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STUDY SUMMARY
Current treatments for most central nervous system (CNS) disorders are
ineffective due to the lack of efficient therapeutics delivery into the brain, as
majority of the pharmaceutical compounds and biologics have limited ability to
penetrate the blood brain barriers (BBB). Therefore, development of alternative
approaches to transport therapeutic agents into the CNS is urgently needed.
To address the problem, this study was proposed to use monocytes and
monocyte-derived macrophages (MDM) as cellular vehicles to deliver potential
therapeutics into the diseased brain. Monocytes and MDM possess the natural
ability to travel through vasculatures towards chemotactic gradients, traverse
tissues barriers, and participate in the modulation of tissue microenvironments at
the affected regions. They are identified in numerous neurological diseased sites,
and this high transmigration capability makes them potentially usable as a cellbased delivery system targeting diseased brains.
A successful cell-based delivery system has two important components,
including efficient “cargo” loading onto the cell carriers, and efficient migration of
cellular vehicles to the target sites. Therefore, this study was designed to test and
establish the feasibility of using monocytes and MDM as cellular vehicles targeting
the brain by following the 5 steps sequentially: 1) To establish a suitable animal
model of acute brain inflammation, and methods to quantify and characterize
recruited cellular vehicles in the affected brain regions. 2) To evaluate and optimize
cellular vehicles entry into the diseased brain. 3) To establish “cargo-loading”
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conditions for monocyte and MDM to carry potential therapeutics cargos, including
nano-formulated agents and therapeutic genes. 4) To test the ability of cargo-loaded
cell carriers to enter the diseased brain. 5) To assess the therapeutic effects of
cellular vehicles and their delivered therapeutic agents in the affected brain regions.
A sex-mismatched system was utilized throughout the study to allow easy
quantification of cell trafficking into the brain by real-time qPCR through measuring
the amount of male donor cell DNA present in female recipients’ mouse tissues
using a newly created mouse model with acute subregional brain inflammation
induced by intracranial (IC) injection of lipopolysaccharides (LPS). Freshly isolated
monocytes and culture expanded MDM stimulated with macrophage colony
stimulating factors (M-CSF) were tested and compared for their inflamed-brain
homing efficiency following systemic or local administration. Super-paramagnetic
iron oxide nanoparticles (SPION) was also used to study MDM carriage and delivery
of nano-formulated agents; whereas lentiviral-based vector (LV) was applied to
transfer selected target gene into the carrier cells to evaluate their ability to deliver
therapeutic genes into the brain.
Several systems have been optimized and established in this study, including
1) LPS-induced subregional brain inflammation mouse model for the study of
monocytes and MDM-based delivery system. 2) Conditions that enhanced monocyte
transmigration into the brain using BBB disrupting agents. 3) Nanoparticle (NP)
specifications and dosage for efficient MDM uptake without compromising cellular
functions. And 4) LV-mediated gene transfer methods into both primary cultures of
mouse monocytes and MDM.
iii

Overall, findings from this study validated the feasibility of using monocytes
and MDM as cellular vehicles targeting the brain. The highlights of this study are
summarized as follow: 1) Freshly isolated monocytes are validated to be the ideal
cellular vehicles for the non-invasive delivery system, as IV-infused monocytes
displayed high inflamed-brain homing efficiency and good CNS tissue engraftment.
In addition, entry of carrier monocytes into the diseased brain did not induce
additional inflammation. 2) MDM are more suitable to be introduced locally. M-CSF
stimulated MDM were found to possess anti-inflammatory properties when
recruited to the inflamed brain parenchyma following intracerebroventricular (ICV)
administration, suggested the cellular vehicle itself was equipped with “therapeutic”
functions. 3) Both monocytes and MDM could be modified ex vivo to uptake
nanoparticles (NP) efficiently before their introduction into the circulation, followed
by successful entry into the inflamed brain region with the carried NP. 4) Both
monocytes and MDM can be genetically modified by LV with improved efficiency
using the optimized protocol developed in this study, to carry therapeutic genes in
their chromosome and express the products in vivo.
Collectively, results from this study have provided proof-of-concept evidence
to strongly support the notion of using migratory monocytes and MDM as a means
to deliver therapeutic agents into the diseased brain. This study has laid a strong
foundation with several established systems readily to be utilized for future indepth tests focusing on monocyte- and MDM-based delivery of both nanoformulated agents and therapeutic genes into the brain – with the ultimate goal of
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successful developments of clinically applicable systems for the treatments of
various neurological disorders.
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CHAPTER 1

Introduction
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1.1

Background

1.1.1 Central nervous system disorders
Central nervous system (CNS) disorders are currently estimated to affect
hundreds of millions of people worldwide, and remain the world’s leading cause of
disability (1). CNS disorders can be referred to a wide range of diseases that affects
the brain and spinal cord. Some of the most commonly known neurological illnesses
include epilepsy, Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, stroke,
neuroinfectious diseases (e.g. poliomyelitis, Tetanus, Meningitis, Japanese
encephalitis, and HIV-associated neurocognitive disorders), brain tumors, traumatic
brain injuries, in addition to an estimated of other 7,000 rare neurological disorders
(1, 2).
According to the World Health Organization (WHO), neurological disorders
have contributed to 92 million disability-adjusted life years (DALYs; years of healthy
life that are loss due to disability and death), which constituted 6.3% of the total
global burden of disease in 2005 (1). This number exceeded those caused by
HIV/AIDS or malignant neoplasm of the same year, with each of them constituted
slightly over 5% of total disease burden. In comparison, an earlier 2003 study
estimated that brain diseases caused up to one-third (35%) of all burden of disease
across Europe (3). In addition, WHO has projected a 12% increase of neurological
disorders to 103 million DALYs by the year of 2030 (1). On the other hand, the
mortality caused by neurological disorders constituted 12% of total death globally
in 2005, with Alzheimer and other dementias alone took up a shocking 2.84% of the
total death in high-income countries (1).
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Despite of the intensive research in the neurological fields, many patients
today still suffer from CNS diseases, and the lack of treatments to cure them. From
2013 to 2014 in the United States, stroke was the fourth leading cause of death,
followed by Alzheimer’s disease (4). Currently, there are 5.4 million Americans
living with Alzheimer’s disease, and 1 millions with Parkinson’s disease (5, 6). In
addition, the national prevalence for multiple sclerosis is 400,000, and 350,000 for
brain and nervous system tumors (7). Due to the pathologic natures of most
neurological illness, patients often suffer from long-term disability that lead to the
subsequent lost productivity of patients and their caregivers, causing enormous
healthcare and economic burdens to the society.

1.1.2 Inflammation and CNS disorders
Inflammation is the body’s natural defense mechanism to remove harmful
agents, and thus stop the subsequent detrimental effects caused by them. Although
the CNS was historically regarded as an “immune privileged” site, it is now widely
recognized that immune responses do occur within the CNS, and that inflammation
plays a central role in both the pathogenesis and recovery of many neurological
disorders (8).
Illnesses can arise from foreign objects, such as bacterial or viral infections,
or initiate from within the CNS, like formation of the abnormal amyloid Beta (Aβ)
febrile in Alzheimer’s disease. In most cases, upon sensing the presence of an
injurious process or harmful agents, CNS resident cells such as microglia and
astrocytes would rapidly respond to initiate inflammation (9). Microglia are the

3

tissue resident macrophages within the CNS, and can proliferate locally to initiate
and augment inflammatory response (10); activated microglia can synthesize and
release soluble effecter molecules, such as reactive oxygen and nitrogen species (e.g.
nitric oxide), proteolytic enzymes, and proinflammatory cytokines including tumor
necrosis factor alpha (TNFα) and interleukin-1 beta (IL-1β) (11-13). Meanwhile,
astrocytes and endothelial cells would up-regulate the expression of a wide range of
chemokines, including monocyte chemoattracting protein-1 (MCP-1) (14, 15), which
in turns lead to the recruitment of hematogenous monocyte and other leukocytes
into the CNS.
Like

activated

microglia,

recruited

monocytes

and

their

derived

macrophages are also important sources of soluble effecter molecules that could
lead to both beneficial and detrimental results in the injured CNS. Infiltrating
monocytes have been held responsible for aggravating the progression of several
CNS pathologies, including multiple sclerosis and HIV-associated neurocognitive
disorders (16, 17), and have been suggested to serve as the “Trojan horse” that
carried HIV into the CNS (18, 19).

Nevertheless, infiltrating mononuclear

phagocytes are also essential to CNS repairs. The lack of hematogenous macrophage
recruitments has been related to the failure in removing myelin debris following
axotomy in the CNS (20). Besides debris and noxious agents removal via
phagocytosis, the recruited mononuclear phagocytes and activated microglia can
also produce various cytokines, including interleukin-1 (IL-1), which stimulate
astrogliosis and neovascularization (21), and induce production of nerve growth
factor (NGF) that create a favorable environment for neuron regenerations (22).
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Inhibition of monocyte infiltration into the injured retina was found to result in
reduced survival of retinal ganglion cells (23). In addition, monocyte-derived M2type macrophages are also recognized to be essential players in CNS tissue repairs
(24-26).
As mentioned above, both CNS resident cells and the recruited leukocytes
could modulate the immune response via producing a wide variety of soluble proor anti-inflammatory mediators, depends upon the CNS microenvironments at the
moments of their activations. Among all, IL-1, TNFα, and interleukine-6 (IL-6) were
found to be most important in initiating the inflammatory cascades in most
neurological disease (8). Elevated level of these inflammatory mediators in the brain
results in the induction of various chemokines and adhesion molecules expression
that lead to the recruitments of immune cells from the peripheral blood into the
brain parenchyma (9). Acute or chronic elevation of TNFα has been linked to the
pathogenesis of a number of neuroinflammatory and neurodegenerative diseases,
including ischemic stroke (27, 28), HIV-associated dementia (29), Alzheimer’s
disease (30-32), Parkinson’s disease (33-35), and multiple sclerosis (36-38). The
critical role TNFα plays in the immune responses has led to the development of
many anti-TNFα therapies, including the use of soluble TNFα receptor decoys
(sTNFR) to act as biological inhibitors of TNFα, a method that has been proven
effective and well tolerated for the treatment of rheumatoid arthritis (39). Since
TNFα is also an important mediator of pathologic inflammatory responses within
the CNS, the same approach also show great promise in the context of treating many
CNS disorders.
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1.1.3 The blood brain barrier and CNS disorder treatment challenges
As a matter of fact, the underlying mechanisms of disease progression and
potentially effective therapeutics for many neurological diseases have already been
discovered, but the delivery of therapeutics (drugs, genes, proteins) into the brain
remains a major challenge in the developments of effective CNS treatments (40).
Despite of the abundant blood flow throughout the CNS, movements of substances
into the brain are strictly regulated by the physical structure known as the blood
brain barrier (BBB). The BBB is made of specialized endothelial cells with tight
junctions, forming a physical blockage to protects the brain from harmful agents
present in blood (e.g. infectious organisms, toxins, chemicals), and helps maintain
proper microenvironments and tissue homeostasis of the brain (41). In addition,
BBB endothelial cells also contain a variety of enzymes (e.g. peptidases) and efflux
p-glycoprotein systems (the efflux pump) to help transporting drugs from the
endothelial cells back into the blood (42), making substances crossing into the
parenchyma even more difficult.
Thus far, very few drugs and therapeutics were found to cross the BBB in
pharmacologically significant amounts. A previous study has reported that only
drugs that are smaller than 400 Da and forms less than 8 hydrogen bonds have the
chance to enter the brain via lipid-mediated free diffusion through BBB, but these
chemical properties is not present in majority of the molecular drugs (40, 43). This
is especially true for treatment approach requires the utilization of therapeutic
proteins or antibodies, as these biologics are very large and hydrophilic – the two
characteristics doomed to be rejected by the BBB. Hence up until today, there has
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been no US Food and Drug Administration (FDA) approved biologic drug for the
brain, despite of the high potential in gene therapy and enzyme replacement
therapy for a number of CNS disorders.

