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Nanoparticle-based drug delivery systems have been synthesized from a wide array of materials. The therapeutic success of these platforms hinges upon their ability to favorably interact with the biological environment (both systemically and locally) and recognize the diseased target tissue. The immune system, composed of a highly coordinated organization of cells trained to recognize foreign bodies, represents a key mediator of these interactions. Although components of this system may act as a barrier to nanoparticle (NP) delivery, the immune system can also be exploited to target and trigger signaling cues that facilitate the therapeutic response stemming from systemic administration of NPs. The nano-bio interface represents the key facilitator of this communication exchange, where the surface properties of NPs govern their in vivo fate. Cell membrane-based biomimetic nanoparticles have emerged as one approach to achieve targeted drug delivery by actively engaging and communicating with the biological milieu. In this review, we will highlight the relationship between these biomimetic nanoparticles and the immune system, emphasizing the role of tuning the nano-bio interface in the immunomodulation of diseases. We will also discuss the therapeutic applications of this approach with biomimetic nanoparticles, focusing on specific diseases ranging from cancer to infectious diseases. Lastly, we will provide a critical evaluation on the current state of this field of cell membrane-based biomimetic nanoparticles and its future directions in immune-based therapy.
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INTRODUCTION

The ultimate goal of nanoparticle-based drug delivery is to achieve the therapeutic accumulation of a given treatment to the site of disease while minimizing off-target effects. This requires the use of materials that act as drug delivery vehicles to carry small molecules or biologics to the target site. A host of materials, including both organic and inorganic, have been tested to date. Given the extensive variety of biomaterials that can be used as the building blocks for the synthesis of these nanoparticles (NPs), it raises the question of which criteria and design principles are critical when selecting the ideal material (Yu et al., 2016). The success and limitations of tested materials have revealed three essential tasks that NPs must accomplish to achieve their drug delivery objective. First, NPs must have an appropriate circulation time that enables them to reach the target site (Yoo et al., 2010). Next, these NPs must be capable of only acting upon disease tissue while leaving healthy tissues intact (Moghimi et al., 2001; Friedman et al., 2013). Lastly, NPs must be composed of a biodegradable material that can be cleared from the body without negative effects (Naahidi et al., 2013). At the heart of these criteria is the underlying need for the chosen NPs to engage with the complex biological environment of the human body. In particular, the immune system plays a crucial role in mediating the biological interactions that directly affect the success of the chosen NP to achieve the previously listed tasks.

In fact, the human body possesses a highly specialized system for sustaining homeostasis: the immune system. The immune system is vital for not only protecting the body from harmful pathogens and foreign materials, but also in the identification of abnormalities within cells and tissues (Chaplin, 2010). The role of the immune system can be viewed as a two-sided coin. On one side, introduction of a biomaterial in vivo through systemic administration instigates an immune response to clear the foreign material from the body (Zolnik et al., 2010). This clearance impedes the therapeutic efficacy of NPs, either due to their inability to reach the target site or the neutralizing effects of immune cells that prevent them from acting upon the diseased tissue. On the other hand, the immune system is fundamental to the pathophysiology of disease manifestation. In fact, many of the diseases that NPs target present inflammation, an immune response that aids in the recruitment of immune cells to the disease site (Chen et al., 2018). The presence of this inflammation results in the overexpression of receptors or release of cytokines, molecular features that can serve as targeting mechanisms that bring the NPs to the disease site.

Given the key role that immune cells play in regulating their therapeutic efficacy, NPs must be capable of engaging directly with the biological components of the immune microenvironment. On the cellular level, NPs are capable of communicating with the immune system through their surface features. This communication between NPs and immune cells is mediated by the interactions at the nano-bio interface, which refers to the region where the nanoparticle surface comes in direct contact with its surrounding biological environment (Nel et al., 2009). This process is particularly critical during circulation as the NP surface is the first component an immune cell interacts with. The subsequent series of interactions that occur at this nano-bio interface involves both direct and indirect signaling cues that determine how the immune cell will respond to their presence in the bloodstream. Therefore, the composition and physicochemical features of the NP surface greatly determine how they are perceived by the immune system and, thereby, can regulate their ability to overcome the biological barriers posed by the immune system (Wang and Wang, 2014; Liu and Tang, 2017).

While previous approaches in nanomedicine aimed to minimize the immune interactions with NPs (i.e., “biologically inert systems”), recent years have seen a burgeoning interest in the field of biomimetic NPs, particularly cell membrane-based NPs. This emerging class of drug delivery vehicles capitalizes on the natural interactions between NPs and the biological components of the human body while mimicking the features and functions of native cells (Parodi et al., 2017). Thus far, a host of novel biomimetic technologies have been developed. These NP formulations have used a combination of whole cells (Evangelopoulos et al., 2020), cell ghosts (Toledano Furman et al., 2013), and the incorporation of cell-derived membrane proteins to mimic the biological characteristics and functions of native cells, enabling them to evade immune clearance and increase therapeutic efficacy (Liu et al., 2019). These platforms have demonstrated the potential of using biomimicry as a means to overcome the biological barriers posed by the immune system, with a specific emphasis on minimizing their clearance from the body prior to reaching their intended target (Perera and Coppens, 2019). Furthermore, this biomimetic approach enables NPs to communicate directly with immune cells by presenting transplanted cellular components and signaling cues to favorably modulate the immune response inherent within the disease site (Dacoba et al., 2017).

This review will provide critical insights and key perspectives on the current state of the field of immunomodulatory cell membrane-based NPs. We will begin by describing the relationship between NPs and the immune system, highlighting how the latter can serve as both a barrier and a target for these drug delivery systems. We will then highlight the role of the nano-bio interface in the ability of NPs to communicate with the biological environment in the body. Next, we will describe the recent emergence of biomimetic nanoparticles and explore methods used to mediate immunomodulation in diseases ranging from cancer, to cardiovascular disease to infectious diseases, emphasizing novel technologies that capitalize on the interactions occurring at the nano-bio interface. Finally, we will provide an analysis on the future directions of this growing research field and ways to address the current challenges faced in the clinical translation of biomimetic NPs.



ROLE OF THE IMMUNE SYSTEM: A TWO-SIDED COIN

In order to dissect and analyze the relationship between NPs and the immune system, the topics discussed in this review will focus on two aspects of this relationship. On one hand, immune-mediated clearance mechanisms will be presented as the primary barrier to NPs targeted delivery. On the other hand, the prevalence of inflammation across many disease conditions and NPs interactions with immune cells at the diseased site will be highlighted as potential targets for immunomodulatory behavior of these NPs.


The Immune System as a Barrier

Given its key function of recognizing and eliminating foreign bodies, the immune system hinders the localization of NPs to the site of disease. Upon injection into the bloodstream, NPs are quickly removed from circulation through two main routes: mononuclear phagocyte system (MPS), and natural clearance by filtering organs (Blanco et al., 2015). While the latter mechanism is directed by the size of the particles, the former involves direct communication between NPs and immune cells. Phagocytosis of foreign bodies, a process mediated by components of the immune system, is one of the mechanisms by which NPs are cleared from the body (Gustafson et al., 2015). Mediators of this process include opsonin proteins and monocytes. Circulating opsonin proteins bind to the surface of NPs, marking them for macrophage uptake (OwensIII, and Peppas, 2006). Once marked, NPs trafficked to the primary MPS organs are eliminated by the macrophages present in these organs. These include red pulp macrophages found in the spleen, Kupffer cells found in the liver and alveolar macrophages found in the lungs (Hume et al., 2019). As a result, this uptake of NPs from the bloodstream results in non-specific distribution, with greater accumulation in the liver and spleen (Song et al., 2014; Blanco et al., 2015). In fact, biodistribution studies on commonly used NPs have corroborated that these organs do indeed show higher concentrations present within them (Alexis et al., 2008; Cataldi et al., 2017; Feng et al., 2018). These immune-regulated clearance mechanisms thwart NP delivery to the diseased tissue and, thereby, limit their potential therapeutic impact. It should be noted that there are circumstances in which the natural NPs targeting of phagocytic cells and accumulation in MPS organs has been exploited. In fact, multiple studies have shown how this strategy can be been leveraged for therapeutic applications (Bartneck et al., 2014; Cui et al., 2019; Evangelopoulos et al., 2020). However, the focus of the discussion in this review paper will remain on how the immune system can prevent preferential accumulation in other target organs.

Therefore, recent efforts in nanomedicine have aimed to improve the ability of NPs to overcome this barrier posed by the immune system. In particular, researchers have focused on the design of materials that enable NPs to evade immune recognition by presenting surface properties that prevent them from being marked as foreign. This strategy has come in the form of non-fouling coatings that prevent the attachment of opsonin proteins or integration of self-marker proteins found on native cells (Schlenoff, 2014; Sosale et al., 2015). By displaying these features to MPS-specific circulating immune cells, NPs can circumvent the issue of immune-mediated clearance by strategically communicating messages at the nano-bio interface. As a result, these NPs possess a greater ability to reach the target disease site and, thereby, have a greater therapeutic efficacy in vivo.



The Immune System as a Target

Although the immune system can be viewed as a key biological barrier NPs must overcome on their journey from the injection site to the disease site, it can also be an opportunistic target for these drug delivery vehicles. Given that the therapeutic efficacy of these NPs hinges on their ability to selectively target the disease tissue, researchers have relied heavily on active targeting mechanisms to achieve this goal. Components of the immune system, especially in the disease context, represent targets that NPs can exploit in order to increase their accumulation in a specific site. This targeting strategy takes on two forms: (i) design of NPs to target the inflammation present across various diseases or (ii) enable NPs to directly communicate with the immune cells present in the local microenvironment.

Inflammation, the coordinated biological response to pathogens or damaged cells, is a characteristic feature across many diseases, ranging from cancer to infections (Rock and Kono, 2008). This immune response can be characterized as either short-term or long-term. Although short-term inflammation results in healing, chronic inflammation is a dysregulated and maladaptive response that involves active inflammation, cellular breakdown, and unsuccessful attempts at repair (Chen et al., 2018). The latter is the form seen in most diseases such as cancer, atherosclerosis, and autoimmune diseases (Coussens and Werb, 2002; Lopez-Candales et al., 2017; Duan et al., 2019). A host of cellular and molecular pathways are involved in the inflammatory response, with variations in the proteins involved stemming from the underlying disease. Generally, inflammation is marked by high levels of chemokines and cytokines which serve as attractants for cytotoxic molecule-producing leukocytes (Feghali and Wright, 1997). The prevalence of this inflammatory state across many disease conditions allows for it to serve as a target for NPs can exploit for preferential accumulation. This can be achieved by NPs binding to overexpressed receptors on inflamed tissue or through detection of the cytokines present in the local environment (Jin et al., 2018). Therefore, the molecular features of inflammation are means by which NPs can home to the target site.

In addition to targeting the molecular features of inflammation, NPs can also communicate directly with the immune cells present in the local microenvironment. As previously discussed, the primary function of the immune system is the maintenance of homeostasis. When this state of balance is altered during the progression of a disease, the immune system quickly responds by recruiting specific populations of immune cells to respond and restore the local environment to equilibrium (Kotas and Medzhitov, 2015). The balance of when and which immune cells arrive to the disease site is crucial in coordinating a proper response. In order to achieve this communication and modulation of immune cells, NPs can serve as artificial antigen presenting cells (APCs). These engineered NPs mimic the natural interactions between dendritic cells (DCs) and T cells. In particular, these artificial APCs possess the peptide MHC complexes needed for T cell receptor specificity and co-stimulatory molecules that initiate activation of T cells (Wang et al., 2017). Lastly, the NPs can also be loaded with cytokines to supplement T cell expansion induced by their activation (Eggermont et al., 2014). Therefore, these NPs act as the DCs that would normally interact and engage with T cells in the disease context. The utility of this strategy has been demonstrated by several NP platforms including iron oxide NPs and liposomes conjugated with the previously discussed ligands, validating the ability of these NPs to alter the immune cell population (Prakken et al., 2000; Hickey et al., 2017). Overactivation of the immune system can also prove to be detrimental and may induce further damage to the disease site. This is especially the case in autoimmune disorders where the body’s immune system attacks its own cells and warrants the modulation toward a reduced response. In fact, this inflammatory state is orchestrated by the interactions between APCs and T cells (Mackern-Oberti et al., 2015). Once again, NPs can serve as artificial APCs as previously described. However, these NPs target specific antigen receptors on T cells via self-peptide-MHC complexes to induce tolerance (Probst et al., 2014). As a result, these NPs now behave much like the tolerogenic DCs that can stimulate regulatory T cells while suppressing cytotoxic T cells in order to modulate the overactive immune response (Steinman et al., 2003; Serra and Santamaria, 2015). Examples of these immunomodulatory NPs include carbon nanotubes to promote lung immunosuppression and polymeric NPs to induce regulatory DCs (Tkach et al., 2011; Maldonado et al., 2015). Taken together, NPs can mediate and modulate the immune response by communicating with specific immune cells vital for mounting the appropriate response for a given disease.



