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Editorial on the Research Topic
 Immune Mechanisms in the Pathologic Response to Particles, Fibers, and Nanomaterials



It may come as a surprise that a Research Topic in Frontiers in Immunology is devoted to “Immune mechanisms” in the pathologic response to “particles, fibers, and nanomaterials,” a large group of natural and man-made particulates with dimensions in micro and nano ranges. Unlike pathogens, many particulate materials do not possess apparent antigenic structures and are assumed to be non-immunogenic. But because of their small size and airborne propensity, inhaled particulates can penetrate deep into the lung and pleura to cause inflammation, fibrosis, and cancer, exemplified by silicosis, asbestosis, and mesothelioma that are progressive and have high mortality rates (1, 2). Notwithstanding, the role of immune responses in the pathogenesis of particulate-induced diseases has gained increasing attention. A plethora of studies have shown that particulates activate various immune cells to promote physiological responses to particulate deposition and, under pathological conditions, development of fibrosis, malignancy, and autoimmunity (3, 4). The past two decades have also witnessed rapid advancement of nanotechnology and commercialization of nanomaterials, raising concerns on their possible adverse immune effects in exposed individuals (5–7). Understanding the interactions between particulates and immune functions has emerged as a new frontier for researchers in immunology, toxicology, and nanoscience. This Research Topic discusses recent trends in particle immunotoxicology with focus on pathologic immune effects of particulates and mechanisms mediating particle-immune interactions.


IMMUNE EFFECTS AND DISEASE MODELS

Exposure to silica and asbestos is associated with increased incidence of autoimmune abnormalities (3, 4, 8, 9). We begin with a perspective article by Pollard highlighting the current state of knowledge regarding the effects of selected particle, fiber, and nanomaterial exposures on the immune system, specifically autoimmunity. Pathological processes following exposure to particulate and fibrous materials, known to be associated with pre-clinical autoimmunity and autoimmune diseases, were contrasted with those linked to engineered nanoparticles, where evidence for induction of autoimmunity is less convincing. In a research article, Rajasinghe et al. extended their previous observations that dietary docosahexaenoic acid (DHA), a ω-3 polyunsaturated fatty acid, can markedly ameliorate the exacerbated pulmonary, systemic, and renal manifestations of systemic autoimmune disease following crystalline silica exposure. Their findings indicate that DHA, at physiologically relevant concentrations, is capable of attenuating macrophage death, allowing phagocytosis of dead and dying cells and thereby reducing accumulation of cellular material that might stimulate autoreactivity.

Pseudoallergic and anaphylactoid immune responses to engineered nanomaterials have received considerable attention as severe allergy-like immune responses to medical formulation of nanomaterials have been reported. For example, Feraheme®, an iron oxide nanoparticle formulation used in patients with severe anemia, caused anaphylactoid reactions and death in a subset of patients following the first use (10). In this topic, Alsaleh and Brown discussed Type 1 allergic immune responses to nano exposure through mast cell degranulation and activation, highlighting a novel non-IgE-driven mechanism induced by nanoparticles. This suggests that a first-time exposure to nanoparticles to sensitize an individual is not required, which may explain some anaphylactoid responses observed in patients treated with Feraheme®. Joubert et al. reviewed the exposure, clinical, and mechanistic aspects of particle-associated allergic and pseudoallergic responses and disease. Mechanisms of sensitization and effector functions were discussed, underscoring Th2 allergic immune responses and key cells involved. The utility of particulates in anti-allergic therapy and immunity was presented.

Air pollution can increase acute asthmatic episodes and worsen asthmatic symptoms. Sachdeva et al. reviewed how basic cellular processes, such as autophagy, mitophagy, and cellular senescence, may play a crucial role in airway inflammation, airway hyper-responsiveness, and airway remodeling. Specifically, the authors discussed how co-exposure of environmental pollutants including particles and allergens may affect these responses in the development of asthmatic phenotypes and for therapeutic targeting against asthma.

Metabolic syndrome is a group of pathologic conditions characterized by high-blood pressure, dyslipidemia, and high blood glucose levels (11). Patients with metabolic syndrome are at increased risk of type-2 diabetes and cardiovascular disease. Thus, Alqahtani et al. examined the effect of metabolic syndrome-associated dyslipidemia on silver nanoparticle-induced immune responses. They conclude that metabolic syndrome exacerbates the acute toxicity of silver nanoparticle exposure through disruption of lipid mediators of inflammatory resolution, which leads to enhanced pulmonary inflammation.

Endogenous metabolites, such as monosodium urate (MSU) and cholesterol, can form crystals in tissue to cause diseases like gout and atherosclerosis. Shin et al. studied neutrophil infiltration in MSU-induced inflammatory gouty lesions in BALB/c mice. MSU acted as a damage-associated molecular pattern signal to activate the P2Y6 purinergic receptor and induce production of CXCL8, which stimulates neutrophil influx to the synovial fluid. Moreover, 1-palmitoyl-2-linoleoyl-3-acetyl-rac-glycerol (PLAG) suppressed MSU-induced acute gouty inflammation in mice by targeting P2Y6-mediated expression of CXCL8 and induction of neutrophil flux, providing a possible anti-gouty therapy.

Chronic obstructive pulmonary disease (COPD) is a major public health concern worldwide and may become the third leading cause of death by 2030 (12). COPD is triggered by repeated airway exposures to harmful particles, mainly from cigarette smoke. B-cell activating factor (BAFF), a cytokine involved in the maturation and survival of B lymphocytes, participates in the regulation of innate immune responses at the respiratory tract mucosa. Nascimento et al. investigated the role of BAFF in the pathophysiology of pulmonary disease in mice exposed to cigarette smoke. They observed that acute cigarette smoke exposure promotes BAFF expression in airway-recruited neutrophils in vivo and in vitro. Moreover, acute neutrophilic airway inflammation induced by cigarette smoke required functional BAFF.

McDaniel et al. focused on immunotoxicity of Magneli phase titanium suboxide nanoparticles, which were discovered recently in large quantities during burning of coal. Their findings reveal that macrophages were the most impacted cell type leading to oxidative stress, mitochondrial dysfunction and apoptosis in vitro, while in vivo studies using a chronic pulmonary exposure model in mice showed negative impacts on lung function resulting from oxidative stress and inflammatory responses.



MECHANISTIC ASPECTS OF PARTICLE-IMMUNE INTERACTION

The composite nature of many nanoparticles might allow non-specific adsorption of biomolecules, which could dramatically modulate immunological responses by nanoparticles (13). This notion has received much attention in nanomedicine, where adsorption of blood proteins to intravenously injected clinical and pre-clinical nanoparticles could not only direct and modulate complement activation through different pathways, but also phagocytic responses by different macrophage sub-populations (14). Depending on their surface properties, nanoparticles often acquire a complex coat of environmental biomolecules comprising opsonic and dysopsonic components in biological milieu. In this topic, Fadeel provided a brief overview on physicochemical and biological factors controlling immune recognition and immune evasion of nanoparticles, while Papini et al. critically discussed the modulatory roles of biomolecule corona on nanoparticle interaction with elements of innate immunity, and draw attention to species differences in blood opsonization events and macrophage recognition of opsonized nanoparticles.

Respirable particles may also adsorb or contract pathogens such as viral particles and thereby modulate the behaviors of pathogens. In this connection, Farhangrazi et al. proposed a hypothesis for the role of particulate matter pollutants in SARS-CoV-2 delivery to alveolar macrophages as an additional mechanism for spreading infection. They further considered particulate pollutants as possible antigen carriers and adjuvant for promoting immunity in the lungs.

The initial response to deposition of particulates in tissue is largely inflammatory in nature where immune cells coordinate the vascular, mucosal barrier, and cellular and molecular responses to help clear particulates and repair damaged tissue (15). Polarization of immune cells is key to the proper initiation, amplification, and resolution or progression of inflammation by enabling several programmed immune reactions (16). These include the Th1- and M1-mediated proinflammatory type 1 response, and Th2- and M2-mediated pro-resolving type 2 response. Exposure to particles also activates the polarization of a battery of other immune cells, such as Th17, Treg, Breg, and MDSC cells, to modulate the evolvement of inflammation and chronic lesions. A timely review by Ma encapsulates the progress of research in this direction, highlighting polarization of immune cells and how it modulates proinflammatory or pro-resolving responses and, thereby, controls the recovery or progression of fibrosis and cancer upon particle exposure.

Bioactive lipid molecules derived from polyunsaturated fatty acids (PUFAs) play critical roles in the regulation of inflammation (17). Lim et al. examined the initiation and resolution of inflammatory responses to multi-walled carbon nanotubes (MWCNTs) and fullerene C60 (C60F) in mouse lungs. The authors found that high toxicity MWCNTs at a low dose caused prolonged inflammatory lesions that progressed to granulomatous inflammation, whereas low toxicity C60F at high doses stimulates acute inflammation that largely resolves. Deposition of the nanoparticles in the lung stimulated production of proinflammatory lipid mediators during type 1 inflammation, but induced production of pro-resolving lipid mediators during type 2 inflammation, which were attributed to differential induction of 5- and 15-arachidonate lipoxygenase pathways in M1 or M2 macrophages, respectively. Thus, this study provides a molecular basis for regulation of lung inflammation by M1 and M2 macrophages via bioactive lipid mediators.

Nanoimmunosafety has become crucial in nanomedicine to avoid unwanted immune system activation. In this respect, Italiani et al. discussed the importance of evaluating the capacity of nanoparticles to induce or modulate the innate immune memory, i.e., the capacity of innate immune cells previously exposed to various stimuli to mount stronger and more effective responses (“potentiation”) or weaker and less self-damaging reactions (“tolerance”) upon second-time exposures. Starting from the assumptions that the innate memory is the result of metabolic and epigenetic reprogramming of innate immune cells, and that nanoparticles can affect metabolic and epigenetic changes, the authors report on effects of nanoparticles on induction and modulation of innate memory in murine and human macrophages.

The suitability of animal models in nanotoxicity and nanosafety evaluation has been a subject of debate because of apparent differences in structure and physiology between animal models and humans. Bedőcs and Szebeni discussed whether a pig model can be used as an appropriate animal model in nanomedicine safety assessment by examining an ill-fated clinical development of hemoglobin-based oxygen carriers (HBOCs). The authors draw an analogy between HBOC's hemodynamic effects aggravating hemorrhagic shock in trauma patients and nanomedicine-induced porcine complement (C) activation-related pseudoallergy leading to anaphylactoid shock in a pig model. The pros and cons of using such models to predict nanomedicine-induced hypersensitivity reactions were discussed.

In aggregate, the Research Topic summarized recent developments in understanding the immunologic effects of micro and nano particulates and discussed the mechanistic aspects of these effects. In view of the growing awareness of particle health effects, this topic provides new pathways and targets for safety evaluation, biomarkers, and pharmacotherapy for human diseases resulting from exposure to particles and nanoparticles. Given the vast numbers and variations of particulates and their immune effects, it is unlikely that this Research Topic has covered all aspects of the immune effects of particulates. Therefore, it is the hope of the authors and editors that this Research Topic serves as a starting point for particle immunotoxicology that will evolve rapidly in the coming years.
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Engineered nanomaterials hold promise for a wide range of applications in medicine. However, safe use of nanomaterials requires that interactions with biological systems, not least with the immune system, are understood. Do nanomaterials elicit novel or unexpected effects, or is it possible to predict immune responses to nanomaterials based on how the immune system handles pathogens? How does the bio-corona of adsorbed biomolecules influence subsequent immune interactions of nanomaterials? How does the grafting of polymers such as poly(ethylene glycol) onto nanomaterial surfaces impact on these interactions? Can ancient immune evasion or “stealth” strategies of pathogens inform the design of nanomaterials for biomedical applications? Can nanoparticles co-opt immune cells to target diseased tissues? The answers to these questions may prove useful for the development of nanomedicines.

Keywords: nanomaterials, immune system, stealth, biomimetic, bio-corona, targeting


INTRODUCTION

Engineered nanomaterials offer exciting opportunities for diagnosis and therapy of human disease. However, it is mandatory to address whether undesirable interactions occur between nanoparticles (NPs) and the nanoscale machineries of biological systems (1, 2). One may ask whether NPs elicit any novel or unexpected effects, or whether immune responses toward such materials are conserved and, therefore, predictable, on the basis of our knowledge of immune responses to viruses and other pathogens? This has considerable implications for nanomedicine. The immune system has evolved to protect us from foreign intrusion (pathogens, particles) and from internal “danger” (3), but immune responses can also be exploited for therapeutic gain (4). It may or may not be desirable for nanomaterials to engage with the immune system depending on the intended application (5). Here, a brief discussion of immune recognition and immune evasion of NPs is provided, along with the role of the bio-corona in modulating these interactions. The potential for targeting of nanoparticles in the context of nanomedicine is also discussed. The main thesis is that valuable lessons can be learned from the study of immune responses to viruses and other pathogens (6).



IMMUNE SENSING

Engineered nanomaterials are readily internalized by phagocytes of the innate immune system (7). The question is whether this uptake is mediated through specific receptors: are pattern recognition receptors (PRRs) that have evolved in order to sense invading pathogens moonlighting as receptors for engineered nanomaterials, or is the uptake non-specific? Furthermore, are nanomaterials immunologically inert or do they elicit (specific) immune responses? In other words, are nanomaterials immunogenic? The term immunogenicity refers to the ability of a substance to induce a cellular and/or humoral (antibody-mediated) immune response, whereas antigenicity is the ability to bind specifically to T cell receptors or antibodies (B cell receptors) induced as a result of an immune response (8). Hence, while all immunogenic substances are antigenic, not all antigenic substances are immunogenic. Two decades ago, the discovery of antibodies specific for fullerenes was reported (9). Ten years earlier, antibodies to cholesterol crystals were obtained, though cholesterol was widely regarded as a poorly immunogenic substance at the time (10). These findings suggested that the immune system recognizes repetitive patterns reminiscent of those present on (nano-sized) viruses, and testified to the remarkable capacity of the immune system to generate antibodies against virtually any chemical species, natural or synthetic (11). Interestingly, Erlanger et al. (12) could show that antibodies specific for fullerenes also bind single-walled carbon nanotubes (SWCNTs). In another study, an antibody fragment with high affinity and selectivity for gold surfaces was identified (13). However, as pointed out recently (8), NP conjugation to a protein carrier is usually required for successful antibody induction, and NPs tend to behave as haptens (i.e., small molecules that elicit an immune response only when attached to a carrier such as a protein). Nevertheless, as nanomaterials rapidly associate with proteins when they enter into the body (14), close attention to the potential immunogenicity of nanomaterials is necessary. Furthermore, antibodies against the surface coating of nanomaterials, including poly(ethylene glycol) (PEG), are also important to consider (15). To add to the complexity, metal/metal oxide NPs may undergo dissolution with the release of metal ions, and though this is recognized as one potential mechanism of nanotoxicity, there are few studies on the immunogenic role of the released ions. For comparison, chronic beryllium disease, a fibrotic lung disorder caused by exposure to beryllium (Be), is characterized by the accumulation of Be-responsive CD4+ T cells in the lung (16). Notably, these T cells are not directed to Be itself; instead, Be2+ ions induce a conformational change in certain HLA-DP2-peptide complexes leading to their recognition as neoantigens (17). These findings blur the distinction between hypersensitivity (to metals) and autoimmunity. Whether or not other metal ions released from metallic (nano)particles may exert similar effects deserves to be studied.

Do nanomaterials exploit specific receptors to gain entry into macrophages or other immune cells? Scavenger receptors were originally identified based on their ability to recognize and to remove modified lipoproteins, but this heterogenous family of receptors is now known to recognize a diverse range of ligands (18). Soluble extracellular domains of scavenger receptors were found to bind crocilodite asbestos (19). Furthermore, the scavenger receptor, MARCO (macrophage receptor with collagenous structure) has been shown to mediate the ingestion of micron-sized environmental particles by alveolar macrophages (20). Moreover, polystyrene NPs and silica NPs also bind to MARCO (21, 22). However, the overexpression of scavenger receptors in non-phagocytic cell lines may not reflect their actual role in primary macrophages. We recently demonstrated that the class A scavenger receptor (SR-A1) as well as the mannose receptor CD206, two well-known PRRs, are deployed by primary human macrophages for uptake of mesoporous silica particles (23). In another recent study, Tsugita et al. (24) identified the class B scavenger receptor, SR-B1 as a receptor for both amorphous and crystalline silica, but not TiO2 NPs, or monosodium urate crystals, although each of these ligands exhibited negative surface potentials. The latter finding suggested that SR-B1 recognizes not only the electrostatic potential of the silica surface, but also molecular determinants within silica, through interactions with specific residues. The authors also showed that SR-B1-mediated recognition of silica is associated with canonical inflammasome activation (24). Furthermore, we have recently shown that endotoxin-free SWCNTs can signal via Toll-like receptors (TLRs), leading to a TLR/MyD88/NF-κB-dependent macrophage response with secretion of chemokines (25). Computational studies indicated that the interaction was guided by hydrophobic contacts between SWCNTs and TLR4, but in the case of carboxylated SWCNTs, the intermolecular interaction was strengthened by short-range electrostatic forces (25). Thus, it appears that the immune system can also “sense” engineered nanomaterials in a manner similar to the sensing of pathogens. However, it is important to distinguish between interactions that are driven mainly by size or shape complementarity (26) vs. those that are defined by specific, molecular interactions. Importantly, as pointed out by Simberg (27), the immune system has evolved to recognize regular arrangements of chemical groups (referred to by immunologists as patterns or motifs) and this is, in essence, what engineered nanomaterials present on their surface. As a case in point, it was shown that the crystalline surface of superparamagnetic iron oxide nanoparticles (SPIONs) can be recognized by the collagen-like domain of the scavenger receptor, SR-A1, and this interaction was sterically hindered by surface polymer coating of the SPIONs (28) (Figure 1). It has been stated that “every human on earth” is exposed to at least one source of carbon-based pollution (29), and it is not unexpected that we have evolved systems to cope with particulates. The fact that immune cells may also sense and engulf engineered nanomaterials through conserved pathways should, therefore, not come as a surprise.
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FIGURE 1. Receptor recognition of nanoparticles. Proposed model of the interaction between the scavenger receptor, SR-AI, a so-called pattern recognition receptor, and crystalline magnetite. (A) 2D frontal and rotated projections of the magnetite unit cell. (B) 3D view of the crystal unit approaching the charged collagen-like domain of SR-A1. Reprinted with permission from Chao et al. (28). Copyright (2013) American Chemical Society.



Immune sensing obviously plays a role in vaccination. Luo et al. recently reported that a minimalist, nano-formulated vaccine consisting of a mixture of an antigen and a polymeric nanoparticle was capable of generating cytotoxic T cell responses in vitro and in vivo (30). The authors provided evidence that this effect was dependent on STING (stimulator of interferon genes), but not on the Toll-like receptor pathway. Evidence was presented for direct binding between the nanovaccine and STING. However, notwithstanding the STING activation evidenced in this study, it remains possible that the NPs also triggered the release of other alarmins thereby boosting anti-tumor immunity. Indeed, STING is a cytosolic DNA sensor, and it is not clear how it recognizes polymeric particles. In another recent study, however, STING-mediated sensing of double stranded DNA (dsDNA) was shown to drive silica-induced lung inflammation (31). Thus, environmental agents such as silica (quartz) may elicit the release of DAMPs, which in turn are sensed by innate immune cells (macrophages or DCs).



IMMUNE EVASION

Having established that nanomaterials can be recognized and internalized by immune cells, one may ask whether they also can be modified to avoid immune surveillance of the host? This is particularly important in nanomedicine: if the objective is to target, for instance, tumor cells in the brain, then unscheduled clearance by the immune system should be avoided. On the other hand, if the immune system is the target (e.g., antigen delivery for vaccination purposes) then the NPs must be designed with this in mind (7). The most common strategy for avoiding non-specific clearance by the reticulo-endothelial system (RES) and achieving long circulation times involves the grafting of PEG onto the surface of the particles. This reduces, but does not completely abolish, protein adsorption (opsonization or corona formation) on NPs (14). However, while PEGylation is often proposed to improve the stealthiness of NPs, these polymers are not biodegradable, and this may limit their use, in particular if repeated or chronic administration is required. Furthermore, the development of anti-PEG antibodies could lead to accelerated clearance of subsequent doses (15). Schöttler et al. (32) provided evidence that the adsorption of specific proteins could prevent cellular uptake of polymer-modified NPs. Hence, the authors used polystyrene NPs that had been modified with PEG or poly(ethyl ethylene phosphate) (PEEP) and demonstrated using mass spectrometry that NPs exposed to human plasma displayed an abundance of clusterin proteins (also known as apolipoprotein J) in their bio-corona. They found that when polymer-modified NPs were incubated with clusterin, non-specific cellular uptake by the murine macrophage-like cell line RAW264.7 could be reduced. Notably, high uptake of NPs in serum-free medium was observed, suggesting that the reduced amount of proteins is not responsible for the inhibition of cellular internalization by “stealth” polymers. However, the latter studies were performed under static in vitro conditions. Bertrand et al. (33) recently reported that the enrichment of clusterin/ApoJ on the surface of polymer-based NPs with high PEG densities did not significantly alter their blood circulation time following i.v. administration. It is also possible that proteins may desorb from the surface of NPs upon contact with the blood (34). Clearly, bio-corona formation is a dynamic process and more studies are needed in order to decode the biological “meaning” of the corona.

As already stated, it is important to strike the right balance between cellular uptake by specific target cells and evasion of phagocytic cells of the immune system or RES. Thus, absolute stealth is only of (limited) academic interest. For most nanomedicine applications, cellular uptake with subsequent delivery of the relevant payload is required at some point during the “fantastic voyage” of the NPs through the body. Song et al. (35) provided important insights in a recent study of the cellular “tropism” of poly(lactic acid) (PLA) NPs modified with different polymers. The term “tropism” is borrowed from virology and refers to the manner in which different viruses have evolved to preferentially target specific host species, specific tissues, or specific cell types. Using in vitro systems as well as an orthotopic model of glioblastoma, the authors provided an illustrative example of how the surface of NPs can be tuned to modulate cell uptake in healthy and tumor cells, thus highlighting the need to balance cellular uptake and drug release with immune activation and other adverse effects of NPs.

Could NPs be designed such that they avoid unwanted immune clearance in the blood and are available for on-site activation at the desired location, for instance, in a solid tumor? In a recent study, Qiao et al. (36) achieved a reconfigurable nanotherapeutic that is able to shed its PEG shell in the tumor microenvironment in a pH-dependent manner, allowing the dormant cytotoxicity toward the tumor cells to manifest itself. No short-term systemic toxicity was observed in treated animals. This study thus suggests that NPs can be designed simultaneously for immune stealth and on-demand toxicity.

Coating of NPs with PEG serves as a passive means of reducing protein adsorption and avoiding clearance, but as has been discussed in a previous section, this could also hinder uptake of NPs at the desired location; in addition, the polymers may be immunogenic. To circumvent these problems, researchers have employed natural “don't-eat-me” signals such as CD47 in order to furnish NPs with active stealth properties. CD47 is a putative “marker of self” that is expressed on all cell membranes (37). CD47 associates with CD172a, also known as signal regulatory protein-α (SIRPα) on phagocytes and this interaction inhibits macrophage uptake of red blood cells. Interestingly, elevated CD47 expression is co-opted by leukemic stem cells, thereby enhancing their pathogenicity (38). Rodriguez et al. (39) attached minimal “self” peptides computationally designed from human CD47 onto polystyrene NPs, and could show that the self-peptides delayed macrophage-mediated clearance of NPs in mice that were engineered to express a CD172a variant compatible with human CD47. This promoted the circulation time of the NPs and enhanced drug delivery to lung adenocarcinoma xenografts. Furthermore, capitalizing on the discovery of the minimal “self” peptide derived from CD47, Zhang et al. (40) recently developed nano-micelles of poly(lactide-glycolide)-PEG (PLGA–PEG) with stealth properties as a novel theranostic system for simultaneous bioimaging and drug delivery in sarcoma bearing mice.

The complement system is an important part of the innate immune system that complements the ability of antibodies to promote the clearance of pathogens and cell debris. Nanomaterials have been shown to activate the complement system through several different pathways, leading to particle opsonisation and clearance (41). However, complement activation may also result in serious adverse reactions, of relevance not least in the context of nanomedicine (42). In addition to complement, nanomaterials may also interact with other soluble proteins belonging to the innate immune system, including the so-called collectins (e.g., surfactant proteins A and D) (43).

In a recent study, Chen et al. showed that superparamagnetic iron oxide “nanoworms” consisting of multiple iron oxide cores surrounded by dextran molecules are opsonized with C3, a protein that fulfills a pivotal role in the activation of the complement cascade (34). The authors showed that the “corona” of adsorbed plasma proteins was located within the dextran shell. Furthermore, they found that C3 covalently bound to these absorbed proteins rather than to the dextran molecules. Surface-bound proteins accelerated the assembly of the complement components of the alternative pathway on the nanoworm surface. C1q, in turn, was originally described as the initiating molecule of the classical complement pathway. However, this protein has wide-ranging roles in immunity not restricted to complement activation (44). Structurally, C1q resembles a bouquet of flowers with six peripheral globular regions each connected by fibrillar strands to a central bundle of fibers. The globular regions are responsible for target recognition while the collagen-like regions mediate immune effector mechanisms, including complement activation and the enhancement of phagocytosis (44). Several studies have shown that C1q binds to nanomaterial surfaces, though this binding does not necessarily lead to complement activation [reviewed in (7)]. Recent modeling studies suggested that C1q is able to disaggregate bundles of multi-walled CNTs, but not those of thin, single-walled CNTs and these predictions were validated with experimental observations (45). These findings may be relevant for the toxicity of CNTs irrespective of whether or not complement is activated, as the (pulmonary) toxicity of CNTs was suggested to be attributable to aggregation of the CNTs rather than the high aspect ratio of individual nanotubes (46). Importantly, the coating of NPs with PEG or other polymers may influence the mode and degree of complement binding (47). The latter study is of particular interest as it suggests that “stealth” approaches that work in a murine environment may not afford immune avoidance in humans.



CORONA FORMATION

NPs are coated with biomolecules as soon as they are introduced into a biological system (48). Indeed, the adsorption of complement factors such as C1q may be considered as one example. However, very recent studies in which the adsorbed proteins were visualized by using super-resolution fluorescence microscopy have shown that the protein corona is not a dense shell covering the surface of the particle, but instead a heterogeneous network of proteins or clusters of proteins (49, 50). The “corona” concept that was introduced a decade ago (51, 52) has served to focus attention on a crucial aspect of NP interactions with living systems, but one should not a priori assume that the NP surface is completely covered by proteins and therefore inaccessible (53). Indeed, it is important to note that in some cases, it is more relevant to consider particle-protein conjugates, and not a “corona” of proteins covering the surface of the NP. For instance, Deng et al. (54) examined the binding of fibrinogen, a large cylindrical molecule of 45 nm in length, to negatively charged poly(acrylic acid)-coated gold NPs ranging in size from 7 to 22 nm. Each fibrinogen molecule could accommodate two 7 nm particles, but only one when the diameter of the NP was increased to 10 nm. The authors found that particles larger than 12 nm bound multiple fibrinogen molecules. However, in the presence of an excess of NPs, fibrinogen induced aggregation of the latter particles suggestive of interparticle bridging (54). This could have ramifications for immune responses to NPs, as the immune system is geared toward the recognition of conjugates of small molecules (haptens) with proteins.

To date, the vast majority of bio-corona studies have been conducted in vitro (55–57) and while this has served to underscore the importance of the acquired biological “identity” of nanomaterials as they encounter a biological environment, the in vivo relevance has remained obscure. However, in the past few years, several studies on in vivo bio-corona formation have emerged, thus shedding light on the impact of the bio-corona on NP clearance or targeting (58, 59), and its role for the toxicological outcomes of NP exposure (34, 60). However, it is important to realize that differences in kinetics of NP clearance in humans vs. smaller species such as mice may result in more or less pronounced effects of bio-corona formation, and this needs to be taken into consideration when making interspecies extrapolations about the biodistribution of NPs (61). Moreover, the overwhelming majority of all bio-corona studies to date have focused on the protein corona, while other biomolecules including lipids or nucleic acids have been somewhat neglected. However, lipids, in particular, deserve special attention as they are key constituents of the cell membrane, and are involved in numerous signaling pathways. Hellstrand et al. (50) reported almost a decade ago that copolymer NPs [50:50 N-isopropylacrylamide (NIPAM):N-t-butylacrylamide (BAM)] bind cholesterol, triglycerides and phospholipids from human plasma, and noted that the lipid and protein binding patterns corresponded closely to the composition of natural, high-density lipoprotein (HDL) complexes. HDL particles are nano-sized protein complexes that transport lipids in the body, the most abundant apolipoproteins in HDL particles being Apo-AI and Apo-AII. It is pertinent to note that apolipoproteins are frequently detected in the bio-corona of various NPs (62, 63). The results of the aforementioned study implied that such NPs may be recognized by living systems as HDL complexes, and that nanoparticles may exploit existing transport pathways for lipoprotein particles (64), underscoring that recognition and handling of NPs may transpire via conserved pathways. In a recent study, Lara et al. (65) provided evidence, using an elegant immuno-epitope mapping approach, that two major proteins in the serum corona, low-density lipoprotein and immunoglobulin G, present functional motifs to allow simultaneous recognition by low-density lipoprotein receptor (LDLR) and Fc-gamma receptor I, respectively. Collectively, these findings suggest that NPs may be “mistaken” for endogenous particles, such as lipoproteins, and exogenous entities, such as viruses, by virtue of specific components of the bio-corona (65). Does this have any implications for the in vivo fate of NPs? In a recent study using NPs prepared from poly(ethylene glycol)-b-poly(lactic co glycolic acid) (PEG–PLGA) copolymers, Bertrand et al. (33) could show that the adsorption of apolipoprotein E (ApoE) following intravenous injection of the NPs into mice appeared to be dependent on PEG density; the authors also found that for NPs with low PEG coverage, adsorption of apolipoproteins could prolong circulation times. In addition, the LDLR was found to play a key role in the clearance of NPs, irrespective of PEG density. Thus, it appears that ApoE exerted distinct functions on NPs with low and high PEG densities. Notwithstanding, these findings suggest that apolipoproteins involved in the trafficking of lipids in the bloodstream also impact on the in vivo clearance of NPs.

Once inside the cell, it is presumed that the protein corona is removed in phagolysosomes, causing the true “identity” of the NPs to be revealed (66). Wang et al. (67) showed, using positively charged polystyrene NPs, that the adsorbed protein corona is retained on the NPs as they enter cells and are trafficked to the lysosomes. There, the corona is degraded and this is followed by lysosomal damage, leading to the release of lysosomal proteases (cathepsins) into the cytosol, and apoptosis. In a subsequent study, it was shown that the intracellular degradation of proteins that are ferried into cells by NPs is different compared to what is observed when proteins are transported freely into cells (68). One may ask whether NPs can also acquire a new bio-corona inside the cell, for instance following their escape from the lysosomal compartment, or following translocation across the plasma membrane by non-endocytotic pathways with direct access to the cytoplasm (69), or whether intracellular stealth is possible? Sund et al. (70) reported that metal oxide NPs bound several ribosomal and cytoskeletal proteins upon incubation with cytoplasmic extracts of macrophages, and binding was more effective for nano-sized TiO2 NPs when compared to the coarse form (5 μm) of TiO2. In a recent study, semisynthetic, magnetic nanoparticles based on the natural protein cage ferritin were produced, and the authors observed “cytosolic stealth” (i.e., avoidance of intracellular degradative processes) as a function of PEGylation of the particle surface; non-PEGylated particles co-localized with autophagosomes upon microinjection into cells (71). Understanding and controlling these processes would be of considerable importance for biomedical applications of NPs: what good are NPs if they are stuck in lysosomes or autophagosomes and cannot deliver their cargo? Can we learn from immunology and microbiology in this regard? Viruses—natural nano-scale particles—use a variety of different strategies to escape from the host immune system (72) and so do bacteria (73). However, it gets even more complicated: a recent study showed that nano-sized particles, but not microparticles, associated with fungal spores, and “coronation” of the human pathogen, Aspergillus fumigatus with synthetic NPs affected its pathobiological behavior (74). One may speculate that such NP-pathogen hybrids could display distinct molecular patterns that trigger novel or unanticipated biological responses (75). On the other hand, the spores of Aspergillus fumigatus are surrounded by a corona of hydrophobin that masks the underlying cell-wall polysaccharides, making them immunologically inert (76). Natural stealth solutions from the microbial kingdom hold exciting prospects, and hydrophobin is being applied in the development of NPs or supraparticles (77–79).



TARGETING—THE HOLY GRAIL

Targeted or “smart” delivery of drugs is arguably the Holy Grail of pharmacology (80). Nanomedicine offers one possible way to achieve this elusive yet important goal, and numerous studies have been published on NPs functionalized with ligands that should guide the particles and their payload preferentially to diseased tissues (81, 82). However, relatively few actively targeted nanomedicines have reached clinical trials. It has been suggested a few years ago that drug delivery researchers ought to look more closely at how viruses and bacterial toxins exploit the cellular machinery of the host to gain access to intracellular targets (83). The author(s) also pointed out that these microbial agents have spent “a few million years more” than drug developers learning how to enter cells. On the other hand, others have suggested that we need to develop less sophisticated delivery technologies that build on robust physicochemical or biological principles more amenable to clinical translation (84). Indeed, adding functionality to NPs could potentially lead to a more convoluted or unpredictable behavior in vivo, as well as greater regulatory hurdles (85). Nevertheless, there seems to be a delivery problem (86). Wilhelm et al. recently concluded, on the basis of a meta-analysis of the literature on targeted NPs for cancer treatment, that only 0.7% (median) of the administered NP dose is actually delivered to the tumor (87). However, this has stirred up a storm: not everyone agrees that nanomedicines should be judged by the number of particles that are present in the tumor (88), while other investigators have pointed out that even one percent “can actually be useful if it happens in the right cells” (89). In a recent follow-up study, <14 out of 1 million (0.0014% injected dose) intravenously administrated NPs were delivered to cancer cells, and only 2 out of 100 cancer cells interacted with the NPs. The majority of the intratumoral NPs were trapped in the extracellular matrix or taken up by perivascular tumor-associated macrophages or TAMs (90).

The question, then, is whether one should re-think the immune “stealth” approach for delivery of nanomedicines and aim for specific immune cell populations as a means of hitchhiking into tumors: “if you can't beat them, join them.” Smith et al. reported that SWCNTs are almost exclusively taken up by a specific immune cell subset, namely Ly-6Chigh monocytes expressing the surface glycoprotein lymphocyte antigen 6C (Ly-6C), and subsequently delivered to tumors in mice (91). The uptake mechanism, and whether any specific cell surface receptors were involved, was not disclosed. However, the remarkable selectivity suggests that NPs can be delivered to tumors via certain subsets of circulating blood cells through a Trojan horse mechanism. Furthermore, Choi et al. reported a decade ago that gold nanoshells are phagocytosed by both monocytes and macrophages, and showed infiltration of these cells in a human breast tumor spheroid and photo-induced cell death in the hypoxic microenvironment of the spheroid (92). Overall, targeting of TAMs represents one possible approach to the problem of drug delivery to tumors, though unscheduled clearance by “competing” macrophages in other organs such as the liver, lungs, and spleen needs to be avoided (94). In a recent study, Rodell et al. leveraged macrophage affinity for cyclodextrin-based NPs to achieve efficient TAM delivery (Figure 2), preferentially altering the phenotype of the macrophages; when used in combination with the immune checkpoint inhibitor, anti-PD-1 the authors observed an improved tumor response to immunotherapy (93). Hence, the propensity of macrophages to engulf particles can be harnessed to deliver immune-modulating drugs that promote anti-cancer activity (95).
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FIGURE 2. Uptake of NPs by tumor-associated macrophages. Rodell et al. (93) examined the distribution of fluorescent cyclodextrin nanoparticles (CDNPs) by confocal fluorescence microscopy in MerTK-GFP mice bearing a colorectal tumor (MC38) (a). In these reporter mice, tumor-associated macrophages (TAMs) are readily detectable based on GFP expression. High-magnification images (b) demonstrated rapid CDNP accumulation in perivascular macrophages. Vascular clearance was observed 24 h post-injection (c), and CDNPs were well-distributed to TAMs (d). Refer to Rodell et al. (93) for details. Reprinted from Rodell et al. (93) with permission from Springer Nature.



Much of the literature on phagocytic uptake and clearance of NPs is focused on macrophages, but it is important to realize that other phagocytic cells, including neutrophils, are also capable of internalizing NPs (96). Again, one may ask whether neutrophil clearance could be exploited for therapeutic gain? Wang et al. reported that drug-loaded albumin NPs are internalized by neutrophils adherent to the activated endothelium via cell surface Fcγ receptors (97), suggesting new avenues to treat a broad range of inflammatory diseases. Similarly, Chu et al. reported a strategy for delivering therapeutic NPs across the blood vessel barrier by allowing NPs to “hitchhike” with activated neutrophils (98). The authors demonstrated that intravenously infused albumin NPs were specifically internalized by activated neutrophils, and the NP-containing neutrophils subsequently migrated across blood vessels into the inflamed tissues. Drug-loaded albumin NPs markedly ameliorated the lung inflammation induced by lipopolysaccharide or infection by Pseudomonas aeruginosa (98).



FUTURE PERSPECTIVES

Deciphering the immunological interactions of nanomaterials with or without a corona of proteins, lipids, and other biomolecules remains a formidable task. However, perhaps we have been barking up the wrong tree. Instead of asking whether NPs exert new and unanticipated effects when compared to the same materials in their bulk form, perhaps one should ask whether there are any lessons from previous studies of other (natural) nano-sized objects including viruses and other pathogens. Hence, while the discipline of nanotoxicology builds on studies of other fine and ultrafine particles and fibers (99), important lessons may also be learned from immunology in terms of how the immune system senses and handles foreign objects (100). Conversely, one may learn from the sophisticated immune evasion or immune targeting strategies evolved by pathogens and apply these lessons in the design of biocompatible nanomedicines.

DNA is perhaps the ultimate nanomaterial (101) and so-called DNA origami, i.e., the purposeful folding of DNA to create non-arbitrary two- and three-dimensional shapes, is rapidly gaining traction, and may find use in drug delivery and other medical applications. Yet one may ask how readily does a naked DNA-based delivery system negotiate the extracellular environment, and how efficient is the cellular uptake; besides, what could be more immunogenic than foreign, naked DNA? Perhaps the solution lies in encapsulating these DNA structures in protein envelopes (102, 103). Thus, it appears that we have come full circle, with the development of artificial, nano-scale systems that mimic natural nano-scale particles (i.e., viruses) (104). Other natural nanoparticles are also attracting attention for their potential biomedical applications. For instance, the cytoplasmic ribonucleoprotein known as the vault, named for its appearance with multiple arches reminiscent of cathedral ceilings, is currently studied as a platform for a wide range of therapeutic applications including drug or antigen delivery (105, 106). Other biomimetic particles cloaked in cell membranes (so-called leukosomes) are also being developed for biomedical purposes (107, 108), along with naturally occurring extracellular vesicles (exosomes) (109). Furthermore, in an intriguing study, biohybrid “microrobotic” entities based on naturally fluorescent microalgae were produced via a dip-coating process in magnetite (Fe3O4) suspensions for the purpose of imaging-guided therapy (110). Overall, the development of semisynthetic “cyborg” particles based on templates drawn from viruses or other pathogens, or inspired by endogenous intra- or extracellular particles, all of which deploy strategies of immune recognition and/or immune evasion that have been honed by evolution, could potentially allow for novel, biocompatible systems for imaging and drug delivery.
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Coal is one of the most abundant and economic sources for global energy production. However, the burning of coal is widely recognized as a significant contributor to atmospheric particulate matter linked to deleterious respiratory impacts. Recently, we have discovered that burning coal generates large quantities of otherwise rare Magnéli phase titanium suboxides from TiO2 minerals naturally present in coal. These nanoscale Magnéli phases are biologically active without photostimulation and toxic to airway epithelial cells in vitro and to zebrafish in vivo. Here, we sought to determine the clinical and physiological impact of pulmonary exposure to Magnéli phases using mice as mammalian model organisms. Mice were exposed to the most frequently found Magnéli phases, Ti6O11, at 100 parts per million (ppm) via intratracheal administration. Local and systemic titanium concentrations, lung pathology, and changes in airway mechanics were assessed. Additional mechanistic studies were conducted with primary bone marrow derived macrophages. Our results indicate that macrophages are the cell type most impacted by exposure to these nanoscale particles. Following phagocytosis, macrophages fail to properly eliminate Magnéli phases, resulting in increased oxidative stress, mitochondrial dysfunction, and ultimately apoptosis. In the lungs, these nanoparticles become concentrated in macrophages, resulting in a feedback loop of reactive oxygen species production, cell death, and the initiation of gene expression profiles consistent with lung injury within 6 weeks of exposure. Chronic exposure and accumulation of Magnéli phases ultimately results in significantly reduced lung function impacting airway resistance, compliance, and elastance. Together, these studies demonstrate that Magnéli phases are toxic in the mammalian airway and are likely a significant nanoscale environmental pollutant, especially in geographic regions where coal combustion is a major contributor to atmospheric particulate matter.

Keywords: cytotoxicity, air pollution, nanoparticle, TixO2x−1, in vivo, environmental exposure


INTRODUCTION

Coal combustion is a significant component of the global energy portfolio and accounts for approximately 30% of the world's overall energy needs (1). The global use of coal has continued to increase over the last half century, especially in developing countries, such as China and India, due in part to abundant supplies and favorable economic factors (1). The burning of coal on such a massive global scale has also resulted in a range of detrimental environmental and human health concerns. While the long-term effects of increased coal burning, such as rising greenhouse gas emissions and climate change are clearly a concern, the much more visible short-term consequences associated with air pollution must also be addressed. Coal-burning is a significant contributor to atmospheric particulate matter with aerodynamic diameter <2.5 μM (PM2.5), which is the most concerning fraction for human health (2).

The smallest fraction of PM2.5 is ultrafine nanoscale PM associated with air pollution. These nanoparticles have highly significant biological impacts and can have detrimental effects on human health (3). These mostly incidental nanomaterials are unintentionally produced as byproducts of anthropogenic processes and typically enter the environment shortly after generation (4). Until recently, the majority of incidental nanomaterials either went unnoticed or were not evaluated for potential detrimental impacts on environmental health. However, we now know that many of these nanomaterials can contribute disproportionately to environmental chemistry impacting multiple earth systems (4). Likewise, due to their nano-scale size, these particles can readily penetrate many of the physiological and cellular barriers used to protect biological systems. For example, depending on size, shape, and composition, many nanoscale particles can readily enter the airway and gastrointestinal tract of mammals, translocate epithelial cell barriers, access the bloodstream, and affect the function of vital body systems (3). The convergence of nanoscience, environmental health, and biomedical research are beginning to provide significant insight into the impacts of incidental nanomaterials across earth systems and in human health (4).

As evidence of the progress being made in identifying and characterizing new incidental nanomaterials, recent work identified novel titanium suboxides, defined as Magnéli phases (TixO2x−1), which are generated during coal combustion (1). TixO2x−1 is produced during coal combustion at specific temperatures and oxygen fugasities from stoichiometric TiO2 titanium oxide that is a common accessory mineral in nearly all coals worldwide (1). Magnéli phases were originally discovered during the investigation of a coal ash spill into the Dan River (North Carolina, USA), where these novel titanium suboxides were found downstream from the spill site (5). Magnéli phases were observed in the size ranges of a few tens to hundreds of nanometers and exhibit a unique electron diffraction pattern compared to anatase and rutile, the two most common titanium oxide minerals found in coal (5). Since the discovery of Magnéli phases in this riverine environment, subsequent analyses of coal ash samples from power plants throughout the United States and China, each utilizing various types and compositions of coal, revealed that Magnéli phases are widespread and were present at every site tested (5). Magnéli phases were found with compositional ranges between Ti4O7 and Ti9O17, with the most frequent being Ti6O11 (5). Subsequent analyses of power plant stack emissions, sludge from waste water treatment plants, and road dust from Chinese urban areas were all found to contain Magnéli phases (5).

Together, these data illustrate that Magnéli phases generated as incidental nanoparticles through the combustion of coal are widespread in the environment. However, there is currently a paucity of data related to the in vivo relevance and physiological effects of Magnéli phases in the mammalian respiratory system. In the current manuscript, we demonstrate that Magnéli phases are concentrated and ultimately sequestered in lung associated macrophages. Magnéli phase phagocytosis significantly impairs mitochondrial function and stimulates reactive oxygen species (ROS) production by the macrophages. Ultimately, these trigger pathways associated with apoptosis and lung injury. Consistent with these findings, mice chronically exposed to Magnéli phases demonstrate significantly decreased lung function. Together, these data reveal the significant impact of these incidental nanoparticles on overall respiratory function and provide further evidence of the need for improved environmental monitoring to screen for these and similar materials.



MATERIALS AND METHODS


Magnéli Phase Fabrication and Characterization

Magnéli phases were synthesized using a tube furnace (diameter = 8.9 cm) with a heating and cooling rate of 5°C min−1 and an N2 atmosphere (flow rate = 0.28 m3 min−1) as previously described (1). Heating and cooling processes were isothermal at the target temperature for 2 hours (h). The process includes heating pulverized coal with TiO2 nanoparticles. Magnéli phases were produced using commercial P25 nanoparticles, which is a mixture of the 80% anatase and 20% rutile forms of TiO2. Magnéli phase samples were characterized using a scanning transmission electron microscope operating at 200 kV and equipped with a silicon drift detector-based Energy Dispersive X-ray Spectroscopy (EDS) system as previously described (1).



Experimental Animals

All mouse studies were approved by the respective Institutional Animal Care and Use Committees (IACUC) at Virginia Tech and East Carolina University, and were conducted in accordance with the Federal NIH Guide for the Care and Use of Laboratory Animals. All studies utilized age and gender matched wild type C57Bl/6J mice.



Cytokine and Lactate Acid Dehydrogenase (LDH) Assessments in Bone Marrow-Derived Macrophages (BMDMs)

BMDMs were harvested from mice using standard protocols (6). Briefly, harvested bone marrow cells were cultured for 6 days in Dulbecco's Modified Eagle Media (DMEM) supplemented with 10% fetal bovine serum (FBS), L-Glutamine, 1 × penicillin/streptomycin, and 20% L929-conditioned medium. After this 6-day incubation, BMDMs were re-plated at 250,000 cells/well and were allowed to adhere to the plate for 24 h. Cells were then treated with different concentrations of Magnéli phase particles (0, 1, 10, 100, or 1,000 ppm) overnight. Following these treatments, cell-free supernatant was collected, and cytokine levels were assessed via enzyme-linked immunosorbent assay (ELISA). Lipopolysaccharide (LPS) was used at 1 μg/mL as a positive control for cytokine release. LDH activity was measured in the supernatant to assess cytotoxicity.



Transmission Electron Microscopy to Assess Magnéli Phase Phagocytosis

Following treatment with Magnéli phases, treatment media was discarded and BMDMs (1 × 106 cells/well) were fixed with 2.5% Gluteraldehyde in 0.1 M Sodium Cacodylate directly in the cell culture plate for at least 1 h. Following fixation in 2.5% glutaraldehyde in 0.1 M Na cacodylate, samples were washed two times in 0.1 M Na cacodylate for 15 min each, post-fixed in 1% OsO4 in 0.1 M Na cacodylate for 1 h and washed two times in 0.1 M Na cacodylate for 10 min each. Fixative was removed and cells were dehydrated with increasing concentrations of ethanol for 15 min each as follows (15, 30, 50, 70, 95, and 100%). The dehydration was completed with propylene oxide for 15 min. The samples were then infiltrated with a 50:50 solution of propylene oxide:Poly/Bed 812 (Polysciences Inc., Warrington, Pennsylvania, USA) for 6–24 h followed by complete infiltration with a 100% mixture of Poly/Bed 812 for 6–12 h. The samples were embedded in fresh 100% Poly/Bed 812 using Beem embedding capsules (Ted Pella Inc., Redding, California, USA) overnight. These were then placed into a 60°C oven for at least 48 h to cure and harden. The embedded samples were trimmed and thin (60–90 nm) sections were cut and collected on copper grids (Electron Miscroscopy Sciences). These sections were stained with aqueous uranyl acetate and lead citrate and examined and photographed using a JOEL JEM 1400 transmission electron microscope.



Mitochondrial Stress Test

Oxygen Consumption Rate (OCR) of BMDMs after exposure to nanoparticles was determined using a Seahorse XF96 Extracellular Flux Analyzer (Agilent Technologies). Seahorse 96-well cell culture microplates were seeded at 100,000 cells per well and subjected to a 24-h incubation with Magnéli phases. Following the incubation, cells were washed with OCR assay media (1 mM pyruvate, 2 mM glutamine, and 10 mM glucose) twice and then immersed in a total volume of 180 μL of media in each well immediately before the assay. Plates were then placed in the XF96 to establish a basal level of respiration. Afterwards, three separate injections were performed: the ATPase inhibitor oligomycin (1 μM), the mitochondrial uncoupler carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (3 μM) and the mitochondrial electron transport chain complex III inhibitor antimycin A (2 μM), respectively. Each condition was measured three times before moving to the next injection. Data is represented as pmol of oxygen per minute.



Mitochondrial Membrane Potential and ROS Assessments

Cells were grown following the conditions described above and plated at 100,000 cells per well in black walled, clear, flat bottom Corning Costar 96-well microplates. Images were collected in three different channels with a 60 × objective using Hoechst 33258 (100 nM) to counterstain nuclei, dichlorofluorescein (DCF) (100 μM) to monitor reaction to H2O2 injury, and tetramethylrhodamine, methyl ester (TMRM) (10 nM) to assess mitochondrial membrane potential. The following excitation/emission filters were selected to collect the fluorescence signal for each channel on the instrument; DAPI (Excitation 390.0 nm/18.0 nm bandpass, Emission 435.0/48.0 nm bandpass), FITC_511 (Excitation 475.0 nm/28.0 nm bandpass, 511.0 nm/23.0 nm bandpass), Cy3 (Excitation 542.0 nm/27.0 bandpass, Emission 587.0 nm/45.0 nm bandpass), respectively. Prior to the start of the imaging protocol, wells were treated with TMRM and DCF for 30 min, protected from light, in a 37°C/5% CO2 incubator and washed twice with phosphate buffered saline (PBS). Sequential images were taken in 10 fields of view for each channel in each well containing cells. After a basal level of fluorescence was obtained for each field, all wells were treated with 500 μM H2O2 to induce injury and a second round of images were obtained following the same procedure. Images were analyzed in an automated fashion using GE's InCarta software version 1.6. Multiple parameters were collected from each plate by creating custom “masks” that incorporated the fluorescent target of interest. Data are expressed as the mean pixel value under the mask minus mean pixel value for the local background or, more simply, Intensity-Background.



Quantification of Titanium Concentration in Tissues Using Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS analysis was performed on Agilent 7900 ICP-MS operating in helium collision mode to reduce/remove polyatomic interferences. Data was acquired in spectrum mode and utilized a 3-point peak pattern for quantitative analysis. Each data point acquisition had three replicates and utilized 250 sweeps per replicate. Titanium levels were monitored at both 47 and 49 m/z to additionally check for potential interferences at either value. The instrumental parameters for ICP-MS are shown in Supplemental Figure S2A.

Scandium (45 m/z) was used as an on-line addition internal standard. A calibration curve that ranged from 0.04 to 10 ppb titanium in solution was used to quantify titanium in the samples according to their response ratio with the scandium internal standard (Ti/Sc). An Anton-Parr Multiwave GO microwave system that utilized modified Teflon (PTFE-TFM) microwave vessels was used in the microwave digestions. This microwave oven provides feedback from the digestion conditions based on temperatures and whether excessive venting was detected.

Ultrapure water was purified with a Millipore MilliQ water purification system set at 18.2 MOhm. Single element stock solutions of 1,000 ppm titanium (Ti) and scandium (Sc) for ICP-MS analysis were obtained from Inorganic Ventures. Nitric acid (67–70 w/w%) and hydrofluoric acid (47–51 w/w%) were both trace metals grade and obtained from Fisher Scientific. Suprapur hydrogen peroxide (30 w/w%) was also trace metals grade and obtained from Merck. Lung tissue samples were stored in a freezer at −20°C until analysis. When ready, the samples were removed from the freezer and allowed to come to room temperature. The entirety of the provided samples was weighed directly into PTFE-TFM microwave vessels and ranged from approximately 200–300 mg.

One milliliter of ultrapure water (18.2 MΩ), 1.5 mL of 70% (w/w) nitric acid (HNO3), 0.3 mL of 10% (w/w) hydrofluoric acid (HF), and 0.2 mL of 30% w/w hydrogen peroxide (H2O2) were added to each vessel. The vessels were then capped appropriately and loaded into the carousel of the microwave digestion system. The samples were digested using a temperature gradient that ramped from room temperature to 180°C over 20 min, then held at 180°C for 10 min before cooling back to 60°C over 10 min. All samples digested clear and colorless, with no visible particulates in solution.

Each of the digested samples was decanted into fresh, separate 15 mL polypropylene (PP) tubes, and their corresponding digestion vessels were rinsed with 2 mL of 2% (w/v) HNO3 and decanted into their respective tubes for a 5 mL total volume. The concentrated samples were then vortexed and shaken to mix immediately before being diluted 1:100 in 2% (w/v) HNO3 to ensure homogeneity of the dilute samples. The 1:100 dilution was necessary to reduce the total concentration of HF within the samples themselves so that it did not attack the quartz portions of the ICP-MS instrumentation.



Intratracheal (i.t.) Administration and Imaging of Magnéli Phases in the Lung

Wild-type C57Bl/6 mice were treated with one dose of 100 ppm of Magnéli phases using i.t. administration, following anaesthetization with isoflurane. Mice were euthanized using CO2 and lungs were harvested 7 days following i.t. administration. To assess chronic effects of Magnéli phases in the lung, mice were treated i.t. with 100 ppm of Magnéli phases three times per week. Lungs were harvested at 6 weeks after the initial treatment. Hematoxylin and eosin (H&E) stained lung slides were evaluated using darkfield microscopy (Cytoviva, Auburn, AL, USA) and images were collected at a magnification of 100X. Magnéli phase localization and lung histopathology were also evaluated by a board-certified veterinary pathologist using H&E stained sections prepared from formalin fixed, paraffin embedded tissues. Immunohistochemistry was conducted on the formalin fixed, paraffin embedded tissues using an APAF1 polyclonal antibody (Invitrogen; PA5-85121) and rabbit specific HRP/DAB (ABC) Detection IHC kit (Abcam).



Gene Expression Profiling and Pathway Analysis

Total RNA was harvested from whole lungs using FastRNA Pro Green Kit following manufacturer's protocols (MP Biomedicals). Total RNA was pooled from 3-8 individual mice per group for RT2 Profiler PCR Array Platform (QIAgen) cDNA reaction. Gene expression was evaluated using PAMM-212Z and PAMM-052Z arrays (Qiagen) following manufacturer's protocols. The gene list for these arrays and functional categories are available through the manufacturer (Qiagen). Ingenuity Pathways Analysis (IPA) and the manufacturer's array software (Qiagen) was used to analyze gene expression data and conduct pathway analysis. IPA data were ranked and evaluated based on z-score as previously described by the research team (7–9).



Pulmonary Function Testing

Male C57Bl/6J mice were exposed to PBS or Magnéli phases three times/week for 6 weeks (18 total doses). Briefly, mice were anesthetized with isoflurane and received Magnéli phases (100 ppm) in 50 μl by i.t. administration as described above for the chronic exposure assessments. Pulmonary function testing was performed 24 h following the last exposure. All mice were anesthetized with tribromoethanol (TBE) (400 mg/kg), tracheostomized, and baseline pulmonary function was recorded using the FlexiVent system (SCIREQ, Montreal, QC, Canada) (10, 11).

Mice were ventilated with a tide volume of 10 ml/kg at a frequency of 150 breaths/min and a positive end expiratory pressure (PEEP) of 3 cm H2O to prevent alveolar collapse. In addition, mice were paralyzed with pancuronium bromide (0.8 mg/kg) to prevent spontaneous breathing. Electrocardiogram (EKG) was monitored for all mice to determine anesthetic depth and potential complications that could have arisen during testing. A deep inflation perturbation was used to maximally inflate the lungs to a standard pressure of 30 cm H2O followed by a breath hold of a few seconds to establish a consistent volume history. A snapshot perturbation maneuver consisting of a three-cycle sinusoidal wave of inspiration and expiration to measure total respiratory system resistance (R), dynamic compliance (C), and elastance (E). A Quickprime-3 perturbation, which produced a broadband frequency (0.5–19.75 Hz) over 3 s, was used to measure Newtonian resistance (Rn), which is a measure of central airway resistance. All perturbations were performed until three acceptable measurements with coefficient of determination (COD) ≥0.9 were recorded in each individual subject.

After three baseline measurements of lung function using “snapshot” and “Quickprime-3” perturbations, mice were challenged with aerosolized saline or cumulative doses of 1.5, 3, 6, 12, and 24 mg/ml methacholine (MCh) (Sigma-Aldrich, St. Louis, MO) generated by an ultrasonic nebulizer for 10 s without altering the ventilation pattern (10–12). These challenges were followed by assessments with “snapshot” and “Quickprime-3” perturbations every 30 s. Between each dose of methacholine, a deep inflation perturbation was initiated to reset lung hysteresis. For each animal, all perturbations were performed until six acceptable measurements with COD ≥0.9 were recorded.



Replicates

All studies were repeated at least three independent times unless noted.



Statistical Analysis

Single data point comparisons were evaluated by Student's two-tailed t-test. Multiple comparisons were evaluated for significance using Analysis of Variance (ANOVA) followed by either Tukeys or Newman–Keuls post-test, as appropriate. Graphs and statistical analyses were performed and generated using GraphPad Prism software 8 (GraphPad, San Diego, CA). All data are presented as mean ± the standard error of the mean (SEM) with p ≤ 0.05 considered significant. Data shown are representative of at least three independent studies.




RESULTS


Magnéli Phases Are Cytotoxic in Murine Bone Marrow-Derived Macrophages

In initial toxicity studies, Magnéli phases (Ti6O11) were found to be toxic to dechorionated zebrafish embryos at 100 ppm (1). Thus, we chose this formulation and dose as the focus of our subsequent studies. Utilizing previously described methods, we generated Magnéli phases that were predominately composed of Ti6O11 (1) (Figure 1A). The resultant nanoparticles were confirmed by electron microscopy analysis and X-ray diffraction patterns, as previously described (1) (Figures 1B,C). These nanoparticles have excellent light absorption in the near-infrared, UV, and visible light range (1). Likewise, the Magnéli phases also display a low amount of photocatalytic activity, as previously reported (1). The resultant nanoparticles used in our studies ranged in size from a few tens of nm to hundreds of nm (1).
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FIGURE 1. Magnéli phase phagocytosis results in increased cell death in bone marrow-derived macrophages. (A–C) Characterization of Magnéli phases used in this study. (A) Schematic illustrating Magnéli phase generation. (B,C) TEM images of Magnéli phases formed by annealing P25 TiO2 nanoparticles with coal in a pure N2 atmosphere for 2 h at 900°C. Electron diffraction patterns were characteristic of Magnéli phases and confirmed these as predominately Ti6O11 particles. Particles were between 10 and 200nm in size. (D) Un-treated bone marrow-derived macrophages (1 × 106 cells/well) and (E) macrophages treated with Ti6O11 (1, 10, 100, or 1,000 ppm) were visualized using TEM (Scale bar: 5 μm). Magnéli phases appear as punctate dark dots in the macrophages and are concentrated in phagolysosomes. (F) Macrophages containing Magnéli phases demonstrate morphological features consistent with apoptosis, including cell shrinking and membrane blebbing (red arrows) (Scale bar: 1μm). (G,H) Cytotoxicity was evaluated using trypan blue exclusion (G) across the Ti6O11 dose range and (H) at 100 ppm over a 24 h time course. (I,J) Inflammation was evaluated by assessing the production of pro-inflammatory cytokines, such as (I) IL-1β, (J) IL-6, and (K) TNF in the cell free supernatant following exposure to different doses of Magnéli phases. (L) Macrophage function was evaluated by assessing the ability of macrophages to phagocytose fluorescent Escherichia coli 24 h post-exposure to 100 ppm Magnéli phases. Data are expressed as mean ± SEM (n = 3 independent experiments). **p < 0.01.


Once inhaled, nanoparticles are rapidly phagocytosed by resident macrophages in the lungs, which represent the predominate cell type responsible for neutralization and clearance (13). To evaluate the effect of Magnéli phases on these cells, we generated primary bone marrow derived macrophages (BMDMs) using established protocols (13). The BMDMs were treated with varying doses of Ti6O11 Magnéli phases across a 0–1,000 ppm range and over a 24-h time course (Figures 1D–H). Transmission electron microscopy (TEM) assessments revealed Magnéli phases, concentrated in phagolysosomes within treated macrophages at all concentrations and timepoints evaluated (Figures 1D,E). Morphology assessments did not appear to show high levels of macrophage activation following phagocytosis. However, at 100 ppm, a significant number of macrophages demonstrated morphology consistent with increased cell death, specifically apoptosis (Figure 1F). Several features were noted, including cell shrinkage, loss of membrane integrity, and membrane blebbing (Figure 1F). To quantify cell death, we utilized trypan blue exclusion and manual counting using a hemacytometer. Here, we observed a dose dependent increase in cytotoxicity between 10 and 1,000 ppm, ranging from 19.75 ± 2.63% to 44.25 ± 4.787%, respectively (Figure 1G). The average cell death over the same 24-h time range in the mock treated macrophages was 16.25 ± 2.062% (Figure 1G). Macrophage cell death did not initiate immediately, requiring 24 h post-exposure to peak (Figure 1H). Using 100 ppm, cell death was assessed over a time course, with almost double the number of macrophages undergoing cell death at 24 h post-exposure (15.25 ± 0.957% mock vs. 31.25 ± 3.403% Ti6O11 Magnéli phase treatment) (Figure 1G). Together, these data show that Ti6O11 Magnéli phases, at levels observed in the environment as incidental nanoparticles generated through the industrial burning of coal, are cytotoxic to mammalian macrophages.

Nanoparticle exposure typically drives macrophage activation and the production of inflammatory mediators (13). The cells generated using the methods detailed here are skewed toward M1 polarized, pro-inflammatory macrophages (6). Likewise, the cell death induced by the Magnéli phases were originally predicted to generate damage associated molecular patterns, such as aberrant ATP production or Calcium efflux similar to that described for A549 cells (14), that should drive innate immune system signaling in the macrophages. Here, we monitored the generation of several potent pro-inflammatory mediators, including IL-1β, IL-6, and TNF (Figures 1I–K). Consistent with electron microscopy findings indicating apoptosis as the method of cell death and the lack of morphological features associated with macrophage activation, we did not observe any statistically significant increases in either gene transcription by rtPCR or at the protein level by ELISA for any pro-inflammatory mediators evaluated (Figures 1I–K). Indeed, at the gene transcription level, we observed several mediators and transcription factors actively down-regulated (Figure 2). These data indicate that cell death and inflammation induced by Magnéli phases are not linked. Despite higher levels of cytotoxicity, cell death and Magnéli phase exposure are not sufficient to significantly activate elements of the innate immune system associated with inflammation.
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FIGURE 2. Macrophage exposure to Magnéli phases activates gene expression profiles associated with apoptosis and mitochondria dysfunction. (A) Gene expression was evaluated using real time PCR based Superarrays (Qiagen). For each gene target on the array, fold change was calculated based on ΔΔCt values. Genes found to be ±2-fold change in expression from untreated specimens were defined as significant. The resultant data was evaluated using Ingenuity Pathway Analysis (IPA) to define pathways and global correlations between gene expression profiles and biological functions. Cell death signaling, specifically apoptosis, was the top pathway up-regulated in the macrophages following Magnéli phase exposure. IPA further identified gene expression profiles consistent with mitochondria dysfunction as a potential factor associated with the increased apoptosis signaling. (B) Pathways associated with inflammation and specifically inflammation associated cell death (i.e., pyroptosis and necroptosis) were significantly down-regulated at the level of gene transcription. Either fold change in gene expression or z-score values are displayed for each node as appropriate.


Previous studies have shown that nanoparticle phagocytosis by macrophages can impair their function, resulting in greater susceptibility to a myriad of pathogens (15, 16). To evaluate macrophage functionality 24 h following either mock or Magnéli phase exposure, live cells containing nanoparticles were sorted and co-exposed to fluorescently labeled E. coli. In macrophages lacking the Magnéli phases, we observed a significant increase in mean fluorescence intensity (MFI: 10,630 ± 290) compared to those containing the nanoparticles (7,826 ± 114.2) (Figure 1L). Thus, cells containing Magnéli phases were significantly less efficient at bacterial phagocytosis, implying that nanoparticle sequestration has a deleterious impact on macrophage function.



Magnéli Phase Phagocytosis Activates Apoptosis Signaling Pathways Modulated Through the Mitochondria

To better define mechanisms underlying Magnéli phase cytotoxicity, we profiled gene expression and utilized Ingenuity Pathway Analysis to decipher changes in gene networks and pathways associated with a range of biological functions in macrophages. BMDMs were collected 24 h post-exposure to 100 ppm Ti6O11. Total RNA was collected and gene expression was profiled using rtPCR based gene expression arrays (Qiagen). Changes in gene expression were defined as significant if the change was ±2-fold different between the mock and treated cells. Based on the pattern of gene expression changes, apoptosis signaling was the top canonical pathway that was significantly increased following Magnéli phase exposure (Figure 2; Supplemental Figure S1A). Individually, there were no clear networks or relationships identified between the top 10 dysregulated genes (Supplemental Figure S1B). However, analysis of the congregate gene expression patterns and networks revealed a strong relationship between genes associated with apoptosis signaling with a focus on mitochondria (Figure 2A). Here, we observed significant increases in gene expression associated with both pro-apoptotic BCL-2 family members, specifically Bax (Figure 2A). Up-stream analysis revealed a significant increase in p53 signaling and down-stream analysis revealed a significant increase in Apaf1 (Figure 2A). Consistent with these findings, Caspases-3,−6, and−9 were all found up-regulated following Magnéli phase exposure, while Caspase-7 was significantly downregulated (Figure 2A). We also observed a significant up-regulation in the gene encoding ICAD, which is associated with DNA fragmentation during apoptosis (Figure 2A). In addition to apoptosis, pathway analysis further revealed that inflammation and inflammatory forms of cell death, such as necroptosis, were significantly down-regulated following Magnéli phase exposure (Figures 2A,B). While we realize the general limitations of utilizing gene expression data to define cell death pathways, the data indicates significant changes in genes associated with apoptosis pathways and is consistent with the electron microscopy and inflammation data (Figure 1). Beyond cell death, very few additional pathways were found to be significantly impacted following Magnéli phase phagocytosis at the time points and conditions evaluated here, with a notable exception being a general downregulation of genes associated with NF-κB signaling (Figure 2A). This finding is consistent with the lack of inflammation and cytokine responses observed following exposure (Figures 1I,J). To better evaluate our findings compared to those previously reported for TiO2 exposure, we compared our findings to gene expression patterns associated for TiO2 in the IPA database (Supplemental Figure S1C). In general, many of the same pathways are altered for both Magnéli phases and TiO2, including the down-regulation of Tnf and the up-regulation of Ifng (Supplemental Figure S1C). However, the major difference between Magnéli phases and TiO2 is associated with Caspase-3/-7 regulation. Caspase-7 is down regulated in both cases; but, Caspase-3 is significantly up-regulated following Magnéli phase exposure and is central in the apoptosis pathways identified (Figure 2A; Supplemental Figure S1C). This is in contrast to the down-regulation of Caspase-3 and cell death mechanisms previously described following TiO2 exposure (17). Together, these data suggest that macrophage cell death induced by Magnéli phase exposure occurs though the mitochondrial pathway of apoptosis and is associated with the activation of pro-apoptotic BCL-2 family members, including a potential p53-BAX-APAF1 axis.



Magnéli Phase Exposure Results in Significant Mitochondrial Dysfunction

Previous studies have revealed that nanoparticles can significantly impair mitochondria function and the convergence of signaling pathways on the mitochondria identified in the gene expression profiling and pathway analysis together warrant higher resolution functional assessments. We first utilized an Agilent Seahorse XF cell mitochondrial stress test to evaluate the oxygen consumption rate (OCR) in BMDMs treated for 24 h with either mock, 100 ppm, or 1,000 ppm Magnéli phases (Figure 3A). At both doses, the basal respiration and the maximal respiratory capacity (MRC) were significantly increased in BMDMs treated with Magnéli phases compared to mock (Figure 3A). Cells treated with 1,000 ppm of Magnéli phases did not show the typical decline in OCR after the addition of oligomycin (Oligo), a known ATP synthase inhibitor, indicating an increase in proton leak in the mitochondria (Figure 3A). Proton leak is typically associated with mitochondrial damage and stress (18, 19). Likewise, these cells only showed a minimal change in MRC following the addition of the proton ionophore FCCP (Figure 3A), which likely reflects the significant increase in cells undergoing cell death. The BMDMs treated with 100 ppm Magnéli phases showed the most dramatic shifts, with the highest level of basal respiration and the largest MRC increase, following FCCP treatment (Figure 3A). The impressive increase in MRC suggests that Magnéli phase exposure resulted in a substantially higher reserve capacity in BMDMs, which is also likely associated with the increased energy demands of the cells following increased damage, stress, and cell death. Complementing the OCR data, we also evaluated the extracellular acidification rate (ECAR), which is an assessment of glycolysis. While we did not observe significant differences in ECAR following exposure to Magnéli phases at 1,000 ppm, we did observe a significant increase following exposure to 100 ppm (Figure 3B). These data indicate a shift in the substrate utilization, likely due to increased cellular metabolism in cells treated with 100 ppm Magnéli phases. Together, these data indicate that Magnéli phase exposure results in altered mitochondrial bioenergetics that can significantly contribute to damage associated processes, such as reactive oxygen species (ROS) generation and the activation of cell death cascades.
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FIGURE 3. Alterations in cellular energetics and mitochondrial membrane potential in macrophages treated with Ti6O11. (A) Oxygen consumption rate (OCR) and (B) extracellular acidification rate (ECAR) were measured using Agilent Seahorse XF96 Analyzer in mock and Ti6O11 treated BMDMs at either 100 ppm or 1,000 ppm. (C) Mitochondrial membrane potential was evaluated using tetramethylrhodamine (TMRM) in macrophages treated with vehicle (blue) or 100 ppm Magnéli phases (green), with H2O2 used to induce maximum loss of membrane potential in each group. (D) Cellular oxidative stress was evaluated using dihydrodichlorofluorescein (DCF) fluorescence. All data are expressed as mean ± SEM (n = 3/group). AU, Arbitrary Units. *p < 0.05, #p < 0.05, **p < 0.01.


Because proton leak is also a sign of mitochondrial damage and stress, we next investigated mitochondrial membrane potential (MMP), as decreases in MMP are associated with mitochondrial membrane damage and changes in mitochondrial function. The cell-permeant dye, tetramethylrhodamine (TMRM) accumulates in active mitochondria with healthy MMPs. A decrease in TMRM fluorescence indicates a loss of mitochondrial membrane potential. BMDMs treated with 100 ppm Magnéli phases had significantly lower TMRM fluorescence (86.26 ± 13.06 AU) compared to mock (613.60 ± 51.89 AU) (Figure 3C), indicating treatment significantly altered mitochondrial membrane potential. The subsequent addition of H2O2 to each sample was used as a positive control and resulted in significant decreased TMRM fluorescence compared to basal fluorescence in the mock treated cells, with a much smaller decrease in the cells treated with Magnéli phases (Figure 3C). Together, these data suggest that Magnéli phase exposure results in a significant decrease in mitochondrial membrane potential, and confirms severe mitochondrial membrane damage.

The production and modulation of ROS is a common biological response in macrophages to nanoparticle exposure, is associated with cytotoxicity, and is commonly involved in mitochondrial stress (20–22). Increased ROS production is a significant driver of cell death and stress following TiO2 exposure (20). A previous study assessed ROS levels in A549 alveolar epithelial cell lines following TiO2 and undefined Magnéli phase exposure (14). Under the conditions evaluated, the TiOx nanoparticles increased intracellular Ca2+ that was associated with low levels of cytotoxicity, but no significant changes on ROS production were observed (14). Due to the inherent differences in nanoparticle responses between different cell types and the potent cytotoxic effects of dysregulated ROS production, we next evaluated this response following exposure to Ti6O11 nanoparticles in macrophages. For this we utilized another cell-permeant dye, 2′,7′-dichlorofluorescin diacetate (DCFDA), which is oxidized by ROS into the fluorescent DCF. BMDMs challenged with 100 ppm Magnéli phases for 24 h had a significantly higher level of ROS production (1,105 ± 94.17) compared to mock exposed cells (76.39 ± 7.22) (Figure 3D). Taken together, these data suggest that macrophages treated with Magnéli phases show increased ROS production and loss of mitochondrial membrane potential after 24 h. All of which are indications that these particles induce mitochondrial stress and are consistent with the induction of mitochondria-mediated apoptosis following Magnéli phase exposure.



Magnéli Phases Are Sequestered in Lung-Associated Macrophages and Concentrate in the Tissue After a Single Exposure

In the only in vivo toxicity study conducted to date, Magnéli phases were shown to be bioactive and toxic to zebrafish at 100 ppm (1). These studies provided the first indication that these incidental nanoparticles could be biologically active and potentially toxic to a variety of animal species, including humans. However, the impact of Magnéli phases in mammals and the mechanism of toxicity were not explored (1). Thus, we next sought to extend these findings using mice and a respiratory exposure model. Mice were exposed to 100 ppm Ti6O11 Magnéli phases in 1 × PBS via intra-tracheal administration using methods previously described to evaluate nanoparticle toxicity and trafficking in the respiratory tract (13, 23). To quantify the concentration of Magnéli phases in the lungs over time, we utilized inductively coupled plasma mass spectrometry analysis to detect titanium levels (Figure 4A; Supplemental Figure S2A). Immediately following i.t. administration, tissues including the lungs, liver, spleen, and kidneys were removed, digested, and processed for ICP-MS. These data represent the maximum deposition control (Figure 4). As expected, no titanium was detected in tissues outside of the lungs or in any tissues that were not exposed to the Magnéli phases. However, in exposed lungs, we observed 14.46 ± 4.32 μg/g of lung tissue immediately after deposition (Figure 4A). Within 24 h post-exposure, titanium levels detected in the lungs dropped to 3.40 ± 1.19 μg/g of lung tissue (Figure 4A). However, surprisingly, after this single exposure to the Ti6O11 Magnéli phases, the levels of titanium in the lungs were maintained over the course of a week with levels holding steady at 5.30 ± 1.23 μg/g (Day 3) and 5.91 ± 1.30 μg/g (Day 7) (Figure 4A). Titanium levels were below the level of detection in all of the other tissues evaluated at the time points assessed (Supplemental Figure S2B). Together, these data emphasize the potential consequences of even a single exposure to Magnéli phases, which are retained in the lungs at significant levels for an extended duration following inhalation.
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FIGURE 4. Magnéli phases concentrate in pulmonary macrophages following a single exposure and are retained in the lung. (A) Following a single airway exposure to 100 ppm, titanium associated with the Magnéli phases were retained in the lungs and detected using ICP-MS for over 7 days post-expsure. Control tissues were collected from animals exposed to 100 ppm Ti6O11 and immediately euthanized. (B–D) Representative H&E stained tissue sections used for histopathology evaluation. (B) Vehicle control showing no nanoparticles or pathology. (C) Significant airway inflammation was observed in LPS treated animals, but no evidence of inflammation was found in the mice treated with Magnéli phases at any timepoint evaluated. (D) Larges areas of macrophages containing Magnéli phases were found in all treated animals (yellow box). (E–G) The majority of pulmonary macrophages contain Magnéli phases, with no other cell types appearing to contain or associate with the nanoparticles determined using dark field microscopy. Darkfield images were taken of (E) Ti6O11 nanoparticles alone or the lungs of mice 7 days post-exposure to either (F) PBS or (G) 100 ppm Magnéli phases. (G) Particles in the tissues were identified by bright punctate dots, almost exclusively localized in macrophages. Representative H&E stained lung sections (Scale bar = 50 μm). All data are expressed as mean ± SEM (n = 7/group). **p < 0.01.


We next sought to identify where in the lungs the Magnéli phases were being sequestered. We initially utilized histopathology assessments of H&E stained lung sections to evaluate both nanoparticle deposition and pathology. Lungs were fixed by gravity inflation with formalin and paraffin embedded for staining as previously described (13, 23). Lung pathology was evaluated by a board-certified veterinary pathologist (S.C.O.). Control mice received either vehicle or were challenged with a 1 mg/ml dose of LPS (Figures 4B,C). As anticipated, lung histopathology was normal in the vehicle treated animals (Figure 4B). Conversely, we observed significant airway inflammation in the LPS treated animals, characterized by predominately macrophage and neutrophil infiltration concentrated around the airways and vasculature (Figure 4C). In the experimental animal groups, we did not observe significant evidence of inflammation in the mice exposed to Magnéli phases at 1, 3, or 7 days post-exposure (Figure 4D). However, Magnéli phases were readily observed as punctate foci within cells in the lungs under light microscopy conditions (Figure 4D). Further assessments at higher magnification revealed that the vast majority of Magnéli phases were sequestered in macrophages, with no nanoparticles observed under light microscopy conditions associated with or within any other cell type in the lung or observed in the vehicle control specimens (Figures 4B,D). To confirm the association of Magnéli phases with the macrophages in the lungs, we conducted enhanced darkfield microscopy (Cytoviva) (Figures 4E–G). A reference image of Magnéli phases was generated and used to identify the nanoparticles in vivo (Figure 4E). As anticipated, we did not detect any Magnéli phases in the vehicle control specimens (PBS) (Figure 4F). However, consistent with our pathology assessments, Magnéli phases were confirmed in macrophages throughout the lungs and were readily identified by their distinctive punctate staining (Figure 4G; green arrow). Together, these data show that Magnéli phases are effectively phagocytosed by lung-associated macrophages; however, the nanoparticles are not effectively cleared from the tissue, remaining at steady levels over the course of at least 7 days following a single exposure.

Based on our ex vivo findings that Magnéli phases are cytotoxic, we next evaluated the in vivo impact of nanoparticle sequestration on macrophages and lung tissue. Bronchoalveolar lavage fluid (BALF) was collected following euthanasia and cellularity was evaluated following differential staining. In both the PBS and Magnéli phase treated specimens, macrophages were the dominate population of cells recovered (Figure 5A). This is in contrast to the highly inflammatory conditions observed following LPS treatment (data not shown) or following exposure to nanoparticles with immunostimulatory properties, where neutrophils are the dominate cell type observed (24–27). Magnéli phases were readily identified in macrophages collected from the lungs of exposed mice at all time points evaluated, with 71 ± 10.16% of the macrophages containing at least 1 readily observable nanoparticle under 40 × light microscopy (Figure 5A). Consistent with our in vitro cytotoxicity data, many of the macrophages recovered from the airways demonstrated morphological features consistent with cellular stress and death (Figure 5A). The cell populations recovered in the BALF were further quantified using a hemocytometer (Figure 5B). Macrophages, neutrophils, and lymphocytes were recovered in the BALF from mice exposed to either PBS or Magnéli phases (Figure 5B). The quantity and populations of cells recovered in BALF are routinely utilized as surrogates to characterize lung inflammation (28). Compared to findings commonly reported following exposure to immunostimulatory agents, such as LPS, and consistent with the pathology evaluations shown in Figures 4B–D, the number and populations of cells recovered following exposure to Magnéli phases indicate that these nanoparticles do not induce significant lung inflammation (Figure 5B). Indeed, assessments of inflammatory mediator levels, such as IL-6, in the BALF following either Magnéli phase exposure or LPS exposure, further confirm these findings (Supplemental Figure S3A). Consistent with the increased cytotoxicity, we observed a significant decrease in the number of macrophages recovered in the BALF from mice exposed to Magnéli phases (Figure 5B). No other cell populations appeared to be impacted (Figure 5B). Together, these data indicate that airway exposure to a single dose of Magnéli phases at a range previously found in environmental samples following incidental nanoparticle release and cytotoxic to zebrafish embryos indeed facilitates macrophage cell death in the mammalian lung. Consistent with the apoptosis findings (shown in Figures 1, 2), neither in vivo macrophage cell death nor exposure to the Magnéli phases result in significant inflammation.
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FIGURE 5. Magnéli phases concentrate in pulmonary macrophages, resulting in significant dysfunction. (A) Representative images of BALF cytology from PBS and Ti6O11 (100 ppm) treated mice. (B) Differential cell counts in the BALF after treatment with PBS, Ti6O11, or LPS. (C) Gene expression profiling and analysis using Ingenuity Pathway Analysis software identified gene transcription patterns associated with increases in apoptosis, formation of reactive oxygen species, and wound healing/fibrosis. Data are expressed as mean ± SEM (n = 3 mice per PBS treated group, n = 7 mice per Ti6O11 treated group, and n = 4 per LPS treated group). *p < 0.05.


To better define the mechanisms underlying the in vivo response to Magnéli phase exposure, lung tissue was collected 7 days post-exposure. Total RNA was isolated and processed for gene expression profiling using the SuperArray platform and IPA, as previously described (7–9). The gene expression profiling analysis revealed significant changes in several pathways associated with cell death and lung function. The three top pathways predicted by IPA analysis to be significantly activated 7 days post-exposure to the Magnéli phases were (1) apoptosis—specifically apoptosis of monocytes; (2) formation of ROS; and (3) fibrosis. In all three cases the combination of genes up-regulated and down-regulated were predicted to have an activating effect on the pathways identified (Figure 5C). Also, of note, no pathways were predicted to be significantly inhibited based on the gene expression patterns evaluated and no pathways associated with inflammation were significantly modulated following Magnéli phase exposure. The predicted activation of apoptosis of monocytes and formation of ROS in vivo are highly consistent with the findings from our in vitro studies and further emphasize the detrimental impact that the Magnéli phases are having on the macrophage populations in the lungs following exposure. The fibrosis gene expression signature is intriguing. The 7-day timeframe of the exposure model is far too soon for lung fibrosis to present in the mice and no pathologic features associated with fibrosis were detected in our specimens by histopathology, collagen, or fibronectin assessments (Figure 4). It is possible that we are identifying gene signatures associated with fibrosis at a very early time in the lungs, prior to pathological disease onset. However, this gene expression pattern would also be consistent with increased regeneration and repair processes in the lungs, perhaps associated with the increased cell death.



Repeated Exposure to Magnéli Phases Results in Significant Nanoparticle Accumulation in the Lungs

In most cases of incidental nanoparticle release into the environment, biological exposure to Magnéli phases are expected to occur repeatedly and for an extended duration. Thus, we next sought to determine the impact of chronic airway exposure to the Ti6O11 nanoparticles over a 30-day time period. Under these conditions, we observed a significant increase in titanium concentrations in the lungs, which accumulated to levels that were ~6-fold higher (35.82 μg/g of lung) than levels observed after a single exposure (5.92 μg/g of lung) (Figure 6A). Similar to the findings from the single exposures, pathology assessments of the lungs again revealed that the majority of the Magnéli phases detectable under bright-field microscopy were sequestered in lung-associated macrophages (Figure 6B). Despite the increased concentrations of nanoparticles in the lungs, we did not observe any pathologic features associated with increased inflammation or differences in pro-inflammatory mediators, such as IL-6, IL-1β, or TNF levels, in the lungs (Figure 6B; Supplemental Figures S3A–F). Pathology assessments revealed no evidence of interactions with other cell types beyond the macrophages under bright-field microscopy. To better define nanoparticle-cell interactions, we evaluated specimens using enhanced dark field microscopy (Cytoviva) (Figure 6C). Consistent with our bright field data and similar to what we observed following the single exposure, the Magnéli phases are overwhelmingly concentrated in macrophages in the lung (Figure 6C). It should be noted that we did identify punctate staining associated with alveolar epithelial cells, indicating that under chronic exposure conditions, there are some interactions between other cell types in the lungs and the Ti6O11 nanoparticles (Figure 6C). However, compared to the macrophages, Magnéli phase interactions with these cells were more sporadic and involved far fewer nanoparticles per cell (Figure 6C). Using cells recovered following BALF and evaluated following differential staining assessments, the number of macrophages containing Magnéli phases per 100 cells was determined and used to generate a phagocytic index (29). Following the single exposure to Magnéli phases, we calculated the phagocytic index to be 71.14 ± 3.84 on day 7, with the majority of macrophages recovered containing >1 nanoparticle per cell (Figure 6D). However, following the multiple exposures, the phagocytic index significantly increased to 91.00 ± 2.17 on day 30, again with almost all macrophages recovered containing >1 nanoparticle per cell (Figure 6D). Together, these data are consistent with the Magnéli phases being sequestered in the macrophages. Following cell death, the nanoparticles likely continue to concentrate in the lungs as cells undergoing apoptosis and associated debris (including the Magnéli phases) are further phagocytosed by additional macrophages, creating a positive feedback loop.
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FIGURE 6. Repeated exposures concentrates Magnéli phases in pulmonary macrophages. (A) Using ICP-MS, we quantified the amount of titanium in the lungs following multiple airway exposures to 100 ppm Ti6O11 over a 30 day period. (B) Histopathology using H&E stained tissue sections reveled significant airway inflammation LPS treated animals, but no evidence of inflammation in the mice treated with Magnéli phases. Larges areas of macrophages containing Magnéli phases were found in all treated animals (Scale bar = 20 μm). (C) Darkfield images were taken of mouse lungs post-repeated exposures, on day 30. Particles in the tissues were identified by bright punctate dots. Almost all particles were concentrated in macrophages (green arrows). However, small numbers of Ti6O11 nanoparticles were found associated with alveolar epithelial cells (green arrows). Representative H&E stained lung sections (Scale bar = 50 μm). (D) Phagocytic Index (number of BALF macrophages containing Magnéli phases per 100 cells). (E–G) APAF1 immunohistochemistry staining from (E) saline, (F) LPS, and (G) Magnéli Phase exposed lungs. (G) Following Magnéli Phase exposure, only endothelial cells and macrophages containing particles were broadly positive for APAF1. (E) In saline exposed mice, only endothelial cells were positive for APAF1; (F) whereas, LPS exposure resulted in a range of cell types staining positive for APAF1. Macrophages in each image are identified by red arrows. All data are expressed as mean ± SEM (n = 7/group). **p < 0.01.


Our gene expression profiling data indicated that this sequestration resulted in apoptosis. To further evaluate this, we conducted immunohistochemistry targeting APAF1, which is an important mediator in mitochondria mediated apoptosis and was significantly up-regulated at the gene expression level (Figure 2A). Immunohistochemistry revealed that Ti6O11 treatment resulted in significant increases in APAF1+ cells in the lungs. Consistent with previous data, endothelial cells have high levels of APAF1+ staining, which was observed in the Saline treated animals (Figure 6E). However, we did not observe any significant staining in other cell types, including macrophages (Figure 6E). In LPS treated lungs, we observed robust staining in multiple cell types in the lungs, including endothelial cells, epithelial cells, macrophages, and neutrophils (Figure 6G). However, in the Magnéli phase treated animals, we did not observe the same level of widespread staining (Figure 6F). Rather, the APAF+ cells were predominately limited to the endothelial cells and macrophages containing Magnéli phases (Figure 6F). Also, of note, only the macrophages containing Magnélli phases were APAF+. Together, these data are consistent with our other findings localizing the in vivo effects of the Magnélli phases to the macrophage compartment in the lungs.



Magnéli Phase Exposure Attenuates Lung Function and Impacts Airway Pathophysiology

Based on the data above, we predicted that exposure to Magnéli phases would negatively impact mammalian lung function. To directly test this hypothesis, we determined the impact of multiple exposures of Ti6O11 nanoparticles over a 30 day period of time on basal airflow and airway mechanics utilizing a computer-controlled small-animal ventilator with highly sensitive pressure transducers (Flexivent) to quantify airway opening pressures, volume, and airflow (10, 11). In addition to basal measurements, we also determined whether exposure to these Magnéli phases modulates lung pathophysiology and airway mechanics following exposure to the bronchoconstricting agent methacholine. To evaluate airway mechanics, a snapshot perturbation maneuver that consisted of a three-cycle sinusoidal wave of inspiration and expiration was used to measure total respiratory system resistance (R), dynamic compliance (C), and elastance (E). A Quickprime-3 perturbation, which produced a broadband frequency (0.5–19.75 Hz) over 3 s, was used to measure Newtonian resistance (Rn), which is a measure of central airway resistance. For the methacholine studies, after three baseline measurements of lung function, mice were challenged with aerosolized saline or increasing doses of 1.5, 3, 6, 12, and 24 mg/ml of methacholine, generated by an ultrasonic nebulizer for 10 s without altering the ventilation pattern, followed by assessments every 30 s (30, 31). Between each dose of methacholine, a deep inflation perturbation was initiated to reset lung hysteresis.

Consistent with our hypothesis, exposure to Magnéli phases resulted in significant increases in basal resistance and Newtonian resistance (Figures 7A,B). These data indicate that the accumulation of Ti6O11 nanoparticles significantly attenuates baseline lung function. The increased basal resistance and Newtonian resistance suggests that the airway diameter and lung volumes are reduced under baseline conditions. We also observed an increase in basal elastance and the converse decrease in compliance (Figures 7C,D). These findings reflect defects in alveolar and elastic tissue in the lungs and indicate that exposure to Magnéli phases results in increased lung stiffness and reduced lung expansion abilities. Beyond baseline assessments, we also sought to evaluate lung function following methacholine challenge, which is commonly used to induce smooth muscle constriction in the lungs. Despite the increased baseline resistance and Newtonian resistance, the lungs of mice exposed to Magnéli phases showed minimal increases in airway constriction following methacholine challenge (Figures 7E,F). This is in contrast to the unexposed animals, which demonstrated the anticipated dose dependent increases (Figures 7E,F). These data indicate that the lungs of these mice lack the capacity to properly function and are likely at maximum for resistance and Newtonian resistance. Methacholine challenge also results in increased elastance and decreased compliance in untreated mice (Figures 7G,H). However, similar to the resistance measures, Magnéli phase exposure resulted in minimal changes in elastance and dynamic compliance, indicating a stiffening of the lungs (Figures 7G,H). Together, these data are consistent with Magnéli phase exposure resulting in significant detrimental changes in lung mechanics and function.
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FIGURE 7. Chronic exposure to Magnéli phases significantly attenuates lung function. (A–D) Baseline pulmonary function parameters including (A) total respiratory system resistance (R), (B) Newtonian resistance (Rn), (C) elastance (E), and (D) dynamic compliance (C) were measured by FlexiVent in control and Ti6O11 exposed mice. (E–H) Assessment of AHR to methacholine (MCh) in control and Ti6O11 exposed mice. (E) Total respiratory system resistance (R), (F) Newtonian resistance (Rn), (G) elastance (E), and (H) dynamic compliance (C) dose response curves following challenge with increasing concentrations of MCh in aerosolized saline (0, 1.5, 3, 6, 12, and 24 mg/ml) for control and Ti6O11 exposed mice were examined on FlexiVent. All data are expressed as mean ± SEM (n = 7/group). *p < 0.05, ****p < 0.0001, compared to the PBS treated control group.





DISCUSSION

In initial toxicity studies, Magnéli phases (Ti6O11) were found to be toxic to dechorionated zebrafish embryos at 100 ppm, without concurrent solar radiation (1). This is in contrast to TiO2 nanoparticles, which are photocatalytically active and toxic at the same concentrations in conditions where solar radiation is present (1). The mechanism of cytotoxicity associated with TiO2 has previously been associated with the increase in ROS generation (32, 33). Prior to data presented in the current study, the physiological impact in mammalian cells and cytotoxicity mechanisms associated with Magnéli phases were unclear. To date, only one additional study has explored the cytotoxicity of these nanoparticles in mammalian cells (14). The cytotoxicity of three different Magnéli phases and two different TiO2 formulations were evaluated utilizing A549 cells, which are a human lung alveolar epithelial cell line (14). In these studies, rather than using specific formulations of Magnéli phases, the nanoparticles were evaluated based on size, ranging from 192 to 795 nm in average diameter (14). In the A549 cells, the TiOx Magnéli phases demonstrated low levels of cytotoxicity in some of the size ranges evaluated and increased intracellular Ca2+, but no significant changes in ROS levels were observed (14). Thus, the authors concluded that in A549 cells Magnéli phases had either similar or reduced cytotoxicity compared to TiO2 nanoparticles with cell death associated with different mechanisms related to Ca2+ flux (14).

The prior studies using zebrafish embryos also provides critical insight into general in vivo toxicity and immediate relevance to aquatic organism exposure (1). However, the impact of Magnéli phases on other terrestrial biological systems and the extension of these findings to human physiology is somewhat limited. Similarly, the in vitro studies using the A549 model provides important insight related to the interaction of Magnéli phases with a human alveolar epithelial cell line and a comparison with TiO2 nanoparticles (14). However, while the A549 cells are certainly relevant, when nanoparticles are internalized through the airway, several other cell types beyond the alveolar epithelial cells are arguably more critical to the host response (13). Based on data presented here, interactions between Magnéli phases and alveolar epithelial cells appear quite limited in vivo. Our data indicates that the vast majority of nanoparticles are sequestered in lung-associated macrophages. These cells are the primary phagocytic cell in the airway and these findings are similar to other studies evaluating nanoparticle deposition in the lungs (13, 23, 24). Likewise, our data indicates that the macrophages are not able to effectively breakdown and clear the concentrated Magnéli phases from the lungs. Even more concerning, this sequestration occurs even after a single challenge and suggests that even short term, low dose exposure to Magnéli phases may pose a potential health risk.

Once phagocytosed by macrophages, our data reveals that Ti6O11 Magnéli phases are cytotoxic and induce apoptosis, which is considered a non-inflammatory form of cell death. This finding is consistent with the lack of inflammatory signaling in the ex vivo primary macrophages and in vivo findings. However, the lack of inflammation, both in vitro and in vivo, following nanoparticle exposure was quite unexpected. As discussed above, we observed active suppression of gene expression pathways associated with necroptosis (Figure 2B), which is a proinflammatory form of cell death. While this was also unexpected, similar findings have been reported for other metal-based nanoparticles. Indeed, the ability to attenuate inflammation while inducing cell death is a favorable characteristic for engineered nanomaterials generated for biomedical and therapeutic applications. For example, zinc oxide nanoparticles induce high levels of apoptosis associated with increased ROS production and significant depletion of glutathione in human pulmonary adenocarcinoma cell lines and have well defined anti-inflammatory activities (34, 35). Thus, it is tempting to speculate a similar model applies to the Magnéli phases evaluated here. Similarly, silver nanoparticles have shown effects in neutrophils that are consistent to those described here for the Magnéli phases in macrophages (36). Silver nanoparticle exposure triggers activation and maturation in specific subsets of neutrophils, followed by increased levels of IL-8 (36). However, classical pro-inflammatory pathway activation, overall inflammation and necrotic cell death are significantly attenuated following exposure (36). The implication of these data indicate that silver nanoparticles stimulate neutrophil up-take as the cell attempts to minimize inflammation and stimulate nanoparticle clearance (36). It is possible that a similar mechanism is also occurring in macrophages, where Magnéli phase nanoparticle phagocytosis is occurring, but the cells are not able to effectively degrade or clear the nanoparticles.

