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Abstract

:

Neutrophils and macrophages are major components of innate systems, playing central roles in inflammation responses to infections and tissue injury. If they are out of control, inflammation responses can cause the pathogenesis of a wide range of diseases, such as inflammatory disorders and autoimmune diseases. Precisely regulating the functions of neutrophils and macrophages in vivo is a potential strategy to develop immunotherapies to treat inflammatory diseases. Advances in nanotechnology have enabled us to design nanoparticles capable of targeting neutrophils or macrophages in vivo. This review discusses the current status of how nanoparticles specifically target neutrophils or macrophages and how they manipulate leukocyte functions to inhibit their activation for inflammation resolution or to restore their defense ability for pathogen clearance. Finally, we present a novel concept of hijacking leukocytes to deliver nanotherapeutics across the blood vessel barrier. This review highlights the challenges and opportunities in developing nanotherapeutics to target leukocytes for improved treatment of inflammatory diseases.
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1. Introduction


Inflammation is a host protection response to infections and tissue injury [1]. This process includes recognition, removal of harmful foreign objects and repair of damaged tissues, and it is a tightly regulated program which is essential for maintaining homeostasis. However, if this process is out of control, inflammation can cause tissue injury leading to various diseases. As an example, nonresolving inflammation results in tissue damage and metabolic disorders, thus, impairing organ functions. Sometimes, inflammation initiates tissue repair via the formation of fibrosis to maintain structural integrity, but this further aggravates tissue dysfunction [2]. Studies have revealed that inflammation is involved with the pathogenesis of diverse diseases, including infectious diseases [3], autoimmune disorders, atherosclerosis, neurodegeneration [4], metabolic syndromes, cancer and other chronic diseases [5].



Inflammation is involved with the activation and movement of neutrophils and macrophages. Neutrophils are also called polymorphonuclear cells and are the most abundant circulating white blood cells in humans with 50–70% of leukocytes being neutrophils [6]. Neutrophils have a short lifetime and are replenished from the bone marrow [7]. Neutrophils play a central role in the acute inflammation response. In case of tissue injury or pathogen invasion, neutrophils are rapidly activated in the bloodstream and are the first leukocytes to arrive at injured lesions. Infiltrated neutrophils eliminate pathogens and also initiate inflammatory cascades [8].



Macrophages are tissue resident immune cells and can be generated from monocytes in the blood after their activation and tissue infiltration. Macrophages also play a major role in regulating inflammation responses via the transition of their phenotypes. There are two phenotypes of macrophages. Typically, macrophages polarize to become a classically activated (M1) phenotype which promotes inflammation, but an activated phenotype (M2) terminates inflammation for tissue repair [9]. It has been shown that neutrophils and macrophages orchestrate with adaptive immune cells to regulate immune systems achieving a balance of inflammation and its resolution. Once danger molecules have been cleared, dead neutrophils can be eliminated by macrophages to return to homeostasis [10]. If this process fails, pathological conditions occur, resulting in uncontrolled cytokines release, tissue damage and immune disorders. This intricate role of neutrophils and macrophages in inflammation responses may be a novel target for developing therapeutic modalities to treat a wide range of inflammatory diseases.



Although neutrophils [11,12] and macrophages [13] are considered as therapeutic targets, specifically targeting them is still challenging because most drugs do not possess targeting properties. In addition, neutrophils and macrophages are involved in complex immune systems, thus, the non-selective actions of these innate immune cells may cause the systemic toxicity [14,15]. Nanomedicine for targeted drug delivery has received significant attention in recent decades because advances in nanotechnology enable us to rationally engineer nanomaterials. Nanoparticles have large surface areas and can be bioengineered for drug targeting and controlled drug release at the correct tissues in contrast to free drugs. Targeting neutrophils or macrophages using nanoparticles seems to have inherent advantages based on their host front-line defense and preference to interact with nanoparticles [16,17]. Nanoparticles can easily bind to or be taken up by immune cells via phagocytosis. Therefore, nanotherapeutics may precisely regulate the functions of neutrophils and macrophages.



In this review, we first provide a general overview of neutrophil and macrophage biology and their roles as potential therapeutic targets in inflammatory diseases. We then summarize and discuss immuno-targeting to neutrophils and macrophages by nanoparticles; these interactions are crucial for developments of nanoparticle-based immunotherapies. We illustrate an emerging nanomedicine that specifically targets neutrophils or macrophages for treating inflammation-associated diseases and regulating immune responses. Finally, we highlight some strategies for hijacking neutrophils and macrophages by nanoparticles to overcome biological barriers in treating inflammatory diseases and cancer.




2. Inflammation Responses


Neutrophils and macrophages originate from hematopoietic stem cells in the bone marrow. The differentiation and maturation of neutrophils and macrophages are complex processes, and they are both major contributors in inflammatory responses. When the host senses danger signals, endothelium and tissue resident sentinel cells (macrophages) regulate the production of neutrophils and monocytes via cytokines, such as granulocyte macrophage-colony stimulating factor (GM-CSF). Neutrophils are then released from the bone marrow into the circulation to chase danger signals. Later, monocytes infiltrate into tissues and subsequently differentiate to macrophages in order to phagocytose dead neutrophils and other dead cells for tissue repair. These movements of neutrophils and monocytes are strongly regulated through adhesion molecules (selectins, cadherins, and integrins) between leukocytes and the inflamed endothelium, and are followed by extravasation into local tissues via chemotaxis [18].



Once on site, neutrophils promptly perform their duty to kill pathogens via phagocytosis and granule secretion. The processes include the release of reactive oxygen species (ROS), hydrolytic enzymes and other antimicrobial proteins/peptides, chemokines, cytokines and lipid mediators [19]. Another feature of neutrophils is neutrophil extracellular traps (NETs) which are comprised of a complex of chromatin filaments (DNA) and neutrophil-derived antimicrobial molecules (histones and proteases) [20]. The purpose of NETs is to kill pathogens (such as bacteria), but studies have shown that they cause proinflammatory responses, including overwhelming activation of neutrophils and monocytes. Persistent and intensive inflammatory responses may lead to the long-term production of proteolytic enzymes that results in tissue damage.