ROLE OF THE NANO-BIO INTERFACE

The nano-bio interface is comprised of a complex and dynamic environment in which the NP surface actively engages with the biological components of the surrounding system. The interactions that occur at this surface are crucial in determining the in vivo fate of NPs. A NP’s physicochemical properties, which include size, surface charge, and functionalization, actively contribute to the exchanges that occur here (Nel et al., 2009). In fact, one can view these characteristics as the language that NPs use to communicate with the cells they come in contact with. This communication is determined by both what the nanoparticle sees and what components of the biological environment see on the NP’s surface. The nano-bio interface interactions with the immune system consists of two arms – the exchanges that occur while the particles are in systemic circulation and those that occur in relation to the target tissue.

Upon entry into the bloodstream, NPs face a complex and dynamic environment of cells and proteins that immediately begin interacting at the surface interface. Physicochemical properties such as size, geometry and surface charge play significant roles on the stability of the NPs while in circulation. For example, NPs that are roughly in 100 nm in size have demonstrated longer half-lives in the blood, while discoidal-shaped particles exhibit improved margination to the vessel walls when compared to their spherical counterpart (Alexis et al., 2008; Gentile et al., 2008). Taken together, both of these NP features improve the NP’s ability to avoid phagocytosis/clearance and interact with the endothelium. By enhancing this ability, we can increase the probability of the NP to extravasate out of circulation and reach the target tissue. Furthermore, neutral and negatively charged particles reduce adsorption of serum proteins (i.e., albumin, opsonins) onto the surface (Yamamoto et al., 2001; Aramesh et al., 2015). As previously discussed, the MPS plays a significant role in determining the behavior and outcome of NPs following systemic injection. As opsonin proteins coat their exterior, NPs undergo significant changes in their surface composition, which in turn affects their interactions with other cells (Xiao and Gao, 2018). The formation of this protein corona has been shown to mediate the interactions occurring at the nano-bio interface. From the perspective of a circulating macrophage, the presence of the opsonin protein on the NP surface communicates a message of the presence of a foreign body that must be immediately cleared. In contrast, a NP with a polymer coating or negative surface charge can minimize the binding of opsonin proteins, enabling the NP to continue its journey to the target site with reduced uptake by circulating cells that will hasten its clearance from the body. In fact, researchers have relied heavily on the former as a means to minimize cell-to-particle interactions in the bloodstream. Commonly used surface functionalization techniques to address this issue have included coatings with poly(ethylene glycol; PEG), chitons, dextrans, and other polymers (Gref et al., 1994; Mitra et al., 2001; Jokerst et al., 2011). In contrast to traditional chemical coatings, others have also utilized the integration of “self-marker” proteins, such as CD47 and CD45, as a means for NPs to communicate a message of “don’t eat me” to circulating monocytes (Rodriguez et al., 2013).

Scavenger receptors represent another key class of molecules that determine the interactions between NPs and the cells that they encounter in vivo. These receptors (e.g., SR-B1, CD36, and MARCO) are known to be expressed on many cell types, including the macrophages and endothelial cells that NPs interact with while in the bloodstream and at the target tissue (Shannahan et al., 2015). Binding to these receptors results in cellular uptake, which has been shown to be both beneficial and detrimental to NP interactions at the nano-bio interface. For example, high levels of SR-B1 on tumor cells has been exploited to improve targeting of NPs to ovarian and colorectal cancer (Shahzad et al., 2011). On the other hand, macrophage uptake of silver NPs was found to be mediated by SR-B1 while inducing increased expression of proinflammatory cytokines (Aldossari et al., 2015). Although the expression of ligands on the NP surface for scavenger receptors enabled accumulation to target sites, the same receptors also resulted in unfavorable uptake by macrophages which reduced the circulation times of these NPs. These examples highlight how the nano-bio interactions can have both positive and negative outcomes for the NPs. Therefore, tuning and balancing of these interactions at the interface is vital for the successful therapeutic applications of NPs.

Beyond overcoming the barriers encountered in the bloodstream, NPs must also be designed to communicate and stimulate therapeutic responses via interactions with immune cells involved in disease progression. This communication is mediated by the messages a NP communicates through its surface features. This is due to immune cell activation being largely stimulated by the presence of antigens on cell surfaces or other molecules an immune cell senses and feels in its biological environment (Chaplin, 2010). Therefore, NPs can serve as artificial APCs that express surface features that can either activate immune cells or modulate the expression of pro- or anti-inflammatory genes that stimulate the infiltration of specific subpopulations of immune cells while thwarting the proliferation of others (Hickey et al., 2017). This ability of NPs to tune immune cells begins with the shape of the NP itself. To mimic native APCs (i.e., DCs) that are not spherical in shape, NPs with an ellipsoid and nanotube morphology have been shown to better engage with the target immune cell (Fadel et al., 2008; Sunshine et al., 2014). By increasing the surface area of contact, these NPs improve their ability to be seen by T cells and mediate key ligand-receptor interactions (Eggermont et al., 2014). As previously discussed, the integration of stimulatory and regulatory molecules on the NP surfaces facilitates communications to immune cells. For example, as T cells bind to specific NP moieties (e.g., MHC peptides, CD80, and CD86), they can be stimulated to expand cytotoxic T cells that infiltrate the tumor or increase the regulatory T cell population to downregulate the overactive immune response underlying an autoimmune disorder (Kim et al., 2004; Rhodes and Green, 2018). Therefore, by expressing the molecules found on native immune cells on their surfaces, these NPs communicate messages directly to the interacting immune cell (e.g., DC). Seeing these molecules, this immune cell goes on to trigger a subsequent cascade of events that primes the immune response to the disease in a therapeutically favorable manner. This immunomodulatory behavior can prove to be powerful for the therapeutic response of injected NPs, especially when this response is triggered simply by the interactions occurring at the nano-bio interface.



EMERGENCE OF BIOMIMETIC NANOPARTICLES

Over the course of the past several decades, the field of nanomedicine has seen the development of several generations of NPs. With each generation, researchers have made large strides in improving the therapeutic efficacy of these platforms. This progress has been reinforced by the work across many disciplines that have provided valuable insight in the biology behind the diseases and the interplay between synthesized materials and their behavior in vivo. We see this in the evolution of the generations of NPs. Initially, the emphasis was placed on the development of NPs that were “biologically inert” (Figure 1). This stemmed from the goal of reducing the interactions between a NP and the immune cells that had been proven to be detrimental to the in vivo fate of the particles, which includes macrophages and other components of the MPS (Qie et al., 2016). Over time, researchers recognized that this strategy also was not sufficient in successful delivery of a payload to a target site. In fact, NPs had to not only minimize surface interactions with some cell types, such as those with components of the MPS, but also actively engage with the cells present in the microenvironment of the disease. This led to the rise of “targeted NPs” that were surface functionalized with molecular signatures (i.e., peptides, antibodies) that enabled them to specifically reach and communicate with target tissues (Sapsford et al., 2013; Figure 1). Although this strategy did result in improvements in the specificity of NP accumulation, it also had its limitations. In particular, functionalization with one or a few markers was insufficient, particularly in engaging with the complex communication occurring at the nano-bio interface (Crist et al., 2013). In the search for a more comprehensive solution for this challenge, researchers looked to native cells as a source of inspiration. From here came the emergence of biomimetic NPs. This third generation of NPs aims to develop particles that recapitulate the features and surface characteristics of native cells using a more in toto approach (Luk and Zhang, 2015; Parodi et al., 2017; Figure 1). As these NPs act and behave much like the body’s own cells, biomimetic NPs can facilitate the interactions and communications at the nano-bio interface with greater ease.
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FIGURE 1. Generations of nanoparticles. Early generations of particles were biologically inert and used non-fouling coatings to prevent nanoparticles from interacting with the cells they encounter in vivo. From here, the next generation of nanoparticles became active targeting molecules that enabled the nanoparticles to reach the disease site and engage with the local environment. Taking inspiration from nature, the third generation of cell membrane-based biomimetic nanoparticles mimic the surface features of native cells by utilizing whole cell membrane or membrane protein functionalization onto synthetic carriers. Created with Biorender.


During the early years of the first generation of NPs, these NPs were synthesized with one primary intention – utilize the natural transport phenomena occurring in the body to passively carry NPs from the injection site to the disease site, while minimizing interactions with the biological components of the body. The synthesis of this first generation of NPs centered on testing different chemical compositions, size and non-fouling coatings (Faraji and Wipf, 2009; Albanese et al., 2012). However, it became apparent that the development of NPs that are completely agnostic to the in vivo environment was impossible. Therefore, the second generation of NPs saw a shift toward more targeted, bioactive carriers. Specifically, these drug delivery vehicles were designed to enable them to reach the target disease and reduce non-specific biodistribution (Mout et al., 2012). Commonly used methods included the attachment of affinity ligands, such as antibodies, peptides and small molecules (Friedman et al., 2013). This growing trend in surface functionalization represented early attempts at directing active communication between a particle and surrounding cells at the nano-bio interface. In contrast to the first generation of NPs, this subsequent generation comprised of particles encoded with messages on their surface that enabled them to mediate interactions with other cells. In the context of communication with immune cells, this strategy has taken on two forms that address the two-sides of the coin discussed previously. On one side, NPs were functionalized with markers that reduced their uptake and clearance by the MPS (Zhou and Dai, 2018). On the other hand, studies have also shown how the integration of affinity ligands enables NPs to selectively reach the target site and engage with the immune cells present in that microenvironment (Chen et al., 2012; Schmid et al., 2017). Although the use of these molecules has demonstrated promising results, attachment of these molecules as single moieties in their non-native form can inhibit their full function. In fact, the conjugation chemistries used to attach these molecules can result in variations in their orientation and densities on the NP surface, resulting in a change of function or a complete loss of function (Rambukwella et al., 2018; Alkilany et al., 2019).

Given the shortcomings of the second generation of active targeting NPs, researchers looked to nature as a source of inspiration in developing NP formulations for specific applications. Herein, we have seen the emergence of biomimetic NPs, the third generation of NPs who mimic the features of nature to enhance their therapeutic effects in vivo. The biomimicry achieved by these NPs can be through chemical, physical, or biological means. For example, calcium phosphate NPs mimic the structural and compositional similarity of native bones and teeth (Kalidoss et al., 2019). As a result of this physical and chemical mimicry, they have been widely explored as bone substitutes while their bioresorbable properties have even been exploited for therapeutic delivery in cardiac repair (Miragoli et al., 2018; Levingstone et al., 2019). Another example of physical mimicry are mesoporous silicon nanovectors mimicking platelet geometry to bestow NPs with increased circulation properties (van de Ven et al., 2012; Wolfram et al., 2015). Additionally, mesoporous silicon’s highly tailorable degradation parameters allow for the controlled release of a number of loaded payloads, making them favorable for various biomedical applications (Scavo et al., 2015; Yazdi et al., 2015; Fernandez-Moure et al., 2017). Recognizing the superior delivery capabilities of viruses, researchers developed virus-like particles that mimic the capsid structure and virosomes that incorporate the surface glycoproteins into liposome-like NPs (Grgacic and Anderson, 2006; de Jonge et al., 2007). As a result, these NPs have been shown to deliver a wide range of payloads, ranging from antibodies to siRNA to chemotherapeutics (Ashley et al., 2011; Agadjanian et al., 2012; Abraham et al., 2016). Furthermore, the composition of these NPs has included organic materials (e.g., lipids, polymer), metals (e.g., gold), and others (e.g., silica, calcium; Dehaini et al., 2016). Using this combination of physical, chemical and biological biomimicry, researchers were able to demonstrate the promising potential of this strategy to improve upon the previous generations of NPs. While the many variations of this biomimetic approach have been discussed elsewhere (Xia and Jiang, 2008; Yoo et al., 2011; Kwon et al., 2015), this review will focus on a subclass of biomimetic NPs – cell membrane-derived NPs.

