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Abstract

White blood cells (WBCs) are a major component of immunity in response to pathogen invasion.
Neutrophils are the most abundant WBCs in humans, playing a central role in acute inflammation
induced by pathogens. Adhesion to vasculature and tissue infiltration of neutrophils are key
processes in acute inflammation. Many inflammatory/autoimmune disorders and cancer therapies
have been found to be involved in activation and tissue infiltration of neutrophils. A promising
strategy to develop novel targeted drug delivery systems is the targeting and exploitation of
activated neutrophils. Here, we review a new drug delivery platform based on neutrophils. There
are two types of drug delivery systems: neutrophils as carriers and neutrophil membrane-derived
nanovesicles. We will discuss how nanoparticles (NPs) hijack neutrophils 7n vivoto deliver
therapeutics across blood vessel barriers and how neutrophil membrane-derived nanovesicles
target inflamed vasculature. Finally, we present the potential applications of neutrophil-based drug
delivery systems in treating inflammation and cancers.
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Introduction

Inflammation is a process in which the immune system is activated to prevent human bodies
from foreign invaders, such as bacteria or viruses.[!] In this process, leukocytes (WBCs) are
activated and move directly to the invading pathogens to subsequently sequester them.
Neutrophils, a type of leukocyte, play a central role in innate immunity. Neutrophils are the
most abundant (40 to 75%) type of WBCs in humans and represent the body’s first line of
defense against invading pathogens.[2l Neutrophils circulate in the bloodstream, and their
half-life is approximately 8 h.3] Neutrophils are ready to respond to pathophysiological
changes (infections or tissue damage) via the initiation of inflammation. For example,
neutrophils rapidly activate in response to inflammatory stimuli and migrate from the
circulation to infection sites by crossing the blood vessel endothelium (Figure 1).[4]

Neutrophil trafficking is specific and highly regulated by several membrane proteins and
cytokine/chemokine gradients. Neutrophil recruitment is a multistep process that includes
tethering, rolling, adhesion, crawling and transmigration.[4] For instance, tumor necrosis
factor-a (TNF-a) is a primary inflammatory stimulus that initiates the activation of both
neutrophils and endothelia.[®] After activation, membrane adhesion proteins are upregulated
on neutrophils and endothelial cells to facilitate the activation and arrest of neutrophils.[6]
Endothelial cells increase their expression of adhesion molecules after they are activated by
pattern-recognition receptors that detect pathogens. Pre-stored P-selectin in Weibel-Palade
bodies is transported to the membrane of endothelial cells, and E-selectin is subsequently
synthesized and upregulated. Both P-selectin and E-selectin bind to P-selectin glycoprotein
ligand-1 (PSGL-1) on neutrophils; consequently, circulating neutrophils are tethered
(captured) to the endothelium surface and roll along the vessel. The rolling of neutrophils
facilitates further neutrophil activation via chemokines on the endothelium, and
subsequently, integrins ((lymphocyte function-associated antigen-1 (LFA-1) and
macrophage-1 antigen (MAC-1)) on neutrophils bind to intercellular adhesion molecule-1 or
2 (ICAM-1 or 2) expressed on the endothelium. After they are fully adherent, the neutrophils
start to crawl toward a preferential site for transmigration under the guidance of a chemokine
gradient. In the final step, transmigration occurs between endothelial junctions via the
interaction of surface ligands, such as platelet endothelial cell adhesion molecule-1
(PECAM-1) and ICAM-1, or neutrophils penetrate through an individual endothelial cell.

Once neutrophils leave the circulation, they move towards an infection site or injured tissue.
[71

Nanomedicine is the medical application of nanotechnology, especially in the area of
targeted drug delivery, and it has revolutionized pharmacy and medicine. The concept of
drug delivery with NPs involves incorporating drugs within a particle in the size range of a
few hundred nanometers. The endothelium, a layer of cells encompassing the blood vessel,
is a barrier to drug deposition in tissues. An enhanced permeability and retention (EPR)
effect exists in tumor vasculature, and EPR is the basis for tumor NP targeting in mouse
tumor models. [8] However, few NP-based tumor delivery platforms have been used in
clinical settings.[°l While recent advances in nanotherapeutic engineering are promising for
tumor targeting delivery, the tumor vasculature is still a barrier that limits the delivery of
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drugs into deep tumor tissues, particularly in solid tumors.[19] Novel concepts and
technologies need to be developed to allow NPs to cross the blood vessel barrier for
enhanced drug delivery into tumors.

Wang et al. recently observed that NPs made from denatured albumin protein (albumin NPs)
efficiently delivered an anti-inflammation agent to inflamed neutrophils, therefore mitigating
acute lung inflammation/injury.[11] The intravital images showed NP uptake by neutrophils
(Figure 2A and 2B), and it is interesting to observe that the unconjugated dyes in albumin
NPs diffuse in the cells, indicating that dye molecules can be released from albumin NPs.
This result suggests that aloumin NPs are loaded with a drug that can be delivered to
neutrophils. In contrast, albumin proteins and NPs coated with natural albumin do not exist
in neutrophils (Figure 2C and 2D). Quantitative analysis of NP uptake by neutrophils
showed that 90-95% of neutrophils took up albumin NPs (Figure 2E), implying that
neutrophil uptake of albumin NPs is specific and associated with the receptors expressed on
neutrophils. Fcry receptors are highly expressed on activated neutrophils and recycle
denatured proteins in the body. When Fcy RIII was knocked out in a mouse model, the
uptake of albumin NPs by neutrophils dramatically decreased compared to their uptake in
WT (wild type) mice. This result indicates that Fcy RIII is required to mediate neutrophil
uptake of albumin NPs.

Activated neutrophils play a central role in inflammatory diseases; thus, targeting this
population of neutrophils would be a novel strategy to treat inflammatory diseases. The
authors examined whether aloumin NPs specifically targeted activated neutrophils using
intravital microscopy. The result showed that albumin NPs were not taken up by resting
neutrophils or activated monocytes; however, 90% of activated neutrophils internalized
albumin NPs (Figure 2F). When a mouse was administered albumin NPs loaded with spleen
tyrosine Kinase inhibitor, piceatannol, which blocks “outside-in” B, integrin signaling in
neutrophils, adherent neutrophils were detached, thus preventing neutrophil transmigration.
Targeting inflammatory neutrophils using NPs offers a promising means to treat
inflammatory diseases associated with neutrophil recruitment and vascular adhesion. This
study demonstrates that NPs can specifically target activated neutrophils /7 situand that NPs
can possibly hijack neutrophils for drug delivery.

Transmigration of leukocytes (such as neutrophils) is a natural process from blood to tissue
across the blood vessel barrier in response to pathogen invasion. The process is highly
specific to disease sites; thus, neutrophils are natural carriers to transport drugs or
nanotherapeutics and can improve current therapies if neutrophils can be hijacked /7 situ. As
albumin NPs can specifically be internalized by activated neutrophils, it is possible that
neutrophils can be employed as carriers to actively deliver nanotherapeutics across the blood
vessel barrier, thus improving current therapies in inflammatory diseases and cancers.

