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Abstract

Engineered nanoparticles (NPs) have broad applications in industry and nanomedicine. When NPs 

enter the body, interactions with the immune system are unavoidable. The innate immune system, 

a non-specific first line of defense against potential threats to the host, immediately interacts with 

introduced NPs and generates complicated immune responses. Depending on their 

physicochemical properties, NPs can interact with cells and proteins to stimulate or suppress the 

innate immune response, and similarly activate or avoid the complement system. NPs size, shape, 

hydrophobicity and surface modification are the main factors that influence the interactions 

between NPs and the innate immune system. In this review, we will focus on recent reports about 

the relationship between the physicochemical properties of NPs and their innate immune response, 

and their applications in immunotherapy.
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1. Introduction

Due to their unique physical and chemical properties, Nanoparticles (NPs) are widely used 

in electronics, cosmetics, textiles and nanomedicine [1–2 3 4 5]. At present, human exposure 

to engineered NPs is widespread, through environmental routes (inhalation, ingestion, 

dermal contact and parenteral) or deliberate administration [6,7]. Interactions between 

nanoparticles(NPs) and the immune system have become important, and there are 

foundational questions about the safety of these special materials. NPs can communicate 

with various biological components (cells, receptors, proteins etc.) of the immune system, 

trigger cell signaling cascades, and consequently cause unpredictable immune responses 

(activation or suppression) and even harmful outcomes (autoimmune diseases or cancer) 

[5,7,8]. There is also evidence that NPs can alter the development of immune systems in 
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utero in mouse models. [9]. Therefore, understanding how NPs influence or tune the 

immune system is critical to better knowing the potential risks in developing new 

nanomaterials.

The basic concept of the immune system is a biological network that reacts to foreign threats 

(i.e. antigens) to protect the host and maintain homeostasis [5]. The overall system is divided 

into two subsystems: innate immunity and adaptive immunity. Innate immunity is the first 

line of defense, generating a non-specific inflammatory response upon the detection of 

conserved biological motifs, often associated with bacteria and viruses. The adaptive 

immune system is a more nuanced defense mechanism that involves the development of 

antibodies highly-specific to detected antigens, followed by the generation of memory cells 

for future immunological protection [10]. Components of the innate immune system 

recognize pathogens mainly via pattern-recognition receptors (PRPs), while antigen 

presenting cells (APCs) present acquired antigens to T cells for the activation of acquired 

immune system. When NPs enter the body, they have a high probability of interacting with 

the innate immune system first, generating an immunomodulatory response based on their 

physicochemical properties [8,11]. Hence, understanding how NPs interact with the innate 

immune system is particularly important, and would provide insight into designing immune-

compatible NP technologies.

Engineered NPs can be designed to either specifically interact with or avoid recognition by 

the immune system. Synthetic NPs have been utilized frequently to generate novel 

immunotherapy strategies. Immunotherapy involves intentional modulation of the immune 

system as a therapeutic strategy. One of the primary strengths of immunotherapy is that there 

can be less negative side effects than those associated with traditional therapies [12,13]. A 

frequent use for NPs in immunotherapy contexts has been for developing new vaccines, 

which has been previously discussed [14–15]. Here, we will focus on understanding the 

interactions between the innate immune system and engineered NPs for other 

immunomodulatory purposes. First, we will discuss how physicochemical properties of NPs 

affect the contact of NPs with the innate immune system and the resulting immune response. 

Then, we will demonstrate how to take advantage of NPs immunomodulatory properties for 

biological applications. At last, we will discuss remaining challenges that need to be 

considered for NP applications.

2. Innate immune system

The innate immune system is a broad, less-specific defense mechanism, which includes 

molecular (complement system, cytokines) and cellular (phagocytes and leukocytes) 

components that recognize classes of molecules particular to frequently encountered 

pathogens. Most components of the innate immune system are present before the onset of 

the infection and rapidly respond to invasion within minutes. In conjunction with this system 

is the highly organized complement system, which involves a set of serum proteins that 

circulate in an inactive state. Those proteins are converted into an active state through three 

pathways (classical, lection and alternative pathway) to damage and clear pathogenic 

organisms [19]. Activation of the complement system leads to the formation of the potent 

anaphylatoxins C3a and C5a. These proteins elicit physiological responses such as 
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chemoattraction (attract phagocytes to sites of injury or inflammation) and enhanced 

vascular permeability [20]. The innate immune system includes several circulating and 

tissue-specific cell types, such as natural killer cells, granulocytes (neutrophils, basophils, 

eosinophils, mast cells) and antigen-presenting cells (macrophage and dendritic cells (DC)). 