In order to improve the ability of these biomimetic NPs to actively engage and communicate with the biological milieu, a subclass of biomimetic NPs centered on the ability to mimic the function and behavior of natural cells has emerged. In particular, these NPs achieve biomimicry by transferring the biological features of native cells, such as red blood cells (RBCs), platelets and leukocytes, onto synthetic NP formulations (Hu et al., 2011; Parodi et al., 2013; Anselmo et al., 2014). In order to synthesize these cell membrane-based NPs, researchers have utilized “top-down” and “bottom-up” approaches. Early work in this field focused on the incorporation of cell-derived ligands, which includes proteins, lipids and carbohydrates (Yurkin and Wang, 2017). As these molecules are key mediators of a cell’s behavior, it was hypothesized that integration of these features onto NPs would endow them with the same behavior. Owing to the development of novel extraction processes, biomimetic NPs now largely use cell membranes derived from native cells. This can be seen in technologies that incorporate the membrane proteins found on leukocytes into a liposomal formulation or the transfer of RBCs in toto onto poly(lactic-co-glycolic acid; PLGA) cores (Hu et al., 2011; Molinaro et al., 2016). As a result, these biomimetic technologies express the surface features of native cells and, thereby, mediate the interactions at the nano-bio interface much like a native cell communicates with other cells (Evangelopoulos et al., 2016). With this technology in hand, researchers have explored how these biomimetic NPs can be applied to various diseases.



DISEASE APPLICATIONS

The use of cell membrane-based biomimetic NPs has found therapeutic applications across many diseases, ranging from cancer to cardiovascular disease to infectious diseases. Here we will discuss examples of use of these cell membrane-based biomimetic NPs in these specific disease contexts, placing an emphasis on how these particles communicate with the immune system at the nano-bio interface. In particular, we will demonstrate how these emerging technologies address both sides of the coin of the immune system – a barrier and a target.


Cancer

Given that a large portion of the work with earlier generations of NPs was done within the context of cancer, this trend continues to remain so with the current generation of biomimetic NPs. Over the years, researchers have explored the use of many cell-membrane coatings (e.g., RBCs, leukocytes, and cancer cells) to achieve targeted delivery to the tumor site (Vijayan et al., 2018; Pasto et al., 2019). As previously described, these membrane-camouflaged NPs face the same challenges posed by the immune system while in circulation. However, the use of native cell membranes has facilitated the interactions at the nano-bio interface such that these NPs remain in circulation and eventually reach the tumor. From the perspective of selective targeting of the tumor, cell membrane-based biomimetic NPs offer the ability to target molecular features of the local inflammation present within the tumor. In addition, the burgeoning interest in the field of cancer immunotherapy has also spurred the search for how these biomimetic NPs can be utilized to modulate the local immune microenvironment in order to induce an anti-tumor response.

Tumor targeting cell membrane-based biomimetic NPs have used strategies that mimic many native cell types. RBC-based NPs take advantage of the expression of “don’t eat me’ markers” (i.e., CD47) to improve circulation times and bypass the effects of MPS in order to reach the target tumor (Sun et al., 2019). Along a similar vein, leukocyte membranes have also been utilized to endow NPs with these same properties. Because these biomimetic NPs look much like native immune cells, circulating monocytes do not engage with these NPs and mark them for clearance by the MPS (Parodi et al., 2013; Corbo et al., 2017b; Figures 2A,B). As a result, mimicking the circulation behavior of these cells enables these NPs to have a greater probability of reaching the tumor. In addition to utilizing these natural coatings for evading the immune system while in circulation, researchers have also used these membrane-based NPs to improve the targeting capabilities of NPs to the tumor. For example, liposomes integrated with the membrane proteins of leukocytes showed a 14-fold increase in affinity to inflamed vasculature associated with triple-negative breast cancer tumors when compared to bare liposomes (Martinez et al., 2018; Figure 2C). This improved targeting was found to be attributed to the presence of leukocyte proteins, such as LFA-1 and Mac-1. In fact, blocking these proteins on the NPs significantly reduced their ability to preferentially accumulate within the tumor, highlighting how the presence of these key markers endows these NPs with the ability to behave like leukocytes that inherently target sites of inflammation (Martinez et al., 2018). This leukocyte-based NP was also shown to improve doxorubicin delivery in two models of cancer, melanoma and breast cancer, resulting in a 64 and 142% (respectively) increase in median survival over untreated mice (Molinaro et al., 2020; Figure 2D). Therefore, by mimicking the targeting properties of leukocytes, these NPs were able to more effectively target the tumor and deliver the encapsulated payload. Others have taken advantage of the interactions between platelets and tumor cells to use silica NPs coated with activated platelet membranes to specifically target the circulating tumor cells (CTCs) attributed to metastatic development (Li et al., 2016). In particular, activated platelets and fibrin were found to be physically associated with blood-borne cancer cells. As CTCs travel within the blood and plant the seeds for the development of metastases, the authors hypothesized that use of platelet-mimicking will harness these physical interactions to inhibit metastases. Indeed, this study demonstrated that treatment using these biomimetic NPs resulted in a 40-fold reduction of lung metastases in a triple-negative breast cancer model. In another study, platelet-coated nanovesicles loaded with doxorubicin and functionalized with tumor necrosis factor-related apoptosis inducing ligand (TRAIL) showed greater accumulation to primary breast cancer tumors (Hu Q. et al., 2015). Lastly, studies have also shown the efficacy of using cancer cell membrane-coated NPs (Harris et al., 2019; Wang et al., 2020). For example, 4T1 breast cancer cell membrane coated polymeric NPs displayed longer circulation time and stronger homotypic targeting of primary tumors and metastases (Sun et al., 2016). In this example, the match between protein profile on the NPs and those found on cancer cells enabled the cancer cell to recognize and internalize the NP. These examples highlight how these biomimetic NPs improve upon previous generations by utilizing natural cellular surface features to avoid clearance by immune cells that hinder tumor accumulation and engage directly with the cancer cells upon reaching the site.
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FIGURE 2. Biomimetic nanoparticles for tumor targeting. (A,B) Leukocyte mimicking nanoparticles show reduced uptake by the mononuclear phagocyte system and improved targeting to the tumor. (A) SEM image of porous silica nanoparticle cloaked with leukocyte membrane (LLV). Scale bar = 1 μm. (B) LLV demonstrated reduced uptake by Kupffer cells (left) and improved targeting to melanoma tumors (right) when compared to bare nanoparticles. (C) Leukocyte-based liposomes (Leukosomes) demonstrate greater affinity for inflamed tumor vasculature. Scale bar = 50 μm. (D) Improved survival of tumor-bearing mice after loading with treatment with leukosomes loaded with doxorubicin. (E–G) Melanoma cell coated nanoparticles encapsulated with CpG (CpG-CCNP) for immunotherapy. (E) Uptake of CpG-CCNPs by various immune cells in vitro (F) In vivo dendritic cell maturation following treatment with NPs and other controls (G) Overall survival of mice immunized with CpG-CCNPs and other control formulations. Images in (A,B) are reproduced with permission from Parodi et al. (2013). Images in (C) are reproduced with permission from Martinez et al. (2018). Image in (D) reproduced with permission from Molinaro et al. (2020). Images in (E–G) reproduced with permission from Kroll et al. (2017).


Beyond employing these cell membrane-based biomimetic NPs to evade MPS-mediated clearance and selectively target the tumor tissue, researchers have also employed these platforms to induce local changes in the tumor microenvironment. Of particular interest has been the use of these NPs to modulate and tune the immune cell population present both within and in the periphery of the tumor. Work by Xie et al. combined starvation therapy with cancer cell membrane coated NPs to improve the tumor response to anti-PD-1 immunotherapy. Using glucose oxidase loaded mesoporous silica NPs coated with membranes of B16F10 melanoma cancer cells, they were able to not only improve the tumor response to anti-PD-1 therapy, but also induce DC maturity, reduce the percentage of regulatory T cells (which support the immunosuppressive environment favorable for tumor growth and survival) and double the effector T cell infiltration within the tumor (Xie et al., 2019). Because these NPs utilized cancer cell membranes, the proteomic profile of the NP surface included antigens that can trigger immune cell responses. Upon exposure of these tumor antigens, immature DCs process these antigens and present these peptides to T cells (Gardner and Ruffell, 2016). Therefore, these biomimetic NPs presented key molecules that facilitated communication with local immune cells and triggered a subsequent modulation of the T cell population within the tumor. Furthermore, the homotypic targeting facilitated by this biomimetic NP enabled selective targeting of the tumor. As a result, delivery of the loaded glucose oxidase significantly reduced glucose metabolism within the tumor cells and, thereby, enhanced tumor cell death. Other studies have also demonstrated the use of cancer nanovesicles to disrupt the PD-1/PD-L1 immune inhibitory axis that serves as the target for clinically approved immune checkpoint inhibitors (Zhang X. et al., 2018). Researchers have also explored the use of biomimetic NPs as cancer vaccines, where the introduction of the NP protects from the development of a tumor when challenged with tumor cells. This was demonstrated in a study utilizing cancer cell membrane coated PLGA NPs as antigen presenting material, which when combined with an immunological adjuvant induced the secretion of pro-inflammatory cytokines by immune cells in vitro (Kroll et al., 2017). Using a murine melanoma model, this study demonstrated that these particles were not only taken up by a wide-range of immune cells, but also capable of improving DC maturity and overall survival of the mice by 60% over the course of 5 months (Figures 2E–G). Furthermore, this biomimetic NP platform had strong potency as both a cancer vaccine and treatment regimen for existing tumors.

These studies highlight the use of cell membrane-based biomimetic NPs to not only target the tumor, but also induce changes in the local immune microenvironment. By presenting surface characteristics which immune cells naturally recognize, these cell-like NPs bypass the challenges posed by the immune system, while communicating important signaling cues that facilitate cellular responses vital to mounting an anti-tumor response.



Cardiovascular Disease

The umbrella of cardiovascular diseases covers a broad spectrum of conditions related to the normal functions of the heart and blood vessels, including myocardial infarction, stroke and high blood pressure (Stewart et al., 2017). From its inception, the pathophysiology of cardiovascular disease is characterized by high levels of inflammation (Golia et al., 2014). However, the underlying cause for many of these conditions is buildup of atherosclerotic plaque (Bobryshev et al., 2016). Under normal conditions, arterial walls resist the accumulation of lipids and macrophages. However, triggers of atherosclerosis, which include hypertension, a diet high in saturated fats and obesity, initiate the expression of adhesion molecules that allow the entry of lipids into the vascular wall and the subsequent recruitment of leukocytes to the affected area (Rafieian-Kopaei et al., 2014). The use of cell membrane-based biomimetic NPs for these applications have focused on mimicking various cell membranes (e.g., as platelets and leukocytes) and protein complexes important for good cardiovascular health [i.e., high-density lipoprotein (HDL); Park et al., 2020].

