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Abstract

Nanotechnology has become a powerful tool to potentially translate nanomedicine from bench to
bedside. Nanotherapeutics are nanoparticles (NPs) loaded with drugs and possess the property of
tissue targeting after surfaces of NPs are bio-functionalized. Designing smaller size of
nanotherapeutics is presumed to increase tumor targeting based on the EPR (enhanced
permeability and retention) effect. Since the immune systems possess a defence mechanism to fight
diseases, there is an emerging concept that NPs selectively target immune cells to mediate the
active delivery of drugs into sites of disease. In this review, we will focus on a key question of how
nanotherapeutics specifically target immune cells and hijack them as a delivery vehicle to transport
nanotherapeutics into disease tissues, thus possibly improving current therapies in inflammation,
immune disorders and cancers. We will also discuss the challenges and opportunities for this new
strategy of leukocyte-mediated delivery of nanotherapeutics.
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1. Introduction

Nanomedicine, powered by advancements in
nanotechnology, could revolutionize contemporary
medicine for prevention and therapies in a wide range
of diseases [1, 2]. Nanotechnology is applied to
formulate nanotherapeutics containing therapeutic
agents inside nanoparticles (NPs), which are able to
target desired cell types or organs via biologically
functionalizing the surfaces of NDPs. After the
administration of nanotherapeutics in patients, they
encounter several biological barriers before arriving at
targets, such as blood vessels, cell membranes, and
subcellular locations of drug action [3-10]. The blood
vessel barrier is a primary component to hinder the
delivery of nanotherapeutics because the endothelium
forms a monolayer lining the vessel wall to selectively
regulate the permeability of molecules and
nanoparticles into tissues [11-13]. In physiological
conditions, the inter-endothelial passage is less than 3
nm that is much smaller than currently-used

nanotherapeutics [14]. However, tumor tissues form
larger gaps between endothelial cells, increasing the
permeability compared to healthy tissues. This is
so-called enhanced permeability and retention (EPR)
effect, which is the basis of nanoparticle targeted
tumor therapies [15]. Tumor targeted delivery of
nanoparticles has shown the dramatic improvement
of cancer therapies in animals and humans [16].
Inflammation is an immune response with the
feature of a dramatic increasing number of leukocytes
(white blood cells) in circulation, and their
transmigration when tissue damage, bacterial and
viral infections occur [17]. The pathogenesis of most
diseases is strongly associated with uncontrolled
inflammation [18-20], such as diabetes and
cardiovascular diseases [21, 22]. The recent study [23]
also showed that cancers are involved with the
dysregulated inflammation because multiple types of
leukocytes exist in the tumor microenvironment [24].
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Targeting  delivery of nanotherapeutics to
inflammation sites would be an alternative method to
treat inflammatory disorders or cancers.

Leukocytes are able to migrate to inflammation
sites, so there is a fundamental question whether
nanoparticles could target leukocytes, and then
whether leukocytes can transport the nanoparticles
into disease sites. Based on the recent progression in
immunology, a concept was recently proposed that
NPs could hijack leukocytes to mediate their
movement [25]. Due to the aiming movement and
transmigration ability of leukocytes, they are possibly
utilized  to  transport nanotherapeutics to
inflammation sites to treat inflammatory disorders or
cancers [26].

In this review, we will discuss the opportunities
for targeted delivery of nanotherapeutics using
leukocytes as a delivery vehicle for therapies in
inflammation disorders and cancers. We will
introduce the basic knowledge of inflammation and
cancer, and their pathogenesis involved with
leukocyte  functions.  Furthermore, we  will
demonstrate the approaches and strategies to
manipulate interactions between nanoparticles and
leukocytes to improve targeted delivery of
nanotherapeutics. Finally, we will discuss the
challenges and opportunities of cell-based delivery of
nanotherapeutics.

2. Inflammation Disorders and
Leukocytes

2.1 Inflammation

Exposed to physical stress, chemicals, antigens,
and bacterial or viral infections, the body’s immune
defence can be rapidly activated to fight the invasion
and maintain homeostasis. This is called
inflammation [17]. Inflammation includes the acute
and chronic type, depending on the nature of a
stimulus and the resolution processes. Acute
inflammation is associated with trauma [27], noxious
compounds, or microbial invasion [28]. An acute
inflammatory response is characterized by infiltration
of a large number of polymorphonuclear cells, and
their rapid clearance by macrophages to go into a
phase of resolution and repair [29]. At the site of
inflammation, the vasodilation of blood vessels and
their increased permeability are caused by the release
of small immune-mediating molecules such as
histamine, serotonin and prostaglandins [17]. The
response activates immune cells, such as neutrophils,
to migrate into infected tissues through a capillary
wall, thus subsequently amplifying the immune
response [30]. The cause of chronic inflammation may
be associated with non-resolved acute inflammation

or persistent inflammation from some certain viral
infections and hypersensitivity reactions [17]. The
prolonged exposure to invaders or risk factors leads
the generation of pro-inflammatory mediators, which
are capable of attacking healthy cells or tissues, thus
generating the constant inflammation response. This
dysregulated inflammation is the central components
of most inflammatory diseases, such as arthritis [18], ,
atherosclerosis [31], inflammatory bowel disease [32],
Parkinson’s disease [33], and skin diseases [34].