APCs and neutrophils are responsible for recognizing pathogens via PRRs, which identify 

pathogen-associated molecular patterns (PAMPs). Following identification, the cells uptake 

and digest the pathogen, generating an inflammatory response [19,21]. APCs are also 

activated by damage-associated molecular pattern molecules (DAMPs) (such as ATP, uric 

acid, heparin sulfate) from stressed or damaged tissues or microbes [22]. These cells usually 

produce higher levels of reactive oxygen species (ROS), causing an accumulation of 

oxidative glutathione (GSSG). These changes further elicit inflammatory responses through 

distinct signaling pathways, such as nuclear factor κ-light-chain-enhancer of activated B 

cells (NF-κB) and NACHT-LRR and PYD domain-containing proteins 3 (NLRP3). These 

changes can also cause cytokine secretion (e.g. interleukins (ILs), tumor necrosis factor 

(TNF-α)) [21].

Activation of PRRs is an essential part of the inflammatory immune response that direct the 

host cell to distinguish “self” from “non-self”. PRRs are expressed on either the cell 

membrane (such as Toll-like receptors (TLRs) and C-type lectin receptors (CLRs)) or in the 

cytosol (such as NOD-like receptors (NLRs) and RIG-I-like receptors (RLRs)) [22]. Based 

on their function, PRRs are divided into signaling PRRs and endocytic PRRs. Signaling 

PRRs (TLRs and NLRs) have a variety of functions in the regulation of inflammation and 

apoptotic response. For example, TLR signaling results in the activation of NF-κB, mitogen-

activated protein kinase, and interferon-regulatory factors (IRFs). Those signal pathways 

ultimately result in gene expression and secretion of cytokines, chemokines, cell adhesion 

molecules, and immunoreceptors [22,23]. Endocytic PRRs can promote the attachment, 

engulfment and destruction of microorganisms and foreign entities by phagocytes. Each 

PRR family member binds a specific molecular pattern. For example, TLR4 recognizes 

extracellular bacterial lipopolysaccharide (LPS), and the NLR/inflammasome recognizes 

cytosolic bacterial DNA or peptidoglycan molecules [23,24]. By controlling the interaction 

with these specific receptors, the overall immunological response can be regulated.

3. Physicochemical properties of nanoparticles modulate innate immune 

response

NPs have been prepared with a variety of controlled structures and functionalities for 

delivery, therapeutic, and diagnostic purposes. Once inside the body, engineered NPs as 

foreign substance are immediately encounter the innate immune system and generate 

specific immune response based on their properties. The physicochemical properties (e.g. 

size, charge, shape, hydrophobicity, and stiffness) of NPs determine their interactions with 

soluble proteins, APCs and neutrophils, in particular effect the downstream signaling that 

are used to detect pathogens or other immunoregulatory events [7,11,24,25].
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3.1 Size and shape

The size of NPs has a significant impact on the uptake of these materials by cells 

(particularly those of the innate immune system), the initiation of innate immune response, 

and their overall bio-distribution in vivo [7,10]. With an increase in size, the surface to 

volume ratio of NPs is decreased, which affects their interactions with the innate immune 

system. There are four endocytotic NPs uptake mechanisms: pinocytosis, macropinocytosis, 

phagocytosis and clathrin/caveolar mediated endocytosis. Pinocytosis and micropinocytosis, 

both commonly involved in NP uptake by the immune system, are non-specific processes to 

internalize NPs and fluids together into cells [26]. By using fluorescent PEGylated NPs, 

Kruth et al. reported the visualization of receptor-independent fluid-phase pinocytosis by 

macrophages in vitro and in a mouse atherosclerotic lesion model [27]. The uptake of NPs 

usually occurs with the cooperation of several endocytic uptake mechanisms. Through 

endocytic inhibitor analysis, Gu et al. reported that superparamagnetic iron oxide NPs (~ 

