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Abstract: Nanoparticle-based drug delivery systems have been designed to treat various diseases. However, many problems remain,
such as inadequate tumor targeting and poor therapeutic outcomes. To overcome these obstacles, cell-based drug delivery systems have
been developed. Candidates for cell-mediated drug delivery include blood cells, immune cells, and stem cells with innate tumor
tropism and low immunogenicity; they act as a disguise to deliver the therapeutic payload. In drug delivery systems, therapeutic agents
are encapsulated intracellularly or attached to the surface of the plasma membrane and transported to the desired site. Here, we review
the pros and cons of cell-based therapies and discuss their homing mechanisms in the tumor microenvironment. In addition, different
strategies to load therapeutic agents inside or on the surface of circulating cells and the current applications for a wide range of disease
treatments are summarized.
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Introduction

When many anti-cancer agents are applied in vivo, they are characterized by suboptimal pharmacokinetic performance.
Some features include unsatisfactory tumor targeting, low solubility, poor stability, and rapid clearance induced by the
mononuclear phagocytic system. Small molecule drugs are also commonly accompanied by numerous adverse effects
owing to high toxicity in non-target tissue.' In the past decades, drug delivery systems (DDSs) have been extensively
studied to address these issues.” The design of the DDS aims to increase the therapeutic dose of the drug at the target site
while maintaining sustained drug release. The main functions of nanocarriers include prolonged circulation time and
specific tissue targeting.®> Usually, nanoparticles (NPs),* bacteria,” and viruses are utilized as delivery vehicles to promote
drug stability and transport the drug to the desired site.® Recently, the development of nanocarriers has largely promoted
the advancement of DDS.” However, nanocarriers have several limitations, such as the poor ability to cross the blood-
brain barrier (BBB) and inadequate intratumoral penetration, liver clearance, and immunogenicity. To overcome these
limitations, cell-mediated DDSs have emerged as a new frontier in nanomedicine, in which red blood cells (RBCs),
neutrophils, macrophages, T cells, and stem cells as drug delivery vehicles due to their dynamic roles in biological
systems.® Compared to conventional DDSs, cell-based systems show prolonged circulation, specific tissue tropism,
superior flexibility, low immunogenicity, and cytotoxicity with unique cellular properties. Furthermore, cell-based DDSs
are intrinsically biodegradable and biocompatible. The ability of therapeutically relevant cells to home toward injured
tissues allows cell-based drug carriers to act as a biomimetic platform and deliver therapeutic agents to specific sites.” As
a result, cell-mediated DDSs are a promising strategy to maximize therapeutic outcomes and minimize the side effects for
the drug treatment of various diseases (Table 1).
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Table | Applications of Cell-Based Drug Delivery Systems

Drug Loading Method Cells Drugs Disease or Target Ref.
Encapsula- Phagocytosis Monocytes, macro- | (IgG/albumin-coated), SPIO Lymphoid tissues [167]
tion phages NPs
Platelets Antibiotics Bacterial cells [168]
Electroporation Macrophages Liposomal DOX Lung cancer [169]
RBCs Alcohol and aldehyde RES-related organs [170]
dehydrogenases
Hypotonic RBCs Thymidine phosphorylase Mitochondrial neuro-gastrointestinal [171]
swelling encephalomyo-pathy
Surface Noncovalent RBCs Anti-ICAM-1 antibody Lung [172]
attachment coupling
Covalent T cells NSC-87877-loaded NP Prostate cancer [173]
conjugation
RBCs Hyperbranched polyglycerol | RES-related organs [174]
Ligand-receptor | MSCs P-selectin Vascular injury [175]
binding
MSCs Silica nanorattle-DOX NPs U251 glioma tumor cells [150]
Platelets DOX, CD22 monoclonal B-cell lymphoma [176]
antibody
Biotinylation MSCs Curcumin-loaded chitosan Lung metastases [177]
NPs
T cells Polystyrene NPs/ Central nervous system [178]
microparticles
MSCs DOX-polymer conjugates Lung metastases [154]

Abbreviations: DOX, doxorubicin; CD, cluster of differentiation; ICAMs, intercellular adhesion molecules; IgG, immunoglobulin G, MSCs, mesenchymal stem cells; NPs,
nanoparticles; NSC, neural stem cell; RBCs, red blood cells; RES, reticuloendothelial system; SPIO, superparamagnetic iron-oxide.

In this review, we focus on the unique properties of cell-based drug carrier candidates and their homing mechanisms
to tumor sites. In addition, we summarize different techniques used to load drugs inside cells or to conjugated them on
the cell surface (Figure 1).

Cells as Drug Delivery Carriers
Blood Cells
Erythrocytes
Erythrocytes, or RBCs, constitute the majority of blood cells (>99%) and are the main oxygen carriers to tissues via the
circulatory system. Erythrocytes, which are developed in the bone marrow and circulate in the human body for ~100—120
days before being recycled by macrophages, can be easily isolated, frozen, and stored for at least ten years. Each
complete circulation period is ~60 seconds.'® To save as much space as possible for oxygen, the nuclei and most cellular
organelles must be sacrificed in mature erythrocytes. Furthermore, the biconcave shape of RBCs, which have diameters
ranging from 6.2 to 8.2 pum, provides a high surface-to-volume ratio for oxygen supply and greater flexibility when
traversing the circulatory system, particularly when squeezing through narrow capillary networks.''