1.1.4 Cell-based delivery system
The concept of using cells as therapeutics carriers has received increasing
attentions in recent years. Especially for the delivery of complex bio-therapeutic
agents, properly modified cell-based vehicles can readily produce biologics that are
difficult to synthesize ex vivo, and offer protections in vivo from enzymatic
degradation to increase therapeutics half-lives. In addition to the protection role,
cellular-based delivery system can also be designed to achieve targeted delivery of
therapeutics to enhance treatment efficiency (44).
Different strategies could be applied to achieve targeted-delivery using cell
carriers (44). Physical targeting strategies using local or direct introduction of the
cellular vehicles to the sites in need of therapeutic action is a straightforward way to
increase local cell vehicles concentration. Such approach has been evaluated in
various models targeting the brain (45, 46), heart (47), and wounds (48), all
resulted in positive therapeutic outcomes. Conversely, physiological targeting
strategies utilize the natural physiological mechanisms that direct the concentration
of different cells types in specific tissues, such as utilizing the erythrocyte clearance
mechanism to target macrophage: senescent and damaged erythrocytes are
removed from circulation via phagocytosis by cells from the reticuloendothelial
system (RES), hence erythrocytes can be used to carry therapeutics targeting RES.
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Drug loaded erythrocytes has been tested to deliver anti-HIV pro-drug to the
macrophages, and successfully prevent “de vevo” HIV infection (49). Last, the
biological targeting strategies “hijack” the natural trafficking machinery of specific
types of circulating cells (e.g. lymphocytes, monocytes, neutrophiles, and stem cells),
their surface markers, or special coatings that are crucial for cell-homing to specific
sites. With careful selection and proper modifications, cellular vehicles can to be
used as “Trojan horses” to deliver treatments into target sites, as they can circulate
the vasculatures, migrate up chemotactic gradients, pass tissue barriers, and
accumulates at specific sites, and thus help the delivered therapeutics to achieve
better tissue penetration and lower administration dose to reduce potential in vivo
toxicity (44). The potential of certain cellular vehicles (e.g. stem cells, progenitor
cells, and undifferentiated monocytes) to engraft and differentiate into long-lived
tissue resident cells is especially attractive to be used in combination with genebased therapy, for the purpose of onsite long-term treatments.
Circulating immune cells are particularly useful as cellular vehicles to deliver
therapeutics into the diseases sites, as many of them are normally involved in the
disease progressions; in other words, the cells themselves are actively engage in the
processes that govern their specific localization in vivo, hence can be exploited for
“precise” delivery of therapeutics. Furthermore, as host immune responses often
attribute to many diseases progression, even for a transient period, the presence of
these “programmed” immune cells (ex vivo induced-differentiation/ activation/
polarization towards particular phenotypes, or modified to express biologically
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active transgene products) on the disease sites have the potential to redirect the
immune response, which could subsequently alter the course of the disease (50).
Monocytes migrate and infiltrate into disease sites in response to
inflammatory signals. Upon tissue infiltration, moncoytes undergo differentiation
into various tissue-specific macrophages to carry out effecter functions. Circulating
moncoytes are highly motile, and have been shown to home to a number of diseases
sites associated with inflammation following adoptive transplants, including
atherosclerotic plaques, cancer, and the brain (51-53). Macrophage, on the other
hand, displayed greater therapeutic delivery potential when administered locally
(50, 54), as they were found to have limited migratory and disease homing ability
following system administration (55). The high involvement of monocytes and
macrophages in a wide range of neuroinflammatory and neurodegenerative
diseases, and their potentials to engraft into long-lived CNS resident cells under
certain pathological conditions (56-59) make them ideal vehicles for targeting many
CNS pathologies.

1.1.5 Mononuclear phagocyte-based delivery system for the CNS
Monocytes and macrophages can be modified ex vivo to carry therapeutics
“cargos”. The natural ability of monocytes and macrophages to uptake micro- and
nano-sized particles enables easy loading of nano-formulated medicines and drugcarriers (e.g. liposomes and nanoparticles with surface modification that allows
medicinal molecule attachments) onto the cells (60-64). On the other hand,
replication defective lentiviral vectors (LV), particularly replication defective HIV-
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based vectors (DHIV) have been proven to be very effective in delivering genes into
non-dividing cells, including macrophages (65, 66). In addition, their capacity to
maintain long-term stable transgene expression by chromosomal integration of the
proviral cDNA makes LV the best system to transfer selected genes into target cells
in order to fulfill long-term treatments.
Thus far, a number of studies have successfully demonstrated the concepts of
using monoctyes or monocyte-derived macrophages (MDM) to deliver nanoformualted medicines and therapeutic genes into the CNS. Lebson et al. have used
plasmid transfected bone marrow derived CD11b+ cells expressing a secreted
diffusible form of neprilysin to degrade Aβ in a mouse model of Alzheimer’s disease,
and observed reduced amyloid deposition in animals received the cell vehicle
treatments (53).

Culture expanded MDM have also been used to deliver

therapeutics into the CNS. In a 2007 study, Takahashi et al. used bone marrow
derived myeloid precursor cells (BM-MC) cultured with granulocyte macrophagecolony stimulating factor (GM-CSF), and transduced them with LV to express the
triggering receptor expressed on myeloid cells 2 (TREM2) gene. Following
intravenous injection, these TREM2 expressing BM-MC were found to home to the
inflammatory spinal cord lesions of experimental autoimmune encephalomyelitis
(EAE) mice model, which resulted in increased tissue debris clearance and created
an anti-inflammatory environment within the CNS (67). In addition, bone marrow
macrophages (BMM) cultured with macrophage-colony stimulating factor (M-CSF)
have been successfully utilized to transport both nano-formulated antiviral drug
indinavir into the brain in a murine model of neuroAIDS (68), as well as the
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nanoformulated catalase (nanozyme) to the substantia nigra in a mouse Parkinson’s
disease model (60). In both studies, carrier BMM were administered intravenously,
and increased neuronal survival was observed.
On the other hand, Mordelet et al. injected LV-transduced autologous
macrophages directly into the brain parenchyma, and confirmed that the injected
macrophages were able to express the reporter green fluorescent protein (GFP)
gene for up to 3 months, without migrating further away from the injection tracts.
They believed this restriction in injected cell mobility is ideal for localized gene
expression in the brain, which is essential to target specific brain areas bearing
pathologies, such as that in Parkinson’s, Tay-Sachs or Sandhoff’s diseases (69).
In addition, microglia, the CNS-specific macrophage, has also been tested.
Takata et al. have infused microglia into the brain lateral ventricle in a murine
Alzheimer’s disease model, and confirmed that microglia migrated from the lateral
ventricle into the Aβ plaques located throughout the brain parenchyma, and the
presence of additional exogenous microglia helped to increase Aβ clearance in the
brain (70). Whereas Beutner et al. used LV to modify stem cell-derived microglia
(ESdM) genetically to express neurotrophin-3 (NT-3), and introduced them
intravenously into a mouse EAE model. They found these engineered ESdM were
able to migrate into the CNS lesion, engraft as microglia, express NT-3 and reduced
anonal injury and demyelination in the treated animals (71).
Nevertheless, the only cell-based delivery system involving monocytes or
CNS microglia that have moved beyond animal models were the systems utilized
genetically modified hematopoietic stem cells (HSC) and bone marrow transplants
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(BMT), such as that developed by Biffi et al. to treat metachromatic leukodystrophy,
a demyelinating lysosomal storage disorder occurs in the CNS (72). Instead of using
monocytes or macrophage directly, they transduced HSC with LV to express the
arylsulfatase A (ARSA) gene. Following BMT with these engineered HSC, expression
of ARSA was detected by the engrafted CNS microglia and PNS endoneurial
macrophage, and this approach was found to reverse neurological damage and
deficits in mice (73). The same treatment approached trialed in three presymptomatic patients have led to stable ARSA gene replacement, with high enzyme
expression throughout hematopoietic lineage and as well as in their cerebrospinal
fluid (CSF), and have successfully prevent disease progressions in the three patients
7 to 21 months beyond the predicted age of symptom onset (74). This study is now
in phase I/II trail (Clinical trials.gov identifier NCT01560182).

1.2

Study design

1.2.1 Significance
Despite of the much-improved understanding on the pathogenesis of many
CNS diseases, hundreds of millions of patients today still suffer from numerous
neurological disorders, and the lack of treatments to combat them. The major
challenge in treating most neurological illnesses lies in the lack of efficient delivery
of the therapeutic agents into the brain and the spinal cord. Therefore alternative
delivery approaches targeting the CNS are urgently needed.
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Blood monocytes and MDM are known to enter the CNS under pathological
conditions (75-77). They circulate through vasculatures and actively engage
themselves to the disease sites upon inflammatory signals, and participate in the
modulation of tissue microenvironments. Moreover, some of these cells are believed
to have the potential to differentiate into the long-lived tissue resident microglia or
perivascular macrophages, and thus are ideal for long-term CNS treatments. Hence,
monocytes and MDM have the potential to be used as cellular vehicles to deliver
therapeutic agents, including genes and pharmacologic compounds, into the CNS.
The central hypothesis of this study lies in the possibility to exploit the
natural disease-homing properties of monocytes and MDM to deliver diseasecombating agents into the brain. Therefore, the goal of this study was to evaluate the
feasibility of using monocytes and MDM as cellular vehicles to deliver “cargos” –
including therapeutic genes and nano-scaled particles (e.g. pharmaceutical
compounds and their carriers), into the affected brain regions, and to establish
platforms for future studies involving monocyte- and MDM-based delivery of
potential therapeutic genes or nano-formulated medicines to combat different
neurological disorders.

1.2.2 Study design
A series of experiments were conducted to test the central hypothesis of this
study. To determine the suitability of using monocytes and MDM as delivery
vehicles in vivo, a sex-mismatched system was utilized throughout the study for easy
quantification of the amount of male donor derived cells present in the female
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recipients’ tissues. An acute subregional neuroinflammation mouse model was
developed to evaluate and optimize cellular vehicles inflamed-brain entry following
systemic IV administration.
Upon establishment of the optimum conditions for in vivo cell CNS trafficking,
monocytes and MDM were tested for their ability to carry and transport both the
nano-formulated agents and exogenous genes into the brain. Superparamagnetic
iron oxide nanoparticles (SPIONs) were used to evaluate the potential of MDM as
nano-formulated agents-carriers targeting the CNS. In-depth analysis on SPIONMDM uptake efficiency, and their impacts on MDM in vitro physiological and in vivo
migratory properties were conducted.
The ability of monocytes and MDM to deliver a therapeutic gene that encodes
sTNFR into the brain was also investigated. A replication defective LV was utilized
to transfer sTNFR gene into the cells, and the transduced monocytes and MDM were
introduced IV. Examination of transduced-monocytes and MDM tissue distributions,
and cell-mediated transgene expression were conducted to determine their ability
in delivering therapeutic genes into the brain.
Because local administration has been shown to have higher tissue homing
efficiency for macrophages (78, 79), ICV infusion of transduced-MDM into the brain
lateral ventricle were also tested to study the kinetics of cell carriers in the brain,
the stability of intra-CNS transgene expression, and the potential neuroprotective
functions of MDM-mediated sTNFR expression to reduce neuroinflammation level in
the affected brain regions.
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1.2.3 Specific aims

Aim 1: To evaluate and optimize CNS entry of adoptive transferred monocytes and
MDM in a mouse model with acute subregional neuroinflammation.

Aim 2: To establish MDM-based delivery system for nano-formulated agents into the
brain by studying the cellular physiological and migratory functions with SPION
carriage.

Aim 3: To investigate the ability of monocytes and MDM to carry and deliver the
potential therapeutic gene sTNFR into the brain following systemic and local
administration.
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Monocyte trafficking, engraftment, and delivery of nanoparticles and an exogenous
gene into the acutely inflamed brain tissue– evaluations on monocyte-based delivery
system for the central nervous system
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2.1 ABSTRACT
The ability of monocytes and monocyte-derived macrophages (MDM) to travel
towards chemotactic gradient, traverse tissue barriers, and accumulate precisely at
diseased sites makes them attractive candidates as drug carriers and therapeutic gene
delivery vehicles targeting the brain, where treatments are often hampered by the
blockade of the blood brain barrier (BBB). This study was designed to fully establish an
optimized cell-based delivery system using monocytes and MDM, by evaluating their
homing efficiency, engraftment potential, as well as carriage and delivery ability to
transport nano-scaled particles and exogenous genes into the brain, following the noninvasive intravenous (IV) cell adoptive transfer in an acute neuroinflammation mouse
model induced by intracranial injection of Escherichia coli lipopolysaccharides. We
demonstrated that freshly isolated monocytes had superior inflamed-brain homing ability
over MDM cultured in the presence of macrophage colony stimulating factor. In addition,
brain trafficking of IV infused monocytes was positively correlated with the number of
adoptive transferred cells, and could be further enhanced by transient disruption of the
BBB with IV administration of Mannitol, Bradykinin or Serotonin right before cell infusion.
A small portion of transmigrated cells was detected to differentiate into IBA-1 positive cells
with microglia morphology in the brain. Finally, with the use of superparamagnetic iron
oxide nanoparticles SHP30, the ability of nanoscale agent-carriage monocytes to enter the
inflamed brain region was validated. In addition, lentiviral vector DHIV-101 was used to
introduce green fluorescent protein (GFP) gene into monocytes, and the exogenous GFP
gene was detected in the brain at 48 hours following IV infusion of the transduced
monocytes. All together, our study has set up the optimized conditions for the more-in-
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depth tests and development of monocyte-mediated delivery, and our data supported the
notion to use monocytes as a non-invasive cell-based delivery system for the brain.

