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Abstract

Cellular hitchhiking leverages the use of circulatory cells to enhance the biological outcome of
nanoparticle drug delivery systems, which often suffer from poor circulation time and limited
targeting. Cellular hitchhiking utilizes the natural abilities of circulatory cells to: (i) navigate the
vasculature while avoiding immune system clearance, (ii) remain relatively inert until needed and
(i) perform specific functions, including nutrient delivery to tissues, clearance of pathogens, and
immune system surveillance. A variety of synthetic nanoparticles attempt to mimic these
functional attributes of circulatory cells for drug delivery purposes. By combining the advantages
of circulatory cells and synthetic nanoparticles, many advanced drug delivery systems have been
developed that adopt the concept of cellular hitchhiking. Here, we review the development and
specific applications of cellular hitchhiking-based drug delivery systems.

Keywords

cellular hitchhiking; cell-mediated drug delivery; nanomedicine; nanotechnology; nanoparticles;
blood

Introduction

Cell-based therapies have been used for several centuries as the first documented case of a
blood transfusion into humans dating back to 1667 [1]. In the modern era of medicine,
numerous advancements have been made that utilize cell's natural abilities for specific
therapeutic outcomes, including transfusions of specific blood components [2] (i.e. red
blood cell, white blood cell, plasma or platelet transfusions), immunotherapies for the
treatment of cancers [3] and recent breakthroughs using mesenchymal stem cells for tissue
regeneration [4]. Indeed, circulatory cells offer an attractive candidate to form the basis of
therapies capable of performing functions that often limit the applications of synthetic
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materials [5]. This originates from the fact that cells are nature's own ‘delivery vehicles’ as
they have evolved to optimally perform delivery functions in vivo.

Apart from blood transfusions, many cell-based therapies take advantage of cell's abilities to
enhance the therapeutic effect of synthetic materials (i.e. drugs) or biological materials (i.e.
antigens). Many formulations focused on leveraging circulatory cell's natural functions
combined with either synthetic or biological materials for a therapeutic outcome have been
developed and used for various in vivo applications (Table 1). An excellent example of such
systems is adjuvant-supplemented adoptive cell therapy [6].

Synthetic materials are significantly limited in their ability to circulate, target and negotiate
cellular barriers on their own and are thereby limited in their clinical utility. It is essential to
develop technologies to overcome these inherent limitations, and in fact, polymeric nano/
micro-particles are widely researched to improve the biological outcome of therapeutics
such as free drugs, antibodies and antigens [7]. Extensive research efforts are focused on
cell-inspired drug delivery systems, including entirely synthetic cells [8, 9], cell-membrane
coated nanoparticles [10, 11], and nanoparticles functionalized with marker of “self”
peptides to avoid immune system recognition [12]. Other biological or cell-inspired delivery
systems have been reviewed elsewhere [5] and are beyond the scope of this article.

Therapeutic nanoparticles would directly benefit from mimicking the functions of
circulatory cells. Combining synthetic carriers with circulatory cells thus offers an ideal
design paradigm for nanomedicine. This forms the basis for cellular hitchhiking. This
review focuses on the design parameters and applications of cellular hitchhiking-based drug
delivery systems that have been tested in vivo (Table 2). This review provides a summary of
various aspects of cellular-hitchhiking including: (i) cell choice, (ii) cell-particle attachment/
incorporation methods, (iii) preservation of cell integrity and function and (iv) in vivo
applications.

Nanoparticle Drug Delivery Systems

Nanoparticle drug delivery systems represent one of the most widely researched methods for
improving circulation time, bioavailability and targeting of numerous therapeutics [7, 13,
14]. Nanoparticles offer many advantages over their free drug counterparts. Notably,
nanoparticles are capable of: (i) encapsulating and protecting drugs from degradation or
deactivation prior to reaching target site in vivo, (ii) improving targeting over free drugs via
presentation of tissue-specific targeting ligands, (iii) offering controlled drug release by
modifying nanoparticle polymer composition, and (iv) production in large, reproducible,
batches (Fig. 1A).

In theory, nanoparticles hold the potential to be the ideal drug delivery carrier.
Unfortunately, the rapid clearance of nanoparticles from blood and limited targeting to
specific tissues has prevented the overwhelming majority of nanoparticles from entering the
clinic [15]. The most researched method to circumvent clearance is to coat nanoparticles
with polyethylene glycol (PEG), a hydrophilic polymer, onto the surface of nanoparticles to
increase circulation time up to 1 week as compared to a few minutes for non-PEG
nanoparticles [14]. Recently, however, it has been shown that this technique causes
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generation of PEG-specific IgM antibodies which results in accelerated clearance of PEG
particles upon repeated doses [16-19]. In addition, modification of nanoparticles with
targeting ligands can potentially compromise the ability of the nanoparticle to perform
stealth functions [20]. Hence, nanoparticles must be multifunctional and able to perform
these functions simultaneously. Indeed, this is the biggest challenge in nanoparticle design.
Table 3 lists: (i) the properties of the ideal drug delivery carrier, (ii) how nanoparticles can
potentially perform the functions of an ideal drug delivery carrier, (iii) limitations that
prevent nanoparticles from fulfilling this potential and (iv) properties of cells that can
address these hurdles via cellular hitchhiking.