2.2 Circulating leukocytes

Circulating leukocytes are divided into five main
classes based on their morphological and tinctorial
characteristics when stained. Table 1 lists five types of
leukocytes in human, and their basic properties [35].
They are polymorphonuclear leukocytes (neutrophils,
eosinophils, basophils and mast cells), lymphocytes
(natural killer cells, T cells and B cells) and monocytes.

Table 1. Properties of neutrophils, eosinophils, basophils
lymphocytes and monocytes in human.
Amountin  Diameter Life span
human blood
Neutrophil ~ 50-70% 10-12 um Normally three to four days;
less than 12 hours after
digesting invaders
Eosinophils  1-3% 12-15 um Three weeks
Basophils 0.4-1% 12-15 um Three days to one week

Lymphocyte 25-35% small :6-8 um B cells: four days to up to five
large: 8-12um  weeks

T cell: month to years

10-20 hours

Monocyte 2-8% 20-30 pm

Neutrophils, the most abundant white blood
cells (50-70%) in human, are a critical component of
the innate immune system. In inflammation,
neutrophils are the first arriving to inflammatory site
and activate the host response. Neutrophils migrate
from circulation to infected sites by crossing an
endothelial layer, called neutrophil transmigration
[36] and eliminate pathogens and protect the
immunity [37]. The neutrophil recruitment is
regulated by several adhesion molecules expressed on
both neutrophils and endothelium [38]. Circulating
neutrophils are first captured by selectins on the
blood vessel wall, and then roll and crawl along the
vessels. The rolling of neutrophils facilitates their
contact with chemokine on the surface of endothelium
to induce the activation of neutrophils. After fully
activated, neutrophils start crawling toward the
pathogen-resident locations via inter-endothelial
junctions and trans-cellular pathway [39]. The review
is focused on neutrophils, so the functions of
eosinophils and basophils in inflammation and
allergy have been reviewed elsewhere [40].
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Lymphocytes are the second most abundant
human white blood cells (about 30% of the WBCs)
[41]. There are three types of lymphocytes, such as T
cells, B cells and natural killer cells. The function of T
lymphocytes includes: 1) attacking foreign invaders
directly; 2) secreting cytokines to activate other
immune cells; 3) augmenting the B cell response [42].
A range of subpopulations of T cells has been
identified [43]. For example, cytotoxic T cells can
sense the presence of infected cells and destroy them
directly; helper T cells support the activation of
cytotoxic T cells and regulate the systemic immune
responses [44]; and memory T-cells can recognize
foreign invaders previously encountered and mount a
fast immune response [45]. B-cells, a subset of
lymphocytes, produce antibodies and antigens to
establish the humoral immunity in the adaptive
immune system [46].

Monocytes are a major component of immune
response as well. Monocytes circulate in blood and
are able to differentiate into tissue macrophages after
they Cross the endothelial barrier.
Monocytes/macrophages are able to transmigrate
and phagocytize dead neutrophils and other cells to
prevent the dissemination of inflammation responses
[47]. Monocytes are strictly regulated to death via cell
apoptosis, thus resulting in resolution of
inflammation. However, the long residence of
monocytes/macrophages in tissues would cause
inflammation disorders, such as atherosclerosis [48].

3. Cancer

3.1 Cancer immunology

Cancer is a leading cause of death in the world,
and the number of incidents continues increasing
every year [49]. Cancer occurs in almost every organ
and tissue, and its causes strongly correlate with
genomic instability and environmental stress [50].
Rudolf Virchow first proposed that the pathogenesis
of cancer is strongly associated with inflammation. A
body of growing evidence recently confirms this
hypothesis [51]. Tumor is under surveillance of the
body immune system. Tumor cells could be
recognized by the innate immune system, and then
are eliminated via phagocytosis [52] or
antibody-dependent cell-mediated cytotoxicity [53]. If
the two pathways of clearance fail, the adaptive
immune activates a second layer of defense
mechanism to control the tumor growth [54].
However, tumor sometimes can evade from both
innate and adaptive immune systems, and cause
unresolved chronic inflammation.

3.2 Leukocytes in cancer

In a fully developed malignancy, excessive
inflammatory cells are recruited in the tumor
microenvironment, called leukocyte infiltration [55].
The leukocyte infiltration is regulated by various
cytokines [50] and chemokines [56] produced by
tumor cells. The infiltration of leukocytes
(neutrophils, monocytes and lymphocytes) to a
pre-tumor tissue will establish a tumor inflammatory
microenvironment. Immune cells are engaged in an
extensive and dynamic crosstalk with tumor cells [57].
Since tumor-infiltrating leukocytes are essential
components in the development of tumor
microenvironment, understanding the roles of cell
types involved in cancer initiation and progression
would enable to develop novel strategies to target
immune cells destroying tumor microenvironments
[58].

Neutrophils are known as the first responder to
inflammation. The recent studies have showed that
neutrophils are also involved in the tumor
pathogenesis [59]. Neutrophils infiltrate into tumor
sites, called tumor-associated neutrophils (TANSs).
They are analysed based on their surface markers,
such as CD11b and Ly6G [60]. It has been shown that
the recruitment of TANs is mediated by various
cytokines and chemokines. For example, TNF-a
mediate the recruitment of neutrophils to tumors [61].
The functions of TANs depend on their phenotypes.
Pro-tumorigenic (N2) TANs display pro-tumor
responses since they are produced in the tumor
microenvironment. They are associated with more
metastases and inhibit other immune cell functions
[62]. In contrast, another type of TANSs, the
anti-tumorigenic (N1) phenotype, shows the ability to
kill tumor cells [63] because the depletion of N1 TANs
augments tumor growth [64].