By contrast, macrophages are distributed in most tissues [21,22]. Macrophages are immune sentinel cells that are capable of responding to tissue injury and pathogen invasion [23]. In addition, extravasated monocytes are a vital source of macrophages for homeostasis and inflammation responses. Macrophages are highly plastic cells and differentiate with different functions in response to the changes in the environment. During inflammation, macrophages polarize to become an M1 phenotype that produces pro-inflammatory cytokines and chemokines (TNF-α, IL1-β, IL-12, etc.) and promote adaptive immunity [24]. Conversely, an M2 phenotype is involved in the resolution of inflammation for tissue repair and remodeling by anti-inflammation cytokines, chemokines and growth factors (IL-10, TGF-β, CCL18 etc.) [25]. Such phenotypic shift is determined by an M1/M2 ratio which is temporal and spatial, therefore, this ratio is a measurable factor to evaluate inflammation resolution.



Neutrophils and macrophages are highly heterogeneous. Their phenotypes are strongly associated with specific diseases and ageing. Recent studies have demonstrated that ageing is the cause of neutrophil heterogeneity and dysfunction [26] and this is also the case for macrophages [27]. Advancements in understanding the complex networks of neutrophils and macrophages have shown that neutrophils [28] and macrophages [29] are key regulators in metabolic diseases, autoimmune diseases and inflammatory disorder diseases. The functions of neutrophils and macrophages in the inflammatory response are summarized in Figure 1.



2.1. Acute Inflammation


Acute inflammation is characterized by the fast recruitment of leukocytes and production of inflammatory mediators after infection or injury. This acute phase is short-lived (days to weeks) and it is sometimes self-limited to allow immune cells to eliminate hazards whilst avoiding excessive tissue damage. Dysfunction of neutrophils and macrophages may cause acute inflammatory diseases, such as sepsis [30] and stroke [4].



Sepsis is a life-threatening systemic organ dysfunction caused by a dysregulated host response to infection. Studies have shown that paralysis of neutrophils is a key cause of sepsis. Neutrophils are inefficient at clearing pathogens [31] or accumulation in infected tissues [32]. Even worse, they continuously release proteolytic enzymes that induce systemic tissue damage and multiorgan failure [33]. Malfunctions of neutrophils cause the loss of neutrophils as “fighters” to attack pathogens in sepsis. Macrophages have a different response in sepsis. Macrophages differentiate to the M2 phenotype and develop the lipopolysaccharide (LPS) resistance [34], thus suppressing adaptive immune responses.



Ischemic stroke is a severe acute brain disease. Ischemia is an event in which blood vessels are occluded in the brain, leading to the sudden disruption of blood circulation. Reperfusion is a clinical tool to stimulate blood flow back to the brain, but this process causes brain damage. Ischemia/reperfusion (I/R) injury in the brain is strongly associated with acute inflammation. In ischemia, neutrophils are quickly recruited to ischemic sites [35], and platelets interact with activated neutrophils to increase vessel occlusion [36]. Reperfusion causes an increase in oxygen in the tissue which generates more ROS, leading to tissue damage [37]. Depletion of neutrophils has been shown to provide benefits in cases of ischemic stroke, suggesting that neutrophils play a central role in ischemic stroke [36]. Macrophages also contribute to ischemic stroke. The resident macrophages in the brain (termed microglial cells) are activated within minutes of ischemia onset and produce a plethora of proinflammatory mediators, including IL-1β and TNF-α, which exacerbate tissue damage [38,39]. However, peripheral monocytes/macrophages contribute to the later stages of ischemic stroke. They infiltrate into the lesion site peaking at 3 to 7 days. These infiltrated macrophages demonstrate both harmful roles and beneficial roles in ischemic stroke depending upon the timing of post-stroke and the polarization states of macrophages [40].




2.2. Chronic Inflammation


Inflammation could become chronic when it persists for a long time (months or years) and the host enters a new self-sustaining stage. Chronic inflammation is an unresolving inflammation response caused by persistent inflammatory stimuli. The host reaches a new homeostasis level, but it completely fails in resolution of inflammation. Chronic inflammation underlies many diseases, and studies have shown that dysfunction of neutrophils [11] and macrophages [41] play a major role in contributing to chronic inflammation.



Low-grade inflammation is identified as a pathogenesis in insulin-resistance obesity and type 2 diabetes [42]. Swollen and massive adiposes in obesity represent the onset of stress signaling pathways and increased death of adipocytes; their death offers a sustainable inflammatory environment. It has been found that macrophage markers are significantly increased in the adipose tissues of obese animals compared to those in lean animals [43]. Infiltrated macrophages are activated, and the majority are of the M1 phenotype, releasing pro-inflammatory cytokines. This transition causes insulin resistance. Neutrophils are also recruited to adipose tissues in obesity [44]. It is interesting that neutrophils release elastases that contribute to the transition of M1 macrophages. In addition, increased oxidative stress by neutrophils causes insulin signaling attenuation [45].



Neutrophils and macrophages are also involved in chronic pulmonary diseases. The M2 phenotype of macrophages produces TGF-β/IL-10 that remodels lung tissues, leading to lung fibrosis [46,47]. Neutrophils and M1 macrophages are also accomplices that instigate inflammation and tissue injury. They secrete pro-inflammatory mediators (such as TNF-α, IL-1β and NO), which increase DNA damage and mucus secretion to accelerate airway remodeling [48,49]. Recent studies have shown that the polarization of macrophages is strongly associated with the severity of chronic obstruction pulmonary disease (COPD). The percentages of M1 and M2 are significantly increased in COPD patients compared to healthy people [50]. This study indicates that M1 and M2 may be biomarkers for diagnosing COPD.



An autoimmune disease is a condition in which the host immune system mistakenly attacks itself. For example, neutrophil derived NETs contain plenty of DNA and proteins in the bloodstream, and they can be considered to be autoantigens that activate dendritic cells [51]. Inhibition of signaling pathways of NETs has been shown to elicit a reduction in lupus severity in mouse models [52], indicating that NETs are a pathogenesis of autoimmune diseases. Furthermore, macrophages transform to the M1 phenotype, promoting the antigen presentation to assist T cells which underlies autoimmune disorders.