Cell Choices for Cellular Hitchhiking

Circulatory cells have innate properties such as unparalleled circulation throughout the
body, natural delivery mechanisms, natural stealth properties and the ability to negotiate and
cross near-impermeable biological barriers, which make them attractive candidates for
nanoparticle drug delivery vehicles. These features arise from the unique structure,
mechanical properties and surface ligands of each specific cell type. Indeed, each circulatory
cell is unique and designed to perform distinct functions (Fig. 1B); therefore, familiarity of
these distinct cellular functions is essential in developing a successful cellular hitchhiking
formulation.

Red Blood Cells

Red blood cells are the most abundant circulatory cells in the body and have been used as
drug carriers for a variety of cell-based therapies [21-23]. In fact, red blood cells interact
with and partition over 40 known intravenously administered drugs via mechanisms ranging
from dissolution into the red blood cell lipid bilayer membranes, passive diffusion, or even
binding to red blood cell components such as hemoglobin, thereby naturally altering the
biodistribution and pharmacokinetics of free drugs [24]. Red blood cells are also responsible
for the delivery of oxygen to all parts of the body and can circulate for up to 3 months [21].
These unique abilities are directly attributed to red blood cell's structure and mechanical
properties. Specifically, red blood cells are biconcave in shape which, in osmotic solutions,
grants them high surface area. This permits their reversible deformation while navigating
through capillaries often smaller in diameter than the cells themselves, contributing to red
blood cells being the most mobile circulatory cell. Red blood cells are also highly flexible,
which further facilitates this navigation and reversible deformation through blood vessels.
Long circulation times and oxygen delivery are, in part, governed by the surface ligands on
red blood cells. CD47, a marker of self, is a surface protein that effectively acts as a cellular
passport, granting passage through the immune system and granting red blood cells their
stealth properties [12].

For the reasons stated above, red blood cells have extensively been researched for use as
drug delivery vehicles (Table 1). To list few other examples, red blood cells have been
successfully used in humans for the prolonged (7 days) release of a number of anti-
inflammatory corticosteroids which were loaded inside red blood cell interior [25]. Building
on the eventual blood clearance of red blood cells, antigens have been conjugated to the
surface of red blood cells and delivered directly to immune cells for T-cell deletion
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applications [26]. Further, intraperitoneal injected HSV-1 glycoprotein B modified red blood
cells have successfully been used for HSV-1 vaccinations, preventing lethal development of
HSV-1 [27]. However, only recently have red blood cells been investigated for cellular
hitchhiking applications [28-30]. By attaching nanoparticles to the surface of red blood cells
it has been possible to transfer some of the unique properties of red blood cells to
nanoparticles in vivo, specifically enhancing the circulation time of nanoparticles [28, 29].
This technique can perhaps circumvent many of the issues nanoparticles inherently face in
vivo, notably the rapid clearance and poor circulation times of nearly all nanoparticles.
Further, by incorporating the controlled release abilities of nanoparticles it may be possible
to develop a nanoparticle delivery system that not only circulates for a long period of time,
but also releases therapeutics in a controlled manner. This system would have great benefits
in prolonged circulation and release of detoxifying enzymes, possibly in the case of alcohol
poisoning. It may also be possible to deliver nanoparticles to areas of the body that receive
high cardiac output and target delivery of therapeutic nanoparticles to nearby pathologies.

Macrophages and Monocytes

Monocytes are white blood cells that are the precursors to macrophages [31]. Monocytes are
typically stored in the spleen and circulate through the vasculature until terminally
differentiating into macrophages. During this process, monocytes travel from the blood
through the endothelial barrier and penetrate deep into each organ where they ultimately
reside [32]. This process occurs naturally and ensures that macrophages in tissues are
constantly replenished. Once reaching there, macrophages can phagocytose and effectively
clear foreign materials traveling in blood. Monocytes are also known to reach many areas of
the body that nanoparticles struggle to, such as: (i) migrating to diseased sites that give off
inflammation signals, such as tumors [33], (ii) crossing the blood brain barrier [31] to reach
inflamed brain tissue, as in the case of Parkinson's and Alzheimer's disease and (iii) reach
the hypoxic areas of tumors that lack blood flow before differentiating into tumor associated
macrophages [34].

These unique abilities of monocytes and macrophages mimic the properties of an ideal drug
carrier. Several monocyte/macrophage-inspired drug delivery systems using nanoparticles
have been conceived [35]. Direct loading of free drugs in macrophages can result in low
drug loading or premature drug release and limited drug delivery to target cells [35].
Therefore, nanoparticles may be an ideal carrier for monocyte/macrophage-mediated drug
delivery due to their ability to encapsulate, protect and release controlled amounts of
therapeutics. The potential for monocytes to cross barriers, such as the blood-brain barrier,
and carry therapeutic nanoparticles from circulation to the regions of the body that are
difficult to reach, such as hypoxic areas in tumor, is also appealing. This can potentially
circumvent the issues of limited tissue penetration that nanoparticle therapies typically suffer
from. Indeed, macrophage-based systems have recently been researched to assess their
abilities to deliver nanoparticles to these difficult to reach sites (Table 2).