2.2 INTRODUCTION
Monocytes and monocyte-derived macrophages (MDM) possess broad homeostatic,
immune sensing and surveillance functions (85, 86). Their ability to traffic through
circulation and accumulate precisely at the diseased sites makes them an attractive tool for
drug carriage and gene delivery (58, 65, 66, 72, 73). The need for cell-based delivery
systems is immediate in order to combat central nervous system (CNS) diseases, because
many therapeutic compounds and biologics are known to have limited capability to
penetrate the blood-brain barrier (BBB) or to reach sites further from their administration
points effectively (40).
Early studies using hematopoietic stem cell (HSC) transplanted into lethally
irradiated animals demonstrated that blood circulating monocytes were recruited to the
CNS and differentiated into resident macrophages and microglia cells once reaching their
destinations (61, 87, 88); whereas recent studies have suggested the use of lethal
irradiation induced additional damages to the CNS, hence overestimated the true ability of
monocyte to infiltrate and differentiate into resident microglia cells (64, 89). Nevertheless,
recruitments of circulating monocytes to the diseased sites within the CNS were evident in
numerous neurological disorders (16, 17, 58, 90, 91). Therefore, the use of monocytes and
MDM for precise therapeutics delivery still holds great promises for combating many CNS
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disorders, including Parkinson’s and Alzheimer’s Diseases, Multiple Sclerosis, and HIVassociated neurocognitive disorders (58, 65, 72, 73).
Comparing to bone marrow transplants (BMT) using precursor cells, adoptive
transfer of differentiated cells avoids the involvement of lethal irradiation, and is a
relatively risk free procedure with minimum side effects (59, 92, 93). Thus, by exploring
the migration property of IV transferred monocytes and MDM to regions of interests, it is
possible to selectively transport disease combating genes or medicines to inflamed or
damaged sites in the brain in a non-invasive fashion. Thus far, a number of studies have
been conducted to test monocytes- and MDM-mediated delivery of nano-formulated
medicines and therapeutic genes into the CNS (58, 65, 72, 73), but the optimum conditions
for such delivery system has not been fully established. In order to carry out effective
treatment functions, therapeutics-carriage cells need to be present at target sites in high
numbers. Therefore, identifying suitable cellular sources to be used as transporting
vehicles, and developing methods to increase cell vehicle target site concentration are
essential for establishment of a cell-based delivery system (44). Both freshly isolated
monocytes and culture-expanded MDM (cMDM) were tested for their capability to reach
the CNS following adoptive transfer (58, 65, 72, 73, 94), but no quantitative comparison
have been performed to evaluate the suitable cellular source for transporting therapeutic
agents to the brain. Hence, this study was aimed to establish the optimized conditions for
the non-invasive cell-based delivery system, including testing and determining the homing
efficiency of freshly isolated monocytes and cMDM to the inflamed brain regions,
establishing conditions that could enhance the cell vehicle concentration at the target sites,
assessing the potential of these recruited cells to engraft and differentiate in the brain, and
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validating the ability of the cell vehicles to carry ”cargos” into the brain following systemic
IV adoptive transfer.
Using a mouse model of acute brain subregional inflammation induced by
intracranial (IC) injection of Escherichia coli (E. coli) Lipopolysaccharide (LPS), we have
demonstrated that freshly isolated monocytes have high inflamed-brain homing efficiency
following IV adoptive transfer, and have established the conditions for enhanced cell
transmigration and increased cell vehicle concentrations in brain target sites by increasing
IV infusion cell amount and transiently disrupting the BBB using chemical agents including
Mannitol, Bradykinin, and Serotonin. In addition, we have observed that a small portion of
the recruited monocytes were able to differentiate into IBA-1 positive cells with microglia
morphology in the brain. Furthermore, with the use of superparamagnetic iron oxide
nanoparticle (SPION) SHP30, the ability of nanoscaled agent-carriage monocytes to enter
the inflamed brain region was validated. In addition, lentiviral vector (LV) DHIV-101
(D101) was utilized to mediate the transfer of green fluorescent protein (GFP) gene into
monocytes in this study, and the presence of GFP gene was detected in the brain of affected
animals 2 days after IV infusion of the LV-transduced monocytes.
All together, our study has set up the optimized conditions for the more in-depth
study of monocyte-mediated delivery system, and our new data supports the notion of
using monocyte migration as a mean of therapeutics delivery into the brain – with the
ultimate goal of affecting neuronal disease outcomes.
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2.3 MATERIALS AND METHODS
2.3.1 Animals
Six- to 10-week old male and female C57BL/6 mice (Obtained from Animal and
veterinarian services, University of Hawaii at Manoa) and male green fluorescent protein
(GFP) transgenic male C57BL/6-Tg (UBC-GFP) 30Scha/J mice (The Jackson Laboratory,
stock #004353) were acquired for this study. C57BL/6 mice were used in all experiments
except for immunohistochemical (IHC) and immunofluorescent studies, which GFP
transgenic mice were used as cell donors and C57BL/6 mice as recipients. In all studies,
male mice were used as cell donors, and female mice as recipients. All mice were bred and
maintained in the animal facility at University of Hawaii at Manoa campus by following the
institutional guidelines for the humane care and investigation of laboratory animals, and all
animal studies were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of University of Hawaii at Manoa (Protocol # 09-767). In all
experiments, mice were monitored twice daily throughout the experimental periods. A
humane endpoints protocol was included in this study, and experimental animals were to
be euthanized if they displayed inability to reach food or water for more than 24 hours, and
if more than 20% decrease in body weight was detected. No early death was observed in
any animal prior to the experimental endpoints in this study.

2.3.2 Isolation and cultivation of mouse monocytes and cMDM
Eight- to 10-week old male mice were used as cell donors. Mouse cMDM were
prepared as described previously (73). In brief, bone marrow cells (BMC) were isolated
from donor mice femur and tibia of the hind limbs. Erythrocytes were removed by lysis
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with ACK lysis buffer (Quality Biological, Inc.), and a single cell suspension was obtained by
passing through 40-μm cell strainers (BD Falcon, #352340), and was either resuspended in
PBS and used for cell IV infusion, or cultured in suspension with complete growth medium
composed of RPMI1640 medium supplemented with 10% FBS and 1,000 U/ml M-CSF
(obtained from 5/9 m alpha3-18 cell media, ATCC#CRL-10154. M-CSF in condition media
was quantified using Human M-CSF quantikine ELISA kit, R&D system cat#DMC00B), at
37°C with 5% CO2 for 2, 5, 7, 9, 12, 15, 21 and 28 days prior to flow cytometry analysis or
adoptive transfer study.
In studies using freshly isolated monocytes (Enriched monocytes, EnMo),
monocytes were enriched from the freshly isolated BMC suspension using EasySep mouse
monocyte enrichment kit (Stem Cell Technologies, #19761) according to manufacturer’s
instructions.

2.3.3 Flow cytometry
In vitro monocyte to macrophage differentiation was assessed in cMDM at 0, 2, 5, 7,
9, 12, 15 and 21 days post isolation by fluorescence-activated cell sorting (FACS) with a
FACSAria III, and cytometry data were analyzed using FACSDiva v. 6.1 (BD Biosciences).
Cells were collected from suspension culture flask, washed with PBS, and incubated with
antibodies (details below) for 30 minutes on ice. Unbound antibodies were removed by
washing cells with PBS. Recovered cell pellets were resuspended in 1% PFA in PBS and
stored at 4°C until analysis. Cell samples were stained with the following dye and
antibodies for FACS analysis according to the manufacturers recommendations: Zombie
Green (1:500, BioLegend cat#423111) for viability assessment, rat anti-CD11b (1:500, PE-
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Dazzle594 conjugated, BioLegend cat#101255), rat anti-Ly6c (1:200, PerCP conjugated,
BioLegend cat#128027), monoclonal rat anti-CCR2 (1:20, APC conjugated, R&D Systems
cat#FAB5538A), and rat anti-F4/80 (1:40, APC-Cy7 conjugated, BioLegend cat#123117).
Freshly isolated BMC were used in single stain controls to create spectral
compensation, and in florescence minus one (FMO) controls to establish appropriate gating
strategies. Forward and side scatter properties were applied in gating to exclude doublets
and cell debris, and the single cell population was assessed for their viability in the FITC
channel (Zombie Green viability assessment). CD11b+ cells (Zombie Greenneg) were then
divided into three populations based on combined assessment of their expression of F4/80
and Ly6c. The F4/80highLy6Cneg, F4/80lowLy6Clow, and F4/80medLy6chigh populations in this
plot were labeled as macrophages, Ly6Clow monocytes, and Ly6Chigh

monocytes,

respectively. CCR2 expression was assessed for each of these three populations separately,
Ly6Chigh monocytes were positive, Ly6Clow monocytes and macrophages were low to
negative. The relative percentages of each cell population within the samples were
generated from statistical analysis of the F4/80 – Ly6c plots.
EnMO was further analyzed for their expression of CD115 (rat anti-CD115, APC
conjugate, 1:100, BioLegend #135509), CD11b+, F4/80, and Ly6C to confirm the purity of
the enriched cells.

2.3.4 E. coli LPS-induced acute brain inflammation and cell IV adoptive transfer
Six- to 8-week old female mice were anesthetized with Avertin (2,2,2Tribromoethanol, 250 mg/kg, IP) and positioned on a stereotaxic apparatus (Stoelting co.).
E. coli LPS (Serotype O111:B4, S-form. Enzo Life Sciences, ALX-581-M005) was
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administered into the right hemisphere (AP 0.0 mm, ML +2.5 mm, DV -4.0 mm from
bregma) to induce acute subregional neuroinflammation in the brain. Each animal received
5 μg of E. coli LPS in 5 μL solution or 5 μL of PBS (Sham) over a period of 5 minutes. PBSinjected animals and the un-injected contralateral hemisphere were used as controls. At 24
hrs following ICI delivery of LPS, 100-150 μL cell suspension containing cells (5x106 if not
otherwise indicated) or PBS (Sham) were injected into the lateral tail vein of recipient
mice. Mice were sacrificed at day 1, 2, 3, 5, 7 or 14 after cell infusion for analysis.

2.3.5 LV-mediated GFP gene transfer into monocytes
The HIV-1-based defective LV system D101 was used for transduction of monocytes
(70, 71, 95, 96). The vector was produced by transient transfection in HEK293T cells by
calcium phosphate precipitation method with a packaging construct pCMV-ΔR8.2, an
envelop construct pCMV-VSV-g, and a transfer construct pD101 which contained the
reporter gene GFP, as described previously (96). Transduction of monocytes was done by
spin-infection. 2 × 107 transducing units (as titrated on HEK293T cells) D101 vectors were
incubated with polybrene (final concentration 8 μg/mL) at RT for 10 minutes before
combined with 1 × 106 freshly isolated, enriched monocytes (MOI = 20) in serum free
medium. The cell/vector/polybrene mix is then transferred to a 5mL round-bottom
polystyrene tube, and transduction was carried out by centrifuging the culture at 1,500 ×g
for 90 minutes at 32°C. Cells were then washed three times by centrifugation with PBS to
remove excess vector and polybrene, and immediately injected IV into recipient animals. A
small portion of the transduced cells were maintained in vitro for 7 additional days
following in complete culture medium, and the efficiency of monocyte transduction was
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determined by counting the number of GFP-positive cells at random fluorescent
microscope fields.

2.3.6 Monocyte uptake of SHP30
Commercially available SPIO nanoparticle (NP) SHP-30 (Ocean NanoTech) was used
in this study. SHP30 is 30 nm in core diameter (38-40 in hydrodynamic diameter), has oleic
acid and amphipilic polymer coating with carboxylic acid reactive group, and with a Zeta
potential range from -30mV to -50mV. Immediately following isolation and enrichment,
monocytes were transferred to 5mL round-bottom PS tubes, and cultured in suspension
with complete culture medium containing 50 μg/mL SHP30, for 12 to 14 hours. The cells
were then washed 3 times with PBS by centrifugation to remove extracellular SHP30, and
injected IV into recipient animals. The SHP30 uptake efficiency was 100% as determined
by Prussian blue staining.