High-density lipoprotein is a native lipid transporter NP used by the body to transport lipids which possess a natural affinity toward atherosclerotic plaque (Feig et al., 2014). These interactions facilitate the transport of cholesterol away from plaque-laden macrophages to the liver for processing. Therefore, this molecule serves as a model complex whose functions NPs can mimic in order to ameliorate the pathophysiology associated with plaques. In an in vivo study with advanced atherosclerotic plaques, researchers were able to inhibit the proliferation of atherosclerotic plaque macrophages through synthesized HDL-mimicking NPs (Tang et al., 2015). This in turn reduced macrophage proliferation by 45% in the aortic roots, reduced expression of inflammatory genes and alleviated atherosclerosis over the course of 8 weeks of treatment (Figures 3A,B). Similar to native HDL, these NPs shifted the movement of cholesterol to the liver and, thereby, prevented proliferation of the macrophages that fuel atherosclerotic plaque. Platelets have also been largely implicated in the progression of cardiovascular disease and demonstrated preferential binding to damaged blood vessels (Kinloughrathbone et al., 1983). Using this behavior as the basis for targeting, platelet-membrane coated NPs have been fabricated using a freeze and thaw process, after which the extracted membranes were fused onto PLGA cores (Hu C. M. J. et al., 2015). These biomimetic NPs not only exhibited increased binding to damaged arteries, but also inhibition of neointima growth (i.e., scar tissue formation) in a rat coronary stenosis model when loaded with docetaxel. Another study utilized platelet derived vesicles to facilitate targeted delivery of cardiac stem cells to sites of injury following a myocardial infarction (Tang et al., 2018). Following treatment with these platelet-modified cardiac stem cells, researchers observed increased cardiomyocyte growth and doubled vessel growth in a rat ischemia model. By combining these two cell sources onto a single NP, they demonstrated how this hybrid particle took on both the targeting features of platelets to damaged blood vessels and the self-renewal properties of stem cells to heal the damaged tissue. In addition to platelets, NPs mimicking RBCs and leukocytes have also been developed for the delivery of therapeutic molecules that aid in the treatment of cardiovascular diseases. For example, RBC-membrane coated dextran polymer NPs loaded with a neuroprotective agent prolonged circulation of this therapeutic molecule while reducing ischemic brain damage in a cerebral artery occlusion model (Lv et al., 2018). Similarly, leukocyte-based NPs loaded with rapamycin also demonstrated preferential accumulation in atherosclerotic plaques in a murine model, curbing local inflammation by reducing macrophage proliferation (Boada et al., 2020). Furthermore, the release of rapamycin from these particles also resulted in reduced plaque burden within the vessels (Figures 3C,D). In this case, the incorporation of the leukocyte proteins onto the NP not only improved targeting to the inflamed site but also induced anti-inflammatory effects that reduced local inflammation at the disease site (Boada et al., 2020).


[image: image]

FIGURE 3. Therapeutic applications of biomimetic nanoparticles in cardiovascular disease. (A,B) HDL-mimicking nanoparticles reduce plaque burden and infiltration of macrophages (red) in the aortic roots of atherosclerotic mice. (C,D) Rapamycin-loaded leukocyte-based nanoparticles for the treatment of atherosclerosis (C) Oil red O staining for lipid deposition in the aortas of atherosclerotic mice treated with or without nanoparticles (D) Image quantification of the plaque area with the vessels. Images in (A,B) are reproduced with permission from Tang et al. (2015). Images in (C,D) are reproduced with permission from Boada et al. (2020).


Taken together, these studies exemplify how cell membrane-based biomimetic NPs can be synthesized to target and treat various aspects of the pathophysiology of cardiovascular diseases. By taking inspiration from the behavior of native cells in this disease context, researchers have implemented novel technologies that mimic the behavior of innate cells while mediating the inflammatory response found across all these disease conditions.



Infectious Disease

The presence of pathogens in the body due to an infection triggers a multi-faceted immune response aimed at clearing the source itself (Chaplin, 2010). The treatment of the most common infectious diseases, which primarily stem from bacteria, has traditionally relied on the heavy use of antibiotic regimens. With the rise of antibiotic resistance over the years, researchers have developed and tested a host of new technologies that aim to treat infectious diseases while minimizing antibiotic use (Aslam et al., 2018). Cell membrane-based biomimetic NPs have paved the way for a new class of treatments that resolve infections using three key approaches: target the source of infection, neutralize the mechanisms used by pathogens to deactivate natural immune defenses and modulate the immune cells involved in the anti-pathogen response.

The first strategy researchers have used to target these infections is the use of cell membrane-based biomimetic NPs that target the pathogen itself. NPs mimicking platelets, epithelial cells and even bacteria themselves have been used to achieve this specificity of targeting. For example, bacteria have been shown to infiltrate platelets and result in platelet aggregation (Fitzgerald et al., 2006). Although platelets play a fundamental role in the host’s defense system, overactivation can lead to the development of hard-to-treat thrombi, creating a niche where the bacteria are protected from the host’s immune system. Capitalizing on this feature of bacteria, researchers designed platelet-coated NPs to effectively deliver antibiotics (Hu C. M. J. et al., 2015). Significant antimicrobial activity was observed in mice that were systemically challenged with a methicillin-resistant strain of bacteria and treated with these biomimetic NPs. Other strategies have used gastric epithelial cell membrane NPs as drug delivery vehicles for antibiotics (Angsantikul et al., 2018). This strategy was particularly unique in that the NPs presented the surface antigens the bacteria would normally recognize on the host’s cells. As a result of recognizing these particular proteins on the NP surface, the bacteria inadvertently internalize these NPs carrying lethal antibiotics. Another approach is to prevent the adhesion of bacteria to the host’s cells by using biomimetic NPs as a competitive binder of target sites (Zhang et al., 2019). This strategy was proven to be effective in a study using polymeric NPs wrapped with bacterial outer membranes of H. pylori in order to inhibit the adhesion of this bacteria to the stomach lining (Figures 4A,B). These bacteria mimicking NPs occupied the binding sites normally used by the pathogen to colonize and induce infection. In fact, these biomimetic NPs decreased binding of H. pylori to intestinal cells by 6-fold in vitro while reducing bacterial colonization in murine stomach tissue by almost 50% in vivo. These examples highlight how the surface features of these biomimetic NPs cleverly mediate communication with the target pathogen or prevent its communication with the host cells which ultimately result in the killing of the bacteria itself.
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FIGURE 4. Biomimetic nanoparticles to kill, neutralize and modulate the immune response to pathogens in infectious diseases. (A,B) Bacterial membrane coated nanoparticles prevent binding to host cells. (A) Schematic representing use of bacterial NPs to prevent H. Pylori colonization of stomach tissue. (B) Confocal images (left) and quantification (right) of H. Pylori (green) adhesion to gastric epithelial cells (blue) with or without treatment with NPs. Scale bar = 25 μm. (C,D) RBC-coated nanosponges (Nanotoxoid hSP) as toxoid vaccines against bacterial infections (C) Sample images (left) and quantification of hemolysis following treatment with NPs (D) Lesion size (left) and total bacterial count (right) in mice following vaccination with NPs and controls (E,F) Treatment of sepsis with leukocyte-mimicking liposomes induced reduction of proinflammatory genes (E) while increasing expression of anti-inflammatory genes (F). Images in (A,B) are reproduced with permission from Zhang et al. (2019). Images in (C,D) are reproduced with permission from Wei et al. (2017). Images in (E,F) are reproduced with permission from Molinaro et al. (2019).


Toxin release is a frequently used mechanisms by which pathogens attack host cells and begin the process of infection (Sastalla et al., 2016). The detection of these deadly toxins is one of the many ways in which the immune system recognizes the presence of these pathogens (Rudkin et al., 2017). However, many of these toxins are also cytotoxic to the immune cells that arrive to clear the pathogen (do Vale et al., 2016). Therefore, cell membrane-based biomimetic NPs have been investigated as toxin neutralizing platforms that can protect immune cells from cell death and enable them to neutralize the pathogen (Fang et al., 2015). Owing to their longer circulation times and ability to interact with the pathogens in circulation, this approach has been shown using primarily RBC-coated NPs. Polymeric NPs were wrapped with the membranes of RBCs and shown to sequester multiples pore-forming toxins (e.g., α-hemolysin, streptolysin-O, and melittin) and protect cells from hemolysis (Hu et al., 2013). Furthermore, these NPs, termed “nanosponges,” did not transfer these toxins to host cell, demonstrating the relative safety of this platform. In a follow-up study, these same nanosponges were shown to act as toxoid vaccines, where the inactivated toxins integrated into the membranes of the NPs protect mice challenged with methicillin-resistant staphylococcus aureus (Wei et al., 2017; Figures 4C,D). The protective properties of these NPs were highlighted by the absence of hemolysis, 4-fold reduction in the lesion size and reduction of the total bacteria count following treatment with the NPs. By capitalizing on the native features of RBCs, such as blood circulation times and the expression of “self-marker” proteins, these biomimetic NPs not only bypass the normal barriers imposed by the immune system, but also protect the very immune cells that often mark them as foreign bodies.

Beyond targeted delivery of antibiotics or neutralization of toxins, cell membrane-based biomimetic NPs have also been shown to modulate the immune response necessary for resolving an infection (Angsantikul et al., 2015). This has been especially demonstrated in models of sepsis, which occurs when infection spreads beyond the local tissue and results in systemic organ dysfunction (Delano and Ward, 2016). Using polymeric cores wrapped in the membranes of macrophages, researchers were able to show the utility of this technology in neutralizing endotoxins that would activate the immune system and sequester proinflammatory cytokines, such as TNF-α and IL-6, in a two-step process (Thamphiwatana et al., 2017). Furthermore, these biomimetic NPs improved the survival of mice challenged with E. coli by 60%. These NPs served as decoys for LPS and cytokines by binding these inflammatory factors to the native pattern recognition receptors on the NP surface. By first neutralizing the LPS and then sequestering cytokines, these macrophage-like NPs inhibited a systemic inflammatory response and, thereby, increased survival during septic shock. Another study using macrophage-derived nanovesicles, where the membrane proteins of macrophages are embedded into a liposome formulation, showed similar abilities to reduce the effects of proinflammatory genes, such as TNF-α and IL-1ß, while increasing the expression of anti-inflammatory genes, such as IL-10 and TGF-ß (Molinaro et al., 2019; Figures 4E,F). Although it should be noted that previous studies have shown the ability of bare, synthetic NPs to treat sepsis, these studies have been limited to physicochemical features as a means to interact with the local environment (Casey et al., 2019). In contrast, these cell-derived biomimetic NPs function by mimicking the native signaling patterns of the cell source. As a result, they provide a clear distinction on the mechanism by which the particles impart therapeutic efficacy and, in turn, enable greater control of the NPs interactions with the biological milieu. By modulating key mediators (i.e., cytokines) of the immune response in sepsis, these studies show the ability of these NPs to tune and regulate this delicate balance to prevent overactivation of the immune system, which can lead to septic shock in patients.



Autoimmune Disease

Autoimmune diseases cover a wide spectrum of diseases, ranging from type 1 diabetes to rheumatoid arthritis to systemic lupus (Theofilopoulos et al., 2017). These diseases are characterized by autoimmunity where the immune system begins to attack the body’s own cells through various means, such as through the production of antibodies against its own cells (Wang et al., 2015). Furthermore, these diseases are characterized by a state of chronic inflammation where the immune system continues to attempt to repair the resulting damage. Although these diseases are currently considered incurable, studies using biomimetic cell membrane-based NPs have shown the emerging potential these technologies possess to intervene and mediate the behavior of the immune system in these disease conditions.