Mitochondria are critical in the activation of apoptosis in mammalian cells and the Bcl-2 family is central in the regulation of these processes (37). Our data reveals that this pathway is significantly dysregulated following Magnéli phase exposure and provides insight into the mechanism underlying the increased apoptosis observed following nanoparticle exposure. These data are consistent with findings associated with a diverse range of metal-based nanoparticles. For example, gadolinium oxide (Gd2O3) nanoparticles have been shown to induce apoptosis through dysregulation of BCL2/BAX signaling and ROS production in response to DNA damage in human neuronal cells (38). Likewise, similar to the gene expression pattern observed following Magnéli phase exposure, silver nanoparticle exposure also increases caspase 3, Bax, and P53 expression, increased ROS signaling, and apoptosis in the MCF-7 human adenocarcinoma cell line (39). But, as discussed above and also similar to Magnéli phases, silver nanoparticle exposure results in an attenuated immune system response (36). Interestingly, lower doses of Magneli phases (100 ppm) increased maximal respiration, consistent with the concept of mitochondrial hormesis, whereby ROS upregulate mitochondria as a compensatory mechanism to fight cellular stressors (40). This is consistent with our observation that higher doses (1,000 ppm) were associated with functional decrements, including uncoupled respiration and a loss in respiratory reserve in macrophages. Likewise, the dramatic shifts observed in the OCR and ECAR at 100 ppm further emphasize that the mitochondria are dysfunctional and indicates that Magnéli phase exposure results in significantly altered mitochondrial bioenergetics. This likely contributes to damage associated processes, such as ROS generation and the activation of cell death cascades. Together, these data support a model whereby Magnéli phases directly impair mitochondrial function following exposure and induce cell death in macrophages through the mitochondrial-mediated intrinsic apoptosis pathway.

Despite the lack of inflammation in the lungs following Magnéli phase exposure, it is clear that the sequestration and concentration of these nanoparticles and resultant macrophage cell death significantly affects lung function. We observed significant changes in resistance, compliance, and elastance at baseline and following methacholine stimulation (Figure 7). At baseline, the increase in resistance following repeated Magnéli phase exposure reflects a narrowing of the central and conducting airways, including the trachea, bronchi, bronchioles, and terminal bronchioles. Similarly, the reduction in compliance and corresponding increase in elastance at baseline reflect the need for greater pressures to increase lung volume in animals exposed to Magnéli phases. Following stimulation with methacholine, we observed predicted changes in R, Rn, E, and C in animals unexposed to Magnéli phases, reflecting normal lung function. However, in mice exposed to the nanoparticles, we observed relatively minimal changes in lung mechanics from baseline (Figure 7). This suggests that the lungs have already reached their near maximum potential for the parameters assessed in this study. Together, these consequential alterations in airway mechanics indicate that the lungs of mice exposed to Ti6O11 Magnéli phases are significantly stiffer and more constricted compared to unexposed animals. This influences both baseline lung function and normal airway contractility following stimulation. These findings are consistent with restrictive lung disease and are similar to findings reported for silica associated models of fibrosis, which are characterized by low levels of inflammation and the production of pro-fibrotic growth factors that ultimately result in fibrotic lesions due to diminished lung clearance of the silica particles (41–44). These fibrotic lesions are directly associated with diminished macrophage function. Macrophages that concentrate the silica particles are highly effective in directly stimulating fibrogenesis associated growth factors in the lungs that can impair lung function. These findings are consistent with those presented here following exposure to Magnélli phases and we speculate that a similar mechanism underlies the observed decrease in lung function.

Due to the widespread environmental distribution of incidental Magnéli phases in the air and water associated with global coal combustion, it is critical that we have a better understanding of their biological impacts. Improved understanding of the dynamics associated with nanoparticle physicochemistry, cellular, and organismal responses following exposure, environmental transport, and global distribution patterns are all critical for providing a basis for establishing future frameworks to determine potential risks to human health and inform environmental policy decisions. Our findings here are highly cautionary, as a single exposure to Magnéli phases can result in potentially harmful long-term health effects. Unfortunately, there is currently no practical way to limit the formation of Magnéli phases and other nanoparticle formation during the coal burning process. However, in countries with strong environmental regulations, most of these nanoparticles can be captured by particle traps prior to final emission of exhaust gas. While we have provided the first evidence of the detrimental impacts of Magnéli phase exposure in mammals, it is clear that further toxicology studies are necessary and future assessments of the impact of these nanoparticles on human health is warranted.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by Virginia Tech IACUC East Carolina University IACUC.



AUTHOR CONTRIBUTIONS

DM and IA designed, performed the in vitro and in vivo experiments, analyzed and interpreted the data, prepared the figures, and wrote the paper. VR-S, HM, WL, VM, YY, BC, JB, and MH were responsible for designing and executing specific studies associated with Magnéli phase synthesis and characterization, localization, and macrophage studies. MC-T and JA were responsible for the ICP-MS analysis. TC conducted the TEM analysis. JP, GD, and DB were responsible for the mitochondria studies. SR and KG conducted the lung function studies. Pathology assessments were conducted by a board certified veterinary pathologist, SC-O. All authors have read and approved the manuscript.



FUNDING

This work was financially supported by the Virginia-Maryland College of Veterinary Medicine, the National Natural Science Foundation of China (41522111 and 4176114462), The Center for the Environmental Implications of Nanotechnology (NSF Cooperative Agreement EF-0830093), the Virginia Tech Institute for Critical Technology and Applied Science (ICTAS), the Open Foundation of East China Normal University, the Virginia Tech National Center for Earth and Environmental Nanotechnology Infrastructure (NSF Cooperative Agreement ECCS-1542100), the STAR Fellowship Assistance Agreement no. FP-91780101-1 awarded by the U.S. Environmental Protection Agency (EPA), The National Institutes of Health (R01 ES019311). Student work on this publication was supported by the National Institute of Allergy and Infectious Diseases Animal Model Research for Veterinarians (AMRV) training grant (T32-OD010430) and the American Association of Immunologist Careers in Immunology Fellowship Program (VR-S).



ACKNOWLEDGMENTS

We would like to thank Dr. Kristin Eden, Dr. Daniel Rothschild, Melissa Makris, and Dr. Mitsu Murayama for insightful comments, critical reagents, and instrumentation assistance associated with this publication. We would also like to acknowledge the staff and personnel related to our Teaching and Research Animal Care Support Service (TRACSS). Center support was provided by the Virginia Tech Institute for Critical Technology and Applied Science, which maintains critical support for the Virginia Tech Center for Engineered Health, the Virginia Tech Center for Sustainable Nanotechnology, and the National Center for Earth and Environmental Nanotechnology Infrastructure.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.02714/full#supplementary-material

Supplemental Figure S1. Apoptosis signaling was significantly increased in macrophages following exposure to Magnéli phases. (A) IPA revealed that cell death and apoptosis signaling pathways were significantly up-regulated following Ti6O11 exposure. The top molecular and cellular functions predicted to be impacted by exposure were associated with cell death, cellular function and maintenance, DNA repair, and cellular organization. (B) The 10 genes most impacted (the top 5 up-regulated and down-regulated) by Magnéli phase exposure in macrophages have broad and diverse biological functions. (C) Macrophage responses to Magnéli phases produce a gene expression pattern similar to that observed following exposure and activation following titanium dioxide. However, Magnéli phase exposure is significantly less inflammatory (lower levels of IFNG, IGF1, and FASLG), while inducing higher levels of apoptosis and increased mitochondria dysfunction. The activation of gene networks associated with Caspase 3 is a significant difference observed here for Magnéli phases, which is down-regulated following titanium dioxide exposure.

Supplemental Figure S2. Titanium was not found in tissues and organs outside of the lungs. (A) Table showing ICP-MS instrument parameters used for the detection of titanium in tissue. (B) Blood, liver, and kidneys were evaluated for titanium levels over the course of 7 days post-exposure to a single dose of Magnéli phases at 100 ppm. All levels in all tissues were below the level of detection, with the exception of a single liver sample, shown here 3 days post-exposure.

Supplemental Figure S3. Magnéli phases are non-inflammatory. (A,B) Pro-inflammatory cytokine levels were evaluated by gene expression using rtPCR and protein evaluations using ELISA in all in vitro and in vivo studies. However, no significant increases in the majority of potent pro-inflammatory mediators were detected. (A–F) IL-6, IL-1β, and TNF levels were evaluated in bronchoalveolar lavage fluid (BALF) by ELISA following either (A–C) a single exposure of 100 ppm; (D–F) chronic exposures of 100 ppm Magnéli phases; or (A–F) airway exposure to 1 mg/ml of lipopolysaccharide (LPS). LPS induced a robust IL-6, IL-1β, and TNF response; however, no exposures to the Magnéli phases significantly induced these proinflammatory mediators. *p < 0.05.
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Environmental pollutants and allergens induce oxidative stress and mitochondrial dysfunction, leading to key features of allergic asthma. Dysregulations in autophagy, mitophagy, and cellular senescence have been associated with environmental pollutant and allergen-induced oxidative stress, mitochondrial dysfunction, secretion of multiple inflammatory proteins, and subsequently development of asthma. Particularly, particulate matter 2.5 (PM2.5) has been reported to induce autophagy in the bronchial epithelial cells through activation of AMP-activated protein kinase (AMPK), drive mitophagy through activating PTEN-induced kinase 1(PINK1)/Parkin pathway, and induce cell cycle arrest and senescence. Intriguingly, allergens, including ovalbumin (OVA), Alternaria alternata, and cockroach allergen, have also been shown to induce autophagy through activation of different signaling pathways. Additionally, mitochondrial dysfunction can induce cell senescence due to excessive ROS production, which affects airway diseases. Although autophagy and senescence share similar properties, recent studies suggest that autophagy can either accelerate the development of senescence or prevent senescence. Thus, in this review, we evaluated the literature regarding the basic cellular processes, including autophagy, mitophagy, and cellular senescence, explored their molecular mechanisms in the regulation of the initiation and downstream signaling. Especially, we highlighted their involvement in environmental pollutant/allergen-induced major phenotypic changes of asthma such as airway inflammation and remodeling and reviewed novel and critical research areas for future studies. Ultimately, understanding the regulatory mechanisms of autophagy, mitophagy, and cellular senescence may allow for the development of new therapeutic targets for asthma.
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INTRODUCTION

Asthma is a leading serious chronic illness of children and adults worldwide, and its prevalence has been increasing over the past few decades (1, 2). Million people worldwide are affected, including 24 million in the United States (3). Asthma is chronic airway inflammation characterized by airway hyper-responsiveness, wheezing, cough, and dyspnea, and has become a major contributing factor to missed time from school and work, and is also a major cause of hospitalization and emergency department visits. It is well-recognized that the increase in asthma prevalence may be mainly attributed to industrialization- and urbanization-generated environmental pollutants (4–10). In China, a study of over 30,000 adults showed that the prevalence of persistent cough, sputum production, and wheezing was associated with major traffic roads, factories, and large smokestacks (11). This was supported by another cross-sectional study of 23,326 Chinese children, which showed that the prevalence of asthma was higher for those residing near areas with serious air pollution (12). Diesel exhaust particles (DEPs) are of particular concern and contributed to more than 90% of the particulate matters (PMs) derived from traffic sources in European and American cities (13). Particulate matter 2.5 (PM2.5), one of the major pollutants in urban areas, accounts for a large proportion of the atmospheric particulate matter and increased prevalence and symptom severity in children and adult patients with asthma (14–16) and other respiratory diseases (17, 18). PM2.5 as a mixture of various chemical constituents has been shown to promote oxidative stress and inflammation (19). Furthermore, concentrated transition metals in the environment have been shown to stimulate the production of reactive oxygen species (ROS) 19, leading to airway injury and inflammation (20).

In addition to environmental pollutants, it is well-known that environmental allergens are also major players in the development of allergic sensitization and asthma. Importantly, recent studies made novel findings that environmental pollutants co-exposure with allergens can lead to increased allergic sensitization and severe asthma (21–23). Particularly, prenatal exposure to DEPs is associated with an increased risk of allergic sensitization, early childhood wheeze, and asthma (24, 25). Of interest, co-exposure to DEP and house dust mite (HDM) can promote allergic sensitization and induce major features of a more severe asthma (9, 26–29). Furthermore, we have recently shown that benzo(a)pyrene (BaP) co-exposure with dermatophagoides group 1 (Der f 1) can activate aryl hydrocarbon receptor (AhR) signaling, which regulates ROS generation and TSLP and IL-33 expression (30). Similarly, a very recent study demonstrated that PM2.5 disturbs the balance of Th17/Treg cells by impairing differentiation of Treg cells and promoting differentiation of Th17 cells through the molecular pathways AhR–HIF-1α (hypoxia-inducible factor-1alpha) and AhR–Got1 (glutamate oxaloacetate transaminase 1) in a cockroach allergen-induced mouse model of asthma (31). Warren et al. reported that acute inhalant exposure to an agriculture acquired organic dust extract (ODE) impacts lung inflammatory responses in a murine model of experimental allergic asthma, suggesting that allergic asthma may prime the lung microenvironment response toward an exaggerated response following exposure to a dusty farm environment (32). Thus, future studies are warranted to identify the underlying mechanisms regarding the co-exposure-induced exacerbation of allergic asthma. In this review, we evaluated the literature regarding the basic cellular processes, including autophagy, mitophagy, and cellular senescence, and discussed their involvement in environmental pollutant/allergen-induced major features of asthma and biological regulation. Additionally, we identified areas of unmet research needed and their potentials as novel therapeutic avenues for the treatment of asthma and allergic diseases.



AUTOPHAGY

It has been postulated that dysregulation of basic cellular processes which maintain homeostasis and physiological balance may lead to the key clinical features of asthma. Autophagy, a homeostatic process with multiple effects on immunity, has been shown to play important roles in causing downstream changes initiated by environmental pollutants, allergens, and respiratory tract infections (33–40). Autophagy is a mechanism in which the eukaryotic cell encapsulates damaged proteins or organelles for lysosomal degradation and recycling (41). The autophagic pathway has recently been suggested to be involved in the several key features of asthma pathogenesis, including eosinophilic airway inflammation (42), airway hyper-responsiveness (36), and airway remodeling (43). It has been shown that PM2.5 exposure can induce cell autophagy and airway inflammation through different immunological and molecular mechanisms (44–46). Furthermore, exposure to allergens has also been shown to activate autophagy, as demonstrated in studies with cockroach allergen (47), Alternaria extract (48), and caffeine (49).

Autophagy is a process that has been maintained over ages of evolution, and by which damaged and misfolded proteins along with aged or damaged organelles are transported to lysosomes for elimination and digestion (50). Currently, three major types of autophagy are recognized: macroautophagy, microautophagy, and chaperone-mediated autophagy (51). Of these, macroautophagy is the most extensively studied, which uses autophagosomes, double-membraned vesicles, to engulf cytoplasmic proteins and organelles for delivery to the lysosome for degradation. Autophagosomes fusing with lysosomes are termed autophagolysosomes (52). After fusion with lysosomes, the cargo delivered is degraded by lysosomal enzymes and then transported to the cytoplasm (53–55). The byproducts of lysosomal degradation (e.g., amino acids) are recycled and then used for protein synthesis that enables salvage of energy normally used in de novo synthesis. Microautophagy as a second type of autophagy does not require autophagosomes but involves the direct engulfment of the cargo that may include proteins and lipids by the invagination of the lysosomal membrane (56). Chaperone-mediated autophagy (CMA) as a third type of autophagy is unique to mammalian cells (57). CMA is a highly regulated cellular process that involves the degradation of a selective subset of cytosolic proteins in lysosomes. In contrast to macroautophagy that engulfs and delivers predominantly larger structures for bulk degradation of cargo, CMA delivers individual proteins for lysosomal degradation. CMA involves a co-chaperone complex led by heat shock cognate 70 (HSC70) that recognizes target proteins that have a KFERQ-like pentapeptide sequence (52). Chaperone-bound proteins are transported to lysosomes, in which they are recognized by the lysosome-associated membrane protein type 2a (LAMP2a) receptor, a major regulator of CMA. LAMP2a is a transmembrane protein component that oligomerizes and forms a translocon complex for internalization and degradation of chaperone-delivered cargo in the lysosome (58). In this review, we mainly focused on macroautophagy, the form of autophagy dealing with the destruction and recycling of damaged macromolecules and organelle structures, and highlighted the significance of macroautophagy in the maintenance of cellular energetic balance and homeostasis.



REGULATION OF AUTOPHAGY

Significant progress has been made in understanding the molecular mechanisms of autophagy and the regulation of autophagy in the past 10 years (59). These studies, together with discoveries of the autophagy-related (ATG) genes and their associations with specific diseases (60, 61), provide a multidimensional perspective of mechanisms by which ATG gene-dependent autophagy pathways are critical in the pathogenesis of human diseases. The autophagy pathway is usually described as involving a set of 16–20 core conserved ATG genes. These core proteins are involved in regulating initiation of autophagy by the UNC51-like kinase (ULK) complex (e.g., ULK1, FIP200, ATG13), autophagosome nucleation (Beclin 1, VPS34, VPS15, and ATG14), autophagosome elongation and maturation (e.g., ATG5, ATG12, ATL16L1, ATG8/microtubule-associated protein 1 light chain 3 [LC3]), and induction of autophagosomes and fusion of autophagosomes with lysosomes (i.e., ATG9/mammalian Atg9 and vacuole membrane protein 1) (59, 62). Amongst these ATG proteins, LC3 is a well-defined protein, which is cleaved from a pro-form by Atg4 and then conjugated with phosphatidyl-ethanolamine by the sequential action of Atg7 and Atg3 (63) to form LC3-II (Figure 1). The conversion of LC3-I (unconjugated cytosolic form) to LC3-II (autophagosomal membrane-associated phosphatidylethanolamine-conjugated form) has been considered as a major feature of autophagosome formation. Additionally, SQSTM1/p62 has an ubiquitin binding domain and an LC3 interaction domain and thus can bring ubiquitinated cargos to the autophagosomes for autophagy.
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FIGURE 1. Schematic overview of autophagy regulation. Environmental signals, such as environmental pollutants and allergens, induce cellular stress leading to the activation of the mTOR signaling complex 1 (mTORC1). Induction of autophagy begins with the formation of the phagophore, which is initiated by the ULK complex, consisting of ULK1 (or ULK2), autophagy-related protein 13 (ATG13), FAK family kinase interacting protein of 200 kDa (FIP200) and ATG101. PI3K complex, consisting of the vacuolar protein sorting 34 (VPS34) and the regulator subunits ATG14L, p150 and beclin 1, provides further nucleation signal. Autophagosome formation requires phagophore membrane elongation by a complex composed of ATG5, ATG12, ATG16L, and LC3-II, which are derived from the microtubule-associated protein 1 light chain 3 (LC3) by the activity of ATG4 generating LC3-I and the conjugation C-terminal glycine of LC3-I to phosphatidylethanolamine by ATG7, and ATG3. The formation of the autophagolysosome is a result of the fusion between the autophagosome and lysosomal compartments. Lysosomal hydrolyases degrade the autophagy cargo in all three processes.


Significant numbers of signaling molecules particularly cytokine have been shown to regulate autophagy (52, 64). For example, IL-10 and IL-10 receptor signaling inhibits the starvation induced autophagy of murine macrophages via class I phosphatidylinositol 3-kinase (PI3K) pathway (64), suggesting that IL-10 plays a critical role in the autophagic process of macrophages. Distinct classes of PI3K have previously been shown to be involved in signaling pathways that control macro-autophagy in human colon cancer HT-29 cells (65, 66). Moreover, the Th1 cytokine IFN-gamma induces autophagy in macrophages (67). In contrast, Th2 cytokines, IL-4 and IL-13, inhibit autophagy in macrophages under starvation or IFN-gamma stimulation, and inhibit autophagy-mediated killing of intracellular mycobacteria in murine and human macrophages (68). Intriguingly, recent studies suggest that IL4 can induce autophagy in activated CD4+ Th2 cells (68), primary dendritic cells (DCs) (69), and primary B cells that exacerbates experimental asthma through different mechanisms (70). Similarly, IL-13 alone can activate autophagy in airway epithelial cells and drive the secretion of excess mucus (71). These findings suggest that Th2 cytokines may play a dual role in autophagy induction depending on different cell types. However, further studies are essential to investigate how differential modulation of autophagy by Th1 and Th2 cytokines in different cell types, which may represent a key feature of the host response to environmental stresses. Furthermore, neutralization of the receptors VEGFR, β-integrin or CXCR4, or IL-10 can also regulate autophagy by restoring autophagy in macrophage/monocytic cells exposed to HIV-1-infected cells (72). In contrast, autophagy can also regulate cytokine production (73). For example, Atg16L1 is an essential component of the autophagic machinery responsible for control of the endotoxin-induced IL-1β production (74). It has also been shown that autophagy influences IL-1β secretion by either targeting pro-IL-1β for lysomal degradation or regulating activation of the NLRP3 inflammasome (73). Similarly, autophagy plays a pivotal role in the induction and regulation of IL-23 secretion and innate immune responses through effects on IL-1 secretion (75). Furthermore, autophagy regulates inflammatory cytokine secretion [e.g., macrophage migration inhibitory factor (MIF)] by macrophages through controlling mitochondrial ROS (76). ROS can activate STAT3 transcriptional factor, leading to the secretion of IL-6 in starvation-induced autophagy of cancer cells (77). Interestingly, Alternaria extract as a major outdoor allergen can activate autophagy that subsequently induces IL-18 release from airway epithelial cells (48).

In addition to cytokines, several significant molecules have also been identified to regulate autophagy (52). Of these, mTOR (mammalian target of rapamycin) has been shown to regulate cell-signaling pathways after exposure to several major factors including amino acids, oxidative stress, energy levels, and growth factors (78, 79). Particularly, mTORC1 (one of the functional forms of mTOR) regulates autophagy by directly interacting with the ULK complex ULK1-ATG13-FIP200 (80). mTORC1 can suppress autophagy by inhibiting ATG1/ULK complexes under normal physiological conditions (51). In addition, AMP-activated protein kinase (AMPK)/ULK1 pathway mediates autophagy by transmitting stress signals for autophagosome formation, independent of mTOR signaling (80, 81). AMPK is capable of inhibiting non-autophagy VPS34 complexes but activating the proautophagy VPS34 by the phosphorylation of Beclin 1 (Beclin1/VPS34) to initiate phagophore formation (82). In addition to AMPK and mTORC1, calmodulin-dependent protein kinase II (CaMKII) also plays a role in engaging autophagy regulation (83). CaMKII, a serine/threonine-specific protein kinase regulated by the Ca2+/calmodulin complex, can directly phosphorylate Beclin 1 at Ser90 that enhances K63-linked ubiquitination of Beclin 1 and activation of autophagy (84). CaMKII can also stimulate K63-linked ubiquitination of inhibitor of differentiation 1/2 (Id-1/2). Of interest, the increased ubiquitinated Id-1/Id-2 can bind p62 and then be transported to autolysosomes for degradation, which can subsequently promote the differentiation of neuroblastoma cells and suppress the proportion of stem-like cells (84).

Recently, transcriptional regulation of autophagy genes has drawn a lot of attention in autophagic responses to specific stimuli (85). Several transcription factors and histone modifications have been identified to regulate autophagy gene expression. In addition to the well-known two transcription factors, p53 and Forkhead box O3 (FOXO3) (86), Transcription Factor EB (TFEB) is one of the most recently identified transcriptional regulators of autophagy (87). TFEB is highly phosphorylated by various kinases such as AKT, Extracellular Signal-Regulated Kinase 2 (ERK2), and mTORC1, and sequestered in the cytoplasm under nutrient rich conditions. In contrast, TFEB is dephosphorylated by calcineurin (CaN) and translocates to the nucleus where it activates autophagy and lysosome gene transcription upon nutrient deprivation (88). Forkhead box K (FOXK) engages in the transcriptional repression of autophagy gene expression by binding to promoter regions of early-stage autophagy genes (e.g., ULK complex) and recruits the SIN3A-Histone deacetylase (HDAC) repressor complex to these regions under nutrient rich conditions (89). However, most intriguingly, the post-translational modification status on histones is also linked to autophagy gene regulation, including histone H4K16 acetylation, H3K9 dimethylation, and H3K27 trimethylation (90). Of these, H4K16 acetylation suppresses autophagy gene expression through H4K16 acetyltransferase human Males absent On the First (hMOF) degradation and/or Sirtuin1 (SIRT1)-dependent histone deacetylation (91). H3K27 trimethylation catalyzed by Enhancer of Zeste Homolog 2 (EZH2) suppresses the expression of negative regulators of the mTORC1 signaling components and leads to mTORC1 activation and autophagy inhibition (92). Interestingly, many of the transcriptional factors that modulate expression of autophagy genes are regulated by common upstream kinases such as mTORC1 and AMPK. Furthermore, histone modification status is also a significant determinant of transcriptional regulators to autophagic stimuli.



AUTOPHAGY AND KEY FEATURES OF ASTHMA

Exposure to traffic and industrial pollution particulate matters, predominantly DEPs, have been shown to increase the risk of asthma (15, 26). Environmental pollutants (e.g., PM2.5) can induce ROS generation and impair lung function in asthmatic patients (93–97). It was well-documented that ROS are key mediators that contribute to oxidative damage and chronic airway inflammation in allergy and asthma (98–101). However, the underlying mechanisms still remain unclear. Recent studies have suggested that autophagy may be a new frontier in human asthma (50) and may play a crucial role in chronic airway inflammation (42). Indeed, higher autophagy levels have been shown in sputum granulocytes, peripheral blood cells and peripheral eosinophils of patients with severe asthma (102). The increased autophagy has been associated with important immune mechanisms and extracellular matrix deposition and fibrosis in airway remodeling in asthma (43). Furthermore, genetic mutations in autophagy genes have been associated with asthma. For example, single nucleotide polymorphisms in Atg5 are correlated with reduced lung function (103). Thus, these cumulative findings raise the possibility that environment/allergen exposure initiates the production of ROS in airway epithelial cells, which serve as “signaling molecules” modulating the process of autophagic cycle through activating signaling molecules and autophagy pathways, thereby leading to the major phenotypic changes of asthma as summarized in Figure 2, including airway inflammation, airway remodeling, and airway hyper-responsiveness.
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FIGURE 2. Autophagy and major features of asthma. Environment/allergen exposure initiates ROS generation in airway epithelial cells, which serve as “signaling molecules” modulating the process of autophagic cycle through activating signaling molecules and autophagy pathways, thereby leading to the major phenotypic changes of asthma, including airway inflammation, airway remodeling, and airway hyper-responsiveness.




AUTOPHAGY AND AIRWAY INFLAMMATION

Autophagy plays important roles in airway inflammation (36, 42). It has been suggested that autophagy plays a critical role in PM-induced inflammation in airway epithelium through the activation of NF-kB1 and activator protein-1 (AP-1) (104). Furthermore, PM2.5 can induce inflammatory cytokine release (e.g., IL-6, IL-8, IL-1β1, and TNFα) and oxidative injury of lung cells (105). Additionally, Long et al. found that PM2.5 can induce cell arrest in the G0/G1 phase and increase mitochondrial membrane potential, ROS generation, and airway epithelial cell apoptosis (106). PM2.5 not only induced the production of pro-inflammatory cytokine IL-6, TNFα, and activation of AMPK, but also promoted the expression of ATG5, Beclin-1 and LC3II in the airway epithelial cells (107). Interestingly, knockdown of ATG5 limited PM2.5 -induced autophagy, ROS generation, cell apoptosis, and production of IL-6 and TNFα. Mechanistically, this study suggests that the activation of AMPK may be critical in autophagy-mediated PM2.5-induced airway inflammation. In addition, allergens have also been shown to induce autophagy. OVA (ovalbumin) used in a murine asthma model can induce autophagy in airway tissues (36). Alternaria alternata as one of the major outdoor allergens that cause allergic airway diseases (108) has been shown to induce IL-18 secretion from airway epithelial cells, and thereby initiate Th2-type responses (109). IL-18 is a pro-inflammatory cytokine that belongs to the IL-1 family (110). Importantly, Alternaria extract stimulation can activate an autophagy-based unconventional secretion pathway and induce airway epithelial cells to release IL-18 via an autophagy dependent, but caspase 1 and 8 independent pathway (48). Studies from our research group showed that cockroach extract can induce autophagy in airway epithelial cells in vitro and in a mouse model of asthma (47). Further studies on the underlying mechanisms demonstrated that ROS and oxidized CaMKII (ox-CaMKII) in airway epithelial cells are critical in regulating cockroach allergen-induced autophagy (111).

Although environmental pollutants/allergens can induce autophagy, its role in airway inflammation remains unclear. It has been suggested that, at baseline, autophagy is critical for inhibiting spontaneous lung inflammation and is fundamental for airway mucus secretion by airway goblet cells. Autophagy deficient mice (Atg5−/− and Atg7−/−) develop spontaneous sterile lung inflammation (110). Similarly, deficiency of CD11c-specific autophagy results in severe IL-17A-mediated neutrophilic lung inflammation and unprovoked spontaneous airway hyperactivity (112). Furthermore, deficiency of ATG5 in airway epithelial cells results in an increased airway inflammation (113), and disruption or deletion of autophagy in airway epithelial cells resulted in airway hyperreactivity (114). Autophagy deficiency (ER-Cre: Atg7fl/fl) in mice after exposure to P. aeruginosa impairs pathogen clearance, increases neutrophilic inflammation, and the production of IL-1β (115). Although autophagy appears to be a protective mechanism, autophagy may also exacerbate airway inflammation. For example, inhibition of autophagy by 3-MA and intranasal knockdown of Atg5 led to marked improvement in AHR, eosinophilia, IL-5 levels in bronchoalveolar lavage fluid, and histological inflammatory features (36). Similarly, autophagy deficiency in macrophages (siRNA targeting PIK3C3) during LPS-induced lung inflammation attenuates lung and bronchoalveolar immune cell infiltration and air space cytokine levels (116). Additionally, IL-4-induced autophagy in B cells exacerbated asthma through an mTOR-independent, PtdIns3K-dependent pathway (70). Thus, autophagy may play diverse roles, either protective or detrimental, in asthma. Although the reason is unknown, it has been suggested that autophagy may represent a protective role in maintaining homeostasis at baseline or during acute infection, but play a detrimental role due to impaired autophagy or a persistent autophagy responses leading to an accumulation of excessive autophagosome in a prolonged exposure of environmental pollutants/allergens or inflammation. Furthermore, autophagy involvement in different cell types may result in different characteristic phenotypic changes. For example, deletion of ATG5 and ATG14 or pharmacological inhibition (e.g., 3-MA, Baf-A1) in cultured airway epithelial cells treated with IL-13 results in less mucus secretion and less CCL26 secretion. In contrast, autophagy deficiency in macrophages (117) or DCs (112) results in the exacerbation of inflammation. Thus, the investigation of the real impact of autophagy, protective or detrimental, is extremely challenging.



AUTOPHAGY AND AIRWAY REMODELING

Recent studies have linked autophagy to the major features of airway remodeling in asthma, including airway smooth muscle (ASM) 44 (118–120), extracellular matrix (ECM) (121, 122), fibrosis (117), and epithelial-mesenchymal transition (EMT) (123). Particularly, it has been suggested that TGFβ1 induced autophagy is essential for collagen and fibronectin production in human airway smooth muscle cells, and deletion of Atg5 and Atg7 leads to reduction in pro-fibrotic signaling and ECM protein release (50, 124). In turn, autophagy has also been shown to participate in profibrotic changes induced by TGFβ1 (125). Furthermore, McAlinden et al. provided evidence of increased activation of the autophagy pathway in the airways of patients with asthma (43). Especially, they showed an association for TGFβ1 and accumulation of collagen and increased profibrotic signaling in an autophagy-dependent manner in ASM cells (43). Furthermore, inhibition of autophagy in murine model has been shown to attenuate airway inflammation and reduce the concentration of TGFβ1, and subsequently lead to a reduced airway remodeling. However, the critical mechanistic evidence is limited.



MITOPHAGY

Mitophagy is the selective degradation of mitochondria by autophagy. It often happens to damaged mitochondria following the exposure to environmental pollutants/allergens or stress and plays a critical role in promoting turnover of mitochondria and preventing accumulation of dysfunctional mitochondria (38). Mitochondrial dysfunction and elevated ROS production have been associated with allergic diseases, including atopy, atopic dermatitis, and asthma (126–129). Of interest, a disturbance in the homeostasis of mitochondria leads to ROS generation, which cause weakened barriers and subsequently airway inflammation, epithelial fragility, and impaired secretion capacity (130). Furthermore, PM2.5-exposed rat lung injury is associated with mitochondrial fusion-fission dysfunction, mitochondrial lipid peroxidation and cellular homeostasis imbalance, and ROS generation, leading to the disruption of mitochondrial dynamics (131). PM2.5 can regulate the dynamics of mitochondria via facilitating mitochondrial fission, and the excess ROS induced by PM2.5 can trigger mitophagy by activating PINK1/Parkin pathway (132). Acrolein, an ubiquitous environmental pollutant that is abundant in tobacco smoke, cooking fumes, and automobile fumes (133), has also been reported to induce mitochondrial DNA (mtDNA) damages, mitochondrial fission and mitophagy in human lung cells (134). Of interest, mitophagy was found to prevent mitochondria-induced inflammation (mito-inflammation) (135). Thus, mitophagy may be critical in environmental pollutant/allergen-induced mitochondrial dysfunction and dysregulation of mitochondrial bioenergetics. These may ultimately result in a dysregulated mitophagic cycle and significant phenotypic changes observed in asthma (Figure 3).
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FIGURE 3. Mitophagy and major features of asthma. Environmental pollutant/allergen induces excessive ROS generation, mitochondrial dysfunction, and mitophagy, subsequently leading to dysregulation of mitochondrial bioenergetics. These may ultimately result in significant phenotypic changes observed in asthma.




MOLECULAR MECHANISMS OF MITOPHAGY

Mitophagy is an evolutionarily conserved homeostatic process by which the cells selectively degrade only dysfunctional or damaged mitochondria (136, 137). Mitophagy is a normal physiological process during cell life and functions as surveiling mitochondrial population, eliminating superfluous and/or impaired organelles (137). Defective removal of damaged mitochondria leads to hyper-activation of inflammatory signaling pathways and subsequently to chronic systemic inflammation. However, important questions remain regarding the molecular mechanisms of mitophagy. It has been suggested that mitophagy is regulated by “PTEN-induced kinase 1 (PINK)-Parkin-mediated pathway” and “receptor-mediated pathway” (137). Under physiological conditions, the transport of PINK1 preprotein onto the inner mitochondrial membrane (IMM) is followed by sequential proteolytic cleavage by the mitochondrial processing peptidase and pre-protein-associated rhomboid-like protease (138). Under challenged condition, active PINK1 accumulates on the outer mitochondrial membrane (OMM) through its interaction with the translocations of the outer mitochondrial membrane complex (TOM complex), promoting Parkin recruitment through phosphoralation of both Parkin and ubiquitin (139). In turn, Parkin triggers the polyubiqutination of several OMM proteins, including voltage-dependent-anion-selective channer 1 (VDAC1), mitofusin 1 and 2 (MFN1/2), and mitochondrial import receptor subunit TOM20 homolog (TOMM20) 138. Several adaptor molecules [e.g., p62, optineurin (OPTN), and nuclear domain protein 52 (NDP52)] bindphosphorylated polyubiqutinated proteins and initiate autophagosomal formation through binding with LC3 (140). Recent studies suggest that both NDP5 and OPTN are phosphorylated by the Tank-binding kinase 1 (TBK-1) which enhances their binding affinity to ubiquitin (141). The OPTN-TBK1 complex forms a feed-forward mechanism that speeds up the mitochondrial clearance (142). In contrast, the receptor-mediated mitophagy is dependent on various OMM proteins such as Nip3-like protein X (NIX), BCL2 interacting protein 3 (BNIP3), and Fun14 domain-containing protein 1 (FUNDC 1) (137, 140). These proteins localize to the OMM and interact directly with LC3 to regulate mitochondrial elimination. Cardiolipin and prohibitin 2 (PHB2) are externalized to OMM and interact with LC3 in response to mitochondrial damage to promote the engulfment of defective mitochondria (143, 144).



MITOPHAGY AND ASTHMA

Similar to autophagy, accumulating evidence suggests that both enhanced and impaired mitophagy has an important role in the pathogenesis of COPD and lung fibrosis (145–149). However, limited studies were found for asthma. Recent studies have shown that PM2.5 can induce increased ROS and mitochondrial damage, which triggers the mitophagy through activating PINK/Parkin pathway (132). In the nucleus, excessive ROS could activate HIF-1 FOXO3, and NRF2, which promote the transcription of BNIP33/NIX, LC3/BNIP3, and p62, thereby facilitate mitophagy (150). Furthermore, the impairment of mitochondrial degradation by mitophagy can lead to the accumulation of fragmented mitochondria and activation of the mitochondrial apoptosis pathway (134). Thus, these studies suggest that environmental pollutants can induce ROS and mitochondrial damage, which triggers mitophagy to maintain stable mitochondrial function in cells by scavenging impaired mitochondria and reducing excessive ROS. Further studies on regulatory mechanisms regarding ROS and mitophagy may provide a new angle on therapies for allergy and asthma.



CELLULAR SENESCENCE

Cellular senescence is characterized by irreversible cell cycle arrest and triggered by a number of factors such as aging, DNA damage, oxidative stress, mitochondrial dysfunction (151–153), telomere shortening (154, 155), epigenetic modifications (156), and inflammation (157). Senescence arrest occurs mostly in the G1 phase of the cell cycle, distinguishing it from G0-arrested quiescent cells, and is mediated by cyclin-dependent kinase inhibitors (CDKis) (e.g., p21CIP1, p16INK4a) and is dependent on the TP53 and pRB tumor suppressor pathways (158). Also, telomeres and nucleoprotein complexes located at the ends of linear chromosomes (159) are critical to the cellular senescence (160). Furthermore, senescent cells accumulated in tissues secrete a large amount of pro-inflammatory mediators termed the senescence associated secretory phenotype (SASP), which drives chronic inflammation, leading to further senescence (157). The composition of the SASP is stimulus-dependent and includes pro- and anti-inflammatory cytokines, chemokines, matrix metalloproteinases, growth factors, and other factors, and has an important role in the immune-mediated clearance of senescent cells and tissue dysfunction (160). Senescent cells have been found at sites of chronic age-related diseases like osteoarthritis (161), atherosclerosis (162–164), and aging lung (153), highlighting the significant role of senescent cells in the pathogenesis of chronic diseases. Senescent cells exhibit increased protein turnover and massive proteotoxic stress due to augmented autophagy and SASP component synthesis (165). Senescence cells also show increased rates of mitochondrial metabolic activity, including the tricarboxylic acid cycle, oxidative phosphorylation, and glycolytic pathways. Senescent cells have increased AMP/ADP:ATP and NAD+/NADH ratios, activating AMPK, which reinforces a TP53-dependent cell-cycle arrest (166, 167). In addition, senescent cells do not proliferate, but are resistant to autophagy and apoptosis, and are thus long living. Importantly, senescent cells can exacerbate mitochondrial dysfunction, inflammation, and other disease-promoting pathways through SASP (153).

Accumulation of senescent cells may slow or stop cell regeneration and tissue maintenance, thus leading to tissue aging (166). Indeed, clearing senescent cells from tissues of mouse models was shown sufficient to delay, prevent, or alleviate multiple age-related disorders (168). Although the underlying mechanisms regarding the elimination of senescent cells are poorly understood, the immune system has been recognized to be critical (169). Different immune cells have been suggested to be involved in the surveillance of senescent cells, including neutrophils, macrophages, natural killer cells, and CD4+ T cells (170). These immune cell-derived senescent cells can be immunogenic by expressing stimulatory ligands (e.g., MICA/B) that bind to NKG2D and activating their killing by NK cells (171). Furthermore, senescent cells can recruit immune cells to eliminate senescent cells by secreting cytokine and chemokines (172). Interestingly, recent studies support a balance between activating and inhibitory signals that will determine whether NK and T-cells respond to senescent cells. These studies also suggest a novel mechanism whereby the increased expression of HLA-E on senescent fibroblasts reduced the clearance of senescent cells by NK and CD8+ T cells expressing inhibitory receptor NKG2A (157). This represents a novel therapeutic approach to improve the immune clearance of senescent cells by blocking the interaction between HAL-E and NKG2A. In addition, the SASP-related cytokine IL-6 contributes to the increased expression of HAL-E in senescent cells, and that persistent inflammation may result in remaining of senescent cells in tissues, further contributing to the diseases.



CELLULAR SENESCENCE AND ASTHMA

Mitochondrial dysfunction has been demonstrated to be able to drive a cell into premature senescence, which affects airway diseases (151, 152). Indeed, the potential role of cell senescence in the pathogenesis of asthma has drawn great attention (162). Studies have implicated that cell senescence in the lung may be an important risk factor for the development of asthma (39, 173). Both COPD and idiopathic pulmonary fibrosis (IPF) are increased in prevalence with age and have been associated with senescence (174, 175). Senescence-related changes are also found in the lungs of adults with asthma, and in the airways of asthmatic children (176). However, mechanistic links between environmental pollutants, allergens, senescence, and pathophysiology of asthma have not been established. Studies have demonstrated that exposure to PM2.5 can induce senescence of human dermal fibroblasts (177). Increased exposure to PM2.5 is correlated with shortened telomeres in placental tissues and umbilical cord blood (178). Similarly, Bisphenol A (BPA) can induce Th2 inflammatory cascade and trigger DSB-ATM-p53 signaling pathway leading to cell cycle arrest, senescence, autophagy, and stress response in human fetal lung fibroblasts (179). Telomeres are critical to the cellular senescence (160), and telomere shortening is a strong indication of cellular senescence. In a study of 730 mother-baby pairs, increased exposure to PM2.5 has been shown to correlate with shortened telomeres in placental tissue and umbilical blood (178). Telomere shortening was also associated with airway hyper-responsiveness and is an inducer of accelerated replicative senescence of bronchial fibroblasts in patients with asthma (154). This was supported by findings in the chronic asthmatic patients who also displayed shorter telomere lengths and suggested that asthma chronicity may be associated with telomere length even at early ages (155). Furthermore, TSLP-induced cellular senescence with elevated p21 and p16 in human epithelial cells was essential for airway remodeling in vitro (39). This was further supported by the fact that inhibition of TSLP signaling attenuates epithelial senescence, airway hyper-reactivity, and airway remodeling in an OVA mouse model (39). Plasminogen activator inhibitor (PAI-1), a well-known cell senescence and fibrosis mediator, could activate p53 and mediate bleomycine- and doxorubicin-induced alveolar type II (ATII) cell senescence (180). Further studies suggest that PAI-1 mediates TGF-β1-induced ATII cell senescence, which may contribute to lung fibrogenesis in part by activating alveolar macrophages via secreting pro-fibrotic and pro-inflammatory mediators. Interestingly, this effect is highly dependent on the target cell, because it seems that PAI-1 has opposite effects on fibroblasts and ATII cells in patients with IPF (181). Together, these findings suggest a significant role of senescence in airway fibrosis and remodeling.

Many studies also support the rationale that senescence is associated with a higher pro-inflammatory cytokine profile (182). Of note, higher amounts of IL-6 have been found in patients with asthma and have been shown to trigger or to reinforce premature cellular senescence (183). This IL-6 driven immune-senescence may serve as part of a feed forward loop that drives asthma progression and reduces the efficacy of anti-inflammatory treatments. SASPs released from senescent cells contain inflammatory cytokines that may increase inflammation and impair cellular function in asthma. Furthermore, elevated p21 expression in asthmatic epithelium is not reduced with corticosteroid treatment (40), and in turn, loss of p16INK4a protein results in decreased cell sensitivity to dexamethasone treatment (184), raising the possibility that senescence may play an important role in glucocorticoid resistance in the patients with asthma. Indeed, lymphocyte senescence in COPD has been suggested to be associated with loss of glucocorticoid receptor (GCR) expression by pro-inflammatory/cytotoxic lymphocytes (185). Thus, investigation into the role of senescence in glucocorticoid resistance may provide novel approaches for the treatment of asthma. In addition, although current studies suggest a role of senescence in asthma, little is known about the pathway regarding the environmental pollutants/allergens, ROS, mitochondrial dysfunction, and senescence. Furthermore, it is poorly understood about the mechanistic links between cell senescence and asthma pathophysiology. Additionally, asthma is typically associated with an imbalance between Th1 and Th2 pathways, and over-driven Th2-mediated inflammation can result in airway inflammation and asthma (186). On the other hand, immune-senescence has been associated with lung aging, and that altered Th1/Th2 imbalance may contribute to the process of accelerated lung aging and immune-senescence (187). Indeed, with aging, mouse lungs showed typically increased Th1 cells with increased levels of IFN-gamma. However, the link between Th1/Th2 cells and senescence remains largely un-explored. Thus, further research is needed to establish the mechanistic links between increased cytokines with aging and senescent cell induction, and asthma pathophysiology.



AUTOPHAGY/MITOPHAGY AND CELLULAR SENESCENCE

Autophagy plays a role in homeostatic energy supply and elimination of aggregate-prone proteins, damaged organelles, and intracellular microbes. Autophagy also plays a critical role in the regulation of innate and adaptive immune responses in response to environmental stresses. In contrast, cellular senescence is caused by insufficient regulatory mechanisms of homeostasis. One of the most common causes for cellular senescence is that mitochondrial dysfunction results in cellular senescence due to excessive ROS production (153). Although autophagy and senescence are known to share similar properties, recent studies suggest a “double-edged” sword that autophagy can either accelerate the development of senescence or prevent senescence (188, 189). Especially, autophagy can produce large amounts of recycled amino acids, which trigger the production of SASP (e.g., IL-6, IL-8) through the activation of mTOR, thereby leading to senescence (190). By contrast, inhibition of autophagy or insufficient autophagy may promote cell senescence (190). Recent studies suggest that autophagy could be either pro-senescent or anti-senescent, depending on the type of autophagy (general or selective), stimulatory signals, and can be cell-type specific (189). Although it seems that autophagy and senescence are highly related, a great deal of questions remain unanswered regarding the mutual relationship between autophagy and senescence at both molecular and cellular levels in diseases like asthma.



THERAPEUTIC INTERVENTIONS

Autophagy, mitophagy, and cellular senescence are potential targets that can be manipulated at various levels, and inhibition of these processes have been considered as potential therapeutic strategies. For example, Liu et al. found that 3-methyladenine (3-MA), an inhibitor of autophagy, suppresses the formation of autophagosomes through the inhibition of PI3K (36). Chloroquine (CQ), another inhibitor of autophagy, also has the ability to inhibit HDM-induced airway remodeling through modulating autophagy pathways (191). In addition, bafilomycine (Baf-A), a macrolide antibiotic derived from Streptomyces griseus, can block late-phase autophagy through significant cytosolic acidification (192). In addition, administration of drugs currently in use for asthma (e.g., dexamethasone, montelukast, anti-IL-5, and anti-IgE antibody) can also inhibit autophagy (36). However, these current drugs for autophagy are far from specific, and may play a dual role in modulation of autophagy. Thus, addressing the real impact of autophagy in activation or inhibition of inflammation in disease models is challenging.

It has also been suggested that targeting mitophagy may possess therapeutic potential. Rapamycin and metformin as general autophagy-inducing drugs have been shown to attenuate AMPK and mTOR activity, and preserve energy metabolism through regulating mitophagy and mitochondrial biogenesis stimulation (193, 194). Of note, administration of metformin can induce mitophagy by promoting Parkin activity through p53 downregulation. In addition, several naturally occurring compounds, such as spermidine, resveratrol, urolithin A and antibiotics, have been demonstrated to maintain mitochondrial integrity by the induction of mitophagy and promotion of mitochondrial biogenesis (137). However, the therapeutic potential in human diseases still remains to be determined. Thus, identification of mitophagy modulators may result in therapeutic intervention strategies by targeting mitochondrial-associated pathologenesis of diseases.

Lastly, there is ongoing research to target senescence in cases of pulmonary fibrosis and asthma (195). Specifically, patients with age-related lung diseases (such as COPD and asthma) showed high levels of oxidative stress in the lung tissues, Thus, patients with COPD or asthma could benefit from the use of antioxidants (e.g., NAC, Nrf2 activators, NOX-4 inhibitors, MitoQ), which suppress inflammation and reduce the progression of senescence-associated pathways (196). Moreover, orchestrating SASP modulation could be a better strategy. Indeed, rapamycin, metformin, sirtuin activators, or PAI-1 inhibitor have been suggested to have beneficial effects due to their ability to act as a SASP suppressor (160, 181). For example, mTOR activation has been shown to be essential for asthma onset (197), and inhibition of mTOR with rapamycin can suppress IL-1 translation and reduce mRNA stability of SASP factors (198). Similarly, metformin can also inhibit mTOR and could have the potential to inhibit SASP in asthma. Furthermore, specific induction of apoptosis in senescent cells using senolytics could also lead to beneficial effects (175). Additionally, inducing senescence cell clearance [e.g., ABT-263, also known as navitoclax (199)] by manipulating the immune system to recognize and clear these cells is also an important therapeutic approach. However, these current drugs are far from specific, and some of them may have off-target effects. For example, metformin and sirt1 are also complex I inhibitor, which can promote mitochondrial fission and ROS production and subsequently cell senescence. Furthermore, although SASP is critical for the immune-mediated clearance of senescent cells, it also contributes to tissue dysfunction. Similarly, accumulation of senescent cells with time may lead to age-related loss of structure and tissue function (160, 200). By contrast, senescence can be beneficial in inhibiting the proliferation of transformed cells, and in some of key biological processes such as tissue repairing and wound healing (164). Because of these opposing effects, further studies are clearly needed to understand the exact role of senescence in diseases. Particularly, understanding of the molecular mechanisms regarding the processes involved in senescence will be helpful for the identification of modulators of cellular senescence, which could serve as therapeutic targets for senescence-associated diseases in the future.



CONCLUSIONS

Dysregulations in autophagy, mitophagy, and cellular senescence have been associated with environmental pollutant/allergen-induced oxidative stress, mitochondrial dysfunction, secretion of multiple inflammatory proteins known as SASP, and development of asthma. PM2.5 was reported to induce autophagy through activating AMPK (107), and to drive the mitophagy through activating PINK/Parkin pathway (132). PM2.5 was also shown to induce senescence of human dermal fibroblasts (177), while increased PM2.5 exposure was correlated with shortened telomeres in placental tissue and umbilical blood (178). Intriguingly, allergens, including OVA (36), A. alternata (48), and cockroach allergen (47, 111), have also been shown to induce autophagy through activating different signaling pathways. Thus, as hypothesized in Figure 4, environmental triggers, e.g., environmental pollutants or allergens, can induce ROS generation, which serve as “signaling molecules” modulating the process of autophagy through activating downstream signaling molecules and autophagy, thereby leading to the major phenotypic changes of asthma, including airway inflammation, airway remodeling, and airway hyper-responsiveness. These elevated ROS levels can also induce mitochondrial damage, thereby leading to the mitochondria-induced inflammation (mito-inflammation) and major features of asthma. Furthermore, oxidative stress can also cause DNA damage, telomere shortening, and epigenomic disruption, all of which induce cell cycle arrest and cellular senescence. Senescent cells can secrete SASP, which contains multiple inflammatory cytokines, chemokines, mtrix metalloproteinases (MMPs), and growth factors. The SASP leads to airway inflammation and remodeling. In turn, the SASP can also induce senescence and senescent cells can secrete ROS, which further promote the process of senescence. In addition, Th1 or Th2 cytokines may induce autophagy/mitophagy/senescence, and in turn, this autophagy/mitophagy/ senescence may also regulate the balance of Th1 and Th2 responses in asthma. Although comprehensive studies have been focused on investigating the role of autophagy, mitophagy and cellular senescence in the pathogenesis of diseases (e.g., beneficial or detrimental), many questions still remain untouched and unanswered. Thus, future studies are clearly needed to better understand these cellular processes, particularly after exposure to environmental pollutants and allergens, and to identify the therapeutic targets to regulate the autophagy/mitophagy/senescence-associated asthma.
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FIGURE 4. Contribution of autophagy, mitophagy, and senescence to asthma. Environmental triggers, such as environmental pollutants and allergens, can induce excessive ROS generation, which serve as “signaling molecules” modulating the process of autophagic cycle through activating signaling molecules and autophagy, thereby leading to the major phenotypic changes of asthma, including airway inflammation, airway remodeling, and airway hyper-responsiveness. These elevated ROS levels can also induce mitochondrial damage and mitophagy, thereby leading to the mitochondria-induced inflammation (mito-inflammation). Oxidative stress can cause DNA damage, telomere shortening, and epigenomic disruption, which convert normal cells into senescent cells, leading to secretion of SASP. SASP can regulate sensecent cells and induce airway inflammation and remodeling thought the secretion of cytokines, chemokines, MMPs, and growth factors. Additionally, Th1 or Th2 cytokines may induce autophagy/mitophagy/senescence, and in turn, these may also regulate the balance of Th1 and Th2 responses in asthma.
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Type I allergic hypersensitivity disorders (atopy) including asthma, atopic dermatitis, allergic rhinitis, and food allergy are on the rise in developed and developing countries. Engineered nanomaterials (ENMs) span a large spectrum of material compositions including carbonic, metals, polymers, lipid-based, proteins, and peptides and are being utilized in a wide range of industries including healthcare and pharmaceuticals, electronics, construction, and food industry, and yet, regulations for the use of ENMs in consumer products are largely lacking. Prior evidence has demonstrated the potential of ENMs to induce and/or aggravate type I allergic hypersensitivity responses. Furthermore, previous studies have shown that ENMs could directly interact with and activate key T-helper 2 (Th2) effector cell types (such as mast cells) and the complement system, which could result in pseudoallergic (non-IgE-mediated) hypersensitivity reactions. Nevertheless, the underlying molecular mechanisms of ENM-mediated induction and/or exacerbation of type I immune responses are poorly understood. In this review, we first highlight key examples of studies that have demonstrated inherent immunomodulatory properties of ENMs in the context of type I allergic hypersensitivity reactions, and most importantly, we attempt to put together the potential molecular mechanisms that could drive ENM-mediated stimulation and/or aggravation of type I allergic hypersensitivity responses.
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INTRODUCTION

Background

The immune system is the primary system for host protection against pathogens and foreign substance. Functionally, it consists of the innate and adaptive immune systems. The body's physical (skin/epithelial layers) and chemical (antimicrobial proteins, mucus, normal flora, etc.) barriers are its first line of defense. Beyond this line resides cellular (e.g., macrophages, dendritic cells, neutrophils, mast cells, etc.) and non-cellular (e.g., the complement system, inflammatory mediators, etc.) components of the innate immune system. The adaptive (acquired) immune system is composed primarily of lymphocytes (i.e., T- and B-cells). The adaptive immune system is specific (antigen-specific) with a relatively slower response compared to the innate immune system and relies on optimal innate immune responses.

Antigen presentation is a key immunological process for the development of an adaptive immune response. Indeed, professional antigen presenting cells (APCs) such as dendritic cells and macrophages are critical for optimal adaptive immune responses. Aberration in the function of the innate or adaptive immune system could be associated with various pathological outcomes in the context of immune activation, suppression, or modulation. Importantly, overstimulation of the immune system could result in detrimental consequences, known collectively as immune hypersensitivity reactions. These reactions are typically triggered by harmful pathogens, pathogenic products as well as innocuous antigens. Immune hypersensitivity reactions are classified into 4 types according to the Gell Coombs classification. These are type I (immediate, IgE-mediated), type II (cytotoxic, IgG- and IgM-mediated), type III (antigen-antibody complexes), and type VI (delayed, T cell-mediated). The term “allergy” is loosely used by both the lay as well as the scientific communities to indicate all types of immune hypersensitivity reactions (mentioned above). However, according to the American Academy of Allergy, Asthma and Immunology (AAAAI), the term allergy should rather be used to define type I (immediate) hypersensitivity immune reactions (atopy or atopic allergy) to “ordinarily harmless substance” (1). In this review, we focus our discussion on the influence of ENMs on type I allergic (atopic, IgE-mediated) immune responses. We also discuss potential mechanisms of ENM-mediated allergic and allergic-like (pseudoallergic, a form of allergic responses that are not driven by IgE and does not require prior sensitization to an allergen) immune responses (2).



Type I Allergic Hypersensitivity and Atopic Disease: Molecular Mechanisms of Disease

Atopic diseases are increasing in developed and developing countries reaching epidemic levels (2, 3). It is estimated that 20–30% of the population worldwide suffers from allergic disease (4). According to World Health Organization (WHO), about 300 million people have asthma with a negative impact on quality of life of individuals, families, and societies (4). Development of atopy is a complex, combinatorial process, which is not only due to environmental exposures (i.e., allergens), but also genetic factors (5). Allergic diseases include asthma, food allergy, allergic rhinitis, allergic conjunctivitis, atopic dermatitis, atopic eczema, and life-threatening anaphylaxis.

Allergic form of atopic disease develops following expansion of T helper 2 (Th2) cells and immunoglobulin (Ig) class switching to IgE by plasma cells following first exposure to an allergen (e.g., peanut, dust mite, mold, animal dander, pollen, insect stings, etc.). Allergens (antigens) are phagocytosed by antigen presenting cells (APCs) including dendritic cells (DCs) and macrophages typically at the periphery, which could result in cell maturation, activation, and migration to the lymphatic system. At a secondary lymphoid organ (e.g., lymph node, peyer's patches, etc.), APCs present parts of processed antigens on major histocompatibility complex (MHC-II), and under optimal conditions (e.g., affinity of antigen binding to T-cell receptors, co-stimulatory signals, cytokine milieu, etc.), this leads to expansion of clonal T-cells. IgG and subsequently IgE are then produced by T-cell-regulated plasma cells (mature phenotype of B-cells). IgE binds to the high affinity IgE receptor (FcεR1) primarily on basophils (circulation) and mast cells (tissues). This is known as the sensitization phase. Upon a second exposure to the same allergen (antigen), binding of the allergen to IgE-bound FcεR1 on the pre-sensitized Th2 effector cells including basophils and mast cells results in crosslinking of FcεR1 and consequent (immediate) release of a plethora of preformed mediators including vasoactive molecules such as histamine and heparin as well as a number of proteases such as tryptase and chymase. Activated cells also synthesize other inflammatory mediators including de novo lipid mediators including prostaglandins and leukotrienes as well as Th2-type cytokines and chemokines such as IL-2, IL-4, IL-5, IL-10, IL-13, and TGFβ. Together, these mediators result in the initiation and development of the underlying pathological outcomes of type I allergic (atopic) disease. Typically, these outcomes are manifested by local and/or systemic classic type I allergic symptoms including sneezing, runny nose, watery eyes, cutaneous weal and flare, bronchoconstriction, GI disturbance and sometimes and life-threatening anaphylaxis. Further exposure to the same allergen may lead to aggravated allergic symptoms due to subsequent clonal expansion of T-cells along with the recruitment of other types of effector immune cells (e.g., eosinophils).



Engineered Nanomaterials and the Immune System

Nanotechnology is one of the major innovations in the twenty-first century and comprises one of the technological developments associated with the fourth industrial revolution. There has been large institutional support worldwide over the past couple of decades toward basic research as well as development and utilization of nanotechnologies for many applications and across multiple industries (6). ENMs are materials at a size range of 1 to 100 nanometers in at least one dimension. They are made with extremely precise physicochemical properties (e.g., size, shape, surface charge, crystallinity, etc.) (Figure 1). Today, nano-enabled materials are widely utilized in consumer and medical products and the number of ENM-enabled applications are increasing everyday across a broad range of industries including healthcare, food, textiles and electronics. For instance, in the biomedical fields, ENMs are being utilized for the assembly of complex (functionalized) drug platforms for imaging, targeted delivery and controlled release all within the same nanoplatform (7). Other ENMs have been developed for their antimicrobial properties and are being investigated for the use in cases of microbial resistant (8). Such large utilization of ENMs including in biotechnology and biomedicine, particularly under minimal regulation (largely due to uncertainty regarding exposure and hazard of ever-emerging ENMs), is of concern and could be problematic. Indeed, a growing body of evidence suggests a potential for novel nano-specific toxicity of ENMs (9). Although there have been efforts including specific research programs and consortia across countries and continents to address health and environmental safety of ENMs, our molecular understanding about ENM-mediated bio-physicochemical interactions at the nano-bio interface remains very limited (10). It is noteworthy that due to their unique physicochemical properties (compared to their bulk counterparts), ENMs have shown wide biodistribution and tissue accumulation (bio-kinetics). This “novel” bio-kinetics could contribute to their novel biological (toxicological) outcomes. Such wide biodistribution and access to tissue locations which would have not been possible with bulk materials, could indeed be problematic particularly from an allergic point of view (e.g., direct interaction with Th2-type effector cells such as mast cells, basophils and eosinophils).


[image: Figure 1]
FIGURE 1. Examples of major engineered nanomaterial compositions and key physicochemical properties. This demonstrates the diverse nature of engineered nanomaterials (ENMs) by highlighting examples of major materials (compositions) of ENMs including metals, carbonic, polymeric and liposome-based ENMs as well as key physicochemical properties such as size, shape and surface coating/functionalization.


Accumulating evidence has revealed that the immune system is a major target system for ENM-mediated toxicological outcomes (11, 12). This is unsurprising considering the vital role of the immune system in host protection against environmental exposures. Importantly, one of the manifestations of the immune system response to environmental exposures is type I allergic hypersensitivity which, as mentioned above, could result in serious consequences such as anaphylaxis. In this concise review, we discuss the current state-of-art research on the influence of ENMs to modulate immune responses in the context of type I allergic hypersensitivity. Specifically, we present and discuss examples of key studies that have demonstrated inherent immunomodulatory properties of ENMs, which could be implicated in allergic and non-allergic atopic disease. Furthermore, we discuss later in this review the potential molecular mechanisms of ENM-induced immunomodulation that could contribute to type I allergic hypersensitivity. This is by no means a comprehensive review of ENM immunomodulatory properties and excellent detailed reviews can be found elsewhere (13, 14).




ENGINEERED NANOMATERIALS AND TYPE I HYPERSENSITIVITY

The Feraheme® Case

Ferumoxytol (Feraheme®) is a carbohydrate-coated superparamagnetic iron oxide (SPIO) nanoparticle-based drug given intravenously for iron replacement to hospitalized patients with chronic kidney disease (15). Recently, treatment with ferumoxytol resulted in severe anaphylactic reactions, 18 of which were fatal (16). As a result, the FDA strengthened warning of serious allergic responses to ferumoxytol including changes in prescribing instructions (black box warning) such as slow infusion of the drug, the presence of healthcare personnel while giving the drug and immediate availability of therapies for the treatment of anaphylaxis and hypersensitivity. Importantly, the underlying mechanism of ferumoxytol-induced fatal anaphylaxis is completely unknown including whether the drug worked as a hapten or allergen to those who had reaction to the drug (i.e., susceptible population). It is worth mentioning that SPIO nanoparticle-based medications are widely utilized for imaging applications as contrast agents for MRI and have been shown to be associated with allergic-like (pseudoallergic) reactions (17, 18). The Feraheme® incident raises a red flag for the significant impact of type I hypersensitivity reactions that could result from exposure to ENMs and the urgency of understanding ENM-associated allergenicity in future nano-immunosafety studies. It is noteworthy that other liposomal, micellar and polymeric nano-formulations have been previously shown to be associated with hypersensitivity reactions (19).



Poor Inherent Immunogenicity of ENMs

Because of their small size, most ENMs are considered poorly immunogenic even in the presence of strong adjuvants in terms of inducing an adaptive immune response-mediated production of antibodies (20). However, it has been shown that when ENMs such as liposomes, synthetic polymers, and fullerenes are conjugated with a protein carrier or polymer, specific antibodies were produced against ENMs (21–23). The introduction of ENMs even those that have no biomolecular conjugates into biological environments (e.g., blood, airways, GI tract, etc.) is going to form an ENM biocorona almost instantly which can be composed of different macromolecules (e.g., albumin, surfactant, etc.). Importantly, current and future nanotherapeutics are being developed as sophisticated systems that constitute multiple targeting and stabilizing macromolecules including proteins and hence production of antibodies to these systems is likely (there are certainly ways to mask or reduce the recognition of such complex nanotherapeutic systems by the immune system e.g., use of polymers, which could modulate the adsorption of plasma proteins leading to “stealth effect”; however, this topic is beyond the scope of this review) (24). Accordingly, potential immunogenicity of ENMs, particularly those that are composed of multiple compositions and biomolecules, should always be taken into consideration during toxicological testing to ensure safety of future nanomaterials.

It is worth noting that to date there is limited evidence of ENM-mediated isotype class switching to IgE. One report has previously shown that repeated exposure to silver nanoparticles (AgNPs) at high doses resulted in increased serum IgE levels (25). However, further studies are warranted to determine whether IgE class switching could happen due to inherent properties of ENMs.



Evidence of ENM-Mediated Activation and Exacerbation of Type I Allergic Responses

Accumulating evidence has demonstrated that exposure to ENMs including carbon nanotubes (CNTs), titanium dioxide (TiO2), gold (AuNPs), silver (AgNPs), silica and zinc oxide (ZnO) nanoparticles, alongside Th2-type allergens (e.g., ovalbumin) or in experimental animal models of type I allergy (e.g., atopic dermatitis, AD) resulted in exacerbation of allergic hypersensitivity responses (26–31). For example, it has been shown that co-administration (intradermal injection) of amorphous silica nanoparticles with dermatophagoides pteronyssinus (Dp, a type of mites) in NC/Nga mice (an inbred mouse model of that develops skin lesions similar to those seen in human AD), has resulted in aggravation of AD symptoms including elevated serum IgE levels and systemic Th2 response (28). Furthermore, the authors have found that such response was inversely correlated with particle size. It has also been shown in a subsequent study by the same group that cutaneous exposure to agglomerates of silica nanoparticles (30 nm in diameter) and mite allergen resulted in a low IgG/IgE ratio and increased sensitivity to anaphylaxis (32). Another report has demonstrated that repeated topical exposure to ZnO nanoparticles (but not their bulk counterparts) in a BALB/c mouse model of AD, although suppressed local inflammation, resulted in aggravated response to the allergen (ovalbumin/staphylococcal enterotoxin B), which was manifested by elevated serum IgE levels suggesting a possible nanoparticle-specific role in priming Th2-type allergic responses (30). In a mouse model of asthma (toluene diisocyanate, TDI-induced asthma), pulmonary exposure to TiO2 nanoparticles and AuNPs worsened pulmonary inflammation including edema, airway hyperreactivity and infiltration of inflammatory effector immune cells (29). In a study assessing potential allergenicity of AgNPs in a healthy and allergic mouse model (ovalbumin-induced) through pulmonary (inhalation) exposure, it has been shown that exposure to AgNPs for 7 days (6 h/day) resulted in an inflammatory allergic response including increase in serum ovalbumin-specific IgE levels, IL-13 levels and inflammatory cell count, airway hyperreactivity and accumulation of AgNPs in lungs of both the healthy and allergic mouse groups (26). In a mouse model of AD, it has been shown that co-administration of AgNPs resulted in aggravated skin lesions, mast cell infiltration and increased serum IgE levels (33). Such response was only manifested with 5 nm AgNPs (vs. 100 nm AgNPs), which could be attributed to the large surface area and/or faster release of silver ions. Taken together, these findings suggest the potential adjuvancy properties of ENMs toward type I allergic hypersensitivity responses. To date, the underlying molecular mechanisms of these findings are largely lacking. Later in this review, we discuss potential molecular mechanisms that could drive such observed ENM-mediated aggravation of type I allergic and allergic-like (pseudoallergic) responses (e.g., mediated by activation of the complement system, Th2-type effector cells, etc.). It is also important to note that a number of different ENMs in the aforementioned studies are considered toxicologically inert to a large extent and thus are widely utilized or are under investigation for novel applications including TiO2 and ZnO ENMs. Therefore, it is important to note that absence of direct ENM-mediated toxicity and/or immunogenicity do not necessarily imply lack of adverse health outcomes emphasizing the importance of the context (disease model, co-exposure, susceptible population, etc.).

Atopy and atopic disease can be driven by non-IgE (also called non-allergic, pseudoallergic, and intrinsic)-mediated mechanisms, that is, patients could develop atopic disease-related symptoms with no elevation in levels of serum IgE (2). A growing body of research has demonstrated potential direct activation of the complement system and non-IgE mediated activation of effector immune cells including mast cells and basophils that could lead to type I hypersensitivities (Figure 2). However, the underlying mechanisms are poorly documented. Mast cells are key tissue-resident effector cells that are present in large numbers in locations with close proximity to the external environment, such as the skin and mucosa, acting as sentinels against pathogens and environmental insults armed with secretory granules and always ready to respond to insult (34). Indeed, mast cells play key roles as a first line of defense (of the innate immune system) with their multi-faceted capabilities in sensing a multitude of environmental exposures and danger signals with their diverse preformed granular content leading to rapid recruitment and activation of other immune cells including neutrophils and dendritic cells (34). Therefore, it is reasonable to speculate that some ENM-mediated adverse responses could be driven by direct or indirect (e.g., the complement system) activation of mast cells, which results in allergic-like responses, worsened inflammatory reactions and even serious anaphylactic reactions as the case of ferumoxytol. Indeed, we and others have previously demonstrated a role for mast cells in ENM-mediated toxicological outcomes in vivo. For instance, we have shown that exposure (inhalation) to cerium oxide (CeO2) nanoparticle in C57BL/6 mice resulted in local pulmonary inflammation as well as systemic cardiovascular complications (35). The pulmonary inflammation was largely attenuated and the cardiovascular responses were absent in a mast cell-deficient mouse model (B6.Cg-KitW-sh mice) suggesting a role for mast cells in driving ENM-mediated adverse responses (35). Similarly, toxicological outcomes including pulmonary and cardiovascular adverse responses following aspiration of multiwalled carbon nanotubes (MWCNTs) were absent in mast cell-deficient mice (B6.Cg-KitW-sh) (36). In Sprague-Dawley rats, it has been demonstrated that intragastric exposure to TiO2 nanoparticles once daily for 30 consecutive days resulted in increased numbers of mast cells in stomach tissue particularly in the 3-week old rats compared to the 8-week old rats (37). The authors have shown that there was no change in the level of serum IgE and histamine suggesting a potential non-IgE mediated activation of mast cells (37). Intravenous single-dose exposure to amorphous silica nanoparticles in Wistar rats resulted in increased mast cell numbers, liver tissue remodeling and fibrosis 30 days post exposure (38). Together, these results suggest a potential non-IgE mast cell involvement in the toxicological outcomes of ENMs of different materials and physicochemical properties. Thus, understanding ENM direct interaction with mast cells at the molecular level could provide some insights into the potential underlying molecular mechanisms of non-IgE-mediated allergic responses following exposure to ENMs.
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FIGURE 2. IgE (allergic) vs. non-IgE (pseudoallergic)-mediated activation of mast cells. Mast cells can be activated either through an IgE or non-IgE pathways. IgE stimulation requires pre-exposure to an antigen (e.g., pollen, mite, etc.) and upon a 2nd exposure, IgE-bound FcεR1 are crosslinked leading to activation of signal transduction pathways that culminate in cell degranulation and activation (Top panel). Mast cells can be also activated through non-IgE pathways by a wide range of materials (e.g., cytokines, complement fragments, basic polypeptides, environmental toxicants, toxic venoms, etc) which don't require prior exposure and may lead to mast cell degranulation and/or activation (Bottom panel). The underlying molecular mechanisms of non-IgE-mediated mast cell degranulation and activation are largely unknown.





POTENTIAL MECHANISMS OF ENM-INDUCED TRIGGERING AND/OR EXACERBATION OF TYPE I ALLERGIC AND ALLERGIC-LIKE RESPONSES

Currently, there is a major gap in knowledge in regard to our understanding of the underlying cellular and molecular mechanisms that drive ENM-induced activation and/or exacerbation of allergic and allergic-like (pseudoallergic) responses. Nevertheless, there have been attempts to elucidate the underlying mechanisms and here we review key examples. We also discuss other relevant mechanisms that are studied in other contexts (e.g., inflammasome), which could contribute to allergic and allergic-like responses.

The following section discusses 4 potential mechanisms that could contribute to ENM-mediated induction and/or exacerbation of type I allergic hypersensitivity reactions (Figure 3). These include the influence of ENMs on the complement system, inflammasome activation, APCs and key Th2 effector cells.
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FIGURE 3. Potential mechanisms underlying engineered nanomaterial-mediated induction and/or exacerbation of type I allergic hypersensitivity reactions. This highlights four potential mechanisms that could explain ENM-induced allergic hypersensitivity reactions. These are highlighted in colored boxes: interaction with/activation of the (1) complement system, (2) inflammasome activation, (3) APCs, and (4) Th2-type effector cells. ENM, engineered nanomaterials; APCs, antigen presenting cells; Th2, T-helper-2; IgE, immunoglobulin E; C3a, complement component 3a; C4a, complement component 4a; C5a, complement component 5a.



Interaction With and Activation of the Complement System

The complement system is composed of a number of soluble proteins that become activated in an enzymatic cascade in response to invading pathogens and foreign substance. It is one of the basic conserved innate immune responses that help eliminate invading pathogens and foreign substance. The complement system can be activated via 3 pathways, namely, classical, alternative, and lectin pathways. These pathways differ in the molecules they recognize; however, they all converge into cleaving a central complement protein, C3. Four outcomes in response to complement activation may occur including pathogen opsonization (tagging for recognition) and lysis (forming membrane pores) as well as cellular chemotaxis and anaphylaxis. The latter particularly is of critical significance since it attracts and activates Th-2 type effector cells such as basophils and mast cells resulting in allergic-like responses. Release of cellular mediators (i.e., cell degranulation) by these Th2 effector cells leads to a myriad of biological effects locally and/or systematically ranging from mild allergic responses to serious anaphylaxis. Importantly, ENMs of different compositions and physicochemical properties, including clinically-approved liposome-based and micellar drugs, have been shown to activate the complement system through its different pathways leading to pseudoallergic responses (also called complement activation-related pseudoallergy, CARPA) (39–41). Such pseudoallergic response or hypersensitivity reaction (HSR) can be manifested by a range of mild to severe symptoms including hypotension, bronchospasm and dyspnea, GI disturbance and skin flushing. Interestingly, it has been previously demonstrated that even subtle variation in ENM physicochemical properties of clinically-approved liposome-based drugs (also referred to as non-biological complex drugs or nano-similars) such as Doxil® and Caelyx® or even batch-to-batch variability can modulate complement responses (42). Another class of nanomedicines that have been associated with allergic-like reactions are superparamagnetic iron oxide (SPIO) nanoparticles-based medications, which are widely utilized for MRI as contrast agent including Resosvist® and Sinerem® (43, 44). Despite this recognition of pseudoallergic reactions, the underlying molecular mechanisms are still to be unraveled. Key physicochemical properties of ENMs including particle size, morphology and surface properties may play crucial roles in activating the complement system (45). Due to the large surface area of ENMs, proteins and other macromolecules readily bind/adsorb to ENM surfaces forming a biocorona, which is highly dynamic. Importantly, ENM biocorona has been shown to play a major role in ENM-induced complement activation (46). Indeed, one proposed mechanism of ENM-induced complement activation and C3 opsonization is attributed to subsequent conformational changes of ENM-adsorbed biomacromolecules (i.e., exposing antigenic epitopes) (46). Further, it has been recently shown that natural antibodies play a key role in ENM-induced complement opsonization (47). Importantly, such mechanisms appears to be universal to multiple pre-clinical and clinical nanomedicines (47). Taken together, due to ENM size and physicochemical properties (e.g., shape, surface charge, topography, hydrophobicity, etc.), which could resemble nano-sized pathogens such as viruses, as well as large surface area which leads to almost instant formation of a biocorona once ENMs are in contact with biological media, routine assessment of complement activation is deemed necessary. Moreover, further research and emphasis on understanding ENM-bio interactions with the complement system at the molecular level is key for designing ENMs that lack undesired pseudoallergic responses.



Release of “Danger Signals” and Activation of the Inflammasome

The innate immune system has long evolved to sense and recognize pathogenic and foreign molecules. For example, innate immune cells such as granulocytes and macrophages can recognize pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide and double-stranded RNA. Additionally, they can recognize danger/damage molecular patterns (DAMPs), which result from cellular insult/damage and are released into the extracellular space. Examples include heat shock proteins, HMGB1 (a chromatin-associated protein) and uric acid. Activation of the inflammasome in the case of DAMPs leads to a sterile inflammatory response. PAMPs and DAMPs are recognized by pattern recognition receptors (PRRs) such as Toll-like receptors (TLR) and NOD-like receptors (NLR). The inflammasome is a large cytosolic multiprotein complex that is assembled in response to NLR activation (e.g., NLRP1 and NLRP3) to process and produce pro-inflammatory cytokines such as IL-1 and IL-18 and/or induce cell death (pyroptosis) (48). The inflammasome is implicated in a wide range of inflammatory diseases and cancers (48). NLRP3, one of the most commonly studied member of the NLR family, recognizes a wide range of molecules of self (e.g., extracellular ATP, amyloid β and hyaluron) and non-self origen (e.g., alum, asbestos, UV-radiation, bacterial toxins and double-stranded RNA).

Importantly, ENMs of different compositions (e.g., carbon, metal, polymers, etc.) and physicochemical properties (e.g., size, shape, surface functionalization, etc.) have been shown to activate the inflammasome. Furthermore, ENMs of different compositions and physicochemical properties, have been shown to induce inflammasome formation through multiple mechanisms including frustrated phagocytosis, potassium efflux, oxidative stress, lysosomal damage, and cathespins release (49). For instance, it has been shown that similar to asbestos, long, needle-like carbon nanotubes (CNTs), but not short CNT, long-tangled CNTs or carbon black, activated the NLRP3 inflammasome in LPS-primed primary human macrophages, which appeared to be dependent on multiple mechanisms including formation of reactive oxygen species, P2X7 receptor, cathepsin B activity as well as and Src/Syk tyrosine kinases activity (50). It has been shown in a recent study that shape of ENMs is a key factor in the activation of the inflammasome (51). Specifically, using 4 different shapes of iron oxide nanoparticles (IONPs), the authors have demonstrated that exposure to the ocatpod and plate-shaped IONPs was associated with increased release of IL-1β release and more cell pyroptosis when compared to the sphere and cube nanoparticles. It has been also found in the same study that activation of the inflammasome by the iron oxide nanoparticles was only partially mediated by NLRP3 (51). Such findings indicate that the same ENMs may induce activation of the inflammasome through multiple receptors/biological targets. Although such inherent ability of ENMs to induce an inflammatory response through activation of the inflammasome in the context of type I allergic hypersensitivity would be problematic, other contexts such as in the case of vaccination would be desired. In either case, better understanding of the structure-activity relationship and the underlying molecular mechanisms by which ENMs trigger activation of the inflammsome is of critical importance for developing future nanomedicines that are either devoid of inflammasome activation such as in the case of hypersensitivity and autoimmunity or that are deliberately designed to activate the inflammasome such as in the case of immune system stimulation (e.g., vaccination and cancer immunotherapy).

It is also critical to mention here that integrity of the epithelial barrier is a key component in the development of allergic disease. Loss of epithelial barrier integrity has been shown in a wide range of type I allergic hypersensitivity conditions and typically it precedes full development of allergic disease (52). Importantly, ENMs have been previously shown to damage the epithelial barrier (pulmonary and intestinal mucosa, skin, etc.), not only resulting in the release of danger signals/DAMPs, activation of the inflammasome and recruitment of immune cells, but could potentially give access to allergenic pathogens and pathogenic components as well as environmental pollutants [reviewed in more detail in (53)]. Such events are greatly influenced by type (composition) and physiochemical properties of ENMs including large surface (reactive) area and ratio aspects of ENMs (54). Some of these properties have been widely established in the field of particulate toxicology and the association between environmental pollutants and type I allergic disease is well-recognized (55). Currently, there is a lack of comprehensive in vivo studies in the area of research (i.e., toxicity of nanomaterials on epithelial barriers) and further studies are warranted particularly in the context of type I hypersensitivity.



Interaction With Antigen Presenting Cells (APCs)

Professional APCs such as dendritic cells (DCs) and macrophages play a key role in the interplay between innate and adaptive immunity (56, 57). APCs are critical for optimal development of Th2 adaptive immune responses (58). They are also crucial for the development of immune tolerance to innocuous pathogens and foreign substance (59, 60). Therefore, optimal functioning of APCs is of critical importance for the homeostasis of the immune system and a fine line exists between immunity and tolerance (regulated by a complex set of factors including nature of antigen, cytokine milieu, and binding of co-stimulatory molecules). Accordingly, manipulation of the function of APCs can be associated with detrimental consequences manifested by a wide range of pathological conditions such as autoimmune disease, allograft rejection, and cancer (56, 57). To this end, a number of studies have assessed direct interactions between ENMs and APCs. It has been elegantly demonstrated that ENMs can traffic to the draining lymph nodes targeting resident DCs and macrophages, a response that has been shown to be inversely correlated with the size of ENMs (61, 62). Such findings are of key importance demonstrating ENMs improved capability (vs. their bulk counterparts) to reach and directly interact with APCs with a potential to modulate and compromise normal and optimal cellular functions. Indeed, previous evidence has demonstrated the capacity of ENMs to modulate the function of APCs including perturbation of their polarity which is critical particularly in the context of inflammatory disease and type I allergic hypersensitivity reactions (63–65).

It is noteworthy that there has been an extensive amount of research on the use of ENMs as adjuvants and delivery systems for vaccines (nanovaccinology) or immunotherapy. However, most of this work has utilized ENMs (and larger particles, usually up to 1 micrometer in diameter/dimensions) for the primary purpose of targeting and/or activation of specific subsets of immune cells including APCs (i.e., desirable immunostimulatory properties) (66). Such studies were not concerned with understanding if and how ENMs and their inherent properties influence cell function at the cellular and molecular levels. On the other hand, there exist other studies in the literature that have investigated ENMs influence on APC activation, maturation and modulation of their function including antigen response. For instance, it has been previously demonstrated that in vitro exposure of bone marrow-derived DCs (BMDCs) to carbon black (CB) nanoparticles for 24 h resulted in activation of BMDCs based on surface expression of CD80, CD86, and MHC-II as well as led to enhanced response of allogeneic mixed lymphocyte reaction (MLR), a measure of T-cell proliferation (67). Similar findings have also been demonstrated in response to TiO2 and amorphous silica (SiO2) nanoparticles, which are widely utilized across multiple industries including the food industry. Specifically, exposure to ENMs resulted in activation of bone BMDCs including upregulation of MHC-II, CD80, and CD86 and the inflammasome (68). These reports suggest a potential priming effect on adaptive immunity following exposure to ENMs and depending on the context of exposure and nature of antigen involved, ENMs could prime the immune system toward either Th1 or Th2 phenotype. This has been shown before where intranasal co-exposure to ovalbumin with CB or TiO2 nanoparticles resulted airway inflammation and augmented antigen-mediated response including an amplified release of Th2-type cytokines including IL-4, IL-5, IL-10, and IL-13 (27). Such airway sensitization has been also shown in a mouse model of diisocyanate-induced asthma in response to TiO2 nanoparticle exposure (29).

Differentiation of naive T-cells is a complex process and involves multiple factors including nature of antigen, signals for APC maturation, cytokine milieu, and co-stimulatory binding. To date, the exact mechanisms of T-cell differentiation and maturation into specific phenotypes are yet to be elucidated. Interestingly, it has been previously shown that ENMs could prime APCs toward either Th1 or Th2 phenotype depending on the redox potential of ENMs (69). Specifically, it has been demonstrated in vitro that exposure to oxidant TiO2 nanoparticles primed primary human monocyte-derived DCs toward a Th1 phenotype whereas antioxidant cerium oxide (CeO2) nanoparticles primed the same cells toward a Th2 phenotype. This is of critical interest particularly that the observed priming response of DCs was not influenced by the nature of the antigen (i.e., toward a predetermined Th1 or Th2 phenotype) but rather the inherent properties of ENMs. These data suggest ENMs could drive or prime adaptive immune responses toward distinct phenotypes. Nevertheless, these findings are yet to be demonstrated in in vivo settings.

Taken together, from the aforementioned examples one could speculate that a plausible mechanism by which ENMs induce or exacerbate allergic responses is through direct interaction with and modulation of APC function (e.g., maturation/polarization, activation, modulation of key signaling events during antigen presentation, etc.). Due to the critical role of APCs in the development of optimal adaptive immune response, further mechanistic work is highly warranted in this area to gain insights into the underlying molecular mechanisms through which ENMs influence APC function or modulate key molecular events during antigen processing and presentation. Indeed, we believe that understanding ENM-mediated immunomodulatory properties at the APC level is going to be key in the discovery of novel nanotherapeutics for a wide range of pathological conditions not only in the context of immune system disease (e.g., autoimmune diseases, allergic hypersensitivity reactions) but also extend to other pathological conditions such as cancer, metabolic syndrome and neuroinflammatory disease.



Interaction With Key Th-2 Effector Immune Cells Including Mast Cells, Basophils, and Eosinophils

As mentioned earlier in this review, mast cells are a key Th2 effector cell type that play prominent roles in atopic disease. Importantly, mast cells have been shown to be involved in ENM-induced toxicological outcomes of different ENM compositions and physicochemical properties. Accumulating evidence has demonstrated that ENMs can induce non-IgE-mediated mast cell activation in response to a wide range of ENM compositions including different metal and metal oxide ENMs such as AuNPs, AgNPs, copper oxide (CuO), SiO2, and TiO2 (70–72) (Figure 2). However, at the cellular and molecular levels, little is understood regarding the underlying mechanisms of ENM-induced mast cell activation. Over the past few years, there have been attempts to understand and elucidate the underlying molecular mechanisms of ENM-induced mast cell activation. Both basophils and mast cells are capable of sensing a wide range of environmental cues such as PAMPs and DAMPs (also known as danger signals and alarmins). Interleukin (IL)-33 is a member of the IL-1 family and a ligand for ST2 receptor. IL-33 is considered a novel alarmin that acts as an endogenous danger signal released by damaged epithelium/endothelium as a result of trauma or infection (73). Its receptor (the ST2 receptor) is highly expressed in Th2-type cells including in the mast cell and has been previously shown to be associated with Th2-type inflammatory responses such as in asthma and rheumatoid arthritis (74). We have previously demonstrated a role for the mast cell IL-33/ST2 axis in response to MWCNT toxicity (36). Specifically, using mast cell-deficient and ST2−/− mouse models, we have demonstrated that MWCNT-induced adverse pulmonary and cardiovascular responses were almost completely abolished in the absence of mast cells or lack of expression of the mast cell ST2 receptors (36). Based on these findings, a novel mechanism has been proposed for MWCNT-mediated toxicity whereby pulmonary exposure to MWCNTs results in damaged lining epithelium of the airways and lungs which in turn results in the release of IL-33 that subsequently activate mast cells to release a myriad of inflammatory mediators.

In vitro exposure of RBL-2H3 cells (a rat basophilic leukemia cell line) to a mixture of anatase and rutile TiO2 nanoparticles has been shown to result in a concentration-dependent degranulation of mast cells and histamine release (75). The TiO2 nanoparticle-induced histamine release was calcium-dependent and involved the phospholipase C (PLC)/inositol triphosphate (IP3)/endoplasmic reticulum pathway, which was (at least partially) mediated by the L-type calcium channels but also through TiO2 nanoparticle-mediated disruption of cell membrane (75). The authors have argued that TiO2 nanoparticle-mediated generation of reactive oxygen species (ROS) was a major driving factor in cell activation and release of mediators. Our group has demonstrated that in vitro exposure of mouse bone marrow-derived mast cells (BMMCs) to AgNPs led to robust mast cell degranulation potentially through membrane interaction leading to activation of cell signaling pathways including PLCγ, PI3K, and PKC and influx of calcium, which was largely mediated by the calcium release activated channel (CRAC) channels (76). In another study, we have shown ROS generation in BMMCs in response to AgNP exposure, however, whether the ROS generation is the driving mechanism for AgNP-induced mast cell activation or only a mediator in cell activation response is yet to be determined (77). It is worth noting that ROS generation in mast cells has been well-established following an allergen challenge (in response to FcεR1 receptor activation), however, whether FcεR1-mediated ROS generation is indispensable for allergen-mediated mast cell activation is still debated (78). In an effort to understand potential novel non-IgE-mediated mechanisms of mast cell activation, we carried out an integrated transcriptomics (RNAseq analysis) and gene wide association (GWA) study, which has demonstrated gene susceptibility in response to AgNP-induced degranulation of BMMCs among a panel of mouse strains (71). Our transcriptomic analysis suggested involvement of multiple molecular targets including thioredoxin-interacting protein (Txnip) and a number of signaling components related to G-protein coupled receptors (GPCRs), some of which are currently under investigation (71). This is of particular interest considering previously reported involvement of GPCRs in numerous non-IgE mediated mast cell activation (79). Altogether, the aforementioned findings suggest ENM potential ability to directly interact with and induce mast cell degranulation, possibly through multiple non-IgE-mediated mechanisms.

It is important to mention that basophils express the FcεR1 receptor and have overlapping properties and functions with mast cells. As such, one may speculate that ENMs that activate mast cells could also lead to similar activation in basophils. Nevertheless, there is limited knowledge regarding ENMs interaction with basophils. It worth noting that only one previous report has established inhibitory properties of fullerene nanoparticles against allergen-mediated stimulation of basophils similar to mast cells (80). Considering future nanomedicine administered through the intravenous route, investigating potential ENM interaction with basophils deemed necessary.

Prior research has shown recruitment of eosinophils (eosinophil flux) to inflammatory sites following pulmonary exposure to different ENMs including metal and metal oxide nanoparticles and carbon nanotubes (81–84). However, to date, there is only limited mechanistic work about direct ENMs interaction with eosinophils. For instance, it has been previously shown in a human eosinophilic cell line (AML14.3D10) that exposure to ZnO nanoparticles and AgNPs resulted in cytoskeletal breakdown and release of inflammatory cytokines as well as induced apoptosis (85). Palladium, which is mainly emitted in the environment from automobile catalytic converters, was previously linked with allergic responses. Recently, it has been demonstrated that exposing AML14.3D10 cells and primary eosinophils isolated from healthy volunteers to palladium nanoparticles (PdNPs), despite lack of direct cellular toxicity, led to adhesion of eosinophils onto endothelial cells through an actin-dependent mechanism (86). These findings suggest a possible ENM-mediated direct interaction with and activation of eosinophils. Nevertheless, confirming these findings in in vivo settings is yet to investigated.




ENM-INDUCED SUPPRESSION OF TYPE I ALLERGIC REACTIONS

ENM-Mediated Influence on Antigen Presenting Cells (APCs)

Although all the discussed studies mentioned above demonstrated ENM potential to trigger or worsen outcomes of type I allergic hypersensitivity reactions, there exist studies in the literature demonstrating potential ENM capacity to suppress immune responses. For instance, it has been shown previously that ENM-mediated interaction with APCs may lead to suppression of their function. For example, it has been found that exposure of human monocyte-derived DCs to poly vinylalcohol-coated super-paramagnetic iron oxide nanoparticles (PVA-SPIONs), although was neither associated with changes at the expression level of key surface markers (e.g., CD80 and CD86) nor modulation of antigen uptake, reduced antigen processing, cytokine release and subsequent activation of CD4+ T-cells (87). Similarly, in vitro exposure of mouse bone marrow-derived DCs to single-walled carbon nanotubes (SWCNTs) resulted in reduced proliferation of naïve T-cells (88). Furthermore, these findings have been demonstrated in vivo following pharyngeal aspiration of the SWCNTs which reduced proliferation of splenic T cells (although there was a local pulmonary inflammation). Altogether, these results suggest that exposure to ENMs could also impair or result in suppressed systemic immune responses, which could potentially influence type I allergic hypersensitivity responses. Indeed, it has been reported previously that in vivo exposure to glycine-coated polystyrene nanoparticles resulted in suppressed Th2-type responses following allergen challenge including suppression of lung airway inflammation, airway mucus secretion, serum antigen IgE levels and Th2 type cytokines (89). Interestingly and in accordance with the aforementioned studies, these responses have been found to be mediated potentially via inhibition of DC expansion and subsequent proliferation of allergen-specific CD4+ T-cells (89).



ENM-Mediated Influence on Th2-Type Effector Cells

Previous literature has also shown that ENM-mediated immunosuppressive properties, beside impacting APC function, they could influence the function of Th2-type effector cells involved in type I allergic hypersensitivity reactions. A number of studies have reported ENM-mediated suppressive responses on mast cells. For instance, in a human mast cell line (HMC-1 cells), ZnO nanoparticles have been shown to inhibit phorbol-myristate-acetate (PMA)/A23187-mediated mast cell release of inflammatory mediators through inhibition of NF-κB, caspase-1, ERK, IKKβ, and RIP2 signaling pathways (90). Importantly, these findings were confirmed in vivo in a mouse model of type I allergic hypersensitivity. Specifically, it has been demonstrated that pre-exposure to ZnO nanoparticles orally or topically suppressed allergen-mediated passive cutaneous anaphylaxis (PCA) (90). Another study has shown that fullerenes (carbon Nano spheres) and their derivatives inhibited in vitro as well as in vivo mast cell activation including attenuation of the inflammatory response and pathological outcomes in experimental mouse models of arthritis and asthma (91–93). In an attempt to understand the underlying molecular mechanisms of the fullerene-mediated inhibition of mast cells, the authors have found that inhibitory properties of fullerenes on mast cell allergen activation is meditated through interference with the FcεR1 signaling.



Use of ENMs in Allergen Immunotherapy

It is also of relevance to mention in this review that a wide range of ENM compositions (e.g., liposomes, polymers, virus-like particles, etc.) have been utilized among a number of novel therapeutic approaches in allergen immunotherapy, a therapy based on using allergen-specific desensitization approaches to alleviate type I allergic responses. In allergen immunotherapy, ENMs are utilized mostly for targeting/delivery of antigen (e.g., prevent degradation of loaded allergen, enhance uptake by APCs and prevent IgE receptor engagement, co-loading of antigen with immunomodulators, etc.) and/or their tolerogenic/adjuvancy properties (e.g., stimulation of Th1 and/or Treg cells to counterbalance Th2 cells) (94). Indeed, a number of studies have shown the effectiveness and improved therapeutic outcomes when using ENMs for allergen immunotherapy. For instance, in a mouse model of atopic dermatitis (AD) (induced by topical application of 2,4-dinitrofluorobenzene, DNFB), application of hydrocortisone-loaded chitosan nanoparticles transcutaneously have been demonstrated to have superior properties in suppressing pathological manifestations of AD including inflammatory cytokines, IgE and histamine levels, fibroblast infiltration, and anatomical changes at the skin level (95). However, the majority of these studies are primarily concerned with targeted delivery of antigen and it is yet to be determined whether ENMs utilized in such studies could have inherent inhibitory properties. Other studies have utilized ENMs of different compositions and physicochemical properties to target liver antigen presenting cells including Kupffer cells and liver sinusoidal endothelial cells and have demonstrated tolerogenic capacity. This could indeed open a new avenue in the treatment of hypersensitivity conditions such as type I allergic responses and autoimmune diseases (vs. only relieving the symptoms). For instance, it has been recently shown in a mouse model of ovalbumin-induced airway allergic disease that ovalbumin-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles decorated with mannan (targeting mannose receptors) or ApoB (targeting scavenger receptors) for targeting liver sinusoidal endothelial cells were capable of stimulating Tregs resulting in systemic immune tolerance and alleviating disease outcomes (96). Therefore, ENMs should not always be negatively associated with allergic responses. Although evidence of inherent inhibitory properties of ENMs is currently limited, it would not be surprising to unravel ENMs with such properties in the future. Nevertheless, thorough characterization of ENM physicochemical properties and further understanding of ENM structure-activity (immunomodulatory properties) relationship as well as the underlying molecular mechanisms are key for exploiting nanomaterials toward novel therapeutic applications.




