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ABSTRACT

Glioblastoma (GBM) is the most common and aggressive form of primary brain tumor. Currently, no curative therapies
are available for GMB. Merely palliative treatments only prolong survival 12-14 months after diagnosis. One of the
greatest obstacles to GBM therapy is the blood-brain barrier (BBB) that severely limits the brain penetration of more
than 95% of all promising therapeutics. However, classes of immune cells (monocytes and macrophages), as well as
stem cells have an extraordinary ability to cross the BBB due to enhanced margination and extravasation. These immune
cells can be genetically modified to express diagnostic markers or secreted therapeutic molecules directed against death
receptors on GBM cells. Furthermore, exosomes released from immune cells can be loaded with cytotoxic agents and
utilized for the drug transport across the BBB. Capitalizing on the powerful tumor-focused homing of immune cells, this
approach directly addresses the critical deficiencies in traversing the BBB and tumor-specific accumulation plaguing cur-

rent anti-GBM therapies. Noteworthy, beside the treatment of primary brain tumor, eradication of brain metastasis may

also be addressed by means of cells-mediated drug delivery. In this review, we discuss new drug delivery systems that

utilize living cells for drug carriage to the brain tumors.

INTRODUCTION

The use of living cells for active targeted drug delivery to
brain tumors is a new concept that has a potential to open
different therapeutic avenues within the central nervous sys-
tem (CNS) [1]. The current standard of care for glioblastoma
multiforme (GBM) is surgery and chemo-radiation therapy,
yet this approach is grossly inadequate and patient mortality
remains high universally. Cell-based therapy is an innovative
approach that is not only a departure from traditional system-
ic or forced-infusion drug delivery, but also alters kinetics to
provide prolonged and focused drug delivery to tumors. Us-
ing inflammatory response cells enables targeted drug trans-
port and prolonged circulation times, along with reductions in
cell and tissue toxicities. In addition, these cells are capable
of cell-to-cell transmission of their cargo that improves thera-
peutic outcomes. Noteworthy, a proper differentiation of drug
carriers into particular subtypes may further boost the thera-

peutic efficiency of cell-based drug formulations.

To achieve anti-tumor efficacy, immune cells should be loaded
with therapeutics. However, drug loading in cell-carriers is of-

ten low, drugs must be efficiently unloaded at the tumor, and
drugs must not affect the survival or migration of the carrier
[2]. This has created a bottleneck for cell-based cancer thera-
py. To this end, protein-based therapies that are the ideal drug
for cell-mediate delivery to GBM have been recently devel-
oped [3-7]. Thus cell-based carriers “armed” with the targeted
anti-cancer proteins could represent a novel and highly effec-
tive therapy for GBM.

Another approach is based on using exosomes, released from
immune cells. These nano-sized naturally occurred extracellu-
lar vesicles can be loaded with cytotoxic drugs and then used
for drug transport to the brain tumors. Reflective of their ori-
gin, these nanocarriers can cross the blood-brain barrier (BBB)
and target cancer cells in the brain. Such systems for drug car-
riage and targeted release represent a novel strategy that can

be applied to a spectrum of human disorders.

Brain Inflammation Targeted by Immune Cells

The drug targeting to sites of tissue injury, tumor or infection
is one of the main goals for successful pharmaceutics. Using

inflammatory-response cells enables targeted drug transport
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and prolonged circulation times, along with reductions in tox-
icities in non-inflammatory cells and tissue. Immune cells are
highly mobile, capable of travel toward inflammation signals
with the ability to cross the endothelial wall due to their in-
creased margination and extravasation [8]. Importantly, the
numbers of cell-carriers that can penetrate the BBB and reach
the disease site is crucial for the therapeutic efficacy of cell-
mediated formulations. Therefore, identification suitable of
cellular sources and optimization of cell transport are essen-

tial, when developing a cell-based delivery system.