Neutrophils are the first cell type to arrive at an inflammatory site. Monocytes/macrophages
and T-lymphocytes usually appear in the late stage of acute inflammation (48 h later) or in
chronic inflammation.[4b] Moreover, neutrophils are the most abundant cells during acute
inflammation compared to monocytes/macrophages.[3] While other immune cells have been
used as carriers for drug delivery,[12] this review is focused on recent progress in exploiting
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neutrophils for targeted drug delivery. In this review, we will discuss the status of neutrophil-
based drug delivery systems and which disease models are used to test these drug delivery
platforms (summarized in Figure 3 and Table 1). We will focus on three topics: (1)
neutrophils as carriers to deliver nanotherapeutics across the blood vessel barrier; (11)
neutrophil membrane-derived nanovesicles as a new drug delivery platform targeting
inflamed vasculature; and (111) potential applications of neutrophil-based delivery systems in
a wide range of diseases. We will also discuss the opportunities and challenges of
neutrophil-based drug delivery systems.

Neutrophils as Carriers in Targeted Drug Delivery

2.1 Targeting Tumor Microenvironments

Recently, Chu et al. proposed that the creation of acute inflammation in a tumor
microenvironment promotes neutrophil infiltration to deliver nanotherapeutics.
Photosensitizer pyropheophorbide-a (Ppa) is intravenously (i.v.) injected into a tumor-
bearing mouse, and only the tumor tissue is exposed to light to generate acute inflammation
because photosensitizers are excited by light and produce reactive oxygen species (ROS),
leading to inflammation. Subsequently, neutrophils are activated to migrate into the tumor
(Figure 4A).[131 CD11b antibodies are conjugated to the surface of NPs (size of 200 nm in
diameter) for neutrophil targeting; neutrophils take up anti-CD11b-coated NPs because
CD11b antigens are highly expressed on activated neutrophils.

After tumor tissues were photosensitized (PS) at 660 nm, anti-CD11b-coated NPs (NPs-
CD11b) were i.v. administered, and subsequently, Alexa fluor 647-labeled anti-LY-6G were
subcutaneously injected. 3D images of a tumor microenvironment showed that neutrophils
containing NPs-CD11b appeared outside of the blood vessel (Figure 4B). Several control
experiments (with PS/PEG-coated NPs (NPs-PEG) and without PS/ NPs-CD11b) showed
that PS and anti-CD11b are required for NP movement into tumor tissues (Figure 4C and
4D). Remarkably, NP transport was completely abolished when neutrophils were
systemically depleted by an anti-LY6G antibody (Figure 4E). The amount of NPs was
measured after the tumors were resected and homogenized to quantitatively analyze the
tumor deposition of NPs. It was observed that there was 35 times more NPs-CD11b in
tumors after PS than NPs-PEG (without targeting ligands). When neutrophils were
systemically depleted, NPs-CD11b in tumors decreased to the level that occurred when NPs-
PEG were used. Similarly, there was a very low level of NPs-CD11b in tumors without PS.
The results show that neutrophil infiltration is the pathway to NPs-CD11b transport into
tumor microenvironments.

PEG-, mouse IgG-, rat IgG- and rat anti-mouse CD11b Abs-decorated NPs were
investigated to determine the specificity of NP neutrophil uptake.[13] Neutrophils were
extracted from tumor tissues after the tumors were photosensitized, and they were analyzed
by flow cytometry. The percentage of neutrophils internalizing NPs-CD11b was 10 times
greater than that of neutrophils internalizing PEG-, rat IgG- and mouse 1gG-coated NPs.
Similarly, the mean fluorescence index (MFI) of NPs-CD11b was much higher than that of
all other NPs, showing that anti-CD11b Abs are indispensable to mediating neutrophil
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uptake of NPs. Further studies show that NP uptake does not affect the activation and
transmigration of neutrophils in vivo.[13]

Gold nanorods linked with anti-CD11b Abs were used as a model of therapeutics to translate
this concept in cancer therapies. Gold nanorods can absorb infrared light to generate local
heat due to surface plasmons produced by gold nanorods. Photothermal images showed that
anti-CD11b-coated gold nanorods could produce very high local heat compared to the
controls (Figure 4F). When NPs were administered to a tumor-bearing mouse, the
combination of PS and photothermal therapies demonstrated that anti-CD11b-coated gold
nanorods dramatically decreased tumor growth and increased survival in tumor-bearing mice
(Figure 4G and 4H). This delivery system is promising for the treatment of solid tumors.

Manipulation of tumor microenvironments to activate neutrophil transmigration is a means
to deliver nanotherapeutics via neutrophils. The previous study showed that administration
of TA99 monoclonal antibodies could induce neutrophil infiltration via a mechanism of
antibody dependent cellular cytotoxicity (ADCC).[*9] Inspired by this finding, Chu et a/.
designed a strategy of combining TA99 and albumin NPs to treat melanoma in a mouse
model.[14] The idea is that TA99 administration to a melanoma-bearing mouse activates the
infiltration of neutrophils into tumors; subsequently, albumin NPs loaded with
photodynamic therapy (PDT) agents were i.v. administered to target activated neutrophils for
tumor delivery (Figure 5A). In the experiments, 48 h after administration of the TA99
antibody, the number of neutrophils in tumors significantly increased compared to the
control group (Figure 5B and 5C). In addition, it was found that neutrophils internalized
much more albumin NPs after the injection of TA99 than they did in the absence of TA99
(Figure 5D). Photosensitizers (Ppa) were loaded into albumin NPs to demonstrate the
efficacy of drug-loaded albumin NPs for cancer therapy. PDT markedly inhibited tumor
growth and increased survival compared to treatment with NPs or TA99 (Figure 5E and 5F).
The study demonstrates a new avenue for the treatment of cancer with a combination of NPs
targeting immune cells and ADCC. This strategy could be applied in combination with other
immunotherapy approaches to induce neutrophil infiltration in tumors.

2.2 Targeting Lung Inflammation

Acute lung inflammation/injury (ALI) is a severe disease and is associated with dysregulated
vascular inflammation. The cause of ALl is related to trauma and pathogen invasion, and
ALLI quickly develops acute respiratory distress syndrome (ARDS), which leads to injury of
alveolar epithelium and vasculature. The estimated annual number of ALI/ARDS is
approximately 200,000 adult patients in the United States with a mortality rate of 40%. AL/
ARDS is a big burden for the healthcare budget.[2%] Because currently available drugs
cannot efficiently target the lungs, a formally recommended pharmacological therapy is not
available for ALI/ARDS.[20-21] |n ALL, a large number of neutrophils migrate from the
bloodstream into the lungs during the onset of ALI.[22] Therefore, exploiting neutrophils as
carriers to deliver nanotherapeutics to the lungs is a means to improve the treatment of ALI/
ARDS.