10nm) were internalized into Raw 264.7 macrophage cells using clathrin-dependent 

endocytosis (inhibited with chlorpromazine), caveolae-dependent endocytosis (inhibited 

with β-cyclodextrin), and macropinocytosis (inhibited with amiloride) [28]. Rothen et al. 

showed that 600 nm polystyrene NPs (PS) were engulfed by phagocytosis/macropinocytosis, 

while 40 nm PS were internalized by both clathrin-mediated endocytosis as well as 

phagocytosis or macropinocytosis by macrophages (J774.1A) [29]. Čolić et al. also reported 

that gold NPs of 10nm and 50nm were internalized predominantly via a clathrin/dynamin-

dependent mechanism by DCs, and a significantly higher number of 10 nm AuNPs per cell 

were uptaken than 50 nm AuNPs. It was demonstrated that smaller AuNPs inhibit the 

maturation of LPS induced DCs more strongly than larger ones [30]. Similarly, silica-titania 

hollow nanoparticles with 50 nm diameter, compared with up to 125nm, generated more 

ROS (Figure 1.a), and exhibited the highest induction of inflammatory cytokines (IL-1, IL-6 

and TNF-α) with mouse alveolar macrophage (J774.1) in vitro [31]. However, the 

relationship between size of NPs and innate immune response is not linear. Jang et al. 

synthesized five different diameters (20 nm, 40 nm, 60 nm, 80 nm and 100 nm) of 

monodispersed polypyrrole (PPy) nanoparticles. Mid-sized 60 nm PPy NPs evoked the 

highest level of ROS and increased the expression level of costimulatory markers (CD40 and 

CD80) in macrophages [32]. For the bio-distribution, several studies demonstrated that 

smaller NPs had higher retention compared to larger NPs, and that most NPs accumulate in 

the liver (Kupffer cells), the amount increasing with the size of NPs [33,34]. Additionally, 

small NPs (20 nm to 200 nm) rapidly drained to the lymph nodes (LN), where they were 

taken up by resident DC. Large NPs (500 nm, 1000 nm) depended on cellular transport by 

DC, immigrating from the injection site (skin) to LN in vivo [35]. These data suggested that 

larger NPs prefer interacting with tissue-resident APCs, while smaller NPs (<200nm) could 

circulate through vein and lymphatic drainage, providing better antigen presentation.

The shape of NPs has also been demonstrated to affect interactions with the innate immune 

system [21,25,36]. Groll et al. found that the uptake of nanorods by macrophages was more 

efficient than the uptake of nanospheres. This is a result of the generation of > 1μm vesicles, 

allowing the nanorods to enter easily through macropinocytosis. It was also observed that 

neutrophil granulocytes did not fully internalize the particles but trapped them in their 

extracellular structures [37]. Within various aluminum oxyhydroxide nanomaterials 
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(nanorod, nanoplate, and nanopolyhedra), nanorods are the most redox active materials, 

capable of NLRP3 inflammasome activation and stimulating IL-1β production in human 

THP-1 cells and bone marrow-derived DCs (BMDCs) (Figure 1.b) [38]. Moreover, higher 

aspect ratios of nanorods minimized phagocytosis and enhanced cytokine secretion (IL-6, 

and IFN-γ) [39]. Similarly, Moghimi et al. compared complement activation using spherical, 

prolate ellipsoidal (rods) and oblate ellipsoidal (disks) polystyrene NPs with equivalent 

surface area in pig and human blood. They found that all types of NPs induced complement 

activation (through measurements of C3bc, C3a, C5a, and sC5b-9) within the first 5 minutes 

of contact with blood, but rods and disks generate more profound complement activation 

than spheres at later timepoints [40]. Recently, Bigini et al. demonstrated that spherical and 

star-like Au NPs show the same percentage of accumulation but a different localization in 

liver, and only star-like Au NPs could be able to accumulate in lung [41].

The crystal phase of NPs also affects immune response. For example, Self et al. reported that 

titanium dioxide (TiO2) with three nanoarchitectures (anatase, rutile, and nanocube) could 

raise levels of proinflammatory cytokines, increase maturation, and increase expression of 

costimulatory molecules on DCs compared to micron-Titania [42]. Utilizing various sizes 

and shapes of polystyrene NPs, particles possessing the longest dimension in the range of 2–

3 μm exhibited maximum tendency to attach to macrophages, mimicking the procedure of 

bacterium recognition by APCs, as these size particles exhibit the strongest binding to the 

membrane ruffles of the macrophage surface [43].