2.3.7 Trypan blue exclusion assay
Following LV transduction or SHP30 uptake, the cell viability of control and carrier
monocytes was measured with Trypan blue exclusion assay, by mixing equal volume of
cells and 0.4% trypan blue solution (Sigma, Cat#T8154). Cells stained blue were
considered dead, and unstained cells were considered viable. The final cell viability was
presented in percentage, as comparing to the viability of control monocytes (no gene or
SHP30 carriage) set as 100%.
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2.3.8 Real-time qPCR
Genomic DNA was isolated from brain regions ± 1.0 mm from the LPS injection site
(average tissues weight ranged from 50-60 mg) using QIAamp DNA mini kit (Qiagen)
following the manufacturer’s instructions. The amount of donor-derived cell DNA was
quantitatively determined by real-time qPCR with primers and probe specific to male
murine Y chromosome (97). Real-time qPCR was performed on an iQ5 optical system
(BioRad) using forward primer 5’-TTTTGCCTCCCATAGTAGTATTTCCT-3’, reverse primer
3’-TGTACCGCTCTGCCAACCA-3’

and

the

TaqMan

probe

5’-/56-

FAM/AGGGATGCC/ZEN/CACCTCGCCAGA-/3IABkFQ/-3’ (Integrated DNA Technologies).
Standard curves were generated by serially diluting DNA from male mouse brain. DNA
isolated from female mouse brain was included as a negative control in every assay. The
average DNA content in a diploid mouse cell range from 5 to 7 pg (98), therefore a
parameter of 6 pg gDNA per cell was applied to convert DNA to cell numbers presented in
all results.

2.3.9 PCR
The presence of GFP gene delivered by D101 transduced monocytes to the brain
were detected with conventional PCR method using forward primer F-GFPreal: 5’GGTGAGCAAGGGCGAGGAG-3’,

and

reverse

primer

R-GFPreal:

5’-

GCCGGTGGTGCAGATGAACT-3’. PCR was performed with a MasterCycler Gradient
(Eppendorf, Germany). Five microliter of inflamed brain tissue DNA was combined with 20
μL of a mixture containing 1X Taq (Mg2+ free) reaction buffer (New England Biolabs, NEB,
MA), 1.5 mM MgCl2 solution (NEB, MA), 200 nM of each dNTPs (Sigma-Aldrich, MO), 400
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nM of each primer (Integrated DNA technologies, IA), and 2 units of Taq polymerase
(provided by Dr. Huang, University of Hawaii at Manoa). The Amplification started with an
initial denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30
sec, annealing at 56°C for 30 sec, extension at 72°C for 30 sec, and a final extension at 72°C
for 5 min. PCR products were subjected to 2% agarose gel electrophoresis, alongside a 50
bp DNA marker (NEB, MA), stained with ethidium bromide (EtBr) and viewed with the
Molecular Imager Gel Doc XR+ system (BioRad Laboratories, Inc., CA).

2.3.10 Analysis of cytokine transcripts by real-time RT-PCR
Tissue RNA was isolated from the inflamed and control brain region by TRIZOL
reagent (Life technology) at 72 hrs post ICI of LPS or PBS (48 hrs post cell IVI). Reverse
transcription (RT) was performed with iScript Reverse Transcription Supermix for RTqPCR (Bio-Rad laboratories), followed by quantitative real-time PCR with specific primer
sets (Table 2.1) using iQ SYBR Green Supermix (Bio-Rad laboratories) through an iQ5
optical system (Bio-Rad). Results were analyzed for relative gene expression using the 2delta-delta CT method.

2.3.11 Transient disruption of the BBB by chemical agents
Twenty-four hours after LPS injection (5 μg, IC), female recipient mice were
anesthetized with Avertin (125 mg/kg, IP), and different transient BBB disrupting (BBBD)
agents were administered prior to IVI of 5×106 monocytes (see below). Dosages and
injection time points of the BBB disrupting agents were selected from previously published
methods, with some modifications (94, 99-102). Detailed descriptions for each BBB
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disrupting agent usage are as follows: 1) D-Mannitol (Sigma, cat#M9546): 200 μL of 25%
(w/v), IV, with IV delivery of donor cells 8 minutes later ; 2) L(+)Arabinose (Calbiochem,
cat#78680): 200 μL of 1.8M, IV, with IV delivery of donor cells immediately thereafter ; 3)
Bradykinin (Sigma #B3259): 200μl of 1g/L, IV, with IV delivery of donor cells 20 minutes
later; 4) 5-Hydroxytryptamine creatinine sulfate monohydrate (Serotonin creatinine
sulfate) (MP Biomedicals, 151315): 200 μL of 1g/L, IV, with IV delivery of donor cells
immediately thereafter. 5) Cyclosporin A (Enzo Life Sciences, 380-002): 50 mg/kg,
Subcutaneous (SQ), injected right after LPS ICI, followed by IV delivery of donor 24 hrs
later. For the BBB disrupting agents administered by IV injection, monocytes were infused
into the alternative tail vein at indicated time points as described above. Animals that
received cells only (with no BBB disrupting reagents) at 24 hrs post ICI delivery of LPS
were used as controls (value set at 100%), and the relative amount of recruited donor cells
from the test groups was quantified and comparatively analyzed with the control groups
using unpaired student t-test, and one-way ANOVA among all test groups.

2.3.12 IHC and immunofluorescent analyses
Twenty-four hours post ICI of 5 μL LPS (1 μg/μL) or sham (PBS), female C57BL/6
recipient mice received IVI of 5×106 GFP-positive enriched monocytes from male donor
C57BL/6-tg (UBC-GFP) 30Scha/J mice. At days 2, 5, 7 and 14 post cell infusion, recipient
mice were sacrificed by intracardiac perfusion with PBS followed by 4% paraformaldehyde
(PFA) in PBS. Brain tissues were collected and post-fixed in 4% PFA overnight at 4°C prior
to dehydration in gradient sucrose solutions. Brain tissues were then embedded in OCT
compound and frozen in 2-methylbutane cooled on dry ice. Serial coronal brain sections of
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25-μm were prepared from sample tissue ±1.0 mm of the injection point. Donor-derived
GFP-positive cells were detected with goat anti-GFP antibody (1:200, Rockland #600-101215). Polyclonal antibody to ionized calcium-binding adaptor molecule 1 (Iba-1, 1:400,
Wako Pure Chemical Industries, Ltd. Japan. Stock#01919741) was used to identify mice
brain microglial cells. Astrocytes were detected with Rabbit polyclonal Abs against glial
fibrillary acidic protein (GFAP, 1:1,000, DaKo Cytomation #Z0334). Secondary antibody
conjugated with Rhodamine was used for fluorescent imaging (Goat anti-Rabbit IgG with
Rhodamine conjugate, 1:200, Jackson Immuno Research; Donkey anti-Goat IgG with
Rhodamine conjugate, 1:200, Rockland #605-700-002). For IHC detection of GFP
expressing cells, Donkey anti-Goat IgG with Biotin conjugate was used (1:200, Rockland). In
addition to IHC, the presence of SHP30 within the cytoplasm of recruited donor cells in the
brain was detected by Prussian blue staining, and counter stained with Nuclear Fast Red
solution (Sigma). All microscope images were viewed with a Nikon eclipse TE2000-U epifluorescence microscope (with 4x, 10x, and 20x objective lenses, total magnifications of
40x, 100x, and 200x, respectively), which was equipped with a CoolSNAP ES2 CCD camera
(for fluorescent image acquisition), and with a QIClickTM CCD Camera (for bright-field color
image acquisition). All microscope image were captured at room temperature (25°C) using
NIS-elements BR2.30 software, images were further processed with Adobe Photoshop CS3
(version 10.0.1) and Image J (1.48V).

2.3.13 Statistic analysis
For all experiments, final data presented were obtained from 3 to 6 animal for each
test group, and were represented as mean values ± SD. Analysis of variance (ANOVA) was
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used to analyze studies with three or more experimental groups. Unpaired t test was used
to analyze studies between two experimental groups. Pearson correlation coefficient was
used to calculate correlation (R) and coefficient (R2). Results with p-value < 0.05 were
considered significant.

2.4 RESULTS
2.4.1

Migration efficiency of IV adoptive transferred monocytes and cMDM to

acutely inflamed brain tissues
In all tests, male mice were used as cell donors, and female mice as recipients. This
sex-mismatched system allowed tracking and quantifying of recruited donor cells in the
brain by detecting the amount of y-chromosome DNA (97). Our initial experiments
demonstrated that the amount of accumulated donor cells in the inflamed brain region was
the highest when cells were introduced to recipient animals at 24 hrs following LPS ICI, and
when brain tissues were collected at 48 hrs post cell IV infusion (Figure 2.1). These test
conditions were used in all experiments of this study unless otherwise indicated.
Both freshly isolated monocytes and cMDM have been tested in adoptive transfer
studies to reach target tissues with various degree of success (58, 63, 65, 72, 73, 94, 103).
To determine the more suitable cellular sources as delivery vehicles for the brain, MDM
were cultivated in vitro in the presence of M-CSF for 0 to 28 days prior to their IV infusion.
As the results, freshly isolated cells (BMC) showed the highest migratory efficiency, even
though only ~10% of the total cell population was monocytes in origin (Figure 2.2A and
B) (104). The cell transmigration efficiency decreased with the cultivation time – the
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efficiency dropped almost by half when 2-day’s cultures were used, and continued to drop
until a plateau was reached with cells cultured for 9 days and thereafter (Figure 2.2A).
To explain the decreased brain homing efficiency in vivo, cMDM population was
analyzed for cell types at corresponding cultivation time points. The frequency of
macrophages (CD11b+ F4/80high Ly6Cneg CCR2neg) and monocytes (including Ly6Chi
monocytes as CD11b+ F4/80med Ly6Chigh CCR2+, and Ly6Clo monocytes as CD11b+ F4/80low
Ly6Clow CCR2low to neg) was measured with flow cytometry (Figure 2.2B). Freshly isolated
BMC was composed of 10% monocytes and less than 0.4% macrophages (Figure 2.2C).
During in vitro cultivation, macrophage numbers increased quickly at day 5, and
maintained at a consistent 80% of the total cell population (including all cells present in
culture flask), or at > 90% among the CD11b+ cell population, from day 9 and thereafter.
Conversely, total number of monocytes only showed a brief increase that peaked at day 2,
followed by rapid decrease and fell below 0.5% by day 12 and thereafter.
Nevertheless, even with the presence of a much higher percentage of total
monocytes, in vivo transmigration of day 2- and day 5- cMDM into the brain was not as
efficient as the freshly isolated BMC (d0) (Figure 2.2A). Further analysis revealed that
majority of the monocyte population at these later time points was composed of Ly6Clo
monocytes (Ly6Clow CCR2low

to neg);

whereas the portion of Ly6Chi monocytes (Ly6Chigh

CCR2+) decreased over time (Figure 2.2D). Previous studies have reported that Ly6Chigh,
but not Ly6Clow monocyte, are actively recruited to inflammatory sites (103, 105, 106), and
Ly6Chi monocytes are known to appear in circulation in large quantities during both acute
and chronic inflammation (107). Hence, this subtype of the donor cells was likely to be the
primary ones entering the acutely inflamed brain following IV administration. Thus, the
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rapid decline of this cell population during in vitro cultivation would explain why the
efficiency of cell transmigration into the inflamed brain tissue declines with prolonged
culture time.
A previous study has demonstrated that infiltrating neutrophiles quickly appeared
in the inflamed brain regions but died within 18 hours following LPS IC inoculation, and
monocytes were the major infiltrating CD11b+ cells detected in the brain after 24 hours
(62). Nevertheless, in this study, the recruited donor-derived cells in the brain might come
from cell types other than monocytes and macrophages, since freshly isolated BMC
contains mixed cell populations, and cMDM was only partially purified by in vitro
cultivation with the use of M-CSF. To ensure the cell purity in subsequent studies,
monocytes were further enriched from the freshly isolated BMC using a negative selection
method. Results from flow analysis have confirmed that over 91% of EnMO (SSClow) were
positive for CD11b, and over 90% were positive for the monocyte-macrophage lineage
marker, CD115 (Figure 2.3). In addition, over 99% of CD11b+ cells were found to be
F4/80med-low, and over 93% of the CD11b+F4/80med-low population were CD115+ (Figure
2.3). Furthermore, animals received five million of EnMo showed a significant increase in
numbers of transmigrated cells in the brain: a 9.4-fold, 15.6-fold and 43-fold increase was
observed as compared to animals that received the same amount of d2-, d5- and d12cMDM (Figure 2.4). Confirmed with its superior inflamed-brain homing efficiency, freshly
isolated monocyte was deemed to be the better candidate as cellular vehicles for the brain,
and was used in all subsequent tests.
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2.4.2