CONCLUSIONS

Materials scientists and chemists are engineering nanomaterials with atomic precision. Indeed, the advent of nanotechnology and the ability to fabricate and manipulate matter at the atomic and molecular levels has led to a diverse range of nanomaterials and ever emerging ENMs with novel physical, chemical, and biological properties. As a result, one of the major challenges in assessing the safety of nanomaterials is the existence of a diverse range of compositions (e.g., metals, carbon-based, polymers, lipid-based, a composite of materials, etc.) and physicochemical properties (e.g., size/shape, surface morphology and functionalization, stability in physiological media, etc.). This makes carrying out comprehensive in vitro and in vivo research to assess ENM allergenicity for each of these diverse nanomaterials not practically feasible. Therefore, establishing new, reliable, high throughput methods for screening ENMs for potential allergenicity is highly recommended. Indeed, use of alternative approaches (e.g., use of in vitro human models, computational modeling, etc.) in the assessing ENM toxicity in general have been previously proposed (97–99). Furthermore, it would be more reasonable to carry out further detailed investigations on candidate ENMs that show no potential allergenicity on the preliminary screening assays. Establishing such reliable methods could save the research community as well as the pharmaceutical/biotechnology industry huge financial and labor burdens, which could be utilized toward other important aspects of nanosafety research.

It's worth mentioning that one of the important research outcomes over the past few years in the area of ENM-induced immunomodulation particularly within the context of type I hypersensitivity is that even those ENMs that are considered inert and safe under certain conditions can be problematic. This finding underscores the importance of risk assessment of those ENMs that lack major toxicity in contexts of relevance and in real case scenarios including those of type I allergic hypersensitivity responses.

It is also important to bear in mind that metals and metal oxides represent a large subgroup of ENMs that have numerous applications and wide industrial use. Metals have long been associated with various immune hypersensitivity reactions including type I allergic responses (100). Indeed, a number of the discussed studies in this review, which have been shown to be associated with type I hypersensitivity reactions, were ENMs of metal and metal oxide origin. This topic remains one of the research areas that is largely understudied, particularly, the underlying molecular mechanisms associated with ENM-induced allergic and allergic-like responses. For further information on the topic, an excellent, comprehensive review has been recently published about ENMs of metal origin and allergic disease (101).

Last but not least, it is also important to note that it would be almost impossible to rank ENMs or generalize into major categories in terms of ENM potential allergenicity in the context with type I hypersensitivity given the limited available literature on the topic as well as the diverse nature of ENMs. Therefore, establishing reliable methods to screen ENMs for potential allergenicity could bridge this gap and points out specific materials/compositions and physicochemical properties that are likely associated with type I allergic responses. Such findings could also pave the road for utilizing a “safety-by-design” approach for engineering future nanomaterials that are devoid of major type I hypersensitivity reactions.

In summary, accumulating evidence indicates that ENMs, of a wide range of compositions and physicochemical properties, are capable of triggering and/or exaggerating/priming immune responses toward type I hypersensitivity reactions. Although the underlying molecular mechanisms remain largely unknown, prior research suggests that multiple mechanisms could explain at least partially how ENMs might influence type I allergic hypersensitivity. This includes (i) ENM-mediated direct interaction with pattern recognition receptors and/or release of alarmin molecules which results in the activation of the inflammasome; (ii) direct interaction with and activation of the complement system either through ENM inherent properties or acquired properties due to formed biocorona; (iii) direct interaction with APCs (activation or suppression) including modulation of antigen processing and presentation; and finally, (iv) direct interaction with and activation of key Th2-type effector cells such as mast cell, basophils and eosinophils leading to immediate degranulation and release of vasoactive molecules. Beside establishing new high-throughput type functional methods that evaluate potential allergenicity of ENMs, future studies assessing type I hypersensitivity should also address other key aspects including (i) thorough characterization of ENM physical and chemical properties including stability over time and formation of ENM biocorona in relevant biological media; (ii) identification of key structure-activity relationship (SAR); (iii) elucidation of common molecular pathways of exposure/disease; and finally, (iv) development of representative preclinical animal models for type I allergic hypersensitivity.
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Acute gouty arthritis is an auto-inflammatory disease caused by the deposition of monosodium urate (MSU) crystals in joints or tissues. Excessive neutrophil recruitment into gouty lesions is a general clinical sign and induces a pain phenotype. Attenuation of successive periods of neutrophil infiltration might be a beneficial approach to achieve therapeutic efficacy. In this study, the activity of 1-palmitoyl-2-linoleoyl-3-acetyl-rac-glycerol (PLAG) in attenuation of excess neutrophil infiltration was assessed in gout-induced lesions of BALB/c mice. Neutrophil infiltration in MSU-induced gouty lesions was analyzed using immunohistochemical staining. ELISA and RT-PCR were used to measure attenuation of expression of the major neutrophil chemoattractant, CXC motif chemokine ligand 8 (CXCL8), in a PLAG-treated animal model and in cells in vitro. The animal model revealed massive increased neutrophil infiltration in the MSU-induced gouty lesions, but the PLAG-treated mice had significantly reduced neutrophil numbers in these lesions. The results also indicated that the MSU crystals stimulated a damage-associated molecular pattern that was recognized by the P2Y6 purinergic receptor. This MSU-stimulated P2Y6 receptor was destined to intracellular trafficking. During intracellular endosomal trafficking of the receptor, endosome-dependent signaling provided expression of CXCL8 chemokines for neutrophil recruitment. PLAG accelerated initiation of the intracellular trafficking of the P2Y6 receptor and returning the receptor to the membrane. This process shortened the intracellular retention time of the receptor anchoring endosome and subsequently attenuated endosome-dependent signaling for CXCL8 expression. These study results suggested that PLAG could be used for resolution of acute inflammation induced in gout lesions.

Keywords: neutrophil, chemokine, GPCR, gouty inflammation, receptor trafficking


INTRODUCTION

Gouty arthritis is an inflammatory joint disease that most often occurs in men over 40 years of age (1). Worldwide, the incidence of this condition is 0.08–0.13% in men and 0.03% in women (2). Gout is accompanied by tenderness, erythema, redness, swelling, pain, and fever in periarticular tissues or in joints with accumulated monosodium urate (MSU) crystals (3, 4). MSU crystal-induced inflammatory disorder is well-represented in the gout disease model; neutrophil infiltration into the inflamed joints is the most distinctive phenotype (5). MSU crystal-induced intracellular signaling generates acute joint inflammation and mediates neutrophil migration and activation (6). The progression of sterile inflammation in acute gouty arthritis is promoted by an auto-amplification loop of the inflammation (7).

Activation of the NACHT, LRR, and PYD domains-containing protein3 inflammasome leading to interleukin-1β (IL-1β) release is a putative pathogenesis of acute gouty inflammation triggered by MSU crystals (8, 9). High concentration of CXC motif chemokine ligand 8 (CXCL8/IL-8) occurs in the synovial fluid of acute gout patients (10). CXCL8 is a well-known mediator of inflammation; it has key roles in neutrophil recruitment, neutrophil degranulation, and neutrophil extracellular traps (11, 12). A rabbit model of MSU-induced arthritis revealed that IL-8 neutralizing antibody inhibits neutrophil influx (13). Mice with knockout of the CXCR2 chemokine receptor, CXCL8 receptor, have reduced levels of MSU crystal-induced neutrophilic inflammation (13).

MSU induces gouty inflammation through recognition of its cognate receptors as an extracellular damage-associated molecular pattern (DAMP) (14, 15). MSU is directly recognized by the purinergic receptor, P2Y6, which is a G-protein-coupled receptor (GPCR). P2Y6 induces the production of CXCL8 and IL-1β via P2Y6 receptor signaling (16, 17). GPCRs exhibit classical signaling that is restricted to cell membranes and persistent signaling that depends on internalization of the GPCR bound to β-arrestins (18). Receptor trafficking is important for control of GPCR signaling and is regulated by multiple cellular proteins [e.g., α-arrestin, β-arrestin, clathrin, and G protein receptor kinases (GRKs)] (18–22).

Intracellular trafficking of GPCRs also activates intracellular signaling, but the MSU/P2Y6 receptor/CXCL8 signal axis is not fully understood. TIR-domain-containing adapter-inducing interferon-β (TRIF)-dependent signaling is generally mediated by the endocytosis of Toll-like receptor 4 (23, 24). One study found that an interaction between TRIF and protease-activated receptor 2 (PAR2, a GPCR) occurs during interferon regulatory factor 3 (IRF3) activation (25). CXCL8 is expressed by a TRIF/IRF3-dependent pathway (26, 27).

The compound 1-palmitoyl-2-linoleoyl-3-acetyl-rac-glycerol (PLAG) is a mono-acetyl-diacylglycerol isolated from the antlers of sika deer. It is chemically synthesized from glycerol, palmitic acid, and linoleic acid (28). PLAG reduces lipopolysaccharide-induced macrophage inflammatory protein 2 (MIP-2) and CXCL8 secretion (29). PLAG improves hepatic injury in concanavalin A-treated mice (9), and gemcitabine-induced neutropenia (30, 31) and oral mucositis in hamster and mouse models (32), via modulation of neutrophil migration. In this study, the mitigating effects of PLAG in MSU-induced acute gouty inflammation through modulation of neutrophil infiltration were investigated. The roles of PLAG in the regulation of CXCL8 expression and P2Y6 intracellular trafficking were also examined in MSU-treated THP-1 cells.



MATERIALS AND METHODS


Animal Model Experimental Design

The animal experiments were performed using 9- to 11-week-old male BALB/c mice (Koatech Co., Pyongtaek, Republic of Korea). The mice were housed under standard conditions maintaining a 12-h dark/light cycle and an ad libitum supply of food and water. The mice were divided into three groups. Each group consisted of five animals: Group 1: control mice, administered 50 μl PBS (vehicle control) via injection into the left footpad of each mouse, followed by oral administration of 100 μl PBS alone every day for 3 days; Group 2: a suspension of 1 mg MSU crystal in 50 μl of PBS was injected into the left footpad of each mouse, followed by oral administration of 100 μl PBS every day for 3 days; Group 3: a suspension of 1 mg MSU crystal in 50 μl of PBS was injected into the left footpad of each mouse, followed by oral administration of 250 mg/kg/day of PLAG (Enzychem Lifesciences Co., Daejeon, Republic of Korea) every day for 3 days. MSU crystal-injected footpad swelling was calculated based on before and after footpad thickness measured using a Digimatic Caliper (Mitutoyo Corporation, Kawasaki, Japan). Mice were anesthetized with 2,2,2-Tribromoethanol (150 mg/kg, sigma-Aldrich, St. Louis, MO, USA) by intraperitoneal injection after foot pad swelling evaluation and were sacrificed after photography. Dissected footpads were fixed directly in 10% buffered formalin for H & E staining and IHC and stored directly in Tri-RNA Reagent for RT-PCR.



Preparation of Monosodium Urate Crystals

The MSU crystals were prepared using crystallization of a supersaturated solution of uric acid (Sigma, USA). First, 250 mg of uric acid was added to 45 ml distilled water containing 300 μl of 5 M NaOH. The solution was boiled until the uric acid was completely dissolved and then passed through a 0.45 μM filter. Next, 1 ml of 5 M NaCl was added to the hot solution; the solution was then stored at 26°C to allow crystallization. After 10 days, the MSU crystals were washed with ethanol and allowed to air dry under sterile condition (33).



Hematoxylin and Eosin Staining and Immunohistochemistry

Footpad samples obtained 3 days after MSU crystal injection were immediately fixed in 10% buffered formalin for 24 h at room temperature. Formalin-fixed paraffin sections (4-μm thickness) were stained using hematoxylin and eosin. Immunohistochemistry was performed to detect neutrophils at MSU crystal-injected tissue. Serial 4-μm thick sections of the footpads were mounted on charged glass slides (Superfrost Plus; Thermo Fisher Scientific, Rochester, NY, USA). The tissue sections were deparaffinized and treated using 3% hydrogen peroxide in methanol to eliminate endogenous peroxidase activity. They were then incubated with 1% bovine serum albumin (BSA) to block non-specific binding at room temperature for 30 min. The sections were incubated with primary rat anti-neutrophil antibody (1:200; NIMP-R14, Thermo Fisher Scientific Inc.) at room temperature for 2 h. After washing with Tris-buffered saline, the slides were incubated with the secondary antibody, horseradish peroxidase-conjugated goat-anti-rat IgG (1:250; Santa Cruz Biotechnology, Dallas, Texas, USA), for 30 min at room temperature. The resulting images were examined using light microscopy (Olympus) and neutrophil staining area was calculated using image J program.



Cell Culture

We established an in vitro cell culture system using the human monocytic cell line THP-1 (ATCC, TIB-202), which was grown in RPMI 1640 (Welgene, Gyeongsan-si, South Korea) supplemented with 2-mercaptoethanol to a final concentration of 0.05 mM, 10% fetal bovine serum (FBS; Tissue Culture Biologicals, CA, USA) and penicillin/streptomycin as recommended by ATCC. The growth of the cells was maintained at a density between 2 × 105 and 8 × 105 cells/ml by passaging every 2–3 days at 37°C and 5% CO2. HL-60 (ATCC) cells were cultured in RPMI 1640 medium containing 20% FBS and differentiated with complete media containing 1.5% DMSO (Sigma-Aldrich, MO, USA) for 5 days. Differentiated HL-60 (dHL-60) was used in vitro assay for neutrophil migration (34–36).



Transmigration Assay

Transmigration assay was performed to confirm the reactivity of immune cells that migrated using chemotaxis. To prepare the supernatant to be placed in the lower chamber, 2 × 105 of THP-1 cells were treated with MSU crystals (200 μg/ml) for 24 h, with or without PLAG, and then the cells were centrifuged to obtain only the supernatant, which was then placed in the lower chambers and the 5-μm-pore transmigration chamber (Corning, NY, USA) was placed on top. Next, a selective CXCR2 antagonist (SB225002, at 2, 10, or 40 μM; Sigma, USA), an inhibitor of CXC chemokine receptor type 1 (CXCR1, CXCR2) (reparixin, at 2, 10, or 40 μM; Medchem Express, NJ, USA), or an IL-1 receptor antagonist (IL-1RA) (2, 10, or 40 ng/ml; Peprotech, NJ, USA) were treated to differentiated HL-60 (dHL-60, 2 × 105 cells), which mimics neutrophils. dHL-60 cells were placed on the upper chamber in 200 μl of serum-free RPMI 1640 medium and incubated for 24 h at 37°C. The migrated dHL-60 cells to the lower chamber were counted using a hemocytometer with trypan blue staining, and then the total number of cells in the media of the lower chamber was calculated and graphed.



Reverse Transcription Polymerase Chain Reaction (PCR) Analysis

Total RNA was extracted from the THP-1 cells and tissue samples using Tri-RNA Reagent (Favorgen, Taiwan). The extracted RNA was used for reverse transcription (RT) with M-MLV RT reagents (Promega, Madison, WI, USA), according to the manufacturer's instructions. The primers were synthesized by Macrogen (Seoul, Republic of Korea); the primer sequences are presented in Table 1. For PCR with a specific primer pair, the synthesized cDNA was mixed with 2 × PCR Dye Mix (Bioassay) and distilled water. The amplified products were separated using 2% agarose gels, stained with ethidium bromide, and photographed under ultraviolet illumination using a WSE-5200 Printgraph 2M system (ATTO Corporation, Tokyo, Japan).


Table 1. RT-PCR primer sequences.
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Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of IL-1β and CXCL8 in the supernatant of the THP-1 cells were measured using the Human IL-1β and CXCL8 ELISA kit (BD Bioscience, New Jersey, USA) according to the manufacturer's instructions. The cytokine levels were estimated from a generated standard curve. The optical densities were examined at a 450-nm wavelength using a microplate reader (Molecular Devices, Sunnyvale, USA).



Western Blot Analysis

The THP-1 cells and tissue samples were lysed on ice for 30 min using 1 × RIPA lysis buffer containing phosphatase inhibitor (Thermo Fisher Scientific Inc., MA, USA) and protease inhibitor (Roche, Basel, Switzerland). The proteins in each sample were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 12% polyacrylamide gels and were blotted onto a polyvinylidene fluoride membrane (Millipore Corporation, Germany). The membrane was blocked with 5% BSA in PBS containing 0.05% Tween-20 (Calbiochem) for 1 h. It was then incubated with anti-phospho-GRK2 (Thermo Fisher Scientific Inc.), GRK2 (Santa Cruz Biotechnology), phospho-threonine (Cell Signaling Technology), α-arrestin (Cell Signaling Technology), clathrin (Abcam), β-arrestin2 (Santa Cruz Biotechnology), P2Y6 receptor (Alomone Labs), phospho-TRAM (Mybiosource, San Diego, USA), phospho-IRF3 (Ser396; Cell Signaling Technology), IRF3 (Cell Signaling Technology), IκBα (L35A5; Cell Signaling Technology), TRIF (Cell Signaling Technology), MyD88 (D80F5, Cell Signaling Technology) and β-actin (Santa Cruz Biotechnology, Dallas, Texas, USA) at 4°C overnight. After washing with PBST, the membrane was stained with goat anti-rabbit IgG peroxidase (Enzo Life Sciences, New York, USA). Target proteins were detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore Corporation). For quantification of protein expression levels, we used Image J software to calculate density of the western blot bands.



Gene Silencing by Short Interfering RNAs (siRNAs)

The specific short interfering RNAs (siRNAs) of human P2Y6 receptor (sc-42584), TRIF (sc-106845), MyD88 (sc-35986), and control siRNA (sc-37007), were purchased from Santa Cruz Biotechnology. Cells were transfected with 50 nM of target or control siRNA using HiPerFect Transfection Reagent (Qiagen, Hilden, Germany) for 24 h according to the manufacturer's protocol. The knockdown efficiencies of the siRNAs were examined using western blot analysis.



Confocal Microscopy Examination

To detect the P2Y6 receptor on membrane surfaces, the cells were fixed using 4% paraformaldehyde (Sigma-Aldrich) and were incubated and blocked using PBS containing 1% BSA for 30 min at room temperature. Next, the cells were labeled with the rabbit anti-P2Y6 receptor antibody (1:200, APR-011; Alomone Labs, Jerusalem, Israel) for 2 h at room temperature, followed by the Alexa Flour 488 goat anti-rabbit IgG antibody (Invitrogen) for 1 h at room temperature. Lysosomal activity was determined using Lyso-Tracker (ENZ-51005, Enzo Life Sciences) according to the manufacturer's protocol. To determine the intracellular trafficking of the P2Y6 receptor, THP-1 cells were co-stained with anti-P2Y6 receptor and anti-Rab5 antibody (Santa Cruz Biotechnology) for early endosome marker. Finally, the cells were washed with 1% fetal bovine serum/PBS and mounted with 4′,6-diamidino-2-phenylindole-containing fluorescence microscopy mounting medium (Invitrogen). The samples for confocal analysis were analyzed using a laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany).



Flow Cytometric Analysis

To detect P2Y6 receptor on membrane surfaces by FACS, the cells were fixed using 4% paraformaldehyde (Sigma-Aldrich) without permeabilization and were incubated and blocked using PBS containing 1% BSA for 30 min at room temperature. Next, the cells were labeled with the rabbit anti-P2Y6 receptor antibody (1:200; Alomone Labs) for 2 h at room temperature, followed by the Alexa Flour 488 goat anti-rabbit IgG antibody (Invitrogen) for 1 h at room temperature. Lysosomal activity was determined using Lyso-Tracker (Enzo Life Sciences) according to the manufacturer's protocol. The cells for flow cytometric analysis were washed three times with FACS buffer (PBS containing 1% FBS) and then analyzed using a FACSVerse flow cytometer (BD Biosciences). FlowJo software (Tree Star, OR, USA) was used for the data processing.



Immunoprecipitation Assay

The samples of cells for immunoprecipitation assay were solubilized in lysis buffer containing 25 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol, and protease inhibitor (Roche, Switzerland). The cell lysates were then incubated with P2Y6 receptor antibody for 16 h at 4°C, followed by incubation with 20 μl prewashed protein G-agarose beads (Roche, Switzerland) for 6 h at 4°C. The samples were washed three times and solubilized in Laemmli buffer for 10 min at 100°C and then were verified using western blot analysis.



Statistical Analysis

The results were presented as mean ± standard deviation (SD) values. The level of significance, assumed at the 95% confidence limit or greater (p < 0.05), was determined using Student's t-tests. Statistical difference between more than two groups was analyzed by one-way ANOVA followed by Duncan's post-hoc test using Statistical Package for the Social Sciences 18.0 software program (IBM SPSS statistics, Hong-Kong).



Ethics Statement

All animal experimental procedures were carried out in accordance with the Guide and Use of Laboratory Animals (Institute of Laboratory Animal Resources). All experimental procedures were approved by the Institutional Animal Care and Use Committee of the Korea Research Institute of Bioscience and Biotechnology (Daejeon, South Korea), approval number KRIBB-AEC-16155.




RESULTS


PLAG Relieves Gouty Inflammation Induced With MSU

The effect of PLAG on reduction of gouty inflammation was examined using an MSU-induced acute gout animal model (Figure 1A). Swelling is an obvious sign of MSU-induced gouty inflammation and is easily observed using visual assessment. Paw swelling was observed within 1 day after injecting the MSU in the mouse footpad and was maintained for 3 days. The results of PLAG administration in the MSU-induced mice indicated that footpad swelling recovered more quickly compared with the MSU crystal-induced mice who did not receive PLAG (Figure 1B). Paw swelling was verified in the dissected tissue and the resulting thickness was measured for 3 consecutive days. The results indicated that the MSU-induced footpad swelling was maintained for 3 days in the untreated mice. But, in the PLAG-treated mice, the swelling was not severe and was resolved within 3 days (Figures 1C,D). Neutrophil infiltration in the MSU-treated regions was observed in the immunohistochemically-stained tissue. However, this neutrophil infiltration was not found in the MSU-injected footpad tissues of mice who received PLAG (Figures 1E–G). Chemokine MIP-2 expression, which is equivalent to human CXCL2, is a main factor for neutrophil recruitment into MSU-injected tissue. Chemokine MIP-2 expression was examined using RT-PCR. MIP-2 was expressed in the tissues of MSU-treated mice, but its expression was reduced in the tissues of the mice who received PLAG (Figures 1H,I). IL-1β expression was induced in the MSU-treated tissues, but PLAG had no effect on modulation of IL-1β expression in the MSU-injected tissues. Taken together, these results indicated that PLAG relieved acute gouty inflammation induced with MSU via modulation of neutrophil migration; this effect occurred within 3 days.
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FIGURE 1. PLAG alleviates MSU-induced gouty inflammation by reducing neutrophil infiltration in gouty lesions. (A) BALB/c mice were divided into three groups: a PBS-treated group, an MSU-treated group, and an MSU/PLAG co-treated group. MSU (1 mg/mouse) was injected into the footpad once on 0 day and PLAG (250 mg/kg) was given via the oral route every day on 0, 1, 2, day. Photographs (B) and Hematoxylin and eosin (HandE)-stained sections (C) represents paw swelling in the MSU crystal only and MSU/PLAG-treated mice. (D) Footpad swelling was calculated for 3 days in the MSU crystal only and MSU/PLAG-treated mice. (E,F) Hematoxylin and eosin stained sections and immunohistochemical staining with anti-neutrophil antibody were performed 3 days after MSU crystal injection. (G) Quantification of the stained neutrophils seen in (F) (% of stained area). (H) Expression of MIP-2 and IL-1β was analyzed in the footpad tissues using RT-PCR. GAPDH was used as an internal control. (I) Quantification of (H). Data are presented as mean ± SD. The level of significance was determined by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group. #p < 0.05, ###p < 0.001, compared to the MSU-treated group.




PLAG Effectively Inhibits MSU-Induced Neutrophil Migration in the in vitro Assay

Excessive neutrophil infiltration into tissues can cause pain and swelling (37). In vitro transmigration assays were performed to mimic the neutrophil transmigration in the MSU-injected tissues of the in vivo mouse models. Briefly, the transwell assay system consisted of an upper chamber and bottom chamber. The bottom of the upper chamber contained 5-um diameter pores that allowed factors present in the bottom chamber to move freely between the two spaces. To identify factors for neutrophil migration in the MSU-stimulated tissue cells, THP-1 cells were stimulated with 40, 200, or 1,000 μg/ml MSU. After 24 h, cells were centrifuged and cell-free supernatant was placed in the bottom chamber (Figure 2A). The upper chamber was filled with differentiated HL-60 (dHL-60) cells, which have mobile activity similar to neutrophils in the presence of chemokines. The numbers of dHL-60 cells that transmigrated from the upper to the bottom chamber were calculated after a 24-h culture period. The numbers of migrated neutrophils were increased in the culture supernatants of MSU-stimulated THP-1 cells in a dose-dependent manner (Figure 2B). To reveal the efficacy of PLAG to hinder neutrophil migration, different doses of PLAG (0.1, 1, 10, or 100 μg/ml) were applied to MSU-stimulated THP-1 cells for 24 h. The harvested cell-free supernatants of MSU-stimulated THP-1 cells, with or without PLAG, were decanted into the bottom well, the upper chamber containing differentiated HL-60 cells was put in position, and HL-60 cells that transmigrated from the upper to the bottom chamber were calculated after a 24-h incubation period (Figure 2C). The migration of dHL-60 cells with MSU stimulation was effectively reduced in the supernatants of PLAG-treated THP-1 cells in a dose-dependent manner (Figure 2D). In the supernatants of the 10 and 100 μg/ml PLAG-treated THP-1 cells, transmigration activity by MSU treatment did not occur. These results indicated that the MSU-stimulated THP-1 cells secreted factors (including chemokines) that stimulated neutrophil migration. The also indicated that PLAG effectively inhibited the increase in mobile activity that was obtained using MSU stimulation of the THP-1 cells. PLAG effectively inhibited the chemotactic activity of dHL-60 cells.
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FIGURE 2. MSU-stimulated THP-1 induces neutrophil migration and PLAG attenuates the mobile activity induced by MSU. (A) A transwell experimental scheme for neutrophil migration by the cell-free supernatant of MSU-stimulated THP-1. The number of dHL-60 cells migrated to the bottom chamber was quantified using a hemocytometer. (B) Chemotaxis of dHL-60 cells in response to cell-free culture supernatants obtained from the different doses (40, 200, or 1,000 μg/ml) of MSU-treated THP-1 cells. (C) Transwell experimental scheme for the effect of PLAG on inhibition of neutrophil migration toward the cell-free culture supernatant of MSU-treated THP-1 cells. Different concentrations of PLAG (0.1, 1, 10, 100 μg/ml) were treated in MSU-stimulated THP-1 cells, and the cell-free supernatants were placed on the bottom chamber. dHL-60 cells were added on the upper chamber, cultured for 24 h in the culture supernatants. The transmigrated dHL-60 cells to the bottom chambers were counted using a hemocytometer. (D) Dose effect of PLAG on chemotaxis of dHL-60 cells in response to cell-free culture supernatants obtained from MSU-treated THP-1 cells. (E,F,G) dHL-60 cells were treated with SB225002 (2, 10, 40 μM) or reparixin (2, 10, 40 μM) or IL-1RA (2, 10, 40 ng/ml) and then placed on the upper chamber to see chemotaxis toward the supernatant of THP-1 cells treated with MSU (200 μg/ml). The number of transmigrated HL-60 cells was counted using a hemocytometer. Data are presented as mean ± SD. **p < 0.01, ***p < 0.001, compared to the control group. ##p < 0.01, ###p < 0.001, compared to the MSU-treated group. dHL-60, differentiated HL-60 cells; SB225002, a selective CXCR2 antagonist; reparixin, inhibitor of CXC chemokine receptor type 1 and 2; IL-1RA, interleukin 1 receptor antagonist; SFM, serum-free medium; CM, control medium; MTS, MSU-treated THP-1 supernatant.




Mobile Activity of HL-60 Cells Induced by Culture Supernatant of MSU-Stimulated THP-1 Cells Depends on Chemokine Receptors

To characterize factors that induce neutrophil recruitment into MSU-injected tissues, we stimulated THP-1 cells with MSU. Using the transwell assay we found that the supernatant of MSU-stimulated THP-1 cells contained neutrophil-attracting factors (Figure 2A). We then used SB225002 (a selective CXCR2 antagonist) and reparixin (a CXC chemokine receptor type 1 (CXCR1, CXCR2) inhibitor) to characterize the neutrophil-attracting factor. Generally, neutrophil recruitment is vital for pathogenic inflammatory reactions (38), and secreted chemokines coordinate neutrophil recruitment via CXCR1 and CXCR2 in tissues that release DAMP (39). The mobile activity of differentiated HL-60 cells was obviously increased in the cell-free supernatants of MSU-treated THP-1 cells, but this activity was gradually decreased in the treatments in which SB225002 (Figure 2E) or reparixin (Figure 2F) were added to the cell-free supernatants. These results indicated that the neutrophil transmigration activity was mainly dependent on chemokines induced in the MSU-treated macrophages. The neutrophil migration enhanced by the supernatant of MSU-treated macrophage was effectively reduced by the CXCR2 antagonists, SB225002 and reparixin (Figures 2E,F), but not by the IL-1R antagonist, IL-1RA (Figure 2G). These results indicated that the neutrophil transmigration in the MSU-treated THP-1 cells was initiated by CXCR2 ligands.



PLAG Differentially Modulates Expression of CXCL8 and IL-1β in MSU-Treated THP-1 Cells

IL-1β expression in MSU-treated human primary monocytes has been reported (16), and CXCL8 is induced in THP-1 cells grown with MSU (40). Our results indicated that transcripts of CXCL8 and IL-1β were expressed in the MSU-treated THP-1 cells within 60 min after MSU treatment (Figure 3A). CXCL8 and IL-1β secretion in the supernatant of MSU-treated THP-1 cells increased in a dose-dependent manner during the 24-h treatment period (Figures 3G,H). The CXCL8 mRNA and protein expression that were induced by MSU treatment were reduced in the PLAG co-treated THP-1 cells in a dose-dependent manner (Figures 3D,E,I). In the PLAG co-treated cells, CXCL8 mRNA expression was observed at 15 min and was sustained for 30 min, but it was not observed at 60 min (Figures 3A,B). The increased IL-1β mRNA and protein induced by MSU treatment was not reduced at all in the PLAG co-treated THP-1 cells (Figures 3A,C,E,F,J). These results indicated that PLAG specifically modulated CXCL8, but not IL-1β, expression.
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FIGURE 3. MSU binding to P2Y6 receptor induces CXCL8 and IL-1β production, and PLAG modulates CXCL8 expression but not IL-1β expression. (A) Time effect of PLAG on the mRNA expression of MSU-induced CXCL8 and IL-1β. THP-1 cells were pre-treated with PLAG (100 μg/ml) for 1 h and then were treated with MSU crystals (200 μg/ml). (B,C) Quantification of (A). (D) Dose effect of PLAG on the mRNA expression of MSU-induced CXCL8 and IL-1β.THP-1 cells were pre-treated with different dose of PLAG (1, 10, or 100 μg/ml) and then were treated with MSU crystals (200 μg/ml). (E,F) Quantification of (D). GAPDH was used as a control (G,H) Secreted CXCL8 and IL-1β were measured using ELISA in the supernatants of THP-1 cells treated with different doses of MSU crystals (50, 200, or 1,000 μg/ml). (I,J) Secreted CXCL8 and IL-1β in the supernatant of THP-1 cells pre-treated with different doses of PLAG (0.1, 1, 10, or 100 μg/ml) for 1h and then treated with MSU crystals (200 μg/ml) for 24 h were measured using ELISA. (K,L) THP-1 cells were pre-treated with MRS2578 (0.5, 1, or 2 μM) and treated with MSU crystals (200 μg/ml). Secreted CXCL8 and IL-1β in the supernatants of THP-1 cells were measured using ELISA. (M,N) THP-1 cells were transfected with control or P2Y6 receptor siRNA (50 nM) for 24 h. P2Y6-knockdown THP-1 cells were treated with MSU crystals (200 μg/ml) for 24 h, and secreted CXCL8 and IL-1β in the supernatants of THP-1 cells were measured using ELISA. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared to the MSU-treated group.


The purinergic receptor, P2Y6, recognizes MSU in cells (16). Treatment with a selective P2Y6 antagonist, MRS2578, and an siRNA of P2Y6 verified that the expression of CXCL8 and IL-1β induced by MSU stimulation was mediated by the P2Y6 receptor. The CXCL8 and IL-1β secretion were decreased in a dose-dependent manner in the THP-1 cells treated with the antagonist (Figures 3K,L). Treatment with the siRNA against P2Y6 also reduced the secretion of CXCL8 and IL-1β (Figures 3M,N). These results suggested that the expression of CXCL8 and IL-1β was mainly mediated by the purinergic receptor, P2Y6.



MSU-Induced Endocytosis and Exocytosis Cycle of P2Y6 Receptor Is Accelerated in PLAG-Treated Cells

Since we found out that MSU-induced CXCL8 and IL-1β are produced through P2Y6 receptor, we next investigated how PLAG regulates the activation of P2Y6 receptor. Intracellular trafficking of DAMP-loaded GPCR is known to be associated with cellular signaling and recycling of GPCR (22, 41). Therefore, we examined trafficking of MSU-stimulated P2Y6 receptor with or without PLAG treatment. Intracellular trafficking of P2Y6 receptor began at 20 min, and returned to the membrane at 50 min, after MSU treatment (Figures 4A,B). In PLAG co-treated cells, endocytosis of P2Y6 receptor occurred at 10 min, and the receptor reappeared to the membrane at 30 min (Figures 4A,B). We next checked the cycle of endocytosis using an endosome staining dye, Lyso-Tracker. We observed that MSU crystals induced the initiation of endocytosis at 20 min and the termination at 50 min. PLAG significantly accelerated the endosomal activity as observed at 10 min after MSU crystal treatment (Figures 4C,D). Endosomal trafficking of P2Y6 was further verified through a co-localization assay using Rab5, an early endosome marker. During intracellular trafficking of P2Y6 receptor, co-localization of Rab5 was observed as a yellow color at 30–40 min after MSU treatment. In PLAG pretreated cells, co-localization was observed at 10 min and dissociation occurred at 30 min (Figures 4E,F). These results indicates that PLAG effectively accelerated the intracellular trafficking of MSU-loaded P2Y6 receptor.
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FIGURE 4. Accelerated intracellular trafficking of MSU-loaded P2Y6 in PLAG-treated cells. (A) Analysis of cell surface P2Y6 receptor using confocal microscopy. THP-1 cells were pre-treated with PLAG (100 μg/ml) for 1 h and then were treated with MSU (200 μg/ml). The cells were harvested and were fixed with 4% paraformaldehyde. The membrane-localized receptor was stained with anti-P2Y6 receptor antibody without permeabilization. (B) The result of (A) was also analyzed by flow cytometry. (C) Lysosomal activity was measured using lyso-ID and analyzed using confocal microscopy. (D) The result of (C) was also analyzed by flow cytometry. (E) Co-localization of P2Y6 receptor and Rab5 was examined using confocal microscopy. (F) Graphs show fluorescence intensity profiles calculated on the white arrows of the confocal images in (E) using ZEN program. Data are presented as mean ± SD. #p < 0.05, ##p < 0.01, ###p < 0.001, compared to the MSU-treated group.




PLAG Induces GRK2 Phosphorylation, Which Enables Acceleration of Intracellular Trafficking of the P2Y6 Receptor

We verified that PLAG accelerated intracellular trafficking of MSU-stimulated P2Y6 receptor in Figure 4. Agonist-dependent GPCR phosphorylation is known to be mediated by GRK, which induces binding of arrestins to the receptor for endocytosis (42). Endocytosis of the P2Y6 receptor is initiated by GRK2-induced receptor phosphorylation (19, 43). Phosphorylation of GRK2 was increased in PLAG-treated THP-1 cells (Figures 5A,B) and, subsequently, the threonine residues of P2Y6 phosphorylation were detected (Figures 5C,D). When pretreated with PLAG 1 h, the already phosphorylated GRK2 and P2Y6 receptor was rapidly dephosphorylated by MSU treatment, while MSU crystals alone gradually induce the phosphorylation of the proteins (Figures 5E–H). In the same manner, PLAG pretreatment already induced the binding of α-arrestin, β-arrestin 2, and clathrin to P2Y6 receptor as observed at 0 min, and rapidly detached the proteins from the receptor when MSU crystals treated (Figures 5I–L). Taken together, these results indicate that PLAG accelerated internalization of MSU-loaded P2Y6 receptor via GRK2 phosphorylation and promoted recruitment of α-arrestin, β-arrestin 2, and clathrin (Figure 5M). PLAG accelerated intracellular trafficking of MSU-stimulated P2Y6 receptor through enhanced endocytosis and exocytosis (Figure 5N).
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FIGURE 5. PLAG phosphorylates GRK2 and P2Y6 receptor to form a receptor endocytosis-related protein complex. (A) Effect of PLAG on phosphorylation of GRK2. THP-1 cells were treated with 100 μg/ml PLAG for 0, 7, 15, 30, and 60 min. Whole lysates were used to analyze phosphorylated GRK2 and total protein of GRK2. (B) Quantification of (A). (C) Effect of PLAG on phosphorylation of P2Y6 receptor. Cell lysates were immunoblotted with phospho-threonine antibody after immunoprecipitation with the P2Y6 receptor antibody. (D) Quantification of (C). (E) THP-1 cells were incubated with 100 μg/ml PLAG for 1 h and then were stimulated with 200 μg/ml MSU crystals for 0, 7, 15, 30, and 60 min. Whole lysates were used to analyze phosphorylated GRK2 and total protein of GRK2. (F) Quantification of (E). (G) Cell lysates were immunoblotted with phospho-threonine antibody after immunoprecipitation with the P2Y6 receptor antibody. (H) Quantification of (G). (I) Cell lysates were immunoblotted with α-arrestin, β-arrestin2, or clathrin antibodies after immunoprecipitation with the P2Y6 receptor antibody. (J,K,L) Quantification of (I). (M) Schematic diagram of endocytosis-related protein complex formation by PLAG treatment for 1 h. One hour after PLAG treatment, GRK2 and P2Y6R were phosphorylated, and endocytosis-related proteins such as α-arrestin, β-arrestin, and clathrin were complexed with P2Y6R. (N) Schematic diagram of P2Y6 receptor endocytosis and duration of intracellular trafficking in MSU-treated THP-1 cells. PLAG, using a preformed endocytosis-related complex, promotes the initiation of intracellular trafficking of P2Y6R and rapidly brings it back to the cell surface when MSU is treated. Therefore, PLAG shortens the duration of P2Y6R stays in the cytoplasm.




The Signal Pathway for CXCL8 Expression Mainly Relies on Endocytosed P2Y6 Receptor and PLAG Effectively Attenuates the Endosome-Dependent Signal Pathway

Endocytosis of GPCR is regarded as the termination of G-protein-mediated cellular signaling (44). However, internalized GPCRs are still in an active state for transmitting signals from the receptor-anchored endosomes (45). The endosome-dependent signals have different cellular functions from the signals transmitted by the receptor in the membrane (46). Therefore, we further investigated signaling molecules associated with CXCL8 expression through the use of small interfering RNAs (siRNA) of TIR-domain-containing adapter-inducing interferon-β (TRIF) or myeloid differentiation primary response 88 (MyD88) introduced to THP-1 cells. In siRNA transfected TRIF-silenced cells, CXCL8 expression was reduced by up to 50% compared with control siRNA transfection, but not in MyD88-silenced cells (Figure 6A). Moreover, PLAG reduced CXCL8 expression in a dose-dependent manner in the scrambled RNA and MyD88-silenced cells, but not in the TRIF-silenced cells (Figure 6A). These results indicate that MSU-induced CXCL8 expression mainly relies on TRIF signals, and PLAG regulates the modulation of only TRAM/TRIF-dependent signaling. Endosomal localization of TRAM is essential for Toll-like receptor-mediated type I IFN-inducing signals from the endosome (47, 48). Next, we investigated whether PLAG regulates TRAM signaling in whole lysates of THP-1 cells. As a result, PLAG accelerated MSU-induced phosphorylation of TRAM (Figures 6B,C). The result of the immunoprecipitation assay using anti-P2Y6 indicated that advanced association of TRIF with P2Y6 was also detected in MSU and PLAG co-treated cells, but no effect in the association of MyD88 with P2Y6 (Figures 6D–F). Subsequently, the advanced activity of IRF3 (examined by western blot analysis using anti-phospho-IRF3) was detected in MSU and PLAG co-treated cells, while no effect on IκBα degradation (Figures 6G–I). Taken together, these results indicate that PLAG accelerated MSU-induced internalization and returning to the membrane of P2Y6 receptor. During trafficking of P2Y6 receptor, the activation of signaling molecules leading to CXCL8 expression (i.e., TRAM/TRIF and transcriptional factor activity of IRF3) was advanced and shortened. This process resulted in the reduction of CXCL8 expression (Figure 6J).
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FIGURE 6. The reduction of CXCL8 expression by PLAG is dependent on TRIF/IRF3 signaling. (A) THP-1 cells were transfected with TRIF and MyD88 siRNA. After 24 h, the cells were incubated with 100 μg/ml PLAG or DMSO for 1 h. The cells were then treated with 200 μg/ml of MSU crystals for 24 h. The culture supernatants were harvested and assayed using ELISA to check the secreted levels of CXCL8. (B) THP-1 cells were incubated with 100 μg/ml PLAG or DMSO for 1 h and were stimulated with 200 μg/ml MSU crystals for 7, 15, 30, and 60 min. Whole lysates were used to analyze the phosphorylation of TRAM. TRAM was used as the loading control. (C) Quantification of (B). (D) TRIF signaling during trafficking was evaluated in THP-1 cells. Cells were incubated with 100 μg/ml PLAG or DMSO for 1 h and were stimulated with 200 μg/ml of MSU crystals for 7, 15, 30, and 60 min. Cell lysates were immunoblotted with TRIF and MyD88 antibodies after immunoprecipitation with the P2Y6 receptor antibody. (E,F) Quantification of (D). (G) Whole lysates were used to analyze the phosphorylation of IRF-3 or IκBα degradation. β-Actin was used as a loading control. (H,I) Quantification of (G). (J) A schematic diagram showing the mechanism of action of PLAG. PLAG promotes MSU-induced P2Y6 receptor intracellular trafficking (1) and reduces the duration of endocytosis-dependent signaling (2). Consequently, PLAG reduces MSU-induced CXCL8 production (3) and prevents excessive neutrophil recruitment into MSU-accumulated tissue (4). Data are presented as mean ± SD. ***p < 0.001, compared to the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared to the MSU-treated group.




Specificity of PLAG in the Promoted Endocytosis of P2Y6 Modulation of CXCL8 Expression

PLAG and PLH are diacylglycerols containing two acyl groups, palmitic and linoleic acid, at the 1, 2-positions on the glycerol backbone. PLAG and PLH have an acetyl group and a hydroxyl group, respectively, at the 3-position (Figure 7A). In the MSU-treated THP-1 cells, P2Y6 intracellular trafficking was initiated at 30 min, and the receptor returned to the membrane at 50 min. This approximately 30-min trafficking duration indicated that the P2Y6 receptor was endosomal for 30 min. In the PLAG-treated cells, P2Y6 internalization was advanced and an earlier return of P2Y6 to the membrane occurred. However, in the MSU/PLH-treated cells, P2Y6 intracellular trafficking showed the same phenotype as that of the cells treated with only MSU. This result indicated that PLAG had specific biological activity during advanced endocytosis and return of the P2Y6 receptor to the membrane in the MSU-treated cells (Figures 7B,C). CXCL8 expression induced by MSU was attenuated by PLAG but not by PLH (Figure 7D). PLAG and PLH had no effect on modulation of IL-1β expression (Figure 7E). These results indicated that the shortened endosome duration of the P2Y6 receptor and attenuation of CXCL8 expression were specific to the biological efficacy of PLAG and did not occur during PLH treatment.
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FIGURE 7. Specificity of PLAG in accelerated P2Y6 endocytosis and the modulation of CXCL8 expression. (A) Chemical structure of PLAG and PLH. (B) Advanced endocytosis by PLAG was compared with that by PLH. Cells were incubated with 100 μg/ml PLAG, PLH, or DMSO for 1 h and then stimulated with 200 μg/ml of MSU crystals. The cells were harvested over time were fixed using 4% paraformaldehyde. P2Y6 receptor expressed on the membrane was stained with the P2Y6 receptor antibody without permeabilization and was analyzed using confocal microscopy. (C) The result of B was also confirmed by flow cytometry. (D,E) PLAG was compared with PLH to check the secretion levels of CXCL8 and IL-1β. The cells were incubated with 100 μg/ml PLAG, PLH, or DMSO for 1 h and were treated with 200 μg/ml MSU crystals for 24 h. The culture supernatants were harvested and used for ELISA. Data are presented as mean ± SD. ***p < 0.001, compared to the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, statistical difference between the MSU-treated group and MSU + PLAG treated group; $p < 0.05, statistical difference between the MSU-treated group and MSU + PLH treated group; &p < 0.05, statistical difference between the MSU + PLAG-treated group and MSU + PLH-treated group.





DISCUSSION

In the previous study, PLAG induced rapid resolution of inflammation in LPS-induced acute lung injury via early elimination of LPS and early termination of endocytosis-dependent signaling of TLR4 (49). PLAG remarkably ameliorated LPS-induced acute lung injury, which is a disease caused by a PAMP molecule (49). In this study, we examined a mitigating effect of PLAG on gouty inflammation, one of the sterile inflammations caused by MSU crystal, a substance thought to be DAMP. Neutrophil infiltration to the tophi is a major cause of the pain in the gouty tissues (50, 51), and neutrophils are recruited by chemotactic activity in response to neutrophil-attracting chemokines, such as CXCL8, which are produced in MSU-accumulated tissues. Therefore, modulating the chemokine production may be a new therapeutic target to reduce the pain of acute gout. We observed that PLAG effectively reduced MSU-induced footpad swelling and neutrophil infiltration by modulating MIP-2 (CXCL8) production in a mouse model of MSU-induced acute gout.

In the development of gouty inflammation, various types of cells and molecular pathways are involved. Of which, neutrophil-macrophage interaction plays an important role in the acute inflammatory response (8). Gouty inflammation begins at where monocytes and macrophages first contact with MSU crystals. When these immune cells are stimulated by MSU, they secrete pro-inflammatory cytokines and chemokines to attract neutrophils to the gouty region. Especially, IL-1β and CXCL8 are the most typical factors associated with the progression of the disease. IL-1β is a critical factor in that gout is primarily initiated by this cytokine. Insoluble crystals of MSU accumulated in the joints activate the NLRP3 inflammasome to secrete IL-1β. This cytokine binds to IL-1 receptor type I (IL-1RI) to recruit MyD88 through the TIR domain, which consequently induces gene expression and secretion of pro-inflammatory cytokines. In addition, CXCL8, also known as a neutrophil chemotactic factor, is a typical chemokine produced in the progression of gout, which responsible not only for inducing neutrophils to migrate toward the gout lesion, but also for stimulating the cells to release neutrophil extracellular traps (NETs) through the CXCL8/CXCR2 axis. In this study, we demonstrated that PLAG ameliorated MSU-induced gouty inflammation by specifically regulating transcriptional and translational expression of CXCL8, without affecting IL-1β gene expression and secretion.

The purinergic P2Y6 receptor is a G protein-coupled receptor (GPCR) which has a higher affinity for the nucleotide uridine diphosphate (UDP) than other nucleotides. It has been demonstrated that UDP stimulates P2Y6 receptor to release CXCL8 in human THP-1 monocytic cells (52). In recent years, however, many studies have reported that MSU stimulates P2Y6 receptor expressed in normal human keratinocytes and monocytes to produce pro-inflammatory cytokines including CXCL8, IL-1α and IL-6 in MSU-associated inflammatory diseases (16). In addition, the P2Y6 receptor antagonist MRS2578 inhibited neutrophil activation and NET release induced by MSU crystals. In the same way, we confirmed that MRS2578 inhibits both CXCL8 and IL-1β expression, and PLAG selectively reduces P2Y6 receptor-mediated CXCL8 production induced by MSU crystals.

The selectivity of PLAG in the regulation of MSU-induced CXCL8 expression is associated with its control ability of P2Y6 receptor endocytosis. Previously, we demonstrated that PLAG accelerates the termination of LPS-induced TRAM and TRIF-dependent TLR4 signaling, resulting in the reduced IRF3-dependent CXCL8 expression (49). In the study, PLAG did not affect MyD88-mediated NF-κB activation that induces the transcriptional expression of IL-1β. In the same manner, we observed that PLAG accelerates the termination of P2Y6 receptor-mediated endocytosis by promoting earlier binding of β-arrestin-1 and −2 and clathrin to the receptor, which subsequently leads to earlier dissociation of the molecules from the receptor. We also verified that the internalized P2Y6 receptor to the cytoplasm recruits the adapter molecules TRAM and TRIF to activate IRF3-dependent CXCL8 expression, and PLAG effectively advanced the phosphorylation of these molecules followed by earlier termination of the signaling pathway. On the other hand, PLAG did not affect MSU-induced IL-1β gene expression and protein secretion, which is produced through MyD88/NF-κB signaling and NLRP3 inflammasome activation (53, 54). From these observation, besides TLR4, we discovered that PLAG has a regulatory effect on the endocytosis of a member of GPCR family, P2Y6, and endocytosis-dependent signaling pathways.

The current therapeutic agents used for gout treatment are nearly focused on reducing IL-1β production or blocking IL-1β-mediated signaling pathways and gene expression (55). Anakinra is a recombinant non-glycosylated IL-1 receptor antagonist (IL-1RA) used for gouty inflammation and rheumatoid arthritis. It works by inhibiting the interaction between IL-1 receptor and its ligands IL-1α and IL-1β (56–58). Colchicine, under the brand name of Colcrys, is another gout drug approved by FDA as the first single-ingredient oral product. Basically, this drug works by blocking the formation of microtubules by binding to α- and β-tubulin (59, 60). In gouty inflammation, colchicine inhibits microtubule-mediated inflammatory pathway that induces the activation of NLRP3 inflammasome and IL-1β secretion (61). However, repeated colchicine treatment induces bone marrow suppression, and intracellular accumulation of colchicine leads to toxic effect, such as abdominal pain, unusual bleeding, muscle weakness, or pain (62, 63). Thus, there are limitation on the usage and dose of administration of this drug. Unlike the two drugs mentioned above, PLAG showed the therapeutic effects by down-regulating MSU-induced CXCL8 production. It was demonstrated that CXCL8 levels are more highly increased than other pro-inflammatory cytokines in gout patients, and it is directly associated with neutrophil infiltration, pain, and the development of chronic gouty arthritis (64, 65). Therefore, we think that CXCL8 is also a good therapeutic target for the treatment of gouty inflammation. In addition, there were no reports of toxicity or adverse effects when high doses of PLAG were administered in the non-clinical toxicity test (49, 66). Since PLAG is delivered via oral administration, it has an advantage in the way of drug delivery than other gout drugs.

Macrophages and monocytes play important roles in both driving and resolving gouty inflammation. These immune cells secrete pro-inflammatory cytokines and chemokines, such as IL-1α, IL-1β, IL-6, TNF, and CXCL8 to induce acute phase of inflammation. For resolution of gouty inflammation, macrophages perform essential process called efferocytosis to eliminate dead neutrophils and aggregated NETs. We already verified that PLAG promotes macrophage efferocytosis by enhancing macrophage mobility via membrane redistribution of P2Y2 (67). From the results, we expect that PLAG can help resolving of acute gouty inflammation by promoting efferocytosis. Direct evidences on the role of PLAG in efferocytosis during MSU crystal-induced gouty inflammation should be investigated.

NETs, produced by NETosis of neutrophils, are a major pathogenesis of gout. Netosis is very effective process to eliminate DAMP molecules including MSU for resolution of inflammation. But prolonged NETosis can evoke tissue injury, which can cause severe and chronic gouty inflammation. In this paper, we focused on the role of PLAG on the modulation of neutrophil recruitment in MSU-introduced inflammatory lesion. We think that the reduced recruitment of neutrophil into the lesion by PLAG could be helpful to reduce excessive NET formation.

In summary, as shown in Figure 6J, PLAG showed its therapeutic efficacy by reducing chemotaxis-dependent recruitment of neutrophils into MSU-induced gouty lesions. In cellular levels, PLAG promoted MSU-induced P2Y6 receptor intracellular trafficking by reducing the duration of endocytosis-dependent signaling, resulting in the reduced production of CXCL8. Therefore, we think that PLAG could be a promising therapeutic agent for the treatment of gouty inflammation.
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Nanotechnology has the capacity to revolutionize numerous fields and processes, however, exposure-induced health effects are of concern. The majority of nanoparticle (NP) safety evaluations have been performed utilizing healthy models and have demonstrated the potential for pulmonary toxicity. A growing proportion of individuals suffer diseases that may enhance their susceptibility to exposures. Specifically, metabolic syndrome (MetS) is increasingly prevalent and is a risk factor for the development of chronic diseases including type-2 diabetes, cardiovascular disease, and cancer. MetS is a combination of conditions which includes dyslipidemia, obesity, hypertension, and insulin resistance. Due to the role of lipids in inflammatory signaling, we hypothesize that MetS-associated dyslipidemia may modulate NP-induced immune responses. To examine this hypothesis, mice were fed either a control diet or a high-fat western diet (HFWD) for 14-weeks. A subset of mice were treated with atorvastatin for the final 7-weeks to modulate lipids. Mice were exposed to silver NPs (AgNPs) via oropharyngeal aspiration and acute toxicity endpoints were evaluated 24-h post-exposure. Mice on the HFWD demonstrated MetS-associated alterations such as increased body weight and cholesterol compared to control-diet mice. Cytometry analysis of bronchoalveolar lavage fluid (BALF) demonstrated exacerbation of AgNP-induced neutrophilic influx in MetS mice compared to healthy. Additionally, enhanced proinflammatory mRNA expression and protein levels of monocyte chemoattractant protein-1, macrophage inflammatory protein-2, and interleukin-6 were observed in MetS mice compared to healthy following exposure. AgNP exposure reduced mRNA expression of enzymes involved in lipid metabolism, such as arachidonate 5-lipoxygenase and arachidonate 15-lipoxygenase in both mouse models. Exposure to AgNPs decreased inducible nitric oxide synthase gene expression in MetS mice. An exploratory lipidomic profiling approach was utilized to screen lipid mediators involved in pulmonary inflammation. This assessment indicates the potential for reduced levels of lipids mediators of inflammatory resolution (LMIR) in the MetS model compared to healthy mice following AgNP exposure. Statin treatment inhibited enhanced inflammatory responses as well as alterations in LMIR observed in the MetS model due to AgNP exposure. Taken together our data suggests that MetS exacerbates the acute toxicity induced by AgNPs exposure possibly via a disruption of LMIR leading to enhanced pulmonary inflammation.
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INTRODUCTION

Metabolic syndrome (MetS) is an increasingly prevalent condition representing an emerging issue for both United States and global public health. It is clinically diagnosed by an individual exhibiting three or more of the following components (1) central obesity (increased waist circumference), (2) hypertension, (3) hyperglycemia/insulin resistance, (4) high triglycerides, and (5) reduced high-density lipoprotein (HDL). MetS is a risk factor and precursor of serious diseases such as type 2 diabetes, cardiovascular disease, cancer and others. Growing evidence suggests that exposures may contribute to the progression of chronic metabolic diseases via inflammation, oxidative stress, and altered cell signaling (1–3). Additionally, epidemiological studies have suggested that individuals suffering from MetS are increasingly susceptible to particulate matter (PM)-related health effects following inhalation exposures (4). Specifically, following long-term exposure to PM10, individuals with MetS demonstrated elevations in circulating white blood cell counts, a non-specific hematologic marker of inflammation, compared to healthy individuals (4). The severity of PM health effects is dependent on particle size, with smaller diameter particles inducing enhanced toxicity due to deeper deposition within the lung (5–7). Epidemiological studies have demonstrated that components of MetS such as obesity and hypertension are associated with increases in markers of systemic inflammation, including white blood cell counts, C-reactive protein, and interleukin-6 following inhalation of PM2.5 (8). These studies suggest that individuals with underlying disease states such as MetS may be increasingly susceptible to the inflammatory effects of inhaled particulate exposures.

Nanoparticles (NPs) represent an emerging exposure and potential health hazard due to their extremely small size and ability to evade lung clearance mechanisms. NPs have a variety of uses in numerous technologies including manufacturing procedures, electronics, consumer products, and biomedical applications. Silver NPs (AgNPs) are one of the most frequently utilized NPs and have been the focus of a number of toxicity assessments (9). Specifically, rodent pulmonary exposure to AgNPs has been determined to cause pulmonary fibrosis, and impaired pulmonary function (10, 11). These toxicity responses are related to AgNP-induced inflammatory responses and oxidative stress (12, 13). Although, individuals with pre-existing conditions such as MetS are increasingly common, the majority of NP toxicity assessment has been performed in healthy models. Individuals with MetS exist in a state of chronic inflammation that may exacerbate their responses to inhalable exposures such as NPs (8, 14, 15). MetS is associated with a dysregulation of lipids, including those involved in regulation of the immune system. Lipid mediators of inflammation are known to be modified in MetS contributing to the chronic inflammatory state associated with the condition (16). Exposure-induced inflammatory signaling is a coordinated process mediated by initial increases in lipid mediators of inflammation facilitating the acute inflammatory signaling process. This pro-inflammatory state is resolved via induction of pro-resolving lipid mediators. If not properly resolved, chronic inflammation can occur resulting in disease progression via tissue remodeling and loss of organ function (16–20). Recently, the pulmonary and systemic inflammatory response following exposure to ozone was determined to be reduced when mice were supplemented with a combination of lipid mediators of inflammatory resolution (LMIR). This demonstrates that modifications in specific lipids can influence pulmonary responses to exposures. It is likely that the lipid dysregulation involved in many diseases, such as MetS, may mediate susceptibility to exposures.

Conditions associated with dysregulation of lipids, such as high cholesterol and cardiovascular diseases are often treated with drugs to modulate circulating lipid levels. Statins are the most common therapeutic approach utilized to reduce elevated low-density lipoprotein in individuals who are at risk of cardiovascular disease (21). Research has demonstrated that statins may also exhibit anti-inflammatory properties, resulting in a variety of potential therapeutic applications, including respiratory disease treatment (22–25). Currently, there is a gap in our understanding regarding how statin treatment may impact lipid mediators of inflammation following NP exposures in MetS.

Epidemiology suggests that individuals with MetS are increasingly sensitive to air pollution exposures; however, the mechanisms remain unknown. In this study we hypothesized that MetS increases pulmonary disease susceptibility to inhaled NPs due to enhanced acute inflammatory response associated with dysregulation of lipid signaling. Elucidation of disease-related alterations in inflammatory signaling through changes in lipid metabolism are necessary to understand mechanisms of pulmonary toxicity and susceptibility. To address this problem, a MetS mouse model and a statin therapy, atorvastatin, were utilized to modulate lipids. Mice were exposed to AgNPs via oropharyngeal aspiration and the acute inflammatory response evaluated. Overall findings from this study will assist in our understanding of mechanisms of susceptibility in a prevalent subpopulation to an emerging exposure.



MATERIALS AND METHODS


AgNP Characterization

Twenty nm citrate coated silver nanoparticles (AgNPs) were purchased from NanoComposix (San Diego, CA, United States). AgNPs were characterized to verify manufacturer’s specifications. The hydrodynamic size, polydispersion index, and ζ-potential (ZetaSizer Nano, Malvern) were assessed in DI water with AgNPs at a concentration of 25 μg/mL (n = 3) (Table 1). The number of AgNPs per μg was determined via NP tracking software (Nanosight, Malvern, Westborough, MA, United States) (n = 3) (Table 1).


TABLE 1. AgNP characterization.
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Animals Models, Diet-Induced Metabolic Syndrome, Statin Treatment, and AgNP Exposure

C57BL/6J male mice were obtained from Jackson Labs (Bar Harbor, ME, United States) at 6 weeks of age. Mice were randomly assigned to two main groups receiving either a healthy control diet with 10% of kcal coming from fat containing 51.6 mg/kg cholesterol (D12450B, Research Diets Inc., New Brunswick, NJ, United States), or a high-fat western diet (HFWD) with 60% of kcal coming from fat containing 279.6 mg/kg cholesterol (D12492, Research Diets) for 7 weeks. This HFWD has been previously utilized and is well established to produce mouse models of MetS (26, 27). After 7 weeks, a subset of animals were transitioned to diets (healthy control or HFWD) supplemented with atorvastatin (Lipitor, Pfizer Inc., New York, NY, United States) at 10 mg/kg body weight per day (compounded by Research Diets, New Brunswick, NJ, United States) for an additional 7 weeks, while others continued on the same diet without atorvastatin. The amount of atorvastatin was matched in each diet based on calories, specifically 1.42 g of atorvastatin was incorporated per 4,057 kcals. The food was refreshed every other day and mice were weighed once a week to track weight gain over time. This resulted in four groups (1) Healthy (mice receiving the healthy diet for 14 weeks); (2) MetS (mice receiving the HFWD for 14 weeks); (3) Healthy/Statin (mice receiving the healthy diet for 14 weeks but supplemented with atorvastatin for the last 7 weeks); and (4) MetS/Statin (mice receiving the HFWD for 14 weeks but supplemented with atorvastatin for the last 7 weeks).

Following completion of 14 weeks on the diets as described above, mice were anesthetized with isoflurane and exposed to either 50 μl of phosphate buffered saline as a control or 50 μl of AgNPs at a concentration of 1 mg/ml (50 μg of AgNPs). This experimental design resulted in eight final groups: (1) Healthy-control, (2) Healthy-AgNPs, (3) MetS-control, (4) MetS-AgNPs, (5) Healthy/Statin-control, (6) Healthy/Statin-AgNPs, (7) MetS/Statin-control, and (8) MetS/Statin-AgNPs. Mice were necropsied 24 h following exposure and samples were isolated for assessment of acute toxicity. The AgNP exposure of 50 μg/mouse was selected based on previous studies demonstrating that it would stimulate an acute inflammatory response that could be utilized to examine variations due to MetS and/or statin therapy (28–30). Specifically, 50 μg of AgNPs has been shown to induce pulmonary neutrophilic recruitment and enhanced mRNA expression of markers of inflammation (29, 30). All animal procedures were conducted in accordance with the National Institutes of Health guidelines and approved by the Purdue University Animal Care and Use Committee.



Model Characterization

At necropsy, blood was collected via cardiac puncture, serum was isolated via centrifugation, and used to evaluate circulating lipid levels. Specifically, triglycerides (Cayman Chemical, Ann Arbor, MI, United States), total cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) (Bioassay Systems, Hayward, CA, United States) were quantified utilizing commercially available kits via manufacturer’s protocols.



Isolation of Bronchoalveolar Lavage Fluid and Cell Differential Counts

In situ, bronchoalveolar lavage fluid (BALF) was collected immediately after euthanasia from the right lung lobes (31). Briefly, the thoracic cavity was partly dissected, the left bronchi was tied off, and the trachea was cannulated with an 20-gauge sterile i.v. catheter. The right lung was gently lavaged by four individual aliquots of cold PBS, each at a volume of 17.5 ml/kg body weight. The first wash was placed in a 1.5 ml tube and utilized for evaluation of proteins whereas the other three were combined in a 15 ml tube. Isolated BALF was immediately centrifuged (1,800 rpm, 6 min, 4°C) to a pellet. The supernatant from the first wash, representing the protein-rich BALF fraction, was collected and stored for analysis of total protein levels using a Pierce BCA Protein-Assay Kit (Thermo Scientific, Hercules, CA, United States), albumin using Mouse Albumin ELISA Kit (ICL, Portland, OR, United States), and assessments of chemokine and cytokine levels via ELISAs (described below). Supernatant from the last three washes was discarded. BALF cell pellets from all four washes were then resuspended, combined, and counted using a cellometer. A Cytospin IV (Shandon Scientific Ltd., Cheshire, United Kingdom) was utilized to adhere an equal number of cells to microscope slides prior to staining with a three-step hematology stain (Fisher Scientific, Newington, NH, United States). Slides were viewed under a bright-filed microscope and differential cell counts were determined by examination of cellular morphology and assessment of 300 cells per slide. These counts were performed blindly by two individuals and the results averaged. The counts produced were then used to make percentages of specific cell types identified. This percentage was then applied to the sample’s total cell count number to determine the number of each cell type within each BALF sample. These assessments of the BALF are highly utilized and known to generate relevant data for the assessment of acute lung inflammation and the alveolar capillary barrier (32, 33).



ELISA Assays to Evaluate BALF Cytokine Levels

Chemokine and cytokine levels including monocyte chemoattractant protein-1 (MCP-1), chemokine ligand 1 (CXCL1), macrophage inflammatory protein 2 (MIP-2), and interleukin-6 (IL-6) were quantified from collected BALF utilizing the Mouse DuoSet ELISA kits (R&D Systems, Minneapolis, MN, United States), according to manufacturer’s instructions.



mRNA Expression Analysis

Total RNA was extracted from a section of the left lung lobe using Trizol (Invitrogen, Carlsbad, CA, United States) and two runs of a Bead Mill 4 homogenizer (Fisher Scientific, Newington, NH, United States) at a speed of 5 m/s (500 Watts) for 30 s. Afterward, total RNA was extracted and purified utilizing Direct-zolTM RNA MiniPrep Kits (Zymo Research) as per the manufacturer’s instructions. RNA concentration was quantified and quality assessed using a Nanodrop (Thermo Scientific, Hercules, CA, United States). An aliquot of 1 μg of RNA was reverse transcribed into cDNA using an iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, United States) as per the manufacturer’s instructions. Quantitative real time RT-PCR analysis was performed using inventoried primers (Qiagen, Hilden, Germany) to evaluate altered gene expression of interleukin-6 (IL-6), interleukin 1β (IL-1β), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-2 (MIP-2), chemokine ligand 1 (CXCL1), arachidonate 5-lipoxygenase (ALOX-5), arachidonate 15-lipoxygenase (ALOX-15), and inducible nitric oxide synthase (iNOS). In all cases, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. Fold changes were calculated comparing all sample values individually to the average of the unexposed control healthy mouse model.



Lipid Profiling

Multiple reaction monitoring (MRM)-profiling was used as the exploratory lipidomic approach to screen for AgNP-induced alterations in lipid mediators of inflammation, ceramides, phosphatidylcholines, and sphingomyelins (34, 35). Differential inflammation is the focus of the current investigation; therefore, we have chosen to emphasize specific lipids and pathways associated with inflammation. Lipid extraction was performed following an adapted protocol from Gouveia-Figueira et al. 2017 (36). Briefly, approximately 10 mg of the left lung was placed in 1 ml of DDI water and homogenized using three runs of a Bead Mill 4 homogenizer (Fisher Scientific, Newington, NH, United States) at a speed of 5 m/s (500 Watts) for 30 s. Then, 1 mL of ethyl acetate containing 0.1% formic acid was added to each sample and vortexed. Samples were then centrifuged at (14,000 rpm, 8 min, 25°C) to remove debris. The supernatant was transferred into a SPE Oasis Prime HLB (1CC) column and then centrifuged at (4,000 rpm, 4 min, 25°C). The columns were washed with 1 ml of 5% MeOH, and eluted with 1 mL of 100% acetonitrile (ACN). Afterward, the samples were dried in a centrifugal evaporator, vacuum-sealed, and stored at −80°C until MS analysis. The lipid extracts were reconstituted in 40 μl of 1:3 chloroform:methanol, then diluted in ACN + MeOH + 300 mM ammonium acetate (NH4Ac) 3:6.65:0.35 (v/v) and flow-injected (8 μL) into the ESI source of an Agilent 6410 QQQ mass spectrometer (Agilent Technologies, Santa Clara, CA, United States) operated in the negative ion mode using a micro-autosampler (G1377A). The capillary pump connected to the autosampler operated with a flow of 20 μl per minute and a pressure of 150 bar. The system was flushed with pure methanol between each sample. After flushing a quality control sample made of a mixture of lipids was injected to verify instrument performance via assessment of chromatogram intensity and time. Additionally, blanks consisting dilution solvent were injected and analyzed. Raw MS data from lung samples were processed using an in-house script and lists containing MRM transitions and the respective ion intensity values were exported to Microsoft Excel. Absolute ion intensities of all monitored transitions from samples were compared to blank samples. Transitions that yielded signal above the level seen in blank samples were selected. Results showed are tentative attributions based on flow injection and MRM and have not been validated by LC-MS/MS with the use of isotopically labeled internal standards. However, previous studies have utilized this method to comprehensively examine lipid alterations (34, 35, 37–44). Relative ion intensities were then normalized to tissue mass and statistically evaluated.



Statistical Analyses

Results are expressed as mean values ± S.E.M. with 5–6 animals/group. All samples were assessed in duplicate and values averaged for endpoints including serum parameters, BALF cell counts, mRNA expression, and BALF chemokines and cytokines. For the MRM-profiling method, each lung sample was assessed once to determine lipid modifications. For statistical analysis, a three-way analysis of variance (ANOVA) was used to determine statistical differences between groups, with disease (healthy or MetS), exposure (control or AgNPs exposure), and treatment (no statin or statin) as the three factors. A Bonferroni test was utilized for multi-comparison analysis. All statistical examinations were performed using GraphPad Prism 8 software (Graph Pad, San Diego, CA, United States), and p < 0.05 was considered to be statistically significant.




RESULTS


Model Characterization

C57B6J mice on the HFWD demonstrated increased body weight-gained and total cholesterol levels compared to mice fed a healthy control diet (Figures 1A,B). Circulating levels of HDL and low-density lipoprotein (LDL) levels were increased due to diet (Figures 1C,D). However, no changes were observed in triglyceride levels between the mouse models on differing diets (Figure 1E). Statin treatment did not alter body weight, nor did it alter circulating levels of total cholesterol, HDL, LDL, and triglycerides (Figures 1A,C–E). AgNP exposure was not determined to modify parameters characterized including body weight, total cholesterol, HDL, LDL, or triglyceride levels in any of the mouse models (Figure 1).
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FIGURE 1. Characterization of body weight and serum lipid levels in healthy and MetS mouse models following 14 weeks on either a control or high-fat western diet (HFWD). Healthy and MetS mice without or with statin treatment were characterized by examination of (A) body weight, (B) serum total cholesterol, (C) serum high-density lipoprotein (HDL), (D) serum low-density lipoprotein (LDL), and (E) serum triglyceride levels following oropharyngeal aspiration of saline (control) or AgNPs (50 μg). Values are expressed as mean ± standard error of mean (SEM, n = 5–6). $ denotes significant differences between healthy and MetS, (p < 0.05).




Acute Inflammatory Response

Following oropharyngeal aspiration exposure to 50 μg AgNPs, assessment of BALF total protein levels, albumin levels, and cytometry were performed to examine exposure-induced alterations in the alveolar capillary barrier and the acute inflammatory response. Total protein concentration in BALF, a marker of pulmonary edema and alveolar capillary barrier integrity, was significantly elevated similarly in both healthy and MetS mice due to AgNP exposure in comparison to model-matched controls (Figure 2A). BALF levels of the high molecular weight protein, albumin, were significantly elevated similarly in both models due to AgNP exposure further suggesting loss of alveolar capillary barrier integrity and pulmonary edema (Figure 2B). To determine AgNP-induced acute pulmonary inflammation, alterations in BALF cells were examined. Total cell counts in the BALF were significantly elevated in both exposed healthy and MetS mice compared to model-matched controls (Figure 2C). This increase in BALF total cell counts was more prominent in MetS mice compared to healthy (Figure 2C). Following AgNP exposure, MetS mice demonstrated increased macrophage numbers within the BALF (Figure 2D). Both healthy and MetS mice demonstrated increases in BALF neutrophils following AgNP exposure (Figure 2E). The influx of neutrophils following AgNP exposure was exacerbated in the MetS mouse model compared to healthy (Figure 2E). These increases in BALF neutrophil numbers are indicative of active inflammation within the lung. Representative images of slides used for analysis of BALF cellular content are available in Supplementary Figure S1.
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FIGURE 2. Effect of AgNP exposure on BALF (A) total protein, (B) albumin, (C) total cells, (D) macrophages and (E) neutrophils from healthy and MetS mice and the influence of statin treatment. Values are expressed as mean ± SEM (n = 5–6). * denotes significant differences due to AgNP exposure, $ denotes significant differences between healthy and MetS mouse models, # denotes significant differences due to statin treatment (p < 0.05).


Statin treatment was determined to modulate many of these AgNP-induced responses within the BALF. Statin treatment did not alter BALF total protein concentration, albumin levels, total cell counts, macrophage counts, or neutrophil counts in control mice (unexposed) compared to those not receiving statins (Figure 2). Healthy mice on statins exposed to AgNPs demonstrated decreased BALF total protein levels compared to healthy mice not receiving statins (Figure 2A). MetS mice on statins demonstrated similar increases in BALF total protein levels in response to AgNP exposure as observed in MetS mice not receiving statins (Figure 2A). Statin treatment inhibited AgNP-induced increases in BALF albumin levels in healthy mice (Figure 2B). AgNP exposure resulted in increased BALF albumin levels in MetS mice receiving statins similar to changes in albumin measured in MetS not receiving statins (Figure 2B). Statin treatment inhibited increases in BALF total cell counts observed in healthy mice following AgNP exposure (Figure 2C). Although the magnitude of BALF total cell influx was reduced, significant elevations were still measured in MetS receiving statin treatment due to AgNP exposure (Figure 2C). Statin treatment inhibited AgNP-induced BALF macrophage cell influx in MetS mice (Figure 2D). Lastly, statin treatment did not change the influx of neutrophils into the BALF in AgNP-exposed healthy mice (Figure 2E). A significant decrease in AgNP-induced neutrophilic influx was observed in the MetS mouse model due to statin treatment compared to those not receiving statins (Figure 2E).



Pulmonary mRNA Gene Expression

Pro-inflammatory mRNA gene expression levels in lung tissue samples were examined to determine differential induction due to MetS following AgNP exposure. Macrophage inflammatory protein-2 (MIP-2), monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6), interleukin-1β (IL-1β), and chemokine ligand 1 (CXCL1) mRNA levels were significantly elevated in both healthy and MetS models following AgNP exposure compared to model-matched controls (Figure 3). Following AgNP exposure, MetS mice demonstrated exacerbated induction of MIP-2, IL-6, and MCP-1 compared to healthy mice (Figures 3A–C). Induction of IL-1β and CXCL1 was similar in response to AgNP exposure between both healthy and MetS mouse models (Figures 3D,E). Statin treatment significantly decreased the pro-inflammatory mRNA gene expression levels observed in both models following AgNP exposure (Figure 3). Although reduced, healthy mice receiving statins still demonstrated induction of MCP-1, and CXCL1 following AgNP exposure (Figures 3C–E) while MetS mice receiving statins still exhibited induction of MIP-2, IL-6, MCP-1, and CXCL1 (Figures 3A,C,E).
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FIGURE 3. Effect of AgNP exposure on pro-inflammatory gene expression in lung tissue from healthy or MetS mice and the influence of statin treatment. AgNP-induced alterations in the gene expression of (A) macrophage inflammatory protein-2 (MIP-2), (B) interleukin-6 (IL-6), (C) monocyte chemoattractant protein-1 (MCP-1), (D) interleukin-1β (IL-1β), and (E) chemokine 1 (CXCL1) were evaluated in lung tissue. Values are expressed as mean ± SEM (n = 5–6). * denotes significant differences due to AgNP exposure, $ denotes significant differences between healthy and MetS mouse models, # denotes significant differences due to statin treatment (p < 0.05).


To evaluate mediators of lipid metabolism within the lung, alterations in gene expression of the lipoxygenases arachidonate-5 lipoxygenase (ALOX-5), and arachidonate 15-lipoxygenase (ALOX-15) were examined (Figures 4A,B). AgNP exposure reduced ALOX-5 and ALOX-15 mRNA expression in both healthy and MetS mouse models (Figures 4A,B). Although ALOX-5 was still significantly decreased due to AgNP exposure, statin treatment inhibited the magnitude of decrease observed in the healthy mouse model (Figure 4A). Statin treatment was found to completely inhibit changes observed in ALOX-5 in the MetS model following AgNP exposure (Figure 4A). Additionally, both healthy and MetS mice receiving statin treatment demonstrated significantly increases in ALOX-15 levels following AgNP exposure (Figure 4B). ALOX-5 and ALOX-15 produce lipid signaling mediators that are known to up-regulate inducible nitric oxide synthase (iNOS). AgNP exposure was determined to reduce iNOS gene expression in only the MetS mice (Figure 4C). Statin treatment resulted in upregulation of iNOS gene expression following AgNP exposure in both healthy and MetS mice (Figure 4C).
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FIGURE 4. Alterations in genes involved in lipid metabolism and signaling following AgNP exposure in lung tissue from healthy and MetS mice and the influence of statins. AgNP-induced alterations in the gene expression of (A) arachidonate-5 lipoxygenase (ALOX-5), (B) arachidonate 15-lipoxygenase (ALOX-15), and (C) inducible nitric oxide synthase (iNOS) were evaluated in lung tissue. Values are expressed as mean ± SEM (n = 5–6). * denotes significant differences due to AgNP exposure, and # denotes significant differences due to statin treatment (p < 0.05).




Inflammatory Cytokines

Inflammatory cytokine protein levels were examined within the BALF to determine alterations in pulmonary inflammation response to AgNP exposure between healthy and MetS mice (Figure 5). MIP-2, MCP-1, IL-6, and CXCL1 were elevated in both healthy and MetS mice following AgNP exposure compared to model-matched controls (Figure 5). MetS mice exposed to AgNPs demonstrated enhanced BALF levels of MIP-2, MCP-1, and IL-6 compared to exposed healthy mice (Figures 5A–C). CXCL1 protein levels were induced similarly in both animal models following AgNP exposure (Figure 5D). Statin treatment was determined to inhibit AgNP-induced increases in all inflammatory proteins (Figure 5). Although still elevated compared to unexposed controls receiving statins, BALF MIP-2, IL-6, CXCL1 were significantly reduced compared to mice not receiving statins (Figures 5A,C,D). In both healthy and MetS mice, statin treatment inhibited AgNP-induced BALF MCP-1 levels to those observed in unexposed controls treated with statins (Figure 5B).
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FIGURE 5. Alterations in BALF cytokine/chemokines proteins due to AgNP exposure in healthy and MetS mice and the effect of statin treatment. Proteins levels of (A) MIP-2, (B) MCP-1, (C) IL-6, and (D) CXCL1 protein levels were examined in BALF to determine disease-related differences in AgNP-induced inflammatory response. Values are expressed as mean ± SEM (n = 6–8). * denotes significant differences due to AgNP exposure, $ denotes significant differences between healthy and MetS mouse models, # denotes significant differences due to statin treatment (p < 0.05).




Lipid Profiles

An exploratory lipidomic approach, MRM-profiling, was used to screen AgNP-induced alterations in pulmonary lipids due to MetS. MRM-profiling was originally proposed as a two-phase (discovery and screening) method based on flow injection and chemical functional profiling for small molecule biomarker discovery (34, 45). It has been applied to various studies (37–42) and here, we used the approach to interrogate the samples for MRMs related to lipid mediators reported in the literature (46–49). The ion intensities yielded were compared to a blank in order to eliminate the ones that were not informative. The remaining data were evaluated and interpreted in combination with the other data reported to build molecular mechanistic hypotheses.

Alterations were observed for lipid mediators of inflammatory resolution (LMIR) within the isolated lung tissue (Figure 6). Specifically, MetS mice exposed to AgNPs demonstrated reduced levels of linolenic acid, stearidonic acid, eicosatetraenoic acid, eicosapentaenoic acid (EPA), docosapentaenoic acid, and docosahexaenoic acid (DHA) (Figures 6A,B and Supplementary Figure S2). Alterations of this pathway were not observed in the healthy mouse model following AgNP exposure (Figure 6B). Statin treatment was observed to inhibit reductions in all components of this pathway when compared to AgNP exposed MetS mice not receiving statins (Figure 6B). Additionally, reductions were observed in LMIR produced via metabolism of EPA following AgNP exposure only in MetS mice (Figure 7). These included decreased levels of the intermediate 18-HEPE, as well as resolvin E1 (RvE1), and E2 (RvE2), which signal for suppression of inflammation (Figure 7A). Statin treatment was determined to inhibit these AgNP-induced reductions in EPA-derived LMIR observed in the MetS mouse model not receiving statin treatment (Figure 7B). DHA-derived LMIR were also determined to be modified primarily in the MetS mouse model following AgNP exposure (Figure 8 and Supplementary Figure S3). DHA can be metabolized into 17-HpDHA, and then to 17-HDHA which produces protectin D1 (PD1) or the resolvin D series (RvD1, RvD2, RvD5, and RvD6) (Figure 8A). Further, DHA can be metabolized into 14-HDHA and then to maresin-1 (Figure 8A). The LMIRs produced via DHA metabolism suppress inflammation and reestablish homeostasis. All components of this pathway were determined to be reduced in response to AgNP exposure in MetS mice (Figure 8A). Only PD1 was found to be reduced in healthy mice following AgNP exposure (Figures 8A,B). Statin treatment was observed to inhibit AgNP-induced reductions in LMIR observed the MetS mouse model not receiving statin treatment (Figure 8B and Supplementary Figure S3). Further, statin treatment also inhibited PD1-decreases observed in healthy mice not receiving statin treatment (Figure 8B and Supplementary Figure S3).
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FIGURE 6. Alterations in lipid mediators of inflammation resolution (LMIR) in the lungs of healthy and MetS mice following AgNP exposure and the effect of statins. Exploratory lipid profiling suggests variations in lipids involved in the synthesis of (A) eicosapentaenoic acid (EPA) and docosapentaenoic acid (DHA). * denotes lipids significantly reduced only in MetS in response to AgNP exposure, while $ denotes lipids significantly reduced in AgNP exposed MetS compared to AgNP exposed healthy mice (p < 0.05). (B) Representative lipids within the EPA and DHA pathway altered due to AgNP in healthy and MetS mice. * denotes lipids significantly reduced only in MetS in response to AgNP exposure, while $ denotes lipids significantly reduced in exposed MetS compared to exposed healthy mice, and # denotes significant differences due to statin treatment (p < 0.05). Graphs of other components of the pathway can be found in Supplementary Figure S2.



[image: image]

FIGURE 7. Assessment of eicosapentaenoic acid (EPA)-derived lipid mediators of inflammatory resolution (LMIR) in the lungs of healthy and MetS mice following AgNP exposure and the effect of statins. (A) EPA is metabolized to resolvin E1 (RvE1) and E2 (RvE2) via the intermediate 18-HEPE. * denotes lipids significantly reduced only in MetS in response to AgNP exposure, while $ denotes lipids significantly reduced in exposed MetS compared to exposed healthy mice (p < 0.05). (B) Quantitative differences in EPA-derived LMIR due to AgNP exposure in MetS and healthy mice and the influence of statin treatment. * denotes lipids significantly reduced only in MetS in response to AgNP exposure, while $ denotes lipids significantly reduced in exposed MetS compared to exposed healthy mice, and # denotes significant differences due to statin treatment (p < 0.05).
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FIGURE 8. Assessment of docosahexaenoic acid (DHA)-derived LMIR in the lung tissue of healthy and MetS mice following AgNP exposure and the effect of statins. (A) DHA is metabolized to protectin D1 (PD1) and the resolvin D series (RvD1, RvD2, RvD5, and RvD6) via intermediates 17-HpDHA and 17-HDHA. Additionally, DHA can be metabolized to maresin-1 via 14-HDHA. * denotes lipids significantly reduced in MetS in response to AgNP exposure, ** denotes lipids significantly reduced in both healthy and MetS mice in response to AgNP exposure, $ denotes lipids significantly reduced in exposed MetS mice compared to exposed healthy mice (p < 0.05). (B) Quantitative differences in representative DHA-derived LMIR due to AgNP exposure in MetS and healthy mice and the influence of statin treatment. * denotes lipids significantly reduced in MetS in response to AgNP exposure, $ denotes lipids significantly reduced in exposed MetS mice compared to exposed healthy mice, and # denotes significant differences due to statin treatment (p < 0.05). Graphs of other components of the pathway can be found in Supplementary Figure S3.





DISCUSSION

Underlying disease states are increasingly prevalent and may represent susceptible subpopulations that need to be taken into account within toxicity assessments of emerging exposures. Individuals suffering from MetS have demonstrated enhanced inflammation following inhalation exposure to particulate matter, though the mechanisms responsible are still not fully understood (50, 51). In this study, we hypothesized that a mouse model of MetS would be increasingly sensitive to AgNP-induced acute inflammation compared to a healthy mouse model due to disease-associated dyslipidemia. Our findings demonstrate an enhanced acute pulmonary inflammatory response in MetS mice compared to healthy. This exacerbated response in the MetS mouse model was associated with decreased gene expression of enzymes involved in lipid metabolism as well as reductions in LMIR. The use of atorvastatin was determined to inhibit AgNP-induced acute pulmonary inflammation in the MetS model. Further, statin treatment inhibited alterations in the relative ion intensities of LMIR in the MetS mouse model following AgNP exposure.

Nanoparticle toxicity is related to their size, which allows for deeper deposition within the lung and evasion of typical mechanisms which clear larger particulates from the lung. Similar to our findings, other studies have demonstrated that pulmonary exposure to AgNPs induces acute inflammation characterized by neutrophilic influx and modifications in inflammatory mediators (52–54). However, these studies have focused primarily on healthy animal models and have not investigated pulmonary responses due to NP exposure in MetS. Investigations using models of obesity, a component of MetS, have demonstrated exacerbated ozone-induced pulmonary effects, including airway hyperresponsiveness, neutrophil recruitment, and inflammatory signaling compared to non-obese mice (55–57). Our study determined that mice with MetS exhibited an exacerbated inflammatory response compared to healthy in response to AgNP exposure. Specifically, increased neutrophilic influx occurred that corresponded with enhanced transcription and translation of distinct inflammatory cytokines and chemokines. This enhanced recruitment of neutrophils into the lungs is most likely mediated by increased expression of MIP-2, IL-6, and MCP-1, observed in MetS mice compared to healthy mice in response to AgNP exposure. Further, IL-1β and CXCL1 likely do not account for the exacerbated neutrophil recruitment in MetS mice, since their levels were observed to be similar between both models in response to AgNP exposure. Together, this suggests that MetS exacerbates inflammatory signaling via induction of specific chemokines and cytokines including MIP-2, IL-6, and MCP-1. Previously, it has been demonstrated that increases in MCP-1 may suppress iNOS, thereby enhancing lung inflammation (58). Further, iNOS expression by macrophages also has been linked to the suppression of IL-1β and a reduction in M1 macrophages (59, 60). This suggests that the reductions in iNOS gene expression observed in MetS mice following AgNP exposure may contribute to the exacerbated influx of neutrophils observed. Many exposures are known to modulate iNOS activity, suggesting that iNOS dysregulation may contribute to MetS exacerbated responses to a number of exposures. The contribution of iNOS dysregulation and nitric oxide to inflammatory responses in susceptible models requires additional investigation.

Lipids are intricately involved in the inflammatory process and their dysregulation is known to be a key component in MetS. Our exploratory profile data indicates that AgNP exposure resulted in decreased levels of LMIR produced via metabolism of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) solely in the MetS mouse model. A previous investigation demonstrated that ozone exposure reduces lung levels of these DHA and EPA-derived LMIR in healthy mice (61). Further, supplementation of mice via intraperitoneal injection of a combination of LMIRs was observed to protect them from ozone-induced inflammation and lung damage (61). Healthy mice in our study did not demonstrate alterations in many of these lipids at the time point evaluated suggesting that MetS mice may be increasingly susceptible to exposures via the dysregulation of specific lipids. These DHA and EPA-derived lipids regulate the immune system by promoting a return to homeostasis following an inflammatory event. For example, resolvins inhibit proinflammatory signals such as IL-6, MCP-1, and others (62). Additionally, LMIRs such as RvD2 and others have been shown to decrease neutrophil adhesion to the endothelium and tissue recruitment via induction of iNOS (63, 64). Exposure-induced reductions in resolvins and other LMIR may be responsible for exacerbated pro-inflammatory signaling observed due to MetS. Overall, only minor quantitative alterations were observed for each LMIR due to AgNP exposure in MetS mice. However, there is likely an additive effect occurring due to all assessed metabolites and LMIRs trending toward downregulation. Investigation of a single time point also limits our capacity to examine metabolic pathways where alterations may be more robust at earlier time points or may be sustained for longer periods of time. Inflammation is known to be a common factor of many MetS components (obesity, insulin resistance, etc.) (65) and is a contributing factor to progression of MetS to more serious conditions such as diabetes, cardiovascular disease, and others. These exacerbated inflammatory responses observed in MetS mice due to AgNP exposure-induced lipid dysregulation may advance the progression of these disease conditions.

Lipoxygenases are involved in the metabolism of DHA and EPA to their immune active components. Our study demonstrated that arachidonate 5-lipoxygenase (ALOX-5) and arachidonate 15-lipoxygenase (ALOX-15) were transcriptionally down-regulated in both healthy and MetS mouse models due to AgNP exposure. Ambient PM2.5 exposure has been demonstrated in lung epithelial cells to inhibit ALOX-15, leading to enhances in markers of tumorigenesis though the mechanisms for this inhibition are unknown (66). Further, inhalation exposure of ozone also reduces ALOX-15 protein levels within the lung (61). Both our data and findings by other researchers suggest that the modifications in LMIR observed within our study may be due to inhibition of lipoxygenases within the lung of MetS mice. Future studies are necessary to determine distinct mechanisms responsible for ALOX inhibition caused by exposures and why MetS may enhance these responses. Although, previous studies have demonstrated the utilization of the MRM profiling method, additional future studies are needed to confirm exploratory lipid profiling results via LC-MS/MS (35, 37–44). Our current study only evaluated transcriptional regulation of ALOX, future studies are needed to examine protein levels and activity. Interestingly, lipids involved in the metabolism of α-linolenic acid to EPA and DHA were also determined to be uniquely decreased in the MetS mouse model due to AgNP exposure. These results suggest that the endogenous production EPA and DHA may also be reduced in MetS further diminishing LMIR levels in response to exposure. Overall, this disruption in LMIR may result in chronic inflammation and a delay in the return to homeostasis.

Together our findings support that MetS-associated dyslipidemia may enhance susceptibility to AgNP exposure via modulations in LMIR. Statins represent a common therapy for dyslipidemia which are highly utilized in the MetS subpopulation (67). Statins lower cholesterol, decreasing cardiovascular disease and stroke in at risk populations such as those with MetS. They reduce cholesterol biosynthesis by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A reductase. In our study, 7 weeks of statin treatment was observed to slightly modify circulating lipid levels; however, the alterations were not statistically significant. This lack of a statistically difference due to statin treatment is likely due to variability in lipid levels observed within our MetS model (Figure 1). Previous investigation, also administering 10 mg/kg/day atorvastatin in the diet of mice demonstrated similar slight reductions in circulating lipids (68). Studies have also demonstrated that statins have additional beneficial responses beyond lowering cholesterol such as increased vasodilation via increasing nitric oxide production, inhibiting clot formation, and anti-inflammatory effects (69–71). Our study supports that statin treatment may also be protective, reducing inflammation that occurs in certain susceptible populations as a result of exposures. Atorvastatin has been previously been shown to increase anti-inflammatory lipids such as 15-epi-LXA4 in the heart (17, 72). Our study suggests that atorvastatin may also be able to inhibit exposure-induced changes via modulation of levels of DHA- and EPA-derived LMIR within the lung. Interestingly, statin treatment lowered neutrophilic influx in MetS mice to levels equivalent to the healthy group in response to AgNP exposure. This suggests that statin treatment may reduce the susceptibility to particulate exposures associated with MetS. Similar to our findings, statins have been shown to reduce the pulmonary and systemic inflammatory response (neutrophil influx and circulating IL-6 levels) in rabbits following PM10 exposure (22, 23). Systemic effects are known to occur following PM inhalation exposures such as cardiovascular toxicity (73). Statins have also been shown to reduce PM2.5-induced myocardial inflammation in rats demonstrating their potential to inhibit systemic effects of inhalation exposures (55). Specifically, our study suggests that statins may reduce inflammation via modulation of enzymes which are involved in the production of LMIR, such as ALOX-5 and 15. Studies have previously demonstrated that statins can modulate cycloxygenase-2 activity influencing LMIR production (72). Together, our data suggests that statin therapy may reduce MetS-associated susceptibility to exposures by maintaining LMIR content within the lung following an exposure.



CONCLUSION

Taken together, our study demonstrates a potential mechanism by which MetS may enhance the acute pulmonary inflammatory response following nano-sized particulate exposures (Figure 9). Specifically, this pathway involves AgNP-induced alterations in lipid metabolism reducing LMIR and exacerbating pulmonary inflammatory signaling (Figure 9). Statins which are known to modulate lipid levels were determined to inhibit these AgNP-induced lipid alterations and inhibit exacerbated acute inflammatory responses observed in the MetS mouse model. These AgNP induced effects may be applicable to a number of other exposures that induce similar signaling pathways such as other forms of particulate matter. It is difficult to examine metabolic pathways at a single time point; however, our study demonstrates for the first time that MetS may enhance pulmonary susceptibility to AgNP exposure via altered lipid metabolism. Future studies utilizing additional time points are needed to evaluate earlier time points where pro-inflammatory lipids may exacerbate acute pulmonary responses to exposures in MetS. Further, it is unknown if these reductions in LMIR may be more robust at earlier time points or predispose MetS mice to chronic inflammation leading to altered disease progression. A comprehensive assessment and analytical validation of our lipidomic data is currently being performed to evaluate alterations in lipid mediators of inflammation, ceramides, phosphatidylcholines and sphingomyelins due to MetS, AgNP exposure, and statin treatment. Interventional studies are underway to determine the role of specific LMIRs in the exacerbated response observed in MetS. Additional, studies also need to be performed to determine cell-specific responses mediating these alterations in inflammation. Our data (Supplementary Figure S1) and previous investigations have demonstrated that AgNPs following inhalation are internalized via alveolar macrophages (74). Due to their presence in macrophages and their role in immune signaling, macrophages are the most likely cells within the lung mediating the differential responses observed. To effectively protect the public, it is necessary to examine prevalent diseases that may predispose individuals to exacerbated responses to exposures. Elucidation of the mechanisms underlying susceptibility can lead to the development of improved prevention and therapeutic strategies.
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FIGURE 9. Proposed mechanism by which AgNPs induce exacerbated inflammation within the lungs of MetS mice. AgNP exposure disrupts lipid metabolism, specifically EPA and DHA. Reduced ALOX decreases production of LMIR causing decreased iNOS. This removal of inhibitory inflammatory signaling results in enhanced pro-inflammatory cytokine/chemokine levels leading to exacerbated recruitment of neutrophils into the lung and an enhanced acute inflammatory response. Statin therapy inhibits these exacerbated inflammatory responses and may allow for inflammatory signaling to occur in a similarly manner to healthy mice.
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FIGURE S1 | Microscopy images of cells counted from collected bronchoalveolar lavage fluid. (A) Healthy Control, (B) Healthy AgNP exposure, (C) MetS Control, (D) MetS AgNP exposure, (E) Healthy/Statin Control, (F) Healthy/Statin AgNP exposure, (G) MetS/Statin Control, and (H) MetS/Statin AgNP exposure. Representative macrophages are denoted with a green arrow and representative neutrophils are denoted with a red arrow. AgNPs can be observed as black debris within macrophages from exposed animals. The images shown are at a magnification of 20x with a bright field microscope.