3.2 Hydrophobicity and surface modification

Modifying the surface properties of NPs alter their immunology response, especially in 

regards to recognition by hydrophobic moieties found in DAMPs and PAMPs, which are 

involved in danger signal pathways of the innate immune system [24,44]. Polymer NPs with 

different degrees of hydrophobicity were used to demonstrate that an increasing NP 

hydrophobicity yielded higher levels of cellular internalization and costimulatory markers 

(CD86) expression in DCs [45]. This pattern is consistent with other innate immune cell 

types; with increasingly hydrophobic positive charged NPs, proinflammatory cytokine gene 

expression level was upregulated in splenocytes from mice (Figure 2.a) [46]. Depending on 

the hydrophobicity and the arrangement of chemical motifs, cationic AuNPs bind various 

amounts of serum proteins (e.g. lipoproteins, immunoglobins, complements) forming a 

“protein corona”, which were then internalized by macrophages in a corona-dependent 

manner in vitro [47]. With increasing hydrophobicity, the amount of apolipoproteins and 

immunoglobulins adsorbed on NPs surface decreased, as well as the uptake of NPs in Raw 

264.7 cells. The correlation of corona formation and NP recognition by macrophages 

demonstrated that adsorption of proteins from the complement system, apolipoprotein 

family, and coagulation factors has high positive correlation with the macrophage uptake. 

Similarly, a series of zwitterionic AuNPs accumulated less serum protein absorption on the 

NP surface (corona free), resulting in lower cellular uptake than cationic AuNPs [48]. NPs 

bearing a hydrophobic zwitterionic functionality boosted LPS-induced inflammatory 

outcomes, whereas hydrophilic zwitterionic NPs generated minimal immunology response 

in vivo (Figure 2.b) [49].
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As mentioned above, proteins such as immunoglobulin, albumin, complements and 

apolipoproteins adsorb onto the nanoparticle surface, forming a “protein corona”, which 

marks them as an invader for recognition by specialized receptors, such as the TLR series, as 

well as the scavenger and complement receptors [50]. Particulary important is opsonization, 

the process in which complement proteins adsorb on the surface of NPs, priming particles 

for removal by immune cells. NPs incubated in serum and plasma can be rapidly opsonized 

with the third complement component (C3) via the alternative pathway, where C3 covalently 

binds to the absorbed serum proteins rather than directly to the NP shell. The protein corona 

accelerates the assembly of complement components on the NP surface in vitro, however C3 

and other absorbed proteins were rapidly shed from the surface once the NPs were injected 

to mice. The exchangeable nature of the protein corona can lead to continuous shedding of 

the complement factors and re-opsonization in vivo [51]. Based on the composition of the 

protein corona, Chan et al. developed a quantitative model that uses a serum protein corona 

“fingerprint” to predict the cell association of 105 surface-modified AuNPs, with the larger 

goal of establishing predictive models for the design of NPs [52]. When “stealthy” NPs are 

necessary, they need to be modified to avoid or decrease potential interactions with these 

specialized immune receptors. For example, linear chain poly (ethylene glycol) (PEG) 

coating (PEGylation) provides a hydrophilic shell surrounding the NPs to block nonspecific 

protein adsorption by blocking potential protein-binding sites. This “stealth” coating creates 

a thermodynamic barrier to protein diffusion, reducing overall protein adsorption. A 

potential consequence of reduced protein adsorption is the subsequent slowing of cellular 

uptake by phagocytes that rely on the recognition of the protein corona, prolonging NP 

blood residence time. The stealth effect of PEGylation varies with chain length and density 

of PEG ligands. Above a certain density of PEG (~0.64 PEG/nm2), serum proteins adsorbed 

to the NPs are insignificant in the uptake process, reducing macrophage uptake of PEG-

grafted NPs [53]. In addition to reducing protein adsorption, PEGylation can affect the 

composition of the protein corona around the surface of NPs. Specifically, PEGylation can 

affect the adsorption of clusterin proteins (also known as apolipoprotein J), an abundance of 

which are necessary to prevent non-specific uptake by innate immune system [54]. However, 

AuNPs with methoxy-PEG-thiol ligands can be displaced with cysteine and cystine, leading 

to protein absorption and cell uptake in macrophages within 24 h. By incorporating an alkyl 

linker between the PEG and the thiol moieties, a hydrophobic shield layer was introduced 

which greatly reduced protein adsorption on AuNPs as well as macrophage uptake [55].