In addition to oxygen, erythrocytes transport a variety of valuable payloads, including drugs and imaging contrast
agents.'”> RBCs offer high drug loading owed to their biconcave shape and non-nuclear structure. Furthermore, the

erythrocyte’s membrane has reversible deformability, allowing them to encapsulate payloads using mechanical
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Figure | Scheme of living cell-based drug delivery systems.

techniques. In addition, the long half-life of RBCs allows a sustained release of therapeutic material to the vascular
system. Since the reticuloendothelial system (RES) recognizes old and incompatible erythrocytes and rapidly eliminates
them without producing toxic byproducts, they are completely biodegradable and have superior biocompatibility.
Therefore, RBC clearance pathways have been commonly employed to target the RES of the liver, spleen, and bone
marrow.

The attractive properties of RBCs means they have been exploited since 1973 as smart biological carriers to transport
and distribute diverse pharmacological agents, such as antiviral (glutathione) and anti-inflammatory agents (dexametha-
sone 21-phosphate),'*'> antigens,'® nucleic acids (mRNA),'” peptides,'® and enzymes (p-glucosidase and P-
galactosidase).'” However, using RBCs as drug delivery vehicles encounters several difficulties. For example, the RES
can rapidly remove cellular modified or drug encapsulation RBCs due to morphological and functional changes. In
addition, RBCs cannot migrate across the vascular endothelium to release therapeutic agents to injured tissue, which
means it is hard to deliver drugs to the site of inflammation, infection, or cancer. Therefore, non-RES targeting with RBC

20,21

carriers is challenging, and immune and stem cells are the cell candidate of interest for cell-based drug delivery

outside of the circulatory system.

Platelets

Platelets are a type of anucleate blood cell that aggregate around damaged blood vessels to prevent blood leakage. The life span of
platelets is about 7—10 days. Therefore, the shorter half-life of platelets, compared to erythrocytes, can help obtain optimal drug
concentrations within a shorter time frame.* Platelets can also send “don’t eat me” signals to macrophages due to their cluster off
differentiation (CD) 47 membrane expression, preventing phagocytosis. As a result, platelet-mediated DDSs are expected to
promote escape from macrophage-mediated clearance and enhance drug retention time, and, therefore, tumor accumulation.”
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Platelets can precisely target specific cells or sites and naturally release their drug cargo faster in cancerous tissue’s acidic
environment compared to healthy tissue. Therefore, drug release from platelets is stimuli responsive once they target tumor. As
a result of the intrinsic homing properties of platelets to tumor cells, platelet-mediated DDSs can target multiple metastatic
lesions in the body.”*** By loading platelets with anti-cancer drugs, solid tumors are targeted and induced toward tumor
regression. Therefore, the characteristics of platelets provide efficient storage, trafficking, tumor targeting, and controlled drug
release.

Immune Cells

Immune cells have been identified as an interesting cell-based delivery system due to their intrinsic transport mechan-
isms. The endothelium wall along the vasculature is a monolayer of cells that controls materials’ permeability across the
tissue. The physiological barrier of an interendothelial passage is generally <3 nm; therefore, few drugs are transported
across to where they can elicit their mechanism of action at the diseased site.”*” Initial research has shown that immune
cells can actively cross the endothelium barrier, some even penetrating the BBB.?** Innate and adaptive immune
responses against infection, inflammation, tissue injury, and cancer are featured by the widespread recruitment of millions
of immune cells that can rapidly respond by activation, adhesion, and migration across endothelial vessels.* 2
Therefore, drug-loaded immune cells, such as neutrophils, monocytes, macrophages, T cells, and natural killer cells
(NK) work as “Trojan horses” for mediating drug transport across the endothelial barrier; drugs can be released to
specific disease sites while maintaining superior biocompatibility.

Neutrophils

Neutrophils are the most abundant type of leukocyte, accounting for 40-70% with an approximate half-life of 8 h in
humans.*' Neutrophils are the first-in-line defenders against pathogen invasion. During such an event, neutrophils
frequently enter the tissue from the bloodstream through the endothelium, a crucial step in innate immunity.
Additionally, neutrophils engulf invading foreign substances or microorganisms, removing the invaders using digestive
enzymes, such as lysozymes, hydrolytic enzymes, and myeloperoxidase, or respiratory burst.*> Furthermore, with their
particular homing ability, neutrophils can be utilized as natural drug carriers to target inflammatory areas. For example,
Chu et al demonstrated that activated neutrophils mediated the delivery of drug-loaded albumin nanoparticles across
blood vessels to sites of inflammation; this significantly mitigated lipopolysaccharide-induced inflammation or
Pseudomonas aeruginosa-induced infection of the lung.** However, neutrophils have a short lifespan (~5 days) in
circulation and only a few hours after being isolated from blood, which limits their use in DDSs. Nonetheless, neutrophils
are attractive candidates because of their migration and transport capabilities. Consequently, neutrophil-based DDSs have
considerable potential for treating various brain illnesses involving neutrophil infiltration, such as multiple sclerosis,*

37,38 39,40

Alzheimer’s disease,® stroke, and traumatic brain injury.

