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Abstract

The accumulation of therapeutic and imaging agents at sites of interest is critical to their efficacy.
Similarly, off-target effects (especially toxicity) are a major liability for these entities. For this
reason, the use of delivery vehicles to improve the distribution characteristics of bio-active agents
has become ubiquitous in the field. However, the majority of traditionally employed, cargo-bearing
platforms rely on passive accumulation. Even in cases where “targeting” functionalities are used,
the agents must first reach the site in order for the ligand—receptor interaction to occur. The next
stage of vehicle development is the use of “recruited” entities, which respond to biological signals
produced in the tissues to be targeted, resulting in improved specificities. Recently, many advances
have been made in the utilization of cells as delivery agents. They are biocompatible, exhibit
excellent circulation lifetimes and tissue penetration capabilities, and respond to chemotactic
signals. In this Minireview, we will explore various cell types, modifications, and applications
where cell-based delivery agents are used.

Graphical Abstract

The ORCID identification number for the author of this article can be found under: https://doi.org/10.1002/chem.201706180.

Conflict of interest
The authors declare no conflict of interest.


https://doi.org/10.1002/chem.201706180

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Joshi et al.

Keywords

Page 2

Various cell tipes

-
Lo @ . @&

Drug loading via internalization or surface engineering

e

- \

v
= 2\
',/___ -] -)/I

\\——/\"T

\ o]

Disease/tissue-specific active drug delivery

biological activity; bioorganic chemistry; cancer; drug delivery; nanotechnology

Introduction

A variety of drug-delivery systems are in development and in use clinically as aids for the
transportation of therapeutic entities to diseased sites within the human body. The
administration of biologic and/or small molecule drugs via encapsulation or conjugation to a
delivery vehicle can result in improved therapeutic characteristics by increasing the drug
quantity transported to and retained at the targeted site. Cargo-bearing vehicles based on
nanoparticles,l liposomes,U polymeric micelles,ll and hydrogelsll have been employed to
improve the net efficacy of drugs delivered. The circulation half-lives and toxicity profiles of
these entities can vary widely, depending on their composition and cargo. However, these
traditional strategies generally rely upon passive targeting of disease areas,ll and often face
various systemic and disease-specific biological barriers to delivery. For example, access to
hypoxic areas, typically located within tumors,ll and crossing of the blood—brain barrier
(BBB) to reach brain cells and tissuell are both significant challenges. Even those entities
that are “targeted” must first reach the site of interest in order for the targeting ligand (e.g.
antibody, aptamer, peptide, or small molecule) to bind its receptor.U

While nanoparticles represent one of the most widely used vehicles, a recent statistical
analysis of the literature revealed that only 0.7% (median) of administered doses reach solid
tumors, indicating “a delivery problem.”ll Independently transported functionalized
nanoparticles (NPs) can accumulate in non-desired locations, leading to unwanted reactivity
and toxicity, or be cleared from circulation without reaching the tissue of interest.l
Depending on their size, systemically administered agents are generally cleared via the renal
(kidney) or mononuclear phagocytic system (MPS, including the liver and spleen). These
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issues are generally the result of nanoparticles’ reliance on passive accumulation to reach
their site of action, referred to as enhanced permeability and retention (EPR). Cell based
delivery systems can mitigate these shortcomings via active recruitment of the cellular
carrier to the diseased site. Hence, recruited (or “actively targeted”) vehicles are desirable
for improved disease-specific treatment paradigms, and represent the next generation in drug
delivery system development.

Cell-based therapeutic strategies have been used in the clinic and are being developed for the
treatment of a variety of ailments, including Crohn’s and other inflammatory diseases,ll
stroke,U cancer,0 and osteoarthritis.U Taking these approaches as inspiration, drug delivery
systems where circulatory cells are used as biological vehicles are emerging as active
therapeutic carriers. Cellular delivery systems have several distinct advantages over others in
terms of circulation time, inherent biocompatibility, and excellent in vivo distribution
characteristics. But perhaps most importantly, cells are actively recruited and able to
accumulate in particular tissues and at targets of interest.