Surface charge also has a significant effect on the interaction with the innate immune 

system. Positively charged NPs enhance the electrostatic attraction between NPs and 

negatively charged cell membrane, leading to the increased surface endocytosis (or 

phagocytosis) [56]. Hence, cationic NPs showed higher uptake in macrophage and DCs 

[57,58]. Hu et al. demonstrated that positively charged Fe2O3 NPs enhanced the cross-

presentation ability of DCs, while negatively charged Fe2O3 NPs were associated with rapid 

autophagy [59]. Interestingly, the rate of cellular NPs internalization depends on surface 

charge and the phenotype of the differentiated cells. Simmet et al. reported that 

macrophages, differentiated from human monocytes, internalized ~4 times more PC-COOH 

than THP-1 cells (monocytic cell line), while THP-1 cells internalized PS-NH2 more rapidly 

than macrophages. It was shown that the macrophage uptake of NPs by phagocytosis 
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depended on the specific interactions between the CD63 receptor and NPs, whereas 

internalization by THP-1 occurred via dynamin ||-dependent endocytosis. Meanwhile, in 
vivo data shown that PC-COOH NPs was accumulated in liver, where macrophages of the 

reticuloendothelial system reside, and PS-NH2 NPs were found in the tumor xenografts [60]. 

For pulmonary therapy, cationic NPs modulated the local lung environment to promote 

recruitment and maturation of lung DCs, but anionic NPs were found to be immunologically 

inert in the lung [61]. Modification of surface charge of NPs were exploited for tuning the 

immune response. Bao et al. demonstrated that three types of polymer coating (negative, 

positive, and neutral) on iron oxide NPs does not significantly change the expression of 

TNF-α and TLR2 in a human monocyte cell line [62]. Moreover, a silica-silane shell 

(neutral inorganic layer) passivated polymer NPs generated a significant decrease in the 

activation of innate immune cells [62].

The surface of NPs can be modified with specific ligands for receptor targeting. In the innate 

immune system, phagocytosis relies on a balance between prophagocytic (“eat me) and 

antiphagocytic (“don’t eat me”) signals on target. CD47 is a transmembrane protein that 

binds to signal regulatory protein α (SIRPα) expressed on the surface of macrophages. The 

binding of SIRPα with CD47 results in the phosphorylation of the cytoplasmic tail of 

SIRPα, leading to the activation of protein phosphatases that block phagocytosis [63]. 

Surface modification of NPs with CD47 could alter the phagocytic signaling cascade and 

significantly reduced phagocytosis of NPs through binding to SIRPα, which are expressed 

on APCs. [64]. NPs functionalized with TLR agonists, such as monophosphorly lipid A 

(MPLA), polyinosinic-polycytidylic acid (poly I:C) and CpG-riched oligodeoxynucleotides 

(CpG), enhanced cytokine production (e.g. IFN-γ, Il-6, and TNF-α), expression of 

activation markers (e.g. CD40, CD80 and CD86) and upregulation of immunoregulatory 

genes (e.g. Cxcl1, Ccl4, Il6 and Cd14) [65-]. Narasimhan et al. have shown that amphiphilic 

polyanhydride NPs possess pathogen-mimicking properties, and can activate DCs similarly 

to LPS (TLR 4 agonist) [68]. Gamazo et al. demonstrated that poly (methyl vinyl ether-co-

maleic anhydride) NPs (PVMA) act as agonists of TLR2 and TLR4, and highly activated 

complement activation by stable binding to C3b [69]. In another approach, Thaxton et al. 

synthesized a suite of high-density lipoprotein-liked NPs which functions to scavenge and 

neutralize LPS, inhibiting TLR-4 dependent inflammatory response [70]. Moreover, Cho et 

al. demonstrated that NPs coated with negative regulatory complement factor H can prevent 

complement activation with >90% efficiency [71]. And galactose polymer modified NPs 

could absorbed complement H protein on their surface in vitro, providing a low level of 

complement activation [72].