While the work in this field remains limited, a few studies have shown the therapeutic applications of cell membrane-based biomimetic NPs in diseases such as inflammatory bowel disease (IBD), type II immune hypersensitivity reactions and rheumatoid arthritis. Within these disease conditions, these biomimetic NPs have been shown to act as binding decoys for mechanisms that drive the chronic inflammatory state and serve as mimics of native cells capable of resolving inflammation and repairing tissue damage. Exploiting the mechanisms of T cell recruitment during the pathogenesis of IBD, engineered leukocyte membrane mimicking NPs were developed to overexpress α4β7, a key integrin protein on T-lymphocytes, to bind to inflamed mucosal tissue (Berlin et al., 1993). As a result of this overexpression, these “specialized leukosomes” exhibited tighter binding to inflamed endothelia. Furthermore, treatment of DSS-induced IBD mice with these biomimetic NPs resulted in inhibition of edema, reduction of CD45 + immune cells and improved crypt structure (Corbo et al., 2017a; Figures 5A,B). The therapeutic effects observed following treatment with these specialized NPs was speculated to be due to the binding of NPs to receptors that would otherwise be bound by the immune cells that drive this disease. This hypothesis was supported by their observation of lower inflammation levels and reduced immune cell infiltration in the colon of mice treated with the NPs. Therefore, these NPs served as competitive binders for receptors that would otherwise overstimulate the immune response in a negative manner. This approach was also demonstrated with RBC-mimicking NPs for the clearance of pathological antibodies. More specifically, these RBC-based biomimetic NPs acted as binding decoys for antibodies that would otherwise bind to native RBCs and mark them for extravascular hemolysis (Copp et al., 2014; Figure 5C,D). In an induced anemia model, mice treated with these RBC-NPs achieved normal RBC counts and hemoglobin levels. In contrast, mice that did not receive the NPs showed a 60% reduction in RBC count and a 2-fold decrease in hemoglobin levels. Lastly, neutrophil-mimicking NPs have been shown to have significant therapeutic effects in the treatment of rheumatoid arthritis. In this study, NPs were fused with the membranes of neutrophils and tested for their ability to counteract the negative immune response induced during the progression of this disease (Zhang Q. Z. et al., 2018). Similar to the previously discussed examples, these NPs also served as decoys of neutrophil-targeted biological molecules. This is especially important for the treatment of rheumatoid arthritis where reversal of this condition has been linked to reduced neutrophil recruitment to the synovial fluid (Wright et al., 2017). In fact, use of these NPs in two murine models of arthritis resulted in a reduction of joint destruction and suppression of proinflammatory cytokines. These studies demonstrate the versatility biomimetic NPs possess in targeting and tuning the underlying mechanisms that support and drive many autoimmune diseases.
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FIGURE 5. Role of biomimetic nanoparticles in treatment of autoimmune diseases. (A,B) Specialized leukocyte-mimicking nanoparticles (SLK) with overexpression of α4β7 integrins for the treatment of inflammatory bowel disease. (A) Immunofluorescent imaging for CD45 + immune cells in the colon following treatment with and without nanoparticles resulted in the decreased immune filtration in the SLK group with overall improvement in the histology of the colon (B). (C,D) Red blood cell coated nanoparticles (RBC-ANS) for the clearance of pathological antibodies (C) Representative schematic demonstrating how RBC-ANS work to neutralize antibodies that would otherwise induce hemolysis (D) Significant improvements in RBC count, hemoglobin and hematocount were observed in mice treated with RBC-ANS compared to bare nanoparticles alone. Images in (A,B) are reproduced with permission from Corbo et al. (2017a). Images in (C,D) are reproduced with permission from Copp et al. (2014).




CONCLUSION AND PERSPECTIVES

Significant progress has been made in the modulation of the immune response to NPs, with cell membrane-based biomimetic NPs paving the way for a new generation of innovative therapeutic platforms. Advances in the field of material science and engineering have led to the development of novel synthesis methods capable of transferring the complex surface composition of native cells onto NPs. As we synthesize cell membrane-based biomimetic NPs with specific features, we are directly encoding messages into the surfaces of these particles. Therefore, the messages we encode mediate the communication that occurs between these particles and the biological components they encounter at the nano-bio interface. Researchers must take advantage of these processes to create NPs endowed with fine-tuned properties that can further facilitate the immunomodulatory interactions that are crucial to determining the in vivo fate of these delivery systems. The work in this field thus far has demonstrated the wide applications of these biomimetic technologies across many diseases. Not only do these NPs possess the ability to negotiate the barriers imposed by the immune system with ease, their interactions with cells in the surrounding biological environment via the nano-bio interface enable them to directly communicate with the immune cells involved in disease progression. As growing research in immunology and cell biology shed more light on the cell-to-cell interactions that mediate the healing process, researchers can capitalize on this knowledge to develop even more intelligent and intricate cell membrane-based biomimetic NPs.

Despite the many advantages provided by cell membrane-based strategies, a variety of challenges exist that must be overcome for successful translation into the clinic. Chiefly, successful identification and isolation of cell membranes is an extensive, multi-step process and can be limited by the chosen cell source. For example, stem cells can be quite challenging to derive from a patient while other cell sources may demonstrate considerable heterogeneity. In the case of erythrocytes and platelets, while these can be commonly retrieved via transfusion, their lack of a nucleus makes it difficult for gene-based ex vivo manipulation. Therefore, in the successful translation of these strategies into the clinic, it is important to consider the source of cells in an effort to obtain relevant quantities of material.

Additionally, as these NPs are derived from native cells, maintaining batch-to-batch consistency is of utmost importance for clinical translation. Current fabrication techniques make it challenging to ensure homogeneous incorporation of integral membrane proteins. While top-down approaches have provided some insight into the development of more controlled structures, additional optimization is still needed. Specifically, as the surface expression of key molecules on these NPs is vital for their behavior in vivo, researchers must develop quick screening assays that confirm the incorporation and function of the NPs prior to administration in a patient. Additionally, cell membrane proteins possess a number of features ranging from targeting to cell-cell communication, requiring techniques to selectively isolate desired proteins. Unintended consequences can also arise from the inclusion of undesirable proteins such as the potential to activate the immune system. Furthermore, the incorporation of denatured proteins also raises the risk of immune activation, necessitating methods that allow for identification of essential proteins.

Nevertheless, the growing work in cell-based therapies has spurred the groundwork for formalized standards by which these technologies must adhere. As the standardization of processes and regulations for these technologies grow, it is expected that this can aid in the successful translation of cell membrane-based NPs into the clinic. Furthermore, as the development of novel cell membrane-based NPs continues, it is important to evaluate process development methods that can favor scale up. In all, the work showcased in this review highlights the potential for this technology to be translated from the bench to the bedside.



AUTHOR CONTRIBUTIONS

MS and ME wrote the manuscript and compiled the figures. FT and ET aided in the idea conception, development, and manuscript editing process.



FUNDING

This work was supported by funding from the NCI and the Office of Women’s Health (1R56CA213859), NCI and the NIH Ruth L. Kirschstein Research Service Award (F31CA232705), Cancer Prevention Institute of Texas (RP170466), and the Kleberg Foundation.



ACKNOWLEDGMENTS

The authors would like to thank Dr. Jonathan Martinez for his valuable feedback and input in the writing of this manuscript. Schematic in Figure 1 was created with BioRender.com.



REFERENCES

Abraham, A., Natraj, U., Karande, A. A., Gulati, A., Murthy, M. R. N., Murugesan, S., et al. (2016). Intracellular delivery of antibodies by chimeric Sesbania mosaic virus (SeMV) virus like particles. Sci. Rep. 6:21803.

Agadjanian, H., Chu, D., Hwang, J. Y., Wachsmann-Hogiu, S., Rentsendorj, A., Song, L., et al. (2012). Chemotherapy targeting by DNA capture in viral protein particles. Nanomedicine 7, 335–352. doi: 10.2217/nnm.11.104

Albanese, A., Tang, P. S., and Chan, W. C. (2012). The effect of nanoparticle size, shape, and surface chemistry on biological systems. Annu. Rev. Biomed. Eng. 14, 1–16. doi: 10.1146/annurev-bioeng-071811-150124

Aldossari, A. A., Shannahan, J. H., Podila, R., and Brown, J. M. (2015). Scavenger receptor B1 facilitates macrophage uptake of silver nanoparticles and cellular activation. J. Nanopart. Res. 17:313.

Alexis, F., Pridgen, E., Molnar, L. K., and Farokhzad, O. C. (2008). Factors affecting the clearance and biodistribution of polymeric nanoparticles. Mol. Pharm. 5, 505–515. doi: 10.1021/mp800051m

Alkilany, A. M., Zhu, L., Weller, H., Mews, A., Parak, W. J., Barz, M., et al. (2019). Ligand density on nanoparticles: a parameter with critical impact on nanomedicine. Adv. Drug Deliv. Rev. 143, 22–36. doi: 10.1016/j.addr.2019.05.010

Angsantikul, P., Thamphiwatana, S., Gao, W., and Zhang, L. (2015). Cell membrane-coated nanoparticles as an emerging antibacterial vaccine platform. Vaccines 3, 814–828. doi: 10.3390/vaccines3040814

Angsantikul, P., Thamphiwatana, S., Zhang, Q., Spiekermann, K., Zhuang, J., Fang, R. H., et al. (2018). Coating nanoparticles with gastric epithelial cell membrane for targeted antibiotic delivery against Helicobacter pylori infection. Adv. Ther. 1:1800016. doi: 10.1002/adtp.201800016

Anselmo, A. C., Modery-Pawlowski, C. L., Menegatti, S., Kumar, S., Vogus, D. R., Tian, L. L., et al. (2014). Platelet-like nanoparticles: mimicking shape, flexibility, and surface biology of platelets to target vascular injuries. ACS Nano 8, 11243–11253. doi: 10.1021/nn503732m

Aramesh, M., Shimoni, O., Ostrikov, K., Prawer, S., and Cervenka, J. (2015). Surface charge effects in protein adsorption on nanodiamonds. Nanoscale 7, 5726–5736. doi: 10.1039/c5nr00250h

Ashley, C. E., Carnes, E. C., Phillips, G. K., Durfee, P. N., Buley, M. D., Lino, C. A., et al. (2011). Cell-specific delivery of diverse cargos by bacteriophage MS2 virus-like particles. ACS Nano 5, 5729–5745. doi: 10.1021/nn201397z

Aslam, B., Wang, W., Arshad, M. I., Khurshid, M., Muzammil, S., Rasool, M. H., et al. (2018). Antibiotic resistance: a rundown of a global crisis. Infect. Drug Resist. 11, 1645–1658. doi: 10.2147/idr.s173867

Bartneck, M., Warzecha, K. T., and Tacke, F. (2014). Therapeutic targeting of liver inflammation and fibrosis by nanomedicine. Hepatobiliary Surg. Nutr. 3, 364–376.

Berlin, C., Berg, E. L., Briskin, M. J., Andrew, D. P., Kilshaw, P. J., Holzmann, B., et al. (1993). Alpha 4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular addressin MAdCAM-1. Cell 74, 185–195. doi: 10.1016/0092-8674(93)90305-a

Blanco, E., Shen, H., and Ferrari, M. (2015). Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat. Biotechnol. 33, 941–951. doi: 10.1038/nbt.3330

Boada, C., Zinger, A., Tsao, C., Zhao, P. C., Martinez, J. O., Hartman, K., et al. (2020). Rapamycin-loaded biomimetic nanoparticles reverse vascular inflammation. Circ. Res. 126, 25–37. doi: 10.1161/circresaha.119.315185

Bobryshev, Y. V., Ivanova, E. A., Chistiakov, D. A., Nikiforov, N. G., and Orekhov, A. N. (2016). Macrophages and their role in atherosclerosis: pathophysiology and transcriptome analysis. Biomed Res. Int. 2016:9582430.

Casey, L. M., Kakade, S., Decker, J. T., Rose, J. A., Deans, K., Shea, L. D., et al. (2019). Cargo-less nanoparticles program innate immune cell responses to toll-like receptor activation. Biomaterials 218:119333. doi: 10.1016/j.biomaterials.2019.119333

Cataldi, M., Vigliotti, C., Mosca, T., Cammarota, M., and Capone, D. (2017). Emerging role of the spleen in the pharmacokinetics of monoclonal antibodies, nanoparticles and exosomes. Int. J. Mol. Sci. 18:1249. doi: 10.3390/ijms18061249

Chaplin, D. D. (2010). Overview of the immune response. J Allergy Clin. Immunol. 125, S3–S23.

Chen, L., Deng, H., Cui, H., Fang, J., Zuo, Z., Deng, J., et al. (2018). Inflammatory responses and inflammation-associated diseases in organs. Oncotarget 9, 7204–7218. doi: 10.18632/oncotarget.23208

Chen, W. C., Kawasaki, N., Nycholat, C. M., Han, S., Pilotte, J., Crocker, P. R., et al. (2012). Antigen delivery to macrophages using liposomal nanoparticles targeting sialoadhesin/CD169. PLoS One 7:e39039. doi: 10.1371/journal.pone.0039039

Copp, J. A., Fang, R. H., Luk, B. T., Hu, C. M., Gao, W., Zhang, K., et al. (2014). Clearance of pathological antibodies using biomimetic nanoparticles. Proc. Natl. Acad. Sci. U.S.A. 111, 13481–13486. doi: 10.1073/pnas.1412420111

Corbo, C., Cromer, W. E., Molinaro, R., Furman, N. E. T., Hartman, K. A., De Rosa, E., et al. (2017a). Engineered biomimetic nanovesicles show intrinsic anti-inflammatory properties for the treatment of inflammatory bowel diseases. Nanoscale 9, 14581–14591. doi: 10.1039/c7nr04734g

Corbo, C., Molinaro, R., Taraballi, F., Toledano Furman, N. E., Hartman, K. A., Sherman, M. B., et al. (2017b). Unveiling the in vivo protein corona of circulating leukocyte-like carriers. ACS Nano 11, 3262–3273. doi: 10.1021/acsnano.7b00376

Coussens, L. M., and Werb, Z. (2002). Inflammation and cancer. Nature 420, 860–867.