Monocytes

Monocytes are the largest leukocytes, with a diameter of 50-80 um, and account for around 2—10% of all leukocytes in
human blood. Unlike erythrocytes and platelets, monocytes contain unilobar nuclei and have a granulated cytoplasm.
Indeed, monocytes are regarded as the precursors of macrophages and myeloid lineage dendritic cells (DCs) and can
phagocytize to eliminate damaged cells.*' Monocytes originate from bone marrow stem cell precursors and differentiate
into macrophages once they leave the bloodstream and can respond to diverse stimulants. In contrast, deactivated
monocytes return to the bone marrow.*” It has been demonstrated that ligand-conjugated, single-walled carbon nanotubes
loaded on monocytes enhanced the tumor-targeting efficiency of monocyte carriers.*?

Macrophages

Macrophages are monocyte-derived specialized cells that are part of the innate immune system. They are distinguished
by their irregular shape, large size (5-50um in diameter), and exceptional immunological flexibility. Circulating
macrophages typically have a half-life of 1-3 days.** The ability of these cells to phagocytize bacteria and other
particles is their most distinguishable characteristic.*>*® Many efforts have been made to produce macrophages for drug
delivery due to their unique properties. First, macrophages are known for their tendency to travel along a chemoattractant
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gradient toward diseased locations, which are typically sites of inflammation and malignancies.*” Second, macrophages
can recognize and effectively eliminate foreign objects traveling in the blood, such as endotoxins,*® polysaccharides,*’
and low-density lipoproteins.”® Third, macrophages can target various pathological illnesses, including cancer, viral, and
autoimmune diseases.”’ Furthermore, macrophages tend to congregate in hypoxic areas. This feature can be manipulated
to target anti-cancer agents to areas frequently linked with poor drug delivery.’* Fourth, at the location of the disease site,
macrophages are activated by several stimuli, which can cause the release of intracellular substances, such as cytotoxic
payloads.>® Consequently, macrophages are appealing drug delivery vehicles.

Monocytes and macrophages can serve as drug carriers to deliver therapies to the brain, as they withhold the
capability to cross the BBB. An experimental Parkinson’s disease model demonstrated that bone marrow-derived
macrophages loaded with catalase infiltrated the brain and improved the delivery efficiency of catalase two-fold
compared to the free or unbound drug, which attenuated neuroinflammation and nigrostriatal degeneration.>* However,
concerns remain. For example, off-target effects have not been thoroughly studied, which is essential to understanding
the risks of adverse events in the clinical application of macrophages as drug delivery carriers. The ideal macrophage-
based drug carrier will either preferentially accumulate at disease sites or selectively exert therapeutic activity at target
sites while remaining inert elsewhere.’” Direct loading of a free drug inside macrophages can result in poor drug loading,
drug inactivation, and limited drug distribution to target cells due to intracellular degradation.’® As a result, the
therapeutic payload must be conjugated to the membrane surface of the macrophages.

T Cells
T cells are derived from pluripotent stem cells in bone marrow. T cells, part of the adaptive immune system, naturally express
receptors for a wide range of antigens.’’ More specifically, a T cell can express a receptor for a particular antigen of interest,
making T cells outstanding for targeting cells. When a cytotoxic T cell encounters its antigen, the T cell receptor (TCR)
increases the cell surface reduction potential, prompting the cell to secrete proteins that cause the antigen-presenting cell to
die.>® Their high cell specificity and triggering apoptosis make T cells attractive drug delivery carriers to target and eliminate
malignancies. In addition to inducing tumor cell apoptosis, activated T cells can secrete cytokines, including interleukin (IL)-
2, IL-6, interferon-gamma, and granulocyte-macrophage colony-stimulating factor, to recruit and activate immune cells, such
as macrophages and NK cells; this enhances anti-inflammatory and antitumor effects.””*°

However, since the immune activity of T cells against tumors is frequently suppressed during tumor progression,
engineered T cell immunotherapies, such as TCR and chimeric antigen receptor (CAR)-engineered T cell therapies, have
been developed.®' The key to CAR-T and TCR-T cell therapies is activating T cells to kill tumor cells; this is achieved
through gene editing to express CARs or TCRs on the T cell surface that detect tumor cells. Therefore, T cells modified
with functional receptors are a subtype of cell-based DDSs in which the loaded therapeutic agent is the genetic material
that can express specific molecules with therapeutic effects. To optimize intratumoral distribution of activated T cells, an
adenosine antagonist loaded within multilamellar liposomal vesicles were crosslinked to CAR-T cells to inhibit

inactivation of tumor-infiltrating T cells deeply within the immunosuppressive tumor microenvironment (TME).®* ¢