Moreover, different inorganic NPs cores generate various levels of cellular response on the 

innate immune system. For example, Zubrev et al. have shown that NPs (CdTe, CuO, Au) 

induced distinct and distinguishable proteomics signatures on THP-1 cells. The CdTe NPs 

revealed a proteomics response similarly to anticancer drugs related to down-regulation of 

topoisomerases. CuO NPs treatment resulted in up-regulation of heat-associated proteins as 

well as induced ROS production. AuNPs induced up-regulation of the inflammatory 

mediator (NF-κB) that is mediated through dysregulation of immune homeostasis by 

inactivating the TIPE2 protein (negative regulator of NF-κB). [73]. At ultralow and nontoxic 

concentrations (10−6 ~ 10−3 μg/ml), Ag, TiO2 and ZnO NPs induce mild pro-inflammatory 
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response by the NF-κB signaling pathway, and upregulate gene expression levels of Il6, 

Il1b, Nfkb1 and TNF-α in Raw 264.7 cells [74].

4. Therapeutic immune modulation by engineered nanoparticles

Engineered NPs acting as delivery vehicles or direct immunomodulation agents can 

manipulate the innate immune system for therapeutic purposes. The main two applications 

areas are vaccination and cancer immunotherapy, which both “train” the immune system to 

detect and eliminate foreign entities or tumors. The key to these therapeutic strategies is to 

induce the desired immune response (stimulation or suppression) through the recognition of 

engineered NPs by the innate immune system, especially APCs. [75-].

In cancer immunotherapy, the crucial process is to generate an appropriate pro-inflammatory 

signal in response to tumor antigens [69]. By taking advantage of the innate immune system 

cells’ tumor targeting ability, anti-tumor drug loaded NPs were internalized within 

macrophages and delivered to tumor cells via cell-cell binding, causing tumor cell death 

[78]. Exosomes of APCs are enriched in co-stimulatory molecules and the major 

histocompatibility complex (MHC). They are used as an alternative pathway to tune the 

immune response [79]. By mimicking their functions, MHC/peptide complexes and Fab 

region coated liposomes, which act like natural APCs exosomes, bound and triggered 

activation and expansion of T cells [80]. Similarly, when nanoporous silicon NPs were 

coated with cellular membranes purified from leukocytes, these “camouflaged” NPs could 

avoid opsonization, delay uptake by the mononuclear phagocyte system, preferentially bind 

inflamed endothelium, and facilitate accumulation in a tumor site [81]. In addition, CpG and 

MPLA coated NPs, known as “artificial bacteria”, demonstrated stronger pro-inflammatory 

response (higher IL-6 and IL-12 secretion) [65]. Taking advantage of the physical properties 

of NPs, superparamagnetic iron oxide NPs can be efficiently recognized and uptaken by 

DCs in vitro, while simultaneously acting as an imaging agent for magnetic resonance 

imaging (MRI) in vivo [82]. NPs consisting of ferumoxytol, an iron supplement approved by 

the FDA, inhibited cancer growth by inducing a pro-inflammatory immune response with 

M1 macrophage polarization [83]. In addition, NPs designed with ultrasound and photo-

sensitive properties could increase the interaction with innate immune system and generate 

efficient antitumor effects [84-]. Ex vivo DC-based immunotherapy can also elicit a strong 

antigen-specific immune response. For example, near-infrared (NIR) excited up-conversion 

NPs (UCNPs) were efficiently engulfed by DCs and induced DC maturation (upregulation 

of CD80 and CD86) and cytokine release (IL-12p70 and IL-1β) in vitro. These UCNPs 

loaded DCs migrated to the lymph node near the injection position to initiate and trigger an 

immune response in vivo. The phagocytosis capability of macrophages from UCNPs treated 

mice was increased, demonstrating that NPs can stimulate innate immune response in vivo 

[87]. Recently, small interfering RNA (siRNA) modified NPs showed drastic gene silencing 

efficiency against the suppressor of cytokine signaling 1(SOCS1) gene in mouse DCs, 

leading to enhanced TNF-α and IL-6 production, and inhibited tumor growth in lymphoma 

bearing mice [88].