T-Cells and B-Cells

Lymphocytes including T-cells, B-cells and natural Killer cells are white blood cells that
make up the adaptive immune system. T-cells are primarily responsible for cell-mediated
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immunity with different subsets of T-cells responsible for different functions: (i) cytotoxic
T-cells are responsible for destroying infected cells [36] (ii) helper T-cells facilitate the
maturation of B-cells and activation of cytotoxic T-cells [37] and (iii) memory T-cells,
which persist in tissues following infection, retain antigen information so as to generate a
rapid immune response to a previously encountered antigen [38]. B-cells, on the other hand,
synthesize antibodies and antigens in order to facilitate the creation of memory B-cells [39].

The specific functions of T-cells are widely used to combat various cancers and tumors in
the form of immunotherapies [40]. T-cell based immunotherapies targeting cancer rely on
the natural functions of T-cells to seek and destroy cancer cells. In these cases T-cells are
either: (i) isolated from patient tumors, proliferated in vitro and re-introduced into the
patient to increase the number of tumor specific cytotoxic T-cells [41] or (ii) genetically
engineered to attack tumor specific antigens [42, 43]. However, upon introduction of
adoptive T-cells into the body, tumor's natural immunosuppressive environment prevents
both the continued proliferation and cytotoxic activities of these primed T-cells [44]. Indeed,
the immunosuppressive nature of tumors represents the biggest obstacle in adoptive T-cell
therapies that aim to take advantage of the unparalleled ability of T-cells to target and kill
cancer cells. Many different strategies have been employed to circumvent these issues,
however, only recently has the inclusion of nanoparticles (cellular hitchhiking) been used to
not only improve the cytotoxic abilities of T-cells, but also to enhance their persistence and
proliferation at the tumor sites (Table 2).

Other Circulatory Cells

Other circulatory cells can potentially be used as platforms for cellular hitchhiking.
Dendritic cells have been used in cell therapies as therapeutic cancer vaccines [45]. The
main role of dendritic cells is to serve as antigen presenting cells that aid in the activation of
T-cells [46]. Natural killer cells attack and kill tumor cells; in fact, this process is
independent of tumor specific antigens, unlike T-cell mediated cytotoxicity. This may make
them an interesting alternative to T-cell immunotherapies, provided their isolation and ex
vivo expansion can be improved [47]. Platelets, which are responsible for maintaining and
catalyzing hemostasis [48], also find utility in tissue repair. As a primary component in
platelet rich plasma therapies, platelets can be used to improve healing of tendons, bones,
muscles and other tissues [49]. These cells, in addition to red blood cells, macrophages,
monocytes, T-cells and B-cells, perform distinct functions that regulate normal processes in
the body. These highlighted cells have been used for therapeutic functions, and recent works
are investigating the potential these cells have for either improved delivery of therapeutic
nanoparticles or utilizing nanoparticles that improve the natural therapeutic function of the
cell itself. The first step, in either case, is to incorporate nanoparticles either inside of or on
the surface of circulatory cells.

Attachment of Nanoparticles to Cells

Circulatory cells, being biological entities, are comprised of biomolecules such as proteins,
lipids and polysaccharides which offer a range of functional groups and surface properties
that permit the use of numerous techniques to attach nanoparticles to their surface. Both
non-covalent and covalent techniques have been used to attach or conjugate nanoparticles to
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Adsorption

the surface of circulatory cells [50]. Each method offers unique advantages and
disadvantages that should be considered depending on both the cell and nanoparticle to be
used for cellular hitchhiking. Table 4 provides a schematic for the association of
nanoparticles with circulatory cells for cellular hitchhiking applications via (i) adsorption,
(ii) ligand-receptor attachment, (iii) covalent coupling and (iv) internalization. The
advantages, disadvantages and potential ideal cell candidates are summarized further in
Table 4 and discussed in more detail, alongside specific examples, below.

Perhaps the simplest method for nanoparticle attachment is their passive adsorption on the
surface of cells. The surface of mammalian cells is negatively charged [51], arising from
negatively charged phosphate, carboxylate and sialic acid groups found on biomolecules.
These natural properties of cells provide a simple method to attach cationic nanoparticles to
their surface via electrostatic interactions, however, positively charged nanoparticles have
shown to be potentially toxic to cells [52, 53]. In addition to electrostatic interactions, it is
hypothesized that the passive adsorption of nanoparticles to the surface of red blood cells
(Fig. 2A) is mediated via hydrophobic interactions, van Der Waals forces and hydrogen
bonding [28-30]. While these interactions have not been directly studied with red blood
cells, many studies investigating the nature of protein adsorption to the surface of
polystyrene nanoparticles support this hypothesis since red blood cell membranes are rich in
proteins [54, 55]. The advantages of passive adsorption of nanoparticles on circulatory cells
are that this method requires the least modification of the cell and the nanoparticle, provided
that the nanoparticle is either positively charged or sufficiently hydrophobic. Previous
examples of nanoparticle adsorption on red blood cells have shown that detachment is shear-
dependent and somewhat predictable [29]; however, the attachment strength between
particle and cell may be difficult to control and can result in unpredictable behavior and
detachment in vivo.