FIGURE S2 | Alterations in lipid mediators of inflammation resolution (LMIR) in response to AgNP exposure. Lipids are tentative attributions based on flow injection and multiple reaction monitoring. Alterations in (A) linolenic acid, (B) stearidonic acid, and (C) eicosatetraenoic acid were observed due to MetS in response to AgNP exposure. ∗ denotes lipids significantly reduced only in MetS in response to AgNP exposure, while $ denotes lipids significantly reduced in exposed MetS compared to exposed healthy mice, and # denotes significant differences due to statin treatment (p < 0.05).

FIGURE S3 | Assessment of docosahexaenoic acid (DHA)-derived lipid mediators of inflammatory resolution (LMIR). Lipids are tentative attributions based on flow injection and multiple reaction monitoring. Alterations in (A) 17-HpDHA, (B) RvD1, (C) RvD2, and (D) RvD6 were observed due to MetS in response to AgNP exposure. ∗ denotes lipids significantly reduced in MetS in response to AgNP exposure, and # denotes significant differences due to statin treatment (p < 0.05).
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Pulmonary exposure to certain engineered nanomaterials (ENMs) causes chronic lesions like fibrosis and cancer in animal models as a result of unresolved inflammation. Resolution of inflammation involves the time-dependent biosynthesis of lipid mediators (LMs)—in particular, specialized pro-resolving mediators (SPMs). To understand how ENM-induced pulmonary inflammation is resolved, we analyzed the inflammatory and pro-resolving responses to fibrogenic multi-walled carbon nanotubes (MWCNTs, Mitsui-7) and low-toxicity fullerenes (fullerene C60, C60F). Pharyngeal aspiration of MWCNTs at 40 μg/mouse or C60F at a dose above 640 μg/mouse elicited pulmonary effects in B6C3F1 mice. Both ENMs stimulated acute inflammation, predominated by neutrophils, in the lung at day 1, which transitioned to histiocytic inflammation by day 7. By day 28, the lesion in MWCNT-exposed mice progressed to fibrotic granulomas, whereas it remained as alveolar histiocytosis in C60F-exposed mice. Flow cytometric profiling of whole lung lavage (WLL) cells revealed that neutrophil recruitment was the greatest at day 1 and declined to 36.6% of that level in MWCNT- and 16.8% in C60F-treated mice by day 7, and to basal levels by day 28, suggesting a rapid initiation phase and an extended resolution phase. Both ENMs induced high levels of proinflammatory leukotriene B4 (LTB4) and prostaglandin E2 (PGE2) with peaks at day 1, and high levels of SPMs resolvin D1 (RvD1) and E1 (RvE1) with peaks at day 7. MWCNTs and C60F induced time-dependent polarization of M1 macrophages with a peak at day 1 and subsequently of M2 macrophages with a peak at day 7 in the lung, accompanied by elevated levels of type 1 or type 2 cytokines, respectively. M1 macrophages exhibited preferential induction of arachidonate 5-lipoxygenase activating protein (ALOX5AP), whereas M2 macrophages had a high level expression of arachidonate 15-lipoxygenase (ALOX15). Polarization of macrophages in vitro differentially induced ALOX5AP in M1 macrophages or ALOX15 in M2 macrophages resulting in increased preferential biosynthesis of proinflammatory LMs or SPMs. MWCNTs increased the M1- or M2-specific production of LMs accordingly. These findings support a mechanism by which persistent ENM-induced neutrophilic inflammation is actively resolved through time-dependent polarization of macrophages and enhanced biosynthesis of specialized LMs via distinct ALOX pathways.

Keywords: pulmonary inflammation, resolution, MWCNT, C60F, SPM, macrophage polarization, ALOX5AP, ALOX15


INTRODUCTION

Engineered nanomaterials (ENMs) have been used for a wide range of industrial, commercial, and biomedical applications (1, 2). ENMs, such as carbon nanotubes (CNTs), are nano-scaled in at least one dimension and exhibit unique physicochemical properties. While many of these properties are targets of interest for technological innovations and industrial use, some properties are associated with the adverse effects of toxic particles and fibers, such as persistence in the air once aerosolized, large surface area, poor solubility, and resistance to degradation in biological systems (3, 4). Certain ENMs, such as filamentous multi-walled CNTs (MWCNTs), can cause acute inflammation and chronic pulmonary lesions, including granulomatous inflammation, interstitial fibrosis, lung cancer, and mesothelioma (4–9). The early phase pulmonary response to CNTs is characterized by acute inflammation and rapid onset of fibrotic changes that may progress to chronic fibrosis in the lung (10–12). In these observations, acute inflammation precedes chronic fibrotic changes, suggesting transitional events between inflammation and tissue fibrosis, namely, resolution of inflammation and programmatic repair, that may underlie the development of lung fibrosis (4, 12, 13). How ENM-induced pulmonary inflammation is resolved and whether the resolution or a “failed” resolution contributes to the pathogenesis of chronic phenotypes induced by ENMs and other particulates have not been investigated.

Acute inflammation is a host defense mechanism against infectious or sterile tissue damage with a physiological purpose to restore tissue homeostasis (14, 15). The molecular and cellular events in inflammation are characterized by increased blood flow, leukocyte infiltration, and production of protein and chemical mediators (16). However, uncontrolled or unresolved inflammation can lead to excessive tissue damage and loss of organ functions (17, 18). Persistent, unresolved inflammation is not only a typical sign of classical inflammatory diseases, such as asthma, rheumatoid arthritis, and tuberculosis, but also an underlying feature of a variety of human disorders not previously thought to have an inflammatory component, including atherosclerosis, cardiovascular disease, and cancer (19–23). Recent studies suggest that ineffective resolution of inflammation contributes to the pathogenesis of lung diseases, including chronic obstructive pulmonary disease and pulmonary fibrosis (24, 25).

An effective resolution program may help prevent the progression from acute inflammation to chronic lesions. Initiation of acute inflammation and its resolution is highly regulated by potent lipid mediators (LMs). These LMs specifically promote the initiation, self-resolving or, when unresolved, chronic progression, of inflammation in a time- and context-dependent manner (18, 26). Prostaglandins (PGs) and leukotrienes (LTs) are biosynthesized from arachidonic acid (AA) via pathways of cyclooxygenase (COX) and arachidonate 5-lipoxygenase (ALOX5) in mice, respectively (27). These LMs elicit acute inflammation by inducing dilation of blood vessels and extravasation and activation of leukocytes, which include mainly neutrophils, but also monocytes, other polymorphonuclear leukocytes (PMNs), and lymphocytes (26). Upon activation of acute inflammation, a different type of small LMs, termed specialized pro-resolving mediators (SPMs), are temporally produced to actively promote the resolution of inflammation and prevent the progression of inflammation (18, 28). SPMs consist of several groups of LMs, including the D-series resolvins (RvDs), protectins, and maresins derived from docosahexaenoic acid (DHA), the E-series resolvins (RvEs) from eicosapentaenoic acid (EPA), and lipoxins (LXs) from AA. These molecules are biosynthesized via the activation of arachidonate 15-lipoxygenase (ALOX15)-dependent pathways (29). SPMs have dual anti-inflammatory and pro-resolving properties (30, 31). Dysregulation of SPM production or failure of controlled resolution may result in chronic inflammation, which constitutes a major component of many human diseases including lung fibrosis and cancer.

One key cellular event in the resolution of acute inflammation is the depletion of neutrophils from local inflamed tissue, mediated through reduction of leukocyte infiltration and induction of programmed death, such as apoptosis, of neutrophils, followed by removal of dead or injured cells (32). Clearance of apoptotic neutrophils by phagocytosis is known as efferocytosis. Macrophages are actively involved in the clearance of pathogenic microorganisms and non-biological particles, as well as apoptotic leukocytes and damaged tissue cells and, therefore, are a central component in the resolution of acute inflammation (33–35). Recent studies have highlighted the importance of specific subsets or reprogramming states of macrophages during inflammation initiation and progression (36, 37). In this context, the M1 (classically activated or polarized) macrophages generate proinflammatory LMs, including leukotriene B4 (LTB4) and prostaglandin E2 (PGE2), whereas M2 (alternatively activated or polarized) macrophages produce predominantly pro-resolving LMs, i.e., SPMs like resolvins and LXs, to promote efferocytosis, tissue regeneration, and return of homeostasis (38, 39). We have previously shown that MWCNTs stimulate the M1 and M2 polarization of macrophages in exposed lungs to regulate the initiation and resolution of acute inflammation, which, nonetheless, leads to chronic progression to fibrosis. This dynamic evolvement from proinflammatory to pro-resolving but ultimately profibrotic development likely reflects a time-dependent progression from type 1 to type 2 inflammation prior to progression to fibrosis (12, 13, 35, 40–42). Whether pulmonary exposure to CNTs and other ENMs alters the pathways for the synthesis of proinflammatory LMs and SPMs and, if so, whether CNT-induced M1 and M2 polarization affects the production of SPMs and resolution of inflammation in the lung, have not been examined. ENMs vary considerably in their physicochemical properties and pathologic effects. In this connection, it is of interest to examine if chemically similar ENMs with dissimilar dimensions and fibrogenicity differ in their inflammatory and resolution activities.

In this study, we examined how ENM-induced pulmonary inflammation is resolved. To achieve this goal, we analyzed and compared the inflammatory and pro-resolving responses to fiber-like, potently toxic MWCNTs (i.e., Mitsui-7) and spherical, low-toxicity fullerenes (i.e., C60F) in mouse lungs. Both ENMs are pure carbon-based and, therefore, are chemically alike to each other. Yet, the ENMs differ substantially in shape and exhibit vastly different potencies in their toxicity. MWCNTs at a low dose (40 μg/mouse) and C60F at a high dose (above 640 μg/mouse) stimulated rapid neutrophilic inflammation in the lung, which was reduced in intensity 1 week after exposure but, nonetheless, progressed to fibrotic granulomas in MWCNT-exposed lungs by day 28 post-exposure. Both ENMs induced the production of proinflammatory LMs that peaked at day 1 and SPMs that reached their highest levels at day 7, as measured in whole lung lavage (WLL) fluids. MWCNTs and C60F elicited time-dependent polarization and accumulation of M1 macrophages with a peak at day 1 and M2 macrophages with a peak at day 7, accompanied by elevated levels of type 1 or type 2 cytokines, respectively. Moreover, M1 macrophages exhibited preferential induction of ALOX5 activating protein (ALOX5AP), whereas the M2 macrophages had high level expression of ALOX15. Polarization of M1 and M2 macrophages in vitro differentially induced the expression of ALOX5AP in M1 macrophages or ALOX15 in M2 macrophages resulting in differential biosynthesis of proinflammatory LMs or SPMs from endogenous substrates, which was enhanced by MWCNTs. These results suggest a mechanism for the resolution of pulmonary inflammation in response to ENMs. In this model, low dose MWCNT or high dose C60F exposure induces time-dependent polarization of macrophages and enhances the biosynthesis of specialized LMs via activation of ALOX pathways associated with M1-M2 macrophage phenotypes. In turn, these cellular and molecular events orchestrate a prolonged resolution of pulmonary inflammation in the continued presence of ENMs. While the vast difference in potency between MWCNTs and C60F remains an enigma, these findings provide a new framework for mechanistic analysis of resolution of lung inflammation induced by ENMs and other inhaled particulates relating to fibrosis development.



MATERIALS AND METHODS

Characterization and Preparation of MWCNTs and C60F

The MWCNTs used in this study were obtained from Mitsui & Company (Mitsui-7, XNRI 1, lot #-0507 2001K28, Tokyo, Japan). C60F was purchased from Sigma Aldrich (St. Louis, MO, USA). Characterization of MWCNTs and C60F was performed using transmission electron microscopy (TEM). A sample of MWCNTs and C60F were suspended in isopropanol, sonicated, and dispersed onto a TEM grid with a carbon film. For MWCNTs, length measurements were taken from the longest straight distance between two points. The width measurement was the distance perpendicular to the structural walls of the CNTs. To determine C60F diameter, two perpendicular measurements were collected on each particle. Morphology of C60F was further examined using field emission scanning electron microscopy (FESEM).

A dispersion medium (DM; 0.9% saline supplemented with 5.5 mM D-glucose, 0.6 mg/ml mouse serum albumin, and 0.01 mg/ml 1,2-dipalmitoyl-sn-glycero-3-phosphocholine) was modified from one previously developed and validated by our laboratory as a vehicle for nanotoxicology studies (43), and was used to prepare suspensions of MWCNTs and C60F following a two-step dispersion procedure (11).



Animals and Treatment

Six-week old male B6C3F1 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were maintained in an accredited, specific pathogen-free and environmentally controlled facility at the National Institute for Occupational Safety and Health. All animals received humane care and all experiments involving animals were approved by the Institutional Animal Care and Use Committee. Ten mice per treatment at each timepoint were treated with a single dose of 50 μl of DM, MWCNTs (40 μg/mouse), or C60F (640 or 1,280 μg/mouse) in suspensions by pharyngeal aspiration as described elsewhere (4, 11). A saline control was used to establish baseline levels of the measurements. At day 1, 7, or 28 post-exposure, the mice were euthanized with an intraperitoneal injection of a sodium pentobarbital euthanasia solution (100–300 mg/kg body weight; Zoetis, Florham Park, NJ, USA), followed by exsanguination once the mouse was unresponsive to a toe pinch, for molecular, immunologic, and pathological examinations.

Given the apparent paucity of data concerning human exposure to ENMs, the MWCNT and C60F doses chosen for the mouse study were estimated to approximate human occupational exposure. A recent study reported peak MWCNT-containing airborne dust levels of approximately 10.6 μg MWCNTs/m3 among workers exposed to MWCNTs in eight U.S. manufacturing facilities (44). Airborne particle concentrations of carbonaceous nanomaterials, including fullerenes, was measured in a commercial nanotechnology facility (45). Fine particle mass concentrations were measured in three different areas, ranged from 50 to 125 μg per m3. Assuming a worker performs light work in an environment with MWCNT aerosol of 10.6 μg/m3 or C60F aerosol of 50 μg/m3, and has a minute ventilation of 20 L/min (46) with a deposition fraction of 30% (47) and an alveolar epithelium surface area of 102 m2 (48), the estimated human exposure per year would be 7.3 mg/m2 alveolar epithelium for MWCNTs and 34.6 mg/m2 alveolar epithelium for C60F. Therefore, a 40 μg MWCNT exposure in mouse approximates human deposition for a person performing light work for 11 years and a 1,280 μg C60F exposure in mouse for 9 months.



Macrophage Culture, Polarization, and Treatment

The J774A.1 murine monocyte/macrophage cell line was purchased from American Type Culture Collection (TIB-67, ATCC, Manassas, VA, USA). The cells were grown in the Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (FBS) (both from Thermo Fisher Scientific, Waltham, MA, USA). For differential polarization of M1 and M2 macrophages, cells at a density of 5 × 105 cells/ml were seeded in DMEM with 3% FBS for 1 day. M1 polarization was then induced by incubation with interferon γ (IFN-γ, Sigma Aldrich) at 20 ng/ml plus lipopolysaccharides (LPS, Sigma Aldrich) at 100 ng/ml for indicated time (typically 3 days). M2 polarization was induced by incubation of the cells with interleukin (IL) 4 (Sigma Aldrich) at 20 ng/ml for indicated time (typically 3 days). Polarized M1 or M2-macrophages were treated with DM or MWCNTs at 2.5 μg/ml for indicated time (i.e., 1, 2, or 3 days post-polarization), before the cells were examined for protein expression and production of LMs.



Whole Lung Lavage (WLL) Preparation

After 1, 7, or 28 days post-exposure, mice were euthanized by intraperitoneal injection of a sodium pentobarbital euthanasia solution, followed by exsanguination, as described under Animals and Treatment. A tracheal cannula was inserted and WLL was performed through the cannula using ice cold Ca2+- and Mg2+-free phosphate buffered saline (PBS), pH 7.4. The first lavage (0.6 ml) was kept separated from the rest of the lavage fluid. Subsequent lavages, each with 1 ml of PBS, were performed until a total of 3 ml of lavage fluid was collected. WLL cells were isolated by centrifugation (650×g, 5 min, 4°C). An aliquot of the acellular supernatant from the first WLL was decanted, transferred to tubes, and stored at −80°C for later analyses. The acellular supernatants from the remaining lavage samples were decanted and discarded. WLL cells isolated from the first and subsequent lavages from the same mouse were pooled after resuspension in PBS, centrifuged a second time (650×g, 5 min, 4°C), and the supernatant decanted and discarded. The WLL cell pellet was then resuspended in PBS and placed on ice. Total WLL cell counts were obtained using a Coulter Multisizer 3 (Coulter Electronics, Hialeah, FL, USA) and cell differentials were determined by flow cytometry.



Enhanced Darkfield Microscopy

ENMs, such as CNTs, have dimensions less than the wavelength of light and closely packed atoms and, hence, a refractive index that is significantly different from those of the environment, such as biologic tissues and the mounting medium. These characteristics of ENMs produce significantly greater scattering of light than by the surrounding tissues. The enhanced-darkfield optical system images light scattered in tissue sections and ENMs in tissues would stand out from the surrounding tissues with a high contrast.

To visualize ENMs and their deposition in lung tissue, formalin-fixed lung sections were examined under an enhanced darkfield microscope as described previously (49). Using this method of imaging, it is practical to scan whole lung sections at a relatively low magnification (40–60× objectives) to identify ENMs that would not be detected by other means. The optical system consists of high signal-to-noise, darkfield-based illumination optics adapted to an Olympus BX-41 microscope (CytoViva, Auburn, AL, USA). Sections for dark-field examination were specifically cut from paraffin blocks and collected on ultrasonically cleaned, laser cut slides (Schott North America Inc, Elmsford, NY, USA) to avoid nanoparticle contamination from the ground edges of traditional glass slides. After staining with Picrosirius red-hematoxylin, the sections were cover-slipped with Permount (Vector Laboratories, Inc., Burlingame, CA, USA). After alignment of the substage oil immersion optics with a 10× objective, sections were examined with 60× air or 100× oil immersion objectives. Enhanced darkfield images were taken at 2400×4800 pixels with an Olympus DP-73 digital camera (Olympus America Inc., Center Valley, PA, USA).



Histopathology

For histopathological examination, 3 mice per treatment group, separate from those used for WLL studies, were euthanized by intraperitoneal injection of sodium pentobarbital euthanasia solution, followed by exsanguination, as described under Animals and Treatment. The lung was removed, fixed with 10% neutral buffered formalin by intratracheal perfusion, and embedded in paraffin. Sections of 5 μm thickness were subjected to hematoxylin and eosin (H&E) staining or Picrosirius red staining following standard procedures.



Immune Cell Profiling by Flow Cytometry

Cells were recovered from WLL fluids by centrifugation (400×g, 5 min at 4°C). Cells were resuspended in 1× PBS with normal rat sera (Sigma Aldrich) and stained using rat anti-mouse CD16/32 (clone 2.4G2, BD Biosciences, San Jose, CA, USA) for 5 min at room temperature. Cells were then stained with the following fluorescent antibody cocktail in a fluorescence-activated cell sorting (FACS) buffer (1× PBS, 5% BSA, 2 mM EDTA) for 25 min at 4°C: anti-CD103 (clone M290), anti-CD19 (clone 1D3), anti-Siglec F (clone E50-2440) (BD Biosciences), and anti-CD11b (clone M1/70), anti-CD11c (clone N418), anti-CD3 (clone 17A2), anti-CD49b (clone DX5), anti-Ly6C (HK1.4), anti-Ly6G (1A8) (Biolegend, San Diego, CA, USA). After washing with 2 ml of the FACS buffer, cells were centrifuged (400×g, 5 min at 4°C). Cells were fixed in the BD Cytofix Fixation Buffer (BD Biosciences) for 10 min at room temperature, then washed with 2 ml of FACS buffer and centrifuged. Cells were resuspended in 250 μl of FACS buffer and more than 10,000 events were acquired using LSR II flow cytometer (BD Biosciences). Data were analyzed using FlowJo software (FlowJo LLC, Ashland, Oregon, USA). Live cells were discriminated from dead cells, doublets, and debris first using forward scatter (FSC)-A vs. side scatter (SSC)-A (Figure 5Aa), then gating upon singlet populations in FSC-H vs. FSC-W view (Figure 5Ab), then SSC-H vs. SSC-W view (Figure 5Ac). Innate immune cells (Figure 5Ad) and lymphocytes (Figure 5Ae) were subsequently identified based on the cell surface markers indicated on the X and Y axes of the flow cytometry pictographs. Cell populations were gated sequentially on populations negative for the previous populations as follows: alveolar macrophages, eosinophils, neutrophils, lymphocytes, dendritic cells (DCs), and monocytes.



Cytokine Measurement

Measurement of cytokines in WLL fluids and lung tissue extract was performed by multiplex immunoassay using ProcartaPlex mouse cytokine/chemokine 36-plex kit (Thermo Fisher Scientific) on a Luminex 200 instrument system equipped with xPONENT software (Thermo Fisher Scientific) following the manufacturer's instructions. Twenty-five microliter of WLL fluids or lung tissue homogenates in 1x PBS containing 1x protease inhibitor cocktail (Thermo Fisher) was analyzed to determine the concentration of each cytokine. For lung tissue, concentrations of cytokines were calculated and expressed as pg/mg protein.



Enzyme-Linked Immunosorbent Assay (ELISA)

Proinflammatory LMs (LTB4, PGE2) or SPMs (RvD1, LXA4, RvE1) were detected in WLL fluids collected from mouse lungs exposed to saline, DM, MWCNTs, or C60F for the indicated dose and days using ELISA. All ELISA kits were purchased from MyBioSource (San Diego, CA, USA) and measurement was performed by following the manufacturer's protocol using a microplate reader equipped with SOFTmax PRO 4.0 (Molecular Devices, Sunnyvale, CA). To detect and quantify SPMs released from polarized M1 or M2-macrophages in vitro, cell-free media from cultures of M1 or M2 macrophages were collected and used for quantification of LTB4, PGE2, and RvD1 using ELISA.



Immunofluorescent Staining and Confocal Microscopy

Formalin-fixed, paraffin-embedded lung tissue sections (left lung lobe, 5 μm) were deparaffinized, antigen-unmasked by heating tissue sections in universal antigen retrieval reagent (Cell Signaling Technology, Danvers, MA), and used to perform immunofluorescent staining. The primary antibodies used were rabbit anti-F4/80 (1:100, Thermo Fisher Scientific) or mouse anti-F4/80 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-CD68 (1:100, Novus Biologicals, Centennials, CA), mouse anti-CD206 (1:100, Abcam, Cambridge, MA, USA), rabbit anti-ALOX5AP (1:100, Abcam), and mouse anti-ALOX15 (1:200, Abcam) antibodies. Images were taken in three to five randomly selected fields per lung slice, three lung slices per mouse, using a Zeiss LSM 780 confocal microscope with a 63× magnification lens (Carl Zeiss Microscopy, Jena, Germany). More than 500 cells from captured microscopic images per each treatment were counted using the ImageJ software (NIH, Bethesda, USA) and the number of cells with double positive staining per every 100 cells were presented as mean ± SEM (n = 3).



Immunoblotting

J774A.1 cells (a mouse macrophage cell line) were treated as indicated and the cells were lysed in a lysis buffer (10 mM Tris, pH 7.4, 1% SDS) with 1× proteinase inhibitor cocktail (Thermo Fisher). Cell lysates were collected and sonicated for 10 s. The supernatant was collected and lysate proteins (20 μg each sample) were analyzed on 8, 10, or 12% SDS-PAGE gel and transferred onto nitrocellulose membrane. The membrane was incubated with 5% non-fat dry milk in Tris-buffered saline with 0.05% Tween 20 for 1 h at room temperature to block non-specific binding, before incubation with primary antibodies. The primary antibodies used were mouse anti-CD68 (1:200, Novus Biologicals), mouse anti-CD86 (1:200, Novus Biologicals), rabbit anti-CD163 (1:250, Abcam), mouse anti-CD206 (1:250, Abcam), rabbit anti-ALOX5 (1:1,000, Abcam), mouse anti-ALOX15 (1:500, Abcam), rabbit anti-ALOX5AP (1:500, Abcam), or mouse anti-β-actin (1:4,000, Sigma Aldrich) antibodies. After incubation with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG (both from Jackson ImmunoResearch laboratories, West Grove, PA; 1:5,000), immunoreactive bands were developed with Enhanced chemiluminescence (Thermo Fisher Scientific) on X-ray films. Film images were scanned using HP scanjet (Hewlett-Packard, Palo Alto, CA, USA) and were used to quantify each band with ImageJ software (NIH) with normalization to β-actin level.



Statistical Analysis

For statistical analysis of multiple samples, such as days post-exposure, one-way analysis of variance (ANOVA) was performed, followed by Tukey's test for comparison between two samples, using the GraphPad Prism 8 software (GraphPad, San Diego, CA, USA). Statistical analyses of differences between two groups were also performed using two-tailed Student's t-test. Data were presented as means ± SEM. A p-value of <0.05 was considered statistically significant as indicated for individual experiment. *p < 0.05; **p < 0.01; and ***p < 0.001.




RESULTS

Characterization of ENMs

To study the resolution of ENM-induced pulmonary inflammation, we characterized and compared the inflammatory and pro-resolving responses during the development of fibrosis following exposure to MWCNTs (Mitsui-7) and C60F. The MWCNTs have a fiber-like shape with high rigidity and are highly toxic and fibrogenic in rodent lungs upon pulmonary exposure, thus representing a highly toxic ENMs (4, 11). C60F are spherical ENMs and cause certain pulmonary effects upon inhalation exposure (50). Therefore, these carbon-based ENMs are chemically similar but differ considerably in their dimensions and possibly their toxic effects in the lung.

We first characterized the morphology of the ENMs. Examination at lower magnifications of TEM for MWCNTs demonstrated their fiber-like shape (Figure 1Aa), while high resolution showed their distinctive multi-walled structure (Figure 1Ab). MWCNT length distribution was log normal with a mean of 4.46 μm and the 95% confidence interval (CI) of 4.08–4.88 μm; width distribution was normally distributed with a mean of 58.5 nm and the 95% CI of 56.0–61.0 nm. C60F at lower magnifications had the expected spherical morphology and had ordered carbon structure under examination at a high magnification (Figure 1Ba,b). The C60F diameter was log normal with a mean of 41.6 nm and the 95% CI of 40.1–43.2 nm. FESEM examination of C60F confirmed their spherical morphology and even distribution in suspension preparation (Figure 1Bc,d).
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FIGURE 1. Morphological characterization of MWCNTs and C60F. (A) Morphology of MWCNTs. A representative low (a) or high (b) magnification TEM micrograph of MWCNTs showing the distinctive fiber-like shape and multi-walled structure of MWCNTs. (B) Morphology of C60F. For (a) and (b), a representative low (a) or high (b) magnification TEM micrograph of the C60F was shown demonstrating their distinctive spherical morphology. For (c) and (d), FESEM micrographs of C60F at a low (c) or high (d) magnification were shown confirming the spherical morphology and even distribution.




Acute and Chronic Lesions Induced by Low Dose MWCNTs and High Dose C60F in Mouse Lungs

Adult B6C3F1 mice were exposed to MWCNTs or C60F by pharyngeal aspiration. An equal volume of saline was used to establish a baseline, whereas an equal volume of DM was used as a vehicle control. Mice were sacrificed for histopathological examination of lung sections at days 1, 7, and 28 post-exposure. These time points were chosen because the pulmonary response to MWCNTs at 40 μg at these time points reflects the initiation of acute inflammation, acute-to-chronic transition, and chronic and fibrotic progression, respectively (4, 11, 51). A preliminary dose-response study for C60F was carried out in a dose range from 40 to 2,560 μg, which identified a dose above 640 μg, including 1,280 μg, as being necessary for C60F to elicit evident inflammation in mouse lungs (data not shown). Comparison between the saline and DM groups did not show apparent differences in the microscopic appearance in the lung. Therefore, DM was used as control for further pathological examination.

A separate set of mice were exposed to MWCNTs at 40 μg, or to C60F at 640 or 1,280 μg, and were sacrificed for histopathological examination of lung lesions at days 1, 7, and 28 post-exposure. Representative photomicrographs of lung pathology are shown in Figure 2. Examination of H&E stained lung slides revealed that at day 1 post-exposure, both ENMs (MWCNTs at 40 μg and C60F at 1,280 μg) induced acute inflammation that was multifocal in distribution and minimal or mild in severity for both particles. Inflammation was characterized by accumulations of neutrophils and macrophages at terminal bronchioles with extension into alveoli, often in association with deposits of foreign material. Similar acute inflammatory changes were not seen in lungs of mice exposed to either DM or to C60F at 640 μg dose (Figure 2). At day 7 post-exposure, resolution of acute neutrophilic inflammation with a concurrent shift to granulomatous inflammation was observed with both ENMs, i.e., MWCNTs at 40 μg and C60F at 1,280 μg. Microscopic changes in the lung at this time point included increased numbers of alveolar macrophages and accumulation of macrophages within alveolar walls (alveolar histiocytosis and interstitial inflammation) which was multifocally distributed and minimal or mild in severity. Progression to granulomas was seen at 28 days post-exposure to MWCNTs. This change was multifocal and mild in severity. In contrast, the primary microscopic change with exposure to C60F at both the 1,280 and 640 μg doses was multifocal, minimal alveolar histiocytosis. Similar chronic inflammatory changes were not seen in lungs of mice exposed to DM.


[image: Figure 2]
FIGURE 2. Histopathology of ENM-exposed mouse lungs. Adult male B6C3F1 mice were given DM, MWCNTs (40 μg), or C60F (640 or 1,280 μg) by pharyngeal aspiration and were euthanized at days 1, 7, and 28 post-exposure for histological examination of the lung. Representative photomicrographs of H&E stained sections of mouse lung demonstrating pathology following particle exposure (n = 3). Scale bar = 100 μm.


Picrosirius red-stained slides were examined microscopically to evaluate for particle-induced pulmonary fibrosis at 28 days post-exposure. Fibrotic granulomas characteristic of MWCNT exposure in mice (11, 51) were seen in lung of exposed mice. However, this lesion was not a feature of C60F exposure at either dose tested. In rare instances, foci of minimal interstitial inflammation and fibrosis were seen in lung of C60F 1,280 μg exposed mice, suggesting the potential of this material to induce lung fibrosis at high doses (Figure 3). Fibrosis was not seen in lung of either DM or C60F (640 μg)-exposed mice.
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FIGURE 3. Bright field and polarizing light microscopy images of picrosirius red-stained sections of lung. Mice were treated as described in Figure 2 legend and the lungs were examined at 28 day post-exposure. (A,C) show red staining of extracellular fibrils within a granuloma and in a focus of chronic inflammation. Polarization confirms the presence of collagen in (B,D). Scale bar = 100 μm.


The appearance of MWCNTs in tissue sections at 28 day post-exposure has been well-described (49) with the material appearing with light microscopy as black spicule-shaped particles often within alveolar macrophages or in granulomas (Figure 4A). Although the diameter of C60F is below the resolution of light microscopy (~0.5 microns), microscopic examination of H&E stained lung sections often revealed golden brown, crystalline deposits of foreign material within alveoli often surrounded by a thin rim of macrophages, a finding consistent with agglomeration of the material in vivo (Figure 4C). Enhanced darkfield microcopy on Picrosirius red-stained slides confirmed the presence of nanoparticles within these deposits in exposed lung (Figures 4B,D).
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FIGURE 4. Bright field and enhanced dark field microscopy demonstrating the appearance of particles in sections of mouse lung. Mice were treated as described in Figure 2 legend and the lungs were examined at 28 days post-exposure. Representative photomicrographs of H&E stained sections are shown in (A,C). MWCNT particles appears as black spicules. Agglomerated C60F appears as a thin rim of golden-brown material surrounded by macrophages. (B,D) are representative images of Picrosirius stained lung sections imaged using enhanced dark field microscopy, confirming the presence of nanoparticles within the sections (n = 3). Scale bar = 100 μm.


Together, these results revealed that MWCNTs at a low dose and C60F at only a high dose stimulated rapid neutrophilic inflammation in the lung that was resolved to a large extent by 1 week after exposure but, nonetheless, evolved into fibrotic granulomas in MWCNT-exposed mice, and histiocytosis in high dose C60F-exposed mice. Inflammatory and fibrotic lesions were associated with retained particle deposits, suggesting a role for incomplete clearance in the progression from acute to chronic inflammation.



Dynamic Infiltration of Immune Cells and Resolution of Neutrophilic Inflammation

Acute pulmonary inflammation is accompanied by prominent infiltration of leukocytes, mainly neutrophils, other PMNs, and monocytes, and secretion of inflammatory mediators into the alveolar space and airway lumen. These inflammatory events help eliminate ENMs at the airway and alveolar epithelial barrier surface and can be quantified in the WLL fluid. Therefore, we examined the dynamic change of immune cells in WLL fluids during acute and chronic responses using flow cytometric profiling.

Specific cell types were identified based on cell surface markers and forward-side scatter profiles (Figure 5A). The numbers of WLL leukocytes recovered from saline- or DM-treated mice were similar to each other and remained unchanged over the time course (Figure 5B). MWCNTs induced a rapid increase in the number of neutrophils (Ly6G+ CD11b+) at day 1 post-exposure to a peak level at 72.20 × 103 cells/lung, which is ~6.0-fold increase over DM control. The number decreased to 36.6% of the peak number at day 7, and to control level at day 28 (Figure 5Ba). C60F at 1,280 μg induced similar changes: at day 1, neutrophils were increased to a peak level at 51.33 × 103 cells/lung, a 4.3-fold increase over DM control, and then declined to 16.8% at day 7, and to control level at day 28. Eosinophils (Ly6G+ Siglec F+) were also rapidly increased in MWCNT-exposed mice at day 1 to 91.46 × 103 cells/lung, a 5.5-fold increase over DM control, which decreased to 65.6% at day 7 and to control level at day 28 (Figure 5Bb). On the other hand, in C60F-treated mice, eosinophils were only slightly increased which is not statistically significant at day 1 but were significantly increased to 41.39 × 103 cells/lung at day 7, before returning to control level at day 28. The number of bone marrow-derived inflammatory monocytes (BMDIMs, Ly6C+ CD11b+) was not increased at day 1, but was drastically increased by 12.9-fold in MWCNT-treated mice and by 7.2-fold in C60F-treated mice at day 7, both of which declined to control level at day 28 (Figure 5Bc). The number of CD11c+ DCs was increased slightly at day 1 in MWCNT-exposed mice, but it was markedly increased to a peak level at 33.88 × 103 cells/lung at day 7, a 3.4-fold increase over day 1 and 6.7-fold increase over DM control. The number of CD11c+ DCs declined to control level at day 28 (Figure 5Bd). In contrast, C60F exposure increased the number of CD11c+ DCs slightly at day 1 but did not further increase the number at day 7, and the number returned to control level at day 28. For alveolar macrophages (AMs, CD11c+ Siglec F+), there was no significant change in cell numbers of either MWCNT- or C60F-exposed mice in comparison to saline or DM control (Figure 5Be). The number of total T cells (CD3+ CD49b-) was also quantified (Figure 5Bf). In MWCNT-exposed mice, the number was significantly increased by 5.3-fold over DM control to 19.58 × 103 cells/lung at day 1, and by 4.8-fold to 34.93 × 103 cells/lung at day 7, before returning to control level at day 28. On the other hand, in C60F-exposed mice, the number was increased only slightly at day 1, but was increased significantly by 2.7-fold over DM control at day 7, before returning to control level. We also measured B cells (CD19+). Like T cells, the number of B cells increased by 3.6- and 2.9-fold over DM control at day 7 in MWCNT- or C60F-exposed mice, respectively, before returning to control level at day 28; however, at day 1, C60F, but not MWCNTs, increased the number of B cells significantly, suggesting an early effect of C60F on B cells, compared to MWCNTs (data not shown).
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FIGURE 5. Flow cytometric profiling of immune cells in the mouse WLL fluid. Mice were treated as described in Figure 2 legend and were examined for immune cell profiling of the WLL fluid. (A) Gating strategies. Cells recovered from the mouse WLL fluid were resuspended in 1X PBS, stained with a fluorescent antibody cocktail, fixed, and then used to acquire cell populations using LSR II flow cytometer. Data were further analyzed using FlowJo software. Live cells were discriminated from dead cells, doublets, and debris first using FSC-A vs. SSC-A (a), then gating upon singlet populations in FSC-H vs. FSC-W view (b), then SSC-H vs. SSC-W view (c). Innate immune cells (d) and lymphocytes (e) were further separated. Gating panels were shown to subsequently identify different cell types based on the cell surface markers indicated on the X and Y axes of the flow cytometry pictographs. Cell populations were identified in order as follows: alveolar macrophages, eosinophils, neutrophils, lymphocytes, dendritic cells, and monocytes. (B) Quantification of immune cells. After cell type-specific gating using flow cytometry, neutrophils (a), eosinophils (b), bone marrow-derived inflammatory monocytes (c), CD11c+ DCs (d), AMs (e), and T cells (f) were calculated and total cell numbers (×103 cells/lung) were expressed (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001.


Acute inflammatory infiltration was corroborated with the rapid induction and secretion of proinflammatory cytokines in the WLL fluid. Figure 6 shows proinflammatory cytokine levels in WLL fluids from mice exposed to MWCNTs. IFN-γ was increased rapidly and markedly at day 1 by 3.2-fold over DM control, but the level decreased rapidly thereafter to nearly the basal level at day 28 post-exposure in the WLL fluid. IL-1β was increased to 3.55 pg/ml, a 3.9-fold increase over DM control. The level decreased to 66.2% at day 7 and to 54.9% at day 28. IL-6 was elevated to 5,250.34 pg/ml (52.7-fold increase), which decreased to 22.9% at day 7 and to basal level at day 28. Tumor necrosis factor (TNF) α was elevated to 38.9 pg/ml (7.8-fold increase) at day 1 over DM control, but the level rapidly decreased to 46.2% at day 7 and to 25.6% at day 28. Treatment with C60F at the 1,280 μg dose induced similar induction and subsequent decline of the cytokines in the lung (data not shown).


[image: Figure 6]
FIGURE 6. Quantification of proinflammatory cytokines in WLL fluids. Mice were treated as described in Figure 2 legend. At 1, 7, or 28 days post-exposure, mouse WLL fluids were prepared and used to measure IFN-γ, IL-1β, IL-6, and TNF-α levels by multiplex immunoassays. Data are expressed as mean ± SEM (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.


These findings indicate that MWCNTs at a low dose and C60F at a high dose induced a rapid increase followed by decline in neutrophilic infiltration and secretion of proinflammatory cytokines in WLL fluids. This result confirmed the pathological findings from lung tissue discussed above, which revealed a rapid initiation of acute inflammation followed by prolonged resolution of inflammation before progression to chronic lesions in mouse lungs exposed to MWCNTs or C60F. Besides neutrophils, MWCNTs and C60F also elicited dynamic changes of other immune cells in the lung that were similar between MWCNTs and C60F groups for BMDIMs, but differed substantially for eosinophils, CD11c+ DCs, and T and B cells (Figure 5B and data not shown). The significance of these differences in the induced infiltration of leukocytes by MWCNTs or C60F remains to be investigated.



Temporal Elevation of Proinflammatory LMs and SPMs

The initiation and resolution of inflammation are tightly regulated by potent LMs (18, 26). Detection of specific types of secreted LMs is key to understanding the progression and resolution of inflammation. Therefore, we used well-established ELISA methods to measure the levels of proinflammatory LMs, including LTB4 and PGE2, and SPMs, including RvD1, LXA4, and RvE1, in WLL fluids from mice exposed to MWCNTs at 40 μg/mouse or C60F at 1,280 μg/mouse (Figure 7). Neither saline nor DM caused evident changes in the levels of the LMs. MWCNT treatment stimulated high levels of secretion of LTB4 at 46.4 ± 2.9 pg/ml, a nearly 6.5-fold increase over DM control, and PGE2 at 518.1 ± 8.4 pg/ml, a 7.6-fold increase over DM control, at day 1 post-exposure (Figures 7A,B). The LMs decreased drastically to 14.2 ± 0.4 pg/ml for LTB4 and to 266.4 ± 7.8 pg/ml for PGE2 at day 7, and further decreased to control levels at day 28. C60F induced a similar pattern of changes: both LTB4 and PGE2 reached their highest levels at day 1 post-exposure, i.e., 28.6 ± 1.7 pg/ml or a 4.0-fold increase over DM control for LTB4, and 471.6 ± 4.7 pg/ml or 6.9-fold increase over DM control for PGE2, which decreased to 10.4 ± 0.6 pg/ml for LTB4 and to 232.2 ± 12.6 pg/ml for PGE2 at day 7. Both returned to basal levels at day 28.


[image: Figure 7]
FIGURE 7. Quantitative measurement of pro-inflammatory LMs and SPMs in mouse WLL fluids. Mice were treated as described in Figure 2 legend and were examined for the levels of specialized LMs in the WLL fluid. Proinflammatory LMs LTB4 (A) and PGE2 (B), or SPMs RvD1 (C), LXA4 (D), and RvE1 (E) were quantitatively measured using ELISA (n = 6). The ratio of fold change for RvD1/LTB4 (F) or RvD1/PGE2 (G) was further calculated for MWCNT- or C60F-treated samples at day 1 and day 7. *p < 0.05; **p < 0.01; ***p < 0.001.


MWCNT treatment increased the level of RvD1 by 2.4-fold over DM control to 751.8 ± 105.6 pg/ml at day 1 post-exposure, which was further increased by 5.9-fold over DM control to a peak at 1648.2 ± 407.3 pg/ml at day 7, followed by reduction at day 28 to a level that was comparable to that of day 1 and was 2.6-fold higher than DM control (Figure 7C). C60F increased the level of RvD1 by 2.3-fold over DM control to 714.5 ± 39.6 pg/ml at day 1 post-exposure, which further increased by 3.9-fold over control to 918.333 ± 110.586 pg/ml at day 7, followed by decrease to control level at day 28. The amount of LXA4 was increased by MWCNTs at day 1 to 313.8 ± 10.7, a 1.9-fold increase over DM control, and was further increased at day 7 to a peak at 453.8 ± 12.3 pg/ml, a 2.6-fold increase over DM control, before returning to near control level (Figure 7D). C60F induced LXA4 at day 1 to 223.5 ± 8.2 pg/ml, a 1.4-fold increase over DM control, and at day 7 to 307.6 ± 18.3 pg/ml, a 1.8-fold increase over DM control, followed by reduction to near basal level. MWCNTs also induced RvE1 to 206.4 ± 14.8 pg/ml, a 2.2-fold increase over DM control, at day 1 post-exposure, and to a peak level at 267.4 ± 37.6 pg/ml, a 3.1-fold increase over DM control, at day 7, followed by reduction to near basal level (Figure 7E).

The ratios of fold changes for RvD1 vs. LTB4 and RvD1 vs. PGE2 at different exposure time are presented in Figures 7F,G, respectively. Both ratios were at low levels (~0.5) at day 1 in MWCNT-exposed lungs, but the ratios were increased to 3.1- and 1.5-fold, respectively, at day 7, which indicated a metabolic switch in the production of proinflammatory LMs to SPMs, as inflammation evolved toward resolution. C60F induced a similar pattern of changes in the ratios of RvD1 vs. LTB4 and RvD1 vs. PGE2. At day 28, the ratios remained larger than 1 for MWCNT treatment, and were near 1 for C60F treatment (data not shown). This MWCNT- or C60F-induced change in the ratio of fold change for RvD1 vs. LTB4 or PGE2 reflects a switch from rapid production of proinflammatory LMs to rapid production of SPMs as inflammation continues. This temporal elevation in the production of resolvins over LTs and PGEs would convert the local environment from being proinflammatory to pro-resolving and, thereby, promote the resolution of neutrophilic inflammation in mouse lungs.



Progression From Type 1 to Type 2 Inflammation in Lung Tissue

The time-dependent resolution of neutrophilic inflammation and temporal elevation of SPMs in WLL fluids during resolution likely reflect alteration in the tissue response of lung parenchyma. Therefore, we examined the evolvement of inflammatory events that may promote the conversion of inflammation to resolution in lung tissue. We first compared the expression of proinflammatory and pro-resolving cytokines between days 1 and 7 post-exposure, during which time major resolution events were observed (Figure 8). Like cytokines in WLL fluids, proinflammatory cytokines IFN-γ, IL-1β, IL-6, and TNF-α were rapidly induced to high levels at day 1, with an increase of 3.9-, 4.7-, 3.6-, or 2.9-fold, respectively, compared with DM control (Figure 8A). Among the cytokines, IFN-γ is secreted by Th1 and ILC1 immune cells and is a major initiating cytokine of type 1 inflammation, whereas IL-1β, IL-6, and TNF-α are produced from effector cells, such as neutrophils and M1 macrophages, to mediate and amplify type 1 inflammatory responses in lung tissue. Therefore, this result supports the rapid induction and resolution of type 1 inflammation in the lung. Type 2 inflammation is characterized by the secretion of type 2 cytokines, typified by IL-4, IL-13, and IL-10. IL-4 and IL-13 are produced by Th2 and ILC2 cells that initiate type 2 inflammation, whereas IL-10 inhibits the polarization of Th1 cells, thereby inhibiting type 1 inflammation. As shown in Figure 8B, type 2 cytokines exhibited a contrasting pattern of expression from type 1 cytokines. IL-4 remained at a low level (48.7 pg/mg protein) at day 1 post-exposure but was elevated to a high level (741.2 pg/mg protein) at day 7 post-exposure. IL-13 was elevated at day 1 by 8.3-fold and was further increased by 13.7-fold at day 7 over DM control. Similarly, IL-10 was increased at day 1 by 3.1-fold and was further increased at day 7 post-exposure by 5.3-fold. Together, these findings indicate that, as type 1 inflammation is reduced in intensity, type 2 inflammation becomes predominant in the lung, which temporally correlated with the increased production of SPMs and resolution of neutrophilic inflammation in lung tissue.
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FIGURE 8. Quantification of type 1 and type 2 cytokines in lung tissue. Mice were treated as described in Figure 2 legend and the lung tissue extract was prepared. Twenty-five microliter of tissue extracts were used for multiplex immunoassays to determine the levels of type I cytokines IFN-γ, IL-1β, IL-6, and TNF-α (A), or type II cytokines IL-4, IL-13, and IL-10 (B). The concentration of each cytokine was presented as pg/mg protein after normalization with the amount of protein used and shown as mean ± SEM (n = 3). *p < 0.05, **p < 0.01.


In type 1 or type 2 inflammation, bone marrow-derived monocytes and tissue resident macrophages differentiate into M1 or M2 macrophages, respectively. Polarized M1 and M2 macrophages have distinct markers and metabolic and transcriptional profiles, and function as major effector cells. Moreover, polarized macrophages can be further separated into subgroups in an inducer-, time-, and context-dependent manner, though certain plasticity in the classification and function of polarized macrophages have been noted (37, 39). To examine whether the M1-M2 polarization takes place in MWCNT- or C60F-induced pulmonary inflammation and resolution, a set of markers for M1 or M2 macrophages were examined in lung tissue by double-label immunofluorescent staining of lung sections. In MWCNT-exposed lungs, the number of M1 macrophages (F4/80+ CD68+) was significantly increased, often in areas with MWCNT deposits, at all the time points examined in comparison to DM control. The highest number of positively stained cells was observed at day 1 with a 6.1-fold increase over control, which decreased slightly at day 7 and to near control level at day 28 (Figure 9A). C60F increased the number of M1 cells by 2.9-fold over DM control on day 1, which decreased at day 7 slightly and to near control level at day 28. Induction of M2 macrophages (F4/80+ CD206+) exhibited a different time course from that of M1 macrophages in that the number of M2 macrophages continuously increased from days 1 to 7 post-exposure, i.e., an increase by 3.9-fold over control at day 1 and by 9-fold over DM control at day 7 (Figure 9B). C60F-exposed lungs showed a similar pattern of increase in M2 cells, i.e., showing a 2.4-fold increase over DM control at day 1 and a 6.3-fold increase at day 7. At day 28, the level of M2 macrophages decreased to low levels that were slightly higher than DM control in both MWCNT- and C60F-treated mice. These results revealed that MWCNT or C60F exposure induced the differential enrichment of M1 and M2 macrophages in the lung that followed the progression from type 1 to type 2 inflammation in the lung. Moreover, the time-dependent reduction of M1 and increase of M2 macrophages correlated with the temporal reduction of proinflammatory LMs and elevation of SPMs during the resolution of inflammation. These findings implicate M1 and M2 in the differential production of the LMs during the initiation and resolution of inflammation, respectively.
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FIGURE 9. M1-M2 polarization in lungs exposed to MWCNTs or C60F. Mice were treated as described in Figure 2 legend. M1 or M2 polarization of macrophages was examined by double immunofluorescence staining with anti-F4/80 (green) and anti-CD68 (red) antibodies (A), or anti-F4/80 (green) and anti-CD206 (red) antibodies (B) in lung tissue. Numbers of representative double positive cells per 100 cells were counted from captured images and shown as mean ± SEM (n = 3). Scale bar = 20 μm. *p < 0.05; **p < 0.01; ***p < 0.001.




In vivo Induction of ALOX5AP in M1 and ALOX15 in M2 Macrophages by ENMs

Upon activation, M1 macrophages exhibit elevated expression of ALOX5AP (38). Activated ALOX5AP associates with ALOX5, leading to the activation of ALOX5, a rate-limiting step in the biosynthesis of LTB4 and PGE2 from endogenous AA. On the other hand, M2 macrophages express a high level of ALOX15 that is required for the synthesis of SPMs, i.e., the synthesis of LXs from AA and of RvDs, protectins, and maresins from DHA, during resolution of inflammation (27, 29). Therefore, we examined if the polarization of M1 and M2 macrophages by MWCNTs and C60F corresponds to preferential induction of ALOX5AP and ALOX15, respectively. The expression of ALOX5AP and ALOX15 proteins was examined in macrophages in vivo using double-label immunofluorescence staining (Figure 10). In MWCNT-exposed lungs, the number of ALOX5AP positive staining cells was induced markedly (F4/80+ ALOX5AP+) at day 1, a 3.9-fold over control, followed by a slight reduction at day 7, but nearly complete reduction to control numbers at day 28 (Figure 10A). C60F exposure significantly increased the number of F4/80+ ALOX5AP+ macrophages at day 1 (2.3-fold), which reduced slightly at day 7 and returned to control level at day 28. This pattern of changes in F4/80+ ALOX5AP+ macrophages paralleled to the polarization of M1 macrophages in the lung. The number of F4/80+ ALOX15+ cells was slightly increased with a statistical significance, compared to DM control, at day 1 in both MWCNT- and C60F-exposed lungs with 2.8- and 3.0-fold increases, respectively. The number was markedly elevated at day 7 in MWCNT-exposed lungs by 6.8-fold and in C60F-exposed lungs by 3.8-fold over DM control (Figure 10B). In both MWCNT- and C60F-exposed lungs, the numbers of F4/80+ ALOX15+ macrophages returned to near control level at day 28 post-exposure. This pattern of change in F4/80+ ALOX15+ macrophages paralleled to the polarization of M2 macrophages in the lung.
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FIGURE 10. Macrophage polarization and lipid mediator pathway induction in mouse lungs exposed to MWCNTs or C60F. Mice were treated as described in Figure 2 legend and the lungs were examined. Macrophage polarization and lipid mediator pathway induction were examined by double immunofluorescence staining with anti-F4/80 (green) and anti-ALOX5AP (red) antibodies (A), or anti-F4/80 (green) and anti-ALOX15 (red) antibodies (B). Numbers of representative double positive cells per 100 cells were counted from captured images and shown as mean ± SEM (n = 3). Scale bar = 20 μm. *p < 0.05; **p < 0.01; ***p < 0.001.


Together, these results indicate that M1 or M2 macrophages were differentially enriched and activated during MWCNT- or C60F-stimulated inflammation and resolution, with preferential induction of enzymes required for the synthesis of proinflammatory LMs in M1 macrophages or SPMs in M2 macrophages, respectively.



Induced Synthesis of Proinflammatory LMs and SMs by ENMs in Polarized Macrophages

The observations from in vivo experiments discussed above suggest that polarization of M1 and M2 macrophages likely accounts for the time-dependent, differential production of proinflammatory LMs (LTs and PGE2) and SPMs (RvDs and LXs) in mouse lungs exposed to MWCNTs or C60F, respectively. We adopted an in vitro model of macrophage polarization to further investigate how the polarization of macrophages alters the synthesis of proinflammatory LMs and SPMs and whether ENMs affect this metabolic switch of LM production in polarized macrophages.

Macrophages (J774A.1) were differentially polarized for 1, 2, and 3 days. Polarization was confirmed by detection of the expression of M1- or M2-specific marker proteins using immunoblotting of the marker proteins and quantification of the protein bands (Figure 11). Expression of CD68 and CD86, two surface markers for the M1 phenotype, was evident at day 1 and persisted to day 3 in M1 inducer-treated, but not M2 inducer-treated, cells (Figure 11A). Expression of CD163 and CD206, two surface markers for the M2 phenotype, was induced at day 1 and continued to increase through day 3 in M2 inducer-treated, but not M1 inducer-treated, cells (Figure 11A). After differential polarization of macrophages, expression of enzymes involved in SPM biosynthesis was examined by immunoblotting. Induced expression of ALOX5 was consistently observed at each time point in both M1 and M2 macrophages, indicating it was induced by both M1 and M2 inducers. ALOX5AP was evidently induced in M1, but not M2, macrophages. On the contrary, the ALOX15 protein was strongly and continuously induced in M2, but not M1, macrophages (Figure 11B).
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FIGURE 11. Macrophage polarization, lipid mediator pathway induction, and LM production. (A) Polarization of macrophages in vitro. Macrophage cells (J774A.1) were polarized by treating with M1 inducer (IFN-γ at 20 ng/ml plus LPS at 100 ng/ml) or M2 inducer (IL-4 at 20 ng/ml) for the indicated time. Cells were lysed and analyzed by Immunoblotting against M1 markers CD68 and CD86, M2 markers CD163 and CD206, or β-actin (loading control). Representative image was shown from 3 different experiments. The relative amount of each protein was expressed as % of vehicle control and quantification was shown as mean ± SEM. (B) Expression of ALOX pathway enzymes in M1 or M2 macrophages. M1 and M2 cells were analyzed by immunoblotting against ALOX5, ALOX5AP, ALOX15, or β-actin (loading control). Representative image was shown from 3 different experiments and quantification was shown as mean ± SEM (n = 3). (C) Effect of MWCNTs on LM production from M1 or M2 macrophages. Macrophages were polarized with M1 or M2 inducer for 3 days. Polarized cells were then treated with DM or MWCNTs (2.5 μg/ml) for 1, 2, or 3 days. The cell-free culture media were collected for quantification of LTB4 (a), PGE2 (b), or RvD1 (c) using ELISA (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.


We then examined the temporal biosynthesis of proinflammatory LMs or SPMs in M1 or M2 macrophages and how MWCNTs affect this process. Macrophages were polarized with M1 inducers or M2 inducers for 3 days, respectively. Polarized macrophages were then incubated with DM or MWCNTs (2.5 μg/ml) for additional 1, 2, or 3 days. The cell-free culture media were assayed for production of LTB4, PGE2, and RvD1 by ELISA. LTB4 was produced throughout the polarization with a steady increase by M1, but not M2, macrophages. MWCNTs highly elevated the LTB4 production by M1, but not M2, cells (Figure 11Ca). A similar pattern was observed for PGE2 production by M1, but not M2, cells (Figure 11Cb). On the other hand, RvD1 was apparently produced by M2, but not M1, macrophages upon polarization. MWCNTs markedly increased the RvD1 production by M2 cells, with a peak at day 1, whereas no apparent increase in the RvD1 level was observed in the culture media of M1 macrophages (Figure 11Cc). These findings indicate that MWCNTs differentially augment the biosynthesis of proinflammatory LMs or SPMs in M1 or M2 macrophages, respectively, by way of induction and activation of specific ALOX pathways responsible for the synthesis of corresponding LMs from endogenous substrates.




DISCUSSION

Inflammation is a common, early response to exposure to ENMs like CNTs in the lung. If unresolved, pulmonary inflammation may evolve into chronic and progressive disease conditions, including fibrosis and malignancy (5, 7, 9, 35, 42). In these scenarios, acute inflammation is immediately followed by resolution events. However, pulmonary clearance of inhaled particles and nanoparticles is often inefficient, and deposits of particulates may persist in the lung parenchyma and, in the case of asbestos fibers and certain MWCNTs, the pleural space, for a long period of time. As a result, resolution of inflammation induced by inhaled particulates is often incomplete and prolonged, which stimulates the development of granulomatous inflammation, fibrosis, lung cancer, and pleural plague and mesothelioma (35, 42). Although the inflammatory and fibrotic effects of CNTs and some other ENMs have been well documented (3, 4, 11, 52), how CNT- and other ENM-induced pulmonary inflammation is resolved remains unstudied. In this report, we show that fiber-like and fibrogenic MWCNTs, i.e., Mitsui-7, at a low dose, and spherical, low toxicity fullerenes, i.e., C60F, at a high dose, induced the cellular and molecular events for the resolution of pulmonary acute inflammation, characterized by reduction of neutrophils, polarization of M1 and M2 macrophages, and phenotype-specific production of specialized LMs. At the molecular level, pulmonary exposure to the ENMs induced the production and secretion of proinflammatory LMs, including LTB4 and PGE2, from M1 macrophages via induction of ALOX5 and ALOXAP. The continued presence of ENMs stimulated the polarization of M2 macrophages and the production of SPMs, including RvD1, RvE1, and LXA4, through induction of ALOX5 and ALOX15. This time-dependent switch in the polarization of macrophages and activation of ALOX pathways converted the microenvironment in the inflamed lung from being proinflammatory to pro-resolving, thereby promoting the resolution of neutrophilic inflammation (Figure 12).
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FIGURE 12. Induced biosynthesis of specialized LMs through M1- and M2-associated pathways. Polarization of M1 and M2 macrophages alters their ALOX pathways for the biosynthesis of proinflammatory LMs or SPMs and, thereby, regulate the initiation and resolution of neutrophilic inflammation in a time-dependent manner. In this model, exposure to inflammatogenic and fibrogenic ENMs, such as fiber-like MWCNTs, induces the production and secretion of LTB4, PGE2, and other proinflammatory LMs from M1 macrophages via induced expression of ALOX5 and ALOX5AP, which stimulates the rapid initiation of neutrophil infiltration and proinflammatory cytokine secretion. The continued presence of ENMs in the lung stimulates the production of RvD1 and other SPMs from M2 macrophages by inducing ALOX5 and ALOX15, which converts the lung environment from being proinflammatory to pro-resolving, thereby promoting the resolution of neutrophilic inflammation.


Acute inflammation is typically characterized by increased blood flow, capillary expansion, leukocyte infiltration, and enhanced production of chemical mediators (16). The presence of neutrophils at inflamed tissue is a hallmark of acute inflammation. This rapid and heightened influx of neutrophils helps eliminate inhaled microbial and non-microbial insults but, at the same time, causes damage to lung tissue and is thus considered unfavorable to tissue homeostasis (32). Accordingly, a key step in the resolution of inflammation is the reduction of neutrophils in inflamed tissue, which is accomplished by reducing the recruitment of neutrophils and inducing the programmed death, such as apoptosis, of leukocytes, followed by removal of dead cells via active phagocytosis known as efferocytosis (32, 53). Our flow cytometry profiling of WLL fluid cells revealed that the number of WLL neutrophils is the highest at day 1 in the early response to low dose MWCNTs or high dose C60F (Figure 5), which was consistent with histopathological findings (Figure 2). Accumulation of neutrophils in lung tissue was associated with deposits of ENMs. Additionally, proinflammatory cytokines IFN-γ, IL-1β, IL-6, and TNF-α in both the WLL fluid and lung tissue were rapidly increased to peak levels at day 1 post-exposure (Figures 6, 8). Therefore, both ENMs stimulated acute and prominent neutrophilic inflammation. WLL fluid neutrophils declined to 36.6% of the peak number for MWCNT- and 16.8% for C60F-treated mice at day 7 post-exposure and further decreased to control levels at day 28 in both groups. The levels of IFN-γ, IL-1β, IL-6, and TNF-α in WLL fluids and lung tissue were also rapidly reduced in parallel to neutrophils. Histopathology results revealed the resolution of acute neutrophilic inflammation at day 7, with a concurrent shift to granulomatous inflammation following MWCNT exposure. Together, these findings revealed a rapid initiation phase and an extended resolution phase of the inflammatory response to low dose MWCNTs or high dose C60F exposure.

Macrophages play a central role in resolution by orchestrating acute inflammation toward recovery. Macrophages are actively involved in the clearance of pathogenic microorganisms and non-microbial particles, including mineral particulates and ENMs, and the efferocytosis of leukocytes and damaged tissue during pulmonary inflammation (33–35). Upon activation by microbial or sterile stimuli, macrophages polarize to subgroups that exhibit distinctive phenotypes and perform specific functions in an inducer-, time-, and context-dependent manner, though certain plasticity in the subtypes and functions of polarized macrophages has been described (37, 39). Of note, polarization of M1 and M2 macrophages often occurs during the development of type 1 or type 2 inflammation, respectively, and the polarization of macrophages to M2 subtypes during type 2 inflammation has been implicated mechanistically for the development of fibrosis induced by a variety of fibrogenic signals including ENMs (13, 36, 54). Therefore, analysis of macrophage polarization upon ENM exposure could provide a novel cellular and molecular link at the interphase between pulmonary acute inflammation and resolution progression.

We have previously shown that MWCNTs elicit apparent activation and reprogramming of macrophages in the lung in vivo through specific signaling pathways (41). Polarization of M1 and M2 macrophages was characterized in details by using a combination of markers, including (a) cell surface markers, i.e., CD86 and MHC II for M1 and CD206 and CD163 for M2; (b) metabolic and functional markers, i.e., iNOS for M1 and ARG1, FIZZ1, and YM1 for M2; and (c) activation of key transcriptional pathways, i.e., activation of STAT1 and IRF5 signaling for M1 and of the STAT6/STAT3 and IRF4 pathway for M2, at protein and cellular levels in mouse lungs. In the current study, induced polarization of macrophages was characterized for specific and dynamic time courses and identified by surface marker expression during the initiation and resolution phases of lung inflammation induced by MWCNTs or C60F in mouse lungs in vivo (Figure 9). Together, these data consistently and clearly demonstrated that M1 macrophages expressing signature M1 markers were increased at day 1 rapidly and markedly, but the number of M1 cells decreased substantially at day 7 post-exposure and continued to decrease thereafter. On the other hand, M2 macrophages expressing signature M2 markers were increased in numbers at day 1 and continued to increase to reach a peak level at day 7 post-exposure to either MWCNTs or C60F, demonstrating a contrasting time course to that of M1. Furthermore, polarization of M1 macrophages correlated with the elevation of type 1 proinflammatory cytokines IFN-γ, IL-1β, IL-6, and TNF-α in lung tissue with peak levels at day 1, which indicates the development of acute type 1 inflammation, whereas polarization of M2 macrophages correlated with the increase of type 2 cytokines IL-4, IL13, and IL-10 with peak levels at day 7, which indicates the evolvement of type 2 inflammation (Figure 8). This differential and time-dependent activation of M1 and M2 polarization and elevation of type 1 and type 2 inflammation cytokines have implications for the development and resolution of lung inflammation induced by particles and ENMs. In this respect, M1 macrophages and type 1 cytokines promote acute inflammation by stimulating the recruitment of neutrophils and other inflammatory leukocytes, and increasing the production and release of microbe-killing agents to cause tissue damage, whereas M2 macrophages and type 2 cytokines are enriched after M1 induction and are positioned to inhibit M1-elicited type 1 inflammation and tissue damage and, at the same time, promote tissue debridement and repair. This delayed activation and polarization of M2 macrophages and elevation of type 2 cytokines correlate well with the decline of acute inflammation and subsequent transition to the resolution phase of inflammation in mouse lungs in vivo. The mechanism by which MWNTs stimulate M1 and M2 polarization in the lung remains to be elucidated. MWCNTs have not been shown to induce the full-scale polarization of cultured macrophages to M1 or M2 cells in vitro. It is possible that a permissive microenvironment, such as the co-existence of other cell types, including epithelial and endothelial cells and PMNs, is needed for macrophage polarization.

Resolution of inflammation is highly coordinated and specifically regulated by a variety of mediators (18). Defining endogenous mediators of resolution could help understand the mechanisms by which effector cells, including monocytes and macrophages, are involved in the resolution of inflammation induced by MWCNT exposure. M1 macrophages are activated earlier than M2 macrophages upon exposure. This result with macrophages is consistent with the spatial and temporal formation of distinct LMs obtained in vivo from mice exposed to microbes, wherein proinflammatory or pro-resolving LMs were synthesized during inflammation initiation, such as LTB4 and PGE2, or during resolution of inflammation, i.e., SPMs, such as RvDs, RvEs, and LXA4 (55, 56). In this study, we observed time-dependent elevation of proinflammatory LMs at day 1 and of pro-resolving LMs at the later stage, with a marked increase in the ratio of fold change for RvD1 vs. LTB4 or PGE2 at day 7 post-exposure. This change reflects a metabolic switch from rapid production of proinflammatory LMs to rapid production of SPMs, as the resolution of inflammation evolves and polarization of macrophages converts from M1-predominating to M2-predominating (Figures 7–9). This M1- and M2-dependent production of proinflammatory or pro-resolving LMs in vivo was further corroborated with findings from polarized macrophages in vitro, which showed that MWCNT treatment induced LTB4 and PGE2 production in M1 macrophages that expressed high levels of CD68 and CD86 markers, but not in M2 macrophages that expressed high levels of CD163 and CD206 markers (Figure 11). On the other hand, MWCNTs increased RvD1 in M2, but not M1, macrophages. Together, these in vivo and in vitro data support that the divergent temporal and spatial polarization of M1 and M2 macrophages evokes proinflammatory or pro-resolving phenotypic LM profiles after exposure and, thereby, promote the progression from inflammation to resolution.

These distinct LM signal profiles might determine different functions of M1 macrophages, mostly proinflammatory, vs. M2 macrophages, mostly pro-resolving, phenotypes (57). During polarization of macrophages, M1 and M2 macrophages acquire the sequential expression of heterogeneous LM pathways. COX1 and COX2 are major enzymes to catalyze the formation of PGs from AA and ALOX5 mediates the formation of LTs from AA, whereas ALOX15 and ALOX5 catalyze the production of LXs from AA and RvDs from DHA (28). Of note, COX2 can be acetylated by aspirin and S-nitrosylated in the presence of statins. Acetylation or S-nitrosylation at the active site of COX2 converts COX2 from being PG-producing to SPM-producing, which leads to the transcellular production of aspirin-triggered (AT) SPMs, including 15-epi-lipoxins, AT-RvDs, AT-RvEs, and resolving Ts (RvTs) (58, 59). While COX1 is constitutively expressed, COX2 and its products were induced by ENMs in cultured macrophages and in mouse lungs (60, 61). In the current study, we found that the ALOX5 pathway was induced, predominantly in M1 macrophages, both in vivo and in vitro (Figures 10A, 11B). Therefore, the inflammation-initiating COX-2- and ALOX5-mediated pathways are rapidly induced and predominated in M1 macrophages. Our study also identified that MWCNTs induced an abundant production of bioactive SPMs from endogenous substrates via ALOX15 (15-LOX in humans) in M2 macrophages and the ALOX15 enzyme was induced by ENMs in M2 cells both in vivo and in vitro (Figures 10B, 11B).

Both M1 and M2 cells express the ALOX5 protein, but M1 macrophages expressed more ALOX5AP than M2 cells, as confirmed in M1 inducer-treated cells (Figures 10A, 11B). Translocation of ALOX5 and its subsequent interaction with ALOX5AP determines M1-specific LM generation (38). ALOX15 is essentially absent in M1 macrophages, and thus RvD1 formation is very low, just above the limit of detection, in M1 cells (Figure 11). In contrast, the pro-resolving M2 macrophages express a high level of ALOX15 that preferably produces SPMs (Figures 10B, 11B). A strikingly higher level of ALOX15 protein expression in M2 than M1 cells accounts for the greater production of SPMs by M2 cells, whereas a higher level of ALOX5AP may support superior LTB4 and PGE2 formation in M1 than M2 macrophages. These findings are consistent with the well-appreciated proinflammatory role of M1 macrophages and the function of M2 in helping orchestrate the resolution of inflammation and tissue repair (34, 57). Whether the production of AT-SPMs occurs during, and is functionally associated with, the polarization of M1 and M2 macrophages remain to be investigated.

ALOX-mediated LM-SPM production is highly dependent on the translocation of ALOX5 and ALOX15 to where those enzymes meet specific endogenous substrates and convert downstream intermediates. The translocation and full enzymatic activities of ALOX5 and ALOX15 require intracellular Ca2+ signaling (62, 63). MWCNTs-treated cells have been shown to have elevated intracellular Ca2+ levels via membrane calcium channel activation (64). Additional studies are needed to identify intracellular Ca2+ signaling activation by different types of ENMs for activation of the ALOX pathways in M1 and M2 macrophages, respectively. Upon activation, differential intermediate precursors and LMs can be generated in a series of enzymatic reactions. Our results showed that representative LMs like LTB4 and PGE2 from M1 or RvD1 and LXA4 from M2 macrophages were generated and were detected after type-specific activation. However, the inflammatory system is complex and proinflammatory LMs and SPMs are diverse. A pro-resolving cascade becomes active during resolution, whereby one SPM could induce another one. Further investigation using liquid chromatography with tandem mass spectrometry (LC-MS-MS) will be needed for identification of other types of LMs like proinflammatory PGD2 or pro-resolving RvD5, RvE3, and maresin 1, and precursors like 5-hydroxyeicosatetraenoic acid or 17-hydroxy-docosahexaenoic acid increased by MWCNT exposure. This is crucial to defining intracellular pathways and targets that could resolve inflammation, especially, in the context of chronic inflammatory disease like lung fibrosis.

Inflammation and its resolution involve the functions of diverse innate and adaptive immune cells in inducer-, time-, and context-dependent manners. In addition to neutrophils and monocytes/macrophages, exposure to ENMs induced dynamic changes of other types of immune cells, some of which appear to be ENM-specific, as demonstrated by cell profiling of WLL fluid cells after ENM exposure (Figure 5). It is known that insufficient resolution of inflammation contributes to chronic pulmonary disease and lung fibrosis (25). Moreover, chronic inflammation is implicated in pulmonary fibrosis pathogenesis and is associated with persistent activation of immune responses that are largely controlled by DCs (65). This notion is supported by the observation that large numbers of DCs infiltrate into the lungs of patients with idiopathic pulmonary fibrosis (66). Our flow cytometric results revealed that DCs in WLL fluids in response to MWCNTs, but not C60F, were dramatically increased at day 7 post-exposure when granulomatous inflammation is characterizing. DCs capture antigens, migrate to draining lymph nodes and lung tissue, and present antigen to T cells. Our flow cytometric results also showed that the number of T cells was significantly increased in WLL fluids in response to MWCNTs at day 1 and day 7, and to C60F at day 7, post-exposure. Notably, the overall pattern of increase in DCs and T cells accorded well with those of M2 macrophages and type 2 inflammation. These results support the notion that the association of DCs with antigen-experienced T cells may drive an efficient effector immune response to initiate pulmonary fibrosis within ENM-treated lungs. The functions and mode of action of DCs in the resolution of inflammation induced by ENMs are not clear at the present time. DCs constitute an essential interface between innate sensing of pathogens and activation of adaptive immunity that involves a wide range of mechanisms and responses by different DC subsets (67). The mechanisms by which DC's phenotypic maturation, accumulation in lung tissue, and expression and interaction with other lung DC subsets are controlled need to be further investigated in future studies, which helps better understand the early inflammatory responses to different type of ENMs, in particular, during resolution of inflammation.

Eosinophils are typically associated with parasitic infection and allergic responses, such as asthma. Recent findings reveal critical roles of eosinophils in the initiation of type 2 immune responses (13, 54). Upon ENM exposure, deposition of ENMs in lung tissue causes damage to airway and alveolar epithelial cells, which release alarmins, including IL-33, IL-25, and thymic stromal lymphopoietin (TSLP) locally (68). These alarmins recruit innate immune cells, such as eosinophils, to provide the initial production of IL-4, which strongly stimulates the initiation and amplification of type 2 immune responses, characterized by the polarization of T helper (Th) 2 cells and M2 macrophages (40) and secretion of type 2 cytokines (69). Secretion of IL-5 further stimulates the recruitment of eosinophils (61). Our data revealed that MWCNTs stimulated a rapid increase in the number of WLL fluid eosinophils with a peak at day 1 post-exposure (Figure 5). This result supports an early function of eosinophils in the initiation of immune responses to pulmonary exposure to MWCNTs. Exposure to C60F at a high dose increased the number of eosinophils at day 7, but not day 1, post-exposure, which may contribute to a weaker type 2 immune response to C60F than MWCNTs and, accordingly, reduced chronic inflammatory and fibrotic responses in C60F-exposed lungs, as compared to MWCNT-exposed lungs.

This study demonstrates that the M1- and M2-mediated responses were markedly induced in the early phase response in the lung in an ENM- and time-dependent manner. The differential activation of M1- and M2-dependent ALOX pathways mediates the induced synthesis of proinflammatory or pro-resolving LMs from endogenous substrates and, thereby, coordinates the prolonged resolution of pulmonary inflammation in the presence of persistent ENMs (Figure 12). Macrophage polarization-dependent activation of ALOX pathways in mouse lungs described above has been observed with human peripheral blood monocytes challenged by microbial pathogens (38). Given the critical roles of proinflammatory LMs and SPMs in the initiation, amplification, and resolution of inflammation, knowledge obtained from these pathways has translational potentials. For instance, the pathways can serve as new targets for therapeutic targeting, preventive intervention, and biomarker-based risk assessment for human disease caused by insults that include, but not limited to, fibrogenic and tumorigenic inhaled particles, fibers, and ENMs. In this connection, it has been shown that dietary supplement of ω-3 polyunsaturated fatty acids, such as DHA, prevented silica-induced inflammatory and autoimmune responses in vitro and in susceptible animal models (70–72). Pulmonary exposure to ozone caused lung inflammation associated with reduced SPM production; conversely, pretreatment with DHA reduced ozone-caused lung inflammation (73). Certain SPMs have demonstrated efficacy in treating inflammatory diseases caused by infection or sterile insults such as tobacco smoke (18, 56, 74).

Humans encounter numerous micro- and nano-sized particulates through inhaled air from environmental, occupational, and commercial sources on daily basis. These particulates differ substantially in their physicochemical properties and toxicity but would all cause lung disease if the amount and duration of exposure are sufficiently high, best exemplified by silicosis and asbestosis caused by highly toxic mineral particles, i.e., silica, and fibers, i.e., asbestos, and black lung disease caused by low toxicity coal dust (75, 76). The rapid development and utilization of ENMs raised new concerns for possible adverse effects on exposed populations. This study demonstrates that MWCNTs at a low dose and C60F at a high dose stimulate the rapid initiation of acute inflammation, followed by extended resolution of inflammation in mouse lungs through the dynamic recruitment and activation of immune cells—in particular, the polarization of macrophages. Moreover, the lesions in MWCNT-exposed mice progressed to fibrotic granulomas, whereas it remained as alveolar histiocytosis in C60F-exposed mice. The large difference in potency and disease outcomes between MWCNTs and C60F found in this study provides a unique opportunity for further investigation of how distinct particulates with diverse physicochemical properties cause pulmonary inflammation and how the resolution or a “failed” resolution of inflammation contributes to the pathogenesis of progressive and lethal outcomes such as organ fibrosis and cancer in the lung and the pleura in humans.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at the National Institute for Occupational Safety and Health, Morgantown, WV, USA.



AUTHOR CONTRIBUTIONS

QM, DB, DP, CL, and PS conceived the study. QM, DP, and CL designed the study. CL, DP, MO, MB, TC, MW, LB, and BG performed the experiments. CL, MB, DP, MA, and QM performed analyses. CL provided draft manuscript. QM finalized the manuscript. All authors contributed to manuscript preparation.



FUNDING

This work was funded by grant 09390BN5 (DP and QM) from the Nanotechnology Research Center, and grant 09390BMX (QM) from the NORA Research Program at the National Institute for Occupational Safety and Health, Centers for Disease Control and Prevention, USA.



ABBREVIATIONS

AA, arachidonic acid; ALOX5, arachidonate 5-lipoxigenase; ALOX5AP, arachidonate 5-lipoxigenase activating protein; ALOX15, arachidonate 15-lipoxigenase; AM, alveolar macrophage; AT, aspirin-triggered; BMDIM, bone marrow-derived inflammatory monocytes; C60F, fullerene-C60; CI, confidence interval; CNT, carbon nanotube; COX, cyclooxygenase; DHA, docosahexaenoic acid; ENM, engineered nanomaterial; EPA, eicosapentaenoic acid; FACS, fluorescence-activated cell sorting; FSC, forward scattering; H&E, hematoxylin and eosin; IFN, interferon; IL, interleukin; LC-MS-MS, liquid chromatography with tandem mass spectrometry; LM, lipid mediator; LPS, lipopolysaccharides; LT, leukotriene; LX, lipoxin; M1, classically activated macrophage; M2, alternatively activated macrophage; MWCNT, multi-walled carbon nanotube; PBS, phosphate buffered saline; PG, prostaglandin; PMN, polymorphonuclear leukocyte; RvD, resolvin D; RvE, resolvin E; RvT, resolving T; SPM, specialized pro-resolving mediator; SSC, side scattering; Th, T helper; TNF, tumor necrosis factor; TSLP, thymic stromal lymphopoietin; WLL, whole lung lavage.



REFERENCES

 1. De Volder MF, Tawfick SH, Baughman RH, Hart AJ. Carbon nanotubes: present and future commercial applications. Science. (2013) 339:535–9. doi: 10.1126/science.1222453

 2. Kumar S, Rani R, Dilbaghi N, Tankeshwar K, Kim KH. Carbon nanotubes: a novel material for multifaceted applications in human healthcare. Chem Soc Rev. (2017) 46:158–96. doi: 10.1039/C6CS00517A

 3. Donaldson K, Aitken R, Tran L, Stone V, Duffin R, Forrest G, et al. Carbon nanotubes: a review of their properties in relation to pulmonary toxicology and workplace safety. Toxicol Sci. (2006) 92:5–22. doi: 10.1093/toxsci/kfj130

 4. Dong J, Ma Q. Advances in mechanisms and signaling pathways of carbon nanotube toxicity. Nanotoxicology. (2015) 9:658–76. doi: 10.3109/17435390.2015.1009187

 5. Manke A, Wang L, Rojanasakul Y. Pulmonary toxicity and fibrogenic response of carbon nanotubes. Toxicol Mech Methods. (2013) 23:196–206. doi: 10.3109/15376516.2012.753967

 6. Xu J, Alexander DB, Futakuchi M, Numano T, Fukamachi K, Suzui M, et al. Size- and shape-dependent pleural translocation, deposition, fibrogenesis, and mesothelial proliferation by multiwalled carbon nanotubes. Cancer Sci. (2014) 105:763–9. doi: 10.1111/cas.12437

 7. Liou SH, Tsai CS, Pelclova D, Schubauer-Berigan MK, Schulte PA. Assessing the first wave of epidemiological studies of nanomaterial workers. J Nanopart Res. (2015) 17:413. doi: 10.1007/s11051-015-3219-7

 8. Suzui M, Futakuchi M, Fukamachi K, Numano T, Abdelgied M, Takahashi S, et al. Multiwalled carbon nanotubes intratracheally instilled into the rat lung induce development of pleural malignant mesothelioma and lung tumors. Cancer Sci. (2016) 107:924–35. doi: 10.1111/cas.12954

 9. Vietti G, Lison D, Van Den Brule S. Mechanisms of lung fibrosis induced by carbon nanotubes: towards an Adverse Outcome Pathway (AOP). Part Fibre Toxicol. (2016) 13:11. doi: 10.1186/s12989-016-0123-y

 10. Muller J, Huaux F, Moreau N, Misson P, Heilier JF, Delos M, et al. Respiratory toxicity of multi-wall carbon nanotubes. Toxicol Appl Pharmacol. (2005) 207:221–31. doi: 10.1016/j.taap.2005.01.008

 11. Porter DW, Hubbs AF, Mercer RR, Wu N, Wolfarth MG, Sriram K, et al. Mouse pulmonary dose- and time course-responses induced by exposure to multi-walled carbon nanotubes. Toxicology. (2010) 269:136–47. doi: 10.1016/j.tox.2009.10.017

 12. Dong J, Ma Q. Myofibroblasts and lung fibrosis induced by carbon nanotube exposure. Part Fibre Toxicol. (2016) 13:60. doi: 10.1186/s12989-016-0172-2

 13. Dong J, Ma Q. Type 2 immune mechanisms in carbon nanotube-induced lung fibrosis. Front Immunol. (2018) 9:1120. doi: 10.3389/fimmu.2018.01120

 14. Moldoveanu B, Otmishi P, Jani P, Walker J, Sarmiento X, Guardiola J, et al. Inflammatory mechanisms in the lung. J Inflamm Res. (2009) 2:1–11. doi: 10.2147/JIR.S4385

 15. Medzhitov R. Inflammation 2010: new adventures of an old flame. Cell. (2010) 140:771–6. doi: 10.1016/j.cell.2010.03.006

 16. Sugimoto MA, Sousa LP, Pinho V, Perretti M, Teixeira MM. Resolution of inflammation: what controls its onset? Front Immunol. (2016) 7:160. doi: 10.3389/fimmu.2016.00160

 17. Nathan C, Ding A. Nonresolving inflammation. Cell. (2010) 140:871–82. doi: 10.1016/j.cell.2010.02.029

 18. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature. (2014) 510:92–101. doi: 10.1038/nature13479

 19. Erlinger TP, Platz EA, Rifai N, Helzlsouer KJ. C-reactive protein and the risk of incident colorectal cancer. JAMA. (2004) 291:585–90. doi: 10.1001/jama.291.5.585

 20. Helgadottir A, Manolescu A, Thorleifsson G, Gretarsdottir S, Jonsdottir H, Thorsteinsdottir U, et al. The gene encoding 5-lipoxygenase activating protein confers risk of myocardial infarction and stroke. Nat Genet. (2004) 36:233–9. doi: 10.1038/ng1311

 21. Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C, O'neill LA, et al. Resolution of inflammation: state of the art, definitions and terms. FASEB J. (2007) 21:325–32. doi: 10.1096/fj.06-7227rev

 22. Tabas I, Glass CK. Anti-inflammatory therapy in chronic disease: challenges and opportunities. Science. (2013) 339:166–72. doi: 10.1126/science.1230720

 23. Viola J, Soehnlein O. Atherosclerosis - a matter of unresolved inflammation. Semin Immunol. (2015) 27:184–93. doi: 10.1016/j.smim.2015.03.013

 24. Tang J, Lei L, Pan J, Zhao C, Wen J. Higher levels of serum interleukin-35 are associated with the severity of pulmonary fibrosis and Th2 responses in patients with systemic sclerosis. Rheumatol Int. (2018) 38:1511–9. doi: 10.1007/s00296-018-4071-8

 25. Chen J, Dai L, Wang T, He J, Wang Y, Wen F. The elevated CXCL5 levels in circulation are associated with lung function decline in COPD patients and cigarette smoking-induced mouse model of COPD. Ann Med. (2019) 51:314–29. doi: 10.1080/07853890.2019.1639809

 26. Haeggstrom JZ, Funk CD. Lipoxygenase and leukotriene pathways: biochemistry, biology, and roles in disease. Chem Rev. (2011) 111:5866–98. doi: 10.1021/cr200246d

 27. Gonzalez-Periz A, Claria J. New approaches to the modulation of the cyclooxygenase-2 and 5-lipoxygenase pathways. Curr Top Med Chem. (2007) 7:297–309. doi: 10.2174/156802607779941378

 28. Serhan CN, Savill J. Resolution of inflammation: the beginning programs the end. Nat Immunol. (2005) 6:1191–7. doi: 10.1038/ni1276

 29. Calder PC. n-3 fatty acids, inflammation and immunity: new mechanisms to explain old actions. Proc Nutr Soc. (2013) 72:326–36. doi: 10.1017/S0029665113001031

 30. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-inflammatory and pro-resolution lipid mediators. Nat Rev Immunol. (2008) 8:349–61. doi: 10.1038/nri2294

 31. Lee CR, Zeldin DC. Resolvin infectious inflammation by targeting the host response. N Engl J Med. (2015) 373:2183–5. doi: 10.1056/NEJMcibr1511280

 32. Nathan C. Neutrophils and immunity: challenges and opportunities. Nat Rev Immunol. (2006) 6:173–82. doi: 10.1038/nri1785

 33. Buzea C, Pacheco Ii, Robbie K. Nanomaterials and nanoparticles: sources and toxicity. Biointerphases. (2007) 2:MR17–71. doi: 10.1116/1.2815690

 34. Motwani MP, Gilroy DW. Macrophage development and polarization in chronic inflammation. Semin Immunol. (2015) 27:257–66. doi: 10.1016/j.smim.2015.07.002

 35. Ma Q. Polarization of immune cells in the pathologic response to inhaled particulates. Front Immunol. (2020) 11:1060. doi: 10.3389/fimmu.2020.01060

 36. Wynn TA, Barron L. Macrophages: master regulators of inflammation and fibrosis. Semin Liver Dis. (2010) 30:245–57. doi: 10.1055/s-0030-1255354

 37. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment. F1000Prime Rep. (2014) 6:13. doi: 10.12703/P6-13

 38. Werz O, Gerstmeier J, Libreros S, De La Rosa X, Werner M, Norris PC, et al. Human macrophages differentially produce specific resolvin or leukotriene signals that depend on bacterial pathogenicity. Nat Commun. (2018) 9:59. doi: 10.1038/s41467-017-02538-5

 39. Viola A, Munari F, Sanchez-Rodriguez R, Scolaro T, Castegna A. The metabolic signature of macrophage responses. Front Immunol. (2019) 10:1462. doi: 10.3389/fimmu.2019.01462

 40. Dong J, Ma Q. In vivo activation of a T helper 2-driven innate immune response in lung fibrosis induced by multi-walled carbon nanotubes. Arch Toxicol. (2016) 90:2231–48. doi: 10.1007/s00204-016-1711-1

 41. Dong J, Ma Q. Macrophage polarization and activation at the interface of multi-walled carbon nanotube-induced pulmonary inflammation and fibrosis. Nanotoxicology. (2018) 12:153–68. doi: 10.1080/17435390.2018.1425501

 42. Dong J, Ma Q. Integration of inflammation, fibrosis, and cancer induced by carbon nanotubes. Nanotoxicology. (2019) 13:1244–74. doi: 10.1080/17435390.2019.1651920

 43. Porter DW, Sriram K, Wolfarth MG, Jefferson A, Schwegler-Berry D, Andrew M, et al. A biocompatible medium for nanoparticle dispersion. Nanotoxicology. (2008) 2:144–54. doi: 10.1080/17435390802318349

 44. Erdely A, Dahm M, Chen BT, Zeidler-Erdely PC, Fernback JE, Birch ME, et al. Carbon nanotube dosimetry: from workplace exposure assessment to inhalation toxicology. Part Fibre Toxicol. (2013) 10:53. doi: 10.1186/1743-8977-10-53

 45. Yeganeh B, Kull CM, Hull MS, Marr LC. Characterization of airborne particles during production of carbonaceous nanomaterials. Environ Sci Technol. (2008) 42:4600–6. doi: 10.1021/es703043c

 46. Galer DM, Leung HW, Sussman RG, Trzos RJ. Scientific and practical considerations for the development of occupational exposure limits (OELs) for chemical substances. Regul Toxicol Pharmacol. (1992) 15:291–306. doi: 10.1016/0273-2300(92)90040-G

 47. Phalen RF, editor. The respiratory tract. In Inhalation Studies: Foundations and Techniques. 2nd ed. Boca Raton, FL: CRC Press (1984). p. 33–68. doi: 10.3109/9781420003260

 48. Stone KC, Mercer RR, Gehr P, Stockstill B, Crapo JD. Allometric relationships of cell numbers and size in the mammalian lung. Am J Respir Cell Mol Biol. (1992) 6:235–43. doi: 10.1165/ajrcmb/6.2.235

 49. Mercer RR, Scabilloni JF, Hubbs AF, Battelli LA, Mckinney W, Friend S, et al. Distribution and fibrotic response following inhalation exposure to multi-walled carbon nanotubes. Part Fibre Toxicol. (2013) 10:33. doi: 10.1186/1743-8977-10-33

 50. Fujita K, Morimoto Y, Ogami A, Myojyo T, Tanaka I, Shimada M, et al. Gene expression profiles in rat lung after inhalation exposure to C60 fullerene particles. Toxicology. (2009) 258:47–55. doi: 10.1016/j.tox.2009.01.005

 51. Dong J, Ma Q. Osteopontin enhances multi-walled carbon nanotube-triggered lung fibrosis by promoting TGF-beta1 activation and myofibroblast differentiation. Part Fibre Toxicol. (2017) 14:18. doi: 10.1186/s12989-017-0198-0

 52. Schulte PA, Kuempel ED, Zumwalde RD, Geraci CL, Schubauer-Berigan MK, Castranova V, et al. Focused actions to protect carbon nanotube workers. Am J Ind Med. (2012) 55:395–411. doi: 10.1002/ajim.22028

 53. Doran AC, Yurdagul A Jr, Tabas I. Efferocytosis in health and disease. Nat Rev Immunol. (2020) 20:254–67. doi: 10.1038/s41577-019-0240-6

 54. Wynn TA. Type 2 cytokines: mechanisms and therapeutic strategies. Nat Rev Immunol. (2015) 15:271–82. doi: 10.1038/nri3831

 55. Bafica A, Scanga CA, Serhan C, Machado F, White S, Sher A, et al. Host control of Mycobacterium tuberculosis is regulated by 5-lipoxygenase-dependent lipoxin production. J Clin Invest. (2005) 115:1601–6. doi: 10.1172/JCI23949

 56. Chiang N, Fredman G, Backhed F, Oh SF, Vickery T, Schmidt BA, et al. Infection regulates pro-resolving mediators that lower antibiotic requirements. Nature. (2012) 484:524–8. doi: 10.1038/nature11042

 57. Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage plasticity and polarization in tissue repair and remodelling. J Pathol. (2013) 229:176–85. doi: 10.1002/path.4133

 58. Spite M, Serhan CN. Novel lipid mediators promote resolution of acute inflammation: impact of aspirin and statins. Circ Res. (2010) 107:1170–84. doi: 10.1161/CIRCRESAHA.110.223883

 59. Dalli J, Chiang N, Serhan CN. Elucidation of novel 13-series resolvins that increase with atorvastatin and clear infections. Nat Med. (2015) 21:1071–5. doi: 10.1038/nm.3911

 60. Lee JK, Sayers BC, Chun KS, Lao HC, Shipley-Phillips JK, Bonner JC, et al. Multi-walled carbon nanotubes induce COX-2 and iNOS expression via MAP kinase-dependent and -independent mechanisms in mouse RAW264.7 macrophages. Part Fibre Toxicol. (2012) 9:14. doi: 10.1186/1743-8977-9-14

 61. Sayers BC, Taylor AJ, Glista-Baker EE, Shipley-Phillips JK, Dackor RT, Edin ML, et al. Role of cyclooxygenase-2 in exacerbation of allergen-induced airway remodeling by multiwalled carbon nanotubes. Am J Respir Cell Mol Biol. (2013) 49:525–35. doi: 10.1165/rcmb.2013-0019OC

 62. Brinckmann R, Schnurr K, Heydeck D, Rosenbach T, Kolde G, Kuhn H. Membrane translocation of 15-lipoxygenase in hematopoietic cells is calcium-dependent and activates the oxygenase activity of the enzyme. Blood. (1998) 91:64–74. doi: 10.1182/blood.V91.1.64

 63. Radmark O, Werz O, Steinhilber D, Samuelsson B. 5-Lipoxygenase, a key enzyme for leukotriene biosynthesis in health and disease. Biochim Biophys Acta. (2015) 1851:331–9. doi: 10.1016/j.bbalip.2014.08.012

 64. Li H, Tan XQ, Yan L, Zeng B, Meng J, Xu HY, et al. Multi-walled carbon nanotubes act as a chemokine and recruit macrophages by activating the PLC/IP3/CRAC channel signaling pathway. Sci Rep. (2017) 7:226. doi: 10.1038/s41598-017-00386-3

 65. Qu C, Brinck-Jensen NS, Zang M, Chen K. Monocyte-derived dendritic cells: targets as potent antigen-presenting cells for the design of vaccines against infectious diseases. Int J Infect Dis. (2014) 19:1–5. doi: 10.1016/j.ijid.2013.09.023

 66. Chakraborty K, Chatterjee S, Bhattacharyya A. Modulation of CD11c+ lung dendritic cells in respect to TGF-beta in experimental pulmonary fibrosis. Cell Biol Int. (2017) 41:991–1000. doi: 10.1002/cbin.10800

 67. Collin M, Bigley V. Human dendritic cell subsets: an update. Immunology. (2018) 154:3–20. doi: 10.1111/imm.12888

 68. Katwa P, Wang X, Urankar RN, Podila R, Hilderbrand SC, Fick RB, et al. A carbon nanotube toxicity paradigm driven by mast cells and the IL-(3)(3)/ST(2) axis. Small. (2012) 8:2904–12. doi: 10.1002/smll.201200873

 69. Rydman EM, Ilves M, Koivisto AJ, Kinaret PA, Fortino V, Savinko TS, et al. Inhalation of rod-like carbon nanotubes causes unconventional allergic airway inflammation. Part Fibre Toxicol. (2014) 11:48. doi: 10.1186/s12989-014-0048-2

 70. Bates MA, Akbari P, Gilley KN, Wagner JG, Li N, Kopec AK, et al. Dietary docosahexaenoic acid prevents silica-induced development of pulmonary ectopic germinal centers and glomerulonephritis in the lupus-prone NZBWF1 mouse. Front Immunol. (2018) 9:2002. doi: 10.3389/fimmu.2018.02002

 71. Benninghoff AD, Bates MA, Chauhan PS, Wierenga KA, Gilley KN, Holian A, et al. Docosahexaenoic acid consumption impedes early interferon- and chemokine-related gene expression while suppressing silica-triggered flaring of murine lupus. Front Immunol. (2019) 10:2851. doi: 10.3389/fimmu.2019.02851

 72. Wierenga KA, Wee J, Gilley KN, Rajasinghe LD, Bates MA, Gavrilin MA, et al. Docosahexaenoic acid suppresses silica-induced inflammasome activation and IL-1 cytokine release by interfering with priming signal. Front Immunol. (2019) 10:2130. doi: 10.3389/fimmu.2019.02130

 73. Kilburg-Basnyat B, Reece SW, Crouch MJ, Luo B, Boone AD, Yaeger M, et al. Specialized pro-resolving lipid mediators regulate ozone-induced pulmonary and systemic inflammation. Toxicol Sci. (2018) 163:466–77. doi: 10.1093/toxsci/kfy040

 74. Posso SV, Quesnot N, Moraes JA, Brito-Gitirana L, Kennedy-Feitosa E, Barroso MV, et al. AT-RVD1 repairs mouse lung after cigarette smoke-induced emphysema via downregulation of oxidative stress by NRF2/KEAP1 pathway. Int Immunopharmacol. (2018) 56:330–8. doi: 10.1016/j.intimp.2018.01.045

 75. NIOSH. Health Effects of Occupational Exposure to Respirable Crystalline Silica. DHHS (NIOSH) Publication No. 2002-129. Cincinnati, OH: DHHS CDC NIOSH (2002).

 76. NIOSH. Work-Related Lung Disease (WoRLD) Surveillance System: Coal Workers' Pneumoconiosis and Related Exposures (2016).