Certain diseases benefit from immune inhibition; these include allergies, atopic disorders, 

autoimmunity, and organ transplantation. Therapeutic NPs for these purposes need to have 

Liu et al. Page 8

Semin Immunol. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunosuppressive or anti-inflammatory properties [77]. Engineered NPs as vehicles are 

designed to deliver anti-inflammatory compounds to phagocytes, reducing the therapeutic 

dose and immune based side effects. For example, rapamycin-loaded poly (lactic-co-glycolic 

acid) (PLGA) NPs down-regulated intercellular adhesion molecule 1 (ICAM-1) expression 

in DCs and maintained DCs in the immature state, exhibiting an immunosuppressive 

response [89]. Rapamycin and dexamethasone loaded NPs also have been shown to 

downregulate production of pro-inflammatory cytokines via sustained drug release, 

maintaining immunosuppression to transplant recipients, and prolonging viability of 

transplanted tissue [90,91]. In many autoimmune diseases, the expression of pro-

inflammatory cytokines is overwhelming. NPs have been designed for the prevention of 

interactions between cytokines and their specific receptor in addition to reducing the overall 

cytokine gene expression. For example, NPs conjugated with antibody (e.g. 

Tocilizumab(anti-IL6R) and anti-IL4α) significantly decreased cytokine expression and had 

prolonged immunosuppressive effects [92,93]. Delivery of cytokine-targeted and signaling 

pathway targeted siRNA (TNF-α siRNA and COX2 siRNA) also reduced cytokine secretion 

and generated an anti-inflammatory response [94,95]. Moreover, excessive and prolonged 

activity of inflammatory monocytes is a hallmark of many autoimmune diseases. To inhibit 

the localization of monocytes to sites of inflammation, Nahrendorf et al. reported lipid based 

monocyte-targeting siRNA NPs could silence expression of the chemokine receptor CCR2 

in the inflammatory monocyte subset to selectively inhibit migration. These NPs attenuated 

disease progression in mouse atherosclerosis, myocardial infarction, pancreatic islet 

transplantation and several cancer models [96]. NPs themselves can be used as anti-

inflammatory materials. For example, exposure of mice to Ag-NPs resulted in significant 

changes in innate immune function, and generated strong anti-inflammatory effects on skin 

wound healing and reduced scarring [97].

5. Current challenges and perspective

Despite the potential benefits of using NPs in industry and medicine, concerns about the 

biosafety of these materials have not abated. Interactions between engineered NPs and 

different subsets of the innate immune system have become critical questions that need to be 

answered. These interactions can generate varied immunological responses to modulate the 

immune system and may cause immunotoxicity. For example, NPs create more ROS in cells 

in a pro-inflammatory state, which can induce protein, lipid, and membrane damage. 

Continuous activation of the immune system can potentially exacerbate the development of 

allergic and/or autoimmune diseases. On the other end of the spectrum, uncontrolled 

suppression of the immune system might result in increased incidence and severity of 

infectious diseases and cancer [98]. Therefore, understanding the immunomodulatory effect 

of NPs is an essential requirement to developing novel NPs for biological purposes. We have 

discussed how physicochemical properties of NPs determine their interactions with innate 

immune system, and how these interactions can be exploited for therapeutic and 

prophylactic applications. However, several considerations need to be addressed to better 

understand the situation.

To better understand the larger health implications of NPs, immunotoxicity assays of 

engineered NPs need to be more thoroughly evaluated in vitro and in vivo. In in vitro 
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analysis, most studies were performed using cancer cell lines or primary cells in a relatively 

short time-period in two dimensional culture (2-D). Rahmani-Cherati et al. demonstrated 

that collagen-chitosan scaffolds could provide a suitable 3-D microenvironment for 

macrophage phagocytosis evaluation and could impact the expression of pro-inflammatory 

cytokines [99]. Therefore, one of challenges is to find better cell culture methods to mimic 

actual human immune systems. There are no universal agreed-upon standards for cell or 

mice model selection, read-out selection, end-point selection, and positive or negative 

control selection [7,100]. Boraschi et al. found that human primary monocyte-based in vitro 
assays could be used for realistically investigating the effects of engineered NPs on human 

innate immune responses [101]. In vitro studies on phagocytes can provide useful 

information on the health risks of NPs [102]. Immunotoxicity studies are usually conducted 

using traditional positive controls, such as LPS for cytokine induction, Triton X-100 for 

hemolysis, and cobra venom for complement activation. Lack of NP reference standards 

limits the validation of these results regarding their biocompatibility and immunotoxicity 

[5]. It is also difficult to translate immunotoxicity data in vivo based on in vitro data. 