Macrophage infiltration in tumor sites is a major
focus of immune oncology. Tumor-associated
macrophages (TAMs) are the most abundant immune
population in tumor microenvironments, and they
can even reach the deep hypoxic areas in tumor [65].
For example, one study showed that TAMs account
for 70% of the cell mass in breast carcinoma and
30-40% of cells in gliomas [66]. Macrophages can be
classified into M1 and M2 type. The majority of TAMs
is M2-like macrophages, which are usually present in
tissues, and they promote tumor growth, and remodel
tissues to facilitate tumor progression [67]. M2 TAMs
contribute to tumor development via interleukin
(IL)-10 and prostaglandin E2 [68]. Vascular
endothelial growth factor (VEGF) also promotes the
recruitment of monocytes/macrophages in the tumor
hypoxia microenvironment [69]. In contrast, the M1
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phenotype of TAMs was reported to kill tumor we  will mainly focus on  neutrophils,
cells [55]. monocytes/macrophages, and T lymphocytes

Tumor-infiltrating lymphocytes are a major
component to stop the formation of tumor
microenvironment and prevent the tumor growth,
because T cells specifically recognize
tumor-associated antigens [70]. The systemic
anti-tumor response is achieved by activated T cells
that recognize antigens expressed by tumor cells [71].
Helper T cells are classified into Th1 and Th2 subtypes,
and they possess the different anti-tumor mechanisms
[72]. Th1 cells produce interferon-gamma, interleukin
(IL)-2, and tumor necrosis factor-alpha (TNF-a),
which activate macrophages and are responsible for
cell-mediated immunity and phagocyte-dependent
protection. In contrast, Th2 cells produce IL-4, IL-5
and IL-13, which are associated with the promotion of
eosinophilic activation and responses.

4. Leukocyte-Mediated Delivery of
Nanotherapeutics

As discussed above, leukocytes are involved in
many diseases, such as inflammation disorders and
cancers. Leukocytes circulate in bloodstream and are
recruited to inflammation sites or a tumor
microenvironment, so they could be employed as a
carrier to deliver nanotherapeutics to inflammatory or
tumorous sites. This strategy could shift the paradigm
of nanomedicine to targeted drug delivery. Herein,
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because they were well studied. Figure 1 shows a
principle concept to utilize leukocytes as delivery
vehicles to actively transport nanotherapeutics
toward disease sites, thus effectively improving drug
deposition in inflammatory/tumor tissues. The
nanoparticle delivery systems could overcome the
blood vessel barrier and reach to the disease sites [73].

The first step of the leukocyte-mediated delivery
is how to assemble nanoparticle-immune cell
complexes. Nanoparticles can either attach to or be
internalized in cells, and then they move together
without changes of leukocyte functions. Fig. 2 shows
two methods used to target leukocytes by
nanoparticles. The first approach is to assemble
nanoparticles into leukocytes in vitro. When
nanoparticles are incubated with leukocytes, the
leukocytes activate pathways of endocytosis or
phagocytosis to internalize nanoparticles. Monocytes
and macrophages are the phagocytic cells that highly
express membrane receptors for internalization of
nanoparticles. Fcy receptor, scavenger receptors, and
mannose receptors have been investigated to increase
nanoparticle uptake [74]. Sometimes, the physical
methods such as electroporation are required to
enhance the entrance of nanoparticles to cells [75].
After nanoparticle-leukocyte complexes are formed,
they are administrated to animals to examine whether
leukocytes can deliver the nanoparticles to disease
sites. Nanoparticles can also be
attached onto the surface of
leukocytes if this way does not alter
leukocyte binding functions [76, 77].
In the second strategy nanoparticles
are able to bind leukocytes in situ.
This approach could be convenient in
clinical practice, but it requires the
rational design of nanoparticles
which possess the high binding
affinity to leukocytes. In addition, it
needs advanced imaging methods,
such as intravital microscopy, to
visualize the nanoparticle uptake in
leukocytes in vivo. For example, the
recent studies [73, 78] have reported
that activated neutrophils are able to
internalize albumin nanoparticles in
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situ and transport them across the
blood vessel barrier. In this review,
we are mainly focused on
leukocyte-mediated  delivery  of

Figure 1. Schematic graph shows the approaches to deliver nanotherapeutics in tumor/inflammatory

sites through transmigration of leukocytes loaded with nanotherapeutics.

nanotherapeutics to inflammatory
and tumor sites.
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Figure 2. Methodology of leukocyte-mediated delivery of nanoparticles

Table 2. Summary of current leukocyte-mediated nanoparticle delivery systems and their applications.

Immune cell type Nanoparticles Target Ref.