The lung has a unique feature of numerous tiny hollow cavities (called alveoli) surrounded
by blood circulation.[23] The interface between blood and air is called the blood-air barrier
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(alveolar—capillary barrier), and it consists of the endothelium of capillaries, the epithelium
of alveoli, and their shared basement membrane. When acute inflammation occurs in the
airspace, neutrophils from the circulation accumulate in alveoli, where extravascular
neutrophils can be analyzed after bronchoalveolar lavage fluid (BALF) is collected (Figure
6A). It has been shown that denatured bovine serum albumin (BSA) NPs specifically target
activated neutrophils.l!¥] Albumin NPs were i.v. administered after a mouse was challenged
with lipopolysaccharide (LPS) in the lungs, and lung neutrophils were examined by flow
cytometry (Figure 6B and 6C) and confocal fluorescence microscopy (Figure 6D). The
results showed that lung neutrophils took up albumin NPs and that the percentage increased
with time. Further imaging of individual lung neutrophils confirmed the flow cytometry
data. It is interesting to observe that albumin NPs in the lungs were not detected after
neutrophils were depleted via anti-Gr-1 (Figure 6E), indicating that the transport of NPs is
mediated by the transmigration of neutrophils. The uptake of albumin NPs did not affect
neutrophil mobility or function in terms of the number of neutrophils and the concentrations
of pro-inflammatory cytokines in BALF.[15]

The authors established a mouse model of ALI induced by LPS or bacterial infection to
demonstrate the usefulness of neutrophil-mediated delivery of albumin NPs. After i.v.
injection of an anti-inflammation drug (2-[(Aminocarbonyl)amino]-5-(4-fluorophenyl)-3-
thiophenecarboxamide (TPCA-1)) loaded in albumin NPs to a mouse challenged by LPS in
the lungs, lung inflammation was dramatically mitigated because of a decrease of cytokines
(IL6 and TNF-a) (Figure 6F and 6G). The pathogenesis of AL is highly associated with
acute inflammation; therefore, decreased inflammation could alleviate ALI. P. aeruginosa is
a major pathogen in lung infection; therefore, antibiotic-loaded albumin NPs were examined
in a mouse model of P. aeruginosa infection. It was observed that albumin NPs dramatically
prevent bacterial growth compared to free drugs (Figure 6H).[15] This research provided a
new method to deliver therapeutics across air-blood barriers to treat lung inflammation and
infection.

of NPs for Neutrophil Targeting

Neutrophils highly express several membrane proteins during acute inflammation as shown
in Figure 1. Bio-functionalization of NPs is critical for developing novel drug delivery
systems that specifically target activated neutrophils. For example, we have shown that
conjugating anti-CD11b antibodies to polystyrene NPs or gold nanorods can facilitate
uptake by activated neutrophils 7 situ and that neutrophils can mediate the transport of NPs
in inflamed lungs or tumor microenvironments. Activated neutrophils can highly express
Fcy RIII, which functions to recycle denatured proteins (such as plasma proteins and
antibodies) in the bloodstream. This mechanism is the natural process for macromolecule
uptake. Recent publications inspired by this finding in nature discovered that albumin NPs
made using organic solvents (such as ethanol) can specifically bind to Fcy RIII receptors on
activated neutrophils.[*1] In addition, albumin NPs can be taken up by activated neutrophils
in the bloodstream, and neutrophils mediate the delivery of nanotherapeutics in tumors and
inflamed lungs.[24-15] These two examples demonstrate many opportunities for the rational
design and engineering of NPs that target activated neutrophils /n vivo for targeted drug
delivery.
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We have shown that NPs can deliver non-toxic agents (such as anti-inflammation agents,
photosensitizers or gold NPs) via neutrophils into diseased sites. One should be cautious
using neutrophils to deliver anti-cancer drugs to treat cancers. It is well known that
paclitaxel and doxorubicin can significantly damage neutrophil functions, such as
transmigration.[24] Even though these anti-cancer drugs are protected in NPs, it is difficult to
prevent drug release after NPs are inside neutrophils. Therefore, rational engineering of NPs
is very important for advancing novel neutrophil-based drug delivery systems to treat
cancers and inflammatory disorders. The NPs release from neutrophils and uptake by
targeted tissues also need to be considered when the delivery systems are designed, which
have not been investigated yet by now.

3. Neutrophil Membrane-Derived Nanovesicles in Targeted Drug Delivery

3.1 Nitrogen Cavitation to Efficiently Generate Cell Membrane Nanovesicles

Biomimetic NPs are novel drug delivery platforms because they can avoid immune
surveillance, resulting in targeting capabilities.[25] Cells in the body constantly liberate
membrane vesicles to the extracellular space in the form of so-called extracellular vesicles
(EVs).[28] EVs are a novel drug delivery platform, but it is difficult for current EV
production techniques to meet clinical requirements, such as scalability, reproducibility, and
safety.[27]

Novel approaches to efficiently produce EVs are needed. Studies [16-17. 28] have
demonstrated that nitrogen cavitation is a novel means to generate EV-like nanovesicles.
Nitrogen cavitation can generate mechanical forces in a chamber to rapidly disrupt cell
membranes, and subsequently, the broken membrane spontaneously forms nanoscale
vesicles.[29] A systemic approach has been established to generate cell membrane-derived
nanovesicles (Figure 7A). The cryo-electron microscopy (cryo-TEM) image showed a
vesicular structure with a wall thickness of 3-4 nm (Figure 7B).[17] The thickness of
nanovesicles is similar to that of cell membrane, and an analysis of surface charges
suggested that nanovesicles were directly formed from the cell membrane.[26] Further
analysis of the proteomics of nanovesicles and their source cells indicated that the protein
profiles of nanovesicles were similar to those of their parent cells, suggesting that
nanovesicles possessed functions and features of cell membrane proteins (Figure 7C).[7]

The authors quantitatively measured the yield of nanovesicles to address the scalability of
EV-like nanovesicles made using nitrogen cavitation.[1”] The result showed that nitrogen
cavitation can produce 16 times more nanovesicles higher than the conventional approach
(secretion from cell culture medium) (Figure 7D). Nitrogen cavitation could reproducibly
generate EV-like nanovesicles for clinical applications, unlike other physical and chemical
approaches (homogenization, sonication, and cell lysis induced by reagents).[3%] Nitrogen
cavitation chambers can be scaled up to generate a great quantity of nanovesicles, but
reproducibility is not lost with scale up because uniform forces are applied to cells and cell
disruption occurs rapidly.[3% Nitrogen cavitation could be employed to produce nanovesicles
from any cell type, except for neutrophils.
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3.2 Neutrophil-Derived Nanovesicles Inhibit Acute Inflammation Induced by LPS

HL-60 cells are neutrophil-like cells that arise after differentiation induced by chemicals.[31]
The binding of neutrophils to the endothelium occurs during ALI. Based on these
intercellular interactions, it was proposed that nanovesicles made from neutrophil
membranes could target inflamed lungs, thus increasing drug delivery. Nanovesicles were
generated from HL-60 cells (HVs), and surface binding proteins (integrin B,) were analyzed
on nanovesicles and their parent cells.[16] The results (Figure 8A) showed that nanovesicles
highly expressed integrin B, which is similar to their parent cells. Intravital microscopy of
TNF-a-challenged cremaster venules showed that neutrophil-derived nanovesicles were
adherent to the endothelium (Figure 8B and 8C). In the control, nanovesicles derived from
red blood cells (without integrin B,) do not bind the activated endothelium.[*6] An anti-
inflammation agent, TPCA-1, was loaded into nanovesicles to examine whether
nanovesicles could serve as drug carriers to deliver therapeutics to inflamed vasculature. In
the LPS-induced acute lung inflammation model, neutrophil infiltration (Figure 8D) and the
amount of cytokines TNF-a (Figure 8E) and IL-6 (Figure 8F) dramatically decreased after
the administration of TPCA-1-nanovesicles (HV-TPCA-1) compared to free drugs and
nanovesicles derived from red blood cells (non-targeted), indicating that neutrophil-derived
nanovesicles can target inflamed lung vasculature, thus reversing acute lung inflammation.
This work suggested that targeting blood vessels was a hew method for treating inflamed
tissue.