Moreover, the mechanisms of NPs immunotoxicity are still not clear and need more effort to 

be determined sufficiently

Routes of NPs administration, such as intradermal, nasal, intravenous, subcutaneous, 

intramuscular and inhalation, can elicit different immune responses [103,104]. NPs can be 

recognized by different innate immune system components at first post-injection exposure. 

In general, NPs introduced through intravenous injection usually result in exposure to a 

complex environment of circulating immune cells and the complement system, and easily 

bind with plasma proteins on their surface (protein corona). The composition of protein 

corona can determine bio-distribution, therapeutic efficacy and immunotoxicity of the NPs 

[21]. However, NPs introduced through intradermal and intramuscular usually initiate 

immune response mainly dependent on the tissue residential cells, such as Langerhans’s 

cells, dermal DCs, and adipose tissue macrophages [25].

Although the immunomodulation of engineered NPs has been linked to the physicochemical 

properties of NPs, it is important to distinguish this effect from NPs or chemical or 

biological impurities. Contamination might be responsible for unwanted responses; 

contamination might be introduced during the synthesis of NPs and are difficult to remove in 

the purification process [5]. For example, endotoxin contaminants in NPs lead to a false 

positive proinflammatory result stemming from contamination and not NP behavior [105]. 

The best way to obtain endotoxin-free NPs is to take precaution to use endotoxin-free 

conditions at every part of the synthesis [106]. Currently, the FDA-approved methods to 

detect endotoxin are the Limulus Amebocyte Lysate (LAL) assay for in vitro assay and 

rabbit pyrogen test (RPT) as an in vivo test. Recently, Nelissen et al. reported that the 

presence of NiSO4 in culture media resulted in a decreased cellular uptake of AuNPs and 

sustained nickel-induced DC mutation [107]. Hence, missing this information could impair 

mechanistic studies of immunotoxicity.
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6. Conclusion

Studies have shown that nanoparticles can interact with components of the innate immune 

system to various immunological endpoints. These interactions are fast, complex, and not 

well understood. It has been established that NPs’ physicochemical properties (size, shape, 

hydrophobicity and surface modification) are key to determining their interactions with 

plasma proteins and immune cells, especially APCs. NPs can absorb proteins on their 

surfaces once they enter the bloodstream, and these binding proteins guide cellular uptake, 

clearance route, and tissue bio-distribution. Based on their immune responses, engineered 

NPs are mainly used for cancer immunotherapy, vaccines, and treatment of autoimmune 

diseases. The cytotoxicity of NPs is useful in identifying acute host damage, but they do not 

detect the sub-lethal effects and dysregulation of immune system. Moreover, the mechanism 

and molecular pathways of how NPs affect the innate immune system are not clear. 

Therefore, more effort is needed to understand how NPs interact with the innate immune 

system, and to develop new strategies for the prevention or the treatment of human diseases.
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Highlights

• Physicochemical properties of NPs affect interactions with innate immune 

system.

• Engineered NPs are effective for immunomodulation.

• Immunotoxicity assays of NPs are challenging.
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Figure 1. 
Size and shape effect on the innate immune system. a) silica-titania hollow NPs with 50 nm 

diameter generated more ROS than other size NPs, and generated the highest level of 

inflammation. b) AlOOH nanorods caused the secretion of more cytokine (IL-1β) than 

nanoplate and polyhedron in THP-1 cells.
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Figure 2. 
Hydrophobicity effect on the innate immune system. a) TNF-α in vitro gene expression 

increased with increasing NP hydrophobicity. b) TNF-α in vivo secretion with injection of 

zwitterionic NPs. NPs bearing a hydrophobic zwitterionic functionality (ZDiPen) boosted 

LPS-induced inflammatory outcomes, whereas hydrophilic zwitterionic NPs (ZDiMe) 

generated minimal immunology response.
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