Disclaimer: The findings and conclusions in this report are those of the authors and do not necessarily represent the official position of the National Institute for Occupational Safety and Health, Centers for Disease Control and Prevention.

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.

Copyright © 2020 Lim, Porter, Orandle, Green, Barnes, Croston, Wolfarth, Battelli, Andrew, Beezhold, Siegel and Ma. 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.












	
	REVIEW
published: 17 June 2020
doi: 10.3389/fimmu.2020.01060






[image: image2]

Polarization of Immune Cells in the Pathologic Response to Inhaled Particulates

Qiang Ma*

Receptor Biology Laboratory, Toxicology and Molecular Biology Branch, Health Effects Laboratory Division, National Institute for Occupational Safety and Health, Centers for Disease Control and Prevention, Morgantown, WV, United States

Edited by:
Uday Kishore, Brunel University London, United Kingdom

Reviewed by:
Jiu-Yao Wang, National Cheng Kung University, Taiwan
 Raymond B. Birge, Rutgers, The State University of New Jersey, United States

*Correspondence: Qiang Ma, qam1@cdc.gov

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

Received: 30 December 2019
 Accepted: 01 May 2020
 Published: 17 June 2020

Citation: Ma Q (2020) Polarization of Immune Cells in the Pathologic Response to Inhaled Particulates. Front. Immunol. 11:1060. doi: 10.3389/fimmu.2020.01060



Polarization of immune cells is commonly observed in host responses associated with microbial immunity, inflammation, tumorigenesis, and tissue repair and fibrosis. In this process, immune cells adopt distinct programs and perform specialized functions in response to specific signals. Accumulating evidence indicates that inhalation of micro- and nano-sized particulates activates barrier immune programs in the lung in a time- and context-dependent manner, including type 1 and type 2 inflammation, and T helper (Th) 17 cell, regulatory T cell (Treg), innate lymphoid cell (ILC), and myeloid-derived suppressor cell (MDSC) responses, which highlight the polarization of several major immune cell types. These responses facilitate the pulmonary clearance and repair under physiological conditions. When exposure persists and overwhelms the clearance capacity, they foster the chronic progression of inflammation and development of progressive disease conditions, such as fibrosis and cancer. The pulmonary response to insoluble particulates thus represents a distinctive disease process wherein non-infectious, persistent exposures stimulate the polarization of immune cells to orchestrate dynamic inflammatory and immune reactions, leading to pulmonary and pleural chronic inflammation, fibrosis, and malignancy. Despite large variations in particles and their associated disease outcomes, the early response to inhaled particles often follows a common path. The initial reactions entail a barrier immune response dominated by type 1 inflammation that features active phagocytosis by M1 macrophages and recruitment of neutrophils, both of which are fueled by Th1 and proinflammatory cytokines. Acute inflammation is immediately followed by resolution and tissue repair mediated through specialized pro-resolving mediators (SPMs) and type 2 cytokines and cells including M2 macrophages and Th2 lymphocytes. As many particles and fibers cannot be digested by phagocytes, resolution is often extended and incomplete, and type 2 inflammation becomes heightened, which promotes interstitial fibrosis, granuloma formation, and tumorigenesis. Recent studies also reveal the involvement of Th17-, Treg-, ILC-, and MDSC-mediated responses in the pathogenesis caused by inhaled particulates. This review synopsizes the progress in understanding the interplay between inhaled particles and the pulmonary immune functions in disease pathogenesis, with focus on particle-induced polarization of immune cells and its role in the development of chronic inflammation, fibrosis, and cancer in the lung.
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INTRODUCTION: THE IMMUNE CONNECTION OF INHALED PARTICLES

Humans maintain the systemic oxygen and carbon dioxide levels through respiration. During respiration, human lungs inhale and exhale ~7,200–11,520 liters of air each day to exchange the gases with the blood across the surface of about 300 million alveoli (1, 2). At the same time, respiration exposes the lung to a myriad of potentially harmful airborne agents, including microbes, allergens, and inorganic particulates, from inhaled air on a daily basis (3–6). The pulmonary immune system must recognize these microbial and non-microbial threats and react swiftly to destroy and clear them from the lung in order to keep the airway and alveolar space clean and healthful, which is essential for the proper ventilation, gas exchange, and host defense in the lung. For this purpose, the lung has evolved with delicate and unique barrier immune mechanisms that enable it to defend against inhaled pathogens and non-infectious insults effectively. Loss or exacerbation of the lung barrier immunity is known to have a major impact on the development of lung disease caused by microbial and some non-microbial exposures (5–9).

The respirable inorganic particulates consist of a large group of particles, fibers, dusts, and engineered nanomaterials (ENMs). These micro- and nano-sized, insoluble particulates represent a unique threat to pulmonary structure and function. Humans are constantly exposed to these particulates through polluted air, automobile exhaust, industrial and occupational exposures, consumer products, and natural and man-made disastrous events. Because of their small size and airborne propensity, these particles and fibers can reach small airways and alveoli upon inhalation, with some penetrating into the interstitial space, pleural cavity, and blood circulation, causing a range of disease conditions, such as inflammation, fibrosis, cancer, and autoimmune dysfunction, in the lung and pleura, and some in extrapulmonary organs (4, 10–12).

A link between inhaled particulates and respiratory illness was noted as early as the 15th and 16th century. Nonetheless, it was not until the 19th and early 20th centuries that inhaled particles and dusts were established as the direct cause of several deadly lung diseases, including silicosis and accompanying tuberculosis, black lung disease and associated massive progressive fibrosis (MPF), and particle-associated lung cancer and mesothelioma (10, 13). Crystalline silica, asbestos, and coal dust were the three major particulate hazards that exerted a major toll of death and morbidity in many western countries during their rapid industrialization. Although exposure to these prototypical industrial dusts has been greatly reduced for decades, particle-induced lung disease continues to be a substantial health threat to workers and populations at large in many developing countries and to some professions in developed countries worldwide (14–17). Moreover, the rapid development of ENMs in the past two decades has raised new concerns, as certain nanomaterials, such as carbon nanotubes (CNTs), were found to cause pulmonary inflammation, fibrosis, and cancer in exposed animals, with some having potencies larger than those of silica and asbestos (4, 11, 18). On the other hand, our understanding of how inhaled particles cause progressive lung disease remains largely limited at the level of anatomical pathology despite decades of intensive research. In part, this lack of mechanistic insights into particle toxicity is responsible for the nonexistence of effective therapy against lung disease caused by particulates. As such, these diseases are frequently progressive and refractory to therapy, giving rise to high rates of mortality and disability. For these reasons, there is substantial, renewed interest in understanding the fundamental aspects of the interaction between inhaled particles and human lungs and how it leads to diverse diseases.

Establishing the connection between pulmonary immunity and disease pathogenesis by inhaled particulates is not intuitive, as inorganic particulates do not possess antigenic structures like microbial proteins and allergens. Accordingly, the interaction between the immune system and inhaled particulates in the lung has long being considered as one that is passive and simple. In this framework, inhaled particles are cleared from the lung rapidly and passively by innate immune mechanisms, which consist of phagocytosis by sentinel alveolar macrophages (AMs), mucociliary escalator transport by airway epithelia, and drainage into the local lymph nodes. In the process, engulfing phagocytes can be poisoned by particulates as inorganic particles cannot be digested by the phagocytes. While the importance of these particle-innate immune interactions in the pulmonary clearance of inhaled particles is well recognized, little is known about how the interaction between inhaled particles and the pulmonary immune system contributes to disease development. In this regard, several lines of recent evidence and progress provided new insights into the role of pulmonary immunity in the pathogenesis of lung disease caused by inhaled particles.

A number of epidemiological studies have identified an association between exposure to silica and increased incidence of autoimmune disorders, including systemic lupus erythematosus, systemic sclerosis, and rheumatoid arthritis, in exposed workers in comparison to the general population (12, 19–23). Exposure to silica or asbestos also increased the production of autoantibodies and caused hypergammaglobulinemia in individuals that did not have a diagnosed autoimmune disease (24). The mechanism by which inhaled particles cause autoimmune reactions and disease is not well understood. Experimental evidence suggested a role of particle-induced cell death, inflammation, and release of tissue antigens, which may account for the production of autoantibodies, but does not readily explain how self-tolerance is breached and autoimmune disease is induced from particle exposure (12, 25). In the meantime, a large body of evidence has been obtained to demonstrate that pulmonary exposure to silica, asbestos, and nanomaterials stimulates polarized immune and inflammatory responses in exposure-, time-, and context-dependent manners. These responses resemble aspects of the pulmonary immunity against inhaled pathogens and allergens, including type 1 and type 2 immunity/inflammation, and T helper (Th) 17 cell, regulatory T cell (Treg), innate lymphoid cell (ILC), and myeloid-derived suppressor cell (MDSC), responses. Central to these polarized immune reactions is the polarization of some major immune cells, such as subtypes of CD4+ Th cells, Tregs, ILCs, classically or alternatively activated (M1 or M2) macrophages, and MDSCs. Under physiological conditions, these responses facilitate the clearance of inhaled particles, repair of damaged lung tissue, and return of pulmonary homeostasis. When exposure persists and overwhelms the clearance capacity of the lung, these immune reactions foster the chronic progression of inflammation and development of progressive disease conditions, such as fibrosis and cancer. In this regard, the pulmonary response to insoluble particulates represents a distinctive disease process in which non-infectious, persistent exposures stimulate the polarization of immune cells to orchestrate dynamic inflammatory and immune responses, leading to pulmonary and pleural chronic inflammation, fibrosis, and malignancy, as well as systemic autoimmune dysfunction. Therefore, understanding the interplay between inhaled particulates and the pulmonary immune functions is key to the mechanistic study, risk assessment, and drug targeting against particle-induced chronic and progressive diseases.

This review summarizes recent advances that highlight immune mechanisms in the development of pulmonary inflammation, fibrosis, and cancer caused by exposure to inhaled micro and nano particulates. The review focuses on induced polarization of immune cells and their responses, which is believed to play a major role in disease pathogenesis by inhaled particles. This body of knowledge would facilitate the safety evaluation, biomarker identification, and therapeutic targeting against inhaled particulates. For discussion on the autoimmune effects of inhaled particles, readers are referred to several excellent, dedicated reviews (12, 19, 21, 22, 24, 25).



POLARIZATION OF IMMUNE CELLS IN PULMONARY BARRIER IMMUNITY AND DISEASE

Much of our understanding of the pulmonary barrier immunity derives from studies on immunity against pathogens and allergens (5, 6, 26–28). Therefore, it is useful to briefly review some concepts and mechanisms involved in pulmonary microbial immunity and allergy that are pertinent to particle clearance and pathogenesis.

Inhaled pathogens and allergens stimulate immune reactions in the lung through complex and delicate interplays between resident and infiltrating, innate and adaptive, immune cells. These interactions lead to the production of secreted mediators, including cytokines, chemokines, growth factors, lipid mediators, and reactive chemicals. Together, these cellular and molecular mediators shape the tissue response to exposed pathogens and allergens, including inflammation, pulmonary clearance, and tissue repair. Epithelial cells, dendritic cells (DCs), and AMs are among the first line of cells to contact exposed microbes (27, 28). These sentinel cells recognize microbial antigens and pathogen-associated molecular patterns (PAMPs) through cell surface and intracellular receptors, such as Toll-like receptors (TLRs) and pattern recognition receptors (PRRs). The PRR-activated inflammasomes integrate a wide range of stimulating signals to boost proinflammatory responses by promoting the maturation and secretion of interleukin (IL)-1β and IL-18. DCs present antigenic signals to T cells and activate adaptive immunity, such as B cell activation and immunoglobulin (Ig) class-switching. Innate immune cells initiate downstream inflammatory and immune responses by releasing danger-associated molecular patterns (DAMPs) and proinflammatory mediators. These signals coordinate the recruitment of inflammatory and immune cells to the site of infection. Neutrophils infiltrate immediately and mediate short-term immune-pathogen interactions, whereas monocytes, macrophages, and lymphocytes predominate later responses and promote the resolution of inflammation and wound healing in addition to pathogen clearance. When this pulmonary barrier immunity is compromised, the lung becomes a port of entry for inhaled pathogens to invade and proliferate, causing different types of lung infections and allergic reactions, exemplified by bacterial and viral pneumonia, tuberculosis, and asthma.

In both normal and pathologic pulmonary responses, the respiratory immune system is tailored to respond to different classes of pathogens and allergens optimally through disparate immune reactions commonly known as type 1, type 2, and type 3 immunity (Figure 1) (29, 30). In many chronic disease conditions and during non-infectious exposures, inflammation often predominates the immune responses. In these cases, the immune responses are sometimes called type 1, type 2, and type 3 inflammation, respectively.
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FIGURE 1. Polarization of immune cells and responses in pulmonary barrier immunity. Inhaled pathogens, allergens, and sterile insults stimulate barrier immune and inflammatory responses in the airways and lung parenchyma through polarized innate and adaptive immune cells. Interaction between the inhaled instigators and sentinel cells (epithelial and endothelial cells, DCs, and macrophages), as well as infiltrating PMNs, generates PAMPs, DAMPs, alarmins, and pro-inflammatory mediators that trigger the activation and polarization of immune cells. Naïve CD4+ T lymphocytes (Th0) can differentiate into Th1, Th2, Th17 subpopulations that mediate type 1, type 2, and type 3 immunity/inflammation, respectively. CD4+ Th0 cells can also polarize to TFH that mediate B cell activation and class-switching, and Treg that down-regulate effector T cell effects. B lymphocytes may polarize to Breg to suppress type 1 inflammation, whereas MDSC cells derived from perturbed myelopoiesis exhibit immunosuppressive, pro-tumorigenic, and pro-fibrotic activities. AM, alveolar macrophage; Breg, regulatory B; DAMP, danger-associated molecular pattern; DC, dendritic cell; IFN, interferon; IL, interleukin; ILC, innate lymphoid cell; MDSC, myeloid-derived suppressor cell; PAMP, pathogen-associated molecular pattern; PMN, polymorphonuclear leukocyte; TFH, follicular helper T; TGF, transforming growth factor; Th, T helper; Treg, regulatory T.


Type 1 immunity is characterized by Th1 cells and ILC group 1 cells, which secrete interferon (IFN) γ, IL-2, and lymphotoxin-α. Type 1 responses protect against intracellular microbes through activated mononuclear phagocytes, i.e., M1 macrophages, and an array of proinflammatory cytokines, eicosanoids, and reactive oxygen species (ROS) and reactive nitrogen species (RNS), to stimulate acute inflammation and bacterial killing. Heightened type 1 responses cause excessive damage to lung tissue and contribute to disease pathogenesis, including releasing self-antigens that induce autoimmune reactions.

Type 2 immunity consists of Th2 cells, ILC2s, and M2 macrophages, which secrete type 2 cytokines, such as IL-4, IL-5, IL-9, IL-10, and IL-13. These cytokines recruit and activate type 2 effector cells, including eosinophils, basophils, mast cells, and myofibroblasts. Some Th2 cells migrate to lymph node follicles and promote IgE class switch and B cell activation and, hence, are called follicular helper T cells (TFHs). Type 2 responses protect against helminth infection, venoms, and allergens under physiological conditions but, when dysregulated, lead to atopic responses, such as asthma and anaphylaxis. Recent studies reveal that ILC2s can be activated in response to a wide range of stimuli. Moreover, activated ILC2s secrete copious amounts of type 2 cytokines prior to Th2 activation (31). These findings suggest a mechanism by which type 2 responses can be initiated in the absence of apparent antigenic stimulation. Functionally, type 2 immunity has been traditionally associated with allergic responses, host defense against helminth infection, and tissue repair. Recent findings suggest a contemporary view of type 2 functions in which type 2 responses seemingly play a more general role in defense against noxious environmental stimuli besides mediating host immunosurveillance at barrier sites. In this context, type 2 reactions help eliminate, restrict, and neutralize noxious environmental substances and triggers, such as allergens, as well as repair tissue damage and minimize inflammation at surface tissue. Key to the function of type 2 responses in tissue regeneration, wound healing, and suppression of type 1 inflammation is the production of transforming growth factor (TGF) β by type 2 cells, such as M2 macrophages. Additionally, ILC2s, eosinophils, and type 2 cytokines are vital regulators of adipose precursor number and fate and the overall adipose tissue homeostasis (32). This innate type 2 immune metabolic circuit regulates energy metabolism and, thereby, controls insulin sensitivity and lean physiology (33). Therefore, the current view of the biology and scope of type 2 immunity has expanded considerably beyond the traditionally recognized type 2 responses (34).

Type 1 and type 2 responses are mutually suppressive to each other in many cases and hence are dichotomous, which helps orchestrate the temporal development of host responses to infection and inflammatory instigators. Apart from this widely accepted paradigm of type 1 and type 2 immunity, a type 3 immune response has been implicated in pulmonary immunity. Type 3 immunity is characterized by Th17 cells and ILC3s, and the production of IL-17 and IL-22 cytokines. Type 3 immune responses protect against extracellular bacteria and fungi through mononuclear phagocytes and neutrophils at mucous membrane epithelia (30).

Central to these three types of immunity/inflammation is the polarization of several major immune cells, including T lymphocytes, macrophages, and ILCs, induced by microbial signals, allergens, sterile insults, and microenvironmental cues from damaged tissue (Figure 1). During polarization, innate and adaptive immune cells adopt distinct programs to obtain unique properties and perform specialized functions in associated immune responses (30). Naïve CD4+ T, i.e., Th0, cells can differentiate into Th1, Th2, or Th17 cells in response to specific stimulating signals. Polarized Th cells play critical roles in the initiation, amplification, and resolution or progression of type 1, typ2, or type 3 immunity, accordingly. Similarly, ILCs can polarize into ILC1, ILC2, and ILC3 subpopulations to regulate associated immune responses.

Polarization of immune effector cells is best exemplified by the induced differentiation of macrophages into M1 and M2 macrophages during type 1 and type 2 immune responses, respectively (35–38). M2 cells can be further separated into distinctive 2a, 2b, 2c, and 2d subgroups according to their activating signals, secreted cytokines, and activities. IL-4 and IL-13 are major inducers of M2a polarization. M2a cells regulate tissue repair and the internalization of proinflammatory molecules by upregulating the expression of arginase-1 (ARG1), mannose receptor C-type 1 (MRC1, CD206), major histocompatibility complex (MHC) II, and IL-10 and TGF-β. M2b cells are activated by immune complexes or lipopolysaccharides (LPS) and produce IL-1, IL-6, IL-10, and TNF-α to activate Th2 cells and anti-inflammatory activities. M2c cells are activated in response to IL-10, TGF-β and glucocorticoids. M2cs produce IL-10 and TGF-β to suppress inflammatory responses. M2ds, which are activated by IL-6 and adenosine, are associated with tumor microenvironment and, hence, are named tumor-associated macrophages (TAMs). Polarization of TAMs is regulated by cell signaling molecules, such as IL-4 and IFN-γ, as well as extracellular metabolites, such as lactate, in the tumor microenvironment (39). Of note, polarization of macrophages exhibits considerable plasticity with regard to their cell source, inducing signal, mechanism of differentiation, and interconversion between subtypes (35–38).

In addition to type 1, type 2, and type 3 responses, Treg lymphocytes can be enriched to regulate immune responses by controlling the polarization of Th1, Th2, and Th17 effector T (T eff) cells and hence the balance among these immune responses. MDSCs are differentiated from bone marrow precursors as a result of perturbed myelopoiesis caused by pathogens and malignancy. MDSCs are characterized by their strong inhibitory activities toward T eff cells. Consistent with these major functions of polarized immune cells in the initiation and regulation of different types of immunity, a large body of evidence supports critical roles of immune cell polarization in microbial immunity and the pathogenesis of a wide range of diseases, including infection, autoimmunity, chronic inflammation, fibrosis, malignancy, atherosclerosis, neurodegeneration, and pertinent to this review, wound healing and fibrosis. For more detailed discussions on pulmonary microbial immunity and allergy, readers are referred to specialized reviews published elsewhere (29, 30, 34, 40, 41).



INFLAMMATION AS A COMMON RESPONSE TO INHALED PARTICLES

Inhaled particulates can cause a diverse range of disease phenotypes in humans and animal models. Among them, chronic inflammation, fibrosis, and cancer predominate and are of particular concern, as these pathologic conditions frequently adopt a progressive course to lead to severe outcomes (18). The pathogenesis of these chronic pathologic outcomes is complex and would differ from one another. Nevertheless, there clearly exist certain common features in the pathological effects caused by different types of particulates. These are exemplified by the presence of prominent granulomatous inflammation and interstitial fibrosis in the parenchyma of lungs exposed to inhaled particles and nanoparticles, and mesothelioma and pleural plague caused by inhaled asbestos fibers and carbon nanotubes. These common pathologic phenotypes suggest shared mechanisms in the pathogenesis of particulate-induced illnesses, which are seemingly attributable to the interactions between inhaled particles and the pulmonary immune system (12, 42, 43).

Pulmonary inflammation is a common and often the most prominent early response to inhaled particulates, provided an appropriate dose is received. Highly toxic particulates, exemplified by crystalline silica, crocidolite asbestos, and some CNTs, such as the Mitsui multi-walled CNTs (MWCNTs), i.e., XNRI MWNT-7, that have a fiber-like shape with high rigidity, stimulate apparent acute inflammatory responses in the airway and parenchyma at a low dose (44–46). On the other hand, poorly soluble particles of low toxicity (PSLTs), such as coal dust and amorphous carbon black, require substantially higher doses than those of silica and asbestos—often in one or more orders of magnitude—to induce evident inflammation. Mechanistically, acute inflammation is mediated mainly through the actions of innate immune cells, blood vessels, and molecular mediators. The acute response is characterized by increased movement of the plasma and blood leukocytes, mostly neutrophils, but also basophils, eosinophils, monocytic phagocytes, mast cells, and lymphocytes, which migrate across permeabilized micro blood vessels to tissues where particles deposit and injuries occur. A variety of proinflammatory cytokines, chemokines, growth factors, eicosanoids, and reactive chemicals are produced from activated immune cells and injured epithelial, endothelial, and fibroblastic cells. Proinflammatory mediators are secreted into the interstitial, alveolar, and pleural spaces to regulate the cellular, vascular, and matrix reactions. Some inflammatory mediators, such as ROS and RNS like nitric oxide (NO), are potently cytotoxic and can cause substantial damage to lung tissue if acute inflammation is heightened or prolonged. Therefore, acute inflammation is generally followed by resolution events, which avoid excessive tissue damage and promote recovery of tissue homeostasis. A combination of mediators and events mediate the resolution of inflammation, including specialized pro-resolving mediators (SPMs) and cytokines IL-10 and TGF-β. SPMs inhibit proinflammatory activities, such as the recruitment of neutrophils, and, at the same time, promote active pro-resolving activities, including efferocytosis of dead neutrophils and injured epithelia by macrophages and repair of damaged tissue through activated fibroblasts and myofibroblasts (47).

The role of inflammation in the development of particle-induced chronic outcomes has long been a subject of debate. It has been generally believed that the continued presence of particles and inflammation in lung tissue stimulates fibroproliferation and matrix production and remodeling, which promote fibrosis and tumorigenesis. This view of a causative relationship between inflammation and pathogenesis of fibrosis and malignancy is perhaps overly simple, because anti-inflammatory therapy has not proven to be beneficial in treating these diseases clinically. On the other hand, recent studies have provided new, significant, mechanistic insights into the inflammatory response to inhaled particles. These include a time-dependent development of type 1 and type 2 inflammation, the activation and function of several lymphocytic and myeloid immune cell-mediated immune responses, and a better understanding of the molecular basis for inflammation resolution and chronic progression. Moreover, these reactions have been shown to play critical roles in the development of fibrosis, cancer, and autoimmune dysfunction (18, 25, 42, 43). From this prospect, our understanding of the pulmonary inflammatory responses to inhaled particles has changed considerably in both their underlying immune mechanisms and relevance to disease pathogenesis, which are discussed in more details in the following sections.



TYPE 1 INFLAMMATION IN PULMONARY PARTICLE CLEARANCE AND INJURY

Evidence obtained in recent years supports that pulmonary inflammation and fibrosis development induced by inhaled particles is a dynamic and complex process that is dominated by several immune cell-mediated reactions and mechanisms (18, 42, 43). In particular, the recognition of a time-dependent evolvement of type 1 inflammation and its resolution, followed by type 2 inflammation and progression to chronic pathology, has generated new insights into how the pulmonary inflammatory and fibrotic responses to inhaled particles are initiated and propagated in the lung (Figure 2) (18, 42).
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FIGURE 2. Time-dependent development of type 1 and type 2 inflammation in the acute phase response to particles. Pulmonary exposure to inhaled particulates stimulates the swift recruitment of PMN and other acute inflammatory cells, which is predominated by Th1 and M1-controlled type 1 immune responses. Acute inflammation is reduced in intensity rapidly through active pro-resolution mechanisms, which mainly consist of SPMs, such as lipoxins and resolvins, and type 2 cells and cytokines, such as M2s, IL-10 and TGF-β1. M2s are a major source of SPMs. Accumulation of Th2 and M2 cells begins early, peaks between week 1 and week 2 post-exposure, and extends into the chronic stage of pulmonary lesions. In this context, type 2 inflammation suppresses type 1 inflammation by promoting its resolution and promotes pro-fibrotic and pro-tumorigenic responses by boosting fibroproliferation and the formation of a pro-tumorigenic microenvironment. Major activities during type 1 inflammation, resolution, and type 2 inflammation are listed within corresponding peak areas. PMN infiltration is often measured in the BAL fluid, whereas type 2 cell accumulation manifests in lung tissue. Activity and time scales are for illustration purpose. Multi-walled carbon nanotubes (MWCNTs) are shown to represent particles administered to lungs at time zero. ALOX, arachidonate lipoxygenase; LT, leukotriene; LX, lipoxin; M1, classically activated macrophage; M2, alternatively activated macrophage; NO, nitric oxide; PGE, prostaglandin E; RvD, resolvin D; RvE, resolving E; SPM, specialized pro-inflammatory mediators; Th, T helper; TGF, transforming growth factor; TNF, tumor necrosis factor. Other abbreviations are as described in Figure 1 legend.



Type 1 Inflammation as the Initial Response to Inhaled Particles

Despite large variations among inhaled particles in their physicochemical properties and pathologic effects, the initial pulmonary response to these particles often follows a common path. This initial response is predominated by acute inflammation that is characterized by rapid recruitment of polymorphonuclear leukocytes (PMNs) and other inflammatory cells, secretion of high levels of proinflammatory cytokines and cytotoxic chemicals, and active phagocytosis of particles by alveolar and airway macrophages. Recent evidence reveals that the acute response to inhaled particles is coordinated by type 1 immune cells, such as M1s, Th1s, ILC1s, and DCs, and type 1 cytokines, such as Th1-derived INF-γ and IL-2, DC-derived IL-12, and M1-derived IL-1β (Table 1) (51–53, 64–68, 78, 79).


Table 1. Polarization of immune cells in the immune and inflammatory responses to inhaled particulates.
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In type 1 inflammation, polarized Th1, M1, and ILC1 cells and secreted type 1 cytokines coordinate the rapid infiltration of neutrophils and monocytes, and elevated production and secretion of proinflammatory cytokines, such as IL-1β, IL-6, TNF-α, in response to particle exposure. For instance, elevated levels of type 1 cells, type 1 cytokines, and proinflammatory cytokines were detected in the bronchoalveolar lavage (BAL) fluid and lung tissues of rats and mice exposed to silica, asbestos, and CNTs (44–46, 51–53). These acute inflammatory events emerge in hours upon exposure, and peak in 1–3 days, but then decrease rapidly in intensity within a week, which reflects the self-limiting nature of acute type 1 inflammation (44–46). Elevated levels of IL-1β, IL-6, and TNF-α were also detected in the sputum and serum collected from workers exposed to MWCNTs (72). These findings support that the early acute inflammatory response to inhaled particles in the lung is predominated by type 1 inflammation, which is governed primarily via the polarization of type 1 immune cells.



Polarization of Type 1 Immune Cells


DCs, ILC1s, and Th1s

The initiation of type 1 inflammation involves the activation of DCs and ILC1s. Activated DCs and ILC1s produce IL-12 and IL-18 that induce the polarization of Th1 (CD4+ IFN-γ+) lymphocytes from naïve CD4+ Th0 cells. Th1 and ILC1 cells secrete IFN-γ and TNF-α that stimulate the polarization of macrophages toward an M1 phenotype, a major cellular event in the initiation and amplification of type 1 inflammation. A recent study reveals that exposure of rats to silica by intra-tracheal instillation increased the number of Th1 cells and the levels of IFN-γ and IL-12 in the lung, which were likely to be stimulated by increased recruitment of DCs in the early inflammatory phase of the pulmonary response (79). In a separate study, exposure to amorphous silica nanoparticles enhanced the polarization of Th1 lymphocytes and the production of IFN-γ in ovalbumin (OVA)-sensitized mice (67). Exposure of mice to MWCNTs or single-walled CNTs (SWCNTs) elevated the levels of IL-12 and IFN-γ, indicating the activation of DCs, ILC1s, and Th1 lymphocytes by inflammatogenic CNTs (51, 52).



M1 Macrophages

M1 macrophages are primary effector cells in type 1 inflammation. M1s are characterized by their high capacity of phagocytosis of microbes and particles and their production of large quantities of type 1 inflammatory mediators. Type 1 mediators include proinflammatory cytokines, such as IFN-γ, IL-1, IL-6, IL-12, IL-23, and TNF-α, bactericidal agents, such as NO, and matrix-remodeling enzymes, such as matrix metallopeptidases (MMPs). Together, these cellular and molecular events enable the enhanced engulfment of particles and rapid evolvement of type 1 inflammation. In an animal study, pulmonary exposure to MWCNTs increased the number of M1 macrophages in mouse lungs by day 1 that reached a peak level on day 3 post-exposure (78). These M1 macrophages had elevated levels of CD86, MHC II, and inducible nitric oxide synthase (iNOS). Expression of these M1 markers involves the activation of two transcription factors, i.e., the signal transducer and activator of transcription (STAT) 1 and the interferon regulatory factor (IRF) 5 (78). Chrysotile asbestos exposed to mouse lungs induced the polarization of AMs toward an M1 phenotype in the absence of the macrophage receptor with collagenous structure (MARCO) (66). In vitro exposure of cultured macrophages to MWCNTs stimulated the differentiation of the cells to a mixed population of M1 and M2 cells (64).




Particle Sensing and Signaling Through PRRs in Type 1 Inflammation

The mechanism by which immune cells sense particulates and how these signals are transduced to initiate and amplify type 1 inflammation involve complex cellular and molecular mechanisms that are not well understood at the present time. It is believed that PRRs of immune cells—in particular, AMs, DCs, and epithelial cells—play a major role in the recognition of particles and their associated signals. In this regard, MARCO at the surface of AMs appears to mediate the binding and uptake of crystalline silica particles and perhaps asbestos fibers as well by macrophages (66, 83). The NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome is a cytoplasmic multi-protein oligomer complex that regulates acute inflammation by controlling the proteolytic cleavage, maturation and secretion of IL-1β and IL-18 (84). NLRP3 senses and integrates a wide range of exogenous and endogenous signals, such as various DAMPs released from damaged cells. Inorganic particulates, including silica, asbestos, monosodium urate (MSU) crystals, cholesterol crystals, and nanoparticles, have been shown to activate the NLRP3 inflammasome in cultured macrophages in vitro and in lung tissues in vivo (85–87). The mechanism by which these particulates activate NLRP3 inflammasome remains unclear but may involve the production of ROS induced by exposure to particles. This NLRP3/IL-1β pathway is clearly required for the acute inflammatory response to particles in the lung, as suppression of the pathway by knocking out the gene encoding IL-1 receptor (IL-1R1) or inhibiting IL-1R1 signaling using IL-1R1 antagonist anakinra attenuated neutrophilia in the lung (85, 86). At the level of gene transcription, induction of many type 1 cytokines and growth factors, such as TNF-α, IL-1β, and IFN-γ, involves the transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). A recent study has delineated the signaling pathway of NF-κB activation in mouse lungs after exposure to MWCNTs, which provides a mechanistic framework for in vivo analysis of gene regulation in pulmonary type 1 inflammation induced by inhaled particulates (88).



Type 1 Inflammation and Particle Clearance

A primary purpose of the type 1 inflammatory response to inhaled particles is to clear the particles from the lung. Unlike microbial clearance where both neutrophils and macrophages engulf and kill invading pathogens, the pulmonary clearance of inorganic particles is mediated mainly through phagocytosis by AMs and airway and interstitial macrophages. These macrophages exhibit M1 phenotypes and have a high efficiency and plasticity with respect to the nature and dimensions of particles and fibers that are engulfed. In contrast, neutrophils appear to be incapable of, or very inefficient in, phagocytosing inorganic particles, even though they are recruited to the affected lung tissue site rapidly and in large numbers. Because inorganic particles cannot be digested and degraded by phagocytes quickly, engulfed particles are transported to local lymph nodes and drained into the blood circulation via lymphatic vessels. Particles deposited in the airways are also discharged through the muco-ciliary escalator of the airway epithelium, which is facilitated by type 1 macrophages and inflammatory secretions in the airways.

Despite these elaborate clearance mechanisms in the lung, a major portion of inhaled particles retain in the interstitial space. Because engulfed particles cannot be digested by macrophages, phagocytosis of particles results in the apoptosis or other forms of cell death of M1 macrophages. It is believed that a sustained cycle between phagocytosis of particles and programmed death of macrophages in lung tissue leads to persistent inflammatory events and cell death at the site of particle deposition, which in turn stimulates interstitial fibrosis and formation of granulomas to localize and enclose deposited particles and fibers.

Some inhaled fibers like asbestos and certain carbon nanotubes are capable of translocating from the lung to the pleural cavity to cause pleural inflammation, plaques, and mesothelioma. Fibers and nanotubes that enter the pleural cavity are cleared from the pleural space through phagocytosis by M1 macrophages or via drainage through parietal pleural stomata openings to local lymph nodes. These clearance mechanisms have considerable limitations on the size of the fibers that can be cleared from the pleural cavity, which provides a mechanistic explanation for the fiber-length relationship for induction of mesothelioma by asbestos and nanotube fibers (11, 89, 90).



Resolution of Type 1 Inflammation

During type 1 inflammation, large amounts of cytotoxic agents, including ROS and RNS, are produced and released from macrophages due to frustrated phagocytosis, or from apoptotic neutrophils and damaged tissue, which can lead to substantial damage to host cells and tissue structure (91). Therefore, type 1 inflammation is generally contained in space and time by means of active resolution following the removal or reduction of pathogens and other instigators. Resolution of inflammation avoids excessive tissue damage from type 1 inflammatory mediators and bactericidal agents (92). During resolution, infiltration of inflammatory cells is reduced, neutrophils undergo apoptosis, and macrophages engulf and degrade apoptotic neutrophils and cell debris through a process called efferocytosis. Together, these resolution events clear the inflammatory site and promote the repair of damaged tissue and return of homeostasis. Resolution is mediated through an array of chemical, protein, and cell signals, in particular, SPMs (Figure 2) (42, 47, 93). Because most particles and fibers cannot be digested by phagocytes, resolution of inflammation induced by inhaled particles is often incomplete, which stimulates the chronic progression of inflammation, interstitial fibrosis, granuloma formation, and tumorigenesis at the site of particle deposition. A recent study showed that exposure to fibrogenic MWCNTs at a low dose or fullerene C60 (C60F, a PSLT type of nanoparticles) at a high dose stimulates the production of SPMs in the BAL fluid, which correlated with the reduction of neutrophil numbers in BAL fluids during resolution (94).

When exposure to particles persists and overwhelms the clearance capacity, lung inflammation cannot be resolved completely. Unresolved type 1 inflammation propagates and causes further damage to lung tissue through cytotoxic agents, such as NO, and matrix-degrading enzymes, such as MMPs, resulting in the chronic progression of inflammation. Chronic inflammation is marked by a progressive shift in the type of cells present at the site of inflammation, often shown as increased mononuclear cells. In both human and rodent lungs exposed to particles like silica and fibrogenic CNTs, chronic inflammation is manifested as granulomatous inflammation. It is increasingly recognized that a failed or incomplete resolution of type 1 inflammation in the lung is a critical early step in the pathogenesis of chronic disease conditions induced by inhaled particles. Nonetheless, the research on the resolution of inflammation induced by inhaled particles is at its early stage and would await further detailed investigation before its role in particle pathogenesis can be fully appreciated.




TYPE 2 INFLAMMATION IN THE PULMONARY RESPONSE TO PARTICLES

Type 2 inflammation is characterized by the polarization of Th2 cells, ILC2s, and M2 macrophages, and the secretion of type 2 cytokines IL-4, IL-5, IL-9, IL-10, and IL-13 (Figure 1). The traditional view of type 2 immune reactions is such that these distinct repertoire of immune cells and cytokines are optimized for host resistance against helminth infection. Dysregulated or heightened type 2 inflammation may cause allergic reactions and conditions, such as asthma and anaphylaxis (30). Besides these well-established functions, recent studies reveal that type 2 cells and mediators are involved in diverse biological processes, including tissue repair, fibrosis, metabolic control, and tumorigenesis and metastasis (93). Moreover, ILC2s were shown to secrete large amounts of type 2 cytokines, which provides a mechanistic explanation to the activation of type 2 inflammation in the absence of apparent antigenic stimulation and antigen-specific immunity (34).

Upon exposure to inhaled particulates and immediately following the onset of type 1 inflammation, there is increasing and persistent accumulation of macrophages in lung tissue (Figure 2). Morphologically, the particle-induced lesions are characterized by the formation of fibroproliferative and inflammatory foci in the parenchyma that are composed of particle-laden macrophages, infiltrated neutrophils, proliferating fibroblasts and myofibroblasts, and clusters of particles and fibers, all of which are intermingled with bundles of collagen fibers. The fibrotic matrix remodeling and formation of fibroproliferative and inflammatory foci likely represent the early stage fibrosis and granuloma formation (45, 46, 95). These tissue changes occur during the 1st week of exposure and peak between the 1st and 2nd week (69, 96, 97). The pathological progression following type 1 inflammation is accompanied by elevated expression and secretion of type 2 cytokines IL-4 and IL-13, and the polarization of Th2 lymphocytes and M2 macrophages, which signify the development of type 2 inflammation (69, 78). These findings reveal that type 2 inflammation evolves during the resolution phase of type 1 inflammation, prior to the chronic progression to fibrosis and tumor development (42).


Type 2 Mediators


Type 2 Cytokines

A large body of literature documented the induced expression of type 2 cytokines and mediators at protein and mRNA levels in BAL fluids and lung tissue of different species by inhaled particles, fibers, and nanoparticles (Table 1). As an example, silica induced type 2 cytokines, such as IL-10, IL-4, IL-13, or IL-9, in the BAL fluid and lung tissues of mice, and increased the level of IgG1 in the BAL fluid (48–50, 53, 58). MWCNTs and SWCNTs each stimulated the production of type 2 cytokines IL-4, IL-5, IL-10, or IL-13, and elevated the level of IgE in the BAL fluid in mice (51, 52). A genome-wide microarray analysis identified elevated expression of type 2 cytokines IL-4 and IL-13, along with a panel of their downstream target genes, i.e., Il4i1, Chia, and Ccl11/Eotaxin, in mouse lungs exposed to fibrogenic MWCNTs. Induction of the genes and proteins occurred between the 1st and the 2nd week with a peak at day 7 upon a single exposure (69). Exposure of rats to silica induced the expression of IL-4 during the fibrotic stage of the pulmonary response (79). Patients with asbestosis have elevated expression of IL-10 in their AMs (66), whereas patients with silicosis showed increased levels of IL-10, IL-4, IL-5, and IL13 in their serum (74). Elevated levels of IL-4 and IL-5 were detected in the sputum and/or the serum of workers exposed to MWCNTs (72).



Alarmins

Alarmins are groups of immune mediators that are released from damaged or diseased cells and serve as DAMPs to stimulate immune reactions in response to distinct pathogens and sterile threats. Pulmonary exposure to instigators of type 2 immunity and inflammation, such as helminth infection and allergen exposure, induce the production of IL-33, IL-25, and thymic stromal lymphopoietin (TSLP) from lung epithelial and endothelial cells. These alarmins then recruit and activate a set of innate immune cells, such as eosinophils, mast cells, basophils, ILC2s, DCs, and M2s, which initiate type 2 responses by providing the initial production of IL-4 and IL-13 to induce Th2 polarization. Recent evidence showed that exposure to MWCNTs in mice induced the expression of IL-33 in the BAL fluid, the lung tissue, AMs, and type II alveolar epithelial cells (55–57, 62). Blocking IL-33 signaling with antibodies against IL-33 receptor, i.e., IL-1 receptor like 1 (ST2), or using mice with mast cells lacking ST2, significantly reduced type 2 immune responses, demonstrating a critical role of the IL-33/ST2 axis in the initiation of type 2 inflammation upon particle exposure (56, 57). An unbiased genome-wide array analysis identified TSLP as an inducible gene by MWCNTs in mouse lungs that corresponded to the occurrence of type 2 inflammation (69). MWCNTs increased the levels of TSLP, IL-25, and IL-33 in mouse lungs, which correlated with an elevated allergic response to house dust mite (HDM), a commonly used inducer of asthmatic-like inflammation in the airway (62).



TGF-β1

TGF-β1 is a key mediator of type 2 responses and downstream outcomes (93). TGF-β1 is produced by type 2 cells, mainly, M2 macrophages, during type 2 inflammation. TGF-β1 promotes the transformation of fibroblasts to myofibroblasts, a key cellular event in fibrosis development, by increasing the transcription of α-smooth muscle actin (α-SMA) via the Sma and Mad related family (Smad)-dependent gene transcription (95, 97). TGF-β1 is also a potent negative regulator of Th1-mediated type 1 inflammation (88). In this connection, TGF-β1 promotes the resolution of acute inflammation but stimulates the progression to chronic inflammation and fibrosis (42, 98). Elevated expression of TGF-β1 was detected in mice exposed to silica (53, 59). Mice exposed to SWCNTs or MWCNTs had elevated levels of TGF-β1 (61, 62). Fibrogenic MWCNTs induced the expression of TGF-β1 protein in mouse lungs during both the acute and chronic phases of the inflammatory and fibrotic responses (97). Recent evidence from a human study revealed significantly elevated level of TGF-β1 in the serum of workers exposed to MWCNTs (72).




Polarization of Type 2 Immune Cells


Th2s

Th2s are CD4+ T lymphocytes that control the initiation and amplification of type 2 immune responses by secreting type 2 cytokines IL-4, IL-5, IL-9, IL-10, IL-13, and IL-25 (Figure 1). Downstream effector cells of Th2s include eosinophils, basophils, mast cells, B cells, macrophages, and fibroblasts. Polarization of Th2s from naïve CD4+ Th0 lymphocytes is initiated by IL-4 and IL-2 and is amplified by IL-4 and IL-13. As discussed above, alarmins released from injured cells stimulate the initial production of IL-4 and IL-13 from ILC2s and other cells, which, in turn, triggers the polarization of Th2s. IL-4 and IL-13 bind to their receptors on the cell surface to activate Th2 polarization and the production of type 2 cytokines and their target genes, which are mediated through the activation of STAT6 and GATA-binding protein 3 (GATA-3) (42, 69).

Induction of Th2 polarization was observed in mouse lungs exposed to fibrogenic MWCNTs at days 1, 3, 7, and 14 post-exposure, with increased levels of CD4+ IL4+ or CD4+ IL13+ lymphocytes (69). Polarization of the Th2 cells was accompanied by increased secretion of IL-4 and IL-13, activation of STAT6 and GATA-3, and elevated levels of IL-4 target genes, such as Il4il, Chia, and Ccl11. Exposure of rats to silica increased the number of Th2 cells alongside elevated expression of IL-4 and IL-10, which was boosted by depletion of Treg lymphocytes (53). Knockout of STAT6 in mice appeared to block Th2 polarization induced by MWCNTs as shown by loss of induction of IL-5 in STAT6 knockout mice compared to wild type (86). Silica also increased the number of Th2 cells in fibrotic lung tissues of rats (79). Patients with silicosis had elevated level of Th2 cells (74). Ex vivo exposure of rat DCs to silica induced IL-4 production and Th2 polarization from rat spleen T cells co-cultured with the DCs (81).



M2 Macrophages

M2 macrophages are key effector and regulator cells in type 2 inflammation. Among their many functions, M2s suppress Th-1 mediated type 1 inflammation and promote tissue repair, fibrosis, and tumorigenesis (98). M2s can be separated into several subgroups phenotypically, including M2a, M2b, M2c, and M2d. Among these subtypes, M2a macrophages are activated by IL-4 and IL-13 and regulate tissue repair and suppression of type 1 inflammation through IL-10 and TGF-β. Therefore, M2a macrophages are likely to be involved in the pulmonary response to inhaled particles. Notably, polarization of M2s is highly plastic with respect to their phenotypes and functions and can be induced by a range of stimuli and microenvironmental cues. Polarization of M2s is mediated through STAT6- and IRF4-mediated gene transcription.

Direct evidence of M2 polarization by inhaled particles was provided in a recent study on mice exposed to fibrogenic MWCNTs. MWCNTs induced time-dependent expression of M2 surface markers MRC1 (CD206) and hemoglobin scavenger receptor (CD163), and functional M2 markers ARG1, found in inflammatory zone 1 (FIZZ1), resistin-like molecule α (RELMα), and chitinase 3-like 3 (YM1), in the lung and lung F4/80+ macrophages in vivo (78). Polarization of M2s involved the phosphorylation of STAT6 and induction of IRF4 in lung macrophages. A separate study showed that exposure of mice to asbestos fibers elevated the expression of ARG1 in inflamed mesothelial tissue and mesothelioma, indicating activation of tumor-associated M2 macrophages (80). Direct exposure of macrophages to MWCNTs in vitro induced a mixed phenotype of M1 and M2 cells. This result suggests that that CNTs can stimulate M2 polarization from naïve macrophages directly, but induction of M2 requires additional signals for it to become a predominant phenotype, which was absent in the in vitro system, but is provided in the lung by type 2 immune cells and injured epithelial cells (42, 64).



ILC2s

ILCs are a group of innate helper lymphocytes that derive from the common lymphoid progenitors, but lack antigen-specific B or T cell receptors. Polarization of ILC2s is stimulated by type 2 alarmins. Activated ILC2s secrete type 2 cytokines, including IL-4, IL-5, IL-9, and IL-13, to boost type 2 inflammation. Notably, ILC2s are now recognized as a type of highly responsive, early effectors in type 2 inflammation. Activated ILC2s serve as an important source for the early production of IL-4 that stimulates the initiation of Th2 polarization. Moreover, ILC2s appear to have the capacity to secret large amounts of type 2 cytokines even without the presence of adaptive immunity, which can in part account for the activation of type 2 inflammation by a broad range of stimuli (34).

MWCNTs induced airway hyperreactivity (AHR) in mice, which was IL-33-dependent and was accompanied by elevated expression of IL-5 and CCL11 and recruitment of eosinophils (57). These allergic-like responses to MWCNTs appeared to be independent of T and B cells; but were correlated with the recruitment of ILCs that are lineage negative (F4-80, CD3, CD4, CD8, CD11b, CD11c, CD19, Gr-1, TER119, FcεR1), and are CD45+ Sca-1+ IL-7Rα+ and ICOS+. These findings suggest that MWCNTs recruit ILCs to mediate the recruitment of eosinophils and the secretion of certain type 2 cytokines during the development of airway AHR and allergic inflammation.




Type 2 Immune Mechanisms in the Resolution of Acute Inflammation and Progression of Chronic Pathology

The accumulation of type 2 cells and cytokines begins during the resolution phase of type 1 inflammation. Type 2 inflammation reaches a peak at the junction of the acute-to-chronic transition and extends into the chronic phase of lung pathology (Figure 2). This time-dependent evolvement from type 1 to type 2 inflammation and then to chronic pathology likely reflects the nature and consequence of the interaction between inhaled particles and the pulmonary immune system. At the fundamental level, this interaction is set to clear particles from the lung through type 1 inflammation, but often fails to do so, because inorganic particles generally cannot be digested by M1 macrophages. As a result, a major portion of inhaled particles retain in the lung parenchyma, resulting in persistent tissue injury, a pathologic condition that is well suited for type 2 inflammation to occur and propagate as a host response to persistent injury. In this context, type 2 inflammation suppresses type 1 inflammation to mitigate tissue damage through the polarization of M2s that phagocytose dead neutrophils and particles, and the secretion of IL-10 and TGF-β1 that inhibits the continued polarization of Th1 and M1. Type 2 inflammation also promotes the active resolution of type 1 inflammation. M2 macrophages have been identified as a major source of SPMs that mediate the active resolution of acute inflammation (94, 99). Mechanistically, polarization of M2s induces the expression of 15-lipoxigenase (ALOX15), a key enzyme in the synthesis of major SPMS, i.e., resolvin Ds (RvDs) and lipoxins; but suppresses the expression of arachidonate 5-lipoxigenase-activating protein (ALOX5AP), a major regulator protein for the synthesis of proinflammatory lipid mediators, such as leukotriene B4 (LTB4) and prostaglandin E2 (PGE2) (94). This metabolic switch in the synthesis of proinflammatory to pro-resolving lipid mediators is key to active resolution of inflammation mediated through the reduction of inflammatory infiltration and increase of efferocytosis of dead cells in particle-exposed lungs.

As type 1 inflammation is resolved, the pulmonary response converts to a fibroproliferative and inflammatory response characterized by the formation of fibrotic foci, which are composed of macrophages with engulfed particles and fibers, PMNs, some other inflammatory cells, and fibroblasts and myofibroblasts, intermingled with bundles of collagen fibers (Figure 2). Among type 2 mediators, TGF-β1 released from M2s plays a major role in the fibroproliferative response by promoting the polarization of fibroblasts into myofibroblasts, which secrets copious amounts of collagen proteins and mediate the contraction of fibrotic tissues. Morphologically, fibroproliferative foci may represent an early stage granulomatous lesion that later develops into granulomas. Increasing evidence reveals that type 2 inflammatory lesions stimulate the development of fibrosis, granulomatous inflammation, airway hyperreactivity and fibrotic remodeling, and malignancy (18, 42). It is known that STAT1 mediates M1 polarization, whereas STAT6 is required for the polarization and activation of Th2s and M2s. Mouse studies showed that loss of STAT1 reduced type 1 inflammation but enhanced type 2 inflammation and fibrosis induced by fibrogenic MWCNTs (75). On the other hand, knockout of STAT6 in mice significantly reduced pulmonary fibrosis, which correlated with reduced type 2 cytokine IL-5, at day 28 post-exposure to MWCNTs (86). In studies on type 2 alarmins, mast cells and the IL-33/ST2 signaling axis have been shown to be required for CNT-induced AHR, lung fibrosis, granuloma formation, and reduction of lung functions (56, 57). Exposure of mice with fiber-like MWCNTs by inhalation induced allergic airway inflammation in healthy mice, characterized by eosinophilia, mucus hypersecretion, AHR, and the expression of Th2-type cytokines. In part, these responses were mediated through airway mast cells (63). Exposure of mice to silica exacerbated Mycobacterium tuberculosis infection by upregulating type 2 immunity with elevated levels of Th2s, M2s, and IL-10 (82).




OTHER IMMUNE CELL-MEDIATED RESPONSES TO INHALED PARTICLES

In addition to Th1-associated type 1 inflammation and Th2-associated type 2 inflammation, several other immune cell-mediated responses have been observed in the lung exposed to particles, fibers, or ENMs (Figure 1). Recent evidence supports that these responses play important roles in disease development induced by inhaled particles. On the other hand, these responses overlap with the dichotomous type 1 and type 2 inflammation in time and space. Moreover, there has not been sufficient evidence to support that these responses govern a specific immune outcome in particle-exposed lungs. Therefore, these responses are not considered as unique types of immunity or inflammation, but as immune cell-mediated reactions that regulate and modulate the pathologic development of chronic outcomes induced by particles in the current review.


Th17-Mediated Response

Th17 lymphocytes are a new subset of pro-inflammatory, helper CD4+ T cells defined by their production of IL-17, also known as IL-17A (Figure 1) (100). Cytokines secreted by Th17s include IL-17A, IL-17F, IL-21, and IL-22. The polarization of naïve T cells to Th17s can be triggered by TGF-β, IL-6, IL-21, and IL-23, and requires the activation of transcription factors STAT3, the retinoic acid receptor-related orphan receptors γ (RORγ) and α (RORα). Therefore, Th17s are developmentally distinct from Th1 and Th2 cells. Th17s play important roles in maintaining mucosal barriers and in pathogen clearance at mucosal surfaces against bacterial and fungal infections. As a potent proinflammatory cytokine, IL-17 amplifies ongoing inflammation by inducing the expression of TNF-α, IL-1β, and IL-6 in epithelial and endothelial cells, as well as keratinocytes, synoviocytes, fibroblasts, and macrophages. Th17s have been implicated in autoimmune and inflammatory disorders. Because of their importance in mucosal barrier immunity against pathogens, Th17-mediated immune reactions are sometimes called type 3 immunity (30).

Several studies demonstrated the induction of Th17 cytokines and Th17 polarization by particulates in the lung. Elevated expression of IL-17 was observed in mouse lungs exposed to silica and the induction was suppressed by Tregs (54). In this model, IL-17 contributed to an increased fibrotic response. Exposure of amorphous silica nanoparticles in mice challenged with OVA showed enhanced OVA-specific immune responses, including an elevated Th17-mediated response and increased production of IL-17 (67). In a separate study, silica was shown to elevate Th17s in mouse lungs, which was enhanced by knockdown of the Wnt/β-catenin pathway. These changes correlated with increased inflammation in the early stage, but decreased fibrosis in the later stage (70). Comparative analyses of three separate sets of microarray data obtained from mice exposed to MWCNTs implicated the Th17 response in the adverse outcome pathway (AOP) for lung fibrosis development (68). In addition, CD4+ T cells from patients exposed to asbestos showed an altered balance between Th17 and Treg responses with elevated Th17 reactions upon ex vivo exposure of the cells to chrysotile fibers (77). Therefore, exposure to inhaled particulates increases Th17 responses that are associated with altered inflammation and/or fibrosis in the lung exposed to particles. In these examples, increased Th17 levels and functions are often associated decreased Treg responses, consistent with a mutual inhibitory nature of the interactions between Th17s and Tregs.



Treg-Mediated Immunosuppressive Response

Tregs are a group of T cells critical for the maintenance of immune tolerance (101). As immunosuppressive cells, Tregs suppress or downregulate the induction and proliferation of effector T cells. Tregs consist of several forms, among which the most well-understood are those that are CD4+ CD25+ and FoxP3+. Vitamin A and TGF-β promote T cell polarization toward Tregs as opposed to Th17 cells. Tregs suppress auto-reactive T cells that have escaped the process of negative selection in the thymus. This immunosuppressive function of Tregs is key to the prevention of autoimmunity (102). A genetic deficiency in Tregs causes the development of a severe autoimmune syndrome termed immune dysregulation, polyendocrinopathy, enteropathy X-linked (IPEX) syndrome in humans. Pathogens may utilize Tregs to suppress host immune functions. On the other hand, Tregs are involved in stopping immune responses after invading pathogens have been eliminated. In addition to these immunosuppressive activities, Tregs suppress tumor immunity and high numbers of Tregs in the tumor microenvironment is indicative of a poor prognosis. Additionally, Tregs may promote tissue repair and regeneration (103). The mechanism by which Tregs regulate other immune cells is not completely understood, but would include the production of immune suppressive cytokines, such as IL-10, IL-35, and TGF-β1. Tregs can also induce other types of cells to produce IL-10.

Elevated Treg-mediated immunoregulatory responses were observed in the pulmonary response to inhaled particulates. Pulmonary exposure of mice to silica elevated the level of Treg lymphocytes (CD4+ CD25+ FoxP3+), along with increased levels of Th2 cells and type 2 cytokines, in hilar lymph nodes (HLNs), the spleen, and BAL fluids (53). Moreover, depletion of Tregs by using anti-CD25 antibodies increased the intensity of inflammation in the early stage of the pulmonary response, evidenced by enhanced infiltration of inflammatory cells. On the other hand, the progression toward fibrosis in the late stage was delayed. These phenotypes correlated with increased expression of cytotoxic T lymphocyte-associated protein 4 (CTLA-4, CD152) in the inflammatory stage and elevated secretion of IL-10 and TGF-β in the fibrotic stage. In this scenario, depletion of Tregs altered the balance between Th1 and Th2 responses, enhancing the Th1 response in the early stage and delaying the polarization of Th2 phenotype for fibrosis in the late stage.

Pharyngeal instillation of silica persistently recruited Tregs (CD4+ CD25+ FoxP3+) to mouse lungs during lung inflammation and fibrosis (54). Selective depletion of Tregs by using the DEREG mice, which express the diphtheria toxin receptor under the control of the foxp3 gene, resulted in the enhanced accumulation of CD4+ T eff cells and IL-4-driven pulmonary fibrogenesis, demonstrating that Tregs control T eff cell functions during inflammatory fibrosis induced by silica. In a mouse model of lung carcinogenesis by N-nitrosodimethylamine (NDMA), silica exposure by pharyngeal aspiration induced chronic inflammation, fibrosis, and an immunosuppressive microenvironment in the lung, marked by increased Tregs and elevated expression of TGF-β, FoxP3, and programed cell death protein 1 (PD1), which resulted in an increased incidence and multiplicity of lung tumors in the presence of NDMA (59). The Wnt/β-catenin pathway may play an important role in the regulation of T eff cells through Tregs, because knockdown of Tregs by using β-catenin shRNA in mice significantly aggravated silica-induced lung inflammation at the early stage but attenuated the fibrosis at the late stage (70). Blockade of the Wnt/β-catenin pathway suppressed Treg responses, while elevating T17 responses, which increased inflammation but decreased Th2 response, leading to attenuated fibrosis. In a separate study, CD4+ lymphocytes from patients exposed to asbestos fibers exhibited altered functions of Tregs. Exposure of the CD4+ cells ex vivo showed an altered balance between Treg and Th17, with a decreased Treg response but elevated T17 response (77).



Breg-Mediated Immunosuppressive Response

Regulatory B cells (Bregs) are a small group of B cells that participate in the immunomodulation and suppression of immune reactions (104). A major mechanism of immune suppression by Bregs is the production of anti-inflammatory cytokine IL-10. IL-10 strongly inhibits or suppresses inflammatory reactions mediated by T cells, especially the Th1-mediated reactions. Bregs also produce TGF-β, which also suppresses inflammation. Bregs have been implicated in disease models of inflammation, autoimmune dysfunction, transplantation reactions, and anti-tumor immunity.

Recent evidence supports a role of Bregs in the regulation of the inflammatory and fibrotic responses to silica in animals and in patients with silicosis. Exposure of mice to silica increased the level of Bregs (CD19+ IL10+) on days 7, 28, and 56 post-exposure in HLN and the spleen in mice, which correlated with induced inflammation in the early stage and fibrosis in the late stage (73). Intraperitoneal injection of anti-CD22 antibodies attenuated the silica-induced Breg response, resulting in elevated inflammation but reduced fibrosis. These pathological alterations correlated with an increased Th1 response, but decreased Treg-, Th17-, and Th2-mediated immune responses. In a different study, patients with silicosis were found to have elevated level of plasma IL-10 through a protein array screening of plasma cytokines. The patients also showed increased levels of IL-10-producing Bregs (CD19+, CD1dhigh, CD5+, IL-10+) in their peripheral blood, in comparison with subjects under surveillance and healthy workers (74). Treg cytokines (TGF-β and IL-10) and Th2 cytokines (IL-4, IL-5, and IL-13), but not Th1 cytokines (IFN-γ, IL2, and IL-12) and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α), were found to be increased in the sera of patients with silicosis. Together, these findings support the notion that Bregs are induced by silica to maintain Tregs and to regulate the balance among Th1, Th2, and Th17 toward type 2 inflammation, which boosts fibrosis in the lung.



MDSC-Mediated Immunosuppression in Particle-Induced Pathologic Conditions

MDSCs are a heterogeneous group of myeloid cells that are discriminated from other myeloid cells by their strong immunosuppressive, rather than immunostimulatory, activities (105). The suppressor function of MDSCs lies in their ability to inhibit the proliferation and function of T cells, natural killer cells (NKs), DCs, and macrophages. Mouse MDSCs express either high levels of CD11b and Ly6C—i.e., monocytic-MDSC (M-MDSC); or CD11b, LY6C and high levels of LY6G—i.e., granulocytic-MDSC (G-MDSC). MDSCs are polarized as a result of perturbed myelopoiesis caused by various pathological conditions. For example, in chronic inflammation or cancer, myeloid differentiation is skewed toward the expansion of MDSCs (106). When MDSCs infiltrate inflammatory tissue and tumors, they inhibit immune responses by suppressing T cells, NK cells, and macrophages. MDSCs were implicated in immune regulation and disorders, such as cancer, chronic inflammation, infection, autoimmune diseases, trauma, and graft vs. host reactions.

Pulmonary exposure to SWCNTs in mice accelerated the metastatic establishment and growth of Lewis lung carcinoma (LLC) in the lung, which correlated with the increased local and systemic accumulation of MDSCs (60). Depletion of the MDSCs by using anti-Gr-1 antibodies prevented the SWCNT-induced up-regulation of MDSCs in the lung and the spleen and blocked the SWCNT-mediated acceleration of the formation and growth of lung metastases of LLC. In a separate study, SWCNTs were shown to upregulate TGF-β1 production by tumor-activated MDSCs, which promoted an immunosuppressive, pro-tumorigenic microenvironment in mouse lung for the growth and metastasis of LLC (61). Accordingly, TGF-β1 deficiency completely abrogated the CNT-induced acceleration of cancer growth in the lung. Therefore, TGF-β1 produced by activated MDSCs was likely to be responsible for the suppression of T cell activation and proliferation in this LLC model of tumor growth and metastasis promoted by SWCNTs.

Administration of mesotheliomagenic MWCNTs or crocidolite asbestos to rats by intraperitoneal injection induced an early and selective accumulation of M-MDSCs in the peritoneal cavity (71). Peritoneal M-MDSCs persisted during the development of peritoneal mesothelioma in mesotheliomagenic MWCNT-treated rats. In contrast, M-MDSCs were only transiently recruited upon non-carcinogenic CNT injection. These findings support an important role of M-MDSC induction in the development of mesotheliomas induced by MWCNTs and asbestos. The role of M-MDSCs in particle-induced lung inflammation and fibrosis was investigated in mice exposed to fibrogenic MWCNTs or silica (76). Both silica and MWCNTs stimulated the acute recruitment of M-MDSCs (CD11b+ Ly6C+ CCR2+) into mouse lungs before the development of fibrosis. Limiting the MDSCs by using the LysMCreCCR2loxP/loxP mice decreased the levels of TGF-β, Timp1, and collagen in the lung. These findings suggest that M-MDSCs contribute to lung fibrosis induced by fibrogenic particulates by fostering a non-degrading collagen microenvironment.




INTEGRATION OF IMMUNE MECHANISMS IN PARTICLE PATHOGENESIS

Pulmonary exposure to inhaled particulates potentially causes a range of diseases that are frequently chronic and progressive, leading to severe outcomes. Evidence obtained in recent years supports that the progression of the pulmonary response to particulates toward disease represents a unique pathogenic process governed by several polarized immune reactions and mechanisms. In this process, the deposition of respirable particulates stimulates dynamic pulmonary barrier immune and inflammatory responses. The initial responses aim to eliminate particles through type 1 inflammation but would convert to type 2 inflammation in the continued presence of particles in lung airways and parenchyma. Type 2 inflammation promotes the resolution of type 1 inflammation and repair of damaged tissue to maintain the pulmonary homeostasis through type 2 effector cells, such as M2 macrophages, and secreted mediators, such as SPMs, IL-10, and TGF-β. Under pathological conditions, prolonged and heightened type 2 inflammation takes place and promotes the development of interstitial fibrosis, granuloma formation, and tumorigenesis. Particle-stimulated fibroproliferative matrix alteration begins during the early phase inflammatory response, manifesting fibroblast proliferation, migration, and polarization into myofibroblasts, and increased production of collagens, which are boosted through M2s and TGF-β1 during type 2 inflammation.

Central to this time-dependent evolvement of type 1 and type 2 inflammation is the polarization of regulator and effector immune cells, including Th1 lymphocytes, ILC1s, and M1 macrophages during type 1 inflammation, and Th2 lymphocytes, ILC2s, and M2 macrophages during type 2 inflammation, stimulated by the persistent presence of inhaled particles and tissue injury. The progression of type 1 inflammation to type 2 inflammation and, ultimately, disease pathology is also regulated through several additional immune cell-mediated responses, which include the polarization of proinflammatory Th17 lymphocytes and immunosuppressive Tregs and Bregs, and expansion of MDSCs from perturbed myelogenesis. These polarized immune cells modulate the balance among T eff cells, i.e., Th1s, Th2s, and Th17s, thereby modulating the pathological processes relating to airway allergy, granuloma formation, interstitial matrix remodeling, tumor immunity, and immunotolerance. Some of these polarized cells, such as MDSCs, may also directly modulate downstream immune reactions and pathogenic alterations.

In the light of a large variation among micro and nano particulates in their size, shape, aspect ratio, rigidity, and other physicochemical properties, it is rational to posit that their interaction with the immune systems in the lung differ from one another substantially, which would affect their deposition and clearance in the lung and their inflammatory, fibrotic, tumorigenic, and autoimmune effects. Although much has been learned about the correlation between the adverse effects of inhaled particles and some of their properties, such as a large aspect ratio, high rigidity, and resistance to degradation, the knowledge on how these properties impact the interaction of different particles with immune cells remains sparse at the present time. On the other hand, there are clearly common and shared disease phenotypes among different particles, fibers, and nanomaterials, as discussed in more details earlier. Therefore, it is likely that pathogenic particulates with similar potencies and pathologic effects interact with the lung immune systems to induce the polarization of immune cells and responses similarly to each other. While evidence supporting this notion awaits further detailed investigation in near future, such information has translational implications for the safety evaluation and the safe design and utility of numerous micro and nano size particulate materials and products.

These new findings and concepts suggest a working model for pulmonary disease pathogenesis elicited by inhaled particles and nanoparticles as summarized in Figure 3. Given the increasing, renewed interest in understanding the fundamental basis of particle-induced pulmonary disease and malignancy, and increased concerns on the safe production and utility of nanotechnology and nanoproducts, this working model can help generate new testable hypotheses to delineate the interaction between inhaled particles and the pulmonary immune system critical for the development of particle-induced disease outcomes at molecular and cellular levels in future studies.


[image: Figure 3]
FIGURE 3. A working model to integrate pulmonary immune mechanisms in particle pathogenesis. The pulmonary response to inhaled particulates is largely governed by the interactions between particles and the pulmonary barrier immunity through several polarized immune responses. In this context, the time-dependent evolvement of type 1 to type 2 inflammation seemingly provides a foundation for the initiation and progression of the pathological development in the lung, which is characterized by continued local inflammation and cell death, fibrotic and granulomatous development, a pro-tumorigenic microenvironment, and propensity to autoimmune dysfunction. This dichotomous Th1 and Th2 progression is modulated by several other immune cell-mediated reactions toward pathologic development, which include the polarization of Th17s that amplifies proinflammatory reactions, the emergence of Tregs and Bregs that alters the balance among T eff cells toward disease-associated Th2 phenotypes, and the expansion of MDSCs from disturbed myelogenesis that infiltrate inflammatory and cancerous tissues and inhibit protective host immune reactions. Activity and time scales are for illustration purpose. Multi-walled carbon nanotubes (MWCNTs) are shown to represent particles administered to lungs at time zero. Breg, regulatory B cell; MDSC, myeloid-derived suppressor cell; Th, T helper; Treg, regulatory T cell.




CONCLUSION

Inhaled particulates represent a unique class of sterile threats to the structure and function of the lung. Exposure to these micro- and nano-sized particles can lead to severe disease outcomes, including fibrosis, granulomatous inflammation, AHR, cancer, and autoimmune dysfunction. Recent evidence reveals that the deposition of inhaled particulates in the airways and alveoli sets forth a tissue response that is designed to eliminate the particles from the lung and to repair damaged tissue. This response is largely governed by the interactions between inhaled particles and the pulmonary barrier immunity through several polarized immune responses. In this framework, the time-dependent evolvement of type 1 to type 2 inflammation seemingly provides a foundation for the initiation and progression of the pathological development in the lung, which is characterized by continued local inflammation and cell death, formation of granulomas to enclose particle deposits, heightened production, remodeling, and hardening of the extracellular matrix, tumorigenesis in the lung and the pleura, and loss of immune self-tolerance. This dichotomous Th1 and Th2 paradigm is modulated by several other immune cell-mediated reactions during disease development. These include the polarization of Th17s that amplifies proinflammatory reactions, differentiation of Tregs and Bregs that alters the balance among T eff cells toward disease-associated Th2 phenotypes, and last but not the least, expansion of MDSCs that infiltrate inflammatory or tumorous tissues and boost the pathologic development by inhibiting host immune defense. These new findings and concepts on particle-induced polarization of immune cells and its role in particle pathogenesis reveal new mechanistic aspects of disease development induced by inhaled particles, which provides a framework for generating new hypothesis, identifying biomarkers, and designing new therapeutic strategies against particle-induced pathological effects and diseases.
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ABBREVIATIONS

AHR, airway hyperreactivity; ALOX5AP, arachidonate 5-lipoxigenase-activating protein; ALOX15, arachidonate 15-lipoxigenase; AM, alveolar macrophage; AOP, adverse outcome pathway; ARG1, arginase 1; α-SMA, α-smooth muscle actin; BAL, bronchoalveolar lavage; Breg, regulatory B cell; C60F, fullerene C60; CNT, carbon nanotube; CTLA-4, cytotoxic T-lymphocyte-associated protein 4, CD152; DAMP, danger-associated molecular pattern; DC, dendritic cell; ENM, engineered nanomaterial; FIZZ1, found in inflammatory zone 1; FoxP3, forkhead box P3; GATA-3, GATA-binding protein 3; G-MDSC, granulocytic MDSC; HDM, house dust mite; HLD, hilar lymph node; IFN, interferon; Ig, immunoglobulin; IL, interleukin; ILC, innate lymphoid cell; iNOS, inducible nitric oxide synthase; i.n.i., intranasal instillation; IPEX, immune dysregulation, polyendocrinopathy, enteropathy X-linked; IRF, interferon regulatory factor; i.t.i., intratracheal instillation; LLC, Louise lung cancer; LPS, lipopolysaccharides; LTB4, leukotriene B4; M1, classically activated macrophage; M2, alternatively activated macrophage; MARCO, macrophage receptor with collagenous structure; MDSC, myeloid-derived suppressor cell; M-MDSC, monocytic MDSC; MHC, major histocompatibility complex; MMP, matrix metallopeptidase; MPF, massive progressive fibrosis; MSU, monosodium urate; MRC1, mannose receptor C-type 1, CD206; MWCNT, multi-walled carbon nanotube; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NDMA, N-nitrosodimethylamine; NK, natural killer cell; NLRP3, NOD-like receptor family, pyrin domain containing 3; NO, nitric oxide; OVA, ovalbumin; p.a., pharyngeal aspiration; PAMP, pathogen-associated molecular pattern; PD-1, programed cell death protein 1; p.i., pharyngeal instillation; PMN, polymorphonuclear leukocyte; PRR, pattern recognition receptor; PSLT, poorly soluble particles of low toxicity; RELMα, resistin-like molecule α; ROR, retinoic acid receptor-related orphan receptor; ROS, reactive oxygen species; RNS, reactive nitrogen species; RvD, resolvin D; RvE, resolvin E; Smad, Sma and Mad related family; SPM, specialized pro-resolving mediator; ST2, IL-1 receptor-like 1; STAT, signal transducer and activator of transcription; SWCNT, single-walled carbon nanotube; TARC, thymus and activation regulated chemokine, CCL17; TAM, tumor-associated macrophage; T eff, CD4+ effector T cell, CD4+ T helper cell; TFH, follicular helper T cell; TGF, transforming growth factor; Th, T helper cell; TLR, Toll-like receptor; Treg, regulatory T cell; TSLP, thymic stromal lymphopoietin; w.b.i., whole body inhalation; Yam1, chitinase 3-like 3.
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Humans have always been in contact with natural airborne particles from many sources including biologic particulate matter (PM) which can exhibit allergenic properties. With industrialization, anthropogenic and combustion-derived particles have become a major fraction. Currently, an ever-growing number of diverse and innovative materials containing engineered nanoparticles (NPs) are being developed with great expectations in technology and medicine. Nanomaterials have entered everyday products including cosmetics, textiles, electronics, sports equipment, as well as food, and food packaging. As part of natural evolution humans have adapted to the exposure to particulate matter, aiming to protect the individual's integrity and health. At the respiratory barrier, complications can arise, when allergic sensitization and pulmonary diseases occur in response to particle exposure. Particulate matter in the form of plant pollen, dust mites feces, animal dander, but also aerosols arising from industrial processes in occupational settings including diverse mixtures thereof can exert such effects. This review article gives an overview of the allergic immune response and addresses specifically the mechanisms of particulates in the context of allergic sensitization, effector function and therapy. In regard of the first theme (i), an overview on exposure to particulates and the functionalities of the relevant immune cells involved in allergic sensitization as well as their interactions in innate and adaptive responses are described. As relevant for human disease, we aim to outline (ii) the potential effector mechanisms that lead to the aggravation of an ongoing immune deviation (such as asthma, chronic obstructive pulmonary disease, etc.) by inhaled particulates, including NPs. Even though adverse effects can be exerted by (nano)particles, leading to allergic sensitization, and the exacerbation of allergic symptoms, promising potential has been shown for their use in (iii) therapeutic approaches of allergic disease, for example as adjuvants. Hence, allergen-specific immunotherapy (AIT) is introduced and the role of adjuvants such as alum as well as the current understanding of their mechanisms of action is reviewed. Finally, future prospects of nanomedicines in allergy treatment are described, which involve modern platform technologies combining immunomodulatory effects at several (immuno-)functional levels.

Keywords: adjuvants, alum, animal dander, house dust mite feces, immunomodulation, mold spores, nanomedicine, pollen


THE ALLERGIC IMMUNE RESPONSE—BASICS OF THE DISEASE

Worldwide more than a billion people are suffering from allergic disease (1). As one of the most prevalent chronic respiratory illnesses, allergic rhinitis/conjunctivitis and allergic asthma are estimated to affect up to 30% of the population in Western countries (2). Not only the quality of life, but also school and work performance are significantly impacted for those afflicted, further making allergy an economic burden. (3–5). Allergic diseases have seen a dramatic increase; while they have been described as rare in the beginning of the 20th century, it is expected that by 2025, half of the European population will be affected (6, 7). The observed boost in prevalence of respiratory allergy is associated with several factors associated with the “Western lifestyle,” including urbanization, industrialization, agriculture, air pollution, climate change, alterations in biodiversity, increase in personal cleanliness and reduced contact with infectious pathogens (1, 8–10). In this context, this review will on the one hand focus on air pollution, and specifically on particulate matter (PM), which is believed to be among the major factors for the increase in allergic disease prevalences. On the other hand, this review will detail how the resulting disease burden manifests upon exposure to common aeroallergens of grass/weed/tree pollen, house dust mite, pet dander, and mold spores.

According to common text book knowledge (11, 12) the allergic response is divided into two stages: (i) the sensitization phase, which is accompanied by an immune deviation toward a T helper (Th)2-type response and is facilitated by allergen-specific Th2 cells secreting the cytokines interleukin (IL)-4, IL-5, and IL-13, ultimately leading to the generation of allergen-specific immunoglobulin E (IgE) antibodies; in the second stage, (ii) the effector phase, IgE-loaded mast cells (MCs) and basophils degranulate upon exposure to the allergen source, resulting in the release of mediators (i.e., histamines, prostaglandins, leukotrienes). Consequently, individuals with respiratory allergies suffer from symptoms typical for rhinoconjunctivitis, such as a runny nose, sneezing, itching, and watery or swollen eyes. More critical symptoms comprise signs of airway hyperresponsiveness (AHR), characterized by shortness of breath, coughing and wheezing. Allergies are commonly diagnosed via clinical anamnesis, skin testing and in vitro methods for quantification of allergen-specific IgE (13). Allergy treatment mostly consists of pharmacological interventions with antihistamine, corticosteroids, MC stabilizers, anti-cholinergic agents and leukotriene inhibitors (14). The only curative treatment, however, is allergen-specific immunotherapy (AIT), which displays success rates of around 80% for respiratory allergies (15, 16). While allergen avoidance remains the most important type of intervention, there are notable limitations concerning inhalable environmental allergens in respiratory allergies. As climate change has extended pollen season, higher pollen counts have been documented in several European countries (17). A German study has furthermore observed an association between ozone levels and reactivity to allergen extracts in skin tests (bigger wheal and flare sizes) (18). Likewise, combustion-derived PM is believed to increase allergic reactions by interacting with pollen, as shown by increases in hospital visits related to pollinosis on days with high PM levels (19).



THE ALLERGENIC ENTITIES—DISCREPANCY BETWEEN MOLECULAR UNDERSTANDING AND CLINICAL REALITY

Humans are constantly exposed to allergenic substances in the form of particulates releasing biologically active substances, i.e., proteins and other biomolecules which come into contact with the human mucosal tissue. More than 150 pollen allergens originate from environmental sources such as grasses, weeds, and trees and they have been recognized to play a significant role in triggering allergic responses in sensitized individuals (20, 21). In addition to seasonally confined outdoor allergens, indoor allergens lead to perennial exposure, which has further implications for the clinical outcome in the affected patients (11). The major cat allergen Fel d 1 was detected in 99.9 and 99.7% of American homes, respectively, in two large US surveys (22, 23). Similar findings were reported for the major dog allergen Can f 1 and detectable levels of the individual group 1 and 2 house dust mite (HDM) allergens were found in 60-85% of surveyed homes (23, 24). Fungal spores are ever present and constitute the biggest proportion of aerobiological PM (25), even exceeding pollen grains (26). The official allergen database (www.allergen.org) of the WHO/IUIS currently lists 961 distinct sequences of allergenic molecules, and many more isoallergens and variants, classified into 852 taxonomic groups (www.allergenonline.org). Interestingly, among the 17,929 currently listed protein families (http://pfam.xfam.org/), allergens only appear in 216 Pfam domains, thus, constituting a share of just 1.3% (http://www.meduniwien.ac.at/allfam/). A recent report by the European Academy of Allergy and Clinical Immunology (EAACI) has pointed out discrepancies between the molecular definition of allergic sensitization, in the Molecular Allergology User's Guide termed bottom-up approach, and observations made in clinical settings considered as top-down approach (27). Since physicians commonly use natural allergen sources for allergy diagnosis, this implies that the degree of allergenicity is determined not only by the mixture of allergenic proteins itself but by a variety of bystander substances and other co-factors contained in the allergen source. Discrepancy also exists when it comes to the clinical efficacy of allergic treatment by immunotherapy using crude natural extracts or chemically modified preparations, so-called allergoids, vs. highly purified recombinant molecules, while safety concerns clearly direct the way into a future of using recombinant allergens enabling development of genetically modified products with optimized safety profiles termed hypoallergens (28, 29). In the present review, we will give a broad overview on the particulate aspects in sensitization, effector function and therapeutic treatment of allergic disease.



THE ROLE OF PARTICULATES IN ALLERGIC SENSITIZATION—WHAT ARE WE EXPOSED TO?

Exposure to allergens is not only dependent on their environmental distribution, but also on the form in which they become airborne and their aerodynamic properties. Due to their molecular size and vapor pressure, allergenic proteins and glycoproteins cannot become airborne themselves, but instead are either contained inside particulates (e.g., pollen grains), or attach to airborne particles such as dust (i.e., fragments of human keratin or animal epithelium) (30–32). In general, particle-bound allergens smaller than 5 μm can stay suspended in the air for longer periods of time (33), while larger ones settle quickly (34). An overview on the sources, the targets and the impact of particles on allergic sensitization is depicted in Figure 1.
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FIGURE 1. Overview on sources, targets and impact of particulates in allergic sensitization.


The major cat allergen Fel d 1 is produced in sebaceous and salivary glands of cats and is found on its fur, skin and in saliva (35). While the primary source of cat allergens is assumed to come from dander (36, 37), Fel d 1 can also be found associated to a range of differently sized dust particles from <1 to 20 μm (38), some of which can remain airborne for 15–35 min after disturbance (33). The highest concentrations of the major HDM allergen Der p 1 is found in mite feces, whose physical properties are similar to those of pollen grains. De Lucca et al. (39) investigated particles containing HDM allergens and reported size ranges of 15–40 μm (feces), 10–150 μm (fibers) and 5–50 μm (flakes). Particles of that size can only be deposited on the nasal mucosa and do not enter the lungs. The prevalence of mold is highly dependent on season and climatic factors (humidity, temperature and wind) and their spores have a wide spectrum of different shapes and sizes in the range of 2–250 μm. A substantial proportion of fungal spores is small enough to enter the lower airways and common allergens are found in the respirable fine particle fraction (<3 μm) (40). While pollen grains themselves are large (10–200 μm) (41), and only few can reach the lower airways, grass, weed and birch pollen allergens associated with particles under 5 μm (starch grains, subpollen particles) have been shown to be released from the pollen grain after light rainfall (42–45). They can furthermore occur in association with smaller airborne fractions such as suspended particulate material deriving from industrial combustion and vehicle exhaust emissions (46, 47). Under occupational settings, mixed aerosols containing food-borne allergens have been identified as sources for a higher prevalence of fish allergy in fish-processing workers (48).

Respirable diesel exhaust, indoor soot and dust particulates especially are known for their capability to bind various classes of allergens in vitro and might facilitate their transport into peripheral and deep airways (49–51). Hence, the outcome of allergen exposure is lastly also dependent on the nature of the particle carrying it. Diesel exhaust particles (DEPs), for example, have been shown to contribute to asthma and allergic airway disease (52–55). Binding to carrier particles can furthermore enable allergen concentration, increasing their potential for triggering asthma attacks (49). This may explain the importance of combustion-derived PM in the context of allergic disease, as it provides an ideal vehicle for the distribution and uptake of allergens, which would otherwise not reach the lower airways. Furthermore, PM also displays the capacity to modify the immunological reactions against the transported allergen. The latter will be discussed in detail in this review.

For environmental studies of air pollution, PM is commonly divided according to its size (aerodynamic diameter) into different categories: PM10, coarse particles with an aerodynamic diameter ≤ 10 μM, PM2.5, fine particles with a diameter ≤ 2.5 nm and PM0.1, ultrafine particles with a diameter ≤ 0.1 μm (56). The size of PM is a crucial factor concerning its capability to penetrate into the respiratory tract: while PM10 is only able to reach the upper respiratory tract, PM2.5 reaches the tracheobronchial tract and PM0.1 is able to penetrate into the alveolar region (57). The composition of PM varies among geography, season and proximity to roadways (58). Various studies have shown that PM exposure is associated with enhanced allergic sensitization and aggravation of asthmatic symptoms (59, 60). Moreover, the exposure to PM during childhood is believed to contribute to the increase in allergies worldwide (61). In the context of allergic disease, PM has furthermore been shown to exert harmful effects as a chemical toxin. Upon inhalation, PM can induce cell stress and toxicity, dependent on its particle size, chemical composition, and surface-bound molecules (62). For instance, PM containing transition metals such as iron have been shown to exert genotoxic effects and increase the production of reactive oxygen species (ROS) (63, 64). Furthermore, PM-associated endotoxins can contribute to increased airway inflammation and dysfunction (65) In summary, PM has differential implications on allergic disease by either enhancing allergic sensitization or exacerbating pulmonary symptoms, as will be discussed in further detail in subsequent sections of this review.

Outdoor PM can be derived from various sources such as vehicular traffic, fuel combustion, agriculture or industry, but also non-anthropogenic sources like volcanic eruptions, wildfires or ocean-derived salts. A major component of traffic-related outdoor PM are DEPs, which typically consist of a carbon core that has adsorbed different organic compounds, e.g., polycyclic aromatic hydrocarbons (PAHs), transition metals and other compounds (66, 67). The combined effects of air pollution and pollen grains on cells, animal models and allergic patients have been extensively reviewed (68). Different types of particulates were found to be adsorbed to pollen grains (69). DEP-associated PAHs have been shown to exert pro-allergic effects on basophils of birch pollen-allergic patients in an allergen-independent manner (70). Another study has shown that DEPs disrupt the nasal epithelium and thereby lead to the exacerbation of allergic rhinitis symptoms in a mouse model (71). The PIAMA prospective birth cohort study has identified metal constituents of non-tailpipe road traffic emissions such as iron, copper and zinc as risk factors for respiratory disease in school children (72).

Indoor PM is an important factor as most people spend 90% of their time indoors (73). A major source of indoor PM is tobacco smoke. It accounts for around 50–90% of the total indoor PM concentration in areas frequented by smokers (57). The particles sizes present in smoke caused by six different commercial available cigarettes was analyzed by Becquemin and co-workers and determined to be 0.27 ± 0.03 μm (inhaled by the smoker) or 0.09 ± 0.01 μm (inhaled by passive smokers) (74). Besides its well-known risk for causing lung diseases in smokers as well as in non-smokers who are exposed to second-hand smoke (75), there is evidence that environmental tobacco smoke is responsible for an increased sensitivity to allergens in children (76). In a birth cohort study, Thacher et al. (77) found that maternal smoking during pregnancy did not relate to sensitization to food allergens. However, exposure to parental smoking during early infancy was shown to increase the risk of food allergen sensitization during childhood and adolescence. Contrasting results were obtained in studies by Shargorodsky et al. (78) who showed that tobacco smoke exposure was related to increased prevalence of rhinitis symptoms, but independent from allergic sensitization in US adults. In another study, a decreased prevalence of allergic sensitization of children was found in respect to tobacco smoke exposure (79). The connection of tobacco smoke and allergy may thus be complex, but it is clear that smoking interferes with immunity at different levels. A review by Maes and colleagues describes that both, tobacco smoke and DEPs, affect allergic sensitization and the development or exacerbation of asthma by similar mechanisms (80) suggesting that the particular characteristics of combustion-derived PM can play an important role here.

Co-exposure to PM and specific allergic sensitizers such as pollen, HDM feces, mold spores or animal dander is difficult to study in humans under real-life environmental conditions. The main problem is that sensitization is a highly individual response. Its investigation relies on application of in vitro methods or use of in vivo animal models, which is also how co-exposure has been experimentally addressed (57). A study by Acciani et al. (81) revealed that young BALB/c mice display intensified features of allergic sensitization, including an increase of IgE, inflammatory cells, and Th2/Th17 cytokines after co-exposure to DEPs and HDM, while DEPs alone in the same concentration did not lead to the aforementioned effects. A later study by the same researchers reported that combined exposure to DEPs and HDM leads to a significantly higher number of specific memory T cells in the murine lung promoting secondary responses to the allergen (82). The authors also showed a prolonged presence of DEPs in lung macrophages, but excluded DEPs as the culprits of increased HDM recall responses observed in lymphoid organs. This study illustrates the difficulty in understanding the detailed mechanism and role of particles in the context of allergic disease. Nevertheless, it is clear that DEPs in combination with allergen lead to an exacerbation of the Th2-driven response compared to the effects caused by the allergen alone. The authors, furthermore, proved relevance of their mechanistic investigations in mice for humans by analyzing the Cincinnati Childhood Allergy and Air Pollution Study birth cohort resulting in positive association of increased asthma prevalence in allergic children with early-life exposure to high DEP levels compared to non-allergic children. Castaneda and colleagues strengthened these mechanistic findings by showing that PM enhanced allergic immune responses of Balb/c mice, characterized by increased monocyte and eosinophil migration, Th2 cytokines and IgE expression (83). They, furthermore, suggested that PAH contents are responsible for Th17 immune responses by activation of the aryl hydrocarbon receptor. Taken together, it is likely that both particle-specific effects as well as effects exerted by PM-associated chemicals play a role in the enhanced immune responses observed upon co-exposures.



IMMUNE CELLS INVOLVED IN ALLERGIC SENSITIZATION—HOW DO THEY REACT TO PARTICLES?

The mechanisms underlying allergic sensitization in general, and upon exposure to particulate matter, are still not fully understood. Recently it has been shown that sensitization toward certain allergens may not primarily result from intrinsic properties of the allergen itself, but can also depend on immunomodulatory compounds co-delivered with the allergen (84, 85). To better understand the complex process of allergic sensitization, the following section gives a brief overview on the different types of immune cells, their interactions, and their possible role as triggers of particle-mediated allergic reactions.

Dendritic cells (DCs) play a crucial role in priming specific T cell responses (Figure 2). They are located close to the epithelial barriers, where they are exposed to allergens, allergen-associated immunomodulatory components and particulate matter. Once activated by the respective stimulus, DCs undergo a specific maturation process, which primes them to promote the differentiation of naïve CD4+ T cells into Th2 cells (86). While DCs can release T cell-priming cytokines that determine the type of immune responses, IL-4, the classical Th2-priming cytokine, is not produced by DCs. This raises the question whether, in the absence of alternative Th cell-priming stimuli, DCs would induce a Th2 phenotype by default. Another hypothesis states that DC-derived stimuli, other than IL-4, can potently induce Th2 differentiation as well. One example are DCs, which are characterized by the expression of CD11b+ CD301b+ PDL2+. These cells are particularly potent activators of Th2 cell differentiation and further enhance their Th2-polarizing capacity by expression of the costimulatory molecules OX40L and Jagged 1 (87–90). Especially upon exposure to fine particles and ultrafine particles, the Jagged 1/Notch signaling axes is essential for allergic inflammation (91). Jagged 1 interacts with Notch receptors on T cells, which can promote Th2 cell polarization via induction of GATA-3 (92, 93). This mechanism is particularly important in PM0.1-induced allergic inflammation of the airways. PM0.1-dependent transcriptional expression of Jagged 1 (91, 94) seems to be regulated via the aryl hydrocarbon receptor, which in turn is activated by PAH contained in the particles. Thus, PM0.1-induced Jagged 1 transcription depends on aryl hydrocarbon receptor, but is independent of classical pattern recognition via Toll-like receptor (TLR)4 and NOD-like receptors (NLRs) (94). Neutralizing Notch-signaling downstream of Jagged 1/Notch interactions further demonstrated that PM0.1-induced exacerbation of allergic airway inflammation was abrogated (91). This points toward a crucial involvement of the Jagged/Notch pathway in promoting particle-mediated Th2 immune responses.
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FIGURE 2. Mechanisms of allergic sensitization. DCs located in the epithelia of peripheral tissues are exposed to allergens, immunomodulatory compounds and particulate matter (PM). Once activated, highly specialized CD11b+/CD301+/PDL2+/KFL4+/IRF4+ DCs migrate into the lymph nodes to initiate the Th2 differentiation program. Upon exposure to epithelial-derived factors (IL-25, thymic stromal lymphopoietin (TSLP) and IL-33), group 2 innate lymphoid cells (ILC2) produce Th2 cytokines. This further promotes Th2 cell polarization and leads to exacerbation of the allergic response characterized by the secretion of IgE by B cells, and the activation of MCs and eosinophils. Basophils act as antigen-presenting cells (APCs) by presenting DC-derived antigenic peptides to T cells via a specific membrane transfer mechanism called trogocytosis.


In addition to OX40L and Jagged 1, it was shown that DCs capable of inducing Th2 responses also require Interferon regulatory factor 4 (IRF4) and Krüppel-like factor 4 (KLF4). Mice with IRF4 deficiency in the DC lineage show a strongly reduced population of CD11b+ CD301b+ PDL2+ DCs, which correlates with a strong reduction of allergen-induced lung inflammation (95, 96). Conditional KLF4 deletion within conventional CD8α+-type DCs provided evidence that KLF4 is required to promote Th2 cell responses induced upon HDM challenge or helminth infection, whereas KLF4 deletion did not affect Th1 or Th17 responses in other infection models (97). These experiments suggest that KLF4 is an important molecule enabling DCs to promote Th2 immunity.

Although DCs are the most important cell type contributing to the development of type 2 responses, naïve Th cells also receive important signals from epithelial barrier organs. Allergen contact, protease activity of certain allergens, and cell damage can result in the release of cytokines and alarmins including IL-25, thymic stromal lymphopoietin (TSLP) and IL-33 from epithelial cells (98). Th2 cells upregulate the receptors for these cytokines, indicating that priming as well as re-activation of Th2 cells is strongly promoted by those factors (99, 100). Especially at sites of inflammation, IL-25, IL-33, and TSLP facilitate terminal differentiation of Th2 cells and foster their effector functions (101).

The inability of DCs to produce IL-4 has drawn the attention to basophils, which produce substantial amounts of IL-4. Murine basophils additionally express MHC class II as well as the co-stimulatory molecules CD80 and CD86, indicating that these cells might be able to initiate the process of Th2 differentiation (102). However, human studies failed to confirm the important role of basophils in priming Th2 differentiation (103, 104) and later studies have shown that inflammatory CD11b+ conventional DCs, rather than basophils, are crucial for the initiation of Th2 responses (105). The role of basophils in priming the Th2 response is now explained via trogocytosis. This is a process through which cells (in this case basophils) extract membrane fragments from neighboring cells (in this case DCs), thereby passively acquiring peptide-MHC class II molecules from DCs, to control Th2 development as antigen-presenting cells (APCs) (106).

Group 2 innate lymphoid cells (ILC2s) also play an important role in the induction and maintenance of immune responses mediated by Th2 cytokines. Since ILC2s do not express rearranged antigen receptors or pattern recognition receptors, they are mainly activated by signals derived from the epithelial barrier, including IL-25, IL-33, and TSLP (107). Similar to Th2 cells, ILC2s are characterized by high expression of the transcription factor GATA3 (108), which simulates the transcription of IL-5 and IL-13 (109, 110). In animal models of allergic asthma, ILC2s were identified as the major source of IL-5 or IL-13 (111). Upon stimulation with Heligmosomoides polygyrus, ILC2s can also secrete IL-4 in a Leukotriene D4-dependent way. Specific deletion of IL-4 from the ILC2 compartment abrogated the Heligmosomoides polygyrus-induced Th2 response, indicating that ILC2-derived IL-4 was sufficient to promote a Th2 response in this model (112). Thus, synergistic effects between ILC2s and Th2 cells may be required to achieve maximum release of Th2 cytokines.



AGGRAVATION OF ALLERGIC ASTHMA BY INHALED AEROSOLS

Asthma can generally be described as hyperresponsiveness and obstruction of the airways caused by chronic inflammation and an overproduction of mucus (113). Although asthma tends to be a lifelong condition, its severity can vary throughout the patient's life. Chronic inflammation is facilitated by the infiltration of a collection of inflammatory cells including eosinophils, MCs and CD4+ T cells (114). While T cells are known to express Th2-type cytokines associated with the aggravation of asthma symptoms (115–117), they can also play a role in regulating the Th2 response and hence, alleviate allergic diseases (118–122). Worldwide, ~300 million individuals are affected by asthma, with its prevalence increasing over the last decades (123, 124). However, some studies have suggested that the prevalence of asthma might have reached a plateau in Western countries (125–128). Among the multiple clinically identified types of asthma, allergic asthma is the most common (129–131).

Many different external factors have been associated with the exacerbation of asthma symptoms, including viral infections and exposure to air pollutants (53, 132, 133). Immunological effects exerted by particulates heavily depend on the tested material as their immunomodulating properties vary with material chemistry as well as size, shape, and surface-properties (134–137). Consequently, it is essential to evaluate individual particulates and avoid generalizations on the basis of single attributes. Silica NPs have been shown to increase the number of eosinophils found in the bronchoalveolar lavage fluid (BALF) in an ovalbumin (OVA)-asthma model (138) and to raise serum IgE titers (139). Furthermore, enhanced AHR and modulation of inflammatory cytokines and chemokines was observed. This modulation mainly consisted of an increase in the asthma-associated cytokines IL-4, IL-5, and IL-13 in response to the application of OVA-silica NP conjugates and was not observed for OVA alone (140, 141). Carbon NPs have also been shown to affect mouse asthma models. Carbon black NPs given in conjunction with OVA increased inflammatory- and antigen-presenting cell counts in the lung in an OVA-mouse model (142, 143).