It has been shown that ageing is strongly linked to chronic inflammation, named “inflammageing”. This inflammageing is involved with the senescence of neutrophils [53,54] and macrophages [55]. Neurodegenerative diseases are a representative example in which age-associated aggregated proteins in neurons induce the inflammation response. Microglia (macrophages in the brain) in Alzheimer’s disease (AD) patients secrete more pro-inflammatory cytokines [56] and have defects in phagocytosis of β-amyloid (Aβ) [57]. Neutrophils are found to accumulate in the brain and release NETs around Aβ sites, leading to negative outcomes [58].



Identification of neutrophils and macrophages in different phenotypes and functions linked to inflammation-associated diseases provides potential targets for pharmacological interventions. However, current technologies lack the specificity and targeting features to precisely manipulate neutrophils or macrophages in situ. The reasons for this are that neutrophils and macrophages have similar surface markers, and it is challenging to find a time window to target them without affecting the systemic immune functions of the host. Development of new and novel technologies and approaches are needed.





3. Immuno-Targeting by Nanoparticles


Nanotechnology has changed biomedical research and medicine because drug delivery systems based on nanotechnology have the potential to transform traditional medicine into precision medicine and nanomedicine [59,60,61,62,63]. While nanoparticle-based therapeutics have been studied in cancer for improved tumor targeting, the interactions between nanoparticles and immune systems are infantile and interesting areas because blood immune cells represent the first line of contact for intravenously administered nanoparticles. Understanding the interactions between nanoparticles and immune cells is important to develop immunotherapies and anti-inflammation therapies using nanotechnology.



3.1. Nanoparticle Passive Targeting Immune Cells


Neutrophils account for 50–70% of circulating leukocytes in humans [6]. Neutrophils are involved with the phagocytosis of pathogens and exogenous particles [64]. Nanoparticles are inevitably tagged by plasma proteins and complements when they circulate in the blood [65,66]. These features may allow neutrophils to easily and frequently come into contact with administrated nanoparticles.



Macrophages are the main components in various tissues and organs [67] and they are also present close to blood vessels [68]. Perivascular macrophages exist in both healthy [69] and diseased [70] tissues. The locations of macrophages control nanoparticle permeation to tissues, even though the nanoparticles have crossed a blood vessel layer. Such tissue structures have been observed in the brain [71], pancreas [72], kidney [73] and testis [74]. A recent study has shown that even in tumor tissues 70.4% of tumor blood vessels contained perivascular tumor-associated macrophages (TAMs) [75]. When nanoparticles were delivered to tumor tissues, nanoparticle uptake by TAMs was seven to 38 times higher than that by tumor cells, regardless of whether nanoparticles had active targeting ligands or not.



In fact, physicochemical properties of nanoparticles affect their uptake by immune cells to a large extent. Nanotechnology enables us to design nanoparticles with different sizes, charges, shapes, and surface chemistry. Understanding how these parameters affect the interactions of nanoparticles with neutrophils or macrophages is critical for developments in nanoparticle-based immunotherapy and optimization of nanoparticle cell targeting.



Studies of size-dependent nanoparticle uptake revealed that neutrophils more efficiently internalized large nanoparticles than small ones in the range of 20 nm to 200 nm [76]. This is an interesting observation that is different from the design of smaller nanoparticles for improved tumor therapies based on enhanced permeability and the retention effect present in tumor microenvironments [77,78].



The nanoparticle’s shape is another factor that influences nanoparticle phagocytosis. A recent study showed that neutrophils preferentially phagocytosed elongated particles compared to macrophages [79]. This selectivity of nanoparticle uptake was related to the higher motility and lower energy barrier of actin transformation in neutrophils when they engulfed elongated particles. Such preference of nanoparticle uptake may offer a method to selectively target neutrophils in vivo.



The surface chemistry of nanoparticles is also important in regulating neutrophil nanoparticle uptake. Bisso et al. [76] found that human serum reduced neutrophil uptake of poly(styrene) nanoparticles and liposomes, but increased uptake of poly(lactic-co-glycolic acid) (PLGA). However, the molecular mechanism responsible is not clear. In addition, PEGylation is used to increase nanoparticle circulation time, but a recent study showed that applying a PEG coating to nanoparticles enhanced neutrophil phagocytosis when nanoparticles were in serum. This observation may be linked to particular human complement proteins [80].



Similar to neutrophils, macrophages prefer internalization of large nanoparticles compared to small nanoparticles [81]. The shape of nanoparticles can also influence their uptake by macrophages. This shape dependence may be associated with actin transformation on the cell membrane [82] and the hydrodynamics of nanoparticles [83]. Size- and shape-dependent nanoparticle uptake has been heavily studied [82,84], but the molecular mechanism still remains controversial and further elucidation is needed.



The surface charge and coating of nanoparticles determine their hydrophobicity and steric effect. These features may dramatically affect nanoparticle uptake because protein adsorption to nanoparticles governs the trafficking of nanoparticles in vivo [85,86]. For example, highly charged nanoparticles are more easily taken up by macrophages compared to neutral nanoparticles [81,87]. This is because there are strong electrostatic interactions between nanoparticles with cell membranes or plasma proteins after nanoparticles are intravenously administered. The complement proteins adsorbed to the nanoparticle surface may amplify the phagocytosis of macrophages.



Elasticity is also a key parameter known to modulate macrophage phagocytosis. Roberto et al. [88] chose the elasticity of nanoparticles from 100 kPa (soft) to 10 MPa (rigid), revealing that soft nanoparticles decreased cellular uptake by bone marrow derived monocytes by five times compared to rigid nanoparticles. They also found that particles with a bending stiffness higher than the cells were less efficient in their internalization. Similar studies further supported that nanoparticle elasticity governs nanoparticle uptake by macrophages via unique interactions between cell membranes and nanoparticles [89]. The stiffness and softening of nanoparticles determine ligand–receptor interactions and cell membrane wrapping, which, in turn, modulate their cellular binding and internalization rates.