IV adoptive transferred monocyte ingression in the inflamed brain did not

aggravate neuroinflammation
Histological results revealed that distributions of recruited monocytes in the brain
altered at different time points following the induction of neuroinflammation. At 2 days
post cell IV infusion, a large amount of recruited GFP-positive cells were detected in the
injected hemisphere, in a broad and widely-distributed fashion (Figure 2.5A). There were
also some GFP-positive cells detected in the contralateral (un-injected) hemisphere, mostly
within the motor cortex at regions close to the injected hemisphere (data not shown). This
distribution pattern strongly suggested that recruited monocytes were attracted to the CNS
sites with inflammatory responses in a controlled fashioned, and weren’t just passively
leaked in from the physical trauma on the BBB created by the microinjection needle, as the
CNS responses would be confined to only the needle injection tract in such case (108). By
day 5, most GFP-positive cells appeared to be in close association to the needle insertion
site (physical trauma site) (Figure 2.5B). By day 7, majority of the transmigrated cells
were found along the needle tract (at a lower amount as compared to day 5), and within
the corpus callosum of the LPS-injected hemisphere (Figure 2.5C). Quantification results
showed that recruited donor cells in brain decreased over time as the animals recovered
from LPS-induced acute neuroinflammation (Figure 2.5D).
The amount of monocytes recruited to the damaged CNS tissues is tightly correlated
to the degree of inflammation (16, 108). Nevertheless, infiltrating monocytes has been
related to several CNS disease progressions, including multiple sclerosis and HIVassociated neurocognitive disorders (16, 17). Whether or not the presence of additional
monocytes

introduced

by

adoptive

transfer
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to

circulation

would

aggravate

neuroinflammation was unclear. Therefore, quantitative RT-PCR analysis was conducted at
72 hrs following ICI delivery of LPS (48 hrs post cell IV infusion). As compared to control
animals that received ICI delivery of PBS, significant increase of gene transcription was
detected in the brains of animals received LPS, including tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL-1β), transforming growth factor beta (TGFβ), interleukin 10 (IL10), nitric oxide synthase 2 (NOS2), and interleukin 12 subunit beta (IL-12p40) (Figure
2.6). However, no significant difference in cytokine gene transcription was observed
between animals that received no cells and those received exogenous monocytes IV
transfers at 24 hrs post ICI delivery of LPS (Figure 2.6), suggesting the transient presence
of additional IV-transferred monocytes in circulation did not subsequently aggravate LPSinduced neuroinflammation.

2.4.3 Enhancement of monocyte entry into inflamed brain tissue
One limitation of conducting cell adoptive transfer without preconditioning by lethal
irradiation is that upon their entry into the circulation, these cells are diluted with
endogenous cells; and as stated above, the amount of immune cells recruited to the target
sites is fixed by the degree of inflammation. Therefore, we hypothesized that by rising
exogenous to endogenous monocyte ratio, more transferred monocytes might be able to
reach the affected brain regions. To test this, different numbers of monocytes ranged from
1×104 to 5×106 were infused into recipient mice that had received a fixed dose of LPS ICI
(5μg) 24 hrs earlier. As the result, the number of donor-derived cells reaching the inflamed
brain region was found to be positively correlated with the initial number of cells injected
IV (R = 0.9922, R2 = 0.9845; Pearson Correlation Coefficient) (Figure 2.7A). Hence by
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increasing the number of initial IV transferred cells, it is possible to bring up vehicle
concentrations at the target site for more effective treatments.
The permeability of the BBB can be transiently increased through the use of
chemical agents to disrupt the barrier (94, 99-102). Our previous study demonstrated
enhanced entry of blood circulating monocytes (infused via common carotid artery, CCA)
into the brain in steady physiological state, following transient disruption of the BBB using
Mannitol and Bradykinin (94), suggesting the possibility of increasing brain entry of the
cell vehicles by transiently modulating BBB permeability. To further optimize BBBD agentfacilitated enhancement of IV-infused cell vehicles entry into the CNS under inflammatory
conditions, Bradykinin, Mannitol, and several other BBBD agents that could temporarily
increase the permeability of the BBB via different mechanisms were tested and compared.
As shown in figure 2.7B, Mannitol, Bradykinin and Serotonin all showed statistically
significant enhancement in the amount of recruited donor cells in the inflamed brain region
at 48 hrs following cell IV infusion (p<0.05). Interestingly, the two calcium-channel
modulating agents, Bradykinin and Serotonin, showed the highest enhancement in
facilitating monocytes transmigration into the inflamed brains (176% ± 51% and 168% ±
59%), followed by the osmotic agent Mannitol (134% ± 29%) (Figure 2.7B).

2.4.4

Recruited monocyte differentiated into IBA-1 positive cells with microglia

morphology in the brain
Histological analysis revealed that at 48 hours post cell infusion, GFP-positive cells
recruited to the inflamed brain had a relatively homogeneous morphology, with majority of
them being round (Figure 2.8A), and a few just slightly branched (Figure 2.8B). By day 5,
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most of donor-derived cells around the needle tract had a large and round appearance
(Figure 2.8C), whereas cells in the cortex region started to show a more elongated and
branched morphology (Figure 2.8D). By day 7, large and round cells were still detected
around the needle tract (Figure 2.8E), and a small number of highly branched donor cells
were also detected, mostly in the cortex regions (Figure 2.8F). Immunofluorescent
analysis further revealed that a small portion of the donor cells had become Iba-1 positive
by day 5 and day 7 post cell injection (Figure 2.9A and B), with all of them showing
branched morphology, and were detected mostly in the cortex region further away from
the microinjection site.

Differentiation of recruited donor cells into GFAP positive

astrocytes in brain was not detected under the described conditions (Figure 2.10). qPCR
results indicated the presence of a low amount of recruited donor cells in the LPS injected
hemisphere at day 14 (Figure 2.5D), whereas no donor cell was detectable in the
peripheral tissues including liver, lungs and spleen (data not show), suggesting that a small
population of recruited donor cells were able to last in the brain after animals were
recovered from acute neuroinflammation.

2.4.5 Monocyte-mediated delivery of nanoparticle SHP30 and exogenous GFP gene
into the inflamed brain tissues
Finally, we set out to determine the ability of “cargo” carriage monocytes to enter
the brain. Two types of “cargos” were tested in this part of the study: SHP30 and GFP gene.
SHP30 is a SPIO nanoparticle (SPION) that is 30nm in diameter. It was used to test the
ability of monocytes to carry and transport nano-scaled agents (e.g. nano-formulated
medicines or drug carriers) into the brain. On the other hand, GFP reporter gene was
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transferred into monocyte by an HIV-1-based vector D101, which allows gene integration
into cell chromosome for permanent expression.
Overnight incubation of monocytes in SHP30 containing media resulted in 100%
particle uptake efficiency, as determined by the presence of the particle accumulates
(brown granules) (Figure 2.11A), and by Prussian blue positive pigments present in cell
cytoplasm following Prussian blue staining (Figure 2.11B). LV-mediated GFP gene
transfer, on the other hand, resulted in 36% of GFP-expressing monocytes (GFP-positive),
as evaluated by fluorescent microscopy at 7 days post transduction (Figure 2.11C). After
overnight SHP30 uptake, up to 96% SHP30-monocytes remained viable, as determined by
Trypan blue exclusion assay (Figure 2.11D). Conversely, the 90 minutes LV transduction
procedure resulted in nearly 30% cell death, with only 70% of transduced monocytes
remained viable (Figure 2.11D). Immediately following the described ex vivo
modifications, these male-donor derived monocytes were injected IV to female recipient
animals bearing acute neuroinflammation induced by LPS IC the day before cell transfer. 48
hours following cell IV transfer, around 400 donor cells/mg brain for SHP30-monocytes,
and 200 cells/mg brain for D101 LV transduced monocytes were detected in the inflamed
brain tissues (Figure 2.11E), as determined by real-time qPCR measuring the amount of
male-derived cells in the brain. In addition, cytoplasmic SHP30 carriage remained
detectable in donor-derived monocytes following trafficking into the brain, as confirmed by
IHC and Prussian blue staining (Figure 2.11F). Furthermore, the presence of the
exogenous GFP gene in the inflamed brain region was confirmed by PCR at days 2 and 5
following IV infusion of the transduced cells (Figure 2.11G).
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2.5 DISCUSSION
This study was designed to fully characterize the IV adoptive transferred monocytes
for their migration into the brain using an acute neuroinflammation mouse model, and thus
to establish the optimized conditions to facilitate the cell-based therapeutic delivery
system for the CNS. We investigated infused monocytes and MDM for their inflamed-brain
homing efficiency, and established conditions that could enhance monocyte brain entry,
followed by evaluating the transmigrated donor cell engraftment and differentiation in the
brain, and finally, validated the ability of nano-scaled agents- and exogenous genes-carriage
monocytes to enter the brain by testing with SHP30 and the GFP reporter gene.
To begin with, cells within the mononuclear phagocyte (MP) family vary largely in
their degree of maturation and cellular functions, thus it is important to first identify the
cell types that are more suitable as delivery vehicles, which should have the ability to
accumulate in the brain target sites with high efficiency following adoptive transfer. Bone
marrow is a preferred source of monocytes and MDM for many studies in mice, since it
allows generating large quantities of mouse MDM through in vitro cultivation (65, 72, 73,
104). However, it is not clear how the duration of in vitro cultivation affects MDM
migratory efficiency in vivo. MDM have been reported to successfully deliver anti-viral
drugs and therapeutic gene products into diseased CNS tissue after 10-14 days of in vitro
cultivation in the presence of granulocyte macrophage colony stimulating factor (GM-CSF)
or M-CSF (72, 73). Freshly isolated bone marrow CD11b+ cells have also been used to
deliver therapeutic gene products for Alzheimer’s disease in a mouse model (58). A
previous study of IV transferred monocytes in irradiated recipient animals concluded that
the relative mature ex vivo manipulated monocytes migrated and engrafted with better
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efficiency in tissues (63); whereas Xu et al reported that only freshly isolated CD11b+
monocytic cells could circulate freely and traffic efficiently to the inflamed retina, but not
MDM cultured in vitro for 6 days (103). Nevertheless, few studies have provided a clear,
quantitative comparison of the transmigratory efficiency of these transferred cells into the
inflamed brain. Therefore, this study was first conducted to determine the relationship
between the duration of in vitro cultivation and the in vivo trafficking efficiency of cMDM to
inflamed CNS tissue in recipient mice. Our results indicated that freshly isolated monocytes
and cMDM with shorter cultivation times migrated into the inflamed brain with much
higher efficiency compared to cells that had undergone prolonged cultivation in the
presence of M-CSF. These findings suggested that the relatively immature MP population
were more suitable to be used as cell vehicles targeting the brain through the non-invasive
IV administration.
Infiltrating monocytes have been reported to play critical roles in several CNS
disease progression involving inflammation and tissue damages (16, 17). Therefore, safety
evaluation on conducting monocyte-based therapy is essential. After adoptive transfer, IV
infused cells entered the circulation and mix with endogenous monocytes. Under normal
physiological condition, there is about one million monocytes in mice peripheral blood, and
the number increases during inflammation and pathological conditions (109). When
exogenous monocytes were introduced, there were considerably more monocytes in
circulation for a transient period. Quantitative assessment of the mRNA expression level of
several pro- and anti-inflammatory cytokine in brain revealed that this transient increase
of monocytes in circulation did not aggravate the degree of neuroinflammation.
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One important aspect when developing a successful cell-based delivery system is to
establish conditions that can increase the number of cell vehicles present at the target sites.
Unlike BMT procedure in which the endogenous immune cells and their precursors are
largely destroyed by lethal irradiation, monocytes introduced by IV adoptive transfer were
diluted with the endogenous cell pool upon entering circulation. As reported, the number
for recruited cells into the brain was tightly controlled by the degree of neuroinflammation
(16, 108), therefore, we increased the amount of IV transferred monocytes to bring up the
exogenous to endogenous cell ratio, and confirmed that by increasing the number of IV
infused cells, more donor cells were recruited to the inflamed brain region. In addition, we
have further established the conditions in this study to transiently disrupt the BBB using
chemical agents Mannitol, Bradykinin, and Serotonin to increase transmigration of donor
cells into inflamed brain tissue (1.3-1.8 fold increase on average, p < 0.05, unpaired student
t-test). The underlying mechanisms of this BBBD reagent-facilitated enhancement is
presently not clear, and additional tests as well as further condition optimizations are
necessary in the future. Nevertheless, this data supported the notion to increase IV-infused
cell vehicle concentration at target brain tissues by increasing initial amount of transferred
cells, as well as transiently disrupting the BBB using chemical agents.
Recent parabiosis-studies suggested that blood circulating monocytes were not able
to differentiate into brain resident microglia, as demonstrated in both the mouse facial
axotomy and experimental autoimmune encephalitis models (16, 89). However, another
study applying LPS IC injection into the brain reported local microglia death within 6 hours
around the injection site, followed by replenish of regional IBA-1 positive cells derived
from infiltrating monocytes (62). Based on our observation. IBA-1 positive donor-derived
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cells started to appear at day 2 following cell IV infusion, and more IBA-1 positive cells with
microglia-like morphology were detected at later time points, with majority of them
located at the cortex region. To which extent can these IBA-1 positive cells last beyond the
test period (14 day) requires further investigations. Nevertheless, the ability of IV
transferred monocytes to enter the brain and differentiate into functional CNS tissue cells
was indeed validated in this study.
Finally, the ability of monocytes to carry “cargos” into the brain was tested. SHP30
and GFP gene were selected as representative nano-scaled agent and exogenous gene,
respectively. The numbers of the cargo-laden monocytes detected in the brains were in fact
lower than monocytes without ex vivo modification. This decreased in homing efficiency
was somewhat expected. The “loading” system we applied required overnight incubation of
monocyte culture with the nanoparticles SHP30, and LV-mediated gene transfer involved a
90-minute transduction procedure using centrifugation. As observed in the study,
elongated in vitro cultivation time has an adverse effect on the homing efficiency of cMDM,
hence the overnight incubation with SHP30 was expected to decrease the brain migration
level of the carrier monocytes. On the other hand, LV-mediated gene transfer using the
spin-infection method involving centrifugation have caused certain degree of physical
damages to the cells, which subsequently decreased carrier cells’ in vivo brain-migration
efficiency. It should be noticed that we have confirmed the presence of SHP30-carriage
monocytes in the brain by using histological method. However, it has been very challenging
when the same approach was applied to validate the physical presence of GFP genecarriage monocytes in the brain. As observed in vitro, the GFP signal expressed by carrier
monocytes at 48 hours post transduction were very weak. Together with only 36%
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transduction efficiency and the fact of limited number of transduced-cells to enter the
brain, detection of GFP-monocytes by IHC method was difficult. Nevertheless, current
finding from PCR analysis has clearly demonstrated the presence of the GFP gene in the
brain. These results together emphasized the importance of further method optimizations
on the “loading” of therapeutic agents, especially therapeutic genes, into monocytes, and
warrant for more in-depth study to confirm the viability and biological functionality of
these recruited carrier cells in target tissues in the future.
In total, we have established an optimized monocyte-based delivery system, and
validated the ability of IV adoptively transferred SHP30-carriage monocytes to enter the
brain. The findings from this study support the notion of using monocyte-based delivery
system as an alternative therapeutic approach towards neurological disorders, and argue
for more in-depth tests and developments of such systems in the future.
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Table 2.1 – Real-time RT-PCR primer sequences for cytokine transcription profile
Gene