Crist, R. M., Grossman, J. H., Patri, A. K., Stern, S. T., Dobrovolskaia, M. A., Adiseshaiah, P. P., et al. (2013). Common pitfalls in nanotechnology: lessons learned from NCI’s Nanotechnology Characterization Laboratory. Integr. Biol. 5, 66–73. doi: 10.1039/c2ib20117h

Cui, J., Piotrowski-Daspit, A. S., Zhang, J., Shao, M., Bracaglia, L. G., Utsumi, T., et al. (2019). Poly(amine-co-ester) nanoparticles for effective Nogo-B knockdown in the liver. J. Control. Release 304, 259–267. doi: 10.1016/j.jconrel.2019.04.044

Dacoba, T. G., Olivera, A., Torres, D., Crecente-Campo, J., and Alonso, M. J. (2017). Modulating the immune system through nanotechnology. Semin. Immunol. 34, 78–102. doi: 10.1016/j.smim.2017.09.007

de Jonge, J., Leenhouts, J. M., Holtrop, M., Schoen, P., Scherrer, P., Cullis, P. R., et al. (2007). Cellular gene transfer mediated by influenza virosomes with encapsulated plasmid DNA. Biochem. J. 405, 41–49. doi: 10.1042/bj20061756

Dehaini, D., Fang, R. H., and Zhang, L. (2016). Biomimetic strategies for targeted nanoparticle delivery. Bioeng. Transl. Med. 1, 30–46. doi: 10.1002/btm2.10004

Delano, M. J., and Ward, P. A. (2016). The immune system’s role in sepsis progression, resolution, and long-term outcome. Immunol. Rev. 274, 330–353. doi: 10.1111/imr.12499

do Vale, A., Cabanes, D., and Sousa, S. (2016). Bacterial toxins as pathogen weapons against phagocytes. Front. Microbiol. 7:42. doi: 10.3389/fmicb.2016.00042

Duan, L., Rao, X., and Sigdel, K. R. (2019). Regulation of inflammation in autoimmune disease. J. Immunol. Res. 2019:7403796.

Eggermont, L. J., Paulis, L. E., Tel, J., and Figdor, C. G. (2014). Towards efficient cancer immunotherapy: advances in developing artificial antigen-presenting cells. Trends Biotechnol. 32, 456–465. doi: 10.1016/j.tibtech.2014.06.007

Evangelopoulos, M., Parodi, A., Martinez, J. O., Yazdi, I. K., Cevenini, A., Van De Ven, A. L., et al. (2016). Cell source determines the immunological impact of biomimetic nanoparticles. Biomaterials 82, 168–177. doi: 10.1016/j.biomaterials.2015.11.054

Evangelopoulos, M., Yazdi, I. K., Acciardo, S., Palomba, R., Giordano, F., Pasto, A., et al. (2020). Biomimetic cellular vectors for enhancing drug delivery to the lungs. Sci. Rep. 10:172.

Fadel, T. R., Steenblock, E. R., Stern, E., Li, N., Wang, X., Haller, G. L., et al. (2008). Enhanced cellular activation with single walled carbon nanotube bundles presenting antibody stimuli. Nano Lett. 8, 2070–2076. doi: 10.1021/nl080332i

Fang, R. H., Luk, B. T., Hu, C. M. J., and Zhang, L. F. (2015). Engineered nanoparticles mimicking cell membranes for toxin neutralization. Adv. Drug Deliv. Rev. 90, 69–80. doi: 10.1016/j.addr.2015.04.001

Faraji, A. H., and Wipf, P. (2009). Nanoparticles in cellular drug delivery. Bioorg. Med. Chem. 17, 2950–2962.

Feghali, C. A., and Wright, T. M. (1997). Cytokines in acute and chronic inflammation. Front. Biosci. 2, d12–d26. doi: 10.2741/a171

Feig, J. E., Hewing, B., Smith, J. D., Hazen, S. L., and Fisher, E. A. (2014). High-density lipoprotein and atherosclerosis regression: evidence from preclinical and clinical studies. Circ. Res. 114, 205–213. doi: 10.1161/circresaha.114.300760

Feng, Q., Liu, Y., Huang, J., Chen, K., Huang, J., and Xiao, K. (2018). Uptake, distribution, clearance, and toxicity of iron oxide nanoparticles with different sizes and coatings. Sci. Rep. 8:2082.

Fernandez-Moure, J. S., Evangelopoulos, M., Colvill, K., Van Eps, J. L., and Tasciotti, E. (2017). Nanoantibiotics: a new paradigm for the treatment of surgical infection. Nanomedicine 12, 1319–1334. doi: 10.2217/nnm-2017-0401

Fitzgerald, J. R., Foster, T. J., and Cox, D. (2006). The interaction of bacterial pathogens with platelets. Nat. Rev. Microbiol. 4, 445–457. doi: 10.1038/nrmicro1425

Friedman, A. D., Claypool, S. E., and Liu, R. (2013). The smart targeting of nanoparticles. Curr. Pharm. Des. 19, 6315–6329. doi: 10.2174/13816128113199990375

Gardner, A., and Ruffell, B. (2016). Dendritic cells and cancer immunity. Trends Immunol. 37, 855–865.

Gentile, F., Chiappini, C., Fine, D., Bhavane, R. C., Peluccio, M. S., Cheng, M. M., et al. (2008). The effect of shape on the margination dynamics of non-neutrally buoyant particles in two-dimensional shear flows. J. Biomech. 41, 2312–2318. doi: 10.1016/j.jbiomech.2008.03.021

Golia, E., Limongelli, G., Natale, F., Fimiani, F., Maddaloni, V., Pariggiano, I., et al. (2014). Inflammation and cardiovascular disease: from pathogenesis to therapeutic target. Curr. Atheroscler. Rep. 16:435.

Gref, R., Minamitake, Y., Peracchia, M. T., Trubetskoy, V., Torchilin, V., and Langer, R. (1994). Biodegradable long-circulating polymeric nanospheres. Science 263, 1600–1603. doi: 10.1126/science.8128245

Grgacic, E. V., and Anderson, D. A. (2006). Virus-like particles: passport to immune recognition. Methods 40, 60–65. doi: 10.1016/j.ymeth.2006.07.018

Gustafson, H. H., Holt-Casper, D., Grainger, D. W., and Ghandehari, H. (2015). Nanoparticle uptake: the phagocyte problem. Nano Today 10, 487–510. doi: 10.1016/j.nantod.2015.06.006

Harris, J. C., Scully, M. A., and Day, E. S. (2019). Cancer cell membrane-coated nanoparticles for cancer management. Cancers 11:1836. doi: 10.3390/cancers11121836

Hickey, J. W., Vicente, F. P., Howard, G. P., Mao, H. Q., and Schneck, J. P. (2017). Biologically inspired design of nanoparticle artificial antigen-presenting cells for immunomodulation. Nano Lett. 17, 7045–7054. doi: 10.1021/acs.nanolett.7b03734

Hu, C. M. J., Fang, R. H., Wang, K. C., Luk, B. T., Thamphiwatana, S., Dehaini, D., et al. (2015). Nanoparticle biointerfacing by platelet membrane cloaking. Nature 526, 118–121. doi: 10.1038/nature15373

Hu, Q., Sun, W., Qian, C., Wang, C., Bomba, H. N., and Gu, Z. (2015). Anticancer platelet-mimicking nanovehicles. Adv. Mater. 27, 7043–7050. doi: 10.1002/adma.201503323

Hu, C. M. J., Fang, R. H., Copp, J., Luk, B. T., and Zhang, L. F. (2013). A biomimetic nanosponge that absorbs pore-forming toxins. Nat. Nanotechnol. 8, 336–340. doi: 10.1038/nnano.2013.54

Hu, C. M. J., Zhang, L., Aryal, S., Cheung, C., Fang, R. H., and Zhang, L. F. (2011). Erythrocyte membrane-camouflaged polymeric nanoparticles as a biomimetic delivery platform. Proc. Natl. Acad. Sci. U.S.A. 108, 10980–10985. doi: 10.1073/pnas.1106634108

Hume, D. A., Irvine, K. M., and Pridans, C. (2019). The mononuclear phagocyte system: the relationship between monocytes and macrophages. Trends Immunol. 40, 98–112. doi: 10.1016/j.it.2018.11.007

Jin, K., Luo, Z., Zhang, B., and Pang, Z. (2018). Biomimetic nanoparticles for inflammation targeting. Acta Pharm. Sin. B 8, 23–33. doi: 10.1016/j.apsb.2017.12.002

Jokerst, J. V., Lobovkina, T., Zare, R. N., and Gambhir, S. S. (2011). Nanoparticle PEGylation for imaging and therapy. Nanomedicine 6, 715–728. doi: 10.2217/nnm.11.19

Kalidoss, M., Yunus Basha, R., Doble, M., and Sampath Kumar, T. S. (2019). Theranostic calcium phosphate nanoparticles with potential for multimodal imaging and drug delivery. Front. Bioeng. Biotechnol. 7:126. doi: 10.3389/fbioe.2019.00126

Kim, J. V., Latouche, J. B., Riviere, I., and Sadelain, M. (2004). The ABCs of artificial antigen presentation. Nat. Biotechnol. 22, 403–410. doi: 10.1038/nbt955

Kinloughrathbone, R. L., Packham, M. A., and Mustard, J. F. (1983). Vessel injury, platelet adherence, and platelet survival. Arteriosclerosis 3, 529–546. doi: 10.1161/01.atv.3.6.529

Kotas, M. E., and Medzhitov, R. (2015). Homeostasis, inflammation, and disease susceptibility. Cell 160, 816–827. doi: 10.1016/j.cell.2015.02.010

Kroll, A. V., Fang, R. H., Jiang, Y., Zhou, J., Wei, X., Yu, C. L., et al. (2017). Nanoparticulate delivery of cancer cell membrane elicits multiantigenic antitumor immunity. Adv. Mater. 29: doi: 10.1002/adma.201703969

Kwon, E. J., Lo, J. H., and Bhatia, S. N. (2015). Smart nanosystems: Bio-inspired technologies that interact with the host environment. Proc. Natl. Acad. Sci. U.S.A. 112, 14460–14466. doi: 10.1073/pnas.1508522112

Levingstone, T. J., Herbaj, S., and Dunne, N. J. (2019). Calcium phosphate nanoparticles for therapeutic applications in bone regeneration. Nanomaterials 9:1570. doi: 10.3390/nano9111570

Li, J., Ai, Y., Wang, L., Bu, P., Sharkey, C. C., Wu, Q., et al. (2016). Targeted drug delivery to circulating tumor cells via platelet membrane-functionalized particles. Biomaterials 76, 52–65. doi: 10.1016/j.biomaterials.2015.10.046

Liu, X. Q., and Tang, R. Z. (2017). Biological responses to nanomaterials: understanding nano-bio effects on cell behaviors. Drug Deliv. 24, 1–15. doi: 10.1080/10717544.2017.1375577

Liu, Y., Luo, J. S., Chen, X. J., Liu, W., and Chen, T. K. (2019). Cell membrane coating technology: a promising strategy for biomedical applications. Nano Micro Lett. 11:100.

Lopez-Candales, A., Hernandez Burgos, P. M., Hernandez-Suarez, D. F., and Harris, D. (2017). Linking chronic inflammation with cardiovascular disease: from normal aging to the metabolic syndrome. J. Nat. Sci. 3:e341.

Luk, B. T., and Zhang, L. (2015). Cell membrane-camouflaged nanoparticles for drug delivery. J. Control. Release 220, 600–607. doi: 10.1016/j.jconrel.2015.07.019

Lv, W., Xu, J. P., Wang, X. Q., Li, X. R., Xu, Q. W., and Xin, H. L. (2018). Bioengineered boronic ester modified dextran polymer nanoparticles as reactive oxygen species responsive nanocarrier for ischemic stroke treatment. ACS Nano 12, 5417–5426. doi: 10.1021/acsnano.8b00477

Mackern-Oberti, J. P., Llanos, C., Vega, F., Salazar-Onfray, F., Riedel, C. A., Bueno, S. M., et al. (2015). Role of dendritic cells in the initiation, progress and modulation of systemic autoimmune diseases. Autoimmun. Rev. 14, 127–139. doi: 10.1016/j.autrev.2014.10.010

Maldonado, R. A., Lamothe, R. A., Ferrari, J. D., Zhang, A. H., Rossi, R. J., Kolte, P. N., et al. (2015). Polymeric synthetic nanoparticles for the induction of antigen-specific immunological tolerance. Proc. Natl. Acad. Sci. U.S.A. 112, E156–E165.