3.2. Nanoparticle Active Targeting Immune Cells


Decorating nanoparticles with ligands that bind to neutrophil and macrophage surface receptors can improve the selectivity of nanoparticles. Although no active targeted nanoparticles are clinically available, numerous preclinical studies have demonstrated a better affinity and selectivity of active targeted nanoparticles than their passive counterparts. There is a broad spectrum of targeting ligands being investigated for neutrophil and macrophage targeted delivery.



Activated neutrophils change their surface receptor expression levels. Nanoparticle targeting to these receptors may be a novel strategy to specifically target neutrophils. CD11b belongs to a family of integrins and is highly expressed on activated neutrophils [18]. The anti-CD11b antibody can be employed as a high affinity ligand for nanoparticle targeting to activated neutrophils. Anti-CD11b coated nanoparticles increased neutrophil uptake in vivo by 10 times compared to non-targeting nanoparticles [90]. The Fcγ receptor is another receptor highly expressed on adherent neutrophils during inflammation and vascular diseases [91]. The binding of Fcγ receptors with IgG-opsonized particles and denatured protein nanoparticles mediated the neutrophil endocytosis of nanoparticles [92] for specifically delivering therapeutics adherent neutrophils [93].



There are more ligands of active cellular targeting for macrophages than neutrophils, as macrophages contain many scavenger receptors involved in receptor-mediated endocytosis. CD163 is one of the cysteine-rich scavenger receptors expressed on M2-like macrophages and plays a role in the resolution of inflammation [94]. Anti-CD163-linked nanoparticles were utilized to target CD163-overexpressed TAM [95]. CD206, a mannose receptor, is a C-type lectin presenting on the surface of macrophages. It plays a vital role in the recognition of pathogens via its pattern recognition domain [96]. Mannosylated nanoparticles have been commonly used for the active targeting of macrophages and have been shown to enhance their cellular uptake [97]. Other receptors and proteins expressed on macrophages include a folate receptor, a glucan receptor and legumain. Nanoparticles modified with folic acid [98], glucan [99] and alanine–alanine–asparagine peptides [100] were widely employed for macrophage targeting in experimental models and have enhanced therapeutic efficacy.



Precise targeting to neutrophils and macrophages is still challenging. The off-target effects may lead to systemic toxicity. Therefore, understanding the interactions between immune cells and nanoparticles and identifying biomarkers of subpopulations in immune cells are important in designing nanoparticles for clinical translation.





4. Nanoparticles for Anti-Inflammation Therapy


There are two essential objectives in anti-inflammation therapy: (1) suppressing overactive inflammatory responses to avoid self-damage; (2) restoring cellular functions to homeostasis. For these purposes, nanoparticles are designed to specifically target activated neutrophils or macrophages to control their activation and tissue infiltration for inflammation resolution. Nanoparticles also regulate the phenotype transition and secretion of immune cells. We will discuss several examples to illustrate immune regulations using nanoparticles.



4.1. Regulating Immune Cell Transmigration


Neutrophil tissue infiltration is a major source that drives inflammatory responses. If this movement is out of control, infiltrated neutrophils induce tissue damage. Therefore, regulating neutrophil recruitment may be a novel strategy to treat inflammatory diseases. However, drugs can not specifically target activated neutrophils in situ. Wang and colleagues [93] employed albumin nanoparticles to target activated neutrophils in the bloodstream and delivered piceatannol, a small molecule that blocks “outside-in” β2 integrin signaling pathways in leukocytes. The studies further showed that albumin nanoparticle uptake by neutrophils adherent to inflammatory endothelium was dependent on Fcγ receptors highly expressed on activated neutrophils. This approach effectively detached adherent neutrophils from the endothelium compared to free piceatannol, thus preventing neutrophil infiltration. Similarly, Tang et al. [101] was inspired by the platelet–neutrophil interaction in the inflammation response to generate platelet membrane-coated superparamagnetic iron oxide nanoparticles that can target activated neutrophils. They delivered piceatannol using nanoparticles to acute ischemic stroke tissues. The platelet membrane coated nanoparticles selectively targeted to activated neutrophils via the binding of P-selectin on platelets to P-selectin glycoprotein ligand-1 (PSGL-1) on activated neutrophils. This approach decreased neutrophil infiltration, thus preventing neuroinflammation. Interestingly, targeting to the inflammatory endothelium to block neutrophil–endothelium interactions is an alternative strategy to inhibit neutrophil infiltration [102].



Targeting signaling pathways of recruitment of monocytes/macrophages is another robust approach for anti-inflammation therapies. The chemokine C-C motif receptor 2 (CCR2) is a regulator for chemotaxis in monocytes and their release from bone marrow and spleen. A lipid-based nanoparticle has been used to deliver siRNA to silence CCR2 [103]. These studies showed that nanoparticles mainly accumulated in spleen, and selectively inhibited the migration of inflammatory monocytes rather than noninflammatory monocytes. This strategy showed the benefit to a wide range of diseases including cardiovascular diseases, cancer, and transplant rejection.




4.2. Depleting Immune Cells Using Nanoparticles


During inflammation, granulopoiesis and monocytopoiesis accelerate, resulting in an increase in the number of neutrophils and macrophages in circulation. An overwhelming number of immune cells has the potential to cause inflammatory disorders. Precisely regulating the numbers of neutrophils or macrophages is a new strategy to treat inflammatory disorders.



Apoptosis is a pathway to program cell death to maintain a constant number of neutrophils in bloodstream. This natural cell death is a molecular mechanism to preserve the immune homeostasis. However, inflammation responses rapidly increase the number of neutrophils in circulation, and the longevity results in vascular occlusion and neutrophil infiltration. Finally, it causes inflammatory diseases. Therefore, specifically targeting these activated neutrophils and controlling their numbers at the homeostatic level may be a novel strategy to treat inflammatory diseases.



In one study, (R)-roscovitine delivery by polymersomes to neutrophils was dependent on scavenger receptors [104]. The polymersomes subsequently escaped the early endosomes through a pH-triggering disassembly of polymersomes that allowed delivery of R-roscovitine into the neutrophil cytosol without causing cellular activation. The R-roscovitine promoted neutrophil apoptosis leading to resolution of inflammation. Wang’s group developed a doxorubicin (DOX) conjugated bovine serum albumin nanoparticle (DOX-hyd-BSA) which selectively delivered DOX into activated neutrophils (Figure 2) [105]. This nanoparticle formulation induced neutrophil apoptosis and prevented inflammation responses. Notably, this approach increased mouse survival in sepsis and prevented brain damage in cerebral ischemia/reperfusion without suppressing systemic immunity.