3.3 Nanovesicles Target LPS-induced Sepsis

High concentrations of drugs must be loaded into preformed nitrogen cavitation-generated
nanovesicles (NC-EVs) to increase therapeutic efficacy. In a recent study, a novel approach
via a pH gradient was proposed to load drugs inside nanovesicles.l1”] Nanovesicles derived
from neutrophil-like cells (HL-60 cells) can be loaded with an anti-inflammation agent,
piceatannol, via the pH gradient from pH = 7.4 outside of the nanovesicles to pH = 9.0
inside of the nanovesicles (Figure 9A).[17] Piceatannol loading increased 3-fold using this
approach compared to the case without the pH gradient. Further studies showed that
piceatannol-loaded nanovesicles (pic-NC-EVs) can inhibit the NF-xB pathway. When the
nanovesicles were i.v. administered to a mouse challenged by LPS in the lung, neutrophil
infiltration to the lungs was dramatically attenuated compared to administration of
piceatannol alone (Figure 9B), implying that nanovesicles can enhance drug delivery in
inflamed lungs. Furthermore, the nanovesicles were examined in a mouse model of sepsis.
Sepsis is a severe disease associated with systemic inflammation induced by infections, such
as bacterial infections. Systemic inflammation occurs, and vasculature highly expresses
ICAM-1, which binds to integrin B, on activated neutrophils.[32] In the LPS-induced mouse
sepsis model by i.p. injection of LPS, pic-NC-EVs reduced systemic inflammation in the
lung, liver and kidney because of the reduction of neutrophil infiltration (myeloperoxidase,
MPO) (Figure 9C). This result might be associated with the increased survival (80%)
observed after the administration of pic-NC-EVs (Figure 9D). The authors made mouse and
human neutrophil-derived nanovesicles using nitrogen cavitation to address the translational
possibility of this nanovesicle technology. Sepsis is a fatal condition, and neutrophil-derived
nanovesicles represents a novel therapy for sepsis.

Adv Mater. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chuetal. Page 9

3.4 Nanovesicles Loaded with NPs Target Metastasis

When nanovesicles are translated into medical use, the challenge is how to effectively load
therapeutic agents inside these nanovesicles. Polymeric NPs display effective encapsulation
of drugs; therefore, inserting polymer NPs in nanovesicles would resolve the issue of low
drug loading in nanovesicles.[33] A recent study reported that PLGA NPs are loaded in
neutrophil membrane-derived nanovesicles, and this new formulation is capable of targeting
circulation tumor cells (CTCs) and tumor vasculature (Figure 10).[8]

In a tumor microenvironment, neutrophils interact with a metastatic niche and CTCs via
intercellular adhesion molecules.[34]. Based on this finding, the authors made human
neutrophil-derived nanovesicles and loaded polymeric NPs containing carfilzomib (CFZ), a
second-generation proteasome inhibitor, inside nanovesicles (NM-NP-CFZ) to enhance the
targeting of CTCs and tumor vasculature. The studies first demonstrated that NM-NP could
bind with CTCs and home to the premetastatic endothelium /n vitro, and NM-NP exhibited
targeting ability and improved accumulation in the premetastatic niche /n vivo. After
nanovesicles were loaded with CFZ, their therapeutic effect was tested in three animal
models. First, NM-NP-CFZ selectively eliminated CTCs in the circulation via the analysis of
CTC apoptosis and leukocyte numbers (Figure 11A and 12B). In the second model, it was
shown that NM-NP-CFZ prevented the formation of an early metastatic niche (Figure 11C).
Finally, apoptosis was significantly improved (Figure 11D), and previously formed
metastasis was inhibited by NM-NP-CFZ compared to other groups in the 4T1 lung
metastasis model (Figure 11E). The neutrophil membrane-coated polymeric NPs represented
a powerful approach as the delivery system using three different mechanisms to prevent
tumor metastasis.

4. Translational Potentials of Neutrophil-Based Drug Delivery Systems

4.1 Neutrophil-Mediated Pathogenesis and Disease

Neutrophils play a central role in preventing the spread of pathogens in the body through the
release of cytokines/chemokines and ROS production.[3%] On other hand, the inflammation
induced by neutrophil infiltration also results in inflammatory diseases if it is unchecked and
dysregulated. Due to an increased understanding of immunology in human immune systems,
it is noted that many vascular diseases and inflammatory/autoimmune disorders are strongly
linked to the functions and movement of neutrophils.[] We will discuss several particular
diseases in this section and show ways to treat them using neutrophil-based drug delivery
systems.

Rheumatoid arthritis (RA).—Rheumatoid arthritis (RA), a chronic autoimmune disorder,
primarily affects joints and results in swelling and pain in and around joints. Neutrophils
play a role in the pathogenesis of joint destruction.[36] Activated neutrophils have been
found in RA synovial fluid, synovial tissue and RA-associated skin disease. After their
activation, neutrophils mediate damage to host tissues by degranulation, a process of
releasing many signaling molecules, such as antimicrobial cytotoxic proteins in granules,
ROS and proteases.[3: 371
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Ischemia-reperfusion injury (IRI).—Ischemia occurs due to blocked blood supply to
organs, such as brain, heart, liver and kidney, resulting in injury and cell death.[38]
Reperfusion of blood to ischemic tissues is a key surgical method in clinic treatments.
However, reperfusion is always associated with the activation of inflammatory pathways,
thus amplifying the secondary injury. This so-called ischemia-reperfusion injury (I/R) shares
many characteristics with inflammatory responses. Activation and infiltration of neutrophils
play central roles in acute inflammation during ischemia-reperfusion. I/R prompts the
release of ROS, cytokines and other pro-inflammatory mediators that activate neutrophils.
The recruitment of neutrophils is a process of transendothelial migration that may cause
secondary injury during reperfusion, including endothelial dysfunction, microvascular
collapse, blood flow defects, and cell apoptosis.[3°]