GeneBank

name

accession #

GAPDH

NM_008084

TNFα

NM_013693

IL-1β

IFNγ

TGFβ1

NM_008361

NM_008337

NM_011577

IL-10

NM_010548

NOS2

NM_010927

IL-2

NM_008366

IL-4

NM_021283

IL-12p35

NM_008351

IL-12p40

NM_008352

BDNF

NM_007540

GDNF

NM_010275

Oligonucleotide sequences
forward: 5’–CTCCACTCACGGCAAATTCAA–3’
reverse: 5’–GATGACAAGCTTCCCATTCTCG–3’
forward: 5’–CCGTCAGCCGATTTGCTATCT–3’
reverse: 5’–ACGGCAGAGAGGAGGTTGACTT–3’
forward: 5’–ACAACAAAAAAGCCTCGTGCTG–3’
reverse: 5’–CCATTGAGGTGGAGAGCTTTCA–3’
forward: 5’-ACAGGTCCAGCGCCAAGCAT-3’
reverse: 5’-ACCCCGAATCAGCAGCGACT -3’
forward: 5’–AGGACCTGGGTTGGAAGTGG–3’
reverse: 5’–AGTTGGCATGGTAGCCCTTG–3’
forward: 5’–AGGCGCTGTCATCGATTTCTC–3’
reverse: 5’–TGCTCCACTGCCTTGCTCTTA–3’
forward: 5’–GGCAAACCCAAGGTCTACGTTC–3’
reverse: 5’–TACCTCATTGGCCAGCTGCTT–3’
forward: 5’-GCATGCAGCTCGCATCCTGT-3’
reverse: 5’-TGCTGCTGTGCTTCCGCTGT-3’
forward: 5’–CACGGATGCGACAAAAATCA–3’
reverse: 5’–CTCGTTCAAAATGCCGATGA–3’
forward: 5’–AAATGAAGCTCTGCATCCTGC–3’
reverse: 5’–TCACCCTGTTGATGGTCACG–3’
forward: 5’-ACCAGGCAGCTCGCAGCAAA-3’
reverse: 5’-ACACATCCCACTCCCACGCT-3’
forward: 5’–AGGCACTGGAACTCGCAATG–3’
reverse: 5’–AAGGGCCCGAACATACGATT–3’
forward: 5’–GGGTGCGTTTTAACTGCCAT–3’
reverse: 5’–GCCCAAACCCAAGTCAGTGA–3’

54

Reference

(72)

(72)

(72)

This study

(72)

(72)

(72)

This study

(72)

(72)

This study

(72)

(72)

Figure 2.1 – Condition optimization for exogenous MDM delivery into acutely
inflamed brain tissue. (A) The number of donor-derived MDM detected in the inflamed
brain region at 24 hours following cell IV injection. Cells were introduced into the recipient
animals at indicated time points post LPS-induced acute neuroinflammation. (B) The
persistence of the recruited IV-infused donor cells in the inflamed brain of the recipient
animals.

Each

experiment

was

independently

performed

3

times,

with

1

animal/group/experiment. Final data presented mean values ± SD. Results wer analyzed by
one-way ANOVA, with resulting P-value < 0.05.
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Figure 2.2 – Migration efficiency of IV transferred cMDM to acutely inflamed brain
tissue is linked to monocyte-to-macrophage differentiation. (A) MDM cultured from
day 0 to day 28 were introduced IV (5×106 cells) into recipient mice bearing LPS-induced
acute neuroinflammaiton, and cMDM in vivo brain homing efficiency deceased as the in
vitro cultivation time went up. Female gDNA = female mouse brain tissue genomic DNA
(negative control). No cell IV = LPS injected control animal that received no cell IV
transplant. Final data presented here represents mean values ± SD. Data was analyzed by
one-way ANOVA, with resulting p-value <0.05. (B - D) Flow cytometry analysis on cMDM
cell populations at different time points post in vitro cultivation. (B) Example of phenotype
identification of cMDM using D5 cMDM. The green cluster reflects macrophage phenotype
(CD11b+ F4/80hi Ly6Clow to neg), blue cluster reflects Ly6clow monocytes (CD11b+ F4/80low to
med

Ly6Clow

to neg),

and yellow cluster reflects Ly6Chi monocytes (CD11b+ F4/80low

to med

Ly6Chigh). (C) The ratio of macrophages (CD11b+ F4/80high Ly6Cneg) and total monocytes
(CD11b+ F4/80low

to med

Ly6Clow

to high),

and (C) the ratio of Ly6Chi monocytes (CD11b+

F4/80med Ly6Chigh CCR2+) and Ly6Clo monocytes (CD11b+ F4/80low Ly6Clow CCR2low to neg) in
culture were evaluated.
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Figure 2.3 – EnMO characterizations. Phenotyping of freshly isolated EnMO by flow
cytometry analysis. Expression level of CD115, CD11b, F4/80, and Ly6c were measured to
determine the purity of the enriched cells.

58

Figure 2.4 – EnMO migrate into inflamed brain region with significant higher
efficiency compared to cMDM. Freshly isolated EnMO showed superior brain homing
efficiency over cMDM. 5x106 of EnMO (D0 EnMO), or MDM cultured for 2-, 5-, or 12- days
(D2 cMDM, D5 cMDM, D12 cMDM, respectively) were infused IV to animals with acute
neuroinlfammation, and the number of donor cells present in the LPS-injected brain
hemisphere was quantified at 48 hour following cell IVI. Final data presented here
represents mean values ± SD. Data was analyzed by one-way ANOVA, with resulting pvalue all < 0.05.
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Figure 2.5 – IV transferred monocytes ingression in brain. (A-C) Representative
sections show the distribution of GFP positive donor-derived monocytes in the LPS injected
brain at day 2(A), day 5(B), and day 7(C) post monocytes IV transfer. The area between the
two white dash lines indicated the physical needle insertion site. For panel A-C, bar
represent 200 μm, original magnification ×40. (D) Number of donor cells detected in the
LPS injected hemisphere (ipsi hemi= ipsilateral hemi) and in the other hemisphere (contral
hemi= contralateral) decreased over time post monocyte IV transfer.
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Figure 2.6 – Expression analysis of selected cytokine genes in inflamed brain region.
Transcription of TNFα, IL-1β, TGFβ, IL-10, IL-12p40 and NOS2 were significantly different
in group PBSic compared to group LPSic and group LPSic+Monocytes iv (p-value < 0.05),
but no difference was observed between group LPSic and group LPSic+Monocyte iv,
indicating the presence of additional IV infused monocytes in circulation did not aggravate
neuroinflammation. PBSic = sham control in which animals received PBS ICI. LPSic =
inflammation control in which animals received LPS ICI. LPSic + Monocyte iv = animals
received LPS ICI 24 hours prior to monocytes IV transfer. Cytokine gene transcription
levels were measured at 72 hours post ICI. * = p-value < 0.05, unpaired t test. Final data
presented here represents mean values +/- SD.
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Figure 2.7 – Enhanced monocytes entry into the inflamed brain. The amount of IV
infused monocytes recruited to the inflamed brain regions could be enhanced by (A)
increasing IV transferred monocyte amounts, and (B) transiently disrupting BBB by
chemical agents. (A) The number of recruited donor-derived monocytes in the brain was
positively correlated to the number of IV infused cells, as analyzed by Pearson correlation
coefficient, with R = 0.9932, and R2 = 0.9864. No Cell IVI control = Control animal that
received LPS ICI but no monocyte IV. (B) Mannitol, Bradykinin, and Serotonin enhanced
entry of IV transferred monocytes into LPS-inflamed brain tissue by 134%± 29%, 176%±
51%, and 168± 59% compared to the group that received no BBBD reagents (LPSctl, p
value < 0.05, unpaired t test). Two additional control groups were included: LPS no cell i.v.
= mice that received LPS ICI but no cells, and PBSctl = mice that received PBS ICI, followed
by monocyte IV transfer. Data was analyzed by unpaired t test (to LPS no cell i.v. control)
and one-way ANOVA (among all test groups), with resulting p-value <0.05 (*) deemed as
significant. No difference was found in groups treated with Arabinose and Cyclosporin A (p
value > 0.05, unpaired t test). Final data presented here represents mean values ± SD.
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Figure 2.8 – Recruited monocytes matured into cells with two distinguish
morphologies in the brain. Two types of GFP positive donor-derived monocytes with
very distinct morphologies were identified in the inflamed brain at day 2 (A& B), day 5 (C&
D), and day 7 (E& F) post monocytes IVI. Panels A, C, and E show cells with big and round
morphology that were often detected along the LPS injection tract, while panels B, D, and F
show microglia-like, highly branched cells that were usually found in the cortical regions,
further away from the needle tract. GFP positive cells were visualized by IHC staining with
a GFP-specific primary antibody and a biotin-conjugated secondary antibody; Bars
represent 100 μm (A-F) and 25 μm (insets). Original magnification ×100 for panel A-F.
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Figure 2.9 – Recruited monocytes differentiated into IBA-1 positive cells with
microglia morphology in the brain. GFP positive donor-derived cells (green) with a
highly branched, microglia-like morphology located throughout the cortical region were
Iba-1 positive (red) by day 5 (A) and day 7 (B) following IV adoptive transfer of monocytes.
Bar represent 25 μm for all panel. Original magnification ×200 for panel A-F.
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Figure 2.10 – Distribution of IV infused monocytes and brain resident astrocytes in
the inflamed brain. Distribution of recruited IV-infused GFP positive donor monocytes
(Green) and GFAP positive brain resident astrocytes (Red).