Ligand-Receptor Attachment

Another method that requires no cell modification is to utilize ligand-receptor interactions
that are mediated by naturally present receptors on the surface of the hitchhiked cells. The
CD44-hyaluronic acid interaction has been used for a variety of cell types to mediate the
attachment of cellular backpacks to the surface of white blood cells, notably T-cells (Fig. 2B
inset i) [56], B- cells (Fig. 2B inset ii) [56-58], and macrophages (Fig. 2B) [59]. The
advantages of ligand- receptor attachment are that attachment to target cells is: (i) reliable
and reproducible, (ii) simple if target cells are purified and (iii) can potentially be translated
into in vivo binding in case of specific ligand-receptor pairs. Further, it allows for the design
of a platform technology to attach to a multitude of cell types by simply altering the
attachment ligand on the particle surface which is ideal for particle technology that can be
scaled-up. On the other hand, these ligand-receptor systems can be disadvantageous if the
binding affinity between ligand-receptor is not sufficiently strong to maintain attachment
until the target site is reached. Furthermore, many receptors are present on numerous cells
which can lead to attachment to undesired cells or responsible for certain biological
responses and may be triggered upon ligand interaction and activation.
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Covalent Coupling

Methods involving the modification of both particle and cell have been utilized to provide
covalent bonding, which is stronger than either adsorption or ligand-induced binding. Cell
surfaces are rich in proteins which provide functional groups in the form of amines and
thiols. Indeed, thiol rich T-cells have been used to covalently conjugate liposomes to their
surface via thiol-reactive maleimide groups present on the liposomes (Fig. 2C) [60]. Using
this strategy, upwards of 100 nanoparticles per cell were conjugated without causing toxicity
or affecting innate cellular functions, in this case, in vivo migration to tumor sites [60].
Further, this thiol-mediated covalent bonding showed prolonged surface retention and
avoided particle internalization by T-cells, in contrast with studies that targeted nanoparticle
attachment to either the CD3 or CD8 receptors on T-cell surfaces. This provides an obvious
advantage that it allows the strong coupling of nanoparticles to the surface of cells while
avoiding any potential receptor activated cellular functions from triggering. In addition,
stronger binding provided by covalent bonding should limit the detachment and uptake of
particles in non-target tissues such as the liver and spleen, which could potentially make
covalent coupling more useful in situations where the hitchhiked cell possesses its own
targeting abilities as is the case for T-Cells and monocytes/macrophages.

Internalization of Nanoparticles

A separate technique utilizes certain cell's natural ability to phagocytose foreign materials,
coined the “Trojan Horse” method. For cellular hitchhiking, this means utilizing cells
capable of phagocytosis to internalize nanoparticles. This is typically performed by
incubating nanoparticles with either macrophages or monocytes, ex vivo, and allowing the
cells sufficient time to internalize the nanoparticles. Using this strategy, a variety of carriers
ranging from gold nanoparticles (Fig. 2D) [61] to nano-formulated catalase complexes,
called nanozymes [62, 63], (Fig. 2E) have been incorporated into macrophages. This method
leaves the cell membrane unaltered and can potentially protect the nanoparticles from
interacting with non-target tissue in vivo. This method is unfortunately limited to cell types
that can perform phagocytosis such as macrophages and monocytes. Furthermore, following
phagocytosis, biodegradable nanoparticles can be degraded within the cell which can result
in premature drug release in case of this “Trojan Horse” method.

Limiting Cellular Damage and Maintaining Cellular Functions Following
Nanoparticle Conjugation

The prospect of utilizing circulatory cells for enhanced drug delivery is dependent on the
cell's ability to maintain their innate functions. Therefore, it is essential to verify that particle
attachment does not impair or disrupt any of the innate functions of the hitchhiked cell.
Additionally, attachment or internalization of nanoparticles cannot be toxic or damaging to
the cell. To this end, determining the extent of cellular damage and impairment of cellular
functions following nanoparticle attachment has been widely investigated. Indeed, it is not
possible to test if every function of each cell is impaired following particle attachment;
however, determining if the unique cellular functions that are to be transferred to the particle
are still viable is essential.
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As discussed earlier, red blood cells are an ideal cell for cellular hitchhiking given their long
circulation lifetimes and abilities to navigate the vasculature due to their highly flexible cell
membrane. To take advantage of these attractive abilities, particle attachment to red blood
cells must not interfere with their circulation patterns. Recently, our lab has shown that
200nm polystyrene nanoparticles adsorbed onto the surface of red blood cells do not cause
changes in circulation times at low loading (~3-4 nanoparticles per red blood cell), however,
at high loading (~24 nanoparticles per red blood cell) it appears that red blood cells are
cleared from circulation more rapidly than their naive counterparts, perhaps due to immune
system recognition of red blood cells that had more nanoparticles attached [30]. Further,
organ distribution of red blood cells, at 1 hour and 24 hours, was not altered in the spleen,
the organ known for clearing and sequestering damaged red blood cells. In these same
studies, it was shown that nanoparticle attachment to red blood cells caused no significant
hemolysis. Upon shear-induced detachment of nanoparticles following membrane fixation,
red blood cells exhibited nanoparticle-sized dents on their surface, suggesting that adhesion
of nanoparticles is due to the spreading of the red blood cell membranes (Fig. 3Ai).
However, when detachment of nanoparticles was performed prior to membrane fixation, no
dents were found suggesting that the red blood cells membrane reversibly returns to their
original morphology (Fig. 3Aii).