Neurodegenerative disease.—The accumulation of neutrophils in the central nervous
system (CNS) during the development of Alzheimer-associated diseases may cause chronic
brain damage and inflammation, and neutrophil trafficking is regulated by LFA-1 integrin.
[40] Neutrophil depletion or blockade of LFA-1 integrin in Alzheimer-associated mouse
models reduced neuropathological features and recovered memory deficits, demonstrating a
role of neutrophils in inducing cognitive dysfunction. Importantly, it was also found that the
temporary inhibition of neutrophils during early stages of the disease had a beneficial long-
term effect in older animals.[4%! Neuroinflammation is also involved in Parkinson’s disease
(PD), which is associated with decreased dopamine in the striatum and the loss of
dopaminergic neurons in the substantia nigra.[41] The pathogenesis of PD is strongly related
to the activation of neutrophils because blocking neutrophil activities reverses the
development of PD.[42]

Atherosclerosis.—Neutrophils are observed in atherosclerotic lesions.[43] Studies have
showed that the metabolism-dependent increase of neutrophils is associated with
atherosclerosis development and closely correlated to the extension of early atherosclerosis
formation under hyperlipidemic conditions.[44] Neutrophils participate in atherosclerosis via
instructing other immune cells (such as monocytes) to enter atherosclerotic lesions.[45]
Neutrophils release monocyte-attracting granule proteins, such as cathepsin G and
cathelicidin, to recruit monocytes in atherosclerotic lesions.[46] Once monocytes have
migrated into the arterial wall, they differentiate into macrophages and oxidize low density
lipoproteins (LDL), thus damaging the arteries and accelerating the formation of
atherosclerotic lesions.[47] ROS, which are released by either neutrophils or macrophages,
can also oxidize LDL, thereby promoting foam cell formation.[4°]

Pneumonia.—Pneumonia, an inflammatory condition in lung airways, is associated with
the exuberant sequestration of peripheral neutrophils. The sequestration of neutrophils is
regulated by cytokines produced by immune cells.[22] The major function of neutrophils is to
kill microorganisms by producing ROS and antibacterial enzymes. After the death of
neutrophils, neutrophils release their DNA and other antimicrobial granule proteins to form
DNA-based neutrophil extracellular traps (NETSs) that trap and kill microbial pathogens.[48]
However, prolonged neutrophil activation and increased neutrophil survival may contribute
to lung injury. Evidence shows that increased lung neutrophil apoptosis could resolve
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inflammation in pneumonia.l[4®] An effective pneumonia treatment requires the development
of therapeutics that can attenuate excessive neutrophil accumulation while maintaining their
critical role in antibacterial defense during bacterial pneumonia.[5°!

Cancer.—In the 19th century, Rudolf Virchow first observed the presence of leukocytes
within tumors. More studies indicate that the pathogenesis of cancer is strongly associated
with inflammation.[51] It has been shown that inadequately resolved chronic inflammation
may increase the risk of cancer.[2] Leukocytes, such as macrophages, neutrophils, T and B
lymphocytes, dendritic cells, and natural killer cells, exist in tumor microenvironments. The
infiltration of leukocytes is regulated by cytokines and chemokines produced by tumor cells.
(53] |n addition, inflammation might promote cancer metastasis.[34al

There are two strategies to improve therapies for the diseases discussed above. Neutrophil
infiltration is a natural process in the pathogenesis of these diseases; therefore, neutrophils
can be hijacked to deliver various therapeutics to improve therapies. Second, most diseases
are involved with inflammation that activates the vasculature, such as the lungs. Neutrophil
membrane-derived nanovesicles may be a better choice to target the vasculature in these
diseased tissues as neutrophils accelerate the progression of those kinds of diseases and the
membrane vesicles do not have most of the biological functions of neutrophils.

4.2 Cancer Therapy-Mediated Acute Inflammation

When therapies are performed to treat cancers, the physical therapies and chemical/
biological agents can cause activation of human immune systems, thus inducing acute
inflammation. Acute inflammation is strongly correlated to neutrophil infiltration. We show
some examples below.

Radiotherapy.—Radiotherapy is a major method to treat cancer patients and is also an
interest of basic research.[>¥ There are two types of radiotherapies based on the method of
radiation delivery. External radiotherapy refers to radiation delivered to tumors from outside
of the body. Internal radiotherapy is associated with radioactive materials injected into the
body, which accumulate in tumors to kill tumor cells. Radiotherapy is the process of high-
energy radiation that kills tumor cells; however, radiation can damage healthy tissues
adjacent to the tumors. Radiation therapies use gamma rays, X-rays and ultraviolet lights.
The mechanism of radiotherapy for cancers is complex, but a simple mechanism is that
radiation can damage double-stranded DNA molecules in the nucleus, thus preventing
replication.[5] When DNA is damaged, the cells will initiate necrosis and apoptosis, which
might activate immunity. Acute and chronic inflammation occur and are strongly linked to
neutrophil infiltration.

Takeshima et al. observed a remarkable, but transient, infiltration of neutrophils into tumor
microenvironments after focal radiation therapy in several tumor models, such as RN-9, 4T1
and EG7. Moreover, they discovered that the concurrent administration of granulocyte
colony-stimulating factor (G-CSF) enhanced radiation therapy and mediated antitumor
activity by further activating neutrophils.[5¢]
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Photodynamic therapy (PDT).—Photodynamic therapy, abbreviated as PDT, is a type of
phototreatment that involves a photosensitizer, light and tissue oxygen.[>”] Photosensitizers
are exposed to light to excite the electronic states of the photosensitizers. Subsequently, the
triplet states of the photosensitizers react with oxygen existing in tissues, thus producing
ROS that are highly toxic to cells.[58] Using this approach, tumors can be treated with light.
[59] Although ROS can directly kill tumor cells using PDT, ROS also activates the immune
system to recruit immune cells to tumor microenvironments.[572 601 For example, PDT-
mediated neutrophil recruitment has been observed. [1] It is noted that the effect of PDT is
also associated with neutrophil infiltration in tumors because the reduction of anti-cancer
therapy by PDT was observed when neutrophils were systemically depleted after the
administration of anti-Gr-1.[61¢. 61d]

Antibody dependent cellular cytotoxicity (ADCC).—ADCC is an immune defense
mechanism to kill tumor cells. After antibodies bind antigens expressed on the surface of
tumor cells, immune effector cells can recognize the bound antibody via the Fc domain of
antibodies. Subsequently, the immune effector cells bind tumor cells via antibodies.[62] The
process of ADCC is dependent on the density of antibodies binding to tumor cells and the
level of antigens expressed by tumor cells. After activation, immune effector cells release
cytokines to attack tumors.[83] In a mouse melanoma model, the infiltration of neutrophils in
tumors is strongly associated with the reduction of tumor burden after the injection of
antitumor monoclonal antibody TA99. In contrast, neutropenic mice (lacking neutrophils) do
not respond to TA99 therapy, indicating that neutrophils play a central role in ADCC.[19]