It is worth mentioning that silver NPs have been shown to mitigate asthma and decrease the levels of IL-4, IL-5, IL-13, and NF-κB in addition to lowering AHR in OVA-induced allergic inflammation mouse models (144, 145). Although various studies demonstrate the suppression of allergic responses by silver NPs, they have also been shown to increase neutrophilia and levels of circulating TNF-α in an allergen-independent context (146, 147). However, it is important to note that effects observed for silver NPs could, at least in part, be attributed to the dissolved fraction of the material, as Ag+ ions are known to be biologically active (148, 149). In the case of lung exposure, different results were observed between silver NPs and Ag+ ions using instillation experiments in mice (150). These findings might be further substantiated by a study from Seiffert et al. (151) which implied that interactions with lung surfactant provides a stabilizing effect on the NP surface preventing the release of Ag+ ions.

Studies on the effects of gold NPs on asthma show contradicting results and are dependent on the asthma model used. Gold NPs were found to increase AHR and the neutrophil/macrophage count in BALF in a toluene diisocyanate-induced asthma model (152). PEGylated and citrated gold NPs, however, decreased the mucus production, cytokine levels and inflammatory cell accumulation in the lung in an OVA-asthma model (153, 154).

Not only single pristine particle sources can have an effect on asthma exacerbation. It has been shown that ambient air-derived PM2.5 can aggravate asthmatic symptoms in an OVA-asthma mouse model. Studies have shown that PM2.5 in conjunction with OVA increased the levels of Th2 cytokines, AHR, and the number of eosinophils and neutrophils in BALF (155–157). PM2.5 had been obtained by filtering ambient air followed by up-concentration, however, the exact chemical composition was not elucidated. One of the studies attributed the elevated AHR to an increase in apoptosis and TIM-1 activation, which was also witnessed in the OVA/PM2.5 group (156). Another study has shown that prolonged exposure to high concentrations of PM2.5 leads to an increase in AHR, which was linked to necroptosis-induced neutrophils as well as IL-17 production (158). PM2.5 are not only linked to the induction and increase of asthmatic symptoms in animal models, but have also shown to be associated with a higher frequency of emergency room visits upon human exposure to wildfire-related particulate matter (159, 160). Moreover, controlled human exposure studies have shown an association between DEP-allergen exposure and an increase in IL-5, eosinophil cationic protein and airway eosinophils (161). Interestingly, females and adults over the age of 65 years are suggested to be more susceptible to smoke-derived PM2.5, indicated by a comparably higher number of ER visits in these cohorts (160).

A possible explanation for the health impacts exerted by particulate matter, and carbon black in particular, is its potential to modify methylation patterns. Sofer et al. (162) for instance, have shown a correlation between carbon black and sulfate particle exposure and changes in methylation patterns in the asthma pathway. The identified affected genes were coding for the high-affinity IgE receptor alpha and gamma subunits, the major basic protein of eosinophil granules, and for IL-9 (162). Nadeau et al. (163) also demonstrated a link between exposure to particulate matter and methylation. In their study, exposure to ambient air pollution was associated with hyper-methylation in the Foxp3 locus, which impairs regulatory T cell (Treg) function and in turn increases asthma morbidity (163).

Additionally, indoor particulates in the fine (PM2.5) and coarse (PM10) range have been shown to directly affect asthmatic symptoms. This was demonstrated by two different studies, which were able to link elevated levels of indoor PM to an increase in asthmatic symptoms and the use of rescue medication in children (164, 165). Long-term as well as short-term exposure to PM has an impact on the aggravation of asthmatic symptoms. This was illustrated by a study showing a decrease in FEV1 (Forced Expiratory Volume in 1 second) and an increase of neutrophilic lung inflammation determined in asthmatic patients already after a 2 h walk along a polluted street in London (166). Moreover, indoor dust biological ultrafine particles, which are mainly composed of microbial extracellular vesicles, have been shown to induce neutrophilic inflammation and, thus, contribute to pathogenesis of chronic lung diseases, such as asthma, chronic obstructive pulmonary disease, and lung cancer (132). In this regard, extracellular vesicles in indoor dust may be recognized as important diagnostic and therapeutic targets. The following sections will first address the allergen-specific and, later, the particle-related aspects of immune deviation as well as the potential of nanomaterials as carrier platforms in allergy treatment.



ALLERGEN-SPECIFIC IMMUNOTHERAPY

Allergen avoidance and pharmacotherapy aim to build a first line of defense and relieve symptoms of allergy (167–169). However, pharmacotherapy does not prevent allergic disease progression and has to be administered as long as symptoms prevail (170), which typically translates into life-long treatment. The efficacy of allergen avoidance is not supported by robust evidence (171) and is furthermore not feasible in every case (172). So far, AIT is the only curative treatment for allergic diseases as it reinstates immune tolerance against allergens (173).

First described by Leonard Noon and John Freeman in the early 20th century (174), AIT is a highly effective treatment for individuals suffering from IgE-mediated diseases (175–177). The primary goal of AIT is the inhibition of both early- and late-phase allergic responses, which are regulated by a plethora of cellular and molecular events (Figure 3). Three main mechanisms are suggested to lead to the induction of tolerance after successful treatment, differentiating AIT from other vaccines: (i) immune deviation toward a Th1-oriented response (and reduction of atopy-associated Th2 responses); (ii) production of allergen-specific IgG4 antibodies and (iii) induction of Tregs and regulatory B cells, (173, 180, 181).
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FIGURE 3. Mechanisms of allergen-specific immunotherapy. Tregs produce cytokines such as IL-10 and TFG-β, which have the potential to suppress Th2 responses. Upon induction of tolerogenic DCs Th1 are mobilized at the expense of Th2 cells. They produce IFN-γ and stimulate the production of IgG4 and IgA antibodies by means of class switching. IgG4 antibodies can block allergen-induced MCs, basophils and eosinophils and hence, limit allergic symptoms by decreasing mediator release (178, 179).


AIT can be administered to adults and children via the subcutaneous (SCIT)- or sublingual (SLIT) route. SCIT treatments consist of an initial up-dosing phase, in which increasing doses of allergen are administered to carefully assess the patient's individual sensitivity and the maximum-tolerated dose. This allergen dose is then continued throughout the maintenance phase. Individual shots have to be given with a physician present, due to the risk of adverse effects, which can range from local site reactions to systemic reactions, such as anaphylaxis (182). Sublingual routes for IT have been first proposed in 1986 (183) and facilitate the mucosal deposit of the allergen in the form of drops or dissolving tablets/capsules under the tongue. While this route has been tested in clinical trials in the US, only a few SLIT products have yet been approved by the U.S. Food and Drug Administration (FDA) (184). In general, SLIT is associated with a favorable safety profile, lower risks and offers patients the convenience of an at-home and injection-free administration. It has been suggested that it requires the continuous administration of SCIT/SLIT for 3 years to achieve immunological changes consistent with allergen-specific tolerance in allergic rhinitis, which can be sustained for at least 2 to 3 years after treatment cessation (185).

Although AIT has been well-established and shows successful curation of allergic rhinitis and asthma in many cases, treatments are generally costly, time-consuming and only a few allergens have been standardized for SCIT and SLIT. In recent years, several novel administration routes have been under investigation, including intralymphatic (ILIT), epicutaneous (EPIT), and intradermal (IDIT) routes (186–189). Furthermore, intensive research is focusing on allergoids (i.e., chemically modified/crosslinked allergen particles), allergen-fragments, fusions, hybrids and biological immune response-modifiers for new vaccines to provide a safe, persistent and life-long cure of allergic disease (188, 190–197). In several of the before-mentioned approaches, an interrelation between allergen-specific and particle-related aspects can be observed. In the subsequent chapters, we will therefore dicuss the impact of particles on immune modulation, which is mediated by the specific nature of the particle as adjuvants in AIT.



MECHANISMS OF ADJUVANTS—THE CLASSICAL CASE OF ALUMINUM HYDROXIDE

During AIT, adjuvants are often used to modify the immunological and pharmacological efficacy of the vaccine. The use of adjuvants can reduce the required dose of allergen, consequently lowering treatment cost and increasing patient compliance (198). The first generation of adjuvants includes mineral salts such as aluminum hydroxide (alum, i.e., particulates >1 μm) and calcium phosphate (i.e., particles in nano-micro range), which are the prototypical and most commonly used adjuvants. Second generation adjuvants used in vaccines include TLR agonists, probiotics, small molecules and particulate systems, which aim to induce a shift in the already established immune response toward a Th1- and Treg-dominated activity (199). Even though adjuvants have been used in allergy vaccines since the early 20th century, the full extent of their mechanisms of action still remains to be elucidated.


Improvement of Allergen Uptake

Adjuvants like alum, which essentially consist of particles, can per se improve the cellular uptake of the allergen by either acting as a delivery vehicle or by helping to efficiently target APCs. Gupta et al. (200) report on the mechanism by which alum-adsorbed antigens are readily phagocytosed by DCs, hence increasing the uptake of antigen. Furthermore, NPs have been shown to improve the uptake of antigen in bone-marrow derived cells (BMDCs) (201), which is attributed to the small size and large surface area of NPs contributing to their easy capture and internalization (202).



Augmenting Immunogenicity

One of the main functions of adjuvants is enhancing the immunogenicity of the administered allergen, i.e., to deviate the immune response from Th2- to a Th1- and Treg-dominated milieu, which can be measured by the resistance to endolysosomal proteolysis (203), upregulation of cytokines such as IL-10 (204), IL-12, IFN-γ, and downregulation of cytokines IL-4, IL-5, IL-13 (205). Furthermore, small molecules like vitamin D3 (206) and aspirin (207) used as adjuvants, have been reported to induce Treg cells. Similarly, alum initiates a Th1 response by the activation of the NLRP3 inflammasome, which further induces the production of IgG antibodies (208). TLR4 agonists such as monophosphoryl lipid A have been found to exhibit a strong potential to induce allergen-specific IgG antibodies (209). Moreover, biodegradable PLG NPs have been shown to enhance antigen-specific immune tolerance without the induction of a Th2 response (210).



Reduction of Antigen Dose/Number of Immunizations Needed for Protective Immunity

AIT doses can be decreased if the adjuvant-associated allergen forms a depot at the site of administration, leading to its release in a controlled fashion. Alum, as well as various particulate delivery systems have been shown to form such depots and deliver antigens over a long period of time. This depot effect prolongs and sustains the allergen-specific antibody titres and, thus, can enhance the antigen uptake and presentation (211, 212).

Although many adjuvants have been developed for vaccines, only a few have been extensively considered for AIT (213). Marketed allergy vaccines usually contain adjuvants like alum, calcium phosphate, microcrystalline tyrosine, and monophosphoryl lipid A. Table 1 lists various adjuvants used in AIT.


Table 1. Overview on formulations in currently marketed SCIT vaccines in Europe.
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Alum is approved for a wide spectrum of human vaccines and has a long history of use, particularly in subcutaneous immunotherapy (SCIT) (199). It is simple in preparation, has a good stability and has been shown to enhance the immunogenicity of allergens. During AIT, allergens are strongly adsorbed onto the surface of alum either through electrostatic interactions, ligand exchange or hydrophilic-hydrophobic interactions, which lead to the formation of particulate matter (218). This particulate matter can then be easily phagocytosed by the APCs at the injection site, commencing the immune reaction. Most alum preparations contain small crystalline structures, which can destabilize lysozymes upon phagocytosis by inducing the secretion of agents such as heat shock protein (HSP)-70 (219), cathepsin (220), and potassium ions (221) into the cytosol. This prompts the activation of the NLRP3 inflammasome, resulting in the secretion of pro-inflammatory cytokines and the subsequent production of allergen-specific antibodies (220). Alum has furthermore been shown to induce the release of self-DNA, leading to cytotoxicity at the site of administration (222). This release of self DNA can activate either and IRF3-dependent or IRF3-independent pathway, resulting in the production of allergen-specific IgG or IgE antibodies (217).



Unwanted Side Effects Associated With Alum in AIT

While alum is generally well-tolerated in small amounts, AIT treatments are lengthy and require frequent vaccinations (up to 16 injections within the first year of treatment) (223). Thus, there is a greater chance of developing certain adverse reactions, such as urticaria, myalgia, chronic fatigue and cognitive dysfunction in susceptible individuals. There is also an increased probability for the accumulation of aluminum salts at the site of administration, which can lead to macrophagic myofascitis (224). In some cases, alum has furthermore been reported to induce a Th2-biased immune response (225, 226) and can, thus, counteract the therapeutic mechanism of AIT.

Only a small number of studies have so far reported on the toxicity and adverse reaction of alum in immunotherapy. Hence, there is still a huge gap of knowledge, regarding the safety, toxicity, and mode of action of aluminum-based adjuvants in immunotherapy.




NANOPARTICLES—AN ALTERNATIVE ADJUVANT TO ALUM

Targeting APC with allergens incorporated into or introduced on the surface of NPs is an alternative approach to the use of alum-based adjuvants for AIT (Figure 4). Due to their size, NPs are efficiently taken up at the site of immunization. Additionally, APCs have a variety of receptors on the cell surface and their targeting orchestrates the cell activation status and the later immune polarization. Therefore, implementation of specific receptor ligands (e.g., carbohydrates) into vaccine delivery systems, may not only facilitate internalization, but also modulate the subsequent immune response.
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FIGURE 4. Dendritic cell-targeting by different nanoparticles. Novel approaches intend to increase immunogenicity (green arrow in box) and decrease allergenicity (red arrow in box) of the nano-fromulated vaccines (i.e., virus-like NPs, copolymer, and peptide-based polymeric NPs and carbohydrate NPs) taken up by DCs through receptor-mediated phagocytosis. Allergen encapsulation and increased uptake shall render vaccines hypoallergenic (i.e., inhibition of MC degranulation, red arrow in box) and more immunogenic (green arrow in box), hence, improving the overall efficacy of AIT.


Resident skin dendritic cells form different subsets based on expression of surface receptors. Moreover, targeting of specific receptors leads to specific DCs activation determining T cell function. For example, activated epidermal Langerin+ DCs promote cytotoxic immune response and can be targeted via DEC-205. Human dermal CD1a+ DCs express MGL (macrophage galactose-type C-type lectin), MR (mannose receptor), DEC-205 and DC-SIGN. Targeting of these receptors activates DCs driving CD4+ T cell proliferation (227, 228). CD14+ dermal DCs express high levels of DC-SIGN and are important for generation of follicular Th cells and hence efficient antibody production. Oral administration of vaccines can target gut mucosal DCs. Depending on the environment, these CD103+ DCs can be either tolergenic or pro-inflammatory under inflammatory gut conditions (229). CD103+ CD11b+ have also been shown to be critical for Th17 induction (230). Thus, tailor made immune responses can be induced by targeting specific DC subsets via their respective receptors. A more detailed discussion on the link between DCs and T cell functions can be found elsewhere (231).

Nanomaterials are convenient systems for the introduction of functional modifications and are able to combine antigenic and adjuvant properties.

Due to their different physical and chemical properties, NPs have the ability to improve the efficacy of AIT. Here we discuss different particle types currently in either the preclinical or clinical testing phase (e.g., glycoconjugates and virus-like particles) and their potential for immunotherapy.


Carbohydrate Nanoparticles

Polysaccharides are components of fungal and bacterial cell walls and are recognized by receptors on APCs, which in turn induce strong immune responses against these pathogens. Allergy vaccines containing carbohydrates—ligands of innate-immune receptors—are more efficiently taken up by APCs, not only due to their receptor-mediated internalization, but also their particulate nature. Additionally, via specific receptor targeting, allergen carbohydrate NPs induce stronger responses compared to native proteins and can modulate the immune polarization.

Chitosan NPs have been shown to induce Th1 responses when administered via different routes. In prophylactic mouse experiments, oral immunizations with chitosan and plasmid DNA encoding the allergen induced a Th1 response and protected from subsequent allergen challenge. Chitosan particles mainly accumulated in Peyer's patches and likely were taken up by M cells (232, 233). Intranasal and oral therapeutic administrations of allergen-chitosan particles furthermore improved lung function in sensitized mice (201, 234). Similarly, sublingual allergen-maltodextrin formulations reduced AHR and Th2 responses in OVA-allergic mice (235). The authors suggest that oral Langerhans-like dendritic cells internalize the modified allergen and subsequently prime T lymphocytes in cervical lymph nodes.

Allergen neoglycoconjugates containing mannan were found to render the vaccine hypoallergenic, and to induce mixed Th1/17 immune responses after epicutaneous immunization. Bet v 1 neoglycoconjugates were tested in human skin explants and preferentially activated CD14+, CD14+ CD1a+ and CD14− CD1a− DC subsets as well as Langerhans cells. As CD14+ DCs overexpress mannose receptor, conjugates were most likely internalized via this C-type lectin receptor. Additionally, Bet v 1-mannan activated complement, which can enhance uptake via complement receptors (236). Animals treated intradermally with the mannan-modified allergen papain displayed significantly higher antigen-specific IgG titers in sera and showed the lowest induction of IgE responses compared to unconjugated allergen. MHC IIhigh CD8α+ DCs were efficiently targeted by these conjugates (237). Mannose glycodendropeptide nanostructures conjugated with Pru p 3 peptide protected sensitized mice from anaphylactic shock after sublingual applications (238). The protection was provided due to a decreased Th2 and increased Th1/Treg responses. Subcutaneous injections of allergoid-mannan conjugates for the treatment of canine atopic dermatitis resulted in a clear clinical improvement of the disease. The conjugates were shown to be internalized by human monocyte-derived dendritic cells via C-type lectin receptors (239, 240). Mannan neoglycoconjugates and allergoids of grass pollen and mites are currently in phase II clinical trials of sublingual and subcutaneous immunotherapy (241).



Copolymer Nanoparticles

Encapsulating allergen in biodegradable polymeric NPs provides a better safety profile during immunizations and activates the uptake by APCs, thus enhancing cellular and humoral responses (242). Poly(lactic-co-glycolic acid) (PLGA)-based drugs are approved by the FDA and the European Medical Agency for subcutaneous, intramuscular and oral administration. In a model of murine allergic rhinitis induced by the pollen allergen Che a 3, animals were treated with recombinant Che a 3 incorporated into PLGA NPs (243, 244). In both studies, sublingual AIT with PLGA NPs resulted in the eradication of allergic rhinitis symptoms and induced Th1/Treg responses. Liu et al. (245) targeted liver sinusoidal endothelial cells with surface-modified PLGA NPs to induce tolerance against ovalbumin in a murine asthma model. In a murine cow's milk allergy model, prophylactic oral applications of beta-lactoglobulin-derived peptides incorporated into PLGA NPs induced tolerance to the whole whey protein after sensitization (242). In SLIT nanoparticles are captured within sublingual mucosa by Langerhans-like dendritic cells (246) and swallowed allergen is later taken up by M cells in Peyer's patches (244).

Polyanhydride is a copolymer of methyl vinyl and maleic anhydride (PVMA) and it is marketed as Gantrez®. The material is biocompatible and provides sustained release (247). When used in oral administrations, it can protect the allergen from enzymatic degradation and prolong the duration of allergen contact with the mucosa (199). Furthermore, PVMA carriers have been shown to target TLR2- and TLR4-inducing DC maturation and Th1 induction (248). In two recent studies, sensitized mice were treated with peanut extract encapsulated in Gantrez® NPs (199, 249). Treated mice displayed higher survival rates after allergen challenge compared to non-treated and allergen extract-treated groups. Another nut-related allergy study used cashew allergen-loaded polyanhydride NPs for oral immunizations. After a single dose, NPs induced a higher Th1/Th2 ratio and increased Treg cell count. Likely, polyanhydride nanoparticles interacted with immune cells within Peyer's patches (249).



Peptide-Based Polymeric Nanoparticles

γ-PGA is a bacterial exopolymer, which is used with L-phenylalanine ethylester to generate self-assembling NPs. The carriers are biodegradable and due to their nature, directly target DCs and induce APC maturation. After i.v. injection, nanoparticle internalization was highest in CD11c+ and CD11c+ CD8+ splenic DCs (250). γ-PGA NPs loaded with recombinant Phl p 5 expanded allergen-specific IL-10-producing memory T cells when incubated with human monocyte-derived DCs. Nanoparticles were preferentially internalized by myeloid DCs (mDCs), but not plasmacytoid DCs. TLR2 and TLR4 played an important role in the maturation of mDCs induced by γ-PGA NPs (251). The authors of this study suggested the use of γ-PGA NPs also for intranasal immunotherapy. However, oral administration should be considered with caution, since γ-PGA-containing foods (e.g., fermented soybeans) may cause late-onset anaphylaxis (252).

Protamine is a 4 kDa-cationic peptide, which is commonly used to design carriers for cancer therapy (253, 254). Pali-Scholl et al. (255) used protamine NPs doped with the TLR9 ligands CpG-oligodeoxynucleotides, so-called proticles, for anti-allergy immunizations. Proticles were efficiently taken up by BMDCs and activated them. In vivo, proticles formed a depot at the injection site and subcutaneous immunotherapy of peanut-allergic mice resulted in a modulation of the immune responses toward Th1.



Virus-Like Nanoparticles

Virus-like nanoparticles (VLP) are derived from viral capsid proteins and are often used for allergen-specific immunotherapy in conjunction with adjuvants such as CpG oligodeoxynucleotides (256), or more recently, tetanus epitopes (257). A series of clinical studies with allergen extracts and CpG oligodeoxynucleotides in bacteriophage QβG10 coat proteins (CYT003) were performed by Cytos Biotechnology (258, 259). The vaccine was well-tolerated by sensitized individuals without any severe adverse effects and alleviated allergic symptoms after 10 weeks of AIT. However, in later studies the company focused on unspecific treatment of asthma with CYT003 (without allergen extract) and failed to demonstrate efficacy in a phase II clinical trial (260). Kratzer et al. (261) delivered Art v 1 allergen packed in a VLP-envelope from Moloney murine leukemia virus (MA::Art v 1 VNP). Preventive capacity of the nanoparticles was tested in humanized mouse model of mugwort pollen allergy. After intranasal application, these VLPs targeted CD103+ DCs in lung and alveolar macrophages resulting in Th1/Treg responses that had a protective effect on subsequent sensitization with mugwort pollen extract.



Inorganic Nanoparticles

Inorganic NPs based on silicon dioxide carriers have displayed potential for AIT. They are physically and thermally stable, can have a wide range of possible chemical modifications on their surface, and can be produced in a size range of 3 to several hundred nanometers (262). Silica NPs can either have a solid core with a functionalized surface, or be mesoporous, i.e., have the ability to adsorb protein internally and may provide sustained release of the antigen (263). Mesoporous silica NPs associated with Der f 2 have been studied in a murine HDM allergy model. Subcutaneous injections have shown a preventive effect with a decreased Th2 response and boosted Th1 immunity with elevated allergen-specific IgG levels (264). However, safety of inorganic nanoparticles is still under debate and this may prevent implementation of this method in the clinic (265).



Clinical Outlook

Chitosan, γ-PGA nanoparticles and proticles were successfully tested in animal models, but no new studies have been published in the last 7 years. PLGA- and PVMA-based allergen-specific immunotherapy has shown positive results in pre-clinical animal models in the last 2 years. However, no data on ongoing clinical studies is available. Two types of nanoparticles which made their way to the clinics are mannan conjugates and VLPs. Clinical trials with empty VLPs did not show any efficacy and were discontinued. New types of VLPs, MA::Art v 1, have not been tested in the clinics yet.

Subcutaneous and sublingual administration of hypoallergenic mannan glycoconjugates were efficient in animal models of allergic sensitization and currently are in phase 2 clinical trials (241). Preclinical studies with carbohydrate nanoparticles have shown that this approach can be further improved by the use of skin as immunization site. In contrast to hypodermis, where subcutaneous vaccinations are performed, epidermis and dermis are rich in APCs. I.d. injection or epicutaneous application via laser-generated micropores (189) allows direct activation of dermal DCs by nanoparticles (237). The synergy of particulate allergen conjugates targeting C-type lectin receptors on dermal DCs with delivery to superficial skin layers (236) may greatly improve existing approaches of AIT. Additionally, substitution of s.c. injections with epicutaneous application and shorter treatment protocols may improve patient compliance for anti-allergic immunizations.




CONCLUDING REMARKS

Much has been learned about the properties of individual allergens and about general factors that are associated with increased prevalence of allergic diseases. Still, it is not understood why a particular person develops sensitivity against a specific allergen. Allergy is a multifactorial disease and its induction involves bystander factors, among which particles play an important role: They promote uptake into cells, can carry a multitude of chemicals as cargo and offer a platform to achieve high local concentrations of effectors. Understanding the complex interplay between particles and allergens will be essential for fully elucidating the genesis of allergy as well as for developing new generations of therapeutics.
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B-Cell Activating Factor Secreted by Neutrophils Is a Critical Player in Lung Inflammation to Cigarette Smoke Exposure
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Cigarette smoke (CS) is the major cause of chronic lung injuries, such as chronic obstructive pulmonary disease (COPD). In patients with severe COPD, tertiary lymphoid follicles containing B lymphocytes and B cell-activating factor (BAFF) overexpression are associated with disease severity. In addition, BAFF promotes adaptive immunity in smokers and mice chronically exposed to CS. However, the role of BAFF in the early phase of innate immunity has never been investigated. We acutely exposed C57BL/6J mice to CS and show early BAFF expression in the bronchoalveolar space and lung tissue that correlates to airway neutrophil and macrophage influx. Immunostaining analysis revealed that neutrophils are the major source of BAFF. We confirmed in vitro that neutrophils secrete BAFF in response to cigarette smoke extract (CSE) stimulation. Antibody-mediated neutrophil depletion significantly dampens lung inflammation to CS exposure but only partially decreases BAFF expression in lung tissue and bronchoalveolar space suggesting additional sources of BAFF. Importantly, BAFF deficient mice displayed decreased airway neutrophil recruiting chemokines and neutrophil influx while the addition of exogenous BAFF significantly enhanced this CS-induced neutrophilic inflammation. This demonstrates that BAFF is a key proinflammatory cytokine and that innate immune cells in particular neutrophils, are an unconsidered source of BAFF in early stages of CS-induced innate immunity.

Keywords: B cell activating factor, cigarette smoke, pulmonary inflammation, neutrophils, mice


INTRODUCTION

Inflammatory lung diseases represent a major public health problem. Their incidence is constantly increasing and the predictions of the World Health Organization (WHO) are at least pessimistic over the next 20–30 years, reflecting recent changes in our society and the associated consequences on air quality and social behavior. In particular, chronic obstructive pulmonary disease (COPD) is characterized by chronic bronchitis and pulmonary emphysema and is triggered by repeated airway exposure to harmful particles mainly cigarette smoke (CS) (1). WHO projections anticipate that this chronic and progressive pathology will become the third leading cause of death by 2030. In this context, it has become a priority to increase our research efforts to better understand the cellular and molecular mechanisms involved in the pathophysiology of pulmonary inflammation in order to propose new innovative therapies.

A sustained cellular inflammation characterized by airway neutrophilic recruitment is commonly correlated with bad prognosis in chronic lung inflammation and COPD exacerbations elicited by a bacterial or viral infection (2). Paradoxically, this strong inflammatory response is associated with impaired bacterial clearance due to ineffective neutrophils which do not prevent the occurrence of infection-driven exacerbations (1). Activated neutrophils release reactive oxygen species as well as pre-formed proteases and lytic enzymes from intracytoplasmic granules, or burst into neutrophil extracellular traps (3). However, in addition to proinflammatory effects, neutrophils can display immunosuppressive potential (4, 5). The transition between proinflammatory and immunosuppressive neutrophils is highly dynamic and neutrophil plasticity may influence immune responses to environmental stress such as CS exposure (6).

COPD is also characterized by a significant increase in the number of alveolar macrophages in the airways of patients which correlates with airway obstruction and COPD severity (7). Both immune and non-immune cells such as alveolar epithelial cells participate in the inflammatory cell recruitment consecutive to CS exposure through their ability to produce chemokines and cytokines. B cell activating factor (BAFF) belongs to the tumor necrosis factor (TNF) cytokine family, shown first to play a key role in the maturation and survival of B lymphocytes and in the establishment of the humoral response (8, 9). However, recent data indicate that BAFF may also participate in the regulation of innate immune responses, particularly at the level of the respiratory mucosa (10, 11).

BAFF is mainly produced by adaptive immune cells, in particular B (12, 13) and T (14) lymphocytes as well as stromal cells especially pulmonary epithelial cells (15). Innate immune cells such as neutrophils (16), monocytes/macrophages and dendritic cells can also produce BAFF depending on the context. BAFF is expressed as a membrane-bound or soluble protein and its excessive expression leads to the development of autoimmune disorders in mice and humans (17–19). There are three BAFF receptors, BAFF receptor (BAFFR), transmembrane activator and the cyclophilin ligand interactor (TACI), and B cell maturation antigen (BCMA), all expressed by B and T lymphocytes but also by antigen presenting cells, indicating that BAFF function extends beyond that of B cell biology (15).

In addition to its important role in the production of autoantibodies and in autoimmunity, BAFF is implicated in the pathophysiology of pulmonary diseases. In particular, we showed high BAFF levels in the bronchoalveolar lavage fluid of patients with idiopathic pulmonary fibrosis (10). We also showed that genetic ablation of BAFF or BAFF neutralization significantly attenuated pulmonary fibrosis (10). Importantly, B cell BAFF expression generates a self-perpetuating loop implicated in COPD progression by promoting pulmonary B cell survival and tertiary lymphoid follicles expansion (11, 20–23).

In models of mice chronically exposed to CS, BAFF plays a major role in the generation of pulmonary antinuclear antibodies and tertiary lymphoid follicles (11, 23). In addition, BAFFR-Fc administration significantly attenuated lung inflammation and alveolar wall destruction (23). However, the role of BAFF in the development of innate immunity to cigarette smoking has never been investigated. Here, we report that acute CS exposure in mice induces BAFF expression in both the bronchoalveolar space and lungs and revealed neutrophils as the major source of BAFF during early inflammation. We also show a critical role of BAFF in acute inflammation to CS. Our results suggest that BAFF is a crucial mediator in the crosstalk between innate and adaptive immune responses in the context of CS-induced inflammation and may provide cues for new therapeutic targets for COPD and COPD exacerbations.



RESULTS

Acute Cigarette Smoke Exposure Promotes BAFF Expression in Airway Recruited Neutrophils

To address the role of BAFF in the development of acute lung inflammation in response to cigarette smoke (CS), C57BL/6J wild type mice (WT) were exposed to 4 cigarettes, three times a day for 4 days and sacrificed 16 h after the last exposure. WT mice exposed to CS presented significant increase in the number of total cells recruited into the bronchoalveolar lavage (BAL) (Figure 1A) and in particular neutrophils (Figure 1B) and macrophages (Figure 1C), as well as enhanced myeloperoxidase (MPO) levels (Figure 1D) in BAL fluid (BALF) which correlates with neutrophil recruitment. Interestingly, we observed enhanced amounts of BAFF in the BALF and a trend in the lung homogenates (Figures 1E,F). Of note we did not observe a significant change in Tnfsf13 mRNA levels (as known as APRIL, another TNF family member; Figure 1G). BAL cells immunostaining assay employing BAFF specific antibody indicates that airways recruited neutrophils, identified by their multi-lobulated nucleus stained with DAPI, strongly express BAFF in response to CS (Figures 1H,I). At this time point, BAL macrophages did not seem to express high levels of BAFF, suggesting that neutrophils are the major source of BAFF produced in the bronchoalveolar space in response to acute CS-exposure.


[image: Figure 1]
FIGURE 1. Acute CS-exposure induces BAFF expression in airways-recruited neutrophils. Mice were exposed to air (Air) or cigarette smoke (CS) three times a day for 4 days and sacrificed 16 h after the last exposure. Total cells (A), neutrophils (B), and macrophages (C) counted in BAL. MPO levels in BALF (D). BAFF levels, respectively, in BALF and lung (E,F). Tnfsf13 mRNA levels (coding for APRIL) in lung homogenates (G). BAFF immunostaining on BAL cells collected after air or CS exposure: BAFF shown in green and nucleus in blue (DAPI) (H). Fluorescent intensity quantification (I). n = 4–5 mice per group. Bar graphs are expressed as mean ± SEM. ns, non-significant; *p < 0.05 and **p < 0.01.




Neutrophil Depletion Partially Decreases BAFF Expression in Lung of CS-Exposed Mice

To validate the hypothesis that neutrophils are a major source of airway secreted BAFF upon mouse CS-exposure, we performed a neutrophil depletion experiment. Anti-Gr1 antibody (200 μg per mouse) or its isotype were injected intraperitoneally to WT mice at days 2 and 4, between the second and the third CS exposure (Figure 2A). Anti-Gr1 but not isotype control treated mice display decreased total cell number in BAL (Figure 2B) and in particular neutrophils (Figure 2C). However, neutrophil recruitment was not totally abolished indicating that neutrophil depletion was not complete. We also observed a significant decrease in MPO levels measured in BALF and lungs of anti-Gr1 treated mice as compared to isotype control treated mice (Figures 2D,E). Neutrophil-recruiting chemokines CXCL1 (Figures 2F,G) and CXCL5 (Figures 2H,I) levels were significantly increased in the lungs but not in the BALF of CS-exposed anti-Gr1-treated mice as compared to isotype control-treated mice. This increased CXCL1 and CXCL5 lung levels could be explained by the reduction of recruited neutrophils which express CXCR2 (the receptor for CXCL1 and CXCL5) and thus to an increase of unbound chemokines. In contrast, BALF and lung levels of matrix metalloproteinase-9 (MMP-9), known to be produced by neutrophils, were strongly decreased in CS-exposed mice treated within anti-Gr1 antibody (Figures 2J,K). Importantly BAFF production was significantly induced in BALF and lungs of CS-exposed isotype control-treated mice but not in CS-exposed anti-Gr1-treated mice suggesting an important contribution of neutrophils in BAFF production. However, we only observed a trend in the decrease of BAFF levels after anti-Gr1 antibody treatment in comparison to isotype control treatment (Figures 2L,M), probably due to incomplete neutrophil depletion or contribution of an additional cellular source of BAFF.
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FIGURE 2. Neutrophil depletion partially decreases pulmonary BAFF levels upon CS-exposure. WT mice were exposed to air or CS. CS-exposed WT mice were injected intraperitoneally with 200 μg of anti-Gr1 or isotype control antidody per mouse at day 2 and 4 between the second and the third exposure (A). Total cells (B) and neutrophils (C) counted in BAL. MPO (D,E), CXCL1 (F,G), CXCL5 (H,I), MMP-9 (J,K), and BAFF (L,M) levels were measured in BALF and lung, respectively. n = 4–5 mice per group. Bar graphs are expressed as mean ± SEM. ns, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




In vitro CSE Stimulation Induces BAFF Expression in Neutrophils and Epithelial Cells

To confirm that neutrophils can secrete BAFF, bone marrow-derived neutrophils (BMDN) were sorted and stimulated for 4 h with home-made 10% cigarette smoke extract (CSE). We observed that CSE stimulation significantly increased BAFF levels in the supernatant of BMDN isolated from WT mice, indicating that neutrophils are able to secrete BAFF in response to CSE (Figure 3A). At this time point, 10% CSE did not promote neutrophil cell death, as observed performing MTT assay (Figure 3B). Moreover, CSE stimulation of murine tracheal epithelial cells (MTEC) isolated from WT mice and maintained immersed in vitro, enhanced intracellular BAFF accumulation as compared to unstimulated MTEC (Figure 3C). However, BAFF was undetectable in the supernatant of CSE-stimulated MTEC suggesting an absence or a finely regulated BAFF secretion by these cells (data not shown). These results suggest that neutrophils rather than epithelial cells may be an important source of airway secreted BAFF in response to CS-exposure.
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FIGURE 3. In vitro CSE stimulation induces BAFF expression in neutrophils and epithelial cells. Bone marrow derived neutrophils (BMDN) were stimulated with medium or medium containing 10% Cigarette Smoke Extrat (CSE) for 4 h. BAFF levels in supernatant (A) and MTT cell viability assay on cellular fraction (B). Murine tracheal epithelial cells (MTEC) were stimulated with medium or medium containing 10% CSE. BAFF was measured in the cellular fraction (C). Stimulation has been performed in triplicate for each condition. Bar graphs are expressed as mean ± SEM. ns, non-significant; *p < 0.05. Mann-Whitney T-test was performed.




BAFF Positively Regulates CS-Induced Airway Inflammation

In order to study the role of BAFF in acute CS-induced lung inflammation, we exposed wild type (WT) and BAFF deficient mice (BAFF−/−) to air or CS. While total BAL cell numbers were not significantly decreased (Figure 4A), neutrophil numbers and MPO levels in the BAL were significantly decreased in CS-exposed BAFF−/− mice as compared to WT mice (Figures 4B,C). Double-stranded (ds) self-DNA level in the BALF was also reduced in CS-exposed BAFF−/− mice as compared to WT CS-exposed mice, suggesting lower CS-induced cell death and/or neutrophil extracellular traps (NETs) formation in these mice (Figure 4D). In addition, CXCL5 (Figure 4E) and MMP-9 (Figure 4F) BALF amounts were reduced in CS-exposed BAFF−/− mice, whereas CXCL1 levels were not (Figure 4G).
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FIGURE 4. BAFF positively controls CS-induced inflammation. WT and BAFF deficient mice (BAFF−/−) were exposed to air or CS and sacrificed 16 h after the last exposure. WT mice were instillated with NaCl as control, or with rBAFF (1 μg/mouse) at days 2 and 4 between the second and the third exposure (H). Total cells (A,I) and neutrophils (B,J) in BAL. MPO (C,K), self-dsDNA (D), CXCL5 (E), CXCL1 (G), MMP-9 (F,L), and TIMP-1 (M) levels measured in BALF or lung as indicated. n = 3–7 mice per group. Bar graphs are expressed as mean ± SEM. ns, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


We next intranasally administrated recombinant mouse BAFF (rBAFF) protein (1 μg/mouse) or NaCl at indicated time points (Figure 4H) and exposed mice to air or CS. CS-exposed rBAFF-treated mice presented a significant increase in BAL total cell (Figure 4I) and neutrophils (Figure 4J) in comparison to NaCl treated CS- or air-exposed mice. Higher neutrophil pulmonary influx observed in CS-exposed and rBAFF-treated mice was confirmed by increased BAL MPO levels (Figure 4K) that were significantly higher as compared to CS-exposed mice only. Moreover, remodeling factors in the lungs such as MMP-9 (Figure 4L) and TIMP-1 (Figure 4M) were also increased in CS-exposed rBAFF-treated mice in comparison to CS-exposed mice. In conclusion, BAFF deficiency resulted in decreased pulmonary inflammation to CS-exposure while the addition of exogenous BAFF to WT mice significantly enhanced inflammation. Altogether, these data show that BAFF is a key proinflammatory player during the acute phase of pulmonary inflammation induced by CS-exposure.




DISCUSSION

Here, we investigated whether BAFF is expressed during the early stages of cigarette smoke (CS)-induced inflammation and whether it participated in the development of the early pulmonary innate immune response. Previous works indicated that BAFF is strongly expressed in smokers and COPD patients leading to lymphoid follicles formation and pulmonary B cell survival (11, 20–23). In chronically CS-exposed mice, BAFF expression is greatly increased leading to the generation of pulmonary antinuclear antibodies and tertiary lymphoid tissues (11, 23). Another study reports that chronic exposure to cigarette smoke causes decreased airway BAFF levels leading to enhanced influenza virus infection (24). These discrepancies are unclear and might reflect the use of distinct mouse colonies and/or CS exposure protocol. Here we show that acute CS exposure promotes BAFF expression in the bronchoalveolar space. Early CS-induced expression of BAFF highlights BAFF as a crucial mediator in the crosstalk between innate and adaptive immune responses in the establishment of pulmonary chronic inflammation.

We previously identified Gr1+ neutrophils as an important source of BAFF upon BLM-induced lung inflammation and fibrosis (10). Here, we show in our model that airway neutrophils are the main BAFF producing cells in the bronchoalveolar space suggesting that recruited neutrophils are the major source of BAFF during acute pulmonary inflammation to CS. In contrast, one study showed that some lung tissue resident alveolar macrophages express BAFF upon mice acute CS-exposure and proposed that macrophages are the essential source of pulmonary BAFF (11). We cannot exclude that macrophages may also produce BAFF, in particular lung tissue macrophages as observed by these authors.

Neutrophil depletion experiment confirmed that neutrophils are important inducers of early pulmonary inflammation. Neutrophil depletion partially decreases BAFF expression in lung tissue and bronchoalveolar space of CS-exposed mice suggesting that while neutrophils are important BAFF producers, additional sources exist, possibly alveolar macrophages (11) or reflecting incomplete neutrophil depletion.

Exploring this hypothesis, we showed that murine bone marrow-derived neutrophils stimulated in vitro with cigarette smoke extract (CSE) secrete BAFF, confirming that neutrophils are one of the main source of BAFF. Moreover, epithelial cells also expressed BAFF after CSE stimulation, but did not secrete it in this experimental setting. This observation suggests that epithelial cells could be, in vivo, another source of BAFF during CS-induced lung inflammation. BAFF-containing epithelial cells could explain the presence of airway BAFF in air-exposed mice that do not present airway neutrophils. In addition, a recent study showed that BAFF production may be induced in a mouse macrophage cell line by hydrogen peroxide, an oxidant generated following CS exposure (25). However, in contrast to bone marrow-derived neutrophils, we did not observed BAFF production by CSE-stimulated bone marrow-derived macrophages.

Of note, the use of different exposure models (26), different mouse strain or sex (25) change the response observed (27).

Proinflammatory mediators were shown to elicit secretion of the intracellular or surface expressed BAFF during pathologic inflammatory responses (16, 28). BAFF was associated with autoimmunity and recent evidence suggests that autoimmune processes are involved in the pathogenesis of COPD (29). In this context, neutrophils were shown to produce BAFF and contribute to excess serum BAFF levels, promoting CD4+ T cell and B cell responses in autoimmunity model of lupus-prone mice (30). In addition, prolonged infections or adjuvant usage can trigger emergency granulopoiesis, leading to dysregulated neutrophil blood counts. The recruited neutrophils secreted BAFF that highly accelerated plasma cell generation and antigen-specific antibody (31).

Importantly, we showed that neutrophil and myeloperoxidase level reduction in the airways was associated with decreased airway self-dsDNA content in BAFF deficient mice. These results indicate that BAFF is necessary for neutrophilic inflammation and suggest that neutrophils may release self-DNA through NETs formation which are released during NETosis cell death. NETs are web-like scaffolds of extracellular DNA in complex with histones and neutrophil granular proteins, such as myeloperoxidase and neutrophil elastase. Interestingly, NETopathic inflammation was recently implicated in the pathogenesis of COPD (11, 32, 33).

In addition recent studies showed that autoinflammatory NETs are composed of self-DNA, neutrophil elastase autoantigen but also BAFF protein, inducing anti-dsDNA antibodies (34, 35). It will be interesting to analyze whether neutrophil-associated BAFF release upon CS exposure is occurring through active BAFF secretion or NETosis. In lungs of patients with COPD, BAFF expression was increased in immune cells, in particular alveolar macrophages, but also in stromal cells in lymphoid follicles (20, 23). BAFF expressing cells may differ depending on the chronicity of inflammation and/or on COPD stage.

Finally, we report a critical role of BAFF in acute inflammation to CS in mice since genetic ablation of BAFF significantly attenuated airway neutrophilic inflammation. In the same way, BAFFR-Fc administration was shown to significantly attenuate lung inflammation and alveolar wall destruction confirming that BAFF has proinflammatory effect (23). Addition of fairly large amounts of recombinant BAFF to observe whether its effects are additive to those mediated by CS-induced BAFF confirms that BAFF positively regulates airway neutrophilic lung inflammation. It is worth mentioning that 1 μg recombinant BAFF administration to naïve mice did not lead to significant differences in terms of BAL cell recruitment and remodeling factors production. Since neutrophils were not showed to express BAFF receptors, these results suggest that additional mediators are required. We previously showed that CS exposure induces IL-1β production, which is important to promote neutrophil recruitment as we previously showed (36). Other demonstrated the role of IL-17 in neutrophil influx in response to CS exposure (37, 38). One hypothesis is that BAFF may induces IL-1β and/or IL-17 production in a feedback loop, leading to neutrophil influx. Since we did not observe an increase in Tnfsf13 expression, it appears that among the TNF family, BAFF but not APRIL plays a major role in CS-induced inflammation. In conclusion, our data demonstrate that innate immune cells and in particular neutrophils are an important source of BAFF in early stages of CS-induced lung inflammation and suggest that BAFF is a crucial mediator in the crosstalk between innate and adaptive immune responses upon cigarette smoke exposure.



MATERIALS AND METHODS

Mice

Eight to twelve weeks old wild-type C57BL/6J (WT) male mice were purchased from the Janvier laboratory (Janvier Laboratory, France). BAFF−/− (39) were provided by Pascal Schneider from Lausanne University. All mice were backcrossed 10 times on C57BL/6J background and housed in the UPS44-TAAM (CNRS, Orleans, France) animal facility. For experiments, adults males (8–12 weeks old) were kept in sterile, isolated and ventilated cages.



Cigarette Smoke Model

CS exposure was performed using a calibrated EMKA InExpose smoking robot. Mice were exposed to mainstream cigarette smoke in a whole-body chamber for 20 min, 3 times per day for 4 days. We used 3R4F research cigarettes (University of Kentucky) with the filter removed and the cigarettes were puffed once per minute, 4 s duration, 200 ml puff volume. The experimental bias flow, required to deliver CS and fresh air to the mice, is calibrated at 3.107 L.min-1 and maintained constant. We did not measure the concentration of smoke particulates, but the manufacturer estimates the exposures to be 350 mg/cubic meter.



Treatment

Mice were treated intraperitoneally with 200 μg of mouse anti-Gr1 (BE0075, Euromedex) or isotype control (BE0090, Euromedex) at day 2 and 4 between the second and the third exposition. Recombinant mouse BAFF (8876-BF-010, R&D Systems) was administred intranasally (1 μg/mouse) at days 2 and 4 of CS exposure between the second and the third daily exposure. Mice were anesthetized using intramuscular injection of ketamine/xylasine.



Broncho-Alveolar Lavage (BAL)

BAL was performed as previously described (40). Bronchoalveolar lavage (BAL) and lung tissue were harvested 16 h after the last CS exposition. Differential cell counts were performed by counting an average of 250 cells on Cytospin preparations (Shandon CytoSpin3, Thermo Scientific) after May-Grünwald-Giemsa (MGG) staining (Diff Quick, Medion Diagnostics) according to manufacturer's instructions.



Lung Homogenates

After BAL the lungs were perfused with Isoton® (Beckman Coulter France, Villepinte) to flush the vascular content. Lungs were homogenized by a rotor-stator (Ultra-turrax®) in 1 ml of PBS for ELISA dosage. The extract was centrifuged 10 min 10,000 rpm and the supernatant was stored at −80°C before mediator measurement.



Mediator Measurements

For cytokine determination, BALF supernatant and lung homogenates or culture supernatant were analyzed by ELISA assay kits for murine: CXCL1, CXCL5, MPO, MMP-9, TIMP-1, and BAFF (R&D system) according to manufacturer's instructions.



Measurement of Double-Stranded DNA

Double-stranded DNA was measured in the BAL fluid (BALF) using Quant-iTPicoGreen dsDNA reagent (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol.



Quantitative RT-PCR

RNA was purified from lung homogenates by using Tri-Reagent (Sigma-Aldrich) extraction protocol. Reverse transcription of RNA into cDNA was carried out with GoScript™ Reverse Transcription System (Promega). RT-qPCR was performed with Fast SYBR Green Master mix (Promega) on anARIAMX(Agilent Technologies). Primers for Tnfsf13 (#QT00254023) were purchased from Qiagen (Qiagen, Hilden, Germany). RNA expression was normalized to Gapdh (#QT00166768) expression and analyzed using the ΔΔCt method.



Immunostaining on Cytospin

Cytospin slides were fixed in paraformaldehyde 4% (Sigma-Aldrich). After 3 lavages in TBS, cells were incubated 10 min in TBS-0.3% Triton X-100, were washed 3 times in TBS, blocked in TBS-1% BSA-10% SVF during 45 min and incubated with primary anti-BAFF (Abcam, ab16081) or control isotype antibodies over night at 4°C. After 3 lavages in TBS, cells were incubated 1 h at room temperature with anti-rat IgM conjugated to Alexa 488. Cytospins were counterstained using 4′,6-diamidino-2-phenylindole (DAPI) for 10 min, rinsed and coverslip were mounted with Mowiol (Sigma-Aldrich). For fluorescent intensity quantification, the gray value was calculated in each cell selected on untreated pictures. Cells were observed using a Nikon eclipse 80i microscope and images were treated using ImageJ software.



Bone Marrow Derived Neutrophils

Femurs from 7 weeks old WT mice were collected and rapidly flushed in sterile conditions with RPMI/10% FBS and smashed through a 100 μm filter to remove aggregates and centrifuge at 1,400 rpm for 5 min. The pellet was resuspended in PharmLyse solution (BD Biosciences) to lyse red blood cells. Lysis reaction was stopped by adding FBS and then centrifuged 5 min at 1,400 rpm. Pellet was resuspended in PBS-FBS 0.5%-EDTA 2 mM buffer prior to isolation. Neutrophils were isolated using the Neutrophil Isolation Kit (MiltenyiBiotec) following manufacturer instructions. Briefly, cells were stained with a cocktail of biotin-conjugated monoclonal antibodies not expressed on neutrophils. After that, cells were stained with magnetic anti-biotin antibodies and separated using magnetic LS Columns (MiltenyiBiotec). Cells unretained by the colums were numerated and seeded in a 96 well-plate at 1.105 cells per well prior to stimulation. Supernatant was collected after 4 h stimulation and stored at −80°C for further analysis. Cell death was monitored by MTT using a standard protocol. Thiazollyl blue tetrazolium bromide (Sigma) solution was added onto the cells after supernatant collection and incubated for 2 h at 37°C, and a 10% SDS acetic acid solution was then added. MTT reduction to formazan was quantified by an absorbance microplate reader (EL800, BioTek, Colmar) at 610 nm (KC4 software).



Murine Tracheal Epithelial Cells

Trachea from WT mice were collected in DMEM-F12 GlutaMAX medium (Thermofisher Scientific) containing Penicillin-Streptomycin (100 U/mL, Fisher) cocktail and incubated over night at 4°C with Pronase (1.5 mg/mL, Sigma-Aldrich). Cells were collected and washed 3 times with DMEM-F12 GlutaMAX-10% FBS, 100 μm filtered, and centrifuged at 1,500 rpm for 10 min. Cell pellet was resuspended in DNAse solution (0.5 mg/mL, Sigma-Aldrich) for 5 min. Suspension was centrifuged for 10 min at 1,500 rpm and the pellet was resuspended in DMEM-F12 GlutaMAX media and incubated in Primaria plates (353801, VWR) at 37°C for 4 h to remove potential fibroblasts. Unadherent cells were then collected, centrifuged at 1,500 rpm for 10 min, counted and plated in 24 well-plate coated with rat tail collagen (ThermoFisher Scientific) at 50 000 cells per well. At this step, DMEM-F12 GlutaMAX-5% FBS medium containing Insulin-Transferrin (10 μM ThermoFisher Scientific), Cholera Toxin (0.10 μg/mL, Sigma-Aldrich) Epidermal Growth Factor (0.025 μg/mL, Sigma-Aldrich), Bovine Pituitary Extract (30 μg/mL, Fisher), and Retinoic acid (50 nM, Sigma-Aldrich) was used to maintain epithelial cells prior to stimulation. Supernatant and intracellular fraction were stored at −80°C for further analysis.



In vitro Cell Stimulation

Cigarette Smoke Extract was prepared by bubbling the smoke of six 3R4F cigarettes with filter per 100 mL of media. This solution is considered as 100% CSE medium stock solution.



Statistical Analysis

Statistical evaluation of differences between experimental groups was determined by Mann Whitney T-Test or one-way ANOVA, analysis of variance, Bonferroni test as indicated using GraphPad Prism software v.8. P <0.05 were considered statistically significant. All figures are representative of at least two different experiments.
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It is widely assumed that the spread of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection in humans occurs through close contact with an infected person, short-range transmission through respirable droplets from an infected individuals' cough or sneeze, and aerosolized airborne droplets in long-range (over a few meters) transmission (1). Large respirable droplets (>5 μm) rapidly settle out of the air, whereas virus-laden small droplets (<5 μm), often referred to as “droplet nuclei” remain longer in the air and propagate depending on air-flow (1). Assuming that a fraction of aerosols remains infective, “droplet-nuclei” might contribute to airborne transmission of the virus, particularly in poorly ventilated and crowded indoor spaces. A recent commentary, and supported with >200 signatories, has further stressed the importance of inhalation exposure to viruses in respirable droplets at short to medium distances (up to several meters) (2).

In contrast to the inhalation mode of viral transmission through airborne respirable droplets, here we speculate an additional role for settled and airborne particulate matter (PM) not only in viral transmission through inhalation and ingestion, but also in promoting immunity through antigen delivery, adjuvanticity and trained immunity.


PM-MEDIATED VIRAL TRANSMISSION

A number of recent studies have suggested some correlations between air pollution and coronavirus disease-2019 (COVID-19) cases and deaths (3, 4). For instance, a recent epidemiological study concluded that an increase of 1 μg/m3 in long-term exposure to fine PM air pollutants (≤2.5 μm, PM2.5) is associated with an 8% increase in COVID-19 mortality rate in the United States (3). Another study involving 355 municipalities in the Netherlands has further shown that a 1 μg/m3 increase in concentrations is associated with 9.4 more COVID-19 cases, 3.0 more hospital admissions, and 2.3 more deaths (4). Similarly, previous reports have also indicated that air pollution exposure increases severe outcomes during infectious disease outbreaks (5, 6). For instance, during an outbreak in 2003 in China, severe acute respiratory syndrome case fatality rates were dramatically higher in locations with a moderate to high long-term air pollution index in comparison to regions with a low air pollution index (5). While long-term exposure to air pollutants such as PM2.5 and nitrous dioxide contributes to persistent inflammatory responses and cardiopulmonary diseases (7), which might increase vulnerability to COVID-19, it is also plausible that depending on the environment SARS-CoV-2 “hitchhiking” on airborne PM pollutants might be an additional mechanism for spreading the infection. A number of studies have shown that PM is a carrier of airborne pathogens (8, 9). For instance, a metagenomic study has confirmed the presence of bacteria, archaea, fungi and dsDNA viruses on PM pollutants collected during a severe smog event in Beijing (8). More recently, Setti et al. (10) detected the presence of SARS-CoV-2 RNA on outdoor/airborne PM of 2.5–10 μm (PM10) collected from an industrial site of Bergamo Province, which is known for high air pollution and some of the most severe cases of COVID-19. This study was limited to detection of viral nucleic acid, rather than infectious virus. However, it is likely that air samplers can severely damage pathogens making detection of intact microorganisms difficult. Notwithstanding, the exact role of PM in transmission of pathogens remains to be elucidated, but will be dependent on the presence of bound/trapped infectious viruses.

Can infectious viruses survive on PM? In “droplet nuclei” SARS-CoV-2 remain stable for at least up to 3 h, whereas on plastic and stainless steel surfaces the viral stability is increased dramatically and detectable up to 72 h after application (11). Viruses in aerosol droplets, originated from a cough or sneeze, are likely embedded in and covered by a “corona” of mucins/proteoglycans (Figure 1), which may aid viral aggregation and preservation as well as viral adsorption to airborne PM and/or settled PM on surfaces. Furthermore, PM, depending on its composition, shape, physicochemical properties and density might further aid viral clustering and preservation, and account for prolonged viral stability and persistence on surfaces and in the air. Viral adhesion might also bridge PM-PM binding/agglomeration and enhance respirable properties of these structures.


[image: Figure 1]
FIGURE 1. SARS-CoV-2 clusters in mucin and deposition on airborne PM pollutants.


Can PM-virus composites induce infection? Viruses bound to PM seemingly resemble drug powders adsorbed to coarse carrier particles (e.g., lactose) in dry powder inhalers (DPI) in their behavior. In DPI, coarse carriers increase drug particle dispersion, improve flow and on inertial impaction in the back of the throat releases drug particles, which subsequently deposit to the lower respiratory tract regions by sedimentation (12). On inhalation, infectious virus clusters bound to PM (e.g., composites >5 μm) are expected to predominantly deposit in the upper respiratory airways due to greater inertia (Figure 2). The binding target for SARS-CoV-2 is angiotensin-converting enzyme 2 (ACE2), which is not only expressed by lung epithelial cells in the lower respiratory tract (13), but also in the nose as reported recently (14, 15), as well as proximal and distal enterocytes (16). Assuming that some bound viruses to PM remain intact and infectious, the bulk of inhaled virus-bound PM most likely corresponds to a very low viral titer. In spite of this, PM could increase viral persistence in the upper respiratory airways and through irritation and ulceration of the nasal epithelium (14, 15) promotes viral spread particularly in individuals where mucociliary clearance is reduced (e.g., smokers, asthma, acute respiratory distress syndrome). It has been recently reported that inhalation of as few as 50 viral RNA copies are enough to effectively induce disease and this supports the notion that the inefficient nature of particulate inhalation could still achieve pathogenesis (17). Accordingly, this mode of inhalation might eventually promote viral translocation to the lower respiratory tract and contribute to disease severity (Figure 2). Second, those inhaled large-sized virus-bound PM in the mouth and throat are susceptible to ingestion. It is also plausible that PM adsorption/embedding might enhance viral stability in the hostile environment of the gastrointestinal tract and eventually promotes infection through interaction with ACE2 expressing enterocytes (or even through sampling by M cells in the gut-associated lymphoid tissue). Third, considering the complex and composite nature of airborne PM (which is typically an agglomerate of carbonaceous combustion particles, coarse dust, fibers, microplastics, transition elements, secondary nitrates, sulfates, adsorbed gases, etc.) (7, 18), inertial compaction may de-agglomerate PM forming smaller viral-bound particles. Virus-PM composites of <5 μm, depending on their shapes and densities, could distribute to primary, secondary and terminal bronchi as well as reach the alveoli by sedimentation. Indeed, these are anatomical regions where significant inflammatory reactions have been observed in COVID-19 cases (19). Within the alveoli, instead of targeting ACE2 expressing epithelial cells, virus-PM composites could be highly susceptible to phagocytic recognition and clearance by alveolar macrophages (AM) through a plethora of endocytic and pattern-recognition receptors as well as ACE2 (which is also expressed by AM), where even a low dose exposure might result in macrophage infection. However, this still requires pathogen translocation from endolysosomal compartments to the cytosol and successful viral replication. Earlier studies have established a cytoplasmic mode of entry for a predecessor coronavirus through a proteolysis-dependent endo-lysosomal pathway (20), which might apply to SARS-CoV-2. Although coronaviruses such as SARS-CoV replicate poorly in human monocytes/macrophages (21), shedding of low viral titres from a small population of AM might still be sufficient to spread infection through the regional ACE2 expressing epithelial cells. Furthermore, by considering the heterogeneous composition and proinflammatory nature of airborne PM pollutants, on phagocytosis, some PM might act synergistically with viruses to initiate the bystander alveolar macrophage-mediated damage to epithelial tissues. For instance, this could occur through a cytokine storm and coupled with down-regulation of CD200R (a receptor which inhibits macrophage activation) and up-regulation of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) on the AM surface (22). Subsequently, TRAIL binding to death receptor 5 (DR5) expressed on epithelial cells could induce apoptosis in the epithelium (22) resulting in alveolar leakage and spread of virus out of the affected alveoli. Furthermore, these disruptions through PM-virus alliance may further help with the recruitment and activation of monocyte-derived macrophages that is seen in patients with COVID-19 (23).


[image: Figure 2]
FIGURE 2. Inhalation of SARS-CoV-2-PM and their respiratory tract deposition.


In summary, although long-term exposure to polluted air might increase vulnerability to COVID-19 through prior adverse cellular effects of settled PM (24), our proposed “hitchhiking” hypothesis offers an additional multi-mechanistic pathogenic process through delivery of low viral titres with diverse PM-virus composites and is applicable to both indoor and outdoor situations, where the pathogenic severity is dependent on PM concentration, composition, shape and size as well as the infectious viral load. For instance, the hypothetical concentration of viruses carried by PM2.5 is expected to be much lower than those by PM10, since the carrying capacity is proportional to the particle volume. Accordingly, larger PM might play more significant roles in viral transmission. Nevertheless, it is still plausible that during infectious disease outbreaks pathogen hitchhiking on PM2.5 might be an additional, and yet, effective contributing factor to epidemic and disease pathogenesis in urban as well as rural hot spots (e.g., locations with intensive livestock farming, which is rich in PM2.5) with poor local air pollution and particularly among high-risk individuals.



PM CONTRIBUTION TO IMMUNITY

Contrary to the suggestions that long-term exposure to PM might increase vulnerability to SAR-CoV-2 infection, inhaled PM might promote some forms of immunity to the virus in some individuals. PM could be the carrier of spike, envelope, membrane and nucleocapsid protein fragments of coronaviruses and on inhalation could deliver accompanied antigens to a variety of dendritic cells (DCs) subsets located throughout the respiratory tract. Since, a large number of DCs are associated with the large airways (e.g., in the respiratory epithelium of the nose, nasopharynx, trachea, and large bronchi) (25), these DCs might recognize and capture inhaled PM-antigen composites through receptor-mediated endocytic processes. Depending on PM composition, physicochemical characteristics and antigen load they could undergo a maturation process, leave the lung, and migrate to draining lymphoid tissues, where they are capable of activating naïve T cells for the expression of acquired immunity. Thus, PM could not only act as an antigen depot, but also as an adjuvant to initiate DC maturation. On the other hand, it is even more tempting to speculate that frequent exposure to particular types of PM/PM-antigen composites (e.g., as in areas with high air pollution) could trigger some forms of trained immunity (a de facto innate immune memory) presumably through epigenetic reprogramming of transcriptional pathways (26), thus offering a plausible explanation as to why some SARS-CoV-2 infected individuals are asymptomatic. Interestingly, evidence suggests that the asymptomatic COVID-19 patients have a significantly lower virus-specific IgG and neutralizing antibody levels relative to symptomatic patients in the early convalescent phase (27). Furthermore, asymptomatic individuals exhibited lower levels of many pro- and anti-inflammatory cytokines (27). These observations may be indicative of trained immunity in these individuals. Irrespective of the immunological outcomes, these possibilities are analogous to immunization strategies with engineered nano- and micro-particles (28).



CONCLUSIONS

Here, we propose a hypothesis and a working mechanism for the role of PM pollutants in binding, stabilization and delivery of low titres of SARS-CoV-2 to alveolar macrophages. Perturbations of macrophage function by virus-PM composites may be an additional mechanism for spreading infection and contributing to COVID-19 severity. Contrary to this, some inhaled PM might promote immunity to SARS-CoV-2 through complex mechanisms. Since, the role of PM in airborne transmission of pathogens and associated immune responses are poorly understood, research in this neglected area should be encouraged, resulting in understanding that might contribute to better prevention of respiratory diseases and spread of drug-resistant respiratory pathogens in the future.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 1. Morawska L, Cao J. Airborne transmission of SARS-CoV-2: the world should face the reality. Environ Int. (2020) 139:105730. doi: 10.1016/j.envint.2020.105730

 2. Morawska L, Milton DK. It is time to address airborne transmission of COVID-19. Clin Infect Dis. (2020) ciaa939. doi: 10.1093/cid/ciaa939

 3. Wu X, Nethery RC, Sabath BM, Braun D, Dominici F. Exposure to air pollution and COVID-19 mortality in the United States: a nationwide cross-sectional study. medRxiv. (2020). doi: 10.1101/2020.04.05.20054502

 4. Cole MA, Ozgen C, Strobl E. Air pollution exposure and COVID-19. In: IZA Institute of Labor Economics Discussion Paper Series No. 13367. (2020). Available online at: http://ftp.iza.org/dp13367.pdf (accessed August 8, 2020).

 5. Ciencewicki J, Jaspers I. Air pollution and respiratory viral infection. Inhal Toxicol. (2007) 19:1135–46. doi: 10.1080/08958370701665434

 6. Cui Y, Zhang Z-F, Froines J, Zhao J, Wang H, Yu S-Z, et al. Air pollution and case fatality of SARS in the People's Republic of China: as ecologic study. Environ Health. (2003) 2:15. doi: 10.1186/1476-069X-2-15

 7. MacNee W, Donaldson K. Mechanism of lung injury caused by PM10 and ultrafine particles with special reference to COPD. Eur Respir J. (2003) 21:47s−51s. doi: 10.1183/09031936.03.00403203

 8. Cao C, Jiang W, Wang B, Fang J, Lang J, Tian G, et al. Inhalable microorganisms in Beijing's PM2.5 and PM10 pollutants during a severe smog event. Environ Sci Technol. (2014) 48:1499–507. doi: 10.1021/es4048472

 9. Cambra-López M, Aarnink AJA, Zhao Y, Calvet S, Torres A. Airborne particulate matter from livestock production systems: a review of an air oullution problem. Envrion Pollut. (2010) 158:1–17. doi: 10.1016/j.envpol.2009.07.011

 10. Setti L, Passarini F, De Gennaro G, Barbieri P, Palavicini A, Ruscio M, et al. Searching for SARS-COV-2 on particulate matter: a possible early indicator of COVID-19 epidemic recurrence. Int J Environ Res Pub Health. (2020) 17:2986. doi: 10.3390/ijerph17092986

 11. van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A, Williamson BN, et al. Aerosol and surface stability of SARA-CoV-2 as compared with SARS-CoV-1. N Engl J Med. (2020) 382:1564–7. doi: 10.1056/NEJMc2004973

 12. Chow AHL, Tong HHY, Chattopadhyay P, Shekunov BY. Particle engineering for pulmonary drug delivery. Pharm Res. (2007) 24:411–37. doi: 10.1007/s11095-006-9174-3

 13. Wan Y, Shang J, Graham R, Baric RS, Li F. Receptor recognition by the novel coronavirus from Wuhan: an analysis based on decade-long structural studies of SARS cornonavirus. J Virol. (2020) 94:e00127–20. doi: 10.1128/JVI.00127-20

 14. Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, Dinnon KH III, et al. SARS-CoV-2 reverse genetics reveals a variable infection gradient in the respiratory tract. Cell. (2020) 182:429–46.e14. doi: 10.1016/j.cell.2020.05.042

 15. Sungnak W, Huang N, Bécavin C, Berg M, Queen R, Litvinukova M, et al. HCA Lung Biological Network, SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells together with innate immune genes. Nat Med. (2020) 26:681–7. doi: 10.1038/s41591-020-0868-6

 16. Zhang H, Li H-B, Lyu J-R, Lei X-M, Li W, Wu G, et al. Specific ACE2 expression in small intestinal enterocytes may cause gastrointestinal symptoms and injury after 2019-nCoV infection. Int J Infect Dis. (2020) 96:19–24. doi: 10.1016/j.ijid.2020.04.027

 17. Coleman KK, Sigler WV. Airborne influenza A virus exposure in an elementary school. Sci Rep. (2020) 10:1859. doi: 10.1038/s41598-020-58588-1

 18. Kundu S, Stone EA. Composition and sources of fine particulate matter across urban and rural sites in the Midwestern United States. Envrion Sci Process Impacts. (2014) 16:1360–70. doi: 10.1039/C3EM00719G

 19. Shi Y, Wang Y, Shao C, Huang J, Gan J, Huang X, et al. COVID-19 infection: the perspectives on immune responses. Cell Death Differ. (2020) 27:1451–4. doi: 10.1038/s41418-020-0530-3

 20. Burkard C, Verheije MH, Wicht O, van Kasteren SI, van Kuppeveld FJ, Haagmans BL, et al. Coronavirus cell entry occurs through the endo-/lysosomal pathway in a proteolysis-dependent manner. PLoS Pathog. (2014) 10:e1004502. doi: 10.1371/journal.ppat.1004502

 21. Yilla M, Harcourt BH, Hickman CJ, McGrew M, Tamin A, Goldsmith CS, et al. SARS-coronavirus replication in human peripheral monocytes/macrophages. Virus Res. (2005) 107:93–101. doi: 10.1016/j.virusres.2004.09.004

 22. Findlay EG, Hussell T. Macrophage-mediated inflammation and disease: a focus on the lung. Mediators Inflamm. (2012) 2012:140937. doi: 10.1155/2012/140937

 23. Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a key role for monocytes and macrophages. Nat Rev Immunol. (2020) 20:355–62. doi: 10.1038/s41577-020-0331-4

 24. Contini D, Costabile F. Does air pollution influence COVID-19 outbreaks? Atmosphere. (2020) 11:377. doi: 10.3390/atmos11040377

 25. Condon TV, Sawyer RT, Fenton MJ, Riches DWH. Lung dendritic cells at the innate-adaptive immune interface. J Leukoc Biol. (2011) 90:883–95. doi: 10.1189/jlb.0311134

 26. Netea MG, Domínguez-Andrés J, Barreiro LB, Chavakis T, Divangahi M, Fuchs E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol. (2020) 20:375–88. doi: 10.1038/s41577-020-0285-6

 27. Long Q-X, Tang X-J, Shi Q-L, Deng H-J, Yuan J, Hu J-L, et al. Clinical and immunological assessment of asymptomatic SARS-CoV-2 infections. Nat Med. (2020) 26:1200–4. doi: 10.1038/s41591-020-0965-6

 28. Moghimi SM. The innate immune responses, adjuvants and delivery systems. In: Jorgensen L, Nielsen HM, editors. Delivery Technologies for Biopharmaceuticals: Peptides, Proteins, Nucleic Acids and Vaccines. Chichester: Wiley. (2009). p. 113–127. 

Conflict of Interest: ZF is the CEO of S. M. Discovery Group Inc. and S. M. Discovery Group Ltd.

The remaining 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.

Copyright © 2020 Farhangrazi, Sancini, Hunter and Moghimi. 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.












	
	REVIEW
published: 06 October 2020
doi: 10.3389/fimmu.2020.566309






[image: image2]

Induction of Innate Immune Memory by Engineered Nanoparticles in Monocytes/Macrophages: From Hypothesis to Reality

Paola Italiani*, Giacomo Della Camera and Diana Boraschi

Institute of Biochemistry and Cell Biology (IBBC), National Research Council (CNR), Naples, Italy

Edited by:
Martin Rottenberg, Karolinska Institutet (KI), Sweden

Reviewed by:
Maria Lerm, Linköping University, Sweden
 Reto Asmis, Wake Forest School of Medicine, United States

*Correspondence: Paola Italiani, italianipaola@gmail.com; paola.italiani@ibbc.cnr.it

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

Received: 27 May 2020
 Accepted: 24 August 2020
 Published: 06 October 2020

Citation: Italiani P, Della Camera G and Boraschi D (2020) Induction of Innate Immune Memory by Engineered Nanoparticles in Monocytes/Macrophages: From Hypothesis to Reality. Front. Immunol. 11:566309. doi: 10.3389/fimmu.2020.566309



The capacity of engineered nanoparticles to activate cells of the innate immune system, in particular monocytes and macrophages, is considered at the basis of their toxic/inflammatory effects. It is, however, evident that even nanoparticles that do not directly induce inflammatory activation, and are therefore considered as safe, can nevertheless induce epigenetic modifications and affect metabolic pathways in monocytes and macrophages. Since epigenetic and metabolic changes are the main mechanisms of innate memory, we had previously proposed that nanoparticles can induce/modulate innate memory, that is, have the ability of shaping the secondary response to inflammatory challenges. In light of new data, it is now possible to support the original hypothesis and show that different types of nanoparticles can both directly induce innate memory, priming macrophages for a more potent response to subsequent stimuli, and modulate bacteria-induced memory by attenuating the priming-induced enhancement. This evidence raises two important issues. First, in addition to overt toxic/inflammatory effects, we should consider evaluating the capacity to induce innate memory and the related epigenetic and metabolic changes in the immunosafety assessment of nanomaterials, since modulation of innate memory may be at the basis of long-term unwanted immunological effects. The other important consideration is that this capacity of nanomaterials could open a new avenue in immunomodulation and the possibility of using engineered nanomaterials for improving immune responses to vaccines and resistance to infections, and modulate anomalous immune/inflammatory reactions in chronic inflammatory diseases, autoimmunity, and a range of other immune-related pathologies.
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INTRODUCTION

In the last decades two important research fields have crossed paths: nanotechnology and immunology. On the one hand, nanotechnologies have experienced a huge development in many different application areas, including nanomedicine. Many nanoparticles (NP) have been engineered for appropriate modulation of their physical-chemical properties (e.g., nano-size, chemical composition, crystallinity, inorganic or organic functionalization, solubility, shape, aggregation behavior, electronic surface charge, and flexibility), usefulness for diagnostics (e.g., molecular imaging), and therapeutic (e.g., drug delivery system) purposes (“theranostic nanoparticles”) (1). On the other hand, the necessity to use NP that are safe for the organism has required to improve our knowledge on the interactions between NP and the immune system, in particular the impact on innate immunity (2, 3). Indeed, the innate immune system is the first line of defense of the organism, and the cells of the innate immune system are the first that interact with NP introduced into the body (3). As a result of this interaction, NP could either raise no response or trigger an innate/inflammatory reaction, based on whether or not the innate cells “sense” the particles as potentially dangerous. In nanomedicine, this is a crucial issue for two reasons: 1. to avoid an immune reaction against NP that could provoke damage in the body; 2. to avoid immune surveillance and clearance by the immune cells at the expense of the NP efficacy as diagnostic or therapeutic tools. Over the last years, the interaction between NP and the immune system has been widely investigated, and it is currently of great interest for the possibility of using immunomodulatory NP formulations in the therapy of a wide range of diseases. In fact, if on the one hand NP can directly activate undesirable immune effects (4), on the other hand they can be manipulated to attain reduction of their immunotoxicity (5) and tailored in order to get therapeutically desirable immunomodulation (i.e., immunostimulation or immunosuppression) (3, 6, 7).

It is well-known that invertebrates can adapt in virtually any ecosystem and survive infections by only relying on innate immunity (8). This implies the capacity to mount a faster and more effective response upon re-exposure to a stimulus (“immune training/priming”) although they do not have an adaptive immune system. This kind of improved secondary defensive response in invertebrates is considered an adaptive aspect of innate immunity and the demonstration of a bona fide immune memory. The same phenomenon has been observed in the innate immune system of mammals, in parallel to the much better-known immune memory displayed by the adaptive immune system. Indeed, both the innate and the adaptive immune system (concomitantly present in higher vertebrates) aim to improve their efficacy following a primary exposure to pathogens or other challenges (e.g., endogenous molecules, such as oxLDL, high level of glucose, uric acid, etc.) (9–11) by altering the type and magnitude of response to secondary threats toward stronger and more effective responses (“potentiation”) or weaker and less self-damaging reactions (“tolerance”) (12–14). The concept that innate immune cells can react differently to secondary challenges can be defined as innate immune memory. At variance with adaptive immune memory, the innate memory is non-specific, that is, the cells are more or less reactive regardless of the origin/nature of the secondary stimulus. The higher or lower reactivity is assessed in terms of production of inflammatory and anti-inflammatory factors, and a metabolic and epigenetic reprogramming of the cells seems to be the molecular mechanism underlying this functional plasticity/flexibility (15).

The establishment of innate immune memory has a profound impact on the effectiveness of human immune responses. Indeed, innate memory seems to provide an explanation for the heterologous effects of vaccines, as suggested in the case of human volunteers immunized with the BCG vaccine against Mycobacterium tuberculosis (attenuated Mycobacterium bovis strain Bacillus Calmette-Guérin bacteria), who became less susceptible to unrelated subsequent infections, possibly because of their potentiated and thus more robust innate immune response (16, 17). However, while innate memory is expected to generate improved defense to new challenges, it is possible that it could also cause detrimental effects in inducing and/or maintaining autoimmune and autoinflammatory diseases, as recently discussed elsewhere (18).

Thus, there will be a tremendous benefit in understanding 1) which metabolic and epigenetic changes could possibly be targeted to either promote or prevent innate memory and 2) which agents may initiate or modulate innate memory toward potentiation or tolerance, to be used as therapeutic tools. In this perspective, NP appear to be good candidates for the design of new therapeutic strategies for modulation of innate memory (19, 20). Indeed, NP can be tailored/functionalized to modulate innate memory responses and act as immunosuppressors in diseases with exacerbated immune response/inflammation (autoimmune disorders and auto-inflammatory diseases, atherosclerosis, multiple sclerosis, diabetes, etc.) or as immunostimulants in conditions with reduced/compromised immune responsiveness (e.g., certain types of cancer, sepsis, or infections). Thus, the ability of NP to modulate the molecular mechanisms involved in the development of innate memory would provide an avenue for improving the therapy of these diseases.

On this basis, we should revise our approach in examining the effects of NP on innate immune responses by including the effects on the establishment and modulation of innate memory. In nanosafety studies, this becomes particularly important for avoiding detrimental NP effect on human health, in particular in immune-related diseases. For instance, if NP induce a potentiated memory response in autoimmune patients or a tolerant response in immunosuppressed patients, this will exacerbate the patients' conditions. On the other hand, in the case of nanomedicine it would be particularly promising having the possibility to modulate precisely the immune memory so as to potentiate secondary responses in immunosuppressed patients and, vice versa, reduce reactivity in autoimmune conditions.

To date, nanoimmunosafety studies have paid little/no attention to the possible effects of NP on innate immune memory. While a large body of work has focused on the NP effects on innate immune cells (3), understanding the effects of NP beyond this primary response is still overlooked, although it would lead to a truly complete view of the consequences of NP exposure in humans (21). Three years ago, we hypothesized that NP could have effects on the induction or modulation of the innate memory of human mononuclear phagocytes (21). After 3 years, we can support our original hypothesis in light of new knowledge regarding the molecular mechanisms underlying the development of innate memory (i.e., the metabolic and epigenetic reprogramming of the cell) and regarding the NP effects on the metabolism and the epigenetic modifications in innate immune cells (in particular, monocytes/macrophages). If NP can have an effect on the metabolism and can induce epigenetics changes, and if the molecular mechanisms involved in the development of innate memory are indeed metabolic and epigenetic changes, for transitive property we suppose that NP could have an effect on innate memory, and therefore this effect should be taken into account in the evaluation of the immunosafety/toxicity of NP. Moreover, we assume that the development of innate memory is not only restricted to microbial agents or endogenous molecules as mentioned before but also to non-biological stressors such as NP. The objective/focus of our review is to summarize the data supporting our deductive reasoning and to support the hypothesis with the very first experimental evidence of a direct effect of NP on the induction of innate memory in human monocytes/macrophages.



INNATE MEMORY AND EPIGENETIC REPROGRAMMING

Epigenetics is referred to as “a stably heritable phenotype resulting from changes in a chromosome without alterations in the DNA sequence” (22). Epigenetic modifications involved in development of innate memory are essentially three: DNA methylation, post-translational modifications of histones, and regulation of non-coding RNAs (ncRNAs), that is, short (miRNA) and long (lncRNA) RNA. All of them are involved in the regulation of gene expression.

Innate immune memory shows as an enhanced or reduced reactivity of innate immune cells upon a second challenge, which mostly includes an increased or decreased production of inflammation-related factors. This production depends on the coordinated regulation of expression of an array of genes, pointing at the importance of epigenetic mechanisms in the establishment of innate memory. The epigenetic reprogramming of innate cells in innate immune memory has been extensively reviewed elsewhere (15, 23). Here, we briefly report the main epigenetic marks identified so far in blood monocytes and bone marrow-derived macrophages, the innate cells that are the best-known effectors in the context of innate immune memory.

A high level of trimethylation of histone 3 lysine 4 (H3K4me3) on gene promoters is generally associated with a robust transcription uniformly across various cell types (24, 25). In the case of human monocytes primed in vitro with β-glucan from Candida albicans, it has been observed that cells present an accumulation of H3K4me3, acetylation of histone 3 lysine 27 (H3K27ac), and monomethylation of histone 3 lysine 4 (H3K4me1) on enhancers of immune genes. Upon removal of the priming stimulus, H3K27ac was lost over time, but H3K4me3 remained on the chromatin ensuring a potentiated immunological response to a second stimulation. H3K4m1 was also maintained over time, although not all genome regions retained this mark (26–28). The same marks have been observed in murine hematopoietic progenitors (29) stimulated with β-glucan in vitro, in myeloid progenitors and bone marrow-derived macrophages from BCG vaccinated mice (30), and in monocytes isolated from healthy volunteers after vaccination with BCG (31), supporting a role for these specific modifications in the epigenetically regulated establishment of innate memory. These epigenetic changes allow the transcriptional machinery to access DNA thereby promoting an enhanced transcription of inflammatory genes such as TNF-α and IL-6 (31). Thus, these epigenetic marks appear to be associated to a particular type of memory, that is, the potentiation of the secondary response. Conversely, it has been proposed that the lack (or delayed establishment) of the same epigenetic changes after cell priming with lipopolysaccharides (LPS) from Escherichia coli could be responsible of the other type of innate memory, that is, tolerance (27). This is further suggested by the finding that β-glucan could increase H3K27ac on enhancers of LPS-tolerized genes along with the re-establishment of the macrophage capacity to produce inflammatory cytokines after a re-exposure to LPS. These findings also highlight the possible reversibility of innate memory phenotypes (27). Moreover, H3K4me3 is selectively present only on promoters of genes that maintained an active expression (non-tolerized genes) during LPS tolerance induced in murine macrophage (32).

To date, the role of DNA methylation in innate immune memory is poorly understood. A distinct methylation pattern was observed in in vitro LPS-primed human monocytes after 6 days from stimulation, while β-glucan-treated cells present a methylome similar to that of naïve macrophages (27).

Likewise, the contribution of miRNAs to the development of innate memory remains largely unexplored. A recent study reported how specific miRNAs can regulate tolerance in murine macrophages in vitro. The authors identified miR-221 and miR-222 as regulators of the functional reprogramming of mouse bone marrow-derived macrophages during LPS-induced tolerance in vitro. Prolonged stimulation with LPS leads to increased expression of miR miR-222, which downregulates the Brg1 gene and provokes the silencing of a subset of inflammatory genes through SWItch/Sucrose Non-Fermentable (SWI/SNF) and STAT-mediated chromatin remodeling. The involvement of miR-221 and miR-222 is confirmed also in patients with sepsis, with an increase in their expression in peripheral blood mononuclear cells correlated with immunosuppression and organ damage (33).

lncRNAs have only recently started to be investigated in the context of innate memory (34, 35). lncRNA seems to facilitate the H3K4me3 epigenetic priming in innate immune cells, such as monocytes (34). 3D chromatin topology can place lncRNAs proximal to innate immune gene promoters, and, through formation of lncRNA/protein complexes, lncRNAs can regulate gene transcription by influencing the access of transcription-regulating proteins to their target genes. Indeed, recent data indicate that genes encoding inflammatory cytokines (e.g., IL-1β, IL-6) and chemokines (e.g., IL-8, CXCL1, 2, 3) engage in chromosomal contacts with a special type of lncRNAs, the immune-gene priming lncRNAs (IPLs). For example, one of these IPLs, UMLILO, acts in cis (i.e., on the same molecule of DNA as the genes to be transcribed) and points the adapter protein WDR5 and the histone methyltransferase MLL1 complex to the inflammatory gene promoters thereby enabling their H3K4me3 epigenetic priming, prior to their transcriptional activation, an event that leads to an enhanced transcription of the immune genes in response to a secondary challenge (36).

Recently, it has been also speculated that another type of lncRNA, the enhanced RNAs (eRNAs), may play a role in memory immune responses (15). eRNAs derive from the transcription of enhancers, are cell-specific, and are involved in the regulation of chromosomal looping and in the transcription of tissue-specific genes/contacts between target genes and enhancers. For example, eRNAs can interact with mediator complex or Yin Yang 1 to regulate chromosomal contacts between target genes and enhancers (37, 38). Also, eRNAs can interact with proteins such as p300 and CBP (cyclic adenosine monophosphate response element-binding protein), able to stimulate catalytic histone acetyltransferase activity at specific genomic loci (39). As a consequence, the gene transcription is activated. Therefore, eRNAs may play a role in innate memory responses by regulating looping at key enhancers and histone acetylation. Moreover, latent enhancers (a sub-class of enhancers), upon LPS stimulation, acquire the typical histone modifications (H3K4me1 and H3K27Ac) associated with an active enhancer region and that persist after the removal of the stimulus in mouse bone marrow-derived macrophages (40).



INNATE MEMORY AND METABOLIC REPROGRAMMING

Along with epigenetic changes, another hallmark characteristic associated with the induction of innate memory is the metabolic reprogramming of innate cells.

Changes in cellular metabolism are associated with different immune functions (41) and macrophage functional phenotypes (42). In the case of mononuclear phagocytes, activated monocytes and classically activated macrophages (M1) are characterized by an enhanced glycolytic metabolic state for ATP production, an activated pentose phosphate pathway (PPP), an impaired oxidative phosphorylation (OXPHOS), and an anabolic repurposing of metabolites of the tricarboxylic acid cycle (TCA), with pyruvate fermented in lactate. On the other hand, naïve quiescent monocytes and alternatively activated (IL-4-induced) macrophages (M2) preferentially make use of OXPHOS for ATP production, while the concomitant presence of glycolytic pathways generate the pyruvate for fueling the TCA cycle.

Human monocytes stimulated in vitro with β-glucan or BCG show a metabolic shift similar to that observed in classically activated macrophages (43, 44), that is, elevated consumption of glucose by glycolysis, conversion of pyruvate to lactate, and decreased OXPHOS with reduced oxygen consumption (Warburg effect). In both cases (BCG- and β-glucan-primed monocytes), the activation of the Akt-mTOR-HIF1α pathway drives the shift from OXPHOS to aerobic glycolysis (43, 44). Moreover, in β-glucan- and BCG-primed monocytes the metabolites of TCA cycle (citrate, succinate, malate, fumarate, and 2-hydroxyglutarate) are increased probably thanks to increased glutamine metabolism (glutaminolysis) (43, 45). Glutamine is metabolized first into glutamate and then in α-ketoglutarate and can become a source of succinate, fumarate, and citrate, which in turn replenish the TCA cycle (46). Furthermore, β-glucan-primed monocytes show an up-regulation of genes involved in the cholesterol biosynthesis. The activation of the cholesterol biosynthesis pathway, but not its actual synthesis, is also involved in the metabolic reprogramming of primed cells, as it has been shown that blocking mevalonate (a metabolite of the cholesterol synthesis pathway) with statins prevents the induction of innate memory (47). Although the fatty acid synthesis also increases in macrophages upon LPS stimulation, the blockade of this synthesis does not affect the memory phenotype in monocytes primed with β-glucan and restimulated with LPS (44).

Recently, it has also been shown that the liver X receptor (LXR), a key regulator of cholesterol and fatty acid homeostasis, may play a role in the establishment of innate memory (48). Human monocytes primed in vitro with LXR agonists and challenged after 5 days with a TLR2 agonist, Pam3Cys, showed an inflammatory activation accompanied by epigenetic reprogramming (increased H3K27ac and H3K4me3 on IL-6 and TNF-α promoters) and metabolic reprogramming (increased lactate production and decreased oxygen consumption) with respect to unprimed cells. Moreover, the authors observed an increase, after priming with LXR agonists, in the expression of several genes involved in the synthesis and metabolism of acetyl-CoA and that acetyl-CoA is able per se to prime monocytes and induce a memory phenotype upon challenge with TLR2 agonist. All these effects depend on both mevalonate pathways and IL-1β signaling. In fact, the inflammatory memory phenotype induced by priming with LXR agonists is attenuated by inhibition of mevalonate pathways with fluvastatin, an agent that competitively inhibits hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase, which in turn catalyzes the conversion of HMG-CoA to mevalonic acid, the rate-limiting step in cholesterol biosynthesis. Likewise, blocking of IL-1β with its receptor antagonist, IL-1Ra, has the same inhibitory effect.

Metabolic changes in blood monocytes or macrophages during sepsis, in mice and humans, mirror the same shift toward aerobic glycolysis during the hyperinflammatory phase and a decreased OXPHOX and TCA cycle during the hypoinflammatory phase (49). These aspects are extensively reviewed elsewhere (50).

Furthermore, sepsis is able to induce an inflammatory memory phenotype in bone marrow monocytes. Indeed, post-septic naïve bone marrow monocytes and blood monocytes isolated from mice showed an increased cytokine production when stimulated with LPS in vitro (51).



INTERPLAY BETWEEN EPIGENETIC AND METABOLIC REPROGRAMMING

As mentioned above, the epigenetic reprogramming involved in the development of innate memory encompasses mainly methylation and acetylation of histones and the activity of lncRNA, while the metabolic reprogramming results in changes to glycolysis, TCA cycle, glutaminolysis, and cholesterol metabolism. Different genes involved in these pathways are quickly upregulated upon stimulation, causing changes in the levels of intracellular metabolites. The metabolic reprogramming and epigenetic reprogramming are strictly linked because the former supplies the metabolites and co-factors critical for the induction and preservation of the latter in the establishment of a memory phenotype. This immunometabolic cross-talk seems to be a common denominator across species, from nematodes to vertebrates, and the two reprogramming may represent ancestral and conserved mechanisms underlying the development of innate memory (52). The cross-talk between metabolism and epigenetics occurs because the stimulation of innate immune cells with microbial or endogenous ligands modifies the epigenetic landscape of metabolic regulators. Indeed, the genes involved in the metabolism of glucose, glutamine, and cholesterol and in the TCA cycle pathway are upregulated after stimulation, causing changes in the levels of intracellular intermediates (36). These various metabolites/intermediates in turn act as co-factors or can influence the functionality of the enzymes responsible for epigenetic modifications (53, 54), as illustrated in the following examples. Metabolic intermediates, such as acetyl-CoA produced from glycolysis and glutaminolysis, act as donors of acetyl groups for histone acetylation (55). An intermediate of the TCA cycle, α-ketoglutarate, is important for the functions of ten-eleven translocation (TET) proteins involved in DNA methylation (56) and consequently involved in β-glucan- and BCG-induced long-term reprogramming of myeloid progenitors in the mouse bone marrow (29, 30) and is also a cofactor of the JmjC domain-containing histone demethylases (KDMs) (57). S-adenosyl methionine is a co-substrate of histone and DNA methyl transferases, being the donor of methyl groups (58). Succinate and fumarate can inhibit demethylation reactions (56), and in particular fumarate (derived from glutaminolysis for the replenishment of intermediates of the TCA cycle) inhibits the H3K4 demethylase KDM5, favoring the enrichment of H3K4me3 at the promoters of inflammatory genes (44). Furthermore, succinate, fumarate, and mevalonate stabilize HIF1α, thereby sustaining Akt-mTOR-HIF1α signaling (43, 46) that, as mentioned before, is responsible of the switch from oxidative phosphorylation to aerobic glycolysis in human macrophages.

These few examples underline the complex and intimate relationship between the cellular metabolic machinery and the epigenetic modulators. Exhaustive details on such relationship are reported elsewhere (15, 42, 53).



NANOPARTICLES AND EPIGENETICS

The effects of engineered NP and nanomaterials on epigenetic modifications has been extensively and excellently reviewed (59–63). It is quite clear that NP can be considered potential epimutagens (although a lot still remains to be unknown). Thus, in the evaluation of NP safety, epigenetic effects should be listed among potential health hazards, in addition to genotoxic and cytotoxic effects (64, 65). Most studies on the epigenetic effects of NP have been carried out in vitro on human tumors or transformed cell lines (e.g., A549, HaCaT, MCF-7, BEAS-2B, HepG2, 293T, and GLC-82) and in vivo in mice or on exposed subjects/workers. Epigenetic changes induced by NP can vary depending on NP characteristics such as size, shape, chemical structure, surface functionalization, exposure dose, short-term or long-term exposure, and type of cells.

We refer to aforementioned literature for a broader vision and more detailed reading on the NP effects on epigenetic changes, while here we briefly report work that directly or indirectly pertains to the innate immune system. Although many studies describe cytotoxicity induced by NP for several cell types, no data are available that could link NP-induced toxicity to epigenetic alterations.

There is evidence that some NP can enter the nucleus and interact with positively charged core histones, as it has been proven for anionic Cd-Te quantum dots (QD). The QD enter the nucleus of THP-1 cells, where they preferentially bind to core histones as opposed to other nuclear macromolecules, such as DNA and RNA, and change their physical-chemical properties leading to an increased formation of QD/protein aggregates (66).

Among epigenetic modifications, NP can induce both global DNA methylation and methylation at the level of specific genes. Notably, NP-induced DNA methylation can differ depending on NP and cell type of NP and cells exposed. For example, a study has investigated the effects of the exposure to NP of copper oxide (CuO) or titanium dioxide nanoparticles (TiO2) on the cellular epigenome of human and murine macrophage-like tumor cells (THP-1 and RAW264.7, respectively) (67). In particular, the authors have addressed the methylation status of the two most abundant transposable elements (TE) in the human genome (LINE1 and Alu) and in the mouse genome (SINEB1 and SINEB2). They observed that CuO NP induced hypermethylation in LINE1 and Alu elements in THP-1, while CuO and TiO2 NP enhanced the methylation level of SINEB1 in RAW264.7.

In another study, despite no significant difference in global DNA methylation, it was possible to observe DNA methylation changes in the promoter CpG regions of genes of enzymes involved in the epigenetic regulation, DNA repair (i.e., DNMT1, HDAC4, ATM), and gene of TGF-β repressor (SKI) in blood cells of workers exposed to multi-walled carbon nanotubes (MWCNT) with respect to unexposed control individuals (68). Furthermore, workers exposed to particulate matter and polycyclic aromatic hydrocarbons exhibited, in their peripheral blood leukocytes, significantly higher average levels of methylation at the promoter of tumor-suppressor genes, such as CDKN2A, APC, and MLH1, and significant hypomethylation at the repetitive DNA sequence LINE-1 (a sequence involved in DNA folding/packaging) in comparison to unexposed workers (69).

Another study showed DNA methylation changes in human monocyte-like cells (THP-1) after incubation with either single-walled or multi-walled CNT. By assessing methylation of single CpG sites, it was observed that CNT induced gene-specific differential methylation, with promoter hypomethylation evident for a thousand different genes, compared with the control samples. Some of these genes were associated with alterations in some signaling pathways, such as the PI3K-AKT-mTOR, JAK-STAT, MAP, and VEGF pathways, and platelet activation. The authors discussed the possible contribution of these epigenetic alterations on genes involved in macrophage polarization and hypothesized a mixed M1/M2 macrophage functional phenotype upon CNT exposure (70).

Using the LUminometric Methylation Assay (LUMA) and the 5-methylcytosine (5-mC) quantification assay, Brown et al. (71) elucidated the effect of oro-pharyngeal instillation of MWCNT on global DNA methylation and specifically on genes associated with inflammation (TNF-α and IFN-γ) and with fibrosis (Thy-1) in C57BL/6 mice. They found that MWCNT leads to DNA hypomethylation at the inflammatory gene promoters and hypermethylation at the fibrotic gene promoter in the lung and to a reduction of global DNA methylation in lung and circulating white blood cells, 7 days post-exposure, which coincided with development of MWCNT-induced fibrosis.