Martinez, J. O., Molinaro, R., Hartman, K. A., Boada, C., Sukhovershin, R., De Rosa, E., et al. (2018). Biomimetic nanoparticles with enhanced affinity towards activated endothelium as versatile tools for theranostic drug delivery. Theranostics 8, 1131–1145. doi: 10.7150/thno.22078

Miragoli, M., Ceriotti, P., Iafisco, M., Vacchiano, M., Salvarani, N., Alogna, A., et al. (2018). Inhalation of peptide-loaded nanoparticles improves heart failure. Sci. Transl. Med. 10:eaan6205. doi: 10.1126/scitranslmed.aan6205

Mitra, S., Gaur, U., Ghosh, P. C., and Maitra, A. N. (2001). Tumour targeted delivery of encapsulated dextran-doxorubicin conjugate using chitosan nanoparticles as carrier. J. Control. Release 74, 317–323. doi: 10.1016/s0168-3659(01)00342-x

Moghimi, S. M., Hunter, A. C., and Murray, J. C. (2001). Long-circulating and target-specific nanoparticles: theory to practice. Pharmacol. Rev. 53, 283–318.

Molinaro, R., Corbo, C., Martinez, J. O., Taraballi, F., Evangelopoulos, M., Minardi, S., et al. (2016). Biomimetic proteolipid vesicles for targeting inflamed tissues. Nat. Mater. 15, 1037–1046. doi: 10.1038/nmat4644

Molinaro, R., Martinez, J. O., Zinger, A., De Vita, A., Storci, G., Arrighetti, N., et al. (2020). Leukocyte-mimicking nanovesicles for effective doxorubicin delivery to treat breast cancer and melanoma. Biomater. Sci. 8, 333–341. doi: 10.1039/c9bm01766f

Molinaro, R., Pasto, A., Corbo, C., Taraballi, F., Giordano, F., Martinez, J. O., et al. (2019). Macrophage-derived nanovesicles exert intrinsic anti-inflammatory properties and prolong survival in sepsis through a direct interaction with macrophages. Nanoscale 11, 13576–13586. doi: 10.1039/c9nr04253a

Mout, R., Moyano, D. F., Rana, S., and Rotello, V. M. (2012). Surface functionalization of nanoparticles for nanomedicine. Chem. Soc. Rev. 41, 2539–2544.

Naahidi, S., Jafari, M., Edalat, F., Raymond, K., Khademhosseini, A., and Chen, P. (2013). Biocompatibility of engineered nanoparticles for drug delivery. J. Control. Release 166, 182–194. doi: 10.1016/j.jconrel.2012.12.013

Nel, A. E., Madler, L., Velegol, D., Xia, T., Hoek, E. M., Somasundaran, P., et al. (2009). Understanding biophysicochemical interactions at the nano-bio interface. Nat. Mater. 8, 543–557. doi: 10.1038/nmat2442

Owens, D. E. III, and Peppas, N. A. (2006). Opsonization, biodistribution, and pharmacokinetics of polymeric nanoparticles. Int. J. Pharm. 307, 93–102. doi: 10.1016/j.ijpharm.2005.10.010

Park, J. H., Dehaini, D., Zhou, J. R., Holay, M., Fang, R. H., and Zhang, L. F. (2020). Biomimetic nanoparticle technology for cardiovascular disease detection and treatment. Nanoscale Horiz. 5, 25–42. doi: 10.1039/c9nh00291j

Parodi, A., Molinaro, R., Sushnitha, M., Evangelopoulos, M., Martinez, J. O., Arrighetti, N., et al. (2017). Bio-inspired engineering of cell- and virus-like nanoparticles for drug delivery. Biomaterials 147, 155–168. doi: 10.1016/j.biomaterials.2017.09.020

Parodi, A., Quattrocchi, N., Van De Ven, A. L., Chiappini, C., Evangelopoulos, M., Martinez, J. O., et al. (2013). Synthetic nanoparticles functionalized with biomimetic leukocyte membranes possess cell-like functions. Nat. Nanotechnol. 8, 61–68. doi: 10.1038/nnano.2012.212

Pasto, A., Giordano, F., Evangelopoulos, M., Amadori, A., and Tasciotti, E. (2019). Cell membrane protein functionalization of nanoparticles as a new tumor-targeting strategy. Clin. Transl. Med. 8:8.

Perera, A. S., and Coppens, M. O. (2019). Re-designing materials for biomedical applications: from biomimicry to nature-inspired chemical engineering. Philos. Trans. A Math. Phys. Eng. Sci. 377:20180268. doi: 10.1098/rsta.2018.0268

Prakken, B., Wauben, M., Genini, D., Samodal, R., Barnett, J., Mendivil, A., et al. (2000). Artificial antigen-presenting cells as a tool to exploit the immune ‘synapse’. Nat. Med. 6, 1406–1410. doi: 10.1038/82231

Probst, H. C., Muth, S., and Schild, H. (2014). Regulation of the tolerogenic function of steady-state DCs. Eur. J. Immunol. 44, 927–933. doi: 10.1002/eji.201343862

Qie, Y., Yuan, H., Von Roemeling, C. A., Chen, Y., Liu, X., Shih, K. D., et al. (2016). Surface modification of nanoparticles enables selective evasion of phagocytic clearance by distinct macrophage phenotypes. Sci. Rep. 6:26269.

Rafieian-Kopaei, M., Setorki, M., Doudi, M., Baradaran, A., and Nasri, H. (2014). Atherosclerosis: process, indicators, risk factors and new hopes. Int. J. Prev. Med. 5, 927–946.

Rambukwella, M., Sakthivel, N. A., Delcamp, J. H., Sementa, L., Fortunelli, A., and Dass, A. (2018). Ligand structure determines nanoparticles’ atomic structure, metal-ligand interface and properties. Front. Chem. 6:330. doi: 10.3389/fchem.2018.00330

Rhodes, K. R., and Green, J. J. (2018). Nanoscale artificial antigen presenting cells for cancer immunotherapy. Mol. Immunol. 98, 13–18. doi: 10.1016/j.molimm.2018.02.016

Rock, K. L., and Kono, H. (2008). The inflammatory response to cell death. Annu. Rev. Pathol. 3, 99–126.

Rodriguez, P. L., Harada, T., Christian, D. A., Pantano, D. A., Tsai, R. K., and Discher, D. E. (2013). Minimal “Self” peptides that inhibit phagocytic clearance and enhance delivery of nanoparticles. Science 339, 971–975. doi: 10.1126/science.1229568

Rudkin, J. K., Mcloughlin, R. M., Preston, A., and Massey, R. C. (2017). Bacterial toxins: Offensive, defensive, or something else altogether? PLoS Pathog. 13:e1006452. doi: 10.1371/journal.ppat.1006452

Sapsford, K. E., Algar, W. R., Berti, L., Gemmill, K. B., Casey, B. J., Oh, E., et al. (2013). Functionalizing nanoparticles with biological molecules: developing chemistries that facilitate nanotechnology. Chem. Rev. 113, 1904–2074. doi: 10.1021/cr300143v

Sastalla, I., Monack, D. M., and Kubatzky, K. F. (2016). Editorial: bacterial exotoxins: how bacteria fight the immune system. Front. Immunol. 7:300. doi: 10.3389/fimmu.2016.00300

Scavo, M. P., Gentile, E., Wolfram, J., Gu, J., Barone, M., Evangelopoulos, M., et al. (2015). Multistage vector delivery of sulindac and silymarin for prevention of colon cancer. Colloids Surf. B Biointerfaces 136, 694–703. doi: 10.1016/j.colsurfb.2015.10.005

Schlenoff, J. B. (2014). Zwitteration: coating surfaces with zwitterionic functionality to reduce nonspecific adsorption. Langmuir 30, 9625–9636. doi: 10.1021/la500057j

Schmid, D., Park, C. G., Hartl, C. A., Subedi, N., Cartwright, A. N., Puerto, R. B., et al. (2017). T cell-targeting nanoparticles focus delivery of immunotherapy to improve antitumor immunity. Nat. Commun. 8:1747.

Serra, P., and Santamaria, P. (2015). Nanoparticle-based autoimmune disease therapy. Clin. Immunol. 160, 3–13. doi: 10.1016/j.clim.2015.02.003

Shahzad, M. M., Mangala, L. S., Han, H. D., Lu, C., Bottsford-Miller, J., Nishimura, M., et al. (2011). Targeted delivery of small interfering RNA using reconstituted high-density lipoprotein nanoparticles. Neoplasia 13, 309–319.

Shannahan, J. H., Bai, W., and Brown, J. M. (2015). Implications of scavenger receptors in the safe development of nanotherapeutics. Receptors Clin. Investig. 2:e811.

Song, G., Petschauer, J. S., Madden, A. J., and Zamboni, W. C. (2014). Nanoparticles and the mononuclear phagocyte system: pharmacokinetics and applications for inflammatory diseases. Curr. Rheumatol. Rev. 10, 22–34. doi: 10.2174/1573403x10666140914160554

Sosale, N. G., Spinler, K. R., Alvey, C., and Discher, D. E. (2015). Macrophage engulfment of a cell or nanoparticle is regulated by unavoidable opsonization, a species-specific ‘Marker of Self’ CD47, and target physical properties. Curr. Opin. Immunol. 35, 107–112. doi: 10.1016/j.coi.2015.06.013

Steinman, R. M., Hawiger, D., and Nussenzweig, M. C. (2003). Tolerogenic dendritic cells. Annu. Rev. Immunol. 21, 685–711.

Stewart, J., Manmathan, G., and Wilkinson, P. (2017). Primary prevention of cardiovascular disease: a review of contemporary guidance and literature. JRSM Cardiovasc. Dis. 6:2048004016687211.

Sun, D., Chen, J., Wang, Y., Ji, H., Peng, R., Jin, L., et al. (2019). Advances in refunctionalization of erythrocyte-based nanomedicine for enhancing cancer-targeted drug delivery. Theranostics 9, 6885–6900. doi: 10.7150/thno.36510

Sun, H., Su, J., Meng, Q., Yin, Q., Chen, L., Gu, W., et al. (2016). Cancer-cell-biomimetic nanoparticles for targeted therapy of homotypic tumors. Adv. Mater. 28, 9581–9588. doi: 10.1002/adma.201602173

Sunshine, J. C., Perica, K., Schneck, J. P., and Green, J. J. (2014). Particle shape dependence of CD8+ T cell activation by artificial antigen presenting cells. Biomaterials 35, 269–277. doi: 10.1016/j.biomaterials.2013.09.050

Tang, J., Lobatto, M. E., Hassing, L., Van Der Staay, S., Van Rijs, S. M., Calcagno, C., et al. (2015). Inhibiting macrophage proliferation suppresses atherosclerotic plaque inflammation. Sci. Adv. 1:e1400223.