Macrophages are known to phagocytose foreign objects as well as to migrate through
endothelial cells prior to residing in either inflamed tissue or hypoxic areas of tumors.
Previous studies have shown that macrophages functionalized with cellular backpacks on
their surface are still able to internalize polystyrene spheres similar to their naive
counterparts (Fig. 3B) [59]. In the same study, it was shown that backpack attachment to
macrophages caused no significant cytotoxicity and that motility of macrophages was not
impaired. High motility is an important feature for macrophages as they can potentially
carry a variety of chemo therapeutics during their migration through and into tumor tissue.
Indeed, macrophages that have been loaded (internalized) with catalase-based micelles were
as successful as naive macrophages in adhering to and subsequently crossing a confluent
layer of bovine brain microvessel endothelial cells, which typically line the difficult to cross
blood brain barrier [63, 64]. Along the same lines, gold nanoshells were loaded into
macrophages via phagocytosis and were able to migrate to and cross into tumor spheroids,
effectively localizing in the hypoxic areas of the tumor spheroid (Fig. 3C) [61].

Lymphocytes are responsible for immune surveillance and are known to migrate to tumor
sites to eliminate cancer cells. Similar to macrophages, T-cells have been modified with
cellular backpacks via the CD44 receptor and were investigated for their ability to migrate
on ICAM-1 coated surfaces, a cellular adhesion ligand present on endothelial cells that
mediates the adhesion and subsequent transmigration of leukocytes. One closely monitored
T-cell was able to migrate (average 0.5 microns per minute) over an ICAM-1 coated surface
for over 6 hours until the cellular backpack detached, at which point the T-cell continued to
migrate over the ICAM-1 surface (Fig. 3D) [56]. In a separate study, T-cells that had their
surface conjugated with up to 100 adjuvant loaded liposomes that are designed to increase
T-cell efficacy in killing target cells and promote differentiation of transferred T-cells,
maintained their cytotoxic abilities against target cells in vitro. T-cells were also able to
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transmigrate across an endothelial layer keeping up to 83% of their nanoparticle load during
transmigration [60]. Transmigration of T-cells following nanoparticle conjugation is
essential if the T-cells are to reach the target cells, in this case reaching cancer cells that
reside past the endothelium, deep into the tumor. Furthermore, preservation of liposome
load, and subsequently adjuvant potency, is required to maintain T-cell function when
successfully transmigrated and localized near target cells in tumors. In a follow up study,
nanoparticles were conjugated to the surface of T-cells in a similar way and, upon T-cell
interaction with target cancer cells, redistributed at the point of T-cell-cancer cell contact
and did not interfere with either target cell killing or cytokine release from the T-cell (Fig.
3E) [65]. In this case, the liposomes were loaded with inhibitors that prevent the
downregulation of T-cell receptor activation, thereby improving T-cells ability to kill target
cancer cells. In the original study, plain liposomes covalently attached to T-cells, which had
specific affinity towards OVA, were able to retain their innate OVA-tumor homing ability
and selectively home to EG7-OVA expressing tumors that were established opposite EL4
tumors (Fig. 3F). In this case, a 176-fold increase in nanoparticle accumulation for
liposomes conjugated to T-cells over bare liposomes [60].

Cellular Hitchhiking Improves Nanoparticle Function In Vivo

Cellular hitchhiking must facilitate the transfer of certain cellular functions to nanoparticles
in order to improve upon current drug delivery nanoparticle formulations. Specifically,
nanoparticles must perform better, when hitchhiked onto cells, in vivo in terms of circulation
time, targeting and migration from the vasculature into diseased tissue, when necessary.
Circulatory cells are designed to navigate the vasculature and avoid clearance by the body,
so it is expected that hitchhiked nanoparticles should circulate for longer times than their
non-hitchhiked counterparts. Proteins, such as CD47, found on the surface of red blood cells
and other cells act as stealth molecules that allow the passage of circulatory cells through
barriers and obstacles that foreign entities, including nanoparticles and bacteria, are not
permitted [12].