More research is needed to establish a specific role for dysregulated ncRNA upon in vivo and in vitro exposure to NP. Among the few data available, a recent study has shown that miR-350 may promote apoptosis in RAW264.7 cells through the negative regulation of the PIK3R3 gene and that exposure to TiO2 NP caused an increase in miR-350 and a decrease in PIK3R3 (72).

Another study investigated significant changes in mRNA and ncRNA expression profiles in the blood of workers exposed to MWCNT compared to non-exposed group. Gene set enrichment analysis and pathway analysis showed that differentially expressed sets of miRNAs and their target genes were mainly involved in cell cycle regulation/progression/control, apoptosis, and proliferation and revealed the potential of MWCNT to trigger pulmonary effects and carcinogenic outcomes in humans (73).

Interestingly, upon exposure to silver, titanium dioxide, and zinc oxide NP, differentiated macrophage-like THP-1 cells presented a profile of miRNA and miRNA variants, called isomiRs, that was unique to each NP type, and an identified co-regulated miR-mRNA cluster (encompassing hsa-miR-142-5p,−342-3p,−5100,−6087,−6894-3p, and−7704) seems to be a potential biomarker of metal-based nanoparticle exposure (74).



NANOPARTICLES AND CELL METABOLISM

While the effects of NP on monocytes/macrophages activation have been widely investigated, those on cellular metabolism is still poorly explored (75). Here we will focus on some evidence of the NP effects on metabolic pathways of human or murine monocytes and macrophages extrapolated from activation/cytotoxicity studies. Chen et al. (76) reported metabolic dysfunctions in macrophages exposed to TiO2 NP. In particular, the authors observed that both the levels of ATP and the metabolic flux at the level of most TCA metabolites were attenuated in a dose-dependent manner in RAW264.7 and bone marrow-derived macrophages (BMDM) after 24 h exposure to NP. These results suggest that TiO2 NP could cause a significant mitochondrial dysfunction in macrophages, through the down-regulation of the TCA cycle and ATP production.

In another study, cells of mouse macrophage-like line J774A.1 were exposed to a high dose of silver NP for 24 h, and the NP effects have been evaluated immediately after treatment (24 h) and after a recovery period of 72 h after NP removal (77). The authors observed that, although specialized macrophage functions (e.g., phagocytosis) are restored during the recovery period, lipopolysaccharide-induced cytokine (e.g., IL-6 and TNF-α) and nitric oxide production, some enzymatic activities involved in the TCA cycle (e.g., NADPH-dependent isocitrate dehydrogenase and malate dehydrogenase) and glucose consumption, did not return to basal level, showing that some effects of silver NP persist after cessation of exposure.

Another study on the murine macrophage RAW264.7 cell line showed that exposure to silk, poly(lactic-co-glycolic acid) (PLGA), and silica NP (considered good candidates for nanomedicine applications) induced some metabolic changes that were independent of the NP type; that is, higher glucose consumption and lactate production (indicative of increased glycolytic activity), high level of itaconate and succinate (two intermediate metabolites of TCA cycle), decreased amino acids levels (e.g., aspartate and glutamate), and ATP decrease over time. Other metabolic changes were specific for individual NP type, such as glutaminolysis (reduced or enhanced or unchanged based on NP types) and a variation of the creatine kinase/phosphocreatine pathway (enhanced or unchanged based on NP types) (78).

In another study on murine macrophage-like RAW264.7 cells, the cell metabolic profiles have been evaluated upon exposure to unmodified or PEGylated silk fibroin NP (another promising nanomedicine) (79). Exposure to unmodified NP caused an increase in glycolysis and reprogramming of the TCA cycle (with a significant increase in lactate, itaconate, and succinate), an increase in the creatine kinase/phosphocreatine pathway, a decrease in ATP level and in the levels of several amino acids (aspartate, glutamine, glutamate, and alanine) and an increase in others (glycine, lysine, branched chain, and aromatic amino acids), and an increase in cholesterol and phosphatidylcholine together with decrease in unsaturated fatty acids. By contrast, milder effects were observed for all these metabolic pathways in macrophages stimulated with PEGylated silk fibroin NP. Thus, NP appear to have a direct effect on the metabolism of innate immune cells. In addition, there is evidence that NP can also modulate cell metabolism by affecting/interfering with biological processes such as autophagy and differentiation/polarization.

For example, Wu et al. (80) demonstrated that dextran-coated superparamagnetic iron oxide NP (Dex-SPION) induced autophagosome accumulation in human monocytes. By inhibiting the autophagy, they observed increased production of inflammatory cytokines (TNFα, IL-1β, and IL-6) upon exposure to Dex-SPION, suggesting that the induction of autophagy by these NP has an important role in the modulation of human monocytes' function. Autophagy as a highly conserved metabolic process aiming to sequester (in autophagosomes) and digest (by lysosomal pathways) injured organelles and proteins in all eukaryotic cells (81) and is strictly linked to metabolic changes during monocyte differentiation and macrophage polarization (82). Although underlying mechanisms are still debated, it seems that autophagy is strictly linked to the metabolic changes during immune cell differentiation, and autophagy and metabolism are both regulated through AMPK and mTOR signaling cascades (82). This would imply that NP effects on autophagy will impact cell metabolism.

Many studies reveal an immunomodulatory role for NP (e.g., Au NPs, SiO2 NP, functionalized polystyrene, and molybdenum disulfide quantum dots) that can drive macrophages polarization toward M1- or M2-like phenotypes (83–85). M1-like cells are classically activated inflammatory macrophages mainly involved in host defense to infections and tumors, while M2 defines alternatively activated macrophages mainly involved in type 2 inflammation, anti-inflammatory responses, wound-healing, tissue remodeling, and tumor growth (86–89). Considering the significant metabolic differences between M1 and M2 macrophages, the effects of NP on macrophage polarization should be considered in terms of their possible effects in inducing metabolic reprogramming and, accordingly, in the development of a memory phenotype in these cells.

A proven relationship between metabolism and cellular redox state also exists (90, 91). Innate immune cells, especially macrophages and neutrophils, produce toxic reactive oxygen and nitrogen species (ROS and RNS). As an example, when circulating monocytes migrate into inflamed or infected tissues, they differentiate in M1 macrophages that release superoxide anion radicals, nitric oxide, and hydrogen peroxide (H2O2) to support pathogen killing (oxidative burst). The production of ROS requires a rapid burst of energy (glycolysis and rapid availability of NADPH), and, in turn, ROS production is required for the switch from oxidative phosphorylation to glycolysis (for details refer to 90). However, an excessive accumulation of ROS and NOS (oxidative stress) can be dangerous also for macrophages and other surrounding host cells, and, if maintained over time, it can lead to oxidation of proteins, lipids, carbohydrates, and DNA, causing metabolic dysfunction and DNA damage. The oxidative modifications of these molecules may provoke a re-programming of monocytes/macrophages. For example, an oxidative modification, S-glutathionylation (reaction between oxidized thiol group of protein and glutathione for the formation of mixed disulfides), occurs in proteins of both human monocytic cell line (THP-1) stimulated with H2O2 and after metabolic stress due to low-density lipoprotein (LDL) and high glucose exposure and in peritoneal macrophages of mice exposed to long-term metabolic stress. This modification alters the expression and function of proteins involved in the metabolism and inflammatory functions of monocytes/macrophages (92). ROS can provoke DNA damage directly or influence the methylome causing oxidative DNA lesions and can indirectly affect epigenetic mechanisms. These alterations are frequently associated to aging and immunosenescence (93–95).

These scenarios offer other levels at which NP can affect innate memory. NP can induce oxidative stress, and, as a consequence, ROS can oxidize enzymes involved in metabolism and lead to DNA damage. There is abundant evidence in the literature on the capacity of different NP to modulate ROS generation in innate immune cells. For example, SiO2, Au, FexOy, and carbon-based NP increase ROS production in macrophages (96–100). Moreover, it is worth noting that DNA damage due to NP-mediated oxidative stress in blood cells could be particularly important in age-related hematologic abnormalities. For example, it could affect TET2, one of the genes involved in clonal hematopoiesis, whose mutations are associated with increased risk of hematologic cancer and cardiovascular diseases (101, 102). The effects of NP on oxidative stress have been well-investigated and reviewed elsewhere (103–105).

The role of NP-induced ROS in the functional re-programming of immune cells toward a memory phenotype has not been investigated yet, despite its expected relevance.

These few studies, limited in number and mostly targeting transformed murine cells, nevertheless provide evidence that NP can have an effect in the metabolic reprogramming of monocytes/macrophages. The metabolic effects of NP should be thoroughly addressed, in future studies, especially because even NP that are considered non-toxic might have long-term effects on cellular metabolism and energy homeostasis (75).

Table 1 summarizes the main effects of NP on epigenetic and metabolic reprogramming of innate immune cells, macrophage polarization, and ROS/RNS production.


Table 1. Main effects of NP on epigenetic and metabolic reprogramming of innate immune cells.
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Most studies investigating the immune effects of NP on epigenetics and metabolism are performed using in vitro models based on human or murine cancer or immortalized cell lines. Cell lines have the advantages of easy handling and high reproducibility, but they have the disadvantage to be poorly predictive of human primary cell response (due to physiological and metabolic differences with normal primary immune cells) (106, 107), and, obviously, they often do not fully represent what occurs in vivo. In the use of primary murine cells there are important differences between primary murine and human immune cells, for example, differences in LPS-induced immunometabolism (108) or in inducibility of expression of genes involved in the inflammatory response (109). Thus, the use of blood isolated from subjects exposed to NP, and the use of primary immune cells isolated from healthy donors and stimulated in vitro with NP, remains the preferred choice, despite the limits due to the lack of in vivo system complexity and donor variability. However, in case of innate memory, the donor variability due to the individual history of previous infections/exposure is a critical issue for understanding the need for a personalized nano-immunotoxicological assessment.



NANOPARTICLES CAN INDUCE AND MODULATE INNATE IMMUNE MEMORY

In light of what is discussed and reviewed so far, it is reasonable to speculate that NP may be able to induce and modulate innate immune memory by regulating epigenetic and metabolic reprogramming of innate immune cells, thereby influencing their ability to react to a second exposure (Figure 1, upper part). Indeed, recent evidence shows that this is the case. This evidence comes from NP of interest for biomedical applications, that is, gold (Au) NP and pristine graphene (pGr). As reported in our previous publication (21), preliminary studies show that Au NP could modulate the memory induced by LPS priming in human primary monocytes in vitro and that this response could differ in different individuals, likely due to individual immunological history of previous infections. More recently, we have shown that Au NP have a significant effect in reducing the BCG-induced memory in human primary monocytes in vitro. At variance with the tolerance induced by LPS priming, monocytes primed with BCG showed an enhanced production of inflammatory (IL-6 and TNF-α) and anti-inflammatory cytokines (IL-1Ra and IL-10) when challenged with LPS. Although Au NP did not have a direct effect in inducing a memory response per se, when monocytes were primed with BCG and Au NP together, a reduction in cytokine production in response to LPS challenge could be observed, compared to that in cells primed with BCG alone, suggesting that Au NP interfered with the induction of memory by BCG and shifted the memory response of monocytes toward a tolerant phenotype (110) (Figure 1, bottom part). This study provides the first evidence that Au NP can influence the development of innate immune memory triggered by microbial molecules or vaccines and affect the monocyte response to subsequent challenges.
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FIGURE 1. Nanoparticles as inducers of innate immune memory. Upper part: β-glucan or BCG-primed monocytes (left) have an enhanced glycolytic metabolic state and an impaired oxidative phosphorylation (OXPHOS). The tricarboxylic acid cycle (TCA) is fueled by metabolites derived from glutaminolysis, while pyruvate is mainly fermented into lactate. On the other hand, LPS-primed cells (right) preferentially use OXPHOS, and the glycolytic pathway generates pyruvate for fueling the TCA cycle. The epigenetic reprogramming occurring in β-glucan- and BCG-primed monocytes mainly encompasses histone methylation and acetylation and involves lncRNA, modifications that are lacking (or established late) in LPS-primed monocytes. NP (Au, pGr) may play a role in the induction and modulation of innate immune memory by regulating epigenetic and metabolic reprogramming of innate immune cells (dashed arrows). Lower part: BCG-primed monocytes (left) show an increased reactivity after a subsequent exposure to LPS. When monocytes are primed with BCG in the presence of Au NP, they show a reduced reactivity (right). Thus, Au NP are able to reduce the BCG-induced memory response in human primary monocytes by shifting the memory effect from potentiation/trained immunity to tolerance. By contrast, pGr (left) is able to prime directly murine BMDM, which responds to a subsequent LPS challenge with a potentiated reaction.


In another recent study, Lebre et al. (111) proved that pGr can directly prime mouse BMDM in vitro. BMDM exposed to pGr for 24 h and, after 5 days, stimulated with LPS produced significantly higher amounts of the inflammatory cytokines IL-6 and TNF-α and lower amounts of the regulatory cytokine IL-10 compared to unprimed cells (Figure 1, bottom part). Challenge with other Toll-like receptor (TLR) agonists, such as CpG (TLR9 agonist) or the R848 (TLR7/8 agonist), yielded the same memory response in pGR-primed macrophages as that obtained with LPS, that is, enhancement of IL-6 secretion and decrease in IL-10 secretion. The induction of memory by pGr occurred through epigenetic reprograming, since preincubation of BMDM with inhibitors of histone methyltransferase or histone demethylase abolished the priming effect of pGr in terms of enhancement of LPS-induced IL-6 production. Interestingly, the same inhibitors did not have effect on LPS-induced IL-10 and TNF-α, suggesting a different regulatory mechanism for each inflammatory and anti-inflammatory factor.

Collectively, these data provide evidence that NP are able to reprogram macrophages to respond differentially to a second stimulation. However, while pGr can apparently induce innate memory per se, Au NP do not have a direct effect but can modulate the memory induced by another stimulus.

The molecular mechanisms by which Au NP affect innate memory induction have not been fully investigated yet, but it is reasonable to hypothesize that they can involve metabolic reprogramming more than epigenetic changes.



CONCLUSIONS

In the last decades, engineered NP have found wide application in medicine, as diagnostic and therapeutic tools. As a consequence, the evaluation of nanoimmunosafety has become crucial in order to avoid unwanted immune system activation, which could contribute to chronic inflammation, autoimmunity, or allergy. Conversely, the ability of NP to interact with innate immunity could be exploited and, through rational engineering, directed toward an intentional enhancement or suppression of immune reactions to treat a range of disease conditions and in preventive vaccination strategies. The recent evidence that innate memory exists also in vertebrates and that it is based on the epigenetic and metabolic reprogramming of innate cells is opening a new area of investigation in the assessment of NP immune interactions. Some studies have shown that NP can induce epigenetic modifications (DNA methylation, histone modification, and non-coding RNA modulation) and metabolic changes in monocytes and macrophages, the major innate immune cells. Other studies have revealed that certain types of NP can induce innate memory or modulate the memory induced by bacterial priming, in in vitro systems using mouse macrophages or human monocytes.

In this context, a thorough investigation is needed to examine the epigenetic and metabolic profiles induced in monocytes/macrophages by NP exposure and correlate them to functional memory profiles. Thus, both the immunosafety of NP and their medical exploitation have to be re-considered in terms of induction of epigenetic and metabolic changes and of induction/regulation of innate memory. This information could pave the way to new nanotechnological applications in medicine.
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Airway exposure of lupus-prone NZBWF1 mice to crystalline silica (cSiO2), a known trigger of human autoimmune disease, elicits sterile inflammation and alveolar macrophage death in the lung that, in turn, induces early autoimmune onset and accelerates lupus progression to fatal glomerulonephritis. Dietary supplementation with docosahexaenoic acid (DHA), a marine ω-3 polyunsaturated fatty acid (PUFA), markedly ameliorates cSiO2-triggered pulmonary, systemic, and renal manifestations of lupus. Here, we tested the hypothesis that DHA influences both cSiO2-induced death and efferocytotic clearance of resultant cell corpses using three murine macrophage models: (i) primary alveolar macrophages (AM) isolated from NZBWF1 mice; (ii) self-renewing AM-like Max Planck Institute (MPI) cells isolated from fetuses of C57BL/6 mice, and (iii) RAW 264.7 murine macrophages, a virus-transformed cell line derived from BALB/c mice stably transfected with the inflammasome adaptor protein ASC (RAW-ASC). Incubation with cSiO2 at 25 and 50 μg/ml for 6 h was found to dose-dependently induce cell death (p < 0.05) in all three models as determined by both acridine orange/propidium iodide staining and release of lactate dehydrogenase into cell culture supernatant. Pre-incubation with DHA at a physiologically relevant concentration (25 μM) significantly reduced cSiO2-induced death (p < 0.05) in all three models. Cell death induction by cSiO2 alone and its suppression by DHA were primarily associated with caspase-3/7 activation, suggestive of apoptosis, in AM, MPI, and RAW-ASC cells. Fluorescence microscopy revealed that all three macrophage models were similarly capable of efferocytosing RAW-ASC target cell corpses. Furthermore, MPI effector cells could likewise engulf RAW-ASC target cell corpses elicited by treatment with staurosporine (apoptosis), LPS, and nigericin (pyroptosis), or cSiO2. Pre-incubation of RAW-ASC target cells with 25 μM DHA prior to death induced by these agents significantly enhanced their efferocytosis (p < 0.05) by MPI effector cells. In contrast, pre-incubating MPI effector cells with DHA did not affect engulfment of RAW-ASC target cells pre-incubated with vehicle. Taken together, these findings indicate that DHA at a physiologically relevant concentration was capable of attenuating macrophage death and could potentiate efferocytosis, with the net effect of reducing accumulation of cell corpses capable of eliciting autoimmunity.
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INTRODUCTION

Systemic lupus erythematosus (lupus) is an autoimmune disease characterized by the loss of immunological tolerance and generation of a diverse pathogenic autoantibody repertoire. This disease often manifests as alternating episodes of remission and flaring, eventually causing irreversible damage to multiple organs including the kidney, skin, heart, and brain. Lupus pathogenesis has been linked to both excessive cell death and defective removal of dying/dead cells via a process known as efferocytosis (1–7). Faulty clearance of cell corpses results in secondary necrosis coupled with unmasking of intracellular antigens that, in the context of chronic inflammation, is capable of driving adaptive immune responses yielding autoantibodies; these bind to self-antigens and form immune complexes that are injurious to tissues (8, 9).

Development of lupus depends on genetic pre-disposition, but the initiation and progression of autoimmunity can be positively or negatively influenced by environmental factors (10). One environmental factor that has been epidemiologically associated with lupus and other autoimmune diseases is crystalline silica (cSiO2), a respirable particle frequently inhaled by workers in occupations such as mining, construction, and farming (11, 12). Exposure to respirable cSiO2 induces pulmonary toxicity in mice associated with unresolved inflammation and cell death (13–16). Previous studies in lupus-prone mice have established that inhalation of this particle rapidly accelerates the onset and progression of autoimmunity (17–19). More recently, we have demonstrated that intranasal cSiO2 instillation of female NZBWF1 mice induces extensive pulmonary inflammation that triggers autoimmunity and glomerulonephritis 3 months earlier than vehicle-instilled controls (20, 21). The pulmonary response is associated sequentially with robust proinflammatory cytokine, chemokine, and interferon-related gene expression, ectopic lymphoid tissue development, and diverse autoantibody production, driving systemic autoimmune disease progression and culminating in end-stage glomerulonephritis (20, 22, 23).

Tissue-resident alveolar macrophages (AMs) play a primary defensive role against inhaled foreign particles, including cSiO2, in maintaining immunological homoeostasis and host defense in the lungs (24). cSiO2 exposure induces AM death by apoptosis, pyroptosis, and necrosis (16, 25, 26). In addition, AM play essential roles in efferocytosis of dead and dying cells from the lung to prevent untoward inflammatory and immune responses (27). By clearing the cell corpses, AMs limit inflammation and prevent secondary necrosis of apoptotic cells (28, 29). Accordingly, increased cell death and/or inefficient efferocytosis might contribute to cSiO2-triggered autoimmunity.

Diet is another environmental factor that can modulate autoimmunity. Dietary supplementation with the omega-3 (ω-3) polyunsaturated fatty acid (PUFA), docosahexaenoic acid (DHA), markedly attenuates cSiO2-triggered pulmonary, systemic, and renal manifestations of lupus (20, 22, 30, 31). To better understand how DHA suppresses cSiO2-triggered lupus, it is essential to discern how this ω-3 PUFA influences the inflammation and cell death induced by cSiO2 in the lung. ω-3s and their metabolites have been widely reported to enhance the ability of AMs to be recognized as dying cells and be removed via efferocytosis (32–34).

Here, we tested the hypothesis that DHA influences both cSiO2-induced death and efferocytotic clearance of resultant cellular corpses. Three distinct macrophage models were employed in this study. For in vitro or ex vivo efferocytosis and cell death studies, AM are an appropriate model because they represent the phenotype of macrophages in the lung alveoli (35) and their responses in culture correlate with disease pathogenesis in vivo (36). However, AM recoveries are typically <106 cells per mouse, making it difficult to obtain sufficient quantities for the mechanistic studies of cell death and efferocytosis such as those performed here. Therefore, two other macrophage models were employed as AM surrogates. During murine development, long-lived AMs originate from fetal yolk-sac precursors that migrate from the liver to the lung shortly after birth. Self-renewing AM-like Max Planck Institute (MPI) cells, developed by isolating fetal monocytes and culturing for 2 weeks in GM-CSF, express surface markers and gene expression seen in AMs (37, 38). The RAW 264.7 murine clone has been used as a model for macrophages in more than 10,000 publications since it was established in 1977 (39). In a prior study (23), we transfected RAW 264.7 cells with the gene encoding the protein ASC, rendering them capable of mounting an inflammasome response similar to that of primary AMs (40, 41). The resultant in vitro findings presented here indicate that DHA's ameliorative effects on cSiO2-induced lupus might be linked to its capacity to reduce autoantigenic cell corpse accumulation in the lung by both attenuating macrophage death and potentiating efferocytosis.



MATERIALS AND METHODS


cSiO2

cSiO2 (Min-U-Sil-5, Pennsylvania Glass Sand Corp, Pittsburgh, PA) was formulated using a previously described protocol (42). Briefly, it was suspended in 1M HCl and heated to 100°C for 1 h. After cooling, the particles were washed three times with autoclaved water, dried overnight at 200°C, and suspended in sterile Dulbecco's phosphate-buffered saline (DPBS, Thermo Fisher Scientific, Waltham, MA). For addition to cultures, the suspensions were thoroughly vortexed, sonicated for 1 min, and added dropwise to wells to attain required concentrations.



Preparation of DHA-BSA Complexes

DHA-bovine serum albumin (BSA) complexes (3:1) were formulated as described previously (43, 44). Fatty acid-free, endotoxin-free BSA (Millipore Sigma, Burlington, MA) was dissolved in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific, Waltham, MA) at 15% (w/v). DHA (Cayman Chemical, Ann Arbor, MI) was dissolved in EtOH at 11.76 mg/ml. Stock solution corresponding to 20 mg DHA was transferred to a glass test tube and dried under N2 gas. DHA was dissolved in 4 ml of 0.05 M Na2CO3 to yield concentration of 5 mg/ml. The solution was flushed with N2 gas, vortexed, and incubated for 1 h at room temperature. DHA in Na2CO3 and 15% BSA in RPMI were combined in serum-free RPMI to achieve final concentrations of 2.5 mM DHA and 0.833 mM BSA (3:1 molar ratio). After flushing with N2 and gently mixing for 30 min, the DHA-BSA complex solution was filter sterilized, aliquoted, and stored under N2 at −20°C for ≤3 months.



Animals

All experimental protocols involving NZBWF1 and C57BL/6 mice were reviewed and approved by the Institutional Animal Care and Use Committee at Michigan State University in accordance with the National Institutes of Health guidelines (AUF # PROTO201800113). Six-week-old female NZBWF1 mice and C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME). Upon arrival, mice were sheltered four per cage with ad libitum food and water. Animal facilities were maintained at continuous temperature (21–24°C) and humidity (40–55%) with a 12 h light/dark cycle.



Cell Cultures


Alveolar Macrophages

AMs were isolated from bronchoalveolar lavage fluid (BALF) of female NZBWF1 mice as described by Zhang et al. (45). BALF was pelleted by centrifugation at 500 × g at 4°C for 10 min, suspended, and cultured overnight at 37°C/humidified air in 5% CO2 in RPMI medium containing 1% penicillin-streptomycin (Pen-Strep, Thermo Fisher Scientific), 30 ng/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF, R&D Systems, Minneapolis, MN), and 10% fetal bovine serum (FBS, R&D Systems). Complete RPMI Media (RPMI, 10% FBS, 1% Pen-Strep) with 30 ng/ml of GM-CSF was refreshed every 2–3 days, discarding non-adherent cells. When the proliferating adherent monolayer reached 80–90% confluence (every 4–6 days), cells were sub-cultured. Cells were passaged no more than five times.



Max Planck Institute Cells

AM-like MPI cells were obtained as described by Fejer et al. (37). Briefly, C57BL/6 fetal livers were excised at 14–18 gestational days and dissociated into a single cell suspension in ice-cold, sterile DPBS. Cells were passed through a 40 μm filter, washed twice with sterile DBPS, and plated in 100 mm plates (one plate per liver). Complete RPMI was supplemented with 30 ng/ml GM-CSF to induce differentiation of fetal liver monocytes into MPI cells. Complete RPMI with GM-CSF was refreshed every 2–3 days, discarding non-adherent cells. When the proliferating adherent monolayer reached 80–90% confluence (every 4–6 days), cells were sub-cultured. After ~2 weeks, the adherent cells developed a distinct “fried-egg” morphology akin to AM and expressed common surface markers of AM phenotype namely, CD11c and Siglec F. At this point, MPI cells could be continually sub-cultured for use in assays or cryopreserved. MPI cells from passage 10 to 20 were used for this study.



RAW-ASC Cells

Murine-derived wild-type RAW 264.7 (RAW-WT) (American Type Culture Collection; ATCC® TIB-71™) were stably transfected with a fusion C-terminus of cyan fluorescent protein (CFP)-ASC protein to generate RAW-ASC cells. Briefly, the open-reading frame of ASC was amplified from cDNA by polymerase chain reaction (PCR) and inserted at the CFP of pLenti-CFP plasmid generated on the basis of pLenti6/V5 (Invitrogen Life Technologies, Carlsbad, CA) resulting in a fusion CFP-ASC protein, as previously reported (46, 47). Cell types were cultured in complete RPMI medium and sub-cultured every 2–4 days.



DHA Treatment

AMs, MPI, or RAW-ASC macrophages were seeded at 1.5 × 105 cells/well in 24-well plate, or 1.7 × 104 cells/well in 96-well plate to achieve 70–90% confluency at the time of treatment. AMs and MPI cells were grown in complete RPMI or serum-reduced RPMI (phenol red-free RPMI 1640, 0.25% FBS, 1% penicillin-streptomycin) media supplemented with GM-CSF and RAW-ASC macrophages were grown in complete or serum-reduced RPMI media. After 24 h in complete RPMI or complete RPMI with GM-CSF, wells were washed, and media was switched to fatty acid-supplemented serum-deprived RPMI supplemented with or without GM-CSF. DHA-BSA complex (3:1 molar ratio) equivalent to 25 μM or vehicle control (Veh) with the corresponding concentration of BSA was added to serum-deprived media with or without GM-CSF (23). After 24 h in fatty acid-supplemented serum-deprived RPMI media, cells were washed once with sterile DPBS and subjected to treatments and analyses.




Cell Death Studies


Cell Viability Determination With Propidium Iodide (PI)/Acridine Orange (AO)

PI is a commonly used red fluorescent stain to examine cell death by binding DNA of dead/dying cells with increased membrane permeability. AO is a green fluorescent stain that penetrates intact membranes to visualize live cells. AM, MPI, RAW-ASC cells were incubated with 25 μM DHA or Veh, followed by exposure to 0, 25, or 50 μg/ml cSiO2 for 6 h in 24-well plates. Half of the cell media (500 μl) was then removed from each well and replaced with an equal volume of 0.5μg/ml PI (Immunochemistry Technologies, LLC, Bloomington, MN) and 1 μM AO (Thermo Fisher) suspended in serum-deprived RPMI media, resulting in 0.25 μg/ml of PI and 0.5 μM of AO. The plate was spun at 100 × g for 2 min to ensure cell adherence before imaging. The dead (red, PI, Ex: 585/29 Em: 628/32) and live (green, AO, Ex: 470/22 Em: 525/50) cells were visualized using the EVOS FL Auto 2 Cell Imaging System (Thermo Fisher Scientific), keeping the cells at optimal growing conditions in the incubation space while taking images (5% CO2, 37°C, >80% humidity). Images were captured using the 20× lens objective, taking nine images per well to ensure accurate depictions of the whole well. These images were analyzed via Celleste Image Analysis software (Thermo Fisher), where the total number of dead and live cells for each treatment group per cell line were counted and the cell death % was calculated.



Lactate Dehydrogenase (LDH) Assay

LDH release measurements were also employed to assess effects of DHA on cSiO2-induced death as previously described (23). Briefly, AM, MPI, RAW-ASC cells were incubated with 25 μM DHA or Veh, followed by exposure to 0, 25, or 50 μg/ml cSiO2 for 6 h in 24-well plates. Additionally, 20 μl of 10% Triton-X (Millipore Sigma) was added to some wells, designated as maximum kill (MK). Media were collected from sample and MK wells and 50 μl transferred to untreated, flat-bottomed 96-well plate. Serum-deprived RPMI was used as a sample blank and serum-deprived RPMI with 10% Triton-X was used as the MK blank. 100 μl of LDH substrate (2 mM iodonitrotetrazolium chloride, 3.2 mM β-nicotinamide adenine dinucleotide sodium salt, 160 mM lithium lactate, 15 μM 1-methoxyphenazine methosulfate in 0.2 M Tris-HCl, pH 8.2) was added to each well. Plates were then measured using a FilterMax F3 Multimode plate reader (Molecular Devices, San Jose, CA) at an absorbance wavelength of 492 nm. Cytotoxicity was determined as follows: 100% * [(sampleabs-sample blankabs)/(MKabs-MK blankabs)].



MTS Assay

Cell viability was assessed using a CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI). CellTiter 96® AQueous One Solution Reagent contains the tetrazolium compound MTS which is reduced by viable cells to a colored formazan product that is soluble in the tissue culture medium. Briefly, RAW-ASC cells were incubated with 25 μM DHA or Veh, followed by exposure to 50 μg/ml cSiO2 for 16 h, 0.5 μM staurosporine (R&D Systems) for 8 h and 5.0 μM nigericin (Millipore Sigma) for 6 h following priming with 20 ng/ml LPS (from Salmonella enterica serotype typhimurium containing <1% protein impurities, Millipore Sigma) for 2 h in 24-well plates. Immediately following above treatments, the plate was centrifuged at 220 × g for 3 min and half of the cell media (600 μl) removed from each well. Then, 20 μl of One Solution Reagent was added directly to the culture plate. After 30–60 min incubation at 37°C, the absorbance was read on an EnSpire™ Multilabel Plate Reader (PerkinElmer Inc., Waltham, MA) at an absorbance wavelength of 490 nm. The quantity of formazan product, as measured by the absorbance at 490 nm, is directly proportional to the number of living cells in culture. Cell viability was calculated as a percentage of untreated control cells.



Caspase-3/7 Activation

Caspase-3/7 activity was determined in cSiO2-treated AM, MPI, and RAW-ASC cells using the Caspase-Glo® 3/7 assay (Promega). Briefly, AM, MPI, and RAW-ASC cells were incubated with 25 μM DHA or Veh, followed by exposure to 0, 25, or 50 μg/ml cSiO2 for 6 h in a white-walled 96-well plate for Caspase-3/7 assay with 0.5 μM staurosporine for 6 h used as a positive control. Serum-deprived RPMI was used as a sample blank. To determine caspase-3/7 activation, half of the culture medium (50 μl) was removed and 50 μl of Caspase-Glo® 3/7 Reagent was added to each well of a white-walled 96-well plate containing 100 μl of blank. Luminescence was read after 1 h using an EnSpire™ Multilabel Plate Reader. Caspase-3/7 activity was reported after subtracting the blank values.



Caspase-1 Activation

Caspase-1 activity was determined in cSiO2 treated unprimed and LPS-primed MPI and RAW-ASC cells using Caspase-Glo® 1 luminescence assay kit (Promega). In brief, MPI and RAW-ASC cells were incubated with 25 μM DHA or Veh, followed by exposure to 0, 25, or 50 μg/ml cSiO2 for 6 h following priming with 20 ng/ml LPS or Veh for 2 h in a white-walled 96-well plate. Nigericin (10 ng/ml) treatment for 1 h following priming was used as the positive control. Serum-deprived RPMI was used as a sample blank. To assess caspase-1 activation, half of the culture medium (50 μl) was removed and 50 μl of Caspase-Glo® 1 Reagent + YVAD-CHO mixture was added to each well. Luminescence was read after 1 h as described above and caspase-1 activity reported after subtracting the blank values.



IL-1β Release

MPI and RAW-ASC cells were incubated with 25 μM DHA or Veh, followed by priming with 20 ng/ml LPS for 2 h and exposure to 0, 25, or 50 μg/ml cSiO2 for 6 h. Treatment with nigericin (10 μM) for 1 h following LPS priming was used as the positive control. After incubation, cell supernatant was collected and IL-1β release was measured for MPI and RAW-ASC cells using the mouse IL-1β/IL-1F2 DuoSet® ELISA (R&D Systems) per manufacturer's instructions.




Efferocytosis Measurement by Fluorescence Microscopy


Labeling of RAW ASC Target Cells

RAW-ASC cells were gathered from 100 mm cell culture dishes by scraping and rinsing with DPBS into a 50 ml conical centrifuge tube. The cells were then centrifuged for 8 min at 220 × g and resuspended in 10 ml of IncuCyte pHrodo Wash Buffer (Essen Bioscience, Ann Arbor, MI) and then centrifuged for another 8 min. Cells were then resuspended in IncuCyte pHrodo Labeling Buffer (Essen Bioscience) at a cell density of 1 × 106 cells/ml. IncuCyte pHrodo Red succinimidyl ester (pHrodo Red SE, Essen Bioscience) was added to cell suspension in the Labeling Buffer at 0.5 μl/ml and incubated for 1 h at 37°C in the dark while inverting every 15 min. After incubating, the cells were brought up to 5× the labeling buffer volume with complete RPMI media and centrifuged for 8 min at 220 × g to wash away unbound dye.

Cells were then cultured overnight in 100 mm culture plates at a concentration of 3.2 × 105 cells/ml. The next day, the target cells were incubated for 24 h with DHA or Veh in serum-deprived medium as described above. Death was then induced in target cells by treatment with (i) 50 μg/ml cSiO2 for 16 h to achieve extensive death, (ii) 0.5 μM staurosporine for 8 h to elicit apoptotic cell corpses or with (iii) 20 ng/ml LPS for 2 h followed by 10 μM nigericin for 6 h to generate pyroptotic cell corpses. After cell death had been induced, target cells were collected by centrifugation and resuspended in 2 ml of serum reduced media. Total protein from each sample (DHA- or Veh-treated cells) was measured using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) to normalize the cell density. For time course studies, cells were exposed directly to the cell death inducer without DHA pre-incubation and necrotic corpses were generated by heating cells at 90°C for 3 min using a block incubator (Thermo Fisher Scientific). Cell viability and mechanisms of death were assessed and confirmed using microscopic observation (morphology and AO/PI staining), cell viability assessment with MTS, caspase-1, and caspase-3/7 as described above (see Supplementary Figures 4–6).



Effector Cell Labeling

AM, MPI, and RAW-ASC macrophages were compared initially as effector cells (i.e., viable phagocytes) and then MPI cells were used for subsequent efferocytosis experiments. Macrophages were gathered from 80% confluent 10 mm plates by scraping and rinsing with PBS into a 50 ml conical centrifuge tube and centrifuged for 8 min at 220 × g. The cells were then washed with 10 ml of PBS and centrifuged again to remove trace amounts of FBS from their initial media suspension. The cells were then suspended in complete RPMI media 10 μM and 1% Pen-Strep and the cell density was adjusted to 1 × 106 cells/ml. 1 μL of 1 mM CFSE green stock solution (Invitrogen Life Technologies, Carlsbad, CA) was added per ml of the cell suspension to yield a final concentration of 1 μM. The cells were then incubated in the dark for 30 min at 37°C; the tube was agitated every 10 min to ensure even labeling throughout the media. After incubation, the cells were washed with complete RPMI. The cells were then centrifuged for 8 min and resuspended in complete RPMI media with (AM and MPI) or without GM-CSF (RAW-ASC). The cell density was adjusted to 8 × 104 cells/ml and plated onto a black, clear-bottom, 24-well plate to adhere overnight. The next day, effector cells were examined under the EVOS FL Auto 2 Cell Imaging System using the GFP light cube (Ex: 470/22 Em: 525/50) to confirm the labeling process and incubated for 24 h with DHA or Veh serum-deprived medium as described above.



Efferocytosis Assessment by Fluorescent Microscopy

2.4 × 105 target cell corpses were added to the effector cells at 1:4 ratio (effector: target) and then centrifuged for 1 min at 100 × g and efferocytosis measured over time. For the time course studies, efferocytosis was examined at 0, 30, 60, and 120 min after co-culturing. For the DHA pre-treatment experiments, efferocytosis was examined at 1h following co-culturing of target and effector cells pre-incubated with either Veh or DHA. Following the co-culturing, media was removed, the well-washed twice with PBS, and 1 ml Fluoro-Brite media (Thermo Fisher Scientific) was added to each well. The engulfed target cells (bright red, pHrodo red dye) and effector cells (green, CFSE green) were visualized using GFP light cube (Ex: 470/22 nm Em: 525/50 nm) and Texas red light cube (Ex: 585/29 nm Em: 628/32 nm) of EVOS FL Auto 2 Cell Imaging System, keeping the cells at optimal growing conditions in the incubation space while taking images (5% CO2, 37°C, >80% humidity). Images were captured using the 20× lens objective, taking nine images per well to ensure accurate depictions of the whole well. These were analyzed via Celleste image analysis software, where the total number of effector cells and target cells engulfed by effector cells for each treatment group per cell line with three technical replicates were counted. The efferocytosis index (Equation 1) was calculated as the percentage of macrophages containing at least one ingested target cell corpse:
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Efferocytosis Measurement by Image Flow Cytometry


Labeling of RAW ASC Target Cells

RAW-ASC cells were gathered from 80% confluent 100 mm cell culture dishes by scraping and rinsing with PBS into a 50 ml conical centrifuge tube and centrifuged for 8 min at 600 × g. The cells were then washed with 10 ml of PBS and centrifuged again to remove trace amounts of FBS from their initial media suspension. The cells were suspended in RPMI 1640 with 1% Pen-Strep and the cell density was adjusted to 1 × 106 cells/ml and then 1 μl of CFSE green was added per 1 ml of the cell suspension. The cells were then incubated for 30 min protected from light at 37°C with agitation every 10 min to ensure labeling was occurring evenly throughout the media. After incubating, the cells were washed with 5× the labeling volume with complete RPMI media. The cells were then centrifuged at 220 × g for 8 min and resuspended in serum deprived RPMI media. The cell density was adjusted to 2 × 105 cells/ml and plated onto, clear-bottom, 6-well plate at 4 × 105 cells/well to adhere overnight. The next day, effector cells were then examined under the EVOS fluorescent microscope (Green, Ex: 470/22 Em: 525/50) to confirm the labeling process and incubated for 24 h with DHA or Veh in serum-deprived medium as described above. Death was then induced in target cells by treatment with 50 μg/ml cSiO2 for 16 h to generate cell corpses in the plate. cSiO2-induced death was assessed using microscopic observation (morphology and AO/PI staining), and cell viability assessment with MTS as described above.



Effector Cell Labeling

MPI cells were gathered from 80% confluent 100 mm cell culture dishes by scraping and rinsing with PBS into a 50 ml conical centrifuge tube and centrifuged for 8 min at 220 × g. The cells were then washed with 10 ml of PBS and centrifuged again to remove trace amounts of FBS from their initial media suspension. The cells were then suspended in complete RPMI and the cell density was adjusted to 5 × 105 cells/ml. Two microliters of CytoTell™ Blue (AAT Bioquest, Sunnyvale, CA) from 500× stock was added per 1 ml of the cell suspension. The cells were then incubated for 30 min protected from light at 37°C; the tube was agitated every 10 min to ensure even labeling. After incubating, the cells were washed with 5× the labeling volume with complete RPMI. The cells were then centrifuged at 220 × g for 8 min and resuspended in complete RPMI with GM-CSF. The cell density was adjusted to 2.2 × 105 cells/ml and cells plated onto 100 mm culture dishes to adhere overnight. The next day, effector cells were examined under the EVOS fluorescent microscope using the GFP light cube (Green, Ex: 470/22 Em: 525/50) to confirm labeling and incubated for 24 h with DHA or Veh in serum-deprived medium as described above. After DHA pre-treatment, MPI cells were collected by scraping and rinsing with PBS into a 50 ml conical centrifuge tube and resuspended in 1 ml of serum deprived RPMI MPI media with 60 ng/ml of GM-CSF at 2 × 105 cells/ml.



Efferocytosis Assessment by Imaging Flow Cytometry

2 × 105 cells of effector cells were added to the target cells at 1:2 ratio (effector: target) and then centrifuged at 500 × g for 3 min and efferocytosis measured over time. Efferocytosis was examined at time points of 1, 8, and 12 h after co-culturing of target and effector cells that were pre-incubated with either Veh or DHA. Three technical replicates were used for each treatment condition. Following the co-culturing, both effector and target cells were collected into a 50 ml conical centrifuge tube by gentle scraping and washing with DPBS and centrifuged for 10 min at 220 × g. Cells were fixed in 4% paraformaldehyde for 15 min and washed twice by centrifuging and resuspending with DPBS. Washed cells were resuspended in 0.5 ml of DPBS.

Cells were visualized for images and the efferocytosis index measured using an Image Stream MKII imaging flow cytometer (Luminex Corporation, Seattle, WA) housed in the Luminex Corporation in Seattle, WA. For each sample 10,000 images of 60× magnification in the bright field channel and the fluorescence emission channels 7 (CytoTell Blue) and 2 (CSFE) were simultaneously acquired with 50 mW 405 and 10 mW 488 laser powers. Unlabeled cells as well as cells labeled with only one fluorochrome were also acquired with the same laser setting for making the spectral compensation matrix that was applied to each of the experimental files during the image analysis with the IDEAS software. The efferocytosis index was calculated as the percentage of MPI macrophages containing at least one ingested target cell corpse (Equation 1).




Data Analyses

For all cell death, caspase activity, and IL-1β release assays, two-way analysis of variance (ANOVA) was performed in GraphPad software (GraphPad, San Diego, CA) followed by Tukey's post hoc test for pairwise comparisons. If groups failed to pass at least one of normality tests (Anderson-Darling, D'Agostino-Pearson omnibus, Shapiro-Wilk, Kolmogorov-Smirnov) for Gaussian distributions, data were transformed to log2 format, and two-way ANOVA followed by Tukey's post hoc was performed in GraphPad software. Student's t-tests were used to compare two groups when applicable. For other in vitro assays, comparison of multiple groups was accomplished using a one-way ANOVA, and comparison of individual groups was accomplished using Tukey's test using GraphPad software. In all experiments, p < 0.05 was taken to be significant.




RESULTS


DHA Supplementation Protects Against cSiO2-Induced Death in Three Macrophage Models

The effects of DHA at a physiologically relevant concentration (25 μM) on cSiO2-induced cell death were assessed in three different macrophage models using the experimental design depicted in Figure 1. cSiO2 at 50 μg/ml significantly induced death of primary AMs compared to Veh-treated cells as reflected by increased PI staining (Figures 2A,B) and LDH release (Figure 2C). These responses were significantly inhibited by inclusion of DHA. MPI cells were more sensitive to cSiO2's cytotoxic effects with concentrations of 25 and 50 μg/ml inducing significantly increases in PI positive cell corpses (Figure 2B and Supplementary Figure 1A) and similar trends observed for LDH responses (Figure 2C). DHA pre-incubation significantly suppressed these responses (Figures 2B,C). RAW-ASC cells were also sensitive to cSiO2's cytotoxic effects with concentrations of 25 and 50 μg/ml again significantly eliciting cell death as compared to Veh-treated cells in PI positive cell corpses (Figure 2B and Supplementary Figure 1B) and LDH release (Figure 2C). DHA pre-incubation significantly suppressed cSiO2-induced LDH responses (Figure 2C) with a similar trend observed for PI positive cell corpses.
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FIGURE 1. Experimental design for determining how DHA supplementation influences cSiO2-induced cell death, apoptosis, and pyroptosis in macrophage models. Workflow for experiments shown in Figures 2, 3. Macrophage models included (1) alveolar macrophages (AM) from NZBWF1 female mice, (2) Max Planck Institute (MPI) cells, self-renewing alveolar macrophage-like cells derived from fetal livers of C57BL/6 mice, and (3) RAW 264.7 macrophages stably transfected with ASC (RAW-ASC). cSiO2 has previously been shown to cause death in macrophages by apoptosis, pyroptosis, and necrosis. Apoptosis was induced by staurosporine (STA) and pyroptosis by LPS and nigericin (Ni).
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FIGURE 2. DHA supplementation protects against cSiO2-induced cell death in all macrophage models. AM were incubated in serum-deprived RPMI containing DHA (25 μM) or Veh for 24 h. Cells were treated with 0, 25, or 50 μg/ml cSiO2 for 6 h and analyzed for percentage of propidium iodide (PI) positive dead cells and LDH release. (A) Fluorescence microscopy of live nucleated cells stained with acridine orange (green) and dead nucleated cells stained with PI (red). Red staining confirms AM death after cSiO2 exposure. Images were taken at 20× magnification and a representative portion of the image is shown. DHA pre-treatment significantly inhibits cell toxicity in AM, MPI, RAW-ASC cells at the high cSiO2 dose (50 μg/ml) in terms of both (B) dead cell percentage via AO and PI staining and (C) LDH release. Triton X-100 was used as a positive control for lytic cell death in the LDH assay. Data presented as mean ± SEM, n = 3. Lowercase letters indicate significant (p < 0.05) differences in cSiO2-induced cell death within Veh supplemented group and uppercase letters indicated cSiO2-induced cell death within DHA-supplemented groups, as determined by two-way ANOVA followed by Tukey's post hoc test. Significant differences within the Control or cSiO2 treatment groups from Veh to DHA supplementation are represented by asterisks (*p < 0.05). Assays are representative of three independent experiments.




DHA Supplementation Suppresses Caspase-3/7 Activation by cSiO2 Alone in All Macrophage Models

cSiO2 alone at 50 μg/ml significantly induced caspase-3/7 activity in all three macrophage models and these responses were significantly decreased when cultures were pre-incubated with DHA (Figure 3). Similar responses were observed for staurosporine, a positive control for caspase-3/7-dependent apoptosis. Thus, cSiO2 alone potentially induces macrophage death in part via caspase-3/7-dependent apoptosis which was inhibited by DHA.
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FIGURE 3. DHA supplementation suppresses cSiO2-induced caspase-3/7 activation in all macrophage models. AM, MPI, and RAW-ASC cells were incubated in serum-deprived RPMI containing DHA (25 μM) or Veh for 24 h. Cells were then treated with 0, 25, or 50 μg/ml cSiO2 for 6 h and caspase-3/7 assessed using the Caspase-Glo® 3/7 assay. Data presented as mean ± SEM, n = 3. Significant differences between Veh and DHA within the cSiO2-treated and positive control group (STA) are represented by asterisks (*p < 0.05); lowercase letters indicate significant (p < 0.05) differences in cSiO2-induced caspase-3/7 activation within Veh supplemented group and uppercase letters indicate cSiO2-induced caspase-3/7 within DHA-supplemented groups, as determined by two-way ANOVA followed by Tukey's post hoc test. Assays are representative of three independent experiments.




cSiO2 Alone Induces Limited Caspase-1 Activation but Not IL-1β Release in MPI and RAW-ASC Cells Without LPS Priming

cSiO2 at 50 μg/ml significantly induced very limited caspase-1 activation but no IL-1β release in MPI and RAW-ASC cells (Supplementary Figures 2, 3). LPS priming modestly enhanced cSiO2-induced caspase-1 activation and elicited robust IL-1β release. DHA pre-incubation significantly suppressed caspase-1 responses in MPI but not RAW-ASC cells and suppressed significantly IL-1β release in both primed MPI and RAW-ASC cells. Likewise, treatment with LPS plus nigericin, a positive control for caspase-1 and inflammasome-induced pyroptosis, induced caspase-1 activation and IL-1β release in these cells; both responses were inhibited by DHA treatment. Altogether, the results suggest that inflammasome activation is unlikely to play a critical role in the induction of cell death in unprimed macrophages treated with cSiO2 alone.



MPI Cells Rapidly Engulf Cell Corpses of cSiO2-Treated, Apoptotic, Pyroptotic, or Necrotic RAW-ASC Target Cells

The relative capacities of the three models to phagocytose cell corpses were compared by CFSE and pHrodo Red SE labeling of effector and target cells, respectively (Figure 4A). Fluorescent microscopy revealed that, when co-cultured and labeled under identical conditions, AM, MPI cells, and RAW-ASC models demonstrated rapid phagocytosis of apoptotic RAW-ASC cell corpse targets induced by staurosporine with efferocytosis indexes of 58, 68, and 59, respectively (Figures 4B,C). Based on these findings, MPI and RAW-ASC cells were selected as effectors and targets, respectively, for further investigating DHA's effects on efferocytosis.
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FIGURE 4. AM, MPI, and RAW-ASC cells are similarly capable of efferocytosis. (A) Experimental workflow for efferocytosis assay for Figures 4, 5. Death was induced in pHrodo Red SE-labeled RAW-ASC cells (target cells). Resultant cell corpses were then incubated for 1 h with CFSE-labeled macrophages (AM, MPI, and RAW-ASC) cells. Efferocytosis was assessed using an EVOS FL-2 microscope. Created with BioRender.com. (B) Representative photomicrographs demonstrating CFSE-labeled AM, MPI, and RAW-ASC effector cells (green) engulfing apoptotic RAW-ASC target cells (red) induced by staurosporine treatment. Images were taken at 20× magnification and a representative portion of the image is shown. (C) The efferocytosis index was calculated by analyzing merged images using Celleste™ image analyzing software. The bar plot shows the efferocytosis index of AM, MPI and RAW-ASC with apoptotic RAW-ASC cells (means ± SEM, n = 3). Different letters indicate significant differences between treatment groups (p < 0.05). Results are representative of three independent experiments.


RAW-ASC target cell corpses were generated by different cell death mechanisms including cSiO2-induced cell death (Supplementary Figure 4), apoptosis (Supplementary Figure 5), pyroptosis (Supplementary Figure 6), and necrosis and their engulfment by MPI effector cells evaluated over time. Overall, most efferocytosis by MPI cells of cSiO2-treated, apoptotic, pyroptotic, and necrotic target cells occurred within 2 h and largely leveled off by 4 h (Figures 5A,B). Efferocytosis indexes for cSiO2-treated, apoptotic, and pyroptotic corpses at 2 h were 49 ± 12, 51 ± 13, and 44 ± 7 (mean ± SD), respectively, and thus were comparable. Efferocytosis of necrotic corpses also was evident by 2 h but was less efficient with an efferocytosis index of 16 ± 2.
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FIGURE 5. MPI cells engulf cell corpses of cSiO2-treated, pyroptotic, apoptotic, and necrotic RAW-ASC target cells. (A) Representative fluorescence photomicrographs showing CFSE-labeled MPI cells (green) engulfing pHrodo Red SE-labeled RAW-ASC target cells (red) killed by four methods: cSiO2 treatment, apoptosis (staurosporine), pyroptosis (LPS followed by nigericin), necrosis (held at 95°C for 3 min). (B) The efferocytosis index was calculated by analyzing merged images using Celleste™ image analysis software. Images were taken at 20× magnification and a representative portion of the image is shown. The line plot shows the efferocytosis index (mean ± SEM, n = 3) over time of MPI cells with target cells induced by the different treatments. One-way ANOVA was used to compare experimental groups at selected time points followed by post hoc Tukey's multiple comparison test. Data are mean ± SEM. Symbols indicate a significant difference (p < 0.05) as follows: *for cSiO2-induced death vs. apoptosis; #for cSiO2-induced death vs. pyroptosis; and +for cSiO2-induced death vs. necrosis. Similar results were obtained in two independent experiments.




The Efferocytosis Index Is Increased When Target Cells (RAW-ASC Cells) Are Pre-incubated With DHA

The effects of DHA supplementation of RAW-ASC target and/or MPI effector cells on efferocytosis were evaluated as depicted in Figure 6A. When RAW-ASC target cells were pre-incubated with DHA and then killed with cSiO2 (Figures 6B,C), staurosporine (apoptosis) (Figure 6B and Supplementary Figure 7A), or LPS and nigericin (pyroptosis) (Figure 6C and Supplementary Figure 7B) the efferocytosis indexes were significantly higher than that for target cells pre-incubated with Veh prior to cell death treatments. In contrast, DHA pre-incubation of MPI effector cells did not affect their capacity to engulf RAW-ASC cells killed by the three treatments. Significantly enhanced efferocytosis of RAW-ASC target cells pre-incubated with DHA prior to killing with cSiO2 was further confirmed by imaging flow cytometry (Figure 7). Again, DHA pre-incubation of MPI effector cells did not affect their capacity to engulf RAW-ASC cells killed with cSiO2.


[image: Figure 6]
FIGURE 6. DHA enhances efferocytotic activity of MPI effector cells when RAW-ASC target cells are pre-incubated with DHA. (A) Experimental workflow for Figure 6 and Supplementary Figure 7. pHrodo Red SE-labeled RAW-ASC target cells were pre-incubated with Veh or 25 μM DHA for 16 h and then death induced by treatment with cSiO2, staurosporine and LPS+nigericin. MPI cells were pre-treated with Veh or 25 μM DHA for 24 h and their ability to efferocytose RAW-ASC corpses assessed by fluorescent microscopy. Created with BioRender.com. (A,B) Effect of DHA pre-treatments on MPI cell engulfment of apoptotic RAW-ASC cells induced by cSiO2. (B) Merged photomicrograph images were acquired using the EVOS FL 2 microscope (20×) showing pHrodo Red SE-labeled target cells (red) engulfed by the MPI cells (green). (C–E) Efferocytosis indexes were calculated and plotted as bar plots (mean ± SEM). Results show that DHA pre-treatment of apoptotic RAW-ASC cells increased efferocytosis index regardless of MPI cells treatment conditions. (C) Effect of DHA pre-treatments on MPI cell engulfment of RAW-ASC corpses induced by cSiO2. (D) Effect of DHA pre-treatments on MPI cell engulfment of RAW-ASC corpses induced by staurosporine. (E) Effect of DHA pre-treatments on MPI cell engulfment of RAW-ASC cells corpses induced by LPS and nigericin. Images were taken at 20× magnification and a representative portion of the image is shown. Different letters indicate significant differences between treatment groups (p < 0.05). Similar results were obtained in two independent experiments.
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FIGURE 7. DHA enhances efferocytosis of MPI effector cells when RAW-ASC target cells are pre-incubated with DHA and death induced by cSiO2. (A) Experimental workflow for imaging flow cytometry. MPI effector cells were labeled with CytoTell blue dye and cultured overnight. Then, MPI cells were pre-incubated with Veh or 25 μM DHA for 16 h. CFSE green-labeled RAW-ASC cell corpses (target cells) were pre-incubated with Veh or DHA (25 μM) for 16 h and death induced by incubating with 50 mL cSiO2 for 16 h after. MPI cells were added to green-labeled RAW-ASC cell corpses (target cells) and co-incubated up to 16 h. Both MPI cells and RAW-ASC cells were collected and analyzed using Amnis® imaging flow cytometer. Created with BioRender.com. (B) Merged images were acquired using Amnis® imaging flow cytometer showing CFSE labeled target cells (green) engulfed by the CytoTell labeled MPI cells (blue). (C) Line graph shows the efferocytosis index of MPI cells (mean ± SEM) with above treatment conditions over time. Results show that DHA pre-treatment of RAW-ASC cells increased efferocytosis index regardless of MPI cells pre-treatment conditions. Symbols indicate significant difference (p ≤ 0.05) as follows: “*” for (Effector:Veh; Target:Veh) vs. (Effector:Veh; Target:DHA) and “#” for (Effector:Veh;Target:Veh) vs. (Effector:DHA;Target:DHA). Similar results were obtained in two independent experiments.





DISCUSSION

cSiO2 clearance from the lung is very slow (48) and the persistent presence of this particle drives a vicious cycle in AMs involving phagocytosis of SiO2, cell death, and reemergence of free SiO2. Inadequate efferocytosis could result in the accumulation of autoantigen-rich cell corpses in the lungs thereby contributing to cSiO2 triggering of murine lupus flaring (49). The goals of this in vitro investigation were to determine how DHA influences both cSiO2-induced macrophage death and efferocytosis of cell corpses. Several novel findings were made. First, cSiO2-induced cell death in AM, MPI, and RAW-ASC macrophage models. Death was associated with caspase-3/7 activation that was suggestive of apoptosis. Second, DHA pre-treatment suppressed cSiO2-induced macrophage death and caspase-3/7 activation in all three models. Third, using the pH-sensitive dye pHrodo Red SE in conjunction with real-time fluorescence microscopy, it was demonstrated that all three macrophage models could efferocytose apoptotic RAW-ASC cells. Fourth, MPI effector cells could efferocytose cSiO2-killed, apoptotic, pyroptotic, and necrotic RAW-ASC cells. Finally, DHA pre-incubation of RAW-ASC target cells prior to death induction by staurosporine, LPS and nigericin, or cSiO2 significantly enhanced efferocytosis by MPI effector cells; however, DHA pre-incubation of MPI effector cells did not influence engulfment of RAW-ASC targets. DHA's capacity to suppress macrophage death and enhance removal of resulting corpses by efferocytosis as depicted in Figure 8 might be critical to ameliorative effects of this ω-3 PUFA in cSiO2-triggered murine lupus.


[image: Figure 8]
FIGURE 8. Putative model for DHA suppression of cSiO2-induced autoimmune response in the lung. DHA impedes cSiO2-induced macrophage corpse accumulation by attenuating cell death and potentiating efferocytosis. Following cSiO2 exposure, target macrophages phagocytose cSiO2, inducing cell death. Dead cells are subsequently efferocytosed by effector macrophages. Pre-incubation of target macrophages with DHA suppresses cSiO2-induced cellular corpse accumulation by inhibiting cell death and enhancing efferocytosis as compared to pre-incubation of target macrophages with vehicle (VEH). In the lung, heightened accumulation of cell corpses and their secondary necrosis might result in aberrant release of nucleic acids, damage-associated molecular patterns (DAMPs), and autoantigens that collectively drive robust local and systemic autoimmune responses. Created with BioRender.com.


Following airway exposure to cSiO2, AMs phagocytose the particles in an effort to clear them from the lung. In an elegant single cell study employing the MH-S AM model and similar cSiO2 concentrations as used in this investigation, Joshi and Knecht (16) found that ~85% of exposed macrophages die by apoptosis and the remaining 15% die by necrosis. The apoptotic pathway sequentially involves phagolysosome permeabilization, transient mitochondrial hyperpolarization, caspase-3 activation, cell blebbing, nuclear condensation, and externalization of phosphatidylserine (PS). The necrotic pathway involved mitochondrial depolarization, cell swelling, and necrosis. Consistent with the apoptosis pathway, we observed that cSiO2 dose-dependently activated caspase-3/7 and caused cell death in all three macrophage models. In addition to apoptosis, it is further possible that caspase-3 can cleave gasdermin E N-terminal fragment, which forms pores on the plasma membrane to mediate pyroptotic/necrotic death (50–53). Therefore, it will be desirable in future studies to investigate the extent to which caspase-3 and GSMDE mediate crosstalk among apoptotic, pyroptotic, and necrotic pathways during cSiO2-induced macrophage cell death.

A critical finding of this study was that DHA pre-treatment suppressed cSiO2-induced toxicity and caspase-3/7 activation. Previously we found that when RAW-ASC cells are incubated with 25 μM DHA, cell phospholipid membrane incorporation was similar to red blood cell membrane DHA content found in vivo for mice fed realistic human equivalent doses of DHA (2 and 5 g per day) (20, 23, 54). In these studies, DHA dose-dependently reduced several cSiO2-triggered inflammatory and autoimmune endpoints in lupus-prone NZBWF1 mice. Thus, the concentration of DHA used here is physiologically relevant, and our observations consistent with prior in vivo findings.

Upon DHA supplementation, we observed a decrease in caspase-3/7 activity after cSiO2 exposure or treatment with the positive control staurosporine, consistent with a reduction in apoptotic cell death. The effect of ω-3 PUFAs on apoptosis appears to be cell type and context dependent. It has been demonstrated in multiple types of cancer that ω-3 PUFAs can induce apoptotic cell death at concentrations similar to those employed in this manuscript (55–57). However, studies in other cell types including cardiomyocytes, neurons, monocyte-like cells, and primary monocytes show that ω-3 PUFAs in fact confer protection against apoptotic stimuli (58–60). A 2014 study reported induction of apoptosis in four human myeloma cell lines treated with 50–100 μM DHA, but no apoptosis in primary peripheral blood mononuclear cells under the same conditions (61). ω-3 PUFAs have been shown to reduce oxidative stress in vitro, in vivo, and in human clinical trials (62), which may be a mechanism by which DHA attenuates apoptotic cell death. In support of this, neural progenitor cells isolated from fat-1 mice, which endogenously produce higher levels of ω-3 PUFAs, were protected from H2O2-induced apoptosis (63). Similarly, the observed decrease in apoptosis with ω-3-supplementation in vivo is associated with a decrease in reactive oxygen species (ROS) (60). Therefore, additional research is needed to clarify how ω-3 PUFAs influence oxidative stress and how these effects impact apoptosis in macrophages.

It should be further noted that cSiO2-exposed macrophages can also undergo NRLP3 inflammasome-dependent programmed lytic cell death via pyroptosis (64). In brief, cSiO2 elicits lysosomal membrane permeabilization followed by NLRP3 inflammasome oligomerization and caspase-1 activation (42, 65–67). Caspase-1 selectively cleaves pro-IL-1β to mature IL-1β and induces cell death via pyroptosis (68–72). IL-1β release and pyroptotic cell death in macrophages is mediated by gasdermin D (GSDMD), through active caspase-1's generation of the gasdermin D N-terminal fragment (GSDMD-NT), which executes these events by forming pores on the plasma membrane (68, 71). Since expression of NLRP3 requires priming with microbial ligands such as LPS or endogenous cytokines, cSiO2 did not induce IL-1β release in unprimed macrophages. This suggests that the particle alone did not activate NRLP3 inflammasome-directed pyroptosis. We have previously reported that priming RAW-ASC cells with LPS prior to cSiO2 treatment induces robust inflammasome activation, as assessed by IL-1β release, ASC oligomerization, and caspase-1 activation (23). Consistent with this possibility, we observed here that priming RAW-ASC cells and MPI cells with LPS prior to cSiO2 treatment induces inflammasome activation, as assessed by robust IL-1β release which was inhibitable by DHA (Supplementary Figure 3). Likewise nigericin following priming with LPS, a positive control for pyroptosis, induces robust caspase-1 activation and IL-1β release which was also inhibited by DHA pre-treatment. Thus, DHA supplementation was also effective in blocking inflammasome activation.

Efferocytosis plays a critical role in removing dead cells containing autoantigens, thus suppressing untoward innate and adaptive immune responses (73). Numerous microscopic and flow cytometric approaches have been described to measure efferocytosis in vitro using targets labeled with a variety of dyes (74). A common problem with many is that detection of surface-bound, non-engulfed dead cells leads to overestimation of target cell engulfment. The method used here, based on a modification of Mikasa et al. (75), obviates this problem by employing the pH-sensitive fluorescent dye pHrodo Red SE. This dye passively diffuses into cells and covalently binds to amino groups on intracellular macromolecules. Under neutral pH, pHrodo Red SE is not detectable by fluorescent microscopy or flow cytometry. Upon phagocytosis, the pH decreases due to post-phagolysosomal fusion acidification, which facilitates red fluorescent emission of pHrodo Red SE. Accordingly, while pHrodo Red SE-labeled, non-phagocytosed RAW-ASC target cells are undetectable, following engulfment, the labeled-target cells emit an intense red signal due to the acidic environment in the phagolysosomes of CFSE-labeled MPI or other macrophage effectors. Using pHrodo Red SE in conjunction with real-time fluorescence microscopy, it was demonstrated that all three macrophage models were capable of efferocytosing apoptotic RAW-ASC cells.

Poor clearance and accumulation of dead cells has been extensively reported in diseases of chronic inflammation (76, 77) and autoimmunity (78–81), suggesting that effective efferocytosis of cell death corpses from multiple death mechanisms is essential for the maintenance of tissue homeostasis (27, 82). Ingestion of apoptotic cells by phagocytes prevents release of their intracellular contents therefore precluding inflammation (19). However, if the apoptotic cells are not cleared rapidly, they proceed into secondary necrosis which releases alarmins, damage-associated molecular patterns, and self-antigens (3). Similarly, cells undergoing necrosis or pyroptosis lose membrane integrity and leak their intracellular components which can include danger signals that promote inflammation (22, 23). Therefore, clearance of both apoptotic cells and other dead cells is extremely important in retaining tissue homeostasis. We found here that MPI effector cells engulf cSiO2-killed, apoptotic, and pyroptotic RAW-ASC cells at a similar clearance rate. Further, we induced necrosis in RAW-ASC cells and found that the necrotic corpses could be phagocytosed by MPI cells, albeit at a lesser clearance rate than cells killed by the aforementioned death mechanisms. Consistent with this finding, it has been reported previously that heat-killed necrotic corpses were efferocytosed by macrophages or NIH3T3 cells (83, 84). Thus, the real-time fluorescence microscopy method should detect phagocytosis of RAW-ASC corpses undergoing secondary necrosis.

A critical finding was that the efferocytosis index was significantly increased only when the target cells were pre-incubated with DHA. The observation that DHA content of an apoptotic cell increases an “eat me” signal has been heretofore unreported and thus the underlying mechanisms are unclear. During pyroptosis and apoptosis, PS normally present in the inner leaflet, is revealed on the cell surface (83, 85). PS facilitates recognition by macrophages and consequent engulfment of the cell corpse. Importantly, oxidized phosphatidylserine (oxPS) on the surface of apoptotic cells shows a predilection for recognition by macrophages and consequent engulfment compared to cell corpses with PS (86–88). OxPS on the surface of apoptotic cells can be generated in a caspase-dependent manner (89), providing a death-specific marker for the PS receptors on effector cells. PS can also be oxidized in a caspase-independent manner during inflammation as a result of enhanced lipid peroxidation (90). Moreover, apoptotic cell recognition by macrophages via the CD36 scavenger receptor transpires largely through interactions with oxPS but not non-oxPS (90). Similarly, other important scavenger receptors (SR) for efferocytosis associated in apoptotic cell clearance including SR, SRB1, SRA, LOX-1, CD68, and CD14 (86, 91) also appear to selectively recognize the oxidized sn-2 acyl group where DHA binds to the glycerol structure. Of high relevance to the present investigation, Hellwing et al. (92) reported that incubation of RAW 264.7 cells with DHA increases the content of PS containing this ω-3 PUFA at the sn-2 position at the expense of PS species containing monounsaturated fatty acids. Therefore, since DHA has six unsaturated bonds that are susceptible to oxidation whereas monosaturated fatty acids have only one unsaturated double bond, pre-incubation with DHA perhaps increases the levels of oxidizable PS molecular species in the cell membrane of the RAW-ASC target cells. Further extensive investigation is needed to clarify if this putative mechanism is responsible for increased efferocytosis of target cells pre-incubated with DHA.

DHA and its lipid metabolites might also indirectly influence efferocytosis. Specifically, the engulfment of dead cell corpses might bring in large amounts of cellular lipids, including DHA and its specific pro-resolving metabolites (SPMs), into the intracellular compartments of the phagocyte (93–95). Some studies have shown that these internalized lipids can activate PPAR-δ receptors (93) and the nuclear receptor LXR in macrophages (94) induce expression of engulfment receptors such as Mer and C1q. In mice, genetic ablation of PPAR-δ results in impaired apoptotic cell clearance and SLE-like disease (95). In further support of this notion, DHA and its SPMs including, resolvins, protectins, and maresins, have been previously reported to enhance clearance of apoptotic cells (23–29). Additional study is therefore warranted on the mechanisms by which DHA enhances the eat-me signal in target macrophages.

A limitation of this study is the lack in vivo data from animal models. The association between cSiO2 and autoimmunity has been well-documented in several in vivo mouse models over the last three decades (17, 18, 21, 96, 97). These studies have clearly delineated that cSiO2 exposure leads to one or multiple exacerbated autoimmune conditions including an increase in pulmonary lesions along with dead cell accumulations, autoantibodies, circulation and deposition of immune complexes, and glomerulonephritis. Specifically, Holian and coworkers (18, 65) reported that autoantibodies from mice with cSiO2-exacerbated autoimmune responses recognize specific epitopes on apoptotic macrophages suggesting cSiO2 induced apoptosis of AM and accumulation of cSiO2-induced cell corpses may be a critical triggering autoantibody production and immune complex deposition in lupus-prone mice. Similarly, other studies showed the accumulation of apoptotic or other dead cells in the lung upon cSiO2 exposure using TUNEL staining (98, 99). Altered efferocytosis after cSiO2 inhalation could lead to an excess of uncleared apoptotic cells, which could drive subsequent increased production of autoantibodies in above in vivo studies. In support of this notion, cSiO2 inhalation significantly decreases the clearance of apoptotic cells by efferocytosis in mice (100). Nevertheless, AMs exist in a pulmonary microenvironment that contains surfactants and components of the lung lining fluid that are identified to stimulate optimum macrophage function (101–105). Ex vivo manipulation of AM or using AM models includes plating and incubation with apoptotic cells. These manipulations may evoke both physiological and epigenetic changes that alter efferocytosis (106–108). Therefore, to extend the translational value of the present investigation, it will be necessary in the future to determine DHA's in vivo effects on cSiO2-induced cell death and subsequent efferocytosis in the lung without ex vivo manipulations (109).

To summarize, DHA at a physiologically relevant concentration attenuates cSiO2-induced apoptotic cell death in three AM models while potentiating efferocytosis, with the net effect of reducing cell corpse accumulation (Figure 8). Reduced cell corpses could diminish the availability of nucleic acids that induce interferon-related gene responses and autoantigens that drive autoimmune progression and production of pathogenic autoantibodies. These findings provide plausible mechanisms for our prior observations that dietary DHA supplementation can suppress cSiO2-triggered autoimmune flaring in lupus-prone mice. To date, there are no specific pharmacological approaches for enhancing clearance of dead cells. At the translational level, our results suggest potential benefits ω-3 PUFA consumption for patients with lupus, particularly those in remission. Further insights are needed into how DHA and other ω-3 PUFAs in the membrane as well as their metabolites might influence cell death during autoimmune disease and how their presence in dying or dead cells might affect their phagocytosis by nearby macrophages.
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Understanding the effects mediated by a set of nanoparticle (NP)-bound host biomolecules, often indicated with the umbrella term of NP corona, is essential in nanomedicine, nanopharmacology, and nanotoxicology. Among the NP-adsorbed proteome, some factors mediate cell binding, endocytosis, and clearing by macrophages and other phagocytes (opsonins), while some others display few affinities for the cell surface (dysopsonins). The functional mapping of opsonins and dysopsonins is instrumental to design long-circulating and nanotoxicologically safe next-generation nanotheranostics. In this review, we critically analyze functional data identifying specific proteins with opsonin or dysopsonin properties. Special attention is dedicated to the following: (1) the simplicity or complexity of the NP proteome and its modulation, (2) the role of specific host proteins in mediating the stealth properties of uncoated or polymer-coated NPs, and (3) the ability of the innate immune system, and, in particular, of the complement proteins, to mediate NP clearance by phagocytes. Emerging species-specific peculiarities, differentiating humans from preclinical animal models (the murine especially), are highlighted throughout this overview. The operative definition of opsonin and dysopsonin and the measurement schemes to assess their in vitro efficacy is critically re-examined. This provides a shared and unbiased approach useful for NP opsonin and dysopsonin systematic identification.

Keywords: nanoparticle corona, nanoparticle proteome, nanoparticle phagocytosis, opsonin, dysopsonin, nanoparticle stealthing polymers, innate pattern recognition molecules, complement cascade


INTRODUCTION

In this review, we summarize the present-day knowledge concerning host proteins able to up- or downmodulate the capture of nanoparticles (NPs) by phagocytes and other cells. In doing this, we also aim at challenging too easy, simplified, straightforward, yet quite widespread, conceptions of the interactions of NPs with host molecules, mostly based on mass spectrometry (MS)/omics shot-gun analyses. Eventually, we propose methodological and conceptual guidelines for a more effective research in this field.

In the section “Introduction,” we outline the historical emergence of the NP opsonin and dysopsonin concepts (section “The Discovery of Opsonin and Dysopsonin Activities Against Nanoparticles in Serum”), critically review the popular paradigm of the “NP corona,” and discuss a more comprehensive and balanced view of the interactions between host molecules and NPs (section “The “Nanoparticle Corona” Paradigm and Its Limit”).

In section “Re-examination of the Complexity of the NP Proteome Composition,” we address major methodological and conceptual issues relevant to assess the composition of the whole set of proteins binding to NPs. In particular, we highlight the pitfalls which may distort our view of the complexity of such phenomenon (section “Factors Overestimating the NP Proteome Complexity”). A milestone example is provided by the thoroughly discussed case of the NP proteome formed in bronchoalveolar lavage fluids (section “The Case of Bronchoalveolar Lavage Fluid-Derived NP Proteome”). Eventually, we show how the complexity of the set of NP-bound proteins can be strongly influenced by the nanosurface availability, in a given protein solution (section “The NP Proteome as a Function of Nanosurface Availability”).

In section “Influence on NP–Cell Interactions of specific NP-Bound Proteins,” we review all the studies where defined host proteins have been proposed to display opsonic or dysopsonic activities and critically analyze the supporting evidence. This somehow provides a first overview, although still partial, on the possible major actors involved in the opsonin/dysopsonin equilibrium on NPs. Lipoproteins and apolipoproteins are discussed in section “Lipoproteins, Apo B100, Apo E, Apo A4, Apo C3, and Apo H,” major proposed dysopsonins are treated in section “HRG, clusterin and HSA”. Immune agonists are reviewed in section “Complement C3-derived Opsonins, C1q, MBL, Properdin, IgG, SP-A, and SP-D”.

In section “Methodolgical Approaches to Identify NP Opsonins and Dysopsonins,” we list and critically evaluate the different methodologies applied in the present research to identify NP opsonins and dysopsonins, including cutting edge in silico approaches (section “Experimental Criteria”) and propose a conceptual frame useful to measure, without bias, opsonin and dysopsonin activities (section “Minimizing Ambiguities in Attributing Opsonin or Dysopsonin Properties to NP-Bound Proteins”).

In section “Opsonin-Dysopsonin Balance on Nanoparticles and Its Tilting by Complement,” we eventually present our view on the dynamic interplay between the different host-derived proteins interacting at the bio-nano interface. This model distinguishes two separate aspects: the passive interaction of some host proteins with NPs, largely governed by thermodynamic parameters, and the active, catalytically driven, recruitment of the major complement opsonins.


The Discovery of Opsonin and Dysopsonin Activities Against Nanoparticles in Serum

The basic notion that host proteins can adsorb on nanoparticles (NPs) influencing their bioactivity has been present in literature for at least 30 years. Liposomes with different compositions and surface physicochemical features, which may be considered the prototypes of NPs, were first shown to selectively bind serum proteins able to influence their capture by phagocytes (1, 2). These studies and other related literature of the time clearly indicated that binding of plasma proteins to liposomal and polymeric NPs could be specific, depending on their surface chemical–physical properties. Recruited proteins were shown to dictate the biological fate of NPs, first of all endocytosis by phagocytes, and to represent a major aspect of NP host interaction, pharmacokinetics, and tissue targeting. In particular, Scieszka and Cho (4) early demonstrated that human serum busted the capture of nude liposomes by major blood professional phagocytes, the polymorphonuclear granulocytes (PMNGs), compared with the no-protein media. Notably, this effect was heat sensitive, being reduced at 56°C, this property is diagnostic of complement-mediated NP opsonization (3). A general overview of the physiological importance and of the molecular mechanisms of NP internalization by phagocytes and non-phagocytes is given in the Box 1.


BOX 1. The different ways phagocytes and non-phagocytes deal with NPs and the implications for the pharmacological outcomes of NPs. The distinction between phagocytes (or professional phagocytes) and non-phagocytes is based on the presence in the first cell category of an internalization mechanism termed phagocytosis, absent in other cells. Phagocytosis relays on large sub-membrane cytoskeletal rearrangement, allowing the engulfment of particles normally in the micrometer range (microparticles), like bacteria. However, also nanometer-size viruses (nanoparticles) can be cleared by phagocytosis, possibly in aggregated state (e.g. immune complexes with specific antibodies; or due to surface clustering after binding to membrane receptors). Phagocytosis is typically performed by blood-circulating myeloid leukocytes, as polymorphonuclear granulocytes and monocytes, able to migrate in inflamed tissues. In addition, a set of tissue resident macrophages, overall forming the so-called RES or Reticular Endothelial System, and in particular the liver Kupfer cells and the splenic macrophages, can capture blood micro or nano particulates via phagocytosis. Liver and spleen phagocytes, and in some animals also lung macrophages, are mostly involved in the blood clearance of micro-nanoparticles with pharmacological medical function. Phagocytes associated to mucosal epithelia, such as bronchial-alveolar macrophages are especially relevant for clearance of inhaled NPs. Macrophages in liver are mostly responsible for the short blood half-life of these carriers, unless they are effectively modified to be “stealth”, or not intercepted by phagocytes. The systemic activation of phagocytosis in blood is, on the contrary, excepted to determine adverse proinflammatory or pro-coagulant reactions and may contribute to HyperSensitivity Reactions upon NP administration.

Phagocytosis and clearance of NPs is functionally linked to the action of set of receptors, selectively expressed on phagocytes, which, once occupied by their ligands, indeed activate the phagocytosis mechanisms. FcRs and C3 receptors are the major responsible for the phagocytosis of particulates or immune-complexes decorated by Ig and complement derived opsonins C3d/C3bi. Several other membrane proteins expressed on phagocytes can bind to innate collectins (like MBLs, ficolins, C1q) or to molecular patterns present on microbes, altered cellular and proteins (e.g. scavenger receptors). Phagocytes are hence part of innate immune recognition and can also mediate elimination of particulates targeted by adaptive immunity (e.g. antibodies). Phagocytosis is a way to intracellularly confine potentially dangerous materials and microbes and, possibly, degrade and/or kill them.

Non-phagocytic cells are normally unable to activate the endocytosis of large microparticles or nanoparticles aggregates, since they only display what is called pinocytosis (cellular drinking), as opposed to phagocytosis (cellular eating). In pinocytosis, the invaginated membrane-bound vescicles have defined and small diameters which determine the cut-off or the dimension of the object to be internalized. For example, clatrin-mediated endocytosis has a cut off around 100-120 nm, while caveolin-dependent endocytosis has a cut off of 40-90 nm. Several other pinocytic mechanisms are differently expressed in cells but rarely they can support the same ability, displayed by professional phagocytes, to engulf large particulates. A good example of the potential importance of nanoparticles capture by non-phagocytic cells is the endotheliocyte: here the internalization via clatrin mediated or caveolin mediated pathways has limited impact on NP blood half-life, due to the their much-reduced efficacy compared to macrophages capture rate and capacity (eg. Liver Kupfer cells). However, endothelial cell endocytosis may be critical for the extravasation (transcytosis) and the reaching by the NPs of their final target. This is particularly true for endotheliocytes of the Blood-Brian Barrier (BBB).

In conclusion, binding and internalization by phagocytes antagonize the NP action, mostly affecting their pharmacokinetics. This may also give rise to adverse effects. In this context, the binding of an opsonin is to be considered a critical event affecting long-circulation and biocompatibility of the nanoformulations. On the contrary, for non-phagocytic cells, and especially for endotheliocytes, the binding to a NP of ligands which can be internalized by receptor mediated endocytosis (e.g. HDL or transferrin), not necessarily is a negative pharmacological event and maybe, in some cases, even desirable.



To prevent these adverse effects, pharmacologists soon developed specific liposome compositions and coatings, first of all conjugation with polyethylene glycol (PEG) or block copolymers like poloxamine-908, interfering with host protein adsorption on NPs (4, 5). The passivation of polystyrene (PS) and gold particles with these polymers was shown to decrease the binding of those serum opsonins favoring liver clearance by macrophage Kupffer cells and allowed the adsorption and action of specific, although not precisely identified, serum proteins with dysopsonic activities (6, 7). Among these, a protein with a Mw of >100 kDa was shown to be the major serum dysopsonin for PS NPs coated with poloxamine-908. In seminal studies dated back to the middle end of the 1990s of the past century, the first proteomic analysis was performed on liposomes, poly(D,L-lactic acid) (PLA), and poly(lactic-co-glycolic acid) (PLGA) NPs using, at the time, advanced techniques like the 2D gels and mass spectrometry (MS). The goal of these investigations was establishing a functional correlation between specific proteins bound to nude or polymer-coated NP and their phagocyte clearance efficacy (8–10). Leroux et al. (8) found that plasma proteins are responsible for an increased uptake of nude PLA NPs by human monocytes, while for a decreased uptake by non-phagocytic lymphocytes, in vitro. Moreover, PEGylation of these particles inhibited their uptake by all cells in the presence of plasma proteins, and such stealth effect was tentatively ascribed to the decreased absorption of apolipoprotein opsonins compared with their nude versions. Alleman et al. (11) observed a Ca2+-dependent enrichment of complement protein C3 on nude PLA NPs after incubation in serum and proposed a possible activation of complement mediated by immunoglobulin G (IgG; classical pathway), also abundantly observed on the NPs, so pointing the attention on complement factor 3 (C3)-derived opsonins as major players. Gref et al. (9) correlated the uptake of PEG-coated PLA, PLGA, and poly(varepsilon-caprolactone) (PCL) NPs by PMNGs in human plasma in vitro with PEGylation degree and protein adsorption. The total amount of plasma proteins absorbed on these NPs inversely correlated with PEG density grafting. Apolipoproteins and immunoglobulins were identified as possible major actors in regulating NP phagocytosis. The binding of both Apo C3 and Apo J, or clusterin, to PLGA NPs was shown to be drastically reduced by PEGylation (10).

Later on, it became clear that immune recognition systems may be critically involved in the binding of active triggers to PEG and other coats: for example, pre-existing anti-PEG antibodies [see, among others, (12)]. Also, lectins and other innate immune pattern recognition molecules (PRMs) were shown to bind to NPs and also to polymeric coats (13). Complement activation by the classical and the lectin pathways on the NP surface is often the result, with inflammation and phagocytosis. So, while the non-specific interaction and adsorption of proteins to NPs is governed by the laws of thermodynamic and electrostatics, it became evident that also the binding via specific binding sites, evolved in biological beings to monitor non-self or abnormal surfaces typical of microbes, or pathogen-associated molecular patterns (PAMPs), and of damage-associated molecular patterns (DAMPs) is critically involved in major biological effects of NPs (14–16).

Hence, the picture emerging at the beginning of the century, was that several serum proteins, could bind to NPs affecting their biological fate, favoring or reducing their capture by cells of the immune systems, or influencing their internalization in the target tissues.



The “Nanoparticle Corona” Paradigm and Its Limit

A generalized approach to characterize the composition and the function of NP-bound host proteins (and other biomolecules) emerged in the last decade thanks to comprehensive omics methodologies, such as the shot-gun. These studies prompted the formulation of the “NP protein (or biomolecule) corona” paradigm (17–22). Hundreds of polypeptide types have been reported to bind in different proportions to nanomaterials in host fluids and suggested to change the major physical–chemical, pharmacological, and biocompatibility features of NPs. The term corona originally evoked an almost continuous biomolecular interface between NPs and the host milieu, shielding the pristine nanomaterial surface and therefore creating new biological properties (23). However, subsequent research made the corona notion unfit to represent the whole range of possible NP–host molecule interactions. Indeed, a more heterogeneous spectrum of molecular assemblies/stoichiometry and architectures of the NP–protein complexes should be considered (Figure 1). For instance, it may be that few, but functionally effective, proteins are interspersed among or even buried below a predominant polymeric NP coat (24). It could also be that the reciprocal topology of NPs and proteins may be difficult to define (e.g., large host proteins, such as very low-density lipoprotein (VLDL) (40 nm), oligomeric surfactant protein-D (SP-D; 100 nm), or DMBT1gp340 (>200 nm) interacting with or even surrounded by a smaller “NP corona”) or that unstructured protein–NP aggregates are formed. To avoid bias and include any possibilities, instead of using the term NP corona, we here prefer the neutral expression of NP proteome to indicate the whole set of NP-associated proteins. We will use preferentially the term NP proteome in the rest of this review. Yet, also, the largely used term NP corona, in its modern conception of a complex biomolecular structure formed upon the exposition of a non-natural surface to biological fluids, maintains its validity.
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FIGURE 1. Nanoparticle (NP)–host serum protein complexes may assume different configurations. A pristine material displaying a defined interface with its environment (green) can be assumed to be coated with an almost continuous layer of host proteins (red) when introduced in serum/plasma or BALF. This phenomenon corresponds to the original view of the so-called NP “hard” corona creating a new biointerface, “seen” by cells (23). Alternative configurations, represented on the left, may result in partial coverage of the NP material by fewer proteins with new biological properties mixed with the original material coat exposure. In addition, NP aggregates or inverted situations in which a large biomacromolecule is surrounded by smaller NPs could generate situations in which the concept of corona may be misleading or inappropriate.


Evidence support that the composition of the NP proteome, considered as a whole, is important to determine the biological action of NPs [see, for example, (25), and references quoted therein]. However, it would be useful and mostly desirable to understand whether and which defined proteins, assembled with NPs, exert a specific and dominant modulatory action on NP phagocyte clearance and cell targeting. Such molecular identification is an obliged step for a focused screening of new NP surfaces allowing the best design of stealth and biosafe coatings.

Despite extensive research, the clear-cut mechanistic demonstration of the effect of well-defined components on cell–NP interaction is limited. To assess this issue, we will here focus on recent literature in which the hypothetical role of specific NP-bound host proteins (serum/plasma and bronchial alveolar fluid) in cell association was functionally tested. In this analysis, we will also focus on the impact which may be derived from variations of the NP surface/protein concentration ratio on the composition and complexity of the NP proteome. We will pay special attention to data supporting the role of single proteins in decreasing (dysopsonin) or favoring (opsonin) the capture of NPs by macrophages and other phagocytes.




RE-EXAMINATION OF THE COMPLEXITY OF THE NP PROTEOME COMPOSITION


Factors Overestimating the NP Proteome Complexity

Understanding the role played by each single component among the NP proteome in cell interactions, and, in particular, with immune cells, may seem a very difficult task due to the high number (hundreds) of different polypeptide types which have been found to be associated with different NPs in variable proportions (19). A predominant popular view maintains indeed that the NP-associated protein ensemble is very complex in terms of chemical composition and, hence, displays very complex biological effects.

However, based on simple geometric considerations, it seems that the estimated number of total polypeptide molecules per NP measured by shot-gun proteomics is, in many cases, much larger than the amount that could be accommodated on its surface (26). For example, the surface of a 20-nm diameter NP can host no more than 60 (and likely less) globular proteins with 5 nm diameter. Accordingly, it was experimentally found that one single 26-nm-diameter SiO2-NP maximally binds only about 27 fibrinogen (MW 340 kDa) or 30 HRG (histidine-rich glycoprotein; MW 70 kDa) or 47 kininogen 1 (Kin-1) molecules (MW 110 kDa) (27). Consistently, several, if not the majority, of the identified polypeptides in various NP-proteomes should be and are indeed found to be moderately or strongly sub-stoichiometric (19, 28, 29).

The presence of sub-stoichiometric proteins in the NP-proteome is somehow surprising but can find different justifications. A first possible reason is the presence of NP subgroups within the same produced population with differentiated protein compositions due to variations of NP physicochemical features around the mean value (size, zeta potential). The perception of a strong heterogeneous composition of the NP proteome may also be derived from the improper equivalence between the terms polypeptide and protein made in data representations, which overlooks the quaternary structure of proteins and specific protein–protein interactions. For example, one C1 molecule, the first complement factor (C1q) of the classical cascade, is made by six C1qA, six C1qB, six C1qC, two Cr, and two Cs polypeptides. Similarly, one IgM molecule, able to bind C1, comprises 10 heavy chains, 10 light chains—lambda or k isoforms—and one J chain. Hence, if we imagine a theoretical situation in which one single IgM/C1 complex is present on one NP, this will correspond to 10 different polypeptide types for a total of about 43 polypeptide molecules per NP. Informatics analysis restitutions also over-represents antibody complexity since all the different variables, D and J, and constant segments contributing to the creation of different heavy and light chains of one specific immunoglobulin molecule, due to somatic recombination, are encoded by 148–171 genes in the human genome but are annotated as distinct proteins in data base (e.g., see Uniprot data base https://www.uniprot.org/). Even more importantly, the apoprotein part of lipoproteins, a major heterogeneous component associated with NPs (30, 31), comprises tens of different polypeptide types, often in sub-stoichiometric ratios (32). For instance, recent global proteomics analysis documented up to 90–100 polypeptides differently distributed in various high-density lipoprotein (HDL) size populations (33). Therefore, the NP proteome apparent complexity in serum/plasma might in part mirror the intrinsic proteome heterogeneity of NP-bound lipoproteins.

Eventually, the high number of components found may also be due to residual contaminants after washing procedures with no functional meaning (34), possibly favored by NP aggregations.

What emerges from this analysis is that the NP proteome is not necessarily a complex and elusive ensemble of hundreds of proteins. We will see in the following paragraphs that, depending on NP nature, size, and on the experimental conditions, relatively simple NP proteomes may form, allowing in principle a relatively straightforward prediction of their properties.



The Case of Bronchoalveolar Lavage Fluid-Derived NP Proteome

A special, but physiologically central, case of NP–host protein interaction occurs when inhaled NPs enter the surfactant film covering the respiratory mucosae. Here, a dominant role in NP coating is also believed to be uniquely played by the lipid component of the surfactant film, with configurations which may strongly depend on the hydrophilicity or the hydrophobicity and lipid solubility of NP formulations [see (35) and other references therein quoted]. The first comprehensive analysis, based on shot-gun proteomics in porcine bronchoalveolar lavage fluid (BALF) from slaughtered animal lungs suggested a complex composition (about 400 different polypeptides) of the proteome associated to PLGA-, PEG-, and lipid-coated NPs (36). However, in this study, the first 25 most abundant polypeptide types bound to any of the used NP types, roughly representing the most part of the stoichiometric components (of total 376 polypeptides), accounted for ∼65% the “NP proteome” mass. Even more significantly, within this pool, cytoskeletal or cytosolic proteins, likely contaminants released by damaged cells, accounted for ∼48% of the total proteome mass, while the collectin surfactant proteins-A (SP-A), the major protein component of the pulmonary surfactant, represented about 2–4% of the total proteome mass.

This odd prevalence of intracellular proteins raises some concern on the real physiological composition of the BALF-derived NP proteome as here characterized. Indeed, subsequent investigations, using human BALF from patients affected by pulmonary alveolar proteinosis (PAP) as a model, supported a different scenario (37). These authors pointed out that the collectin SP-A and other few major surfactant proteins accounted for a large fraction of total bound proteins and where consistently, stably, and abundantly associated with NPs, determining a relatively simple composition of the NP proteome formed in this host fluid.

It could be that part of discrepancies in these two studies derives from the different species and BALF isolation procedures (lung washes from slaughtered pigs versus therapeutic lung washes from live humans). Still, these studies highlighted the major role of innate PRMs in the interaction with inhaled NPs: the two collectin SP-A and SP-D and the product of deleted in malignant brain tumor 1 (DMBT1) gene. These are also major constituents of the NP proteome in bronchoalveolar fluid. The DMBT1 gene, thanks to alternative splicing mechanism, encodes for a family of glycoproteins involved in innate immunity and tissue repair at the mucosal level (38). The largest of the produced polypeptides (340 kDa), called salivary agglutinin/glycoprotein-340/DMBT1, secreted into bronchoalveolar surface lining fluid or in the saliva, contains 14 scavenger receptor cysteine-rich (SRCR) domains. It can agglutinate several Gram-negative and Gram-positive bacteria, interact with SP-A and SP-D and other immune agonists like C1q, sIgA, and lactoferrin and activate the complement cascade via the lectin pathway.

Also, in the case of BALF, NP proteome compositions might be relatively simple, with a small number of predominant host proteins dictating the NP fate.



The NP Proteome as a Function of Nanosurface Availability

A quite obvious but often neglected consideration is that the ratio between the NP surface available and the concentration of potential NP binders influences the composition and the degree of complexity of the NP proteome. Indeed, it is likely that if the total surface is limited, because of low NP concentration, host-biomolecules having optimal affinity/concentration characteristics will compete more effectively for NP binding. This fact can potentially allow the detection of functional effects mediated by specific proteins at low NP concentrations, which did not reveal at high NP concentrations (22, 27, 29).

Fedeli et al. (27) actually showed that the composition of the proteins bound to SiO2-NPs strongly depends on the NP concentration, and hence on the NP surface/serum protein ratio. In contrast with the main common view maintained in the field that hundreds of polypeptide types are found associated to a typical NP, below a certain NP concentration (∼40 μg/ml) the NP proteome of 26 nm diameter amorphous SiO2-NPs in human plasma was largely formed by HRG (30 molecules/NPs), binding to silica with high affinity (Kd = 2.4 nM), and to a minor extent by the homologous protein high molecular weight kininogen (HMWK) (6 molecules/NP; Kd = 4 nM). On the contrary, above ∼40 μg/ml, a switch was observed in the NP proteome composition and other proteins were recruited forming a more complex proteome where fibrinogen, HDL and low-density lipoproteins (LDL), and IgG were major components. This switch can be explained assuming that human serum HRG is preferentially adsorbed at low NP doses; due to its high affinity, the silica surface, and that, after exhaustion of HRG consequent to NP concentration increase, space is left on the NP surface for the recruitment of other proteins with reduced affinity for silica. Accordingly, Francia et al. (29) showed that at low (12 mg/ml) serum content (i.e., high surface/serum ratio), HDL (Apo AI) was the major component associated to SiO2-NPs (300 μg/ml) followed by HGR (17.9 and 5.4%, respectively) while at high (62 mg/ml) serum content (i.e., low surface/serum ratios) HRG became the most abundant NP bound protein followed by Apo AI (9.5 and 7%, respectively). The HRG prevalence in conditions of nanosurface limitation allowed to evidence its dysopsonic activity (27). In fact, SiO2-NP macrophage capture is substantially inhibited below 40 μg/ml SiO2-NP concentration. Purified HRG used at doses resembling the ones present in human serum inhibits macrophages capture as well, while HRG-depleted serum resulted in more effective NPs uptake by macrophages, which was abolished by restoration with purified HRG. It is also intriguing to observe that HRG depletion leads to the major recruitment of another protein, HMWK, which is homologous to HRG but devoid of intrinsic dysopsonic effects.