(A&B) Brain tissue was

analyzed at day 5 (A) and day 7 (B) post monocyte IV transfer. Recruited donor-monocytes
were found to be in close association to the site in which astrocyte reactivity developed the
most along the needle injection tract. (C) No GFAP expression was observed on the
recruited IV-infused monocytes, indicating that recruited donor-monocytes do not
differentiate into astrocytes after entering the inflamed brain. For panel A and B, scale bar
= 100 μm, original magnification x100. For panel C, scale bar = 50μm, original
magnification x200.
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Figure 2.11 – Monocyte-mediated delivery of SHP30 and GFP gene to the brain. (A&B)
Overnight incubation of SHP30 with monocytes resulted in 100% SHP30 uptake efficiency,
as observed by (A) the presence of brown SHP30 accumulates under the light microscopic
fields, and by (B) the presence of Prussian blue pigments at monocytes cytoplasm following
Prussian blue staining. (C) D101 LV-mediated GFP gene transfer resulted in around 36%
transduction efficiency. (D) Viability of ex vivo modified monocytes following overnight
incubation with 25 μg/mL SHP30 (SHP30-monocyte), and 90-minute transduction with
D101 LV (GFP-monocyte). (E) SHP30-laden monocytes (SHP30-monocyte) or monocytes
underwent D101 LV transduction (GFP-monocyte) were detected in the inflamed brain
regions at 48 hours following cell IV infusion. (F) The presence of SHP30 (Dark blue,
Prussian blue positive) was detected in the cytoplasm of the recruited donor-derived cells
(Brown, GFP positive) in the brain. The arrow showed the presence of SHP30. (G) The
presence of the exogenous GFP gene was detected in the inflamed brain by PCR at day 2
and day 5 following cell IV transfer. For Panel A &B, bar represents 50 μm, at original
maginications x200. For panel C, bar represents 200 μm, at original magnification ×200.
For panel F, bar represents 25 μm, at original magnification x400.
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CHAPTER 3

Physiological function and inflamed-brain migration of mouse monocyte-derived
macrophages following cellular uptake of superparamagnetic iron oxide nanoparticles
– implication of macrophage-based drug delivery into the central nervous system
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3. 1 ABSTRACT
This study was designed to use superparamagnetic iron oxide nanoparticles (SPIONs)
as evaluating tools to study monocyte-derived macrophages (MDM)-mediated delivery of
small molecular agents into the diseased brains. MDM were tested with different-configured
SPIONs at selected concentrations for their impacts on carrier cells’ physiological and
migratory properties, which were found to depend largely on particle size, coating, and
treatment concentrations. SHP30, a SPION of 30-nm core size with oleic acids plus
amphiphilic polymer coating, was identified to have high cellular uptake efficiency and cause
little cytotoxic effects on MDM. At lower incubation dose (25 μg/mL), few alteration was
observed in carrier cells’ physiological and in vivo migratory functions, as tested in a
lipopolysaccharide-induced acute neuroinflammation mouse model. Nevertheless, significant
increase in monocyte-to-macrophage differentiation, and decrease in in vivo carrier MDM
inflamed-brain homing ability were found in groups treated with a higher dose of SHP30 at
100 μg/mL. Overall, our results have identified MDM treatment at 25 μg/mL SHP30 resulted
in little functional changes, provided valuable parameters for using SPIONs as evaluating tools
to study MDM-mediated therapeutics carriage and delivery, and supported the concepts of
using monocytes-macrophages as cellular vehicles to transport small molecular agents to the
brain.

3.2 INTRODUCTION
The use of therapeutics-loaded cell vehicles is a promising strategy to transport
medications to diseased sites (44, 65, 66, 72). This cell-based treatment approach is especially
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important for combating central nervous system (CNS) disorders such as Parkinson’s and
Alzheimer’s diseases, viral encephalitis, and HIV-1 associated neurocognitive disorders
(HAND), since many therapeutics and biologics have limited ability to penetrate the bloodbrain barrier (BBB) for effective treatments in the brain (110, 111). When developing cellbased delivery systems, challenges often arise in achieving good cellular uptake of the
diagnostic or therapeutic “cargos” (e.g. imaging agents, drugs and drug carriers) (69), or in
establishing conditions that allow efficient cell vehicle targeting and accumulation at the
diseased sites (44). Monocytes and monocyte-derived macrophages (MDM) have the natural
ability to uptake micro- and nano-size particles, allowing easy loading of small molecular
agents onto the cell carriers (65-69). In addition, these cells can traverse tissue barriers and
traffic into damaged sites caused by inflammation, infection, and tissue degeneration (85, 86),
making them attractive candidates for drug carriage and gene delivery (58, 65, 72, 73, 77).
Thus far, monocytes and MDM are currently being tested for their potentials as cellular
vehicles to deliver therapeutic agents in different CNS disease models (58, 65, 72, 73).
However, the optimal and standardized conditions for MDM-mediated drug delivery to the
diseased brains are yet to be established. Thus, development of test conditions that allows
evaluation of multiple aspects of MDM-mediated drug delivery is important and essential as a
powerful tool for future MDM-based cell vehicle studies.
Superparamagnetic iron oxide nanoparticles (SPIONs) are one of the most studied
biomaterials to date. They are used in a wide variety of medical applications (44, 69, 112114), and are the perfect candidate to be applied to evaluate several critical steps in cellbased delivery systems. To start with, SPIONs were originally used as contrasting agents for
diagnostic purposes; hence, labeling cell carriers with SPIONs allows real-time monitoring of
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in vivo distribution of these cell vehicles using magnetic resonance imaging (MRI) (112, 113,
115, 116). The presence of SPION-carriage cells at target tissues can also be tracked by
histological analysis using Prussian blue staining method to identify the cytoplasmic iron
oxide in carrier cells. In addition, SPIONs can be used as test nano-probes to study cellular
uptake and carriage for similar configured nano-formulated medicines (69), allowing
parameter establishments of particle specifications in drug-cell interaction studies. Moreover,
SPIONs can be used directly as drug carriers by covalently conjugate therapeutic molecules
onto their surface coats (114), and the paramagnetic property of SPIONs has potential in
magnet-directed trafficking in which labeled carrier cells can be redirected towards targeted
sites by placing an external magnetic field over selected body parts (44, 67, 68), hence
enhancing cell vehicle target site concentration.
Present studies have shown that cellular uptake of SPIONs can be influenced by a
number of factors including size, shape, surface charge, and coating materials of the
nanoparticles (NPs) (117-119). On the other hand, ingestion of different configured NPs
might trigger a wide variety of toxicological effects such as decreased cell viability and
proliferation, alternation in gene expression, disturbance in iron homeostasis, oxidative
stress, altered immunological responses and migratory properties (120-122). Although many
studies have been done on the development and characterization of SPIONs and their
interactions with various types of cells (117-124), few have investigated quantitatively on the
overall impacts regarding to the in vivo migratory functions of cell vehicles with SPIONs
carriage, or identified parameters in which alternation in cellular functionalities would be
induced following different dose SPION carriage. Therefore, this study was designed to
establish effective test conditions applying SPIONs as the evaluating tools to study the
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feasibility of using MDM as small molecule agent delivery vehicles to the brain, by
investigating cellular physiological properties and the in vivo migratory ability of SPIONsladen MDM in an acute neuroinflammation mouse model, induced by intracranial (IC)
injection of bacterial lipopolysaccharide (LPS). Results from this study has established
valuable test conditions for using SPION to evaluate cell-based delivery system, as well as
provided suitable parameters for MDM NP-carriage and delivery for future MDM-mediated
carrier cell studies, and supported the concepts of using monocytes-macrophages for
transporting small molecular agents to the brain.

3.3 MATERIALS AND METHODS
3.3.1 Animals
Six- to 10-week-old C57BL/6 (Animal and veterinarian services, University of Hawaii,
Manoa) and green fluorescent protein (GFP) transgenic mice C57BL/6-Tg (UBC-GFP)
30Scha/J (The Jackson Laboratory, stock #004353) were used in this study. All animal studies
were carried out in accordance with the National Institutes of Health guide for the care and
use of laboratory animals. The protocol has been reviewed and approved by the institutional
Animal Care and Use Committee (IACUC) of University of Hawaii at Manoa (Protocol number
09-767).

3.3.2 Mice MDM cultivation and cellular uptake of SPIONs
Three commercial SPIONs with different core sizes and surface coatings were tested in
this study. Detailed biophysical properties of tested SPIONs are listed in Table 3.1, the size of
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the iron oxide particles were determined by transmission electron microscopy (TEM) by the
manufacturer. Six- to eight-week-old male mice were used as cell donors. In brief, Bone
marrow cells (BMCs) were isolated from donor femurs and tibias of the hind limbs.
Erythrocytes were removed by lysis with ACK lysis buffer (Quality Biological, Inc.), a single
cell suspension was obtained by passing through 40-μm cell strainers (BD Falcon, #352340)
and resuspended in growth media RPMI-1640 supplemented with 10% FBS and 1,000 U/ml
recombinant human macrophage colony stimulating factor (rhM-CSF, obtained from 5/9 m
alpha3-18 cell condition media, ATCC#CRL-10154. rhM-CSF in condition media was
quantified using Human M-CSF quantikine ELISA kit, R&D system cat#DMC00B), and cultured
in suspension at 37°C with 5% CO2, with half media change every other day. On day 5, cells
were transferred to 5mL round bottom polystyrene tubes (Corning life sciences, cat#
352058) at the amount of 2.5×106 cells in 500 μL growth medium per tube, and cultured
overnight with the addition of SPIONs. Types of SPIONs and their concentration tested in
different assays are as followed: for SPION cell uptake and cytotoxicity evaluations: SHP10
and SHP30 were tested at 3 selected concentrations of 10 μg/mL, 100 μg/mL, and 500 μg/mL,
and IDX at 500 μg/mL, 1 mg/mL, and 2 mg/mL. For selected cytokine transcription profile: 25
μg/mL, 100 μg/mL, and 500 μg/mL of SHP30 were tested. For cytotoxicity assay conducted at
48 hours after SPION uptake, flow cytometry and in vivo migratory test: 25 μg/mL and 100
μg/mL of SHP30 were tested. For histological analysis: 25 μg/mL of SHP30 was used. In all
experimental tests, untreated MDMs was used as controls. Following overnight incubation
(about 14 hours), SPION-laden MDM were washed twice with PBS to remove external iron
prior to further downstream applications.
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3.3.3 MDM SPION uptake efficiency
3.3.3.1 Prussian blue staining
MDM cytoplasmic iron was detected by Prussian blue staining, and the comparative
values on intensity of optical density (IOD) were analyzed by Image Pro Plus v6.0. Following
overnight incubation conditions with SPIONs as described in section 2.2, cells were washed
three times with PBS to remove extracellular SPIONs, and transferred to a flat bottom 96-well
cell culture plate and allowed to attach for 2 hours at 37°C with 5% CO2 and stained
immediately after, or were maintained in culture for another 48 hours prior to staining. To
perform Prussian blue staining, the cell monolayer was washed 3 times with PBS, and fixed
with 4% PFA in PBS for 10 minutes at RT. Freshly prepared mixture with equal volume of
20% HCl and 10% of Potassium ferrocyanide (K4Fe(CN)6 ! 3H2O, Cat#P-3289, Sigma) was
added to fixed cells and incubated at RT for 20 minutes. The treated cells were then washed 3
times with distilled water, followed by counter-staining with Nuclear Fast Red (SigmaAldrich, Cat# N-3020) for 5 minutes, then washed with PBS, and observed for the presence of
Prussian blue pigments under the light microscope.

3.3.3.2 Ferrozine assay
Quantitative measurement of intracellular SPIONs was determined by a Ferrozine
assay as described previously.(125) In brief, 1 x 106 MDM were incubated with SPIONs and
cultured in suspension overnight, and cells were washed twice with PBS and lysed with 300
μL of 50mM NaOH. 100 μL cell lysate was transferred to a 1.5 mL tube and combined with 100
μL of 10mM HCl, then mixed with 100 μL iron releasing reagent (freshly mixed solution
containing equal volumes of 1.4M HCl and 4.5% (w/v) KMnO4 in H2O) and incubated at 60°C
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for 2 hours inside a fume hood. After the reaction mixture was cooled down to room
temperature (RT), 30 μL of detecting reagent (6.5 mM ferrozine, 6.5mM neocuproine, 2.5M
ammonium acetate, and 1 M ascorbic acid, dissolved in H2O) was added to each tube for an
additional 30 minutes shaking incubation at RT. 200 μL of the solution from each tube was
then transferred into a 96-well plate. Sample absorbance was read at 570 nm using AD340
plate reader (Beckman Coulter) and the iron concentration was calculated using a standard
curve prepared with 100 – 1000 μM FeCl3 in 10 mM HCl. The total iron content in the sample
was converted from the obtained iron concentration, and the average Fe pg/cell was
calculated using the initial cell number present in each sample (1x106 cells/tube).