Cellular delivery vehicles respond to chemotactic markers and cytokines present in disease
microenvironments, facilitating the design of optimal cell vehicle-drug combinations.ll As a
result, therapeutics carried by cells have a greater propensity to accumulate at the targeted
tissues compared to those using no delivery or passively targeting vehicles. With this
increased specificity, the biological efficacy of the cargo is enhanced, and there is a
reduction in off-target toxicity. Various cell types, including erythrocytes (red blood cells, or
RBCs),l stem cells (SCs),0 and phagocytic leukocytes (monocytes and macrophages),ll have
been used for the specific delivery of genes,ll nanoparticles,l proteins,U polymers,Ul and
small molecules.0 Similarly diverse are the applications they are used in, which include the
imaging and/or treatment of cancer,ll neurodegenerative,ll and cardiovascular diseasesl!
(Table 1). Some cellular delivery systems have also been fine-tuned for the controlled
release of therapeutics via external stimulus (e.g. light),ll or environmental cues (e.g. pH).0
The unique properties of cell-based delivery systems have made them a focus of current
research toward the development of novel drug delivery systems, with some already being
tested in clinical trials.["]

In this Minireview, we will discuss cell-based vehicles, with a particular focus on
modification methods as applied to different cell types. In addition, we will describe their
applications, including cargos and disease targets. We will also consider future work and
remaining challenges toward the broad application of these actively targeted platforms.

Cell Types Used for Delivery

After briefly introducing the main cell types being used and studied for delivery applications
(Figure 1), we will discuss the methods utilized to modify these cells, along with cargo
types, and conditions where they are being employed.

Leukocytes (monocytes/macrophages)

Leukocytes represent the largest category of cells used as delivery vehicles. Also referred to
as white blood cells, they are cells of the innate immune system that originate from bone
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marrow, and are involved in host defense. Monocytes are a class of leukocytes that circulate
in the bloodstream and migrate to sites of infection or inflammation following chemotactic
signals from cytokines. Once recruited, they differentiate into macrophages, which fulfill
niche-specific functions.l Apart from their roles in the phagocytic engulfment of pathogens
and clearance of apoptotic cell debris, macrophages are also involved in maintenance of
homeostasis and tissue repair.l

Both monocytes and macrophages inherently home to hypoxic, ischemic, and necrotic
environments, which are often associated with disease. The mechanisms for hypoxia-
mediated accumulation of macrophages at tumorsll and ischemic areas of atherosclerotic
plaguest have been well studied.l] Monocytes and macrophages are often recruited to tumor
sites via directed chemotactic migrations induced by signaling proteins. Many cancer types
secrete chemo-attractants, such as macrophage colony stimulating factor (referred to as M-
CSF or CSF-1)l and chemokine (C-C motif) ligand 2 (CCL2).0 These homing mechanisms
have been taken advantage of for the delivery of small molecule drugs,U biological entities,[
imaging agents,l] and supramolecular constructs (NPs, polymers, etc.),l among others.

Stem cells (mesenchymal and neural)

Stem cells are pluripotent, plastic cells that can be differentiated in an inducible, tissue-
specific manner.ll As such, they have been broadly utilized in regenerative medicine.l Two
specific types of SCs are most prevalently used in cell-based delivery—mesenchymal stem
cells (MSCs) and neural stem cells (NSCs). MSCs, which are also referred to as multipotent
stem cells, are present in almost all types of tissue. They can differentiate into a variety of
cell types including adipocytes, osteocytes, and muscle cells. NSCs are self-regenerating
cells of the central nervous system that can differentiate into neurons and brain cells.0

Both types of stem cells have the ability to migrate to specific tissues, tracking various
cytokines that act as signals.I-] For example, in liver injury, MSCs home toward the site via
chemo-attraction mediated by stromal cell-derived factor 1 (SDF-1) and hepatocyte growth
factor (HGF).I MSCs home to cancers via interactions with cytokines including interleukins
IL-6 and IL-1b, and growth factors such as transforming factor-b1 (TGF-bl) and SDF-1,
secreted by the tumor stroma.ll NSCs also show tumor-tropic behavior on account of their
chemo-taxis toward cytokines including IL-6 and VEGF, among others.ll These
characteristics have made SCs attractive carriers for specific delivery to tumors and CNS
tissues. They are especially important in crossing the blood-brain barrier to access brain
tissues, an application of which has progressed to clinical trialsU (described in further detail
below).