Clodronate liposomes are the most commonly used formulations for macrophage depletion, developed by van Rooijen and colleagues early in 1990s [106]. Because of the nature of liposomes phagocytized by macrophages, clodronate liposomes can specifically deplete macrophages via an ATP-dependent mechanism. Clodronate liposomes have demonstrated effectiveness in depleting macrophages in inflammatory diseases of animal models [107,108,109,110]. However, complete removal of macrophages in the immune system may increase the risk of infections and dysfunction to systemic immunity [111]. Local administration of drugs may be a strategy to eliminate macrophages in certain tissues/organs, thus minimizing systemic toxicity. Doxorubicin (Dox) conjugated with CdSe/CdS/ZnS quantum dots was directly delivered to the lung via inhalation. Dox induced the apoptosis of alveolar macrophages and significantly prevented lung inflammatory injury [112]. Similarly, methotrexate (MTX)-loaded nanomicelles made of polycaprolactone-polyethylene glycol-polycaprolactone (PCL-PEG-PCL) triblock copolymer, formed a transdermal hydrogel and showed improved pharmacokinetics in treating rheumatoid arthritis. This formulation reduced hepatotoxicity and immunotoxicity [113].



Local administration of drugs is not feasible for most inflammatory diseases, such as cardiovascular and metabolic disorders, brain diseases and cancer, because drugs lack tissue penetration abilities after systemic delivery. However, systemic delivery of drugs requires delivery systems to have tissue specificity. Tang and his colleagues loaded simvastatin to high-density lipoprotein (S-HDL) nanoparticles and the nanoparticles suppressed atherosclerotic plaques in apolipoprotein E–deficient mice [114]. They found that S-HDL did not change the properties of macrophage recruitment, but interestingly observed that S-HDL inhibited the proliferation of macrophages in atherosclerotic plaques to control the inflammation response. In addition, targeting macrophages via their surface receptors is another strategy to manipulate macrophage functions. For instance, anti-PD-L1-conjuated lipid nanoparticles showed enhanced uptake by PD-L1 overexpressed TAMs and the nanoparticles loaded with the small-molecule CDK5 inhibitor, dinaciclib, dramatically killed TAMs in tumor microenvironments [115]. Nanoparticles were conjugated with mannose and protected with an extracellular pH-sensitive agent. When nanoparticles were at acidic tumor microenvironments, mannose was exposed to increase the uptake of TAMs. Using these nanoparticles, TAMs can be specifically depleted [116].




4.3. Controlling Cellular Phenotypes


Neutrophils are heterogeneous and highly plastic. The concept of neutrophil phenotypes has not been recognized for a long time since they are terminal cells and have a short lifespan [18]. However, comprehensive studies have discovered granulocytic myeloid-derived suppressor cells (G-MDSCs) in tumor microenvironments [117], and there were two phenotypes with anti-inflammatory or immunosuppressive features. They are called N1 for pro-inflammatory neutrophils and N2 for anti-inflammatory neutrophils [118]. It is still a controversial topic how to classify neutrophil populations. The role of these cells in inflammatory disease is still unclear. MDSCs play a double-edged role in inflammation-mediated diseases. MDSCs appeared to exacerbate [119] or to prevent [120,121] disease progression in autoimmune disorders.



Evidence supports that the phenotypes of neutrophils are dependent on the disease progress [118,122,123,124,125,126]. This property may provide the possibility to control neutrophil phenotypes for the treatment of inflammatory diseases. Current studies in this area are limited, and it may be useful to apply nanotechnologies to reprogram neutrophils to treat cancer and inflammatory diseases. In the future, new methods capable of determining biomarkers of subpopulations of neutrophils for their classification in healthy or pathologic conditions need to be developed [26,127,128,129], and these analyses will enable the rational design of targeted therapies.



Phenotypes of macrophages have been extensively studied. Specifically, pro-inflammatory mediators, such as LPS, IFN-γ and TNF, toll-like receptor 4 (TLR4), drive macrophages to transform to the M1 phenotype. A novel class of hexapeptides-gold nanoparticle hybrids were recently reported to inhibit TLR signaling pathways in macrophages [130,131,132]. The authors found that hydrophobicity and aromatic ring structures of amino acids in the peptides were essential for modulating TLR4 responses. This approach may tune the inhibition of TLR4. Another study revealed that nanohybrids induced the polarization of alveolar M2 macrophages, but reduced M1 macrophages in an acute lung injury model [133].



Transformation of M2 phenotypes can be stimulated by interleukin 4 and 13 (IL-4 and IL-13), therefore, IL-4 or IL-13 may be therapeutics for anti-inflammation and tissue repair. Raimondo and Mooney [134] injected gold nanoparticles conjugated with IL-4 into injured murine skeletal muscles and found that the muscles were repaired and the muscle force increased by 40% compared to the treatment with vehicles. The therapeutic effect is associated with the polarization of M2 macrophages. This feature was not observed in the treatments with soluble IL-4 and depletion of macrophages, suggesting the importance of phenotypic regulation for tissue repair.



Studies have also shown that nanoparticles can regulate genetic expression [135] and intracellular calcium [136] to manipulate the polarization of macrophages for anti-inflammation. Priming M2 macrophages is a novel method to increase their efferocytosis to initiate the resolution phase of inflammation. In a previous study, nanoparticles were comprised of a poly(lactide-co-glycolide) as a core and a coating with phosphatidylserine (PS)-supplemented cell plasma membrane (PS-MNP) to mimic the apoptotic cell surface [137]. The macrophage engulfment of these nanoparticles elicited the polarization of M2 macrophages, and subsequently, inflammation was reduced via the NF-κB pathway. It should be noted that transition to the anti-inflammatory phenotype (M2) is not universal for anti-inflammation. For example, in a severe infection, nanoparticles that promoted the activation of M1, but inhibited the M2 phenotype showed an anti-infection benefit [138]. This dilemma between M1 and M2 in anti-inflammation requires further investigation.