Natural Killer Cells (NK)
NK cells are large granular lymphocytes that contribute to the innate immune system, accounting for 5-10% of
circulating lymphocytes. In contrast to T and B cells, NK cells can kill tumor cells rapidly without recognizing tumor-
specific antigens, which means they have enormous potential in cancer immunotherapy.®>°® To cause direct cytotoxicity,
NK cells release perforins, tumor necrosis factor (TNF), and granzymes. Alternatively, NK cells can induce tumor cell
apoptosis via Fas/Fas-ligand interactions.®”*® NK cells can also activate macrophages and DCs by the production of
chemokines and cytokines,”” inducing antitumor immunity. Deng et al encapsulated photodynamic agents in NK cells
and demonstrated that NK cell-based DDS provided a strong immunotherapeutic effect during the antitumor process.”®
However, tumor cells can escape or inhibit NK cell activity by reducing the expression of Fas and producing immuno-
suppressive cytokines.”' Therefore, CAR-modified NK cells have emerged as an improved NK cell-mediated tumor
immunotherapy strategy. Zhang et al modified NK cells to express the erythroblastic oncogene (Erb)B2-specific CAR and
identified that these cells had specific cytotoxicity to ErbB2-expressed glioma.”® Even though NK cell-mediated DDSs are
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promising in chemotherapy and immunotherapy, there are critical limitations to overcome, such as NK cells’ difficulty passing
through physical and biological barriers to reach the tumor parenchyma, which frequently results in unsatisfactory therapeutic

outcomes.””

Stem Cells
Stem cells are multipotent cells that have self-renewal and self-replication capabilities. They are classified into two
categories based on origin and plasticity, embryonic and adult stem cells. Embryonic stem cells are pluripotent cells that
can differentiate into any cell type and are derived from the inner cell mass of a blastocyst in an early-stage embryo.
Adult stem cells, such as mesenchymal stem cells (MSCs), neural stem cells (NSCs), and hematopoietic stem cells, are
tissue-specific stem cells with the ability to differentiate into a limited number of specialized cells.”*”> The multi-
directional differentiation and immunomodulatory capabilities are why stem cells have widely been used in the fields of
regenerative medicine and tissue engineering.”®’®

Stem cells have received attention as promising candidates for cell-based drug delivery because they can survive in
cancerous environments and tolerate chemotherapeutic agents. Stem cells are also biodegradable and biocompatible.

? and immunomodulatory characteristics.*® The inherent tumor

Moreover, they have regenerative, anti-inflammatory,’
tropism of stem cells is driven by tumor-derived and inflammatory factors and tumor-specific receptors.®' > The
migration of stem cells to tumor sites can occur in 2—4 days. Additionally, stem cells are relatively simple to isolate
and culture in vitro; under specific conditions, they can be differentiated into various specialized cells. In addition to
being effective drug carriers, stem cells offer effective therapeutic effects with the trophic factors they secrete.®** As
a result, stem cells have mainly been employed to regenerate diseased tissues and to fight cancers, such as lung
adenocarcinoma (docetaxel),* glioblastoma (paclitaxel),*® and leukemia.®” Even so, using stem cells as drug carriers
involves obstacles that must be overcome, including infection, immunogenicity, tumorigenicity, poor retention after

transplantation, and low drug-loading efficiency.®®

Homing Ability of Cells

Once cell-based drug carriers are delivered in vivo, the complexes can be dispersed in the bloodstream and navigated to
the desired target sites. The intrinsic capability of cell-based carriers to deliver therapeutic payloads to specific tissues in
a controlled manner can help optimize therapeutic outcomes compared to dosing the free drug. However, various
microenvironments can affect the biodistribution of cell therapies. Within different microenvironments, different proteins
are secreted and can induce a range of altering signal cascades that will govern the behavior of cell-based DDSs.
Receptors for chemokines and growth factors are abundantly expressed on the surface of cell-based DDSs. The homing
process includes the participation of chemokines,®® growth factors,”® adhesion molecules,”’ enzymes, and other
ligands.”® Therefore, receptor expression on the cell carrier assists in driving the homing pathway. Consequently, this
section discusses the mechanism and associated molecules for tumor tropism and homing related to hypoxic tumor
microenvironments.

Homing Mechanism

Many circulating cells, such as neutrophils, monocytes/macrophages, and stem cells, can target tumors, wounds, and
ischemia regions; this is the most crucial reason for developing cell-based DDSs. For example, tumor-homing, one of the
most studied homing mechanisms of living cells, suggests a variety of cells can track circulating cancer cells in the blood
and sense primary tumors and metastatic tumor regions.”> The homing mechanism for leukocytes includes the following
steps: tethering, rolling, adhesion, crawling, and finally, transmigration (Figure 2).