It is well recognized that both endogenous and exogenous
macrophages robustly migrate from the systemic circulation,
rapidly traverse the BBB and accumulate in large numbers in
the GBM through their natural role as part of the body’s anti-
tumor defense [9, 10]. Macrophages are the predominant im-
mune cells infiltrating gliomas [11]. Hypoxia is widespread in
malignant human tumors due to their poorly organized vas-
culature. The cytokines released by tumor cells in response
to hypoxia and other physiological stresses usually attract
immune cells [9, 12]. This may allow them to target micro-
metastatic GBM sites regardless of their distance from the
primary tumor. This migratory activity allows utilizing them
for the drug carriage and decrease severe side effects of an-
tineoplastic agents. It was reported that the cells migrate via
the processes known as diapedesis and chemotaxis, and cross
the BBB causing the barrier breakdown [13-17]. Interestingly,
blood-circulating monocytes are capable of crossing the BBB,
and then differentiating into microglia at the sites of neurode-
generation [18, 19]. Reactive oxygen species produced in the
disease site further increase BBB permeability [20]. Although
an intraparenchymal injection of stem cells has traditionally
been used for cell-based GBM therapy, these intrinsic proper-
ties of macrophages offer distinct advantages in the attractive

signal, carrier accumulation, and route of administration [21].

A robust migration of immune cells, monocytes and macro-
phages to the inflamed brain areas was shown in several stud-
ies [6, 22-28]. Thus, studies using hematopoetic stem cells
transplanted into lethally irradiated animals demonstrated that
blood circulating monocytes can be recruted to inflammatory
sites, and differentiated into resident macrophages and mac-
roglia cells in the brain [29, 30]. This uniquely supports macro-
phages for exploitation as effective drug carriers to GBM.

Typically, bone marrow-derived progenitor cells can be iso-
lated from donor animals, differentiated in culture to produce
specific type of carrier cells, loaded or genetically modified
to produce a therapeutic agent, and adoptively transferred
to the animal with a model disease [31]. A significant brain

transport of systemically-administered macrophages was

demonstrated in several studies using nice with brain inflam-
mation [24, 32-34]. In contrast, in healthy mice without brain
inflammation, a majority of systemically administered macro-
phages became trapped in peripheral organs such as lungs,
liver, and spleen and then cleared out [35]. The localized in-
tracranial intoxications provided a rear opportunity to analyze
the specific targeting of the cell-mediated drug delivery into
affected brain sub-regions using the un-injected contralateral
brain hemisphere as an internal control. Thus, bone marrow-
derived macrophages (BMM) increased drug transport only to
the ipsilateral hemisphere, but not in the contralateral healthy
hemisphere [24]. Images obtained by epifluorescence in vivo
microscopy in mice with thin-skull cranial windows revealed
three stages of macrophage translocation across the BBB to
the inflamed brain [24]. Loaded BMM were first seen to move
along the microvessels (immediately following injection), then
adhered to the endothelial wall (4 hours post-injection), and
finally translocated across the BBB into the parenchyma (24

hours post-injection).

Neural stem cells (NSCs) can also be used as drug delivery
vehicles for gene therapy in the CNS [6, 22, 26-28, 36]. NSCs
possess a set of several unique properties, which make them
ideally suited for the gene and drug delivery to treat both
neurodegenerative disorders, and cancer. These properties
include: 1) a relative ease of isolation; 2) ability to differenti-
ate into a wide variety of functional cell types; 3) ability to be
extensively expanded in culture without loss of differentiative
capacity; 4) hypo immunogenicity; 5) pronounced anti-inflam-
matory properties; and 6) ability to home to damaged tissues,
tumors, and metastases. Indeed, these cells are highly migra-
tory and transfer to areas of brain pathology including isch-
emic and neoplastic brain lesions that are commonly present
in brain cancer. How the mobility of stem cells are directed, is
not well understood, although NSCs express a wide variety of
receptors that should enable them to respond to many che-
motactic signals present in brain pathologies [22]. Notewor-
thy, capability of stem cells to penetrate far from vasculature
into diseased tissues is of importance, especially in case of ir-
regular, damaged, or obliterated tumor micro vessels.