Neutrophils Piceatannol-loaded albumin nanoparticles Acute lung injury 78

Neutrophils TPCA-1/cefoperazone acid-loaded albumin Acute lung injury 73

nanoparticles

Neutrophils Pyropheophorbide-a loaded albumin nanoparticles Melanoma 38

WEHI-265.1 monocytes IgG-B-attached anisotropic polymeric nanoparticles LPS-induced lung and skin 76
inflammation

Bone-marrow derived monocytes Self-assemble catalase loaded PEG Parkinson’s Disease 91

THP1-monocytes Catalase Atherosclerosis 94

Monocytes/ macrophages Gold nanoshells Hypoxic regions of cancer 39

Rat alveolar macrophages Gold-silica nanoshells Malignant glioma 101

Mouse peritoneal macrophage Liposome-doxorubicin Metastasized tumors in lung 102

Bone-marrow derived monocytes DiO-labeled PAAC-d25 polymer bubbles Radiation therapy-induced hypoxic 103
tumor

Tumor associated macrophages 64Cu labelled mannosylated liposomes Lung tumor imaging 104

Tumor associated macrophages 89Zr-Labeled lipoprotein nanoparticles Tumor imaging 105

Circulating Ly-6Chi monocytes RGD-modified single-walled carbon nanotubes Dorsal skinfold chamber mouse tumor 106
model

T lymphocytes Shp1/2 inhibitor-loaded Prostate tumor model 121

liposomes

Tumor-specific T cells SN-38-entrapped lipid nanocapsules Tumor-bearing lymphoid 124

T lymphocytes Doxorubicin conjugated magnetic nanoparticles Tumor cells 75

T lymphocytes Gold colloid nanoparticles Human tumor xenograft mouse model 126

Human T cells PEGylated boron carbide nanoparticles Boron neutron capture therapy 127

4.1 Neutrophils

There are several novel

neutrophils as a carrier to deliver nanotherapeutics: 1)
Neutrophils are the first cell type to arrive
the
neutrophils is short in circulation, the number
neutrophils can be increased by tens-hundreds
folds in a short period to respond inflammation [36],

inflammatory sites; 2) While

which would quickly increase the drug delivery. 3)

. 50-70%
properties

increase
o at translational.
lifetime of
of
of

Neutrophil

of human
neutrophils, thus targeting of neutrophils could
therapeutic

circulating

efficacy, and

leukocytes

are

could be

4.1.1 Anti-inflammation and anti-infection therapies

adhesion to endothelium and

subsequent their trans-endothelial migration are
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essential processes to respond invading pathogens to
promote bacterial or viral clearance [79]. However,
excessive neutrophil infiltration and activation at the
vessel wall is also the major cause of vascular disease,
such as acute lung inflammation/injury, sepsis and
ischemia-reperfusion injury [80] [81]. Targeting of
activated neutrophils to de-activate their adhesion to
the vessel wall would be a novel strategy to prevent
vascular inflammation. Using intravital microscopy,
bovine serum albumin (BSA) NPs were discovered
that they can be selectively internalized by adherent
neutrophils. After a drug was loaded in BSA NPs, the
NPs can efficiently deliver the drug into activated
neutrophils, which are adherent to the inflamed
endothelium, and therefore alleviate acute lung
inflammation/injury [78]. Intravital microscopy of
tumor necrosis factor (TNF-a)-challenged mouse
cremaster post-capillary venules was used to
demonstrate the internalization of albumin
nanoparticles by activated neutrophils. In addition,
albumin NPs failed to be internalized by resting
neutrophils  (non-inflammation) and adherent
monocytes [82]. Furthermore, the mechanism of this
selective uptake was investigated in knockout mouse
models, and it is found that Fcy receptors are required
to mediate the neutrophil uptake of albumin NPs.
Neutrophils are able to trans-endothelial
migration from bloodstream to infected sites,
therefore it was realized that neutrophils would
transport albumin nanoparticles across blood vessel
barrier. Therefore, Chu et al [73] proposed a novel
approach to deliver nanotherapeutics into deep
tissues via the neutrophil transmigration pathway. To
examine this hypothesis, the mouse acute lung
inflammation model was used because the lung has a
unique structure that is composed of two interfaces of
blood circulation and airspace in an alveolae. In the
experiment, LPS (lipopolysaccharide) was
intra-tracheally administrated to a mouse lung, and
neutrophils would transmigrate from bloodstream to
a distal lung airspace by passing through the
endothelial and epithelial barriers. After the LPS
challenge and intravenously injection of albumin NPs
to a mouse, the lung bronchoalveolar lavage fluid
(BALF) samples were collected and the results were
analyzed by confocal microscopy (Fig. 3A). The
results showed that transmigrated lung neutrophils
contained albumin NPs and the number of
neutrophils containing NPs temporally increased. The
selectivity of albumin NPs by neutrophils was
confirmed compared to PEG-decorated polystyrene
(PEG-PS) in BALF (Fig. 3B). When neutrophils were
depleted by anti-Gr-1 antibody, the delivery of
albumin NPs in lungs was completely prevented (Fig.

756
3C). The result clearly demonstrates that the
movement of albumin NPs is mediated by

transmigration of neutrophils. To demonstrate the
usefulness of this delivery pathway, TPCA-1, an
anti-inflammation drug, was loaded in albumin NPs
and the therapy of NPs was examined in the acute
lung inflammation/injury mouse model. The result
showed the dramatic decrease of lung
inflammation/injury. In  addition, antibiotic,
cefoperazone acid was loaded in albumin NPs and
this nanoparticle formulation dramatically declined
the proliferation of pseudomonas aeruginosa (P.
aeruginosa) in infected mice compared to free drug.
Overall, this study demonstrates that activated
neutrophils are capable of mediating the delivery of
therapeutic albumin NPs across the blood vessel
barrier into inflammation sites, thus dramatically
alleviating acute lung inflammation/injury induced
by LPS and lung infection by P. aeruginosa. This
finding reveals a new strategy for designing
nanotherapeutics which are capable of in situ
hitchhiking neutrophils for targeted drug delivery.