Neutrophils are the first cells recruited by chemoattractants, cytokines, such as TNF-a and IL-1B, growth factors, and
bacterial products.”*® Increasing the expression of P-selectin and E-selectin adhesion molecules promotes neutrophil
recruitment.”' These selectins bind to their glycosylated ligands, such as P-selectin glycoprotein ligand 1, once they reach
the endothelium surface, tethering free-flowing neutrophils to the endothelium and promoting their subsequent rolling
along the vessel in the direction of blood flow.””® This process favors the transmigration of neutrophils as the cells
interact with chemokines and cell adhesion molecules (CAMs) throughout the chemokine gradient along the
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Figure 2 Mechanism of neutrophil tumor homing.

endothelium, thus prompting firm attachment to the endothelial wall.”>'* Finally, to leave the vasculature, neutrophils
cross the endothelium, basement membrane, and pericytes to arrive at disease sites; this requires integrins, CAMs, and
different junctional proteins.”®’® Similarly, other immune cells are recruited by chemokines, cytokines, and growth
factors, following an immune response.”®:'%!+102

Stem cells naturally home towards injured tissues due to highly expressed chemokine receptors, such as C-C chemokine
receptor 2 and C-X-C chemokine receptor 4 (CXCR4), on their cell surfaces.'®>'* Therefore, stem cells exhibit tumor
tropism and capabilities to infiltrate the BBB.'%>'% In addition, the homing mechanism of stem cells contains a memory

function; stem cells can remember the injury site and store the memory of the related trauma or inflammation.'?”-'%®

Hypoxic Tumor Microenvironment
Tumors behave similarly to wounds that do not heal by working to sustain the microenvironment of the damaged tissue. The
microenvironments that tumors promote include hypoxia, mechanical stress, elevated oxidative or nitrosative stress, and
sustained inflammation (Figure 3).'°*''° The production of pro-angiogenic molecules is a common feature between inflamma-
tion and hypoxic conditions. The hypoxia-induced transcription factor (HIF) stimulates the transcription of genes, such as
vascular endothelial growth factor, macrophage migration inhibitory factor, TNF-a, nuclear factor kappa B (NF-kB), and several
other proinflammatory cytokines.'''''* NF-B is commonly activated in response to inflammatory mediators and has been
demonstrated to induce numerous chemokines, including regulated upon activation, normal T cell expressed and presumably
secreted (RANTES) (C-C chemokine ligand [CCL]5), macrophage inflammatory protein (MIP)-2 (C-X-C chemokine ligand 2
[CXCL2]), MIP-1 (CCL3), monocyte chemoattractant protein 1 (MCP-1) (CCL2), and IL-8 (CXCLS), involved in leukocyte
migration. Particularly, MCP-1 (CCL2) and RANTES (CCL5) attract and activate mononuclear macrophages.''*!'?

Cytokines also impact the migration of monocytes to tumors. Colony stimulating factor-1 (CSF-1), the main cytokine, is
produced by monocytes, macrophages, and other cells, and affects cell growth, differentiation and the survival of mononuclear
phagocytes. In human tumors, augmented expression of CSF-1 and its receptor (CSF-1R) attracts and recruits macrophages to
tumors.''® Tumor-derived factors stimulate the differentiation of tumor-infiltrating monocytic myeloid-derived suppressor
cells into immunosuppressive tumor-associated macrophages. CSF-1 is the primary mediator of this conversion.''”-'!®

In a diseased environment, cytokines (stromal cell-derived factor 1 [SDF-1]), growth factors (transforming growth factor
beta [TGF-B]), and adhesion factors (CAMs) are produced and participate in MSC homing."'*-'** Because chemokine and CXC
receptors are abundantly expressed on the surface of stem cells, interaction of the MSCs with chemokines drives homing of
MSC:s to the locations of inflammation. Crosstalk between SDF-1 (CXCL12) and the native CXCR4 receptor of stem cells

controls homing considerably, and receptor-ligand response is essential to mediate stem cell tropism.121
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Hypoxia in the tumor microenvironment is a cyclic event that perpetuates the inflammatory response by assuring the
continuous release of angiogenic and inflammatory mediators. Therefore, hypoxia produces chemokines that regulate the
migration of immune cells, and possibly MSCs, to tumors.

Drug Loading Methods

Essential requirements for drugs or drug-loaded carriers are negligible cytotoxicity, degradability, and controlled drug
release. Therefore, drug and particle-cell complexes must have robust binding to the target tissue, prolonged circulation
time, and minimal immunogenicity. Currently, methods to modify cells for therapeutic purposes can be categorized into
two: encapsulating therapeutic agents inside cells or attaching them to the cell membrane (Figure 4). Cells comprise
biomolecules with various functional groups, such as proteins, lipids, and polysaccharides, that can form small molecule
drug conjugates. Alternatively, the properties of cell membranes can aid in drug encapsulation, forming drug-cell or drug-
loaded particle-cell complexes for cell-mediated drug delivery.

Encapsulation

Therapeutic agents can be loaded into cells in various ways. However, for in vivo applications, intracellular drug loading
is the most widely used method as drugs are separated from the internal environment, decreasing toxic side effects and
extending the half-life. The three techniques for intracellular drug loading that will be described are phagocytosis,
electroporation, and hypotonic swelling.