A migration and characterization of therapeutic stem cells
was evaluated, when they were labelled with diagnostically
active compounds, such as iron oxides for magnetic resonance
imaging, indium-111 for single-photon emission computed
tomography, or quantum dots for fluorescence imaging tech-
niques [37-39]. In some cases, the cell-carriers were geneti-
cally modified to express fluorescent or luminescent markers.
For example, a macroscopic migration of NSCs to intracranial
GBM expressing firefly luciferase (Fluc) was reported by sev-
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eral investigators [6, 40-42]. Various routes of cell administra-
tion were studied [40]. Indeed, the intraventricular and intra-
cranial implantation of the cell-carriers provided the highest
percentage (3.3%) of NSCs homing into the tumor. Neverthe-
less, a significant amount of the NSCs (1.4%) also reached the
GBM following intravenous injections [40]. Noteworthy, no
NSCs were found in the brain tumors following an intraperi-
toneal administration. Furthermore, intranasal (i.n.) route of
administration of genetically-modified NSCs was evaluated as
an alternative, non-invasive, and direct passage for the GBM
treatment [43]. Considerable numbers of NSCs were accu-
mulated specifically at the intracerebral glioma site after i.n.
delivery. In addition, systemic distribution of the cells via the
microvasculature of the nasal mucosa was reported [43]. A
high-resolution intravital microscopy in mice with intracranial
windows revealed that NSCs selectively migrate towards GBM
deposits by day 5 and accumulated in the tumor by day 10 6.
Remarkable, about 75% of engrafted NSCs survive longer than
10 days in the presence of tumors [44]. However, the interpre-
tation of cell tracking images has been hampered by the fact
that when the transplanted cells die, macrophages or other
neighbouring cells often take up the labelling material and the
signal remains in the tissue, yielding a false-positive result that
the transplanted cells are still resident in the tissue [44]. In
total, 14.4 £ 2% of the intranasally administered NSCs were
able to enter the intracerebral compartment and displayed a
targeted tumor tropism [44]. These studies demonstrated the
potential of NSCs as therapeutically effective delivery vehicles
for the treatment of gliomas.

Finally, exosomes released from macrophages were also
shown to cross the BBB and reach brain inflammed areas
[45]. Thus, a wide distribution of exosomes throughout the
brain, in particular, cerebral frontal cortex, central sulcus,
and cerebellum was achieved upon the i.n. administration of
fluorescently-labeled exosomes released from macrophages
ex vitro. Confocal images showed diffuse fluorescent staining
throughout the brain tissues along with the stained vesicular
compartments localized predominantly in perinuclear regions
[46]. For the purpose of brain tumor therapy, exosomes pos-
sess an extraordinary ability to interact with and accumulate
in target cancer cells. Furthermore, the ability of exosomes
released from macrophages to target cancer cells in vivo was
demonstrated in murine Lewis Lung Carcinoma pulmonary
metastases model [47]. Intriguely, a nearly complete co-local-
ization of airway-delivered exosomes with tumor metastases
was reported. It was hypothesized that macrophage-released
exosomes are likely to have specific proteins on their surface,
which might allow for their preferential accumulation in can-

cer cells. Thus, extracellular vesicles were shown to express

lymphocyte function associated antigen-1 (LFA-1) that can
bind endothelial cell adhesion molecules (CAMs), overex-
pressed on activated endothelial cells, such as found in tu-
mors [48]. Furthermore, it is known that exosome-mediated
cell-to-cell communication is key in the battle between cancer
and the immune system [49]. Thus, Parolini et al. [49] showed
that exosome fusion with target cells occurs more efficiently
under acidic conditions, implying that exosomes may be taken
up preferentially by tumors (which have an acidic microenvi-

ronment) rather than the surrounding healthy tissue.

Antitumor efficacy of cell-based therapies

Although significant amount of immune-response cells (mac-
rophages, myeloid dendritic cells (DCs), plasmacytoid DCs, and
T cells) infiltrate gliomas, they show lack of effective immune
activation against malignant human gliomas [11]. Therefore,
these cells should be modified/loaded to release antitumor
agents for anticancer therapy.

The first reports suggesting that living cells may have a thera-
peutic potential for targeted drug delivery across biologi-
cal barriers were published in 1980s [50, 51]. In particular,
transport of peripheral blood neutrophils (PMNs), loaded
with fluorescently of radioactively-labeled liposomes, was
studied across confluent Madin Darby canine kidney (MDCK)
epithelial cell monolayers in vitro [51]. Transmission electron
micrographs demonstrated that, in response to the chemotac-
tic signal, PMNs adhered to the apical surface of MDCK cells,
emigrated across the MDCK cell layer, passed through the
3-micron pores in the polycarbonate membrane, and finally,
appeared in the bottom well. Noteworthy, most, if not all, of
the migrated PMNs were positive for a fluorescent dye, Lucifer
yellow that was used to stain liposomes, suggesting these cells
carry liposomes across the MDCK cell layer, and therefore can
be used for the transport of loaded Nano formulated thera-
peutics across biological barriers. Since then, different studies
have demonstrated the successful cell-mediated delivery of
therapeutics to the inflamed brain tissues [6, 22-28].