4.1.2 Cancer Immunotherapy

Inspired by the trans-endothelial migration of
nanoparticle-loaded neutrophils to inflammatory
sites, the application of this system in the treatment of
cancer was reported [38]. TA99, a monoclonal
antibody, specifically binds to a gp75 antigen on
melanoma [83]. When administrated, TA99 can
activate and initiate neutrophil recruitment in tumor
sites. In this study [38], the authors addressed
whether the targeting of neutrophils in tumors using
albumin NPs can enhance cancer immunotherapy. In
a mouse model of melanoma, it was found that the
internalization of albumin NPs in neutrophils and the
accumulation of NPs in tumor dramatically increased after
co-administration of TA99 and NPs than those with NPs
alone. The further study found that the accumulation of
BSA NPs in tumors was mediated by the recruitment
of neutrophils. The photodynamic therapy was
performed to examine the treatment after
pyropheophorbide-a (Pp-a) (a photosensitizer)-loaded
albumin NPs were administrated in mice bearing
melanoma. The combination of TA99 and Ppa-loaded
albumin NPs significantly suppresses the tumor
growth and increases mouse survival compared with
the treatment using drug-loaded NPs or TA99. The
study reveals a new paradigm to treat cancer by
nanoparticle hitchhiking of neutrophils to enhance
tumor delivery of nanotherapeutics. The combination
of nanotechnology and immunotherapy would
improve the current cancer therapies.
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Figure 3. Example of albumin nanoparticles uptake by activated neutrophils and the migration of neutrophils to lung inflammation sites. (A) Fluorescence confocal
microscopy of neutrophils from bronchoalveolar lavage fluid 2 h and 20 h after intravenous injection of Cy5-albumin NPs (red) (neutrophils were labelled by Alexa
Fluor 488-labeled anti-mouse Gr-1 antibody, green). Nucleuses were stained by DAPI (blue). (B) PEG-coated NPs were not detected in the BALF while the albumin
NPs were observed at 10 and 20 h. (C) Cy5-BSA NPs in BALF were not detected in the absence of neutrophil. Reprinted with permission from ref 73. Copyright 2015

American Chemical Society.

4.2 Monocytes/Macrophage

4.2.1 Targeting Inflammation Diseases

Based on the migration ability of monocytes and
macrophages to the inflammation sites [84], a number
of studies have demonstrated the utilization of
monocytes/macrophages to transport nanoparticles
[25, 85]. Aaron and co-workers [76] attached the
anisotropic polymeric particles, termed ‘Cellular
Backpacks’ (BPs), to the surface of monocytes and
delivered the complexes to inflamed tissues. The
surface modified BPs did not undergo phagocytosis
because of their size, disk-like shape and flexibility in
vivo. Interestingly, the cell-nanoparticle complexes
retain cellular functions, such as transmigration
through an endothelial monolayer and differentiation
into macrophages. The delivery system was verified
in the two inflammation mouse models of skin and
lungs, offering a new platform for
monocyte-mediated therapies.

Inflammation is strongly associated with
metabolic disease and neurological degeneration,
such as obesity [86], Alzheimer’s [87] and Parkinson’s

diseases [88] because the excessive production of
pro-inflammatory products and reactive oxygen
species (ROS) may cause «cell death and
neurodegeneration [33, 89]. Based on the active
movement of the monocytes/macrophages to

inflamed  areas,  targeting of  circulating
monocytes/macrophages to treat central nerve
system diseases was proposed. Presumably,

monocytes/macrophages have the natural ability to
cross the intact or compromised blood brain barrier
and undergo the differentiation to be long-lived
brain-resident macrophages (microglia) [90]. Elena
and coworkers [91] have developed a method of using
bone-marrow derived monocytes (BMM) as carriers
to deliver self-assemble enzyme complexes to treat
Parkinson’s diseases (PD). The in vitro results showed
that the enzymes released from BMM and attenuated
oxidative stress, thus impairing the development of
PD. To examine the movement of monocyte carriers in
neuro-inflammatory sites, the brain was imaged in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP)-induced PD  mouse model after
administration of '%I-labelled enzyme loaded BMM.
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The result suggests that targeted delivery of enzymes
might be associated with the transport of
monocyte/macrophages. This study offers a new
direction in utilizing monocytes/macrophages to

deliver nanotherapeutics to brains, preventing
neuro-degenerative disorders.
ROS overproduction could also damage

vasculature, causing cardiovascular diseases [92] [93].
A study reported that a novel monocyte-based drug
delivery system loaded with antioxidant enzymes
was used to treat atherosclerosis based on the
assumption that monocytes can target damaged
endothelium [94]. Catalase, anti-ROS enzyme, was
loaded into THP-1 monocytes via a physical method
of hypotonic/resealing. Flow cytometry showed that
the loading efficiency of catalase was 40-60% in
monocytes. Catalase still functioned after they were
loaded into monocytes. The specificity and activity of
the antioxidant-loaded monocyte system was
evaluated, indicating that the monocyte-based
delivery system can specifically target activated
endothelial cells, and decreasing ROS production.
This study suggests that a monocyte-based drug
delivery system offers a novel means to target
damaged endothelial cells in cardiovascular diseases.