By attaching nanoparticles to the surface of red blood cells, certain stealth abilities can be
transferred from cell to nanoparticle. Nanoparticles adsorbed onto red blood cells show
prolonged circulation time in rats. Specifically, hitchhiked nanoparticles remained in blood
circulation for over 10 hours as compared to 5 minutes for bare nanoparticles [29]. In a
follow up study in mice, avoidance of the two main clearance organs, the liver and spleen,
was achieved by adsorbing 200nm polystyrene nanoparticles to the surface of red blood
cells. In this same study, ~7-fold increase in lung accumulation was seen for hitchhiked
nanoparticles compared to free nanoparticles [30]. Interestingly, this lung targeting was not
ligand-based as most targeted nanoparticle formulations are. Instead, it was a mechanically-
driven targeting mechanism that relied on the red blood cells close proximity to the
endothelium (25% of which is located in lungs) during blood flow to facilitate the shear-
dependent detachment of nanoparticles from red blood cell surface in the lungs. This lung
accumulation was further increased to ~10 fold compared to free nanoparticles by
conjugating the lung targeting ligand, ICAM-1 antibody, exclusively to the surface of the
hitchhiked nanoparticles.
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Unlike red blood cells, monocytes and macrophages are able to target and cross the
endothelial barriers that often separate circulating blood and diseased tissues. Macrophages
derived from the bone marrow have shown to be capable of transporting therapeutic
nanoparticles from circulation to diseased tissues. Due to monocyte's ability to cross
endothelial barriers, these systems are best suited for nanoparticles that are internalized by
macrophages so as to prevent detachment during the transmigration process. Bone marrow
derived macrophages have been used to treat HIV infection in brain tissue. First,
macrophage infiltration into target brain tissue was confirmed by histology of mice infected
with HIV (Fig. 4A). Indinavir was then encapsulated within the nanoparticles and delivery
via macrophages to brain tissue allowed for drug release over a 2 week period in the brain
and subsequent suppression of HIV infected tissue (Fig. 4B) [66]. Bone marrow derived
macrophages have also been used to deliver internalized antioxidant enzyme catalase
nanoparticles, termed nanozymes, across the blood brain barrier. In the first of such studies,
a Parkinson's disease model using MPTP-intoxicated mice showed that it was possible to
target macrophages containing nanozymes to neuroinflammation [62]. In a follow up study,
the delivery of nanozymes via macrophages was tracked in real time and showed increased
nanozyme, and likely catalase, persistence in the brain of MPTP intoxicated mice as
compared to nanozymes alone (Fig. 4C) [63].

Nanozymes delivered via macrophages were able to prevent neuroinflammation, reduce
astrocytosis, reduce oxidative stress, increase neuron survival and induce a neuroprotective
effect that prevents inflammation in the brains of MPTP-intoxicated mice. Other studies
have focused on cancer targeting using liposomal doxorubicin encapsulated by peritoneal
mouse macrophages to cause ~50% decrease in growth (volume) of tumors compared to
PBS control [68]. In a brain metastases model, human blood derived monocytes/
macrophages were used to chauffer 40nm nanoparticles through the blood brain barrier in
mice and localize at the sites of tumor metastases (Fig. 4D) [67].

T-cells, which have been researched extensively for adoptive cell therapies for cancer
treatment, have had many of their natural anticancer functions improved via cellular
hitchhiking. Adoptive cell therapies must be able to promote persistence of donor cells and
efficiently Kill target cells; however, the immunosuppressive tumor environment actively
prevents both of these from ensuing. To bypass these issues, adoptive cell therapies have
relied on supplemental adjuvant drugs to tumor sites. Unfortunately, these drugs suffer from
the same limitations that all untargeted molecules suffer from. Recently, adjuvant-loaded
liposomes that promote donor cell persistence and target cell interaction have been
covalently coupled to T-cells, thereby ensuring adjuvant delivery to donor T-cells. Two
separate cytokines that synergistically promote T-cell proliferation and effector function
were encapsulated into T-cell bound liposomes. To determine whether adjuvant loaded and
T-cell conjugated liposomes could improve therapeutic function of T-cells, lung and bone
metastases were developed in mice and standard adoptive cell therapies with adjuvant
supplementation were directly compared with adjuvant-liposome modified T-cells. In the
case of liposome-adjuvant modified T-cells, a marked increase in donor T-cells was reported
for the entire duration and complete eradication of metastases was reported (Fig. 4E) [60]. In
a follow up study, T-cells functionalized with nanoparticles which contained inhibitors that
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prevent downregulation of T-cell receptor activation, allowed for a 14 day survival
advantage, over T-cell only groups, in mice with advanced prostate cancer [65].

Future Challenges

While cellular hitchhiking-based drug delivery systems have shown their promise, several
future challenges remain. The primary challenge is that the field is in early stages and most
studies to date have been performed in small animals. Translation of the results from small
animals to larger animals and eventually to humans needs to be demonstrated. This
challenge, as such, is not different than what other drug delivery systems face; however, the
challenges associated with this translation should be identified soon so as to develop
necessary strategies. Another potential challenge is that cell therapies can be very expensive.
The costs stem from using a patient's own cells that are individually prepared for each
patient. This challenge could be potentially addressed by developing strategies to attach
nanoparticles to cells in vivo, which will reduce the logistics of the cell-based therapy to that
of any other nanoparticle-based method. Circulatory cells also have multiple functions and it
may prove difficult to utilize specifically chosen functions. Often, the effects of removing
cells, modifying them and subsequently reintroducing them can cause unpredictable side
effects. The potential for modified cells to go renegade and target undesirable tissues needs
further investigation. Determining mechanisms and exact locations of particle detachment
from cells in vivo, especially in cases of covalent or strong ligand-receptor attachment, needs
further assessment. Until this point, most studies showing in vivo therapeutic application
have not investigated particle detachment as they have focused on the use of biodegradable
particles which do not require detachment for therapeutic effect. Regardless of these
challenges, it is clear that cellular hitchhiking provides a specific means of addressing the
current limitations of drug delivery nanoparticles. Future studies should focus on addressing
these hurdles and explore further applications of cellular hitchhiking.
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Figure 1.
Advantages of nanoparticles and circulatory cells in drug delivery. (A) Nanoparticle drug