Red blood cells

Red blood cells (RBCs) are the most abundant non-nuclear blood cell type in vertebrates,
and have a circulation lifetime of approximately four months. RBCs can reach most internal
tissues of physiological systems; their vascular access and membrane permeation abilities
make them ideal carriers of drug molecules in sustained release treatments.ll RBCs bearing
particles on their cell surfaces have been reported to shield their cargo from hepatic and
spleen filtration,ll and have been used as nanoparticle vehicles.l While RBCs are
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nonhagocytic cells, methods have been developed for their internalization of cargo,
facilitating another means of delivery.l Red blood cell-based agents have also been used
clinicallyl] (described in further detail below).

Cellular Modifications and Cargo Loading for Delivery Applications

There are several critical factors in the selection of a cell type for use as a delivery vehicle.
These include compatibility of the carrier with the target site, and desired cargo loading
strategy and release mechanisms. In this section, we provide an overview of cellular
modification methods, along with specific examples of payloads and cell types employed
(Figure 2).

Phagocytosis, internalization, and transfection

The two general means of converting cells into delivery agents are via internalization of
cargo (via various methods) or exterior modification of cells to display therapeutic entities.
Phagocytosis (engulfment by the carrier cell) is perhaps the most straight-forward method of
loading cargo into cells. Phagocytosis is dependent both on the sizell and geometryl of the
entities being engulfed. Different strategies for efficient loading via this method have been
explored, using nanoparticles,l and polymeric micellestl and bubbles,ll in addition to the
encasement of small molecules.l] While examples exist where cells are used as delivery
intermediates in situ, including uptake of single-walled carbon nanotubes by circulating
monocytes,ll and nano-therapeutic engulfment and release by tumor-associated
macrophages,U our focus here is on systems that include cells as part of the dosing regimen.

The phagocytic loading of monocytes, macrophages, and stem cells has been extensively
used to deliver nanoparticles and other entities (Figure 2). In what is commonly referred to
as a “Trojan horse” strategy,ll the imaging and/or therapeutic entity is encased within a
biocompatible covering (in this case, a cell). Monocytes carrying gold nanoparticles have
been used to image atherosclerosis using computed tomography (CT), with no effect on the
viability or cytokine release by the cells.0 Similarly, magnetic resonance imaging (MRI) has
been employed to visualize macrophages bearing silica-coated, magnetic NPs in acute
inflammationll and cancerll applications. However, the most widespread application of
cellular vehicles is disease therapy.

Various gold-based agents have been internalized and used in photodynamic therapies,
including MSCs with hollow gold nanoparticles,l] macrophages with nanoshells,[] and
NSCs with gold nanorods.l] All of these entities have been shown to target tumor cells
without significant undesired toxicity, and where assessed, were more effective than
analogous agents utilizing only the EPR effect. In a multi-modality treatment, monocytes
bearing super-paramagnetic iron oxide nano-particles, photosensitizers, and oxygen-loaded
polymer bubbles were used to treat hypoxic areas of tumors.l

Cells have also been used to deliver chemotherapeutics, including macrophages directly
loaded with doxorubicin (DOX)0 or paclitaxel (PAX),0 or via internalization of
nanoparticles or other entities bearing small molecules.l] In one example, following loading
of 100 mg of DOX into 1 million macrophages, >80% of the cells remained viable up to 72
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h; cell-based delivery resulted in increased rates of survival in cancer models versus free
DOX treatment.U Similarly, liposomal-DOX delivered via macrophages out-performed
DOX-liposomes alone.l

While few examples exist, responsive systems have been developed for the specific release
of drugs. Echogenic polymer bubbles and DOX-loaded vesicles susceptible to focused ultra-
sound liberation, co-delivered in macrophages, resulted in substantial tumor uptake, while
free NP-DOX largely accumulated in the liver; the cell-based agents penetrated 150 mm
from the nearest blood vessel, however NPs were limited to 10-15 mm.0 Photo-release of
drugs has been used with red, farred, and near-IR light in erythrocytes,[] which can uptake
entities as described in further detail below. Iron oxide nano-particles phagocytosed by
macrophages can also assist in “directing” cellular delivery via magnetic resonance
imagingl or electromagnetic actuation.l

Cargo-bearing cells loaded in this manner have been utilized to cross the blood—brain-
barrier. In the delivery of drug-laden nanoparticles for the treatment of glioma, macrophage
viability was not affected at doxorubicin concentrations up to 25 ug mL= and drug-loaded
nanoparticles exhibited better tumor targeting efficiency and penetration.ll For a nano-
formulated version of the therapeutic anti-oxidant enzyme catalase for Parkinson’s disease,
the unidirectional influx rate of monocyte-loaded nanozyme was 0.026 versus 0.014 puLg™t x
min for free nanozyme, indicating improved BBB penetration, in addition to superior half-
life (3.3 versus 2.5 h).0