4.2.2 Macrophage-mediated delivery of NPs in cancer

Hypoxia (low oxygen microenvironment) is a
hallmark of human solid tumors leading to
malignancies [95]. Hypoxic tumor cells secret various
factors that enhance the attachment and migration of
monocytes to the tumour vasculature. After
monocytes are recruited into tumor sites, they
differentiate into macrophages, called
tumor-associated macrophages (TAMs) [67, 96]. The
recruitment of a large number of TAMs is associated

with tumor invasion, proliferation and metastasis [97].

Destruction of hypoxic tumor regions, in particular,
the regions of presence of TAMs, might impair the
proliferation, invasion and metastasis of cancers [68].
Delivery of therapeutics into hypoxic tumors,
however, presents a major challenge. In particular,
this is difficult to deliver larger sizes of NPs in this
type of tumor tissues.

To address this challenge, Choi and co-workers
[39] proposed that the tumor’s natural recruitment of
monocytes may be exploited for nanoparticle-based
drug delivery. Nanoparticle-loaded monocytes can
serve as a “Trojan Horse” to deliver cargos into the
inaccessible tumor regions. In their studies, 60
nm-sized gold nanoshells (Au nanoshells) were
loaded in human macrophages differentiated from
monocytes. Gold nanoshell nanoparticles have greatly
absorption in near infrared light to produce the
dramatic heat in cells, thus destroying the cells. The

photothermal therapy in a model of T47D breast
cancer spheroid was used to destroy tumors after
monocytes mediated the transport of nanoparticles
into hypoxic regions. This study opens a wide range
of opportunities of rationally designing nanoparticle
delivery systems loaded in monocytes to target many
types of cancers.

In addition, it was shown that macrophages can
mediate the delivery of gold-shell NPs into
multicellular human glioma spheroids [98]. In the
report, gold-shell NPs are composed of a silica core
coated with a thin layer of gold which greatly absorbs
near-infrared light to generate local heat around NPs.
Gold nanoshells (AuNS) NPs were loaded in
macrophages via phagocytosis, and it is interesting to
observe no apparent toxicity of macrophages after
their uptake of nanoparticles [99]. When co-incubated
with human glioma spheroids, nanoparticle-laden
macrophages can migrate and filtrate in the tumor as
usual [100]. Furthermore, two-photon fluorescence
microscopy of glioma spheroids showed that
nanoparticle-laden macrophages can accumulate in
necrotic sites. When irradiated with 810 nm laser
light, the growth of glioma spheroid dramatically
decreased compared with the control without of
nanoparticle-loading. The efficacy of
macrophage-AuNS-mediated photothermal therapy
(PTT) on glioma spheroids was also tested, and the
growth of spheroids was dramatically suppressed.
The same group continued to examine the therapeutic
efficacy of macrophage-mediated delivery of AuNS
nanoparticles in rat glioma tumor model [101]. C6 rat
glioma cells were directly injected into brain to
generate brain tumor, following the injection of
macrophage-AuNS delivery system. After NIR laser
irradiation, it was observed that the laser-irradiating
suppress the tumor destruction. The study indicates
macrophage-mediated delivery of gold nanoparticles
could be useful to treat brain tumors or other types of
cancers.

In addition of Au nanoshells or AuNS
nanoparticles, liposome-doxorubicin (LP-Dox) [102]
were loaded in mouse peritoneal macrophages to
treat the tumors induced by implantation of
non-small cell lung cancer cells. Although LP-Dox
was encapsulated in liposomes, the release of Dox
from liposomes into macrophages is time-dependent.
In a period of 12 h, macrophages preserved the
viability and functions, but later macrophages started
to die. Similarly, in another study, mouse bone
marrow-derived monocytes (BMDMs) loaded with
doxorubicin-encapsulated =~ PAAC-d15  polymer
vesicles started to slowly migrate [103]. Therefore, the
leakage of doxorubicin from nanoparticles could play
a role to impair the movement of
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monocytes/macrophages. While the in vivo tumor
therapies in both studies showed the moderate
attenuation of tumor growth compared to their
control (such as free drugs), developing
monocyte-mediated nanoparticle platform is still
promising if the drug leakage from nanoparticles is
resolved. The application of macrophage-liposomes
delivery system can be also used in tumor diagnosis.
Locke and co-workers developed the PET probe #Cu
labelled mannosylated liposomes to target tumor
associated macrophages (TAMs) and the vehicle can
serve as the novel imaging tool for lung tumors [104].
Recently, the macrophage uptake of 87Zr-labeled
lipoprotein nanoparticles was imaged for tumor
targeted delivery [105]. Those studies demonstrate the
theranostics of nanoparticle-leukocyte complexes in
cancers.

When PEGlated-single-walled carbon nanotubes
(SWNTs) were intravenously infused in mice it was
surprising to observe that a single immune cell subset,
Ly-6Chi monocytes took up the nanotubes, and the
monocytes mediated the delivery of nanotubes to
tumors in mice [106]. Interestingly, a targeting ligand
of RGD conjugated to nanotubes significantly
enhances the number of nanotube-loaded monocytes
in tumors. However, the molecular mechanism for the
selective uptake of nanotubes by monocytes is not yet
understood. The selective uptake by monocytes might
be associated with the properties of nanomaterials, for
example, the shape of carbon nanotubes. It might be
needed to investigate whether the shape, size and
material properties (hardness and flexibility) effect on
nanoparticle uptake by monocytes.