Cancer vaccines.—A novel strategy to treat cancers is harnessing the immune system via
vaccination, and this approach has made a tremendous progress.[64] The “/n situ vaccination’
immunotherapy strategy is a well-studied approach to treating cancer in which cancer
vaccines are directly injected at a tumor site, generating a powerful immune response.
Immune cells, such as neutrophils, dendritic cells and tissue-resident memory T cells, are
involved, activating this immunomodulatory process.[®9] Lizotte et al. have developed
Cowpea Mosaic Virus (CPMV) as a vaccine for vaccination by direct injection of CPMV to
tumors. They found that inhaled CPMV NPs were internalized by neutrophils and later
activated neutrophils in the lung tumor microenvironment. Approximately 24 h after
administration, they detected a marked increase of tumor-infiltrating neutrophils, particularly
activated neutrophils.[852] Cancer vaccination employing DCs has been widely investigated
due to the abilities of DC cells to mediate innate and adaptive immunity. The major goal of
DC vaccines is to activate tumor-specific CD8 T cells that can specifically shrink tumor size
and can cause immunological memory to prevent tumor relapse. For subcutaneous
vaccination, tumor-specific antigens were first provided to DC cells after the injection of an
adjuvant that induces DC maturation and increases uptake, processing and presenting of
antigens by DC cells and tumor-specific antigens.[86] When the growth of tumors was
suppressed after vaccination, enhanced infiltration of neutrophils was also observed.[66e. 66f]

Combination of antibodies, checkpoint inhibitors, cancer vaccines and
cytokines.—The elimination of aggressive tumors is a difficult challenge. A previous work
showed that it is hard to elicit robust immunosuppressive tumor regression with single
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signaling checkpoints. Researchers at MIT recently found a promising method to overcome
this problem by combining four biologic drugs: a tumor antigen specific antibody, a
recombinant interleukin-2 (IL-2) with an extended half-life, anti-PD-1, and a powerful T cell
vaccine. The therapeutic effect of the combination treatment was evaluated using different
syngeneic tumor models: B16F10 melanoma, DD-Her2/neu (mouse breast cancer), TC-1
tumors (human HPV) and a genetically engineered mouse model of melanoma.
Combinations of the three components and each component treatment alone showed modest
therapeutic responses to large and advanced tumors. However, the four-component cancer
immunotherapy led to robust and durable tumor regression in all tumor models. This four-
component therapy can activate both the innate and adaptive immune system, thus
effectively destroying tumors. Regarding the innate immune response, the number of
neutrophils in tumors increased significantly, and neutrophil depletion caused significant
reductions in overall survival rates. The authors noted that neutrophils can contribute to
direct antibody dependent cytotoxicity against tumors and secrete inflammatory cytokines,
which improved the activation and recruitment of additional immune cells.[67]

Based on the above discussions, we know that various cancer treatments can cause acute
inflammation, involved in neutrophil infiltration in tumors and the activation of tumorous
vasculature. Therefore, neutrophil-mediated NP delivery or neutrophil membrane-derived
nanovesicles may deliver anti-cancer drugs into tumor microenvironments. As mentioned
above, release of toxic drugs should be prevented after NPs are inside neutrophils. Other
NPs could also be investigated after they are decorated with ligands targeting the inflamed
vasculature in the tumor after the treatments discussed above, which can cause acute
inflammation.

5. Conclusions and Challenges

In summary, we report the current status of targeted drug delivery based on the neutrophil
infiltration pathway or via neutrophil membrane-derived nanovesicles and demonstrate that
novel neutrophil-based technologies can improve current therapies for inflammatory
disorders and cancers. Neutrophils are naturally involved in the pathogenesis of
inflammatory/autoimmune diseases, and current nanotechnologies can design and generate
NPs that specifically target activated neutrophils. Furthermore, neutrophils are the most
abundant WBCs in humans, thus targeting activated neutrophils /n7 situto mediate the
delivery of nanotherapeutics demonstrates a new paradigm in a wide range of therapies in
inflammatory/autoimmune disorders, such as acute lung injury, RA, stroke, atherosclerosis,
Alzheimer’s and PD. Most importantly, current cancer therapies (such as radiotherapies and
PDT) spontaneously cause immune responses that activate infiltration of neutrophil into
tumors. This effect provides many opportunities to develop strategies to target infiltrated
neutrophils using nanotechnology. Indeed, in this review, we have shown several examples
in which nanotherapeutics are delivered to tumor tissues via neutrophil infiltration, such as
PDT-mediated delivery of gold nanorods for photothermal therapy and TA99-mediated
delivery of albumin NPs. Based on the intercellular binding between neutrophils and the
vasculature in inflammation, neutrophil membrane-formed nanovesicles can act as drug
carriers with vasculature targeting to improve therapies for ALI, sepsis and cancer
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metastasis. Neutrophil membrane-formed nanovesicles may also be employed to treat
various diseases as mentioned above.

While neutrophil-based drug delivery systems have shown potential in nanomedicines, many
interesting questions and challenges still need to be addressed. When will NPs be delivered
for better targeting of infiltrated neutrophils? The time course of neutrophil infiltration is
strongly dependent on the pathogenesis of the disease and its stages. Studies on the
dynamics of neutrophil activation and trafficking during acute inflammation are needed for
better delivery of nanotherapeutics in disease sites. We have observed that most NPs
accumulate in the liver, so how do we shift NP trafficking to targeted sites (tumors or
inflamed tissues)? Rational design of NPs and increased targeting specificity to neutrophils
might be interesting areas to explore, for example, conjugating antibodies to the NP surface
to increase NP uptake in activated neutrophils. Chemotaxis and tissue transmigration of
neutrophils are critical for delivering drugs after nanotherapeutics are internalized by
neutrophils. Choosing drugs and carriers that would not affect the functions of neutrophils is
the most important task to accomplish delivery to diseased sites via neutrophils. If the drugs
reduce neutrophil transmigration, smart delivery systems might be considered in which
drugs loaded into NPs do not release in neutrophils before they arrive at disease sites. For
example, a design of responsive drug release NPs might control drugs loaded in NPs so that
they are not released in neutrophils because neutrophil intracellular environments protect the
disassembly of NPs. This design is challenging, but advances in engineering pH/enzyme
responsive NPs might offer hope in delivering toxic agents via neutrophils. Since neutrophils
contribute to the progression of some types of disease, the benefit/damage balance should be
considered when neutrophils are used as carriers to deliver drugs.

In the case of neutrophil membrane-derived nanovesicles for drug delivery, drug loading
efficiency and drug release profiles must be considered because it is challenging to load
large amounts of drugs into nanovesicles after they are produced. It was also found that most
neutrophil membrane-derived nanovesicles accumulated in the liver after systemic injection.
Neutrophil membrane-derived vesicles could be made of gene-engineered neutrophils
expressing much higher antigens than activated neutrophils alone to improve their targeting
abilities. Furthermore, reproducibility and scalability are required in nanovesicle generation
for clinical translation.