4.4. Regulating Cellular Functions


NETosis is a form of neutrophil death characterized by the release of decondensed chromatin and granular contents to the extracellular space. Specifically, NETosis is initiated by activation of NADPH oxidase that produces reactive oxygen species (ROS). ROS activates protein-arginine deiminase 4 (PAD4) to convert arginine to citrulline on histones, which induces chromatin decondensation [139,140,141]. NETosis contributes to acute and chronic inflammatory disorders [141,142]. Targeting the NETosis pathways may be a novel strategy to block NETs-mediated pathologies [52,143,144]. Nanoparticle-based delivery systems offer tools to target NETosis for improved therapies. Sivelestat, an inhibitor of NETs, delivered by inter-bilayer-crosslinked multilamellar vesicles (ICMVs) rescued mice from the LPS-induced endotoxic shock [145]. Another study showed that nanoparticles coated with murine siglec-E ligand, α 2,8-linked sialic acid residues, can target Siglec receptors, thus decreasing the inflammation response [146]. Interestingly, an α 2,8-sialylated nanoparticle inhibited ROS in neutrophils, thus decreasing the formation of NETs [147]. Although NETs are complex and the molecular mechanisms are not fully understood, current studies have shown promise for targeting NETs for anti-inflammation therapies.



Tumor necrosis factor α (TNF-α) is a potent cytokine that initiates an inflammatory cascade and severe tissue damage. Targeting macrophages using nanoparticles to silence TNF-α is widely reported to reduce inflammation in rheumatoid arthritis (RA), intestinal inflammation/injury and LPS-induced inflammation. Nanoparticles are usually coated with ligands that target macrophages and nanoparticles incorporate siRNA that silences the TNF-α gene. These formulations can inhibit the inflammation response in macrophages [148,149,150,151]. Some nanoparticles have been designed for oral delivery of siRNA to silence TNF-α via targeting intestinal macrophages [152,153,154].



Macrophages also play a major role in the pathogenesis of obesity, atherosclerosis and diabetes. For example, Luo et al. [155] developed cationic lipid-assisted PEG-b-PLGA nanoparticles (CLAN) loaded with a plasmid encoding a guide RNA of Ntn1 (sgNtn1), thus specifically manipulating macrophages. Using this approach, nanoparticles improved the therapy of type 2 diabetes in a mouse model.





5. Restoring Immune Functions Using Nanoparticles


Neutrophils and macrophages are immune sentinel cells that attack pathogens and repair damage to the host. It is important to regulate their functions for specific purposes.



5.1. Restoring Neutrophil Functions


Cancer is strongly associated with immunosuppressive environments because there are a large number of infiltrated neutrophils. These neutrophils lose their ability to kill tumor cells instead of promoting tumor progress. They are called tumor-associated neutrophils (TANs). Intense studies have shown that TANs are regulated by the IL-23–IL-17 axis and CXCR2 [156,157,158,159], therefore they are potential targets for cancer immunotherapies. Although targeting of TANs has been proposed to treat cancer [160], it is challenging to specifically target them due to blood vessel barriers and cell specificity [161,162,163].



Severe infections and sepsis derail normal neutrophil functions. For example, aging causes defects in neutrophils’ abilities as a host defender, so neutrophils lose ability to clear pathogens. Most importantly, the role of “bystanders” caused more tissue damage in elderly individuals [164]. Another interesting study showed that targeting CXCR2 pathways in neutrophils increased mouse survival from sepsis because the IL-33 cytokine restored neutrophil recruitment, clearing bacteria [165]. In a recent study, PLGA nanoparticles were employed to deliver curcumin. Curcumin is a sarcoplasmic/endoplasmic reticulum calcium pump (SERCA) inhibitor that induces endoplasmic reticulum (ER) calcium release [166]. The results showed that nanoparticle formulations restored neutrophils ability to generate intracellular ROS that reactivated the neutrophil’s antibacterial ability to treat a chronic granulomatous disease.




5.2. Reactivating Macrophage Immunity


Tumor-associated macrophages (TAMs) play a key role in tumor resistance, so targeting TAMS is a novel strategy for tumor immunotherapy [167]. The axes of CD47-signal regulatory protein α (SIRPα) and macrophage colony stimulating factor (MCSF)-colony stimulating factor 1 receptor (CSF1-R) between cancer cells and macrophages are important in inhibiting tumor killing by TAMs. Ramesh and colleagues developed a lipid-based nanoparticle loaded with two inhibitors to target TAMs [168]. They found that nanoparticles activated macrophages and enhanced their phagocytosis. To specifically target M2 macrophages, they conjugated antibodies (CD206, a marker of M2) to nanoparticles. The results showed that nanoparticles repolarized macrophages and dramatically decreased tumor growth.



Intracellular infections in macrophages are difficult to treat because pathogens impair macrophage functions. Targeting infected macrophages using nanoparticles is proposed to eliminate intracellular pathogens. Bose and colleagues employed apoptotic bodies (ReApoBds) derived from cancer cells as “nano decoys” to deliver vancomycin into macrophages, highlighting its effective intracellular bacteria killing ability [169]. Figure 3 shows the current approaches and technologies used to target neutrophils and macrophages using nanoparticles to improve the therapies of inflammatory diseases.





6. Delivery of Nanotherapeutics via Leukocytes


Cell-mediated delivery of therapeutics has emerged as a great potential drug delivery tool because cells possess tissue targeting mechanisms and overcome biological barriers that are faced by synthetic nanoparticle drug delivery systems [90,161]. There are two methods: (1) hijacking leukocytes in vivo to deliver nanotherapeutics; (2) loading nanoparticles to leukocytes in vitro, then infusing the leukocytes back to animals. We will discuss each approach and their advantages and disadvantages.



6.1. In Situ Hijacking of Leukocytes to Deliver Nanotherapeutics


Neutrophils and macrophages have the ability to spontaneously migrate to inflamed tissues, therefore, their tropism allows for the delivery of therapeutics to injured tissues if nanoparticles specifically bind to neutrophils or macrophages in situ. This approach allows us to escape the complicated cell isolation and in vitro cellular loading of nanotherapeutics, but requires the nanoparticles to specifically interact with the targeted leukocytes in vivo.