delivery systems provide a platform for the synthesis of application specific hanoparticles.
Nanoparticles have advantages over their free drug counterparts, such as: (i) the
encapsulation and subsequent prevention of rapid degradation of drugs in vivo, (ii) improved
targeting via tissue specific ligand conjugation, (iii) controlled rate of drug release via
polymer choice and (iv) the potential to mass produce batches of particles. (B) Circulatory
cells, including red blood cells, monocytes, platelets, and lymphocytes have natural drug
delivery abilities such as: (i) long circulation times, (ii) small molecule delivery systems,
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(iit) high mobility and flexibility, (iv) antibody production, (v) immune surveillance and (vi)
inherent targeting abilities.
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Figure 2.
Attachment of nanoparticles to circulatory cells. Various methods for incorporating

nanoparticles either into or onto the surface of circulatory cells have been employed. (A)
Passive adsorption: in this case, adsorption was mediated via hydrophobic, electrostatic, van
der Waals and hydrogen bonding to reversibly attach polystyrene nanoparticles to the
surface of red blood cells. Adapted with permission from [30]. Copyright (2013) American
Chemical Society. (B) Receptor-ligand conjugation: in this case, hyaluronic acid (ligand)
functionalized cellular backpacks were attached to the CD44 (receptor) rich surface of
macrophages, T-cells (inset i) and B-cells (inset ii). Inset scale bars = 10um (B) Adapted
with permission from [59]. Inset 2B(i) and 2B(ii) adapted with permission from [56].
Copyright (2008) American Chemical Society. (C) Covalent conjugation: in this case, the
thiol rich T-cell surface was directly conjugated with maleimide functionalized liposomes.
Scale bar = 2um. Adapted by permission from Macmillan Publishers Ltd: Nature Medicine
[60], copyright (2010). (D and E) Internalization of nanoparticles by cells: in this case, gold
nanoparticles (D) and catalase nanozymes (E) were incubated with, and internalized by,
macrophages. (D) Adapted with permission from [61]. Copyright (2007) American
Chemical Society. (E) Adapted with permission from [62]. Copyright (2007) American
Chemical Society
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Figure 3.
Cells are not damaged and maintain their innate functions following nanoparticle

hitchhiking. (A) 500 nm polystyrene nanoparticles leave an indent on red blood cells when
red blood cell membrane is fixed prior to nanoparticle detachment (inset i). However, upon
membrane fixation after nanoparticle detachment, no indent is seen (inset ii). This suggests
that while nanoparticles are attached, the red blood cell membrane spreads to accommodate
attachment but upon detachment, the red blood cell membrane reversibly returns to its
normal structure. Adapted with permission from [30]. Copyright (2013) American Chemical
Society. (B) Macrophages functionalized with cellular backpacks via the CD44 receptor are
still able to phagocytose polystyrene beads (inset i). The cellular backpack was not
internalized for the duration of the experiment (inset ii). (B) Adapted with permission from
[59]. (C) Macrophages with gold nanoshells internalized (black) travel into tumor spheroids
and accumulate around the hypoxic areas (pink stained cells). (C) Adapted with permission
from [61]. Copyright (2007) American Chemical Society. (D) A cellular backpack laden T-
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cell migrates on ICAM-1 coated slides, mimicking the routine migration that T-cells
undergo invivo. Scale bar = 25um. Adapted with permission from [56]. Copyright (2008)
American Chemical Society. (E) T-cells homogenously functionalized with liposomes
interact with target cancer cells. Liposomes reorient at the point of contact and improve T-
cell receptor activation during interaction with cancer cells. Scale bar = 2um. Reprinted from
[65] with permission from Elsevier. (F) T-cells with affinity for OVA and functionalized
with liposomes are able to home to EG7-OVA tumors exclusively. Adapted by permission
from Macmillan Publishers Ltd: Nature Medicine [60], copyright (2010).
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Figure 4.

Applications of Cellular Hitchhiking. (A) Histology images of brain tissues showing
macrophages loaded with iron oxide nanoparticles (stained blue) are able to traverse the
blood brain barrier and home to HIV infected brain tissue (stained brown) in HIV infected
mice (inset i). No nanoparticles or HIV infection are detected in control mice (inset ii).
Adapted with permission from [66]. Copyright 2009. The American Association of
Immunologists, Inc. (B) Histology images of brain tissues showing: (inset i) negative control
in normal mice, (inset ii) positive control of HIV infected cells (stained brown) in mouse
brain and (inset iii) indinavir loaded macrophage treated mice showing reduced infection.
Adapted with permission from [66]. Copyright 2009. The American Association of
Immunologists, Inc. (C) Real time tracking of nanozymes in an MPTP induced Parkinson's
Disease model shows increased delivery of nanozymes via macrophages (inset i), and likely
catalase, and persistence in the brain compared to nanozymes alone (inset ii). Adapted from
Nanomedicine [63] with permission of Future Medicine Ltd. (D) Human whole blood
derived monocytes/macrophages target brain metastases. Adapted with permission from
[67]. (E) Hitchhiked T-cells functionalized with adjuvant liposomes completely eradicate
lung and bone metastases unlike T-cells alone, T-cells with non-hitchhiked adjuvants and
control groups. Adapted by permission from Macmillan Publishers Ltd: Nature Medicine
[60], copyright (2010).
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Table 1

Examples of cells used for in vivo applications.