Tang, J., Su, T., Huang, K., Dinh, P. U., Wang, Z., Vandergriff, A., et al. (2018). Targeted repair of heart injury by stem cells fused with platelet nanovesicles. Nat. Biomed. Eng. 2, 17–26. doi: 10.1038/s41551-017-0182-x

Thamphiwatana, S., Angsantikul, P., Escajadillo, T., Zhang, Q., Olson, J., Luk, B. T., et al. (2017). Macrophage-like nanoparticles concurrently absorbing endotoxins and proinflammatory cytokines for sepsis management. Proc. Natl. Acad. Sci. U.S.A. 114, 11488–11493. doi: 10.1073/pnas.1714267114

Theofilopoulos, A. N., Kono, D. H., and Baccala, R. (2017). The multiple pathways to autoimmunity. Nat. Immunol. 18, 716–724. doi: 10.1038/ni.3731

Tkach, A. V., Shurin, G. V., Shurin, M. R., Kisin, E. R., Murray, A. R., Young, S. H., et al. (2011). Direct effects of carbon nanotubes on dendritic cells induce immune suppression upon pulmonary exposure. ACS Nano 5, 5755–5762. doi: 10.1021/nn2014479

Toledano Furman, N. E., Lupu-Haber, Y., Bronshtein, T., Kaneti, L., Letko, N., Weinstein, E., et al. (2013). Reconstructed stem cell nanoghosts: a natural tumor targeting platform. Nano Lett. 13, 3248–3255. doi: 10.1021/nl401376w

van de Ven, A. L., Kim, P., Haley, O., Fakhoury, J. R., Adriani, G., Schmulen, J., et al. (2012). Rapid tumoritropic accumulation of systemically injected plateloid particles and their biodistribution. J. Control. Release 158, 148–155. doi: 10.1016/j.jconrel.2011.10.021

Vijayan, V., Uthaman, S., and Park, I. K. (2018). Cell membrane-camouflaged nanoparticles: a promising biomimetic strategy for cancer theragnostics. Polymers 10:983. doi: 10.3390/polym10090983

Wang, C., Sun, W., Ye, Y., Bomba, H. N., and Gu, Z. (2017). Bioengineering of artificial antigen presenting cells and lymphoid organs. Theranostics 7, 3504–3516. doi: 10.7150/thno.19017

Wang, E. C., and Wang, A. Z. (2014). Nanoparticles and their applications in cell and molecular biology. Integr. Biol. 6, 9–26. doi: 10.1039/c3ib40165k

Wang, H., Liu, Y., He, R., Xu, D., Zang, J., Weeranoppanant, N., et al. (2020). Cell membrane biomimetic nanoparticles for inflammation and cancer targeting in drug delivery. Biomater. Sci. 8, 552–568. doi: 10.1039/c9bm01392j

Wang, L., Wang, F. S., and Gershwin, M. E. (2015). Human autoimmune diseases: a comprehensive update. J. Intern. Med. 278, 369–395. doi: 10.1111/joim.12395

Wei, X., Gao, J., Wang, F., Ying, M., Angsantikul, P., Kroll, A. V., et al. (2017). In situ capture of bacterial toxins for antivirulence vaccination. Adv. Mater. 29: doi: 10.1002/adma.201701644

Wolfram, J., Shen, H., and Ferrari, M. (2015). Multistage vector (MSV) therapeutics. J. Control. Release 219, 406–415. doi: 10.1016/j.jconrel.2015.08.010

Wright, H. L., Cox, T., Moots, R. J., and Edwards, S. W. (2017). Neutrophil biomarkers predict response to therapy with tumor necrosis factor inhibitors in rheumatoid arthritis. J. Leukoc. Biol. 101, 785–795. doi: 10.1189/jlb.5a0616-258r

Xia, F., and Jiang, L. (2008). Bio-inspired, smart, multiscale interfacial materials. Adv. Mater. 20, 2842–2858. doi: 10.1002/adma.200800836

Xiao, W., and Gao, H. (2018). The impact of protein corona on the behavior and targeting capability of nanoparticle-based delivery system. Int. J. Pharm. 552, 328–339. doi: 10.1016/j.ijpharm.2018.10.011

Xie, W., Deng, W. W., Zan, M., Rao, L., Yu, G. T., Zhu, D. M., et al. (2019). Cancer cell membrane camouflaged nanoparticles to realize starvation therapy together with checkpoint blockades for enhancing cancer therapy. ACS Nano 13, 2849–2857. doi: 10.1021/acsnano.8b03788

Yamamoto, Y., Nagasaki, Y., Kato, Y., Sugiyama, Y., and Kataoka, K. (2001). Long-circulating poly(ethylene glycol)-poly(D,L-lactide) block copolymer micelles with modulated surface charge. J. Control. Release 77, 27–38. doi: 10.1016/s0168-3659(01)00451-5

Yazdi, I. K., Ziemys, A., Evangelopoulos, M., Martinez, J. O., Kojic, M., and Tasciotti, E. (2015). Physicochemical properties affect the synthesis, controlled delivery, degradation and pharmacokinetics of inorganic nanoporous materials. Nanomedicine 10, 3057–3075. doi: 10.2217/nnm.15.133

Yoo, J. W., Chambers, E., and Mitragotri, S. (2010). Factors that control the circulation time of nanoparticles in blood: challenges, solutions and future prospects. Curr. Pharm. Des. 16, 2298–2307. doi: 10.2174/138161210791920496

Yoo, J. W., Irvine, D. J., Discher, D. E., and Mitragotri, S. (2011). Bio-inspired, bioengineered and biomimetic drug delivery carriers. Nat. Rev. Drug Discov. 10, 521–535. doi: 10.1038/nrd3499

Yu, X., Trase, I., Ren, M., Duval, K., Guo, X., and Chen, Z. (2016). Design of nanoparticle-based carriers for targeted drug delivery. J. Nanomater. 2016:1087250.

Yurkin, S. T., and Wang, Z. (2017). Cell membrane-derived nanoparticles: emerging clinical opportunities for targeted drug delivery. Nanomedicine 12, 2007–2019. doi: 10.2217/nnm-2017-0100

Zhang, Q. Z., Dehaini, D., Zhang, Y., Zhou, J. L., Chen, X. Y., Zhang, L. F., et al. (2018). Neutrophil membrane-coated nanoparticles inhibit synovial inflammation and alleviate joint damage in inflammatory arthritis. Nat. Nanotechnol. 13, 1182–1190. doi: 10.1038/s41565-018-0254-4

Zhang, X., Wang, C., Wang, J., Hu, Q., Langworthy, B., Ye, Y., et al. (2018). PD-1 blockade cellular vesicles for cancer immunotherapy. Adv. Mater. 30:e1707112.

Zhang, Y., Chen, Y., Lo, C., Zhuang, J., Angsantikul, P., Zhang, Q., et al. (2019). Inhibition of pathogen adhesion by bacterial outer membrane-coated nanoparticles. Angew. Chem. Int. Ed. Engl. 58, 11404–11408. doi: 10.1002/anie.201906280

Zhou, Y., and Dai, Z. (2018). New strategies in the design of nanomedicines to oppose uptake by the mononuclear phagocyte system and enhance cancer therapeutic efficacy. Chem. Asian J. 13, 3333–3340. doi: 10.1002/asia.201800149

Zolnik, B. S., Gonzalez-Fernandez, A., Sadrieh, N., and Dobrovolskaia, M. A. (2010). Nanoparticles and the immune system. Endocrinology 151, 458–465.


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 Sushnitha, Evangelopoulos, Tasciotti and Taraballi. 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.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cell Membrane-Based Biomimetic Nanoparticles and the Immune System: Immunomodulatory Interactions to Therapeutic Applications



		INTRODUCTION



		ROLE OF THE IMMUNE SYSTEM: A TWO-SIDED COIN



		The Immune System as a Barrier



		The Immune System as a Target







		ROLE OF THE NANO-BIO INTERFACE



		EMERGENCE OF BIOMIMETIC NANOPARTICLES



		DISEASE APPLICATIONS



		Cancer



		Cardiovascular Disease



		Infectious Disease



		Autoimmune Disease







		CONCLUSION AND PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fbioe-08-00627-g004.jpg
TNF-a

w

) H. pylori input (X108 CFU/mL) 20-
H. pylori . 0.25 1 4 L o]
\ S, / " S é/
Sl s S Stomach lin = o3 /' O-(-) OM-NP
i = 3’ ==y o E s4o o
/ H. pylori colonization < gg /i @ (+)OM-NP
o2 R, g
o o o I | St Y
o o 3 b= g 8%
o= gg /Ilr ° i o
8 TaEs NI
o ~ H. pylori input concentration
OM-NP Blockage of colonization (X10° CFU/mL)
D
12 5001 _ 108
hSP 10 @ Blank 2 —_—
z $°4001 - Heat-treated hSP o
§ ® E -+ Nanotoxoid(hSP) 5107 % =
¥ @ XOi
Heat-treated hSP % 6 < 3001 § # Ay
E 4 > © 1068
T c 200 3 8 %—
Nanosponge 2 S °
& 1001 5107
. 2 & £ £ &
Nanotoxoid(hSP) £ .8 QOQQ & °
O 0 T T 1041— T T
\\; 0,\\02\0-@ 0 1 2T ?d 5 6 0&' %Q %Q
> 5 ime (days) NS
& y & & N
o &
2
F ‘2‘0 e’b
; g § 8 R § 6 ' T ]
b4 3 80 an Vw
s s £6 g
8 2% 60 oo q.g *
2 52 w24 w2
3 238 40 2% 28
2 ® E 3 2
Z s 2 g g
@ 4 @ 4
€ E 0 E0 €

M CTRL B Untr M Lipo M Leuko

LPS-inflamed ———






OPS/images/cover.jpg
’ frontiers
in Bioengineering and Biotechnoloc¢

Cell Membrane-Based
Biomimetic Nanoparticles
and the Immune System:

Immunomodulatory
Interactions to Therapeutic
Applications





OPS/images/fbioe-08-00627-g005.jpg
A HEALTHY LIPO 20 *REE EREE B
T UL - 2 e
Z 20 = =%
9 164
S g
g S 15 *
w
< 10 !Zl;
wi o
LEUKO SLKs o N S 10l
< ‘—T e
+ (-3
s 2.
S T
o
HEALTHY LIPO LEUKO SLKs HEALTHY LIPO LEUKO  SLKs
C D
=10 16 45
in 9 8 =
S S14 240
Es < %
3 51 £3s
g7 2 £
8 £ s
Q6 £10 T30
4
1 _I 1 i T _ 3 1T 3 T 1 _ 1§ 4
Time (days) Time (days) Time (days)
~@- RBC-ANS + anti-RBC =&~ PEG-NP + anti-RBC -~ Anti-RBC only






OPS/images/fbioe-08-00627-g002.jpg
% cells DiD*

Liposome

B Kupffer cell phagocytosis Tumour accumulation
30 -~ % - ~ 8000 o ok
Ea ' I [ E
88 9 .. E 6,000 -
23 % 3
g€ £ 4,000 -
< O <
c o Q
@ & 10 - [ | [ =
o2 & 2,000 -
T & )
< 5
oM M NN HHE HE I < 0- :
1 20 40 60 90 1 20 40 60 90
Time (min) D Time (min)
16 s 1004
121 £ 75
3
2
8- @ 50
€
8
4 & 2
o o o
: a 0 7 14 21 28 35
Leukosome Liposome  Leukosome Time (d)
G -0~ Untreated -« Free DOX -#- Leuko DOX
61 100+ v
+ 1
o ).
Z =
O i S - Blank ***
% < ! 4 CpG-NP
- © Y CCNP ***
a = 20 CCNP +fCpG *
© o = ' 4 WC +fCpG ***
2 »n & --&, CpG-CCNP
3 25+ '
50 &
'
0 : — — 4
0 10 20 30 40 50 50 150
Time (days)







OPS/images/fbioe-08-00627-g003.jpg
=
]
3

Placebo |
i

-

=]
L
_{

o
¢,
1

Total fluorescent signal
(normalized to placebo)

0 T
Placebo S-HDL

Free Rapamycin
A RERIRN

sy
£ A

Plaque to Vessel %

0.4 Macrophage

NE i
=~ 0.2 **
0
©
[a]
(6]
Placebo S-HDL
Plaque Percentage
%
*p=0.035
80 4
70 9 A ]E L]
: %—
60 4
A L]
50 T T L)
Control Free Leukosomes w/

Rapamycin Rapamycin








OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





OPS/images/fbioe-08-00627-g001.jpg
'Biologically inert'

First Generation ]

Second Generation
'Active targeting'

Third Generation
‘Cell membrane-based
biomimetic nanoparticles'

)
A

g

g%;i.ig}f

s

N f’,uwnow..‘!% !J\) ” &
’LW‘EQ  § }; :g:;:“ 4 N
Targeting
* ’ MPS cells * \‘{/ receptors, Wrm
” antibodies 0 , .
.\ ‘_' Proteinsinblood &f&»  Polymeric
nanoparticle Me;n?rane
{ Non-fouling . proteins
polymers @ Liposome

@gc,:,

Whole cell
membrane coating

Isolation and
integration of
membrane proteins