Phagocytosis

Endocytosis is an innate biological mechanism occurring when eukaryotic cells engulf fluid, chemicals, or other cells.
Most substances, particularly large and polar molecules, are difficult to pass directly through hydrophobic cell mem-
branes. Endocytosis allows these substances to be internalized via plasma membrane deformation.'*? During this process,
intracellular vesicles are formed around the internalized substances through plasma membrane invagination, followed by

membrane fusion.'?
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Phagocytosis is a mode of endocytosis that occurs sporadically in specialized cells, such as neutrophils, macrophages,
lymphocytes, and DCs. For example, when stimulated by immune responses, leukocytes can internalize nano or micro-
sized particles by an actin-dependent mechanism related to receptor reorganizations, such as fragment crystallizable
receptors, complement factors, and mannoses.'**'?> Therefore, phagocytosis is an immune defense mechanism against
foreign invaders and is gaining much attention in cell-mediated DDS design.'*°

Phagocytosis is a powerful pathway to load therapeutic agents. Drug-loaded particles are prone to rapid RES clearance
in vivo, and immune cells are the first to detect and phagocytose particles. Rather than designing particles to withstand swift
RES removal, phagocytic cells can be used as delivery vehicles.'?” Successful loading of therapeutic cargos inside cell-based
vehicles depends on various factors, such as size, shape, surface charge, and composition of the drug carrier.'**'*° However,
precisely managing cell internalization remains a substantial challenge due to its complexity; it involves various receptors and
a succession of fusion and fission events. Therefore, to improve phagocytic drug loading into cell-based DDSs, new strategies
for fine-tuning particle characteristics and phagocytosis processes are required.'*°

Electroporation
Electroporation is a physical method that creates temporary pores on the surface of cells by using an electrical pulse. Cells are
typically suspended in a conductive fluid allowing a high-intensity external electrical field to be used. The disruption of the
phospholipid bilayer can induce temporary malfunction of the cell membrane, resulting in the encapsulation of foreign substances
in the cells. In this procedure, the size of the engulfed molecule determines whether it may enter the cell successfully. The cell
keeps its morphology if the engulfed molecules are larger than the pore size; otherwise, the cells may swell, and its membrane
may rupture.”*"'*?  Various molecules, such as enzymes (alcohol dehydrogenase),'*® nucleic acids (antisense
oligodeoxynucleotides),'** and anionic medicates, have been encapsulated in RBCs with sustained-release and non-
phagocytic effects.'®

Electroporation is also an effective approach to deliver messenger RNA or small interfering RNA into monocytes to
serve as antitumor vaccines.'”'**'?” However, electroporation has certain drawbacks, including cell membrane damage
and partially irreversible structural integrity degradation; the recovery rate is often very low.'*® Therefore, the applied
voltage must be optimized to ensure cell integrity during electroporation.
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Hypotonic Swelling

Hypotonic hemolysis is commonly used in RBC encapsulation with better drug loading efficiency than electroporation.'*
Under osmotic pressure, erythrocytes swell to form a sphere in hypotonic solutions; enlarged holes in the cell membranes
allow therapeutic molecules to pass through. The RBCs then return to their regular biconcave shape and close the membrane
pores in isotonic buffers.'**'*! Because of the unbalanced state, osmolarity considerably influences drug loading as the
environment of cells changes.'** Schnure et al demonstrated this method’s advantages by showing that B-glucosidase and f-
galactosidase loaded into erythrocytes by hypotonicity-mediated hemolysis did not significantly increase cell volume.
Efficient enzyme loading occurred within 60 seconds and did not affect total cell number. This new approach can potentially

offer the ability to replace enzymes lost in certain disorders, such as Gaucher’s disease.'’

Surface Attachment

One strategy to use cells as a drug delivery system includes immobilizing therapeutic agents on the cell surface. Surface
attachment is a promising method for the enhanced stability of cell-drug interactions and can be achieved through
noncovalent coupling, covalent conjugation, ligand-receptor binding, and biotinylation.

Non-Covalent Coupling

Noncovalent surface modification involves adsorbing therapeutic agents on the cell surface via intermolecular hydrogen
bonds, van der Waals force, hydrophobic contact, or other forces.'*> To demonstrate the application of this technique,
Chambers and Mitragotri anchored polystyrene nanoparticles on the membrane of erythrocytes by noncovalent adsorp-
tion via incubation, which prevented RES clearance and prolonged circulation of 450 nm sized nanoparticles up to 15
days after adsorption onto RBCs.'** Noncovalent surface modification is relatively simple but has low stability.