4.3 Lymphocytes
4.3.1 Cell-based Cancer Therapy

Immune cells play a central role in cancer
immunotherapy. Utilizing cytotoxic T lymphocytes (T
cells) is one of the most promising cancer therapies
[107]. The aim of immunotherapy is to activate the
immune system moving effective immune cells
(Iymphocytes) in tumor tissues. The process is highly
regulated by several homing receptors [108]. The
concept of cell-based immunotherapy is to modify
patient immune cells in vitro and to boost functions of
T cells to fight cancer when they are given back to the
patients [109]. One technique is used to isolate T cells
from patient blood, and then they are conjugated with
chimeric antigen receptors (CARs) on the surface of
T-cells [110] [111] [112]. Another approach is used to
obtain T cells, and then they are engineered to express
anti-tumor molecules on the cell surfaces [113, 114].
The final step is to infuse T cells back into the patients.
The hypothesis is that modified T cells are able to
home in tumor sites because the expression of

targeting antigens on T cells guides their tumor
homing. Furthermore, the T cells activate the systemic
immune response to attack tumors [115].

T cell-based cancer therapy is promising to be
translational. There are several unique features of T
cell-based therapy compared to current nanoparticle
drug delivery and chemotherapy: 1) Isolation and
expansion of T cells have been clinically established,
and the technology is ready to treat patients [116]. 2) T
cells have a long circulation lifetime against clearance
compared to a few minutes to hours of circulation of
nanoparticles, thus leading to effective recruitment
and accumulation of T cells in tumor tissues [117]. 3)
Combination of T cells with antibodies specifically
targeted to cancer antigens would dramatically
prevent cancer progression [118, 119].

However, a major barrier of cell-based therapies
is the rapid decline in viability and functions of
transplanted  cells. To  provide  sustained
pseudo-autocrine stimulation to transplanted cells,
adjuvant drug-loaded nanoparticles were conjugated
to the surfaces of cells via maleimide-thiol conjugation
[77]. The studies found that ovalbumin-specific T cell
receptor-transgenic OT-CD8* T cells conjugated with
up to 100 nanoparticles per cell retained most key
cellular functions, such as forming an immunological
synapse, killing target cells, proliferating and
secreting cytokines and migration. They encapsulated
a mixture of the cytokines (interleukin-15 (IL-15) and
IL21) into multi-lamellar lipid nanoparticles and
conjugated them with CD8* Peml-1 effector T cells.
The cell-nanoparticle complexes mediated robust
proliferation of T cell in vivo and eradicated
established B16 melanomas. Interestingly, T cells
conjugated with NPs loaded with glycogen synthase
kinase-3p (GSK-3P) inhibitor TWS119 [120], can
enhance the repopulation of hematopoietic stem cell
grafts with very low doses of adjuvant drugs that
were ineffective when given systemically. Regulating
molecular interactions in a T-cell synapse to boost
anti-tumor immunity is a novel strategy. From the
same group [121], they encapsulated NSC-87877, a
dual inhibitor of Shpl/Shp2 which is key
phosphatases ~ downregulating T-cell  receptor
activation in the synapse, in lipid nanoparticles, and
conjugated the nanoparticles to effector 2C CD8* T
cells. The therapy in advanced prostate cancer
showed  cell-nanoparticle = complexes  greatly
promoted T cell expansion at the tumor site, leading
to enhanced survival of tumor mice. Both studies
indicate that a simple approach using nanotechnology
could retain and augment the functions of
transplanted T cells while minimizing the systemic
side effects of adjuvant drugs.

The homing and targeting of T cells to a tumor
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microenvironment could be employed as transporters
to selectively and effectively deliver drugs or
nanotherapeutics to tumor sites [122]. This delivery
platftorm which combines T cell technology and
nanotechnology will also be potential to translate in
clinic as the autologous lymphocytes are easily
obtained from patients” blood. In addition, the T cell
homing property could show the clinical potential in
treating many diseases. The utilization of T cells to
transport nanotherapeutics will be discussed in the
next section.

4.3.2 Lymphocyte-mediated delivery of NPs in cancer

The challenge of T cell-based therapy is that
tumor antigen-specific T cells can only be isolated
from a subset of cancer patients [123]. Irvine’s group
proposed a strategy to utilize polyclonal T cells as
carriers to deliver nanotherapeutics into lymphomas
which are haematological cancer [124]. The normal
function of lymphocytes is to migrate throughout
lymphoid tissues in search of antigens, so the authors
hypothesized that polyclonal T cells, which express
lymph node homing receptors [125], could serve as
effective vectors for targeting of chemotherapy drugs
to tumor-ridden lymphoid organs. In the study, they
generated a complex delivery system of T cells
backpacking lipid nanocapsules (NCs) and SN-38, a
potent topoisomerase I poison, which was loaded in
NCs. When they examined this complex in vitro, they
found that nanocapsule-functionalized T cells were
resistant to SN-38, but promoted efficient death of
lymphoma cells. Upon the administration to
tumor-bearing mice, these T cells serve as active
chaperones to deliver SN-38 into tumor-bearing
lymphoid organs. In this way, SN-38 in lymph nodes
can be concentrated at a level of 90-fold greater than
free drug systemically administered. This T
cell-mediated delivery reduced tumor growth
significantly and increased survival compared to the
treatment at the same of free SN-38 and SN-38-loaded
nanocapsules. This study indicates tissue-homing T
cells can be utilized as a targeting vehicle to deliver
nanotherapeutics into sites poorly accessible from
circulation, thus improving the therapeutic efficacy of

chemotherapeutic ~ drugs  with  unfavourable
pharmacokinetics.