Therefore, new nanomaterials must be developed and novel strategies and tools must be
created to address the challenges of neutrophil-based drug delivery systems. In summary, the
neutrophil-based drug delivery platform would have a great impact on nanomedicine.
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Adhesion and transmigration of neutrophils during inflammation. Adhesive molecules on

both neutrophils and the endothelium are indicated. PSGL-1: P-selectin glycoprotein
ligand-1; GIlyCAM-1: Glycosylation-dependent cell adhesion molecule-1; LFA-1:

Lymphocyte function-associated antigen-1; VLA-4: Integrin a4p1 (Very Late Antigen-4);
ICAM-1: Intercellular Adhesion Molecule-1; ICAM-2: Intercellular Adhesion Molecule-2;

VCAM-1: Vascular cell adhesion protein-1; Mac-1: Macrophage-1 antigen; PECAM-1:

Platelet endothelial cell adhesion molecule-1; JAMs: Junctional adhesion molecules; VE-

cadherin: vascular endothelial cadherin.
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Figure 2.
NP targeting of adherent neutrophils. (A) Cy5-loaded and (B) Alex Fluor 647-conjugated

albumin NPs (red) were internalized by Gr-1-positive neutrophils (green). Scale bars, 10 um.
(C) Native albumin-conjugated polystyrene NPs (green) were bound to the neutrophil
surface (red), and (D) Cy5-conjugated native albumin (red) was not internalized by Gr-1-
positive neutrophils (green). Scale bars, 10 um. (E) Quantitative analysis of percentage of
Gr-1-positive neutrophils internalizing three types of NPs and Cy5-labeled albumin. (F)
Quantitative analysis of uptake of Cy5-loaded and Cy5-conjugated albumin NPs was carried
out by measuring fluorescence intensity per neutrophil. The results are shown as the mean *
s.e.m. (n = 13-20 vessels with three mice per group.) ND, not detected. Copyright 2014,
Springer Nature.[11]
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Figure 3.
Neutrophil-mediated targeted delivery of nanotherapeutics and neutrophil membrane-derived

vesicles for targeted drug delivery.
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Figure 4.

Neutrophil-mediated delivery of NPs to tumors across blood vessel walls. (A) The concept
of neutrophil-mediated delivery of NPs to tumor tissues inflamed by photosensitization (PS).
Intravital microscopic 3D images of mouse tumors treated with (B) both PS and NPs-CD11b
(green), (C) PS and NPs-PEG (green), (D) NPs-CD11b only and (E) PS and NPs-CD11b
after neutrophil depletion. The tumor was treated with PS (intravenous (i.v.) injection of
pyropheophorbide-a (Ppa) and 660-nm laser). Approximately 0.75 h later, NPs were i.v.
administered. LY-6G Abs (pink) was subcutaneously (s.c.) injected around the tumor to stain

Adv Mater. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Chuetal.

Page 22

neutrophils. Cy3-BSA (red) was i.v. administered to visualize the blood vessel. Anti-LY-6G
Abs were intraperitoneally (i.p.) injected 24 h before the administration of Ppa to deplete
microphils. (F) Thermal graphic imaging of mouse tumors after the tumors were irradiated
with a laser for 20 min. (G) Tumor size and (H) survival rate of the tumor-bearing mice. The
mice were irradiated with an 808-nm laser after the injection of GNRs-PEG and GNRs-
CD11b with or without PS (denoted as PS/PEG, PS/CD11b, PEG, and CD11b, respectively)
or irradiated with an 808-nm laser after the treatment of both PS and GNRs-CD11b with
neutrophil depletion (denoted as LY-6G/PS/CD11b). For PBS (without PS or laser
irradiation at 808 nm), PS (with PS but without laser irradiation at 808 nm), and PS/808 nm
laser (with both PS and laser irradiation at 808 nm), only PBS (pH 7.4) was injected. Data
represent mean + SD (n = 6 mice per group). Copyright 2017, Wiley.[13]

Adv Mater. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chuetal.

Page 23

15.0M -
BSA NPs
TAYY
. 10.0M 4 0,
. 26%
o
2
5.0M -
) =
\ : ‘\___)) 10" 10’
Tumor cell Neutrophil 15.0M 1
100m 5.3%
T -
day 0 day 1 day 2 §
L L 1 >
f 5.0M 4
iv. TAS9 i.v. albumin NPs Collecting samples
i.p. Gr-1 antibody
10' 10’
* % —a— PBS/6% glucose —&— TASWEY glucose
N —&— PBSISY glucose

—&— PBS/NPs —v— TASS/NPs

|

—a— TASBI5% glucose
—¥— PBS/NPs

i

&
E —8— TAS9INPS
E =
g £
w E 50,
= 3000 preme
e
E ) ]
3
3
04
*
3 T T T
NPs TASS/NPs 16 20 24 28 a2
Time (days) Time (days)
Figureb.

Neutrophils deliver NPs to tumors induced by antibody dependent cell-mediated cytotoxicity
(ADCC). (A) Concept of NPs delivered by neutrophils to tumors mediated by ADCC.
Percentage of neutrophils in tumor tissue with i.v. administration of (B) PBS and (C) TA99
at 48 h. The samples were single cell suspensions prepared from mouse tumors 48 h after
treatment with PBS or TA99 in PBS. The cell suspension was analyzed by flow cytometry.
(D) MFI of NPs in neutrophils in tumor by flow cytometry 48 h after the injection of Cy5-
BSA NPs or both TA99 (i.v. injected at 24 h) and Cy5-BSA NPs (i.v. injected at 48 h) (n =
3). Neutrophils were stained with Alexa-488 anti-mouse Gr-1 antibody, and nucleus was
stained by DAPI. (E) Tumor size and (F) survival rates of mice bearing melanoma
illuminated with a 660-nm laser 48 h after i.v. injections of vehicles, TA99, Ppa-loaded NPs,
or both TA99 (i.v. injected at 24 h) and Ppa-loaded NPs. Copyright 2016, Wiley.[14]
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Neutrophil-mediated delivery of NPs to inflamed alveoli by crossing a blood-air barrier. (A)
Schematic diagram of neutrophil-mediated delivery of NPs for the treatment of lung
inflammation. Flow cytometry of bronchoalveolar lavage fluid (BALF) (B) 2 h and (C) 20 h
after i.v. injection of Cy5-BSA NPs. (D) Fluorescence confocal microscopy of neutrophils
from BALF 2 and 20 h after i.v. injection of Cy5-BSA NPs (red). Neutrophils were labeled
with Gr-1 antibody (green). Nuclei were stained by DAPI (blue). (E) Cy5-BSA NPs in
BALF with or without i.p. injection of Gr-1 antibody. Cy5-BSA NPs were i.v. injected 4 h
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after LPS challenge. Gr-1 antibodies were i.p. injected after LPS challenge. The samples
were collected 20 h after the administration of NPs. NPs was administered in mice 4 h after
LPS challenge (8 mg/kg). Concentrations of (F) IL-6 and (G) TNF-a in BALF 20 h after i.v.
injection of vehicle of 2-[(Aminocarbonyl)amino]-5-(4-fluorophenyl)-3-
thiophenecarboxamide (TPCA-1) solution, 5% glucose, TPCA-1 solution or TPCA-1 BSA
NPs in mice 4 h after LPS challenge (8 mg/kg). (H) Total colony forming units of P.
aeruginosa in BALF after i.v. injection of 5% glucose, vehicle of cefoperazone acid (Cefo-
A) solution, Cefo-A solution (25 mg/kg) and Cefo-A BSA NPs (25 mg/kg) in mice 12 h
after P. aeruginosa infection. Samples were collected 12 h later. All data represent mean
(SD) (3—4 mice per group). Copyright 2015, American Chemical Society.[15]
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Figure7.
Preparation of cell membrane-derived nanovesicles by nitrogen cavitation. (A) The process