Chu et al. for the first time reported that neutrophils transported bovine serum albumin (BSA) nanoparticles across blood vessel barriers after neutrophils specifically internalized nanoparticles in vivo [170]. BSA nanoparticles loaded with an NF-κB inhibitor, (2-([aminocarbonyl]-amino)-5-(4-fluorophenyl)-3-thiophenecarboxamide) (TPCA-1) or an antibiotic, cefoperazone acid (Cefo-A), enhanced drug delivery in the lung, thus alleviating acute lung inflammation/injury and lung infection by P. aeruginosa, respectively. In addition, Zhang and colleagues showed that tripeptide Pro-Gly-Pro (PGP)-modified poly-L-lysine (DGL) nanoparticles delivered catalase (CAT) to the brain for therapy of ischemia stroke [171]. In the study, they showed that neutrophils took the nanoparticles through binding of PGP to the CXCR2 receptor, and neutrophils transported nanoparticles to inflammatory sites of ischemia stroke.



Monocytes/macrophages have a low percentage of leukocytes, therefore, targeting monocytes/macrophages may not be an efficient method to deliver nanotherapeutics. A study showed that cyclic arginine-glycine-aspartic (cRGD) peptide-modified liposomes delivered a neuroprotective agent, edaravone (ER) to the brain through the transmigration of neutrophils and monocytes. [172].



Drug release from nanoparticle-laden leukocytes after they arrive at targeting sites is complicated. Several studies have suggested nanoparticle release via intercellular transport [172] and cell death [173,174]. Successful delivery of nanotherapeutics via leukocytes is important to maintain cell movement ability before they arrive at targeting sites, but precise investigation into this question is needed in the future.




6.2. Nanoparticle-Laden Leukocytes In Vitro


To increase drug loading in leukocytes and maintain cellular functions, nanoparticles are used to protect drug release in leukocytes. Studies have used liposomes that were co-incubated with neutrophils in order to obtain nanoparticle-laden cells, and the cells were intravenously administered to animals for treatment of atherosclerosis [175] and rheumatoid arthritis [176]. These studies lacked rigorous investigation into whether nanoparticle-laden leukocytes maintain cellular movements to targeting sites and whether they compete endogenous leukocytes [162,163].



Decoration of nanoparticles on the cell surface without influencing cell functions is a new approach to develop cell-based therapeutics. Specifically, a cell backpack has been designed to attach nanoparticles onto the macrophage surface but prevents their internalization. These cell backpacks are made from multilayer polymer nanoparticles that can have cell adhesion, drug loading and controlled release properties. The backpacks have exhibited significant prolonged retention after they were adherent to the macrophage surface without internalization compared to spherical counterparts [177]. Interestingly, the backpacks on monocytes/macrophages successfully delivered anti-inflammatory agents to inflamed organs [178,179]. In addition, Shields and colleagues developed a backpack that robustly adhered to the macrophage surface for several days and regulated cellular phenotypes in vivo [180]. In the study, they incorporated IFN-γ in a polyvinyl alcohol (PVA) layer between PLGA and further attached these prepared backpacks onto macrophages through a cell-adhesive layer. Sustained release of IFN-γ promoted the M1 macrophage phenotype, leading to a reduction in metastasis and tumor growth.





7. Immunotoxicity in Leukocytes of Nanoparticle Uptake


Current studies are focused on how nanoparticle-based therapeutics target leukocytes and regulate leukocyte functions for improved immunotherapies in a wide range of diseases. However, investigations into whether nanoparticles themselves initiate inflammatory responses are lacking. Neutrophils and macrophages express high levels of pattern recognition receptors (PRRs). If nanoparticles bind to PRRs, they may trigger inflammatory responses. When nanoparticles circulate in the bloodstream, they are quickly coated with proteins. The corona proteins on nanoparticles act as nanoparticle-associated molecular patterns (NAMPs) to initiate pro-inflammatory responses [17,181,182]. One study has indicated that nanoparticles with protein mimics [183] bound to toll-like receptors (TLRs) result in inflammatory responses [184,185]. Although some studies have claimed that there is less of an influence of nanoparticle uptake on the functions of neutrophils [90,186] and macrophages [187], the experimental conditions (such as nanoparticle concentrations and material compositions) may be critical. Therefore, further investigation in the future is needed.



NETosis is a hall marker of neutrophil activation and has the potential to cause immunotoxicity. It has been found that nanoparticle sizes and shapes are critical factors for formation of NETs [141,188]. As an example, small-size nanoparticles (10–40 nm) quickly damaged (<20 min) plasma membranes and the lysosomal compartment, leading to the formation of NETs, whereas particles sized with 100–1000 nm did not cause NETs [189].



The material properties of nanoparticles may be effective for neutrophil functioning. Catherine et al. [64] found that drug-free carboxylate-modified particles were rapidly sequestered by neutrophils within the bloodstream and hindered neutrophil adhesion to the inflamed mesentery vascular wall. In a model of acute lung injury, these nanoparticles reduced neutrophil accumulation in the airways, diverting neutrophils to the liver. There are two possible explanations for this phenomenon: (1) the nanoparticles induced neutrophil apoptosis and recalled them back to recycling organs; (2) the nanoparticle induced local inflammation in liver that redistributed neutrophils. It is not clear what molecular mechanism regulates the neutrophil uptake of nanoparticles. This nonspecific neutrophil binding to nanoparticles may be associated with concentrations of administered nanoparticles, and further investigation is needed. Inflammation was decreased using poly(DL-lactide-co-glycolide) (PLG) nanoparticles [190,191], but similar nanoparticles formed from 50:50 PLG with low molecular weight (PLG-L), high molecular weight (PLG-H) and poly(DL-lactide) (PDLA) showed inefficiencies in ameliorating inflammatory responses [192]. The mechanism is not fully understood.



Similar studies have been performed in macrophages. A recent study revealed that uptake of gold nanoparticles was strongly dependent on macrophage phenotypes. The results demonstrated that “regulatory” M2 phenotype macrophages expressing higher CD163 markers took up more nanoparticles. Interestingly, the nanoparticle uptake did not alter macrophage differentiation, death or phagocytosis, but significantly inhibited the secretion of TNF-α in response to inflammatory challenge [193].