Besides the strategy of backpacking of
nanoparticles to the «cell surfaces, loading of

nanoparticles inside T cells could be another option.
Doxorubicin conjugated magnetic nanoparticles
(TargetMAG-Dox) [75], gold nanoparticles [126] and
boron carbide nanoparticles [127] were used and the
properties of nanoparticle-laden T cells were analysed
in vitro. It might be needed to perform in vivo
experiments to examine the value of this type of

delivery platform.

5. Conclusion and Perspectives

Here we have comprehensively reviewed the
current status of leukocyte-mediated delivery of
nanotherapeutics to inflammatory and tumor sites. In
contrast to nanoparticle drug delivery platforms,
leukocyte-mediated delivery of mnanotherapeutics
could dramatically increase nanotherapeutics in
disease sites. This is an exciting strategy to develop
novel platforms to hijack immune cells to deliver a
wide range of nanoparticles, such as polymer
nanoparticles, protein  nanoparticles, metallic
nanoparticles, or nanovesicles. The pathogenesis of
most diseases is inextricably associated with the
innate and adaptive immune response, and
particularly the tissue leukocyte infiltration and
trafficking are involved. The complexes of
nanoparticle-leukocyte could be utilized to treat a
wide range of vascular diseases.

Nanoparticles and leukocytes can be easily
labelled or conjugated with fluorescent dyes or
radio-active  reagents, therefore, nanoparticle-
leukocyte complexes can be monitored in vivo using
animal imaging systems. Due to their targeting of
diseased tissues, nanoparticle-leukocyte complexes
can be employed for inflammation or tumor
diagnostics. As an example, albumin nanoparticles
labelled with Cy5-fluorescent molecules were used to
investigate how nanoparticles interact with activated
neutrophils using intravital microscopy [78]. Acute
lung inflammation/injury is a devastated disease and
the pathogenesis is strongly related to neutrophil
activation and lung infiltration [128]. Therefore, the
fluorescently-labelled albumin nanoparticles could be
used to detect acute lung inflammation/injury.
Moreover, macrophages labelled with radio-active
reagents could locate the tumors [104, 105]. Targeting
of leukocytes using nanoparticles could be a novel
strategy to precisely locate the inflammatory or tumor
tissues and could longitudinally study the
progression of diseases.

While the main focus of this review is to discuss
the current status of leukocyte-mediated delivery of
nanotherapeutics to inflammatory and tumor sites,
targeting of immune systems can benefit in many
diseases. As an example, macrophages can mediate
the delivery of antiretroviral drugs [129] or siRNA
[130] to prevent HIV infection. As well, T
cell-mediated siRNA delivery can suppress HIV-1
infection [131]. Selectively delivering siRNAs to
activated leukocytes could silence their cyclin D1
functions and cell adhesion to vasculature [132, 133].
Nanoparticle targeting lymph nodes can increase the
vaccination [74, 134].
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However, there are many questions needed to be
addressed. 1) How nanoparticle-cell complexes are
assembled in vitro without altering the functions of
immune cells? It is needed to address how many
nanoparticles on the surfaces or inside of cells are
required to retain functions of immune cells. For
example, up to 100 nanoparticles per cell would not
alter T cell migration and proliferation, but higher
surface densities of NPs started to inhibit T cell
functions [124]. 2) Design of stable and controllable
release of nanoparticles is also a key parameter. What
types of nanoparticles will be used? What is the
release profile of therapeutics from nanoparticles
required to retain immune cell activities? It is required
that NPs preserve their integrity in cells before they
arrive in targets. 3) It is needed to develop advanced
imaging systems allowing to visualize the trafficking
of nanoparticle-laden immune cells in targeted sites,
such as inflammation and tumor microenvironments.
Intravital microscopy of cremaster tissues was used to
real time visualize the process of protein nanoparticle
uptake by activated neutrophils in vascular
inflammation. The imaging system should possess a
high spatial resolution and fast speed recording to
real time track the interactions between nanoparticles

and immune cells. The trafficking of
nanoparticle-loaded leukocytes in tumor
microenvironments is highly needed. 4) The

neurological diseases are strongly associated with
activation and migration of immune cells, and the
blood-brain barrier (BBB) is a great threshold to
deliver therapeutics. Rational design of nanoparticles
and choosing of cell types would resolve this
challenge.

While there are several challenges and
difficulties, the current promising results represent
many opportunities for cell-based therapies, in
particular for leukocyte-mediated delivery strategies.
Combined with nanotechnology and
immunotherapies, cell-mediated delivery platforms of
nanotherapeutics would impact on treating a wide
range of chronic diseases, such as cancers and
inflammatory disorders.
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