The inherent tumor-tropism of NSCs to primary and invasive
tumor foci was exploited to deliver cytotoxic therapies to pri-
mary brain tumours, specifically GMB [4-6, 40, 41, 44, 52-57].
To provide antitumor activity, NSCs are engineered to express
tumor-specific cytotoxic biomolecules, such as tumor necro-
sis factor apoptosis inducing ligand (TRAIL) and secreteable
TRAIL (S-TRAIL); or prodrug-converting enzymes, such as car-
boxyl esterase. These cell-carriers have been already shown
to home to and eradicate GBMs in preclinical mouse models
[57, 58]. Furthermore, a successful targeting of breast to brain
metastatic tumors with genetically-modified NSCs was report-
ed [59, 60]. Metastatic brain tumors are the most commonly
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observed intracranial tumors frequently occurring in patients
with metastatic cancers, particularly from those of the lung,
breast, and skin [61]. Similar to primary brain tumors, one of
the major causes of therapeutic failure in metastatic brain can-
cer is the insufficient delivery of drugs across the BBB. In this
regard, systemically administered or implanted in the tumor re-
section cavity engineered S-TRAIL-NSCs efficiently suppressed
metastatic tumour growth and prolonged the survival of mice
bearing metastatic breast tumours. Moreover, the incorpora-
tion of pro-drug converting enzyme, herpes simplex virus thy-
midine kinase, into therapeutic S-TRAIL secreting stem cells al-

lowed their eradication post-tumour treatment [60].

Using monocytes/macrophages for drug delivery to the brain
was also reported [62]. In this work, an additional driving force
toward the disease site can be provided by the application
of local magnetic fields, when cell-carriers are loaded with
drug-incorporated magnetic nanoparticles. Specifically, mag-
netic liposomes were vectorized with RGD peptide (i.e. small
peptide domain Arg-Gly-Asp) utilized for selective binding by
monocytes and neutrophils expressing integrin receptors on
their surface. Then, albino rats with brain inflammation (in-
duced by intrastratial microinjection of human recombinant
interleukin-1B, IL-1B) received intravenous injections of RGD-
coated magnetic liposomes, or uncoated magnetic liposomes,
or non-magnetic liposomes as a control. The local magnetic
field was applied near the brain of the injected rats. Magnetic
liposomes demonstrated a 6.6 - fold increase in brain levels
compared with non-magnetic carriers, when local magnetic
field was applied. This suggests that drug-loaded magnetic
liposomes were taken by blood monocytes/neutrophils and
then guided to target tissue brain sites. Other innovative fea-
tures of macrophage-mediated drug delivery include: (i) facili-
tated transfer of therapeutic proteins from cell-carriers to tar-
get cells through macrophage bridging conduits, filopodia and
lamellipodia; and (ii) secretion by macrophages therapeutic
proteins incorporated in exosomes, specialized membranous
vesicles, which allow the efficient accumulation in target cells
[63, 64]. This process was shown to be accomplished by fa-
cilitated membrane interactions and fusion due to expression
of adhesive proteins and specific vector ligands (tetraspanins
and integrins) on the surface of exosomes. Regarding the cell-
carriers, using classically-activated M1 macrophages is a novel
strategy that may further enhance therapeutic effect of anti-
neoplastic agent [3].

Another approach for tumor therapy is using T lymphocytes,
which can recognize and destroy malignant cells [63]. In this
study, T cells were genetically modified to stably express an-
tibody binding domains on their surface that confer novel an-
tigen specificities that are major histocompatibility complex

(MHC)—-independent. The engineered T cells expanded more
than a thousand-fold in vivo, continued to express functional
chimeric antigen receptors (CARs) at high levels for at least
six months. The treatment was performed in patients with
advanced chronic lymphocytic leukemia (CLL), and resulted in
a complete remission, in two of three patients. On average,
each infused CAR-expressing T cell was calculated to eradicate
at least 1000 CLL cells. This approach can be also applied for
the treatment of brain tumors, as it is known that T cells can

cross the BBB in response to brain inflammation [64].

Using the inflammation as a driving force for targeted cell-me-
diated drug delivery is a very attractive approach. Nevertheless,
one should take into consideration that any other inflammatory
processes in addition to the CNS inflammation may divert cell-
carriers from the brain and decrease the therapeutic efficacy of
cell-incorporated drug formulations. In clinic, if this is the case,
a short pre-treatment of a patient with antibiotics should be
carried out before the cell-based therapy is initiated.

Overall, development of the cell-based therapy with potent
anti-cancer proteins for systematic administration would rep-
resent a major therapeutic advance in multiple fields of can-
cer-related research.
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