to generate the nanovesicles via nitrogen cavitation, centrifugation and extrusion.
Differentiated HL-60 cells were collected and disrupted by nitrogen cavitation under a
pressure of approximately 350 psi, and membrane-formed vesicles, intracellular molecules,
and the nucleus exist in the resulting solution. Afterwards, differential centrifugation was
used to purify and obtain the needed vesicles. Copyright 2016, Elsevier.[16] (B) Cryo-TEM
of cell membrane-formed vesicles, which are approximately 150 nm in diameter. (C)
Proteomics of nanovesicles and their source cells. The total proteins (left) and membrane
proteins (right) in nitrogen cavitation-generated EVs (NC-EVs), naturally secreted EVs (NS-
EVs) and their parent cell analyzed by mass spectrometry. The shared proteins between EVs
and their parent cells suggested that EVs were derived from their parent cells. (D)
Quantification analysis of the yield of NC-EVs and NS-EVs indicated the reproductively of
NC-EVs. Copyright 2017, Elsevier.[17]
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Figure8.
HL-60 cell membrane-formed nanovesicles target and treat inflammation. (A) Western blot

of integrin o on HL-60 and erythrocyte cells and their nanovesicles. (B) Intravital images of
the cremaster venule of a mouse treated with TNF-a and DiO-fluorescently labeled HVs
(green). The endothelium was labeled by Alex Fluor-647-labeled anti-CD31 (pink) to
indicate the blood vessel. Intravenously (i.v.) injected HV nanovesicles were found adherent
to cremaster venules. (C) Quantification of the adherent HVs on cremaster venules based on
intravital images. (n = 3). P<0.001. Numbers of neutrophils (D), TNF-a. (E) and IL-6 (F) in
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BALF 10 h after injection of HBSS, erythrocyte vesicles-TPCA-1 (EV-TPCA-1) and HV-
TPCA-1 in mice 3 h after LPS challenge. Compared with EV and free drug, HV showed a
reduction of infiltrated neutrophils and amount of cytokines, which indicated the therapeutic
efficacy of HV nanovesicles. *, **, and *** represent P<0.05, 0.01 and 0.001 in two-way t-
test. Copyright 2016, Elsevier.[16]
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Figure9.

Drug-loaded neutrophil membrane vesicles for anti-inflammation therapy. (A) Schematic
illustration of remote loading of piceatannol into cavitation-generated nanovesicles (NC-
EVs) via pH gradient. (B) Neutrophil numbers in BALF 12 h after lung LPS challenge at a
dose of 10 mg/kg. Vehicle, piceatannol (pic) (2 mg/kg) and pic-NC-EVs (pic at 2 mg/kg)
were i.v. injected 2 h after LPS challenge. (C) MPO activity in mouse lung, liver and kidney
8 h after intraperitoneal (i.p.) LPS (22 mg/kg) challenge (LPS-induced sepsis model).
Vehicle, piceatannol (3 mg/kg) and pic-NC-EVs (pic at 3 mg/kg) were i.v. injected 2 h after
LPS challenge. The result showed that piceatannol-loaded NC-EVs decreased neutrophil
tissue infiltration in all the three organs. (D) Survival rates after i.p. LPS (22 mg/kg)
challenge (LPS-induced sepsis model). Vehicle, piceatannol (3 mg/kg) and pic-NC-EVs (pic
at 3 mg/kg) were i.v. injected 2 h after i.p. LPS challenge. Piceatannol-loaded NC-EVs
prevented death in 80% of mice. *, **, and *** represent P<0.05, 0.01 and 0.001 in two-way
t-test. Copyright 2017, Elsevier.[17]
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Figure 10.
Scheme of Carfilzomib (CFZ), a second-generation proteasome inhibitor, loaded neutrophil-

mimicking NPs (NM-NP-CFZ) that target CTCs and their site of colonization. Copyright
2017, American Chemical Society.[18]
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Neutrophil membrane-coated NPs treat cancer metastasis. Cell percentage of viable, early
apoptotic, late apoptotic, and necrotic cells among GFP+ 4T1 cells (A) and leukocytes (B) in
blood after treatment with free CFZ, NP-CFZ, and NM-NP-CFZ. (C) Quantification of
metastasis nodules in lung tissue in the model of NM-NP-CFZ preventing the formation of
early metastasis. Metastasis nodules were significantly reduced after treatment with NM-
NP-CFZ compared to treatment with saline or free CFZ. (D) Imaging of /n vivo apoptosis of
successfully colonized GFP+ tumor cells in the lung by deoxynucleotidyl transferase dUTP
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nick end labeling (TUNEL) assay. 4T1 tumor metastasis models were established 16 days
before TUNEL analysis. Apoptosis was significantly improved by NM-NP-CFZ compared
to other groups in the previously formed 4T1 lung metastasis sites. Green indicated tumor
cells, red indicated TUNEL labeling and nuclei were stained as blue. Scale bar is 100 um.
(E) Quantification of GFP+ nodules per slice in the model of NM-NP-CFZ inhibiting the
development of previously formed lung metastasis. All data were represented as the mean +

SD. *** P<0.001, * P< 0.05 and ## P<0.01. Copyright 2017, American Chemical Society.
[18]
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Neutrophils or neutrophil membrane-derived vesicles deliver therapeutics to different disease sites.

Table 1.

. Therapeutic
NPs Drug Target Disease model methods Ref.
Anti-CD11b antibody- Activated Lewis lung carcinoma with Photothermal
decorated polystyrene No neutronhils reactive oxygen species Therapy [13]
or gold NPs P (ROS) induced-inflammation (PTT)
: Melanoma with TA99 Photodynamic
Denatured BSA NPs Pyr%p;gg?;ahor n’:ﬁtt?éatﬁﬁs antibody induced- therapy [14]
p inflammation (PDT)
TPCA-1 and : LPS-induced lung - :
Activated . . . Anti-inflammation
! A " [15]
Denatured BSA NPs cefogiggzone neutrophils |nfIamma}tr:?E?c?ir‘;(;i1 bacterial and antibacterial
HL-60 cell membrane- TPCA-1 Inflamed Ii_nF;ISz;rlr?%l;(t:i%an:rTg Anti-inflammation 14
formed nanovesicles endothelium bacterial infection and antibacterial
: LPS-induced lung
Nd%Ler:/%%hr;ano?/rzstJi[:algg_ Piceatannol enlg(f)lt%r:ri}gm inflammation and Anti-inflammation ~ [17]

Neutrophil membrane-
coated NPs

Carfilzomib

Circulating tumor
cells
(CTCs) and
metastatic niche

LPS-induced sepsis

Circulating CTCs, early
metastatic niche, and
previously formed 4T1 lung
metastasis

Proteasome
inhibitor (small
molecule targeted
therapy)

[18]
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