In some instances, phagocytic cell-based delivery systems have been compared to one
another. In a direct assessment, doxorubicin- or paclitaxel-nanoparticle conjugates
phagocytosed by macrophages were found to have greater efficacy than the small molecules
internalized alone, or NP- or free-drugs independently dosed.ll NSCs used to deliver
platinumloaded silica nanoparticles, either loaded into or conjugated to cells were shown to
result in higher levels of Pt in ovarian tumors compared to free drug or nanoparticle-drug
conjugates, with substantially deeper tissue penetration.ll Furthermore, no evidence of
localization to normal tissue was observed. Choi and co-workers similarly showed that gold
NPs engulfed by macrophages reach tumor sites more efficiently than NPs administered
using other methods that access tumor interiors via leaky vasculature-reliant EPR.U In the
discussion section below, we describe the necessity to perform additional comparative
analyses for the field to move forward.

Since RBCs are inherently a non-phagocytic cell type, specialized strategies must be
employed for encapsulation of cargo. In a hypotonic buffer of osmolarity less than 160 m-
osm/L, RBCs undergo reversible membrane expansion, creating pores large enough for
macromolecules to permeate through.ll This passive diffusion-mediated drug loading and
subsequent release in isotonic environments is referred to as hypotonic dialysis (HD). HD
has been employed to load therapeutic enzymes,[] nanoparticles,ll and drugs.[] These same
(“blood-banking™) conditions are also used for blood storage and transfusion. An apparatus,
termed a “Red Cell Loader” (Sorin Group, Italy) has been developed to automate the
process, and used to encapsulate a variety of drugs.ll RBCs loaded with therapeutic enzymes
and small molecule drugs for treatment of leukemiall and neurodegenerative diseases,l
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respectively, are in clinical trials. RBCs bearing I-asparaginase (GRASPA) are in Phase 11
for the treatment of Philadelphia chromosome-negative acute lymphoblastic leukemia, and
have been shown to result in a 70% complete remission rate with limited toxicity.l
Similarly, intra-erythrocyte administration of Dexamethasone (EryDex) was well-tolerated,
and alleviated neurological symptoms of ataxia teleangiectasia, a rare neurodegenerative
disease, in patients.l While most (including clinical) studies have utilized the HD method of
cell loading, others exist, including chloropromazine (cpz) treatment and liposomal fusion,
which have been shown to be superior to HD in terms of loading efficiency, induction of
hemolysis, and cellular deformation post-loading.l

As living, actively targeted vehicles, cells have been used as generators of biological entities
at targeted locations (referred to here as gene delivery). Because nucleic acid-based material
cannot permeate the cell membrane and DNA cannot result in protein production
independently, specialized methods for transfection are typically employed. These often
require lentior adeno-viruses, although new techniques are being developed.ll Stem cells and
macrophages are the two cell types that have been most commonly used in these approaches.

Macrophages, which home to atherosclerotic plaques, have been used to generate
Apolipoprotein E (ApoE), in order to reduce the size and presence of lesions.ll They have
also been used to kill cancer cells via production of the therapeutic human protein
cytochrome P4502B6 under hypoxic conditions.l MSCs have been used to express anti-
proliferative, an giogenesis-inhibiting matrix metalloproteinase C-terminal hemopexin-like
domain fragments (PEX)0 and immunoproapoptotic molecules! in a site-specific manner,
while retaining cellular viability. Significant toxicities were not observed and improved anti-
cancer effects were shown versus purified proteins alone and delivered via other means.
Tumor-tropic NSCs have been genetically modified to secrete the anti-HER2
immunoglobulin Herceptin (trastuzumab) to inhibit the growth of HER2-expressing cancers.
[ The antibody produced in situ was shown to be functionally equivalent to the standard
drug. While independently injected trastuzumab distribution was heterogeneous and
localized near tumor vasculature, the NSC-produced antibody was distributed throughout the
tumor.