The above evidence proves that, at least in special NP/protein ratio conditions, or in special fluids (the BALF) and considering polypeptide structural assembly in proteins, the NP proteome may be indeed relatively simple and mostly represented by few stoichiometric protein types (Figure 2). Moreover, these data point the attention on the importance of NP dose and suggest that adsorption of proteins in conditions of high NP surface availability is less selective, since competition and reciprocal interference between serum proteins is less relevant. As a general trend, the composition of the NP proteome is predicted to be more heterogeneous at high (roughly mg/ml) NP concentrations (i.e., increased surface/serum concentration ratio) and tends to be less specific compared with serum composition, especially for highly absorbing nanomaterials like silica.
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FIGURE 2. The NP-associated proteome may have various degrees of complexity. As represented on the left, the complexity of the set of NP-bound proteins after incubation with complex host fluids is assumed to be high in terms of numbers of different polypeptides and of total bound molecules. Evidence suggests that in some conditions, the NP proteome may be simpler, i.e., formed by few molecular species in a more limited number. An example is represented on the right where the NP concentration decrease in human plasma, due to stronger reciprocal competition for the diminishing available surface, results in the conversion of a relatively complex and heterogeneous NP proteome into a simple and more homogeneous one, characterized by the prevalence of HRG and HMWK (27).


The above example is also interesting because it highlights a major difference between the human and the mouse serum. In fact, the transition from a simple HRG-enriched proteome to a complex fibrinogen/HDL-enriched one, observed at NP doses of >40 μg/ml SiO2-NPs in human serum, is not observed up to 400 μg/ml SiO2-NPs in mouse serum. This observation predicts that the amount of HRG in mice is much higher. This represents a case in which the NP-concentration dependence of the NP proteome is species specific due to the peculiar characteristic of the serum of this mammal compared with the human being. It is not impossible that other qualitative and quantitative differences in the serum composition differently modulate its biological effects (including phagocytes capture) in humans and major preclinical models. In line with this concept, the proteome associated to bare or PEGylated SiO2-NPs was found to be significantly different in human and mouse serum (27, 39).




INFLUENCE ON NP-CELL INTERACTIONS OF SPECIFIC NP-BOUND PROTEINS

In parallel with the explosion of the corona idea, several studies identified protein agonists favoring or inhibiting the capture of NPs by phagocytes and non-phagocytes (Figure 3). However, it is important to note that the first evidence of a defined opsonin for phagocytes, complement C3b, was obtained in 1995–1997, immediately after the identification of the general phenomenon of host protein influence on NPs, and in concomitance with the early proteomic characterizations. Below, we review such evidences, also summarized in Tables 1, 2, and their strength, based on protein types or broad classes.
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FIGURE 3. Schematic summary of major functional studies in the last 32 years suggesting the identification of specific NP opsonins and dysopsonins. The indicated studies (detailed in the text) and their publication years are compared with major general achievements (arrows) in the fields. Dysopsonins are in red, while opsonins are in green. In the case of C3b opsonin, the complement triggers are indicated in white within brackets. Studies performed using phagocytes are on top, while studies performed using epithelial or endothelial cells are on the bottom.



TABLE 1. Proteins with NP opsonin or dysopsonin properties in phagocytes.
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TABLE 2. Proteins with NP “opsonin” or “dysopsonin” properties in non-phagocytes.
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Lipoproteins, Apo B100, Apo E, Apo A4, Apo C3, and Apo H

Blood lipoproteins are major components associated to several NP types (22). Fedeli et al. (40) showed that purified human HDLs increase the capture of SiO2-NPs by human macrophages but not by human monocytes. In this study the exhaustion of HDL from the surface of SiO2-NPs above a critical NP dose also induced necrotic effects in macrophages. However, HDL role in the whole complex serum mixture is still hypothetical since no evidence from HDL-depleted sera was provided. Based on indirect evidence, LDL Apo B 100 was proposed to be critical for the uptake of SiO2-NPs via the LDL receptor (41). Although purified human LDLs were found to mediate the capture of SiO2-NPs by human macrophages, while not by human monocytes and non-phagocytic lymphocytes (27), similar effects were also displayed by several other SiO2-NP-associated serum proteins [HDLs, VLDLs, Kin-1, fibrinogen, IgG, and human serum albumin (HSA)]. When all these proteins were mixed, the lack of none of them resulted in loss of macrophage capture. This suggests that all these proteins (included LDL), although endowed with intrinsic pro-phagocytic affects in macrophages, are interchangeable in their function, being hence sufficient but not necessary to the pro-opsonic effect in macrophages. Ritz et al. (42) proposed that Apo A4 and Apo C3 counteract NP mesenchymal and cancer cell targeting, based on their presence in the proteome of COOH-derivatized PS NPs in human serum and on the ability of these purified apolipoproteins to induce a strong decrease of cell capture (80% inhibition) compared with bare NPs. However, the functional effect of lipid-free apolipoproteins is questionable since, in physiological conditions, Apo A4 and Apo C3 are part of VLDL, L(a), and LDL whole proteolipid complexes. This caveat does not apply to the proposed opsonin Apo H (also called beta-2-glycoprotein 1) which, despite its name, only partially adsorbs to lipoproteins and is largely free in serum and which, as purified agonist, was shown to induce a twofold increased cellular uptake of NPs compared with no-protein media conditions (42). Purified Apo E and Apo B100 have also been shown to improve the endocytosis of poly(ethylene glycol) polyhexadecylcyanoacrylate (PEG-PHDCA) NPs in primary rat brain endothelial cells (RBEC), compared with NPs only, via specific binding to cellular LDL receptors (43, 44).



HRG, Clusterin, and Albumin

As anticipated above, Fedeli et al. (27) showed that HRG has dysopsonic effects on SiO2-NPs, based on several evidences. First, when the HRG amount in the NP proteome drops, due to NP dose increase and HRG exhaustion in plasma, NP capture by macrophages improves in parallel. Additionally, the single purified protein used at physiological doses was shown to act as dysopsonin, while the whole set of other major NP proteome components (HMWK, HDL, LDL, VLDL, IgG, fibrinogen, and HSA) used all together or in several combinations had no dysopsonic action. HRG-depleted plasma lost the HS antiopsonic effect at low NP doses, which was regained upon purified HRG reintroduction in the system. Indeed, HRG effectively competed also with fetal calf serum (FCS) proteins impeding their association to NPs, blocking the macrophages capture of NPs observed in this medium. However, experiments were performed in citrated plasma, where Ca2+-dependent complement pathway is inhibited and eliminated from the scenario (see below).

Special attention must be dedicated to clusterin since this chaperonin (also called Apo J) has been proposed to play a fundamental role in conferring the so-called stealth feature, or ability to avoid NP-clearance by capturing macrophages (45). Selvestrel et al. (46) already showed that, while HRG was the major protein associated to inorganic SiO2-NPs as discussed above, clusterin was the major protein bound to organically modified silica (ORMOSIL) NPs after incubation in human serum. Using PEG or poly(ethyl ethylene phosphate)-coated PS NPs, Schöttler et al. (45) proposed that the ability of these polymers to confer NP stealth characteristics was not directly due to the polymer itself but, rather, to its ability to effectively bind and recruit clusterin on NPs. This would correspond to a paradigm shift since clusterin as a dysopsonin would have the final responsibility for the macrophage escape ability of polymer-coated NPs. The possibility of a specific affinity of clusterin for NP PEG coating is however not supported by other studies. Early studies already discussed reported that clusterin binding to PLGA NPs in human plasma was totally abrogated after PEGylation of these NPs (10). In several other cases, as the ORMOSIL NPs above cited, clusterin binds to NPs also in the absence of a PEG coating.

Aoyama et al. (47) found that clusterin is a major component also on uncoated silver and silica NPs. In both studies, purified human clusterin demonstrated some intrinsic stealthing power at physiological serum concentration (50 μg/ml) compatible with whole serum effect. However, control experiments with the major plasma protein albumin, to show clusterin specificity, were not homogenous since being performed at a dose (50 μg/ml) that is ∼1000 times reduced compared with its physiological serum concentration (∼60 mg/ml). Simon et al. (48) showed that clusterin binding to PEG-coated PS NPs was inhibited by pretreatment of human plasma and serum at 56°C and that this resulted in a higher binding of NPs to murine RAW264.7 macrophages, in line with the major antiopsonic effect of clusterin. However, although purified clusterin reintroduced in preheated serum was found to partially bind back to NPs, the restoration of stealth effect was not assessed. Interestingly, in the same study, the authors also showed that human serum/plasma increased the capture of hydroxyethyl starch (HES) nanocapsules by macrophages and that this paralleled the deposition of complement protein C3 on NPs. Thermal (56°C) serum treatment strongly reduced both complement protein NP association, in agreement with heat sensitivity of the complement cascade (49), and NP macrophage capture. Since serum heat pretreatment also strongly abolished the binding of clusterin to NPs, a phenomenon which should result in a stronger cell uptake, data suggest that the loss of NP opsonization by C3 was functionally predominant on the parallel disappearance from the NP surface of the supposedly stealthing/dysopsonin clusterin. At the end, clusterin was apparently neither necessary nor sufficient to mediate the stealth action of serum in this case, and its presence on NPs was not useful to predict phagocyte capture evasion. On the contrary, this study supported a much more solid correlation between murine macrophage capture and complement activation. Consistently, Tavano et al. (28) observed strong and similar clusterin binding to uncoated PEG, and polymethyloxazoline (PMOXA)-coated ORMOSIL NPs in human serum, but this medium improved macrophage capture of polymer-coated NPs and not of the bare ones. Moreover, this study showed that Ca2+ sequestration selectively and totally abrogated complement activation and phagocyte capture of coated NPs but did not grossly affect the abundance of clusterin in the NP proteome. Eventually, comparing the effect of different sera from different donors, macrophage capture efficacy positively statistically correlated with the extent of C activation and C3b NP opsonization but did not negatively correlate with clusterin presence on NPs.

The presence of serum dysopsonin antagonizing opsonins was suggested quite early (6). Being albumin the most abundant serum protein, studies focused on this protein. Thiele et al. (50) showed that purified HSA strongly decreases the phagocytosis of PS microparticles with various surface charges by dendritic cells and also antagonized the opsonic action of IgG and α2 human serum glycoprotein, using mixtures of these purified factors. More recently, HSA was shown to decrease the capture of dihydrolipoic acid-coated- quantum dots (QDs) by HeLa cells compared with the no-protein medium (51). The consensus is that indeed native HSA is a dysopsonin for NPs, but this is largely based on studies performed with the purified protein used alone or in combination with few other opsonins. However, no evidence is available on the biologically relevance of serum albumin for NPs in complex media like serum. Nevertheless, presently, HSA is one of the most promising components for effective drug carriers and nanotheranostics (52, 53).



Complement C3-Derived Opsonins, C1q, MBL, Properdin, IgG, SP-A, and SP-D

It is long known that complement-derived C3 opsonins (C3b/iC3b) are major factors determining the binding of microbial particles to phagocytes in blood, tissues, and clearing organs (liver, spleen, lungs) (54, 55). Experiments dated back to mid-1990s of the past century first clearly pointed that adsorption of C3-derived opsonins on poly(D,L)-lactic acid NPs, likely via a Ca2+-dependent IgG-triggered pathway (classical pathway), mediates phagocytosis by monocytes (56). Several data show that also PEGylated and many other NPs can activate the complement pathway, leading to C3-derived opsonin deposition mediating their clearance (57–59). This adverse phenomenon may be due to immune recognition of nanomaterial surface portions mimicking microbial or altered cell surfaces, which in turn triggers complement cascade and NP clearance (60). In vitro experiments in HS showed the role of complement and of the C3-derived opsonins in phagocyte interaction. Three major lines of evidence are normally used: (1) the sensitivity of pro-opsonic action of serum to chelating agents sequestrating Ca2+ (EGTA plus 10 mM MgCl2) and so blocking the classical and lectin pathways, or the full block of complement by EDTA which sequestrates both Ca2+ and Mg2+, so inhibiting also the complement alternative pathway (AP) (61); (2) the use of C3 (and other C proteins) depleted sera, with reintroduction of the purified protein as supercontrol (28, 62, 63); and (3) the neutralizing effect of complement-specific monoclonal antibodies (28, 62, 63). In other cases, selective monosaccharide blockers of differentiated lectin pathways were also used to prevent the association of MBL or ficolins to polymer-coated NPs (62). There is presently a strong record showing that in many instances, it is indeed the antibody-mediated or the innate-triggered complement pathway that leads to deposition of C3b/iC3b opsonins on NPs. These factors seem to actually dominate the effect of other supposed NP alternative opsonins or dysopsonins. Using mouse sera selectively deprived of C factors allowed to demonstrate that dextran-coated superparamagnetic iron oxide nanoworm (SPIO-NW) phagocytosis by mouse peritoneal macrophages in vitro is due to collectin MBL-mediated C3b opsonization (63, 64). Tavano et al. (28) showed that C1q, the major collectin-mediating antibody-dependent C activation, can directly bind to PMOXA-coated ORMOSIL NPs leading to C3b/iC3b opsonization and phagocyte endocytosis via a Ca2+-dependent mechanism. Selective C1q depletion of human serum abrogated C3 opsonization, while purified C1q reintroduction restored C3 opsonization and macrophage capture. Eventually, comparative analysis of the NP proteome after incubation with sera from different individuals revealed a statistically significant positive correlation between macrophage capture and the relative amounts of C3 and other C proteins on NPs. Manipulating the presence of Ca2+ and Mg2+ selectively blocked C activation, leaving all the rest of the NP proteome almost untouched. Interestingly, clusterin, the major proposed dysopsonin was indeed a major protein in the NP proteome, again showing that the presence of C3b/iC3b in NPs was enough to abrogate any possible dysopsonic action of clusterin. Data support that when C3 opsonin is activated on NPs, it plays a dominant role over clusterin and any other serum protein dysopsonic power.

The direct NP binding by collectin C1q, originally considered only able to mediate antibody or CRP-dependent complement activation, fits with its role also as a direct PRM involved in clearing of microbial or altered self-antigens (64). Consistently, innate recognition by C1q of Gd@C82(OH)22 NPs, leading to complement activation, was documented in lung cancer-personalized NP proteome (65). The pattern recognition properties of C1q ensured binding also to carbon nanotube (CNT) and triggered complement activation and phagocytosis by macrophages. Recombinant, purified C1q was shown to bind carboxymethyl cellulose multiwall nanotubes (CMC-MWNT) or oxidized multiwall nanotubes (Ox-MWNT) determining a 4- and 1.3-fold capture increase, respectively, by U937 cell line and human macrophages compared with the no-protein medium (66). However, it is strange that the three different globular head monomers were also shown to separately induce an enhanced endocytosis comparable with that of full C1q in CMC-MWNT. C1q also effectively bound to PEG-grafted CNTs, but not on CNTs with adsorbed PEG, without triggering the complement cascade (67). However, in this study, no cellular uptake assays were performed to assess the direct opsonic action of bound C1q.

Properdin also displays direct innate recognition of NPs, a fact leading to potent proinflammatory activation of macrophages. Properdin up-modulates (1.4-fold) the endocytosis of carboxyl-methyl cellulose-coated CNT by a TH-1 macrophagic cell line independently from C activation, a pro-opsonic action which can account that of the whole serum (1.6-fold increase). Such effect is mediated by properdin TSR4 and TSR5 domains, since recombinant forms of these proteins competitively inhibited the effect of native properdin (60% inhibition) (68).

In another study, it was shown that clinical and preclinical NPs are recognized by “natural” pre-existing antibodies and that labeling of NP-bound IgG by C3b/iC3b opsonins is crucial for an effective capture by phagocytes (69). The use of FcR-negative or overexpressing cell lines also indirectly suggested that NP-bound antibodies mediate cell interaction with phagocytes (41, 70).

Importantly, such recognition systems do not totally overlap in humans and closely related preclinical species like the mouse, a fact negatively impacting on nanomedical translation efficacy. Dextran-coated SPIO-NW where opsonized by C3b/iC3b via a MBL-triggered lectin pathway, amplified by the alternative (factor B dependent) loop, in mouse serum. Instead, in human serum, the same NPs triggered both lectin and APs, and in some subjects, an IgM-dependent classical pathway, all contributing to C3b/iC3b deposition and opsonization (62). Polymethyloxazoline NPs did not activate C through direct C1q binding in mouse serum as it was in the human serum (28). It is likely that functional divergence characterizes the reaction to nanoformulations in contact with serum from other relevant preclinical models, like the pig, compared with humans. Species specificity of the NP proteome and especially of its immune recognition side emerges as a major critic and still poorly investigated aspect.

Although strong attention is paid to the interaction of NP with serum/plasma proteins, a phenomenon occurring after blood administration, the possible role of biomolecules binding to inhaled particle entering in contact with the bronchoalveolar fluid lining the respiratory mucosae, is also of paramount importance in nanotoxicology and nanomedicine. Also in this case, the host component may influence, NP toxicity, phagocyte clearance and tissue interaction or translocation (71).

Very interestingly, specific innate oligomeric collectins operate in this thin fluid layer: SP-A and SP-D can interact with PAMP or DAMP materials in the lung and also with NPs, favoring their agglutination, phagocytosis, while mediating an anti-inflammatory action (72). Several studies, generally based on protocols testing the effect of purified SPs on the capture of relevant NPs by alveolar macrophages or other phagocytes and APCs, strongly suggest that bronchoalveolar collectins are major innate PRMs influencing the bioactivities of inhaled nanosystems.

McKenzie et al. (73) showed that purified SP-A inhibited the uptake of amine-modified cationic PS NPs by alveolar macrophages, while it favored the uptake of unmodified anionic PS NPs. This is quite a relevant information showing how the same agonist can be judged to be dysopsonic or opsonic depending on the physical-chemical characteristics of the pristine NP surface. Ruge et al. (74) showed that purified SP-A at 10 μg/ml (compatible with BALF SP-A concentration, see (75), mediated the association to alveolar macrophages of magnetite NPs (110–180 nm) coated with different polymers and molecules (starch, carboxymethyldextran, chitosan, poly-maleic-oleic acid, phosphatidylcholine) which was significantly stronger than that observed in the presence of a concentration of BSA (1 mg/ml) indeed much greater than that measured in BALF (76). Mannosilated PEG chains grafted on NPs improved TPH1 macrophage cell capture in the presence of purified SP-A (77). Several metal-oxide NPs when incubated with porcine BALF adsorbed with various efficacy SP-A (78), however no cell-capture experiments were performed. Purified SP-D induced a moderate up-modulation of CMC-CNT phagocytosis, while a symmetrical small downregulation of Ox-CNT phagocytosis, compared with the uptake in the no-protein media (79). This is again a case in which, depending on the nanosurface chemical-physical features, one protein can act either as an opsonin or as a dysopsonin. SP-D (rhSP-D) bound to oxidized and carboxymethyl cellulose (CMC)-coated CNTs via its C-type lectin domain and enhanced phagocytosis by U937 and THP-1 cell lines (80).




METHODOLGICAL APPROACHES TO IDENTIFY NP OPSONINS AND DYSOPSONINS


Experimental Criteria

The results discussed in the previous paragraphs reveal the complexity of the biological response to NP proteome formation. Consequently, it is of paramount importance to approach the study of the role of the NP proteome components with a rigorous and well-defined approach, which will necessarily require multiple evidences. Based on the above data, the following criteria are proposed to assess the specific and dominant role of those host proteins which are consistently and reproducibly present in the NP proteome.


Statistic Correlation and Informatics Modeling

Significant correlation between the relative abundance of a given factor in the NP proteome formed from different donors’ sera and cell-interaction parameters may be a valuable, although not sufficient per se, information to support its functional role in cell interaction. For example, a bioinformatics-inspired multivariate model using the NP proteome fingerprints of a large set of NPs implicated a hyaluronan-binding protein as positive mediators of NP-A549 human lung epithelial carcinoma cell interactions (20). However, NP-cell association of cationic AUT- and MUTA-modified 15-nm gold NPs is only weakly reduced by the presence of high concentrations of free hyaluronic acid as competitive inhibitor (20–25% inhibition), indicating that unidentified hyaluronan-independent mechanisms are prevalent. This corroborates that correlative or statistic relationships alone, although useful to generate working hypothesis, are not enough to assess the role of specific NP proteome components and do not necessarily imply causality.



Functional Effect of Purified Components

This evidence may demonstrate the intrinsic opsonic or dysopsonic activity of a given protein, chosen on the basis of its abundance in the NP proteome, its known physiological relevance, or arbitrarily. However, the biological relevance of the tested factor remains to be assessed, since other proteins could play the same role or be functionally dominant. Selected serum proteins (such as albumin, IgG) should be used at concentrations mimicking those present in the body fluids (e.g., HSA, 60 mg/ml; IgG, 7–10 mg/ml). Due to its special composition, where SP-A and SP-D are indeed major protein components, in the bronchoalveolar fluid, the specific role of defined NP-interacting molecules may appear easier to characterize than in serum/plasma. Here, the effect of single purified SPs, shown in several investigations, is therefore a stronger indication of their dominant and biologically relevant role as opsonins or dysopsonins. However, it should also be remembered that the functional contribution of the lipidic component of the surfactant, not always contemplated in these studies, is predicted to be important to modulate SP action on NPs.



Depletion

The selective elimination of specific factors, with consequent loss of the effect induced in control host fluids, is a much stronger evidence, compared with the use of the same factors alone. This information can be obtained by immune depletion with specific antibodies or using sera from KO mouse. However, a super control based on the reintroduction of the purified protein should be included, whenever possible, to rule out non-specific artifacts due to plasma or genetic manipulations. Here, it should also be noted that accurate functional and proteomic control of the effect of depletion on the rest of the NP proteome should also be performed to evidence possible rearrangements due to the loss of specific proteome components or to the methodology used for depletion. For example, the procedure to delipidate serum from lipoproteins also eliminates clusterin from the NP proteome in ORMOSIL-NPs and abolishes complement activity in serum (Tavano and Papini, unpublished results).



The Use of Specific Inhibitors

Specifically recognized inhibitors of innate recognition molecules may be used to ascertain their role in NP binding and endocytosis induction. For example, sugar monosaccharides as N-acetyl-glucose and mannose can compete with collectins (62). However, proper control must be performed to exclude wrong mechanistic conclusions and to define the real direct opsonic actor. In particular, comprehensive shot-gun proteomics with quantification of single NP proteome composition should be controlled to exclude secondary recruitment of phagocytosis-active agonists after prevention of a given putative active molecule on NPs. Similarly, the efficacy of the complement cascade and of C3b/c3bi opsonin deposition should be checked after incubation of inhibitors. Neutralizing monoclonal antibodies may also be also valuable tools, as it was shown for anticomplement-specific antibodies.



Affecting Cell Receptors for NP-Proteome Components

One indirect way to prove the role of a bound NP protein could be the downregulation of specific receptors, for example, by RNA interference or gene mutation or their overexpression due to transfection procedures in appropriate model cells. Also, receptor neutralization by specific antibodies or competition with protein domains is applicable. Again, this may be a useful additional evidence to support the specific action of a single proteome component.




Minimizing Ambiguities in Attributing Opsonin or Dysopsonin Properties to NP-Bound Proteins

Available data suggest the convenience of refocusing in more detail on the very notions of dysopsonin or opsonin in the nanofield, generally assumed as self-evident. If we look at literature, we may in fact sometimes assist conflicting conclusions on the intrinsic pro- or antiphagocytic activity of defined proteins. Excluding trivial experimental non-reproducibility, part of such discrepancies may stem from the way we measure opsonin/dysopsonin activity and on our limited perspective on the models used. Indeed, the classification of a given host protein binding to NPs as an opsonic or a dysopsonic agent may be ambiguous if only based on the relative cell capture of NPs in the presence of this single protein, compared with the NP capture in the no-protein media. In fact (as exemplified in Figure 4), the intrinsic ability of the new nanohost interface to regulate phagocyte internalization could be higher, lower, or equal to the one expressed by the nude original particles, depending on their pristine chemical composition. For example, nothing prohibits that a protein may decrease the intrinsic binding to cells and phagocytes of a highly interactive nanomaterial, and that, on the contrary, the same protein could increase the binding of another, intrinsically more inert material. Moreover, different materials could induce diverse conformational modifications or denaturation processes of the same protein, which may result in changes of its cell-binding efficacy.
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FIGURE 4. The operative definition of a NP-bound protein as opsonin or dysopsonin may be biased. The scheme summarizes how NPs with a very different ability to be captured by phagocytes in the absence of proteins, can be differently modified by the same protein, leading to a controversial classification of its opsonic or dysopsonic action.


A situation exemplifying such case is present in early studies by Thiele et al. (50), where the cell capture of microparticles (1 μM) with different charges and surface properties was measured in the no-protein media or in the presence of three selected serum proteins. All proteins tested (α2 human serum glycoprotein/α2 GP, IgG, and HSA) decreased the strong capture of cationic particle compared with the no-protein medium, so apparently acting as dysopsonins. However, when more hydrophobic and less capture-prone particles where used, α2 GP and IgG improved particle capture compared with the no-protein medium, while HSA still acted as a strong dysopsonin, also able to compete with α2GP and IgG opsonic action. This clearly indicates that one protein could look like opsonic or dysopsonic depending on the characteristic efficacy of the pristine material to interact with cells and suggests that the comparison with cell-capturing efficacy in the no-protein media to classify a protein as dysopsonin or opsonin could be sometimes misleading. Hence, it may be much more biologically relevant and pharmacokinetically predicting to define the possible action of a given protein based on the measurement of specific ligand/receptor interactions, favoring endocytosis/phagocytosis. In such case, what is relevant is the comparison of the NP–cell interaction and the consequent cell endocytosis in controls and in samples where, due to experimental manipulation or natural situations, the well-delineated receptor-mediated effect is inhibited or absent. Such comparison is less prone to bias if it is performed in more physiological conditions allowing also the binding of other proteins (such as full serum, BALF) (e.g., annihilation of C3b-C3b receptor complex formation by divalent ion deprivation to block complement in serum). Therefore, it may be safer and less prone to bias to define an opsonin as a molecule able to mediate the binding of a given NP to cells through a defined, and possibly identified, receptor (Figure 5). Consequently, the biological relevance of such phenomenon, within the general context, may be tested in vitro, by assessing its relative effect compared with the efficacy of cell capture after its experimental selective inhibition.
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FIGURE 5. Verification of opsonins and dysopsonins based on the existence of specific receptor-mediated cell-internalization mechanisms. Phagocytes may express NP opsonin receptors (e.g., FcR) responsible for NP capture. (1) The functional role of hypothetical NP-bound protein as an opsonin can be tested using factors with selective displacing efficacy (i.e., chelating agents, antibodies, inhibitors), leaving the dysopsonin associated to the NPs. (2) Deletion or downregulation of the hypothetical opsonin receptors can be used to provide additional evidence on NP opsonins. (3) Validated neutralizing antibodies or competing inhibitors affecting the opsonin receptor action or (4) upregulation of opsonin receptors are additional corroborating possible approaches.





OPSONIN-DYSOPSONIN BALANCE ON NANOPARTICLES AND ITS TILTING BY COMPLEMENT

With the above caveat, recent literature broadly indicates the following scheme of NP-host serum/BALF effect on phagocytosis. A pristine material, either nude or derivatized with supposed stealthing polymers, is in general phagocytosed less, although not necessarily depending on the material type, when major dysopsonins associate at the host interface (e.g., clusterin or HSA). However, the parallel binding of specific innate or adaptive immune proteins can generally overcome the protective effect of clusterin or other dysopsonic serum proteins by acting as direct opsonin or by activating the complement cascade leading to the deposition of the major opsonin C3b/C3bi. In such scenario (depicted in Figure 6 and discussed in detail in the relative legend), the whole spectrum of variable phagocytosis efficacies mediated by different pristine coatings with differentiated intrinsic direct cell-binding mechanism “collapse” to a narrower and more reduced capture efficacy range. This may happen, for example, if host factors like clusterin or HSA, with similar shielding and stealth efficacy, bind similarly to a wide range of NPs. However, as we have pointed out in this review, in physiological conditions, part of the residual surface not engaged with dysopsonins may bind antibodies or innate PRMs, directly acting as opsonins or amplifying complement-mediated opsonin deposition. Such superimposing phenomenon may be as well modulated by specific and differential nanosurface determinants or by an exclusive or synergic modulation by bystander-bound host proteins. It is relevant to notice that both C4 and C3 opsonin deposition on NPs are modulated by the chemical reactivity of their internal thioester bonds with –OH and –NH2 groups or other nucleophiles expressed by host-exposed NP components (e.g., polymer coats) or by bystander NP-associated proteins. Hence, the final opsonization efficacy may be further increased, depending not only on the extent of initial complement triggers of NP binding (an exquisitely thermodynamic equilibrium step) but also on the overall chemical reactivity of the NP coats and NP-bound protein set, which will concur to determine the extent of C3b fixation available to C3 receptors on NP-clearing phagocytes. The chemical reactivity of NP coats and bound proteins is expected to be especially relevant in those cases in which C3b fixation results from genuine AP activation, since this occurs in the absence of initial triggers like antibodies or lectins. Moreover, C3b opsonization may be further modulated by the NP efficacy in favoring or interfering with the association of complement-regulating components, such as C4b-binding protein A (C4BP), the complement factor H (CFH), or factor H-related (FHr) proteins. Overall, present literature suggests that the effective complement cascade activation on NPs can strongly unbalance the initial opsonin/dysopsonin proportions, becoming in several cases a major functional actor in regulating the stealth features of NPs. More in general, we can predict that, due to the above variables, opsonins may be differently added to NPs, resulting in a wide spectrum of phagocytosis up-modulation: from almost zero (dysopsonic action prevailing) to moderate effect (opsonins and dysopsonins balanced and reciprocally neutralizing) or, at the opposite extreme, to strong capture when opsonin density overcomes and neutralizes dysopsonin effects.
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FIGURE 6. The contribution of passive host proteins binding and of active complement cascade in modeling opsonin/dysopsonin balance and the final phagocyte capture of NPs. Present literature suggests that some host proteins potentially able to bind NPs (left) are dysopsonin since they do not mediate the binding of the NP to receptors and clearing by macrophages or monocytes (e.g., HSA, clusterin, HRG). On the contrary, other proteins (in general, belonging to the adaptive or innate immune system, like immunoglobulins, collectins, properdin, surfactant proteins) do bind to phagocyte-expressed receptors, being potential opsonins. Both molecule classes (dysopsonins and direct opsonins) associate to NPs thanks to a chemical equilibrium regulated by their affinity/avidity for determined chemical features of the NP coats. The right panel shows how the immune agonists recognizing the NP surface as antigenic or as microbial/altered self danger signals not only can be directly opsonizing but can also trigger the enzymatically driven complement cascade by activating protease transductors, like C1 or MASPs, eventually leading to a C4-dependent generation of C3b/iC3b major opsonin, covalently fixed on the NP surface.




CONCLUDING REMARKS

To conclude, as summarized in Figure 7, it is evident from literature that both nude and host protein-modified NPs are characterized by differential phagocytosis ranges, where the ranking can be rearranged. Such phagocytic rates, in general, collapse into a narrower, and tendentially reduced, capture spectrum efficacy in the presence of biofluid, naturally or artificially deprived of pro-opsonic agents. However, since in natural conditions the no-protein medium is not present, the most critic comparison to spot factors improving RES clearance and possibly affecting a nanoformulation half-life in blood, is between control conditions (normal host fluid normal cell acceptor) with manipulated host fluid or cell acceptors, highlighting the determinant role of specific host NP-bound proteins and specific receptors on acceptor cells.
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FIGURE 7. Modulation of NP cell-capture efficacy spectrum of the pristine material surface by host NP proteome and proper approach to identify opsonins. The intrinsic ability of NP chemical coatings to mediate the internalization by phagocytes can vary significantly, depending on charge, hydrophobicity, or other specific characteristics of the coating agents and polymers. The resulting spectrum of clearance efficacy (top) of possible surfaces in the no-protein medium is modified by the possible binding of host proteins to NPs in biofluids (left). This may result in up-modulation, down-modulation, or non-modulation of one defined NP cell capture compared with the one in the no-protein medium. However, the selective hampering of opsonins in complex medium, differently modulates the capture spectrum (right), allowing to evaluate the capture efficacy due to remaining dysopsonins. This comparison allows to unequivocally define the biological relevance in vitro of the identified specific opsonic factors and obtain relevant insights on the molecular mechanisms involved.


Once such biochemical phenomenon is delineated, and its assay developed and standardized, a feedback iterative loop may be applied to test coating designs lacking the opsonin deposition, for better stealth nanoformulations.
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ABBREVIATIONS

MS, mass spectrometry; HRG, histidine-rich glycoprotein; HSA, human serum albumin; PMNGs, polymorphonuclear granulocytes; PLA, poly(D,L-lactic acid); PLGA, poly(lactic-co-glycolic acid); PCL, poly(varepsilon-caprolactone); PAMP, pathogen-associated molecular patterns; DAMP, damage-associated molecular patterns; VLDL, very low-density lipoprotein; SP-D, surfactant protein-D; DMBT1, deleted in malignant brain tumor 1; Kin-1, kininogen 1; C1q, complement factor 1 q; IgM, immunoglobulin M; HDL, high-density lipoprotein; BALF, bronchoalveolar lavage fluid; PAP, pulmonary alveolar proteinosis; SRCR, scavenger receptor cysteine rich; HMWK, high molecular weight kininogen; LDL, low-density lipoproteins; IgG, immunoglobulin G; FCS, fetal calf serum; PEG, polyethylene glycol; ORMOSIL, organically modified silica; PS, polystyrene; HES, hydroxyethyl starch; C3, complement factor 3; PMOXA, polymethyloxazoline; QD, quantum dot; MBL, mannose-binding lectin; HS, human serum; EGTA, ethylene glycol tetraacetic acid; EDTA, ethylene diamine tetraacetic acid; AP, alternative pathway of complement activation; CNT, carbon nanotubes; CMC-MWNT, carboxymethyl cellulose multiwall nanotubes; Ox-MWNT, oxidized multiwall nanotubes: FcR, receptor of the Fc fragment; SPIO-NW, superparamagnetic iron oxide nanoworms; AUT, 11-amino-1-undecanethiol; MUTA, 11-mercaptoundecyl tetraamine; α 2 GP, alpha 2 human serum glycoprotein; PRM, pattern recognition molecules; C4, complement factor 4; C4BP, C4b-binding protein; CFH, complement factor H; FHr, factor H related.
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Intravenous injection of nanopharmaceuticals can induce severe hypersensitivity reactions (HSRs) resulting in anaphylactoid shock in a small percentage of patients, a phenomenon explicitly reproducible in pigs. However, there is a debate in the literature on whether the pig model of HSRs can be used as a safety test for the prediction of severe adverse reactions in humans. Given the importance of using appropriate animal models for toxicity/safety testing, the choice of the right species and model is a critical decision. In order to facilitate the decision process and to expand the relevant information regarding the pig or no pig dilemma, this review examines an ill-fated clinical development program conducted by Baxter Corporation in the United States 24 years ago, when HemeAssist, an αα (diaspirin) crosslinked hemoglobin-based O2 carrier (HBOC) was tested in trauma patients. The study showed increased mortality in the treatment group relative to controls and had to be stopped. This disappointing result had far-reaching consequences and contributed to the setback in blood substitute research ever since. Importantly, the increased mortality of trauma patients was predicted in pig experiments conducted by US Army scientists, yet they were considered irrelevant to humans. Here we draw attention to that the underlying cause of hemoglobin-induced aggravation of hemorrhagic shock and severe HSRs have a common pathomechanism: cardiovascular distress due to vasoconstrictive effects of hemoglobin (Hb) and reactogenic nanomedicines, manifested, among others, in pulmonary hypertension. The main difference is that in the case of Hb this effect is due to NO-binding, while nanomedicines can trigger the release of proinflammatory mediators. Because of the higher sensitivity of cloven-hoof animals to this kind of cardiopulmonary distress compared to rodents, these reactions can be better reproduced in pigs than in murine or rat models. When deciding on the battery of tests and the appropriate models to identify the potential hazard for nanomedicine-induced severe HSR, the pros and cons of the various species must be considered carefully.
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INTRODUCTION

A frequent concern during the clinical development of novel nano-engineered drugs and biologicals is the possibility of unforeseen toxicities due to the unique physicochemical characteristics of particulate material in the nano (106–109 m) dimension. In particular, nanomedicines and biologicals are prone to cause hypersensitivity reactions (HSRs), also known as infusion reactions, which can be severe or even lethal. Examples of withdrawal from the United States or EU marketing, or suspension of an advanced clinical trial due to HSR-related severe adverse events (SAEs) include the PEGylated drugs Peginesatide (Omontys®) (1), Pegloticase (Krystexxa®) (2), Pegnivacogin (Revolixys®) (3) and iron-containing contrast agents Sinerem and Resovist (4, 5). Such unpredicted occurrence of HSR-related SAEs, even with drugs that pass all preclinical immune toxicity panels, reflects an important gap in nanotoxicology testing. This gap can be attributed, at least in part, to the lack of validated animal models for nanomedicine-induced HSRs (6). Although HSRs can be induced by reactogenic nanomedicines in many animal species, none of them reproduces the transient hemodynamic, hematological, cutaneous, and other physiological changes with the same sensitivity (i.e., minimal reactogenic dose in the μg/kg range) and occurrence rate (2–80%) as seen in humans (7–9).

One approach that aims to fill this gap is the “porcine complement (C) activation-related pseudoallergy” (CARPA) model, wherein all kinds of reactogenic nanoparticles (NPs) can induce anaphylactoid reactions that mimic many aspects of human HSRs both in their dose response, time course, and spectrum of symptoms (7, 10–15). The different NPs shown to be reactogenic in pigs include liposomal drugs (13, 14, 16), solid lipid NPs (SLNPs) (17), iron-oxide NPs (5, 18), and polymeric NPs (19, 20), all above with and without conjugation with polyethylene glycol (PEG) or other types of conjugates (21–24). In addition to NPs, the symptoms of CARPA can be induced in pigs by lipid emulsions (12) and PEGylated proteins or other conjugates of proteins (23). The unique advantage of the porcine model is that it not only identifies the risk of HSRs with clinically relevant sensitivity (25), but it also allows studying different approaches of avoiding the problem. For example, pig studies have identified some reaction-promoting physicochemical features of NPs, such as strong negative or positive surface charge, large size and inhomogeneity, or high cholesterol content of liposomes (26). It was in pig studies that the HSR-reducing effect of lenticular, faceted (27–29), rod-like or disk-shape (20) morphology of NPs versus their customary spherical design was described. Likewise, the pig model suggested the efficacy of pharmacological prevention of CARPA with C inhibitors, cyclooxygenase blockers (30) and desensitization with placebo vesicles (31). Slow infusion of NPs is a well-known empiric approach to prevent HSRs, and the pig model enabled to customize safe infusion protocols for specific nanomedicines, such as corticosteroid-containing liposomes (22). Perhaps the best industrial and regulatory proof of the model’s utility is the fact that the safe human administration protocol for double-stranded small interfering RNA (siRNA)-delivering SLNPs was developed in the pig model (17), Patisiran (Onpattro®) being the first federal drug administration (FDA)-approved gene therapy using (phospho)lipid-based nano-delivery vehicles (32).

Despite all these benefits, the pig model was recently challenged and not recommended for nanomedicine safety evaluation on the basis that it “excludes otherwise promising nanopharmaceuticals from the development pipeline on safety grounds that are not relevant to wider human populations” (6, 33). The authors of the latter publications claimed that the cardiopulmonary response of pigs to NPs represents a “global” phagocytic response, a feature of cloven-hoof animals due to the presence of pulmonary intravascular macrophages (PIMs) in their lung, making the pigs’ cardiopulmonary reaction “inappropriate and misleading” (6, 33), “scientifically questionable” (33) for safety testing.

It was recently pointed out (34) that the above claims fail to take into consideration that not all NPs induce HSRs in pigs and the reactions differ not only among different NPs (13), but even among chemically identical NPs with different shape (20), ruling out the claim of globality. It was also emphasized that the pig model is a disease model, i.e., that of hypersensitivity to nanomedicines, and not a standard toxicity model which uses healthy animals to assess toxic effects in the normal population. It is good for hazard identification, i.e., to predict or rule out a risk of HSR to the tested NPs, and if there is a risk, the model allows to mitigate it, as mentioned above. Use of the model may prevent major problems arising in late clinical trials or after marketing of the drug, thus its choice should be based on the benefit of early recognition of a potential problem that would otherwise stay undetected until late stages of a long and costly development process. In keeping with the above views, the primary author behind the criticism of the pig model (6, 33) did use the model to recommend a new strategy to mitigate the HSRs to polystyrene NPs in pigs (20).

The main goal of the present review is to add another angle to the debate over NP safety models by showing an example from the past, wherein disregard of pig studies turned out to be a detrimental mistake. We revive a clinical study sponsored by Baxter Healthcare in 1998, wherein treating of trauma patients with a hemoglobin (Hb)-based oxygen carrier (HBOC) blood substitute led to increased death relative to control, which outcome could have been predicted and prevented by considering experimental data obtained in pigs, using the same endpoints that are used in the porcine CARPA model for HSR prediction. As highlighted below, the reason of paralleling HBOC-induced aggravation of hemorrhagic shock and nanomedicine-induced (pseudo)anaphylactic shock lies in their common physiological root, i.e., vasoconstriction-related cardiopulmonary distress, for which pigs provide a uniquely sensitive model.



HEMOGLOBION-BASED OXYGEN CARRIERS AND THE HISTORY OF FAILED CLINICAL TRIAL WITH DIASPIRIN-CROSS-LINKED HEMOGLOBIN

Hemoglobin-based oxygen carriers represent a unique class of engineered metalloproteins which have been developed since the late 1960s as universal plasma expander red blood cell substitutes (35, 36). Although HBOCs have traditionally not been considered as nanomedicines, the size of Hb (d: 5 nm) and engineered nature of HBOCs qualify them as a class of nanomedicine (37) with the peculiarity that their active ingredient is not a drug but a natural gas: O2. The diseases that HBOCs were intended to alleviate include general and/or local hypo- or anoxia – a universal cause of organ failure and death. Different illnesses leading to this life-threatening condition include traumatic blood loss, myocardial infarction, drowning, poisonings and various types of shock. Additionally, chronic forms of major O2 deficit include certain respiratory and hematological diseases in their terminal stage. Accordingly, an efficient and safe O2-carrier blood substitute represents a long sought-after Holy Grail in human pharmacotherapy (36).

Table 1 lists the HBOC products that reached clinical trials. Most of them have been abandoned by now, the research and development (R&D) in this field has new directions (38, 39). Nevertheless, HBOC research contributed considerably to the understanding of many aspects of O2 delivery and circulatory control. Most notably, the vasoactivity of bis(3,5-dibromosalicyl)fumarate (diaspirin)-cross-linked Hb (DCLHb), also known as αα-crosslinked Hb (ααHb, HemAssistTM) (40, 41) has drawn much scientific and public attention because of the ill-fated clinical trial with this HBOC. It was the first blood substitute that reached Phase III clinical trials in trauma patients, sponsored by Baxter Healthcare Corporation (Illinois, USA) (42). However, the study had to be abandoned prematurely as soon as it was recognized that treatment with HemeAssistTM significantly increased the risk of myocardial infarction and death relative to control patients receiving traditional treatments (43). In particular, 24 of 52 patients given the blood substitute died compared to 8 of 46 in the control group (43). The study also raised ethical concerns regarding informed consent (43) and other regulatory issues, forcing Baxter to abandon its blood substitute program in 1998, after 13 years of R&D, costing more than half a billion dollars (42).


TABLE 1. Hemoglobin-based Oxygen Carriers (HBOCs) reaching human clinical trials.

[image: Table 1]The other HBOCs that reached Phase II or III clinical trials (Table 1) did not gain regulatory approval in the US, either, due to a common cause: increased risk of cardiovascular dysfunction and other adverse reactions without significant reduction in need for allogenic blood, or other major advantage over the contemporary standard of care (44). Only Biopure Corporation’s (Cambridge, MA, United States) Oxyglobin® was approved for use in canine anemia and Hemopure® for human blood loss in South Africa and Russia, but these products also disappeared after the company’s bankruptcy in 2009.

The final hit on the field was a meta-analysis of mortality and myocardial infarction in 16 randomized controlled clinical trials involving surgical, stroke and trauma patients, treated between 1980 and 2008 with five different HBOCs (PolyHeme, HemeAssist, Hemolink, Hemopure and Hemospan), which came to the conclusion that HBOCs pose a 30% elevated risk of death and a nearly threefold greater risk of myocardial infarction compared to standard therapies (46, 47). This information led the FDA in 2008 to put a hold on R&D of all HBOCs until solving the life-threatening adverse effects by improved formulations (48–50).

As for the question, why were all these problems not foreseen despite extensive preclinical studies, the FDA/NIH workshop (48) referred, among others, to the fact that “conventional single and repeated-dose safety and toxicity testing of the various HBOCs in preclinical animal models have not been able to predict the adverse outcomes frequently observed in clinical trials” (49, 50). However, in an “unconventional” toxicity model conducted by US Army scientists in the early 1990s, wherein pigs were pretreated to provide a model for battlefield hemorrhage, the animals did show adverse physiological changes that offset the benefits of acellular Hb and might have explained, at least in part, the failure of clinical trials with HBOCs (44, 51–54). A thorough analysis of these data led C. R. Winslow, in a contemporary review, answer with “yes” to the question whether the failure of clinical trials with HBOC could have been predicted in preclinical studies (55).

The section below summarizes the pig data predicting the lack of efficacy and increased risk for severe adverse effects of HBOCs in patients losing blood.



PIG STUDIES MODELING THE SERIOUS ADVERSE EFFECTS OF HBOCS

In order to study the efficacy and safety of ααHb, the HBOC developed by US army scientist for battlefield indications, a porcine model of controlled hemorrhage was developed (44, 51–54, 56). The results of these studies indicated increased systemic and pulmonary vascular resistance in HBOC-treated pigs compared to crystalloid- or colloid-treated controls (Ringer’s lactate, albumin, stroma-free HbA0), placing the animals’ hearts on an “unfavorable portion of the Frank-Starling curve” (52). Along with the hypertensive effects, the animals treated with free Hb displayed reduced cardiac output and elevations of plasma creatin kinase (CK), lactate dehydrogenase (LDH), and creatinine, reflecting, among other cell damages, myocardial necrosis and acute renal failure (51, 52). Taken together with the immediate death and myocardial infarction in 2 of 14 pigs treated with free Hb (51), these findings led Hess et al. to the conclusion already in 1993 that the toxicities observed in pigs “raise concerns over the clinical applications” of HBOCs (51).

Focusing on the main problem of using HBOCs after hemorrhage, Figure 1 illustrates the major hemodynamic derangement after i.v. administration of ααHb versus control solutions. The presented changes include significant rises of systemic and pulmonary vascular resistance (SVR, PVR), manifested in major rises of mean systemic and pulmonary arterial blood pressures (MAP, SAP) and reduction of cardiac output (CO).
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FIGURE 1. Pigs were bled over 1 h until a mean arterial blood pressure of 60 mmHg was reached. This was followed by resuscitation with bolus injection of ααHb or control albumin (HSA), lactated Ringer or purified HbA solutions. The entailing rise of MAP was significantly greater in the case of ααHb and HbA versus RL and HSA (A/a). Furthermore, the Hb caused highly significant increase of systemic vascular resistance (SVR) (A/b) without recovery of cardiac output (CO) (A/c). In another study the same treatment was shown to cause massive rise of mean pulmonary arterial pressure (PAP) (B, upper panel) and pulmonary vascular resistance (B, lower panel). Panels (A,B) were reproduced from (42) and (44) with permissions.


The scheme in Figure 2 illustrates the major processes involved in the circulatory effects following acute blood loss and HemAssistTM treatment, explaining the above hemodynamic changes and consequent decreased survival. Among the causes, free plasma Hb in HemeAssist binds NO in blood, thereby contributing to vasoconstriction initially caused by the decreased viscosity and sympathetic activation due to hemorrhage. Besides decreasing capillary blood flow and tissue oxygenation, vasoconstriction in the lungs can lead to increased right ventricular afterload and reduced left ventricular preload, entailing myocardial ischemia, right ventricular failure and compromised cardiac output, all worsening the direct effects of blood loss.
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FIGURE 2. Hypothetical scheme of adverse physiological effects of HemeAssist contributing to decreased survival after hemorrhage. Severe hemorrhage leads to increased sympathetic activation, resulting in vasoconstriction. The blood loss also causes decreased hematocrit, consequently lower viscosity, lower shear stress and lower NO production. NO in the blood, which would be responsible for keeping blood vessels open, is further reduced by the scavenging effect of the free plasma Hb of HemAssistTM, worsening the vasoconstriction. Although treatment with HemAssistTM provides volume replacement and increased O2 carrying capacity, which would lead to restoration of cardiac output, it is counteracted by the increased pulmonary vasoconstriction and consequent decrease of left ventricular preload, cardiac output, and diminished peripheral capillary blood flow, hindering tissue gas exchange. The scheme was modified from (42).


Together with the coronary and peripheral vasoconstriction-related myocardial and other tissue hypoxia, these effects accelerate multiorgan failure, shock and death.

These findings in pigs provide reasonable explanation for the clinical outcome of the Baxter trial, while other studies also clarified that it was an intrinsic capability of free Hb to induce these effects, and they were not due to impurities in HBOCs. Nevertheless, the trial was justified and greenlit relying on animal data that showed improved tissue oxygenation and benefits from vasoconstriction. Chen et al. (36) counted 114 Pubmed-listed animal studies on HemAssistTM, among which the pig studies showing ααHb to aggravate hemorrhagic shock were published well before the Baxter trial (54, 56, 57).



THE SIMILARITY BETWEEN HBOC-INDUCED AGGRAVATION OF HEMORRHAGIC SHOCK AND PORCINE CARPA

Figure 3 shows the changes of systemic (SAP) and pulmonary arterial pressure (PAP) caused by i.v. injection of PEGylated liposomes (Doxebo) in a pig that had been immunized with the same liposomes to raise the anti-PEG antibody level in blood. The animal displayed sudden rise of both PAP and SAP, the latter turning into hypotension and shock within 2 min, requiring resuscitation (21).
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FIGURE 3. Systemic and pulmonary arterial pressure changes during (pseudo)anaphylaxis caused by the PEGylated liposome, Doxebo, in pigs immunized with Doxebo. Typical changes out of 5 similar experiments. The large-amplitude noise in the PAP curve is due to cardiac massage upon resuscitation. Reproduced from (21) with permission.


The highly reproducible finding in Figure 3 was shown to coincide with a significant increase of porcine sC5b-9 in blood and clearance of anti-PEG IgM, attesting to antibody-induced classical pathway complement (C) activation (21). Yet other studies indicated that i.v. injection of human C5a in pigs partially reproduced the above PAP and SAP changes (Figure 4) (58), and that liberation of thromboxane A2 (TXA2) is a rate-limiting step in HSRs (30). Taken together, these results clearly indicate the involvement of C activation and subsequent liberation of vasoactive mediators in the presented HSR, representing CARPA.
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FIGURE 4. Cardiopulmonary and ECG changes caused by injection of recombinant human C5a. (A) Injection of 330 ng/kg rhuC5a. (B–D) Injection of 440 μg/kg rhC5a. (B) SAP. (C) PAP. (D) PCO2. Animal was resuscitated with epinephrine (B). Typical experiment out of three independent tests. Reproduced from (58) with permission.


Figure 5 outlines the molecular and cellular interaction underlying the symptoms of CARPA, including C activation (by reactogenic liposomes), anaphylatoxin and TXA2 liberations, consequent rises of SVR, PVR, SAP, and PAP due to vasoconstriction, and reduction of CO, i.e., very similar changes as seen in HBOC-induced tissue hypoxia and reduction of survival (Figures 1, 2). The main difference is that in the latter case vasoconstriction is mainly due to blocking of NO’s vasodilating effect, while in CARPA it is triggered by proinflammatory mediators, including anaphylatoxins and TXA2 (Figures 2, 5).
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FIGURE 5. Scheme of molecular and cellular interactions underlying liposome-induced CARPA in pigs. C, complement; HR, heart rate; MF, macrophage; Indo, indomethacin; CVR, coronary vascular resistance; and ST-depr, ST-segment depression. Scheme also shows sites at which sCR1, GS1, and indomethacin exert their inhibitory effects. Reproduced from (30) with permission.


Importantly with respect to aligning the effects of nanomedicines to those of HBOCs, the above severe hemodynamic derangement caused by minute amounts of reactogenic nanomedicines are observed in pigs, and supposedly in other cloven hoof animals, but not in rats or mice. Although rodents also react to certain iv. nanomedicines with hemodynamic changes, the effect is seen only at extremely high doses that are clinically not relevant (59–61). Thus, it does not seem reasonable to replace the pig model with a rat or mouse model to mimic human HSRs, and the idea to use a cirrhotic rat model seems even more far-fetched (6). On the other hand, arguing against a model which can sensitively show these adverse effects (6, 33) diminishes the possibility of early identification of potential SAEs on grounds that can be fundamentally questioned (34).



THE TRANSLATIONAL VALUE OF THE PIG MODEL

Unpredicted immune and other toxicities by nanomedicines represent a well-recognized potential barrier to the clinical translation of this new class of pharmacotherapeutics (8, 9). One cause of this situation is a lack of animal toxicity models that would mimic rare SAEs due to HSRs. The substantial species-related and individual variations of immune responses to nanomedicines make modeling and predicting immune toxicities difficult, and particularly hard for rare HSRs. To predict such events in a model that mimics the prevalence of human HSR would require 100/X tests, where X is the incidence (expressed in%) of the HSR in man. However, this would not be feasible or practical, particularly at low% (X) values, i.e., a reaction that occurs once out of 1000 treatments would require 1000 experiments at the very least, without statistical power, to see 1 reaction. However, even a 1:1000 incidence of a severe or lethal HSR would be unfavorable for certain therapeutics.

The porcine CARPA test (7, 10–24) overcomes the problem of rare manifestation of NP-induced hypersensitivity in man inasmuch as pigs “outwardly reproduce” (6) the life-threatening symptoms of human HSRs to certain reactogenic NPs (e.g., liposomes) in essentially all pigs, without substantial individual variation. Because of this feature, the model is increasingly used both in academic and industrial R&D (34). However, as mentioned in the introduction, the model was vociferously opposed on the basis of a claim that the cardiopulmonary reaction of pigs represents a cloven-hoof-specific “global” phagocytic response by PIM cells to NPs, i.e., a uniform, non-specific and non-quantitative response (6, 33). These and other claims in (6, 33) were closely scrutinized and rejected in many aspects (34), however, an important role of PIM cell stimulation leading to HSRs in pigs has not been questioned (34).

Considering that the use of the pig model has been referred to as “porcine CARPA test”, a name implying the involvement of C activation, the question arises, what are the roles of C activation vs. PIM cells in the physiological changes observed in the model? Which is more important or rate limiting under different conditions, if any? An answer is suggested by the “double hit” theory (10, 13–15), claiming that HSRs arise when PIM cells (or corresponding macrophages) are simultaneously “hit” by at least two independent stimuli, one being anaphylatoxin binding to these cells as a consequence of C activation. Accordingly, the pulmonary reaction of pigs to different NPs were shown to be be partially mitigated at the level of C activation, by blockers of anaphylatoxin (C5a) action (30), and more effectively at the PIM cell level, by depleting (20) or blocking these cells’ secretion of vasoactive mediators (30). Nevertheless, it is a complex cascade of molecular and cellular interactions that link C activation to PIM cell release reaction (Figure 6) (21), and C activation can induce pulmonary hypertension independent of PIMs [e.g., pulmonary leuko-thromboembolism (34)], just as PIM cells can release vasoactive mediators independent of C activation (C-independent pseudoallergy, CIPA). All these variations taken together, it cannot be generalized which step or event in the HSR cascade is rate limiting in man or different animals under different conditions. Thus, sole focus on PIM cells or other steps may not legitimize or discredit different models of HSRs.


[image: image]

FIGURE 6. Scheme of possible pathways by which liposomes can “hit” PIM cells via C activation; example for the case of PEGylated liposomal doxorubicin (Doxil) and other PEGylated NPs. Liposomes bind anti-PEG antibodies, which activate C via the classical pathway (CP). The liberated C cleavage products stimulate a variety of innate immune and blood cells (e.g., PIM cells, macrophages, mast cells, basophils, granulocytes, platelets) via different receptors, illustrated with color-coded arrows and surface shapes for different receptors. These signaling pathways represent CARPA, but allergy-mediating phagocytic cells could also be activated without the involvement of C (i.e., C-independent pseudoallergy, “CIPA.” Outward arrows show the known secretory products that can mediate allergic symptoms. Continuous and dotted lines represent known and hypothetical activation mechanisms. Abbreviations: ATR, anaphylatoxin receptor; C3b “opsonin pathway,” mediated by C3b, iC3b, and C3d(g) via CR1 (CD35), CR2 (CD21), and CR3 (CD11b/CD18) (blue); “C1q-C1qR pathway” (brown); “MBL/ficolin-MBL-R pathway” (red); “terminal complement complex (C5b-9) direct stimulation pathway” (blue); potential additional stimulation mechanisms include Fc-mediated IgG/IgM binding to FcγRIIB (CD32)/FcγR (CD351) (violet); and PEG binding to pattern recognition receptors (PRRs), e.g., Toll-like receptor 2 and/or 6 and/or other PRR, as a consequence of mimicking pathogen-associated molecular patterns (PAMPs) (green). Reproduced from (21) with permission.


The translational value of the pig model lies in the dominance of uniquely sensitive PIM cells in the HSR cascade, reducing the individual variation of innate cellular response to NPs in pigs, that may contribute to the rarity of hypersensitivity symptoms in man. Although it is not known at this time whether hypersensitivity in man is due to increased cellular and/or humoral innate immune response, or at another step in the scheme, the identity of cardiopulmonary symptoms and sensitivity to NPs of hypersensitive man and pigs give rise to speculations that the amplification of C signal is due to the presence of hypersensitive secretory macrophages in the lung of reactive patients, just like PIMs in pigs. The high sensitivity of the pig model ensures that the chance of false negative results are minimized, providing a high negative predictive value (the probability that test NPs with a negative screening test truly don’t provoke the reaction), which is desirable if the goal is to rule out the potential for SAEs in future advanced trials.

It should also be added that adverse events in a preclinical animal model do not necessarily exclude the success of the tested drug in man, they just draw attention to the risk, which can be addressed and controlled. In the case of HBOCs, if the studies on hemorrhaged pigs, representing a controlled model of traumatic blood loss (44, 51–54, 56), had been given more attention, and the observations used to develop preventive measures validated in early investigational human experiments, the model could have saved not only the life of many patients but also the R&D of HBOCs. It is difficult to reconstitute why all these did not happen. Chen et al. noted that there was a disagreement between researchers at Baxter Healthcare and the US Army regarding the direction of ααHb R&D, and the two groups severed ties (36).



WARNING AGAINS THE WARNING

Hopefully, history will not repeat itself and attempts to discredit the pig model (6, 33) will not expose patients to increased risk for HSRs in premature, ill-designed clinical studies. In our view, it is the argument that we should disregard concerns about safety raised in the pig model, that is “inappropriate, misleading and scientifically questionable”, i.e., the terms used for the pig model (6, 33). No rational scientists would assert that the problems disappear if they aren’t tested for, or that the model needs to perfectly mimic the pathomechanism of the human problem to be useful for better understanding and prevention. Analogously, proposing not to screen for SARS-CoV-2 virus does not make the problem of COVID-19 go away.

While tempting and convenient, proposing not to screen for a problem is not a solution to the problem itself. Animal models, by themselves, do not determine whether a drug should or should not proceed with early phase clinical trials. This role is reserved for early phase human clinical data. The animal model is extremely important to give hints and clues on how and if to proceed. Ultimately, the decision to proceed is a judgment call. But that judgment call should be an informed and not a blind one. A body of preclinical data and expert opinions, free from financial conflict of interests or intellectual biases, is critical to help informed, more nuanced judgments. Nevertheless, beside addressing and clarifying the claims that we found incorrect in the reviews by Moghimi et al. (6, 33), we acknowledged the benefits of professional disputes, as they extend understanding and may resolve unclear issues in the field (34).



CONCLUSION

The present review adds further support to the use of the pig model by providing an example from the past when failure to consider data obtained in pigs led not only to the demise of a drug candidate but also the stunted progress of a whole field of research. Drawing analogy between HBOC’s hemodynamic effects aggravating hemorrhagic shock in trauma patients and nanomedicine-induced CARPA leading to (pseudo)anaphylactic shock is justified by the similarities in the pathophysiological mechanism of the two phenomena. The example of HemAssist may be particularly educational for those in the position of deciding on the use of animal models for solving various problems, such as a risk for nanomedicine-induced severe HSRs. Once again, pigs may turn out to be not only useful but critical for the prediction of such reactivity.
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Studies have shown that a wide range of factors including drugs, chemicals, microbes, and other environmental agents can induce pre-clinical autoimmunity. However, only a few have been confidently linked to autoimmune diseases. Among these are exposures to inhaled particulates that are known to be associated with autoimmune diseases such as lupus and rheumatoid arthritis. In this article, the potential of particle, fiber, and nanomaterial exposures to induce autoimmunity is discussed. It is hypothesized that inhalation of particulate material known to be associated with human autoimmune diseases, such as cigarette smoke and crystalline silica, results in a complex interplay of a number of pathological processes, including, toxicity, oxidative stress, cell and tissue damage, chronic inflammation, post-translational modification of self-antigens, and the formation of lymphoid follicles that provide a milieu for the accumulation of autoreactive B and T cells necessary for the development and persistence of autoimmune responses, leading to disease. Although experimental studies show nanomaterials are capable of inducing several of the above features, there is no evidence that this matures to autoimmune disease. The procession of events hypothesized here provides a foundation from which to pursue experimental studies to determine the potential of other environmental exposures to induce autoimmunity and autoimmune disease.
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Introduction

Numerous drugs, chemicals, microbes, and other environmental factors have been identified as possible causes of pre-clinical autoimmunity (1). However, very few have been confidently associated with human autoimmune diseases (2). Among these are respirable particulates such as cigarette smoke and silica dust (2) which have been linked to systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and systemic sclerosis (SSc) (2, 3). Asbestos, a fibrous silicate mineral, has also been associated with autoimmunity, although linkage to specific autoimmune diseases is less well established (2, 4). In contrast, a role for nanomaterial [materials with at least one dimension between 1 and 100 nanometers (5, 6)] exposure as a causative agent in human autoimmunity remains to be established.

In reviewing the etiopathogenesis of environment-induced autoimmunity, we (7) proposed that the toxic insult of an environmental exposure initiates a multi-step process characterized by tissue damage, and the release of nucleic acids and other damage associated molecular patterns (DAMPs) including self- and modified self-antigens, which induces an innate inflammatory response, leading to adaptive immunity involving the presentation of self- and modified self-antigens to non-tolerant lymphocytes. Included within this process is the engagement of Toll-like receptors (TLRs) and other innate sensors, the production of inflammatory mediators, the expansion of autoreactive B and T effector cell populations, and the production of autoantibodies. These events often occur at the site of exposure, where they can lead to the development of tertiary lymphoid structures (TLSs), and/or germinal centers in secondary lymphoid organs draining the site of exposure. In either case the expansion of autoreactive lymphocytes and their migration to target tissues, such as the kidney in SLE or the joints in RA, results in autoimmune disease (7).

To include an additional perspective to the above hypothesis, this article compares the current state of knowledge regarding the response of the immune system to selected particle, fiber, and nanomaterial exposures. Specific particulate and fibrous materials are discussed because of their known role in pre-clinical autoimmunity and autoimmune diseases (2). This is contrasted with the immunological responses to nanomaterials, particularly engineered nanoparticles (ENPs), where evidence for induction of autoimmunity is less convincing.



Particulate Material


Cigarette Smoke

Cigarette smoke is a complex mixture of particulate-phase and chemical compounds (8, 9), and is a significant risk factor for chronic obstructive pulmonary disease (COPD) (10). Smoking is also a significant risk factor for RA (11), and has been linked to other autoimmune diseases including SLE, multiple sclerosis, and Crohn’s disease (2). The linkage of smoking and RA is strongest for seropositive disease particularly patients with anti-citrullinated protein antibody (ACPA) (2) which is itself strongly linked to the HLA shared epitope (12). The association between smoking, RA, and the HLA-linked ACPA response identifies an important gene-environment interaction for autoimmune diseases (13).

The particulate material of cigarette smoke consists of partially combusted plant material between >0.25 to <1 um in size (8, 9, 14). The chronic inflammation resulting from cigarette smoke exposure is thought to be due to this particulate material and gas-phase chemicals but may also involve bacterial and fungal contaminants of tobacco (15). Cigarette smoke also contains reactive oxygen species (ROS), that may contribute to post-translational modification of proteins and other markers of oxidative stress (16). Tissue damage from inhaled smoke leads to activation of lung epithelial cells and alveolar macrophages (AM) via interaction between DAMPs and pattern recognition receptors (PRRs) such as TLRs (16). This initiates an innate immune response, characterized by inflammasome formation and the production of IL-1β, IL-18, and other proinflammatory mediators including IL-6 and TNF-α (16). The resulting infiltration of neutrophils and monocytes further exacerbates oxidative stress and inflammation. Additional processes, such as neutrophil death, mediated by NETosis, also leads to cell and tissue damage (17).

The innate inflammatory response progresses to adaptive immunity consisting of T helper cell responses, including Th1 and Th17 (18, 19), and B cells that can form lymphoid aggregates in the lung (10). These structures are similar to TLSs found in target organs of autoimmune diseases where they are argued to provide a microenvironment for the survival of autoreactive lymphocytes (20, 21). The presence of plasma cells in lung TLSs (21) suggests that the lungs are a source of autoantibodies, and this is supported by the presence of autoantibodies in bronchoalveolar lavage (BAL) fluid (21, 22). Moreover, autoantibodies to modified self-antigens have been described in COPD (21, 23, 24) including autoantibodies known to be important in seropositive RA [rheumatoid factor (RF) and ACPA] (11, 25). These events may occur years before clinical diagnosis of RA (26). It has been hypothesized that localized chronic inflammatory processes in the lungs following smoke exposure are important in the pre-clinical phase of not only diseases such as COPD but also autoimmune diseases such as RA (25, 27). Importantly, experimental studies have shown that TLSs and autoantibodies persist after ceasing smoking and are dependent upon IL-1 receptor 1 (28).

While COPD and RA are comorbidities, their pathological relationship remains under investigation (26, 29). Development of COPD in RA patients (29) is consistent with the known pulmonary involvement in RA (25, 30). Conversely, a recent study identified COPD as a risk factor for RA with the strongest association between COPD and seropositive RA in older smokers (31). Interestingly, individuals who were ACPA positive before RA diagnosis were at increased risk of developing COPD (32). This suggests a linkage between appearance of ACPA and susceptibility to respiratory disease. ACPA may also be an outcome of inhalation of other forms of particulate matter, and may identify inhalant exposures that increase the risk of RA or other autoimmune diseases (33).



Silica Dust

Exposure to crystalline silica as a result of the breakdown of quartz (e.g. mining, sandblasting, quarrying, ceramics), or during the fabrication of artificial stone (34, 35), can lead to silicosis (36), COPD (36), lung cancer (37), and autoimmune diseases including SLE, RA, SSc, and antineutrophil cytoplasmic antibody (ANCA)-related vasculitis (2, 35, 38). The occurrence of COPD in silica-exposed individuals may also reflect coincident cigarette smoke exposure (39). Significantly, when silica exposure and smoking occur together it results in a synergistic interaction which, for example, greatly increases the risk of ACPA-positive RA in Asian (40) and Caucasian (41) populations. Silica dust exposure is most often via occupational inhalation with deposition of respirable particles [<10μm (42)] in the alveoli of the lungs leading to chronic inflammation and development of fibrotic nodules (36). Although the mechanistic aspects of the pathogenic process of silicosis have not been completely defined, a number of important checkpoints have been identified (36, 43, 44). The cumulative dose and physicochemical properties of silica dust are important in inflammatory and fibrogenic responses (43, 45). Inhaled respirable silica particles can be deposited throughout the lung including the distal airways and alveoli leading to direct cytotoxicity (46). Silica particles also interact with endogenous molecules leading to the formation of a surface corona (43). Subsequent phagocytosis by AM leads to lysosomal damage resulting in activation of inflammatory and cell death pathways. A significant contributor to these processes is oxidative stress due to ROS originating from both silica particles and lung cells (47). The chronic persistence of silica particles in the lung results in fibrosis, silicosis (43, 48), and development of silica-induced autoimmunity (49).

An important observation in the initiation of pulmonary inflammation following crystalline silica inhalation is the release of IL-1α from AM following silica induced cellular damage (50). Release of IL-1α from dying cells is known as an important mediator of sterile inflammation (51) following interaction between IL-1α released from crystal damaged cells and IL-1 receptor on surrounding macrophages (48, 50). Silica-induced cell death also results in the release of numerous types of DAMPs that are recognized by TLRs and other PRR on the cell surface as well as within cytoplasmic components such as endosomes. These interactions lead to intracellular signaling, activation of transcription factors such as NF-κB and AP-1, and the expression of inflammatory cytokines such as IL-1β, IL-6, TNF-α, and interferons (IFNs) (48). Phagocytosis of silica particles via scavenger receptors such as MARCO (SR-A6) and SR-A1 leads to lysosomal destabilization and release of proteases including cathepsins that contribute to the activation of the NLRP3 inflammasome and cleavage of IL-1β and IL-18 into their bioactive forms (52–54). Generation of ROS, either from the surface of silica crystals or phagocytosis and lysosomal/mitochondrial damage, also contributes to these events (45, 47). The end result is an inflammatory response consisting of neutrophils, monocytes and lymphocytes that exhibits acute and chronic phases which have differing molecular and cellular features (35). The failure to clear silica particles from the lungs exacerbates this chronic inflammatory process leading to fibroblast proliferation and collagen production resulting in fibrosis and silicosis (35, 36, 44).

Epidemiological studies have found associations between occupational silica exposure and SLE, SSc, and ANCA-related vasculitis (2, 55, 56). More recently, exposure to silica-containing dust from artificial stone during fabrication of countertops has been linked to both silicosis and autoimmune disease (34, 57). Pre-clinical features of autoimmunity, such as autoantibodies, as well as autoimmune diseases can occur in the absence of silicosis (35, 55) suggesting that events prior to fibrosis are important for silica-induced autoimmunity. The fibrosis following particulate exposure, including silica, may be the result of exaggerated and persistent immunosuppression due to TGF-β and IL-10, rather than chronic inflammation (58).

A significant outcome of the chronic pulmonary inflammation induced by crystalline silica, in animal models, is the formation of TLS (59). These structures comprise accumulations of B and T cells as well as follicular dendritic cells (FDC) and plasma cells (59–61). The presence of immunoglobulin including autoantibodies in the BALF of silica-exposed mice (60, 61) suggests that the lung is a site of autoantibody production. A variety of autoantibody specificities are found in both humans (62) and experimental models (59, 60, 63) after silica exposure. These include anti-DNA, -SS-A/Ro, -SS-B/La, -Scl70, -Sm, and -RNP. ACPA have also been described in RA patients exposed to silica (40). A possible mechanism for citrullination may involve silica-induced increases in peptidylargininedeiminase (PAD) activity (64). This is consistent with the formation of neutrophil extracellular traps (NETs) during NETosis induced by silica (65) which requires PAD mediated protein citrullination (66). Although autoantibody responses in silica exposed patients with autoimmune diseases are often consistent with those of idiopathic autoimmune diseases, it is unclear if they play a pathogenic role. As with smoking, it is also unclear how expression of silica-induced autoreactivity in the lung results in pathogenesis in organs such as the kidney in SLE or the joints in RA.




Fibrous Material


Asbestos

Asbestos describes six naturally occurring fibrous silicate minerals categorized into two groups, serpentine (chrysotile) and amphibole (crocidolite, amosite, tremolite, anthophyllite, actinolite) (67). While there are significant differences in chemical composition and crystalline structure, serpentine fibers are more curvilinear and softer than the needle-like, brittle amphibole fibers (67). Occupational exposures, primarily from mining, construction, and automotive industries, can result in asbestosis and malignancy (68). The properties of asbestos fibers that cause toxicity and pathology, especially inflammation, are uncertain (69), consequently very little is known about the fiber properties necessary for autoimmunity. Short fibers (<5 um), although abundant in the lungs (70), are considered unlikely to cause malignancy (71), but it is unclear if this applies to autoimmunity.

Evidence from both human and experimental animal studies suggest that amphibole asbestos exposure can lead to autoimmunity (4, 72). Several different cohorts including Libby, Montana (73), Wittenoom, Western Australia (74), and Biancavilla, Sicily (75), have linked autoantibodies, including ANA, to asbestos exposure. Studies of the communities of Libby and Troy in Montana have found that almost 14% have been diagnosed with an autoimmune disease other than diabetes (76, 77) and mortality to autoimmune diseases is higher than expected (78). However, a causal role for asbestos exposure in autoimmune disease has not been established due to study limitations (4), and other confounders, including the possibility of concurrent silica and asbestos exposures (2), and smoking history (79).

Asbestos inhalation results in chronic pulmonary inflammation (48), mediated in part by NLRP3 inflammasome activation, and expression of IL-1β and other inflammatory cytokines (80, 81). This is facilitated by asbestos fiber-induced damage to lung epithelial cells, phagocytosis of asbestos particles by macrophages, lysosomal destabilization, subsequent cellular stress and damage leading to production of ROS and oxidative injury, culminating in a fibrogenic response including release of TGF-β, TNF-α, and IL-1β, that promotes collagen deposition and fibrosis (82, 83). Pulmonary inflammation can include increases in AMs and neutrophils, as well as CD4+ T cells that spontaneously release IFN-γ, identified as diffuse lymphocytic-macrophage alveolitis (84).

Autoimmune diseases associated with Libby Asbestiform Amphibole (LAA) exposure include SLE, SSc, and RA (76, 78). ANA are common and include autoantibodies against dsDNA, SS-A/Ro52, Scl70, Sm, and RNP (76). Anti-mesothelial cell antibodies, and ANA, have been linked to pleural abnormalities (85). Autoantibodies against cyclic citrullinated peptide (CCP) and RF are not elevated (86) even though there is evidence of increased PAD2/4 and citrullination in the lung following asbestos exposure (87). ANA have also been found in subjects exposed to asbestos without systemic autoimmune diseases (75). This may be an indicator of pre-clinical autoimmunity, similar to the appearance of ACPA prior to COPD or RA (11, 25), as appearance of autoantibodies can precede diagnosis of autoimmune disease (88, 89). Whether autoantibodies can be linked to TLS in the lung in asbestosis, as has been observed for cigarette smoke and crystalline silica exposures, remains to be investigated.




Nanomaterials

Nanomaterials constitute two major groups, ambient ultrafine particles (UFPs) and ENPs (5, 6, 90). Numerous nanomaterial approaches are being developed to modulate immune responses (91, 92). This includes nanocarriers for drugs, vaccines, antigens and adjuvants (91–93) as therapies for chronic inflammation (91), infection (92), and autoimmunity (91, 92, 94) including specific tolerance approaches for treating autoimmunity (94, 95). The safety of these nanomedicines is dependent upon their ability to avoid toxicity and immune recognition (96, 97) which may result in adverse toxicological (98) and immunological outcomes (99). Although UPFs and ENPs display a range of physicochemical properties (6), inhalation is a common route of exposure (90, 100) and can lead to tissue damage, protein corona, oxidative stress, inflammasome activation, proinflammatory mediators, and inflammation (5, 6, 99, 101), as well as pathological outcomes including fibrosis (58, 102). However, a role for NPs, particularly ENPs, in the causation of pre-clinical human autoimmunity or autoimmune diseases has not been established.

Nanodiamond NPs induce lysosomal damage and NETosis (103) but this leads to resolution of inflammation (103, 104) presumably by sequestration of the offending particles (105). There is evidence for this as NET-related proteins were found in BAL fluid in the acute phase response to TiO2 NPs but disappeared over time, and were not associated with histopathological changes (106). Alternatively, solubility or clearance by phagocytes may lead to resolution of NP induced inflammation (103, 107). Nonetheless, nanoparticles appear capable of inducing post-translational protein modification and autoantibodies. Several nanoparticles including, SiO2 NPs, cadmium NPs, ultrafine carbon black, and single-wall carbon nanotubes (SWCNT), elicited in vitro and/or in vivo increases in PAD activity and/or protein citrullination (64, 87, 108), and nickel nanowires stimulated anti-cyclic citrullinated (anti-CCP3) autoantibodies in female C57BL/6 mice (87). However, histological images do not show evidence of pulmonary TLSs following SWCNT exposure (109) or at sites of protein citrullination (64). Thus, although ENPs appear capable of inducing features of experimental pre-clinical autoimmunity (Table 1), studies have yet to show that this can mature to autoimmune disease.


Table 1 | Comparison of hypothesized steps leading to autoimmune disease following exposure to inhaled materials.





Discussion

Particulate exposures are among the initiating events most closely linked to human autoimmune diseases (2, 3), with the lungs as a major site of pathological and immunological events leading to clinical disease (26, 27, 33, 110). Such exposures can be protracted and involve particulates resistant to degradation, both of which contributes to the chronic pulmonary inflammation associated with these exposures (48, 79). A complex interplay between pathological processes, including, cellular toxicity, oxidative stress, tissue damage, persistent inflammation, post-translational modification of self-antigens, and the formation of TLSs, promote the generation of autoantibodies that contribute to development of autoimmunity. An unresolved issue is how expression of particulate-induced autoreactivity in the lung results in disease specific pathogenesis in distant organs (e.g. kidney in SLE or joints in RA). However, a recent hypothesis suggests that activated B cells act on preinflamamtory mesenchymal (PRIME) cells which then migrate to the joint in RA (111). The role of pulmonary mesenchymal cells in inflammation (112) supports the possibility of their interaction with B cells in lung TLSs.

Fibrous (asbestos) and non-fibrous (cigarette smoke, crystalline silica) fine (PM2.5) particulates have been linked to pre-clinical autoimmunity and autoimmune diseases (2, 76). However, there is little information to support a role for ultrafine (PM0.1) particulate matter in human autoimmune disease. This may reflect a difference in size which allows NPs to be cleared from the lung more readily. However, other aspects of pulmonary inflammation including the chronicity and/or resolution of the response, and the apparent absence of TLS, are likely to limit the severity of the adaptive autoimmune response and subsequent development of pathology in target organs other than the lung.

The pathological processes discussed above provide a foundation from which to determine the potential of other particles and fibers to induce autoimmunity. Such studies will provide a better understanding of the physical and chemical properties of particulate matter that lead to the induction and propagation of autoimmune diseases.
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Nanoparticles Cells

Epigenetic reprogramming

Qb THP-1

CuO, Tio, THP-1, Raw264.7
MWCNT, PAH Human blood cells
SWCNT THP-1

MWONT Murine biood cells
Tio, Raw264.7
MWCNT Human blood cells
TiO,, ZnO THP-1

Metabolic reprogramming

TiO, Raw264.7, BMDM
AGNP J774A1

Sik, PGLA, siica Raw264.7

ik fibroin Raw264.7
Dex-SPION Human monocytes

Macrophage polarization
PS-COOH, PS-NH2 ~ MDMs

TPP-MoS2 QDs Microglia
Peptide-coated AUNP  BMDMs

AgNP, AuNP TAMs

SPIONs BMDMs, THP-1

Iron oxide RAW264.7, BMDMs
MWONT RAW264.7
Oxidative stress.

Siica Peritoneal macrophage, RAW264.7
AuNP TAMs

SPIONs BMDMs, THP-1

Iron oxide RAW264.7, BMDMs
MWCNT RAW264.7

Overall effect

Binding to core histones and formation of QD/protein aggregates
Methylation of transposable elements
Methylation at the promoter of genes involved in tumor suppression, DNA repair

Hypomethylation in genes associated to signaling pathways and macrophage
polarization

Hypomethylation in genes associated with inflammation
miR-350 increase

Changes in mRNA and ncRNA expression profile
Changes in miRNA profile

Reduction of ATP and TCA metabolites, mitochondrial dysfunction
Modulation of TCA enzymes and glucose consumption

Increase in glycolysis and TCA intermediates, decrease in amino acids and ATP.
Modulation of glutaminolysis and creatine kinase/phosphocreatine system

Increase in glycolysis, TCA intermediates, creatine kinase/phosphocreatine system,

‘modulation of amino acid levels, increase in cholesterol, decrease in unsaturated fatty

acids
Induction of autophagy

skewing of M2 polarization
Switching from M1 to M2
M2 polarization

Switching from M2 to M1
M1 polarization

M1 polarization

M1/M2 mixed status

ROS/RNS increase
ROS/RNS increase
ROS/RNS increase
ROS increase
ROS increase

References

(66)
©7)
(68, 69)
(70)

1)
(72)
(73
(74)

(76)
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78)

(79

©0)

®3)
®4)
85)
©7
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©9)
(100)
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©7
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©9)
(100)

QD, Cd-Te quantum dots; MWONT, mult-walled carbon nanotubes; SWCNT, single-walled carbon nanotubes; PAH, polycyclic aromatic hydrocarbons; PGLA, poly lactic-co-
glycolic acid; SPIONs, superparamagnetic iron oxide nanoparticies; Dex-SPION, dextran-coated superparamagnetic iron oxide nanoparticies; PS-COOH and PS-NHZ, carboxyl-
(PS-COOH) and amino-functionalized (PS-NH2) polystyrene nanoparticles; TPP-MoS2 QDs (3-carboxypropyiriphenyl-phosphonium bromide-conjugated 1,2-distearoyl-sn-glycero-
3-phosphosthenolamine-N-faminofpolyethylene glycol)-2000}-tunctionalized molybdenum disulfice quantum dots; MDMs, human monocyte-derived macrophages; BMDMs, bone
marrow-derived macrophages; TAMs, tumor-associated macrophages.
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Liuetal. (53)
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Wang et al. (55)

Katwa et al. (56)
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Ferreira et al. (58)
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Rydman et al. (63)
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Hoppstadter et al. (65)
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Toda and Yoshino (67)

Labib et al. (68)

Dong and Ma (69)

Daietal. (70)

Huaux et al. (71)

Fatkhutdinova et al. (72)

Liu etal. (73) and Chen
etal. (74)

Duke etal. (75)

Lebrun et al. (76)

Maeda et al. (77)

Dong and Ma (78)

Baoetal. (79)
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Liu etal. (81)

Benmerzoug et al. (62)

Particle &
exposure

Silica

Mouse, i.t.i.>

Silica
Mouse, i.t.i.

MWCNT, SWCNT
Mouse, i.t.i.

Silica

Mouse, i.t.i.

Siica
Mouse, p.i.

MWONT
Mouse, i.ti.

MWCNT
Mouse, i.t.i

Silica
Mouse, i.n.i.

Silica
Mouse, p.a.

SWCNT
Mouse, p.a.

MWCNT
Mouse, i.n.i.

MWCNT
Mouse, w.b.i.

MWCNT
Macrophage
Silica

Macrophage

Asbestos
Human ex vivo
Mouse, i.ti.

Silica
Mouse, i.t.i.
MWONTs
Mouse, i.{
orpa.

MWONT
Mouse, p.a.

Mouse, i.t.
MWONTs or
asbestos
Mouse, rat, i.p.
MWCNTs
Human sample
Siica

Mice, iti.
Human sample

MWCNTs
Mouse, ip.
Silica or MWCNTs
Mouse, pa.

Asbestos
Human ex vivo

MWCNT
Mouse, pa.

Silica
Rat, i.ti.

Asbestos
Mouse, ip.

Silica
Rat DC ex vivo

Mouse

Immune
response

Type 2

Type 2

Type 1, Type 2

Thi, Th, Treg

Treg

Type 2

Type 2

Type 2, ILC2

Type 2

Treg

MDSC

Type 2

Type 2

M1, M2

M1, M2

M1, M2

Th1, Th2, Th17

Type 1, Type 2, Thi7

Type 2

Th1, Th2, Th17, Treg

MDSC

Type 1, type 2

Breg, Treg, Th2

Type 2

MDSC

Thi7 and Treg

M1, M2

DC, Th1, Th2

M2

DG, Th2

Tpe2

Immune cell polarization, cytokines, & other immune effect

+1L-10in BAL calls and lung tissue. IL-10 deficiency increased acute
inflammation, but reduced fibrosis. Transgenic expression of IL-10 boosted
siica-induced expression of IL-4 and IL-13, and BAL IgG1 level, and lung
fibrotic lesions

+ Th2-like responses, 1 IL-4 & lgG1/lgGa ratio in BAL & 1 lung fibrosis
after 2 and 4 months of exposure. Transgenic expression of IL-9 or injection
of IL-9 by i.p. reduces type 2 polarization and fibrosis

MWONT: 1 type 1 cytokines IL-1, TNF-a, IFN-y, and IL-12; 1 type 2
cytokines IL-4, IL-6, and IL-10; and 1 IgE, in BAL fluids, time-dependently.
SWCNT: 1 type 1 cytokines IFN-y and IL-12; and 1 type 2 cytokines IL-4,
IL-5, IL-10, and IL-13, in BAL, time-dependently, which correlated with early
fibrosis and subchronic damage

+ Th & Treg (CD4+ CD25+ Foxp3+) lymphocytes and IL-4, IL-10, and
TGF-B levels. Depletion of Treg using anti-CD25 delayed fibrotic progression
that correlated with 1 Tht, but | Th2, responses

Silica persistently recruited Treg (CD4+ CD25-+ Foxp3+) during lung
inflammation and fibrosis. Depletion of Treg 1 T eff (CD4+ Foxpd-) and
production of IL-13, IL-4, IFN-y, and IL-17A

1 IL-33 (an alarmin in type 2 inflammation), Ccl3 and Ccl11, and Mmp13,
which correlate with inflammation, collagen deposition, and granuloma
formation

+ Mast cells, IL-33, and ST2 signaling. Pulmonary and cardiac toxicity of
MWCNT depends on a sufficient population of mast cells and the
IL-33/ST2 axis

1 IL-33 and Th2-dependent cytokines, 1AHR and eosinophil recruitment,
and 1 ILCs. The effects were dependent on IL-13 signaling and the
IL-33/ST2 axis

1 IL-13, IL-13Ra1 and IL-13Ra2, IL-4Ra, granulomatous inflammation and
airway hypersensitivity. Exposure of IL-13-PE, an IL-13 based recombinant
immunotoxin, reversed the pathologic features of siica

Induced chronic inflammation, fibrosis, and an immunosuppressive
environment, 1 Treg and expression of TGF-g, FOXP3, and PD1, which
increased the incidence and multiplicity of NDMA-induced lung tumor
 recruitment and accumulation of MDSGs in lungs that are associated with
increased tumor growth and metastasis in the lung. Depletion of MDSCs or
knockout of TGF-p reduces the tumorigenic effect of SWCNT in mouse lung
+ Type 2 alarmins TSLP, IL-25, and IL-33, which correlated with elevated
responses to HOM, ie., 1 total IgG1 and HOM-specific IgG1, influx of
macrophages, ecsinophis, production of collagen, TGF-B1, mucus, IL-13,
eotaxin, and TARC

Rigid rock-ike MWCNT stimulated marked eosinophilia, mucus
hypersecretion, AHR, and expression of Th2 cytokines in airways, that were
in part regulated by master cells as wel as alveolar macrophages

MWCNTs induced a mixed M1/M2 phenotypes in cultured macrophages.

Comparison of phagocytosis of fluorescent siica and microparticles by M1
or M2-polarized macrophages. M2 polarization is associated with 1 of
particle internalization

Aveolar macrophages from patients with asbestosis showed 1 MARCO,
ARGH, and IL-10. Upon exposure to chrysotie, MARCO-/- mice had |
fibrosis than wild type; and alveolar macrophages from MARCO-/- mice
were M1-like, but those from wild type mice showed M2 phenotypes

+ OVA-specific splenocyte proliferation and secretion of Thi, Th2, and Th17
cytokines IFN-y, IL-2, IL-4, IL-5, and IL-17

Comparative analyses of 3 microarray data to derive adverse outcome
pathway (AOP) for lung fibrosis. Early inflammatory (type 1), Th2 and M2
(type 2), and Th17 responses are implicated in AOP for fibrosis

1 Th2 (CD4+ & IL-4+ or IL-13+); 1 IL-4 and IL-13 mRNA and protein;
activation of STAT6 and GATA-3; and 1 expression of IL-4 target genes on
day 7 post-exposure in lungs

Knockdown of the Wnt/B-catenin pathway | Treg, 1 Th17, | T2, leading to
+ inflammation and J fibrosis

Mesotheliomagenic MWCNTs and crocidolite asbestos by ip. induced
accumulation of monocytic-MDSC cells that correlated with the
development of peritoneal mesothelioma

Elevated levels of IL-1, IL-6, TNF-a, TGF-B1, IL-4 in the sputum and serum
from workers exposed to MWCNTs.

Silica increased Bregs on days 7, 28, and 56 post-exposure in mice;
anti-CD22 attenuated Breg response, which 1 inflammation, | fibrosis, with
+ Thi response, | Treg, Th17, and Th2 responses

Patients with silicosis had significantly 1 serum IL-10, IL-4, IL-5, and IL13; &
+ Breg (CD19+ CD1d0" CDS5+ IL-10+), Treg, and Th2 in the blood
Roc-like MWCNT 4 airway fibross, IgE, and TGF-p1, which were
exacerbated in STAT1-/- mice

Both silica and MWCNTs stimulated the acute recruitment of monocytic
MDSCs (CD11b+ Ly6C+, COR2+) into mouse lungs before induced
fibrosis. Limiting the MDSCs by using the LysMCreCCR29®/e*® mice |
TGF-p, Timp1, and collagen in the lung

Increased production of IL-17 from CD4+ cells exposed to asbestos ex
vivo, indicating altered Th17 and Treg balance associated with immune
effects of asbestos in humans

M1 polarization on day 1 with peak on day 3: 1 CD86, MHC I, and INOS;
activation of STAT1 & IRF5. M2 polarization on day 3 with peak on day 7: 1
CD206, CD163, ARG, Fizz1, and Yam1; activation of STAT6/3 & IRF4

1 DCs siightly during inflammation and significantly during fibrosis. + Th
and IFN-y during the inflammatory stage. 1 Th2 and IL-4 during the fibrotic
stage

+ Arg expression and Arg+ staining in inflamed mesothelial tissue and
mesothelioma, consistent with M2-like tumor-associated macrophage
response

Ex vivo exposure of rat DCs to silica induced IL-4 production and Th2
polarization from rat spleen T cells co-cuitured with the DCs

Siica exacerbated M. tuberculosis infection by enhancing type 2 immunity.
1 Th2, M2, IL-10, and type 1 IFNs

2References are arranged chronologically. References are combined, if more than one papers from the same authors on the same topic are cited.
YAHR, airway hyper-reactivity; AOR, adverse outcome pathway; ARG, arginase 1; BAL, bronchoalveolar lavage; Breg, regulatory B cell; DC, dendritic cell; FIZZ1, found in inflammatory
zone 1; FOXPS, forkhead box P3; GATA-3, GATA-binding protein 3; HDM, house dust mite; IFN, interferon; Ig, immunoglobulin; IL, interleukin; ILC, innate lymphoid cell; iNOS,

inducible nitric oxide synthase; in.i, intranasal instilation; IRF, interferon regulatory factt

Pathologic effect

Inflammation,
fibrosis

Inflammation,
fibrosis

Inflammation,
fibrosis

Inflammation,
fibrosis

Inflammation,
fibrosis

Inflammation,
fibrosis

Puimonary &
cardiovascular
effects

AHR, inflammation

Granuloma, fibrosis,
AHR

Tumor promotion

Cancer growth &
metastasis

Allergic-lie
response to HDM

Alergic airway
response

Invitro M1/M2
polarization

Invitro phagocytosis

Inflammation,
fibrosis

OVA-specific
response

Inflammation,
fibrosis

Inflammation,
fibrosis

Inflammation,
fibrosis
Peritoneal
mesothelioma

Occupational
exposure
Inflammation,
fibrosis in mice
Silicosis

Airwiay fibrosis

Inflammation,
fibrosis.

Mesothelioma &
asbestosis

Inflammation,
fibrosis.

Inflammation,
fibrosis.

Peritoneal
mesothelioma

Invitro Th2
polarization

Tuberculosis

i, intratracheal instilation; M1, classicall activated macrophage; M2, alternatively

activated macrophage; MDSC, myeloid-derived suppressor cell; MHC, mejor histocompatibity complex; MWONT, multi-walled carbon nanotube; NDMA, N-nitrosodimethylemine;
p.a., pharyngeal aspiration; OVA, ovalbumin; PD-1, programed cell death protein 1; p.i, pharyngeal instilation; ST2, IL-1 receptor-lie 1; STAT, signal transducer and activator of
transcription; SWONT, single-walled carbon nanotube; TARC, thymus and activation regulated chemokine, CCL17; Th, T helper cell; Treg, regulatory T cell; TSLP, thymic stromal

lymphopoietin; w.b.i., whole body inhalation; Yam1, chitir

ise 3-like 3.
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Company

Product Name

Modified Hb

Indication

Status

Baxter

Biopure (later OPKbiotech,
now HbO2 Therapeutics)

Curacyte/Apex

Enzon

Hemarina

HemoBiotech
Hemosol

Northfield

Oxyvita Inc.

Prolong

Sangart

Somatogen

Synzyme

HemAssist (DCL-Hb)*

Hemopure (HBOC-201 and
HBOC-301)

PHP/Hemoximer*

PEG-HD*

M101

Hemotech
Hemolink*

PolyHeme*

OxyVita

Sanguinate

Hemospan (MP40OX)*

Optro*

SanFlow (PNPH)

Diaspirin crosslinked-hHb

Polymerized bHb

PEG-hHb

PEG-bHb

Arenicola marina Hb

Polymerized/conj. bHb
hHb oligomer

Polymerized hHb

Zerolink bHb polymer

PEG-bHb

mPEG-hHb

Recombinant hHb

Polynitroxylated PEG-hHb

Hemorrhagic shock

Canine anemia, hemorrhagic
shock

Shock with systemic
inflammatory response
syndrome

To increase tumor oxygenation
and enhance radiation and
chemotherapy.

Sickle cell anemia, hemorrhagic
shock

Acute blood loss
Cardiothoracic surgery

Trauma, bleeding disorder

Traumatic brain injury,
hemorrhage

Sickle cell disease,
vaso-occlusive crisis

Hemorrhagic shock, limb
ischemia

Cardiac surgery

Stroke, traumatic brain injury,
hemorrhagic shock

In 1999 failed Phase llI

HBOC-201 in expanded access
clinical trials, approved in

South Africa and Russia. Oxyglobin
(HBOC-301) approved for
veterinary use

In 2014 failed Phase Ill due to
increased mortality

Phase | completed then
development halted in 1998

In preclinical development
(Hemo2Life used for transplant
organ preservation)

Currently in or completed Phase |
Halted in 2003 after Phase Il safety
concerns, bankruptcy in 2005
Completed Phase Ill in 2007. BLA
failed in 2009 due to efficacy and
adverse effects

In preclinical development

Phase Il enrollment ended in 2017,
under analysis

Completed Phase lla, b in 2012,
Phase lic withdrawn. Shut down in
2013 after $260M-plus R&D
spending due to funding issues

In 2014 failed Phase Il due to
excessive vasoconstriction

In preclinical development

*Terminated Development, h = human, b = bovine. Adapted and updated from (45).
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Forward

AGTGAACTGCGCTGTCAATG
TGTAATGAAAGACGGCACACC
AGGGTTGCCAGATGCAATAC
TCCAGGGACAGGATATGGAG
'CCATCACCATCTTCCAGGAG

Reverse

CTTTGGTTCTTCCGTTGAGG
TCTTCTTTGGGTATTGCTTGG
GTGGATCCTGGCTAGCAGAC
TCACATTCAGCACAGGACT
ACAGTCTTCTGGGTGGCAGT