Covalent Conjugation
Most cells have several functional groups on their surface, such as thiols, amines, and sialic acid residues, which can be
conjugated to therapeutic agents through covalent bonds. These functional groups have the advantages of being accessible for
easy labeling and low reaction toxicity. N-hydroxysuccinimide (NHS) and N-hydroxysulfosuccinimide cross-linkers are the most
common reagents for primary amine modification via carbodiimide reactions.'**'*® Thiol groups of cysteine-containing
membrane proteins can be coupled through maleimide-thiol conjugation. Additionally, there is evidence the attachment of
NPs does not affect lymphocyte activation or stem cell tumor-homing abilities. 147.198 T support this claim, Stephan et al reported
maleimide-functionalized liposomes covalently attached to thiol-rich T cells allowed 100 liposomes conjugated per cell without
inducing toxicity or interfering with cell function such as proliferation, cytokine release, and killing of target cells.'*’
Covalent conjugation has a stronger binding force than adsorption and prevents therapeutic agents from detaching during
cell migration. In addition, conjugation reactions to thiol or amino groups naturally expressed on the cell surface allow for
exclusive covalent linkages; these covalent bonds avoid potential damage caused by encapsulation techniques and maintain
the ability for controlled drug release.”* Furthermore, covalently linked drugs do not face diffusion limitations.

Ligand-Receptor Binding

Ligand-receptor interactions are fundamental for cells to communicate with one another and their environments. Cellular
receptors are typically embedded within the plasma membrane and require specific ligand binding. Some receptors are
exclusively found in specific cell types and can be targeted through receptor-binding moieties. Therefore, this method can
be used to load particles onto cells.

Ligand-receptor binding is noncovalent, includes high specificity, avidity and offers negligible effects on cells as chemical
modifications are not required. It also achieves in vivo specific binding post intravenous administration.'*® Drug carriers
functionalized with targeting ligands, such as antibodies, aptamers, or receptor peptides, can bind to a specific receptor expressed
on the plasma membrane.'* For example, a silica nanorattle-doxorubicin loaded drug carrier functionalized with CD90
antibodies specifically anchored to MSCs via antibody-antigen binding and demonstrated efficient tumor targeting without

toxicity. Further In vivo tests displayed DOX-loaded MSCs selectively accumulated in U251 glioma tumor cells and increased
150

intratumoral distribution and retention of DOX compared to free DOX or silica nanorattle-encapsulated DOX. ™" However,
improving the binding efficiency to specific cell types remains challenging.
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Biotinylation

Biotinylated cells can be conjugated with a wide range of proteins, enzymes, and nanoparticles without losing their
biological characteristics.'>" For example, the interaction between biotin and avidin is one of nature’s most powerful
noncovalent interactions and is at least 10,000 times more stable than antibody-antigen interactions. Biotin is a water-
soluble vitamin that has a high affinity for avidin and streptavidin tetrameric proteins; these proteins serve as biotin
linkers with high specificity and affinity (equilibrium dissociation constant [Kd] 10-15 M).'>* Biotin moieties can be
introduced into the cell membrane by covalently coupling modified biotin molecules to the amino groups of the cell
surface using, for example, NHS ester chemistry or oxidizing sialic acid hydroxyl groups to generate aldehyde moieties
and then reacting them with hydrazide-modified biotin.'>**!>* Mooney et al attached streptavidin-conjugated polystyrene
NPs on the surface of biotinylated human NSCs, improving the NPs tumor-selective distribution and retention time
in vivo 4 days post injection despite the injection method (intracerebral, intravenously or contralaterally).'>> Other
approaches involve employing antibodies to attach biotin molecules to the cell membrane.'*®'%’

Although nanocarrier anchoring does not affect cell function; however, the main disadvantage is using avidin or
streptavidin, which are immunogenic in vivo.'*® As a result, this approach to cell functionalization cannot be used in
therapeutic settings. In contrast, conjugating a drug onto the cell membrane via thiol-maleimide chemistry is more
practical for in vivo application; this cell modification has no effect on cell viability, proliferation, or multipotency.

Clinical Translation of Cell-Based DDS
Living cells have been used in several clinical trials for the targeted delivery of therapeutic agents. Some clinical studies
of cell-based delivery are listed in Table 2.

Cell-based DDS have been approved to treat various cancers. Since tumor cells such as lymphatic tumor cells cannot
synthesize L-asparagine, an amino acid which promotes cell growth, L-asparaginase has been studied as anticancer

Table 2 Clinical Trials of Cell-Based Delivery Systems

Cell Type Therapeutics Application ClinicalTrials.Gov Identifier/Ref
RBCs L-Asparaginase Leukemia NCTO01518517, NCT00723346,
NCTO01523782
Pancreatic cancer NCTO03665441, NCT02195180
Breast cancer NCT03674242
Pembrolizumab Solid tumor, AML NCT04372706
Dex-21-P Ataxia telangiectasia NCTO01255358, NCT02770807
COPD '
Monocytes CMV pp65-LAMP mRNA GBM NCT04741984
Macrophages Anti-HER2 CAR-M HER?2-positive adenocarcinoma NCT04660929
T cells CD19 CAR-T cell B-cell precursor acute lymphoblasticleukemia STN: 125646
Fourth generation CAR-T Nectin4-positive Advanced Malignant Solid NCT03932565, NCT04833504
cells Tumor
MSCs PROCHYMAL Crohn’s disease NCT00482092
Cx601 NCT03279081
NSCs 5-FU GBM NCTO1172964, NCT02015819
SN-38 GBM NCT02192359