Cells expressing an enzyme that converts a pro-drug into its active form for treatment of
glioma, have recently undergone a first-in-human study.[ The NSCs generated cytosine
deaminase to produce 5-fluorouracil from 5-fluorocytosine in the brain and were able to
migrate to distant tumor sites. No dose-dependent toxicity or immunologic response was
observed. Also prevalent in the development of this strategy toward cancer treatment is the
use of cells to deliver several types of oncoviruses, including macrophages used to deliver/
produce adenoviruses in prostate cancers,l] and MSCs with herpes simplex virus for breast
cancerll and metastases,[] measles virus for ovarian cancer,ll and adenovirus for pancreatic
cancer,l all of which have been shown to significantly affect tumor burden with few side-
effects.
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Covalent and Non-Covalent Cell Surface Modifications

Surface modification (also referred to as surface engineering) of carrier cells is emerging as
a more frequently employed cargo loading method due to various factors (Table 2). By
comparison with cargo internalization methods, it facilitates greater control over cellular
loading and cargo release. There is also a diminished likelihood of the intra-cellular
environment affecting and/or trapping the cargo itself. Surface modifications are amenable
for use with any cell type, including non-phagocytic cells, which otherwise must undergo
rigorous and sometimes toxic methods (e.g. electroporation) for membrane permeabilization
to load cargo.ll Modifications where an entity is adhered to cell surface physically (via
electrostatic forces or lithographic deposition) are here referred to as non-covalent surface
modifications or adherence (Figure 2). While these methods are facile, there is little control
over payload release. On the other hand, when cargo is covalently conjugated to the cellular
vehicle, it is robustly attached,[ but these methods may require more involved chemical
manipulation, including design of linkers for therapeutic release. While few direct
comparisons have been made, surface functionalization does not generally result in dramatic
changes to the modified cells, leaving their intrinsic properties, including homing capability,
largely intact.

Non-covalent surface modifications

Among non-covalent surface engineering strategies, one straight-forward method is via
“cellular hitchhiking”—oparticle adhesion to cell surfaces via electrostatic, van der Waals,
hydrogen bonding, and hydrophobic interactions.U! Cationic entities can be immobilized on
the hydrophobic cell surfaces mainly through interactions between these opposite charges.l
Other weaker interactions, like van der Waals and hydrogen bonding assist this adherence,
and displacement of water molecules at the interface gives an entropic advantage for NP
assembly and stability at the surface.ll Spherical polystyrene NPs adhered to red blood cells
via this method have not been shown to affect RBC bio distribution, avoiding splenic and
hepatic filtration.[ At the same time, the RBC-nanoparticles showed a threefold increase in
blood circulation time, and sevenfold increased accumulation in the lungs versus free
nanoparticles. Polymeric nanoparticles similarly attached possessed extended circulatory
lifetimes of almost 24 h compared to non-adhered NPs, greater than 95% of which were
cleared in less than 30 min. As long as the particles remained attached to the cells, they
stayed in circulation, however sheer forces and cell-cell interactions result in passive
removal followed by clearance via the liver and spleen.[!

In another non-covalent surface modification method, the cargo is confined to a local vesicle
(a “cellular backpack”) on the cell membrane.0 These backpacks can be fabricated using
layer-by-layer spray deposition of films consisting of alternating hydrogen bond donor-
acceptor pairs, for example, PLGA/FITC-BSA [(PLGA =polylactic-co-glycolic acid),
BSA=bovine serum albumin]. Particles delivered in this manner were shown to accumulate
in inflamed tissues, while avoiding clearance organs; free particles showed threefold
increased levels in the liver and spleen, and were almost undetectable in areas of
inflammation.U Similarly, backpacks bearing the antioxidant enzyme catalase on
macrophages were shown to facilitate blood brain barrier crossing in targeting brain
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inflammation in vivo.l While the presence of backpacks slowed cellular trafficking across
the BBB, neither catalase alone nor unconjugated backpacks reached the brain. Cellular
backpacks have also been employed by Rubner and co-workers to load monocytes with
doxorubicin, which were viable for over 72 h, in order to target cancer.l Cells can also be
non-covalently modified via small-molecule lipid association. For example, macrophages
have been labeled with DiR (1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide)
for tracking via fluorescence-mediated tomography (FMT) in the visualization and
quantification of inflammatory responses in vivo.l Cell viability and function (phagocytosis,
nitric oxide production, and adherence) were not affected.

