhibition of macrophages by CXCR4 in gingiva (57). Interestingly, lipopolysaccharides from P. gingivalis increase interleukin-10, an anti-inflammatory cytokine, upon injection into the skin (58). Further studies are warranted to determine the unique interactions of periodontal bacteria and the nociceptive system. Potential site-specific mechanisms of nociceptor regulation of local immunity and their contributions to the progression of alveolar bone pathology are also highly intriguing. While our data support the role of SP+ nociceptive afferents in aggravating marginal periodontitis, Nav1.8-expressing nociceptors, which include a substantial proportion of peptidergic nociceptors, show the opposite regulation of apical periodontitis (59). Besides nociceptive afferents, we do not exclude the potential roles of other neurochemically distinct subpopulations of gingival afferents in the alveolar bone remodeling in periodontitis. For example, glutamate is known to regulate bone homeostasis (60), and gingival afferents expressing glutamate, but not CGRP or SP, can regulate periodontal bone loss. These potential mechanisms of neural regulations of alveolar bone remodeling need to be further explored in the future.

In summary, we suggest that SP from nociceptors is a neuroimmune axis that modulates host responses and periodontitis-induced bone loss. Therefore, manipulating this axis, e.g., by localized inhibition of SP signaling in affected gums, could provide novel therapeutic approaches for treating periodontitis that supplement conventional therapies.
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