Abbreviations: RBCs, red blood cells; MSCs, mesenchymal stem cells; NSCs, neural stem cells; Dex-21-P, dexamethasone 2|-phosphate; COPD, chronic obstructive
pulmonary disease; CMV, cytomegalovirus; LAMP, lysosomal-associated membrane protein; mMRNA, messenger ribonucleic acid; GBM, glioblastoma; HER2, human epidermal

growth factor receptor 2; CAR, chimeric antigen receptor; M, macrophage; CD, cluster of differentiation; 5-FU, 5-fluorouracil.
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agent.'>® To reduce immunological adverse effects, L-asparaginase was encapsulated into RBCs by hypotonic method.'®°
Based on early studies that had demonstrated the effectiveness and biosafety of RBCs encapsulating L-asparaginase,
several therapeutic products have been developed and conducted into clinical trials for acute lymphocytic leukemia
(NCTO01518517), pancreatic cancer (NCT03665441), breast cancer (NCT03674242), and so on. The first therapeutic
cancer vaccine is the DC vaccine, Sipuleucel-T approved by FDA in 2010 (STN: BL 125197) for patients with metastatic
hormone-refractory prostate cancer.'®' The precise mechanism of action is unknown. Sipuleucel-T, an autologous cellular
immunological agent, is thought to work through APCs to stimulate T-cell immune response targeted against prostatic
acid phosphatase (PAP), an antigen that is highly expressed in most prostate cancer cells.'®* To treat glioblastoma (GBM)
in the clinic, genetically modified allogenic NSCs were used to assess the safety in 2013 (NCTO01172964).'63:164
Subsequently, this study provides initial clinical evidence that cytosine deaminase—expressing NSCs can migrate to the
tumor site post-intracranial administration and mediate brain-localized conversion of prodrug, 5-fluorocytosine (5-FC), to
the active cytotoxic agent, 5-fluorouracil (5-FU). These findings pave the way for future research into NSC-based
anticancer methods for the treatment of primary and metastatic brain cancers.'®

Some research has shown cell-mediated delivery can improve inflammatory diseases. Chronic pulmonary disease
(COPD) is a fatal disease and its pathogenic factor is inflammation of the airways. To relieve symptoms of COPD, human
RBCs from patients with COPD were loaded with increasing amounts of anti-inflammatory drug, dexamethasone 21-
phosphate (Dex-21-P), and re-infused into the original donor. The drug-loaded erythrocytes acted as circulating
bioreactors, converting the non-diffusible Dex-21-P into the diffusible dexamethasone.'®® Especially, for inflammatory
disease treatment, stem cells have widely been used due to their intrinsic therapeutic effects to relieve inflammation and
promote tissue repair. MSCs can down-regulate inflammatory responses by producing anti-inflammatory cytokines and
growth factors to promote tissue repair.'°® For example, to treat Crohn’s disease, MSC-based drug named PROCHYMAL
(NCT00482092) and Cx601 (NCT03279081) naturally migrated to defect areas and showed therapeutic outcomes,
without the need of an additional drug. The safety and effectiveness of stem cells have been extensively researched
and are actively being tested in clinical trials.

Most clinical trials of cell-mediated DDS have focused on cancerous or inflammatory diseases. There is a need to
learn the potential impact of cell-mediated DDS in other disease types such as infectious, auto immune, and genetic
diseases.

Conclusion

DDSs are extensively applicable for effectively treating cancers, inflammatory diseases, infections, and more. Cell-based
delivery systems are an attractive method to overcome the limitations of conventional DDSs. Herein, we describe
common cell-mediated DDSs derived from circulating cells, such as blood cells, immune cells, and stem cells. The
advantages of these cells include superior biocompatibility, non-immunogenicity, long circulation times, barrier crossing
capability, and natural tumor tropism, which supports that they are promising candidates for drug delivery. Although cell-
based DDSs have contributed to improving diagnostic and therapeutic effects, there are still many considerations and
challenges. First, therapeutic cargo must not cause toxicity to the cell carrier. To prevent this, drugs can be loaded inside
vehicles, such as NPs or microparticles, liposomes, and polymers, rather than being freely encapsulated or conjugated
with living cells. Second, preserving cell integrity is crucial during surface modifications. Additionally, the process of
isolating cells in vivo, loading drugs, and reinjecting them back into the patient has the risk of altering the cell’s original
properties. Third, cell-based DDSs face a gap between the theoretical mechanism and practical in vivo outcomes
compared to traditional DDSs.

Furthermore, the mechanism and development of various diseases are still unclear. Therefore, the in vivo fate of cell-
mediated DDSs must be studied further to obtain information on optimal drug delivery design, ideal administration
routes, and the pathological context of cells at diseased sites. Even though there is still a wide range of considerations and
challenges, with the continuous advancement of this field, we expect that cell-based DDSs will demonstrate an effective

means for the precise treatment of diseases.
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