Use of biotin—streptavidin linkage

Several different methods have been used to modify cell surfaces in a covalent manner for
the conjugation of traceable and/or therapeutic entities for imaging and delivery applications
(Figure 3). Biotin-streptavidin-based cargo loading methods take advantage of one of the
strongest non-covalent interactions known in biology,ll and are the most commonly
employed. Biotin is a water-soluble, small biomolecule with high affinity for streptavidin-
related proteins (dissociation constant (Ag) ~10~1*M).U It can be conjugated to cell surfaces
via various chemical reactions, resulting in display of streptavidin-linked entities following
association. This method is biocompatible in the sense that it does not appear to affect cell
viability, tissue tropism, or other characteristics. N-hydroxysuccinimide (NHS)-ester-biotin
is a common, commercially available biotinylation reagent that can introduce biotin on
membranes containing primary amines by forming a stable amide bond within hours at room
temperature.ll This surface functionalization has found varied applications from cell
targetingll to loading drugs or therapeutic particles.l

Streptavidin-like proteins conjugated to biotinylated NPs on NSCs and MSCs have been
shown to facilitate tumor-selective distribution in intracraniall and tumor tropicl drug
delivery, respectively. In both cases, cell viability was not affected, and NSC-NP conjugates
studied in the glioma model had improved distribution and retention versus NPs alone.ll
RBCs can also be conveniently modified at the surface via biotin-streptavidin conjugation.
They have been modified in this manner with insulin and 1gG to facilitate targeting for
directed delivery of albumin to endothelial cells,ll and plasminogen-activating NPs as
prophylactic measures for fibrinolysis, which were shown to persist in the bloodstream for
tenfold longer than non-conjugated entities.U! In a stimuli-responsive example by Berlin et
al., cell surfaces were biotinylated via acid-labile hydrazine linkages, and connected to pH-
responsive nanoparticles through an avidin protein.l NSC viability and tumor tropism were
not affected, and the efficacy of docetaxel-NPs was improved when incorporated with the
cell-based vehicle. It has been noted that in addition to streptavidin-biotin interactions,
contributions from streptavidin-integrin and passive adsorption of nanoparticles to the cell
surface may occur.ll However, non-specifically adsorbed NPs have not been shown to be
retained following cellular migration.0

Direct conjugation to native amino acids

As an alternative to the display of a large protein on the cell surface, as in biotin—streptavidin
methods (avidin is 66—69 kDa), direct linking of cargo to membranes has been employed. In
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limited cases, endogenous cell surface protein—ligand combinations are used. For example,
monoclonal anti bodies for CD73 and CD90 have been used to link doxorubicin-anchored
silica nano-rattles to MSCs for tumor tropic migration.l Cell-based delivery here resulted in
better tumor distribution and retention, and improved induction of apoptosis versus free
doxorubicin and non-attached nano-rattles. MSC viability was 85% or greater up to 50 mg
mL@! drug. Strategies to modify exposed amines and thiols on cell membranes are more
prevalent. N-hydroxysuccinimide (NHS) ester-based cross-linkers are the most frequently
employed to link therapeutic payloads to accessible amines in this approach. In proof of
concept work, Rossi and co-workers attached polyglcerol-NHS moieties to the surfaces of
RBCs, showing that the modification resulted in significant reduction in Rh antigen
immunogenicity,J with good cell viability up to 4 mm. Maleimide based cross-linkers have
been utilized to conjugate bio-active molecules to accessible thiols present on carrier cell
surfaces. Cytokines (IL-15Ra and IL-21) bearing maleimide-functionalized polymeric NPs
have been conjugated to stem cells, and were found to be more stable than particles adsorbed
to the cell surface.ll The cell-conjugated NP-drugs were almost sixfold more effective than
free drug, and the NPs did not result in an immune reaction or alter the tumor-tropic
movements of the cells. In another case, covalent surface modifications of RBCs were
shown to have no detrimental effects on their structure, function, and in vivo circulation and
survival, which were akin to non-modified cells.l