Cell Type

Therapeutic Class

In Vivo Application

Red Blood Cells

Enzymes

Tissue plasminogen activator attached to red blood cell surface used to dissolve clot
[69]

Alcohol oxidase loaded into red blood cells decreased methanol concentration in blood
compared to controls [70]

Red Blood Cells

Drugs

Azidothymidine loaded into red blood cells used to enhance anti-viral potency in HIV
mouse model [71]

Clodronate loaded into red blood cells used to deplete macrophage populations [72]
Dexamethasone 21-phosphate loaded into red blood cells for extended release and blood
persistence of drug for up to 7 days [25]

Red Blood Cells

Cytokines

Interleukin 2 coated on red blood cell surface reduced tumor size over 80% [73]

Dendritic Cells

Immunotherapy

Antigen pulsed dendritic cells induced antitumor cellular immune responses and tumor
regression [74]

Peptide pulsed dendritic cells showed some metastatic regression in Phase I trials [75]
Peptide pulsed dendritic cells provide protection against lethal tumor challenge [76]

T-Cells Viral Vectors Viral vectors were loaded onto the surface of T-cells for curing of established metastatic
disease [77]
T-Cells Adoptive Cell Therapy T-cells are widely used for cancer immunotherapies [41, 78, 79]

Natural Killer Cells

Adoptive Cell Therapy

Natural Killer cells are s used for various immunotherapies with many showing
antitumor effects [80]

Platelets

Platelet Rich Plasma
(PRP)

Collagen-hydrogel scaffold containing PRP used to improve biomechanical properties
at early time points in ACL repair [81]
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Table 3

Page 24

The abilities of the ideal drug delivery carrier, the ways that nanoparticles can potentially perform ideal carrier
abilities and the issues nanoparticles face with achieving this and the solution cellular hitchhiking offers.

Ideal Carrier Abilities

Nanoparticle Solution

Issues with Nanoparticle
Solution

Cellular Hitchhiking Solution

Long Circulation:
Allows for multiple passes and

interactions with target site

Stealth coatings: Hydrophilic
polymers (PEG)
Cell-derived stealth ligands
(CDA47)

PEG may cause immune
response

Cell-derived ligands may
bind to multiple receptors and
cause unwanted responses

All cells have natural stealth properties
and can circulate for long periods of
time

Targeting to Diseased Tissue:
Facilitates drug delivery to target
site and avoids off-target side
effects

Functionalization with tissue
specific peptides, proteins or
antibodies.

Nanoparticle uptake in liver
and spleen is difficult to
mitigate which leads to off-
target side effects and
hepatotoxicity issues

Cells naturally target diseased tissue
and negotiate near-impermeable
biological barriers

Controlled Drug Release:
Ensures sufficient delivery and

dosing to target cells

Tuning particle composition
to control drug release rates

None, as nanoparticles are
best suited for controlled
release of drugs

Can utilize controlled release abilities
of nanoparticles

Biocompatible/Biodegradable:
Limits immune response and
facilitates degradation and
eventual removal from body

Use of biodegradable
polymers (PLGA)

Functionalization of
biodegradable nanoparticles
(PEG, antibodies) can still
cause immune response and
long-term effects are widely
unknown

Cells are biocompatible and are
naturally degraded

Multifunctional:

Successful drug delivery requires
all previously listed abilities to be
performed simultaneously

Multi-ligand decorated
nanoparticles and
combinations of the above

Clinical success of single-
functional nanoparticles is
limited, much less
multifunctional

Cells perform multiple functions,
including those listed under “Ideal
Carrier Abilities”
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Methods, advantages and disadvantages of nanoparticle attachment techniques to cells.

Attachment Method

Advantages

Disadvantages

Ideal Cell Type

Adsorption
(Electrostatic and
Hydrophobic)

No cell preparation
Minimal particle requirements:
(hydrophobic or positively charged)

Attachment may not be strong:
Particles may detach
unpredictably in vivo
Positively charged particles
can damage cell membranes

Cells that persist in circulation: Red
blood cells and platelets

Cells that traverse endothelium may
cause unwanted particle detachment
during migration

Ligand-Receptor

oy

2282

Can potentially be used to attach
particles to cells in vivo since
attachment is mediated by specific
cell receptors

Ligand-receptor interaction
may signal specific cellular
functions

Cells that express sufficient receptors
which allow for multivalent binding:
CD44-hyaluranon interaction allows for
stable multivalent bonding to multiple
cell types

Covalent Coupling
Maleimides or
97 Carboxylates or
Succinimidyl Esters
+
Thiols or
z Amines

Offers the strongest bond between
particle and cell

Conjugate directly to amine or thiol
groups present on all cells
(membrane proteins)

Requires permanent
modification to cell surface

Cells that migrate through endothelium:
Monocytes, macrophages and T-cells
since particle attachment must be strong

Internalization

%333
"o %,
o &
)
Tt

oy

2333

o

Leaves the cell membrane
unmodified

Can carry particles through
endothelium

Can lead to degradation of
internalized biodegradable
particles

Cells capable of phagocytosis
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