Nanoparticle-induced immunotoxicity includes two aspects: (1) immunostimulation-caused damage, such as a cytokine storm and lymphocyte activation; (2) immunosuppression-induced infections or tumorigenesis. Understanding the undesired immune responses and lymphocyte behavior associated with nanoparticles is crucial to reduce immunotoxicity and facilitate the clinical transformation of nanoparticles. The topic on how nanoparticles themselves regulate leukocyte functions, such as activation and loss of their function, is a new research area, and this study is important for the development of nanotherapeutics to treat inflammatory diseases.




8. Conclusions


Here, we have reviewed the current status of the targeting of leukocytes (neutrophils and macrophages) using nanoparticles for developing nanotherapeutics to treat inflammatory diseases. The studies mentioned here show that nanoparticles can deliver drugs into neutrophils or macrophages to inhibit their activation and inflammation responses or to restore their functions for boosting their immunity. To treat excessive inflammation-associated diseases, such as lung inflammation/injury and stroke, delivery of anti-inflammatory agents is required. However, for bacterial infections, increasing the defense of leukocytes is required. Another area is to hijack leukocyte transmigration to deliver nanotherapeutics across blood vessel barriers. This is a new research area, and the success of this novel concept has the potential to address fundamental questions in nanomedicine to treat cancer and other vascular diseases [161] Finally, nanoparticle-induced immunotoxicity should be taken into consideration before further application.



Although there are many studies in which nanoparticles have been shown to interact with neutrophils or macrophages in vivo, the binding and uptake of nanoparticles have not been fully addressed. Development of novel imaging technologies (such as intravital microscopy) and rationally designed nanoparticles to specifically target leukocytes in vivo are needed [93,194]. Specificity of nanoparticles to target neutrophils or macrophages in vivo is challenging because neutrophils and macrophages share similar biomarkers with other adaptive immune cells. Understanding of immunology and collaborations between biologists and clinicians are needed to develop interdisciplinary research.
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Figure 1. Neutrophils and macrophages regulate inflammatory responses. In acute inflammation, neutrophils and monocytes are quickly released from the bone marrow and transmigrate into infected or injured tissues. These processes are regulated by macrophage colony-stimulating factor (M-CSF) and granulocyte macrophage-colony stimulating factor (GM-CSF). Monocytes differentiate in the tissues to become macrophages and may polarize to an M1 phenotype and release pro-inflammatory factors. Activated neutrophils secrete neutrophil extracellular traps (NETs) and proteases that are also involved in the functions of M1 macrophages during acute inflammation. In the phase of inflammation resolution, NETs and proteases are degraded and neutrophils become apoptotic, while macrophages efferocytose neutrophils and dead tissues. In addition, there is a macrophage transition from M1 to M2 during resolution of inflammation. If resolution of acute inflammation fails, persistent activation of neutrophils and macrophages mediates the pathogenesis of a wide range of vascular diseases. In a chronic inflammation phase, neutrophils and macrophages activate and regulate platelets and adaptive immunity to form a new homeostasis phase that leads to inevitable tissue damage and remodeling. 
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Figure 2. In situ nanoparticle targeting to activated neutrophils via Fcγ receptors. (A) Intravital microscopy of mouse cremaster muscle venules shows that neutrophil activation up-regulates Fcγ receptors. The resting neutrophils was established by no intrascrotal injection of TNF-a (0.5 mg per mouse) and the tail vein injection of Fcγ antibodies 3 h before performing intravital microscopy (top). Intrascrotal injection of TNF-a (0.5 mg per mouse) activated neutrophils. Alexa Fluor 647-labeled anti-mouse CD16/32 (red) and Alexa Fluor 488-labeled anti-mouse LY-6G (green) antibodies were intravenously injected to stain Fcγ receptors and neutrophils, respectively (bottom). Scale bars, 10 mm. (B) Percentages of co-staining between anti-mouse CD16/32 and anti-mouse LY-6G based on intravital images of (A). (C) Confocal laser scanning microscopy (CLSM) images of blood neutrophils from healthy mice or lipopolysaccharide (LPS)-challenged mice. Four hours after intraperitoneal LPS injection, doxorubicin conjugated bovine serum albumin nanoparticle (DOX-hyd-BSA) NPs were intravenously administered to a mouse. 3 h later, the mouse blood was collected, and neutrophils were isolated using anti-mouse LY-6G beads. Alexa Fluor 488-labeled antimouse LY- 6G antibody was used to label neutrophils. Scale bars, 10 mm. (D) Uptake of BSA NPs by blood leukocytes analyzed by flow cytometry. Neutrophils, T cells, monocytes, and natural killer (NK) cells were isolated from blood and stained by Alexa Fluor 647-labeled anti-mouse LY-6G, CD3, CD115, and CD335 antibodies, respectively. All data are expressed as means ± SD (three mice per group). (Reproduced from [105]; Published by American Association for the Advancement of Science (AAAS), 2019). 
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Figure 3. Targeting neutrophils and macrophages using nanoparticles for immunotherapies in inflammatory disorders. (a) Albumin nanoparticles loaded with piceatannol inhibit the neutrophil adhesion to endothelium, thus blocking neutrophil infiltration [93]. (b) Nanoparticles inhibit the functions of activated neutrophils and macrophages to reduce pro-inflammatory factors [149] and NETs release [145]. (c) Nanoparticles transform macrophages from the pro-inflammatory M1 phenotype (biomarkers of human leukocyte antigen-DR isotype (HLA-DR) and CD86) to anti-inflammatory M2 phenotype (biomarkers of CD163 and CD206) [133]. (d) DOX-loaded Nanoparticles induce neutrophil apoptosis to induce the resolution of inflammation [105]. (e) Nanoparticles activate neutrophil by up-regulating intracellular reactive oxygen species (ROS) level and CXCR2 to restore neutrophil pathogen clearance [166]. (f) Nanoparticles induce the transition of immunosuppressive M2 macrophages to immunoenhancement M1 macrophages to enhance phagocytosis [168]. 
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