Other cellular conjugation strategies

Additional chemical reactions are also amenable for use as cell modification methods,
although these have not yet been broadly employed in the generation of delivery vehicles.
While copper-catalyzed Huisgen cycloadditions between azides and alkynes can be used to
label cells,0 they often result in residual toxicity. This can be mitigated via use of
tris(hydroxypropyltriazolyl)methylamine (THPTA), yielding improved cell viability after
labelling. Other click-type reactions that use metabolically installed azides to link
functionalities to cells include the Staudinger ligation with phosphinestl and strain-promoted
copper-free cycloadditionst developed by Bertozzi and coworkers, neither of which result in
appreciable cellular toxicity. As an example, paclitaxel-loaded diarylcyclooctyne-
functionalized nanoparticles linked to glyco-modified MSCs have been shown to result in
significant tumor growth inhibition in an orthotopic metastatic ovarian cancer model.0l The
viability of glyco-engineered cells was unaffected up to a week, and the system resulted in
significant reduction in tumor size and improved survival versus nanoparticles alone.
Tetrazines and alkenes can also be ligated together in a biorthogonal manner,ll which can be
applied to cells by appending either an alkenell or tetrazinell moiety prior to conjugation.

Summary and Future Perspectives

Cellular vehicles have been used for the delivery of various nanoparticles and molecules via
direct attachment or internalization of cargo. These systems have several advantages over
their non-cellular counterparts in terms of circulation, site-specific recruitment and delivery,
and bio-compatibility. However, the use of a biological system as a vehicle is also
accompanied by several complexities. Specialized laboratory equipment and protocols are
required, and unlike super-molecular entities (e.g. nanoparticles), cells cannot simply be
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“pulled off of the shelf.” Furthermore, issues of consistency and generalizability have not yet
been addressed. Likely due to the platform’s nascence, quantitative studies involving the
direct comparison of delivery efficiency, specificity, bio-compatibility, and other
characteristics are generally lacking. Experiments assessing the impact of cell type and
modification method would enrich the existing knowledge in the field, and contribute
towards optimization of cell-based delivery vehicles. For the successful translation of these
approaches toward use as clinically viable tools, several additional issues need to be
overcome.

Except for red blood cells, vector cells are generally scarce on account of the difficulty in
their harvest and low natural abundance. Following FDA approval of cellular
immunotherapy for cancer treatment,l there has been much industrial investment in the
commercialization of cell-based products, which should lead to developments in methods for
producing and harvesting these cells at higher yields.

A general concern for using cell-based vehicles is potential immunogenicity. Most studies
described here do not evaluate the immune responses that may be generated by the cells
themselves, and it is likely that internalized cargo will result in different profiles from those
displayed on the surface. Additional modifications, including use of PEG, may be required.
PEGylation of RBCsll and pancreatic isletsll has been shown to be compatible with cells,
non-toxic in vivo, and can temper immunogenicity.

Another limitation associated with cell-based delivery vehicles is that many current loading
strategies do not facilitate control over cargo release. Cleavable linkers between therapeutics
and carriers can facilitate specific delivery to target tissues, leading to even greater treatment
efficacy, and decreased risk of off-target effects. A potential strategy for development of
such a system could involve the use of a moiety between the cell and therapeutic, labile
under conditions present in the tissue or disease microenvironment, or a cellular “kill
switch” resulting in release of payload from within the cell interior. Polymers and linkers
that respond to subtle changes in pH and temperaturel] and undergo degradation-based
controlled releasell are being developed for drug delivery. Similarly, disulfide bonds have
also been used as linkers,U as have peptides that are cleaved by enzymes present in specific
disease and/or tissue microenvironments.

With increasing research and clinical applications of both cellular therapiest= and vehicles,
[] the foundation has been laid for further development of cell-based delivery agents. It is
likely that any of the issues described here will be addressed in the near future. The field of
cell-based delivery is one that continues to expand, with new modification strategies, cargo
types, and health applications being explored. This platform has the potential to improve
efficacy and reduce undesirable effects of many existing therapies, and lead to a new
generation of therapeutics and imaging agents.
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Figure 1.
Cell types employed as delivery vehicles and locations where they are recruited/used to

deliver agents to.
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Figure 2.

Non-covalent cellular modifications for cargo delivery. (Above) Red blood cells (red),
leukocytes (pink) and stem cells (purple) have been noncovalently modified at the cell
surface to display various agent types shown. (Below) Stem cells and leukocytes have the

innate ability to internalize cargo shown. Specialized methods must be used for RBCs (not

shown) to uptake therapeutic entities.
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Strategies for covalent cell surface modifications. Click chemistry methods involve coupling
of metabolically incorporated azides to phosphines or alkynes for cargo delivery. NHS esters
and maleimides can be used for conjugations to amines and thiols, respectively. Biotin can
be linked to the cell membrane via several means, and then associate with streptavidin-
related proteins linked to chemical moieties.
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