3.3.4 Cell viability
3.3.4.1 Trypan blue exclusion test
Cell viability was examined by a trypan-blue exclusion assay. MDM were cultured
overnight with IDX, SHP10, and SHP30 at indicated concentrations as described in section 2.2.
Control and treated cells were washed three times with PBS and mixed with equal volume of
0.4% trypan blue solution (Sigma, cat#T8154) and observed under the microscope. Cells
stained blue were considered dead and unstained cells were considered viable.

3.3.4.2 MTT assay
Cell

viability

was

also

evaluated

by

3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) test. 1x105 of treated or control cells (cultured in
suspension) in 100 μL were transferred to each well of a 96-well plate. MTT solution was
added to the medium at a final concentration of 0.5 mg/mL and incubated at 37°C for 4 hours
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with 5% CO2. An equal volume of solubilizing buffer (10% Triton X-100 in acidic isopropanol)
was added to each well and incubated for another 30 minutes prior to absorbance reading,
which was measured at a wavelength of 570 nm using a plate reader (AD340 plate reader,
Beckman Coulter).

3.3.5 Analysis of cytokine transcription by real-time RT-PCR
Total cellular RNA of control and SPION-treated MDM were isolated with TRIZOL
reagent (Life technology). Reverse transcription was performed with cDNA iScript Mix
(Quanta bioscience), followed by quantitative real-time PCR with specific primers as listed in
Table 3.2 using iQ SYBR Green Supermix (Bio-Rad laboratories), performed on an iQ5 optical
system (Bio-Rad) following iQ5 amplification and melting curve standard protocol. Results
were analyzed for relative gene expression using the 2-delta-delta CT method.

3.3.6 Analysis of monocyte-macrophage differentiation by flow cytometry
In vitro SHP30-induced monocyte-macrophage differentiation was assessed by
fluorescent activated cell sorting (FACS) with a FACSAria III; and cytometry data were
analyzed using FACSDiva v. 6.1 (BD Biosciences). Control and SHP30 labeled cells were
collected from suspension culture tubes, washed with PBS, and incubated with antibodies for
30 minutes on ice. Unbound antibodies were removed by washing cells with PBS. Recovered
cell pellets were resuspended in 1% PFA in PBS and stored at 4°C until analysis. Cell samples
were stained with the following dye and antibodies for FACS analysis according to the
manufacturers

recommendations:

Zombie

Green

(Biolegend

cat#423111)

for

viability assessment, rat anti-CD11b (PE-Dazzle594 conjugated, Biolegend cat#101255), rat
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anti-Ly6c (PerCP conjugated, Biolegend cat#128027), and rat anti-F4/80 (APC-Cy7
conjugated, Biolegend cat#123117). Control group cell samples were used in single stain
controls to create spectral compensation, and in florescence minus one controls to establish
appropriate gating strategies. Forward and side scatter properties were applied in gating to
exclude doublets and cell debris, and the single cell population was assessed for their viability
in the FITC channel (Zombie Green viability assessment). CD11b+ cells (Zombie Greenneg)
were then divided into three populations based on combined assessment of their expression
of F4/80 and Ly6c. The F4/80highLy6Cneg, F4/80lowLy6Clow-high populations in this plot were
labeled as macrophages and monocytes, respectively. The relative percentages of each cell
population within the samples were generated from statistical analysis of the F4/80 – Ly6c
plots.

3.3.7

SHP30 laden MDM in vivo migratory evaluation in a LPS-induced acute

subregional encephalitis mouse model
Control or SHP30 treated MDM were used for an adoptive transfer study into recipient
mice bearing acute LPS-induced subregional encephalitis. In this test, male mice were used as
cell donors, and female mice as recipients. This sex-mismatched system allowed tracking and
quantifying of recruited donor cells in the brain by measuring the amount of y-chromosome
DNA(97). Adult female mice (6-8 weeks old) were anesthetized with Avertin (2,2,2Tribromoethanol, 250 mg/kg, IP) and positioned on a stereotaxic apparatus (Stoelting co.).
Escherichia coli (E. coli) LPS (Serotype O111:B4, S-form. Enzo Life Sciences, ALX-581-M005)
was administered into the right hemisphere (AP 0.0 mm, ML +2.5 mm, DV -4.0 mm from
bregma) to induce acute neuroinflammation. Each animal received 10 μg of E. coli LPS in 10
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μL of PBS over a period of 5 minutes. The un-injected contra-lateral hemispheres were used
as controls. At 24 hours following intracranial (IC) delivery of LPS, 5×106 of control or SHP30
laden cells in a 150 μL cell suspension were injected into the lateral tail vein of recipient mice.
Experimental mice were sacrificed and brain tissues were collected at 2 days after cell IV
injection. The in vivo MDM-carriage SHP30 doses were also presented in μg Fe/Kg, which was
calculated from the total iron carried on IV infused MDM (obtained from the average cell iron
content multiplied by 5x106, the number of cells injected into each recipient) divided by 20 g,
the average body weight of a 8-10 weeks old female C57BL/6 mouse.

3.3.8 Real-time qPCR
Genomic DNA (gDNA) was isolated from brain regions ± 1.0 mm from the LPS injection
site or contra-lateral hemisphere using QIAamp DNA mini kit (Qiagen) following the
manufacturer’s instructions. The amount of male donor-derived DNA was determined by realtime qPCR with primers and probes specific to the male murine Y chromosome.(97) Real-time
qPCR was performed on an iQ5 optical system (BioRad) using forward primer 5’TTTTGCCTCCCATAGTAGTATTTCCT-3’, reverse primer 3’-TGTACCGCTCTGCCAACCA-3’ and
the

TaqMan

probe

5’-/56-FAM/AGGGATGCC/ZEN/CACCTCGCCAGA-/3IABkFQ/-3’

(Integrated DNA Technologies). Standard curves were generated by serially diluting gDNA
from male mouse brain. DNA isolated from female mouse brain was included as a negative
control in every assay.
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3.3.9 Immunohistochemical (IHC) and immunofluorescence (IF) assays
Twenty-four hours post ICI of 10 μL LPS (1 μg/μL), female C57BL/6 recipient mice
received IVI of 5×106 of control or SHP30 (25μg/mL)-labeled MDM from GFP transgenic
donor C57BL/6-tg (UBC-GFP) 30Scha/J mice. At day 2 post cell infusion, recipient mice were
sacrificed by intracardiac perfusion with PBS followed by 4% paraformaldehyde (PFA) in PBS.
Brain tissues were collected and post-fixed in 4% PFA overnight at 4°C prior to dehydration
in gradient sucrose solutions. Brain tissues were then embedded in OCT compound and
frozen in 2-methylbutane cooled on dry ice. Serial coronal brain sections of 25-μm were
prepared from sample tissue ±1.0 mm of the injection point. Donor-derived GFP-positive cells
were detected with goat anti-GFP antibody (1/200, Rockland #600-101-215). Astrocytes
were detected with Rabbit polyclonal Abs against glial fibrillary acidic protein (GFAP, 1/500,
DaKo Cytomation #Z0334). Secondary antibody conjugated with Rhodamine was used for
fluorescent imaging (Goat anti-Rabbit IgG with Rhodamine conjugate, 1/200, Jackson Immuno
Research.). For IHC detection of GFP expressing cells, Donkey anti-Goat IgG with Biotin
conjugate was used (1/400, Rockland). SHP30 carriage donor cells were further identified
using Prussian blue staining method as described in section 2.3.1. All microscope images were
viewed with a Nikon eclipse TE2000-U epi-fluorescence microscope (with 20x objective lens,
total magnifications of 200x), which was equipped with a CoolSNAP ES2 CCD camera (for
fluorescent image acquisition), and with a QIClickTM CCD Camera (for bright-field color image
acquisition). All microscope image were captured at room temperature (25°C) using NISelements BR2.30 software, images were further processed with Adobe PhotoShop CS3
(version 10.0.1) and Image J (1.48V).
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3.3.10 Statistical analysis
All experiments were performed in 3 to 4 replicates. All tests involving animal studies
used 3-6 animals per test group. Final data were presented as mean ± standard deviation
(SD). An unpaired t test was used to analyze studies between experimental groups and
control group. Results with p-value < 0.05 were considered statistically significant.

3.4 RESULTS
3.4.1 MDM uptake of SPIONs with different particle sizes and surface coatings
To identify the optimal SPIONs to be used as the evaluating tool for MDM cell vehicle
studies, as well as to establish NP configurations that can be applied to MDM-based drug
carriage and delivery system, the uptake efficiency by mouse MDM with SPIONs of different
sizes and coating materials was first evaluated. Two different sizes and coatings were tested
in this study. SHP10 and IDX were of similar core diameter at 10nm, but different surface
coatings: monolayer oleic acid and monolayer amphiphilic polymer for SHP10, and dextran
for IDX. On the other hand, SHP10 and SHP30 were of the same ionic coating, but with
different core diameter: 10nm for SHP10 and 30nm for SHP30, respectively. Dose-dependent
studies were conducted by incubating day-5 in vitro cultured MDM (culture contained a
mixture of 59.87 ±4.05 % macrophages, and 36.63 ±3.61% monocytes, Figure 3.4) overnight
with SPIONs at 10 μg/mL, 100 μg/mL, 500 μg/mL for the ionic SHP10 and SHP30, and 500
μg/mL, 1.0 mg/mL, and 2.0 mg/mL for the non-ionic IDX. These test concentrations were
selected based on reported studies using other types of SPIO or SPION (69, 117, 123, 124).
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The presence of cytoplasmic SPIONs was first evaluated by Prussian blue staining
(Figure 3.1A). A the result, the SPION-cellular uptake efficiency were 100% for all test
groups, although the resulting Prussian blue pigment intensity was obviously weaker at lower
incubating concentration (10 μg/mL for SHP10 and SHP30, and 500 μg/mL for IDX). In
addition, incubation with SHP10 and SHP30 at 500 μg/mL resulted in strong Prussian blue
pigment intensity, but the observed cell numbers in SHP10 group was a lot less due to
induced-cytotoxic effect (detailed in section 3.2. cytotoxicity). Software quantification
measuring the intensity of optical density (IOD) revealed an 6-fold increase in Prussian blue
pigment intensity from 10μg/mL to 100μg/mL for both SHP10 and SHP30 (14.03 IOD
unit/cell at 10μg/mL to 70.28 IOD unit/cell at 100μg/mL for SHP10; and 20.3 IOD unit/cell at
10μg/mL to 123.7 IOD unit/cell at 100μg/mL for SHP30) (Figure 3.1B). At 500 μg/mL, 290.6
IOD unit/cell and 60.52 IOD unit/cell were detected in SHP30 and SHP10 treated MDM,
respectively. Comparing to the ionic SPION, the MDM cellular uptake efficiency for the nonionic, dextran coated IDX was found to be a lot lower. Only 9.19 IOD unit/cell at 500μg/mL,
10.68 IOD unit/cell at 1mg/mL, and 25.75 IOD unit/cell at 2mg/mL were detected in IDX
treated MDM (Figure 3.1B).
The intracellular iron contents from each test group were also measured by Ferrozine
assay (Figure 3.1C). At the lowest incubating concentration of 10 μg/mL, cell uptake of
SHP10 resulted in higher intracellular iron content at 7.57 ±0.12 pg/cell, compared to 3.35
±0.01 pg per cell for SHP30 (P<0.01, unpaired t test). But when incubated at a higher
concentration of 100 μg/mL and 500 μg/mL, cellular iron content of SHP30 (21.6 5±0.30 pg
Fe/cell at 100 μg/mL and 32.06 ±0.27 pg Fe/cell at 500 μg/mL) became higher than SHP10
(17.59 ±0.33 pg Fe/cell at 100 μg/mL and only 12.39 ±4.83 pg Fe/cell at 500 μg/mL) (P<0.01,
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unpaired t test), which were consistent with Prussian blue staining results (Figure 3.1B). The
lower intracellular iron content detected at group treated with 500 μg/mL SHP10 than100
μg/mL SHP10 was likely to be caused by the high cytotoxicity effects induced at the highest
incubating concentration. On the other hand, cellular uptake efficiency of the non-ionic IDX
was significantly lower. At 500 μg/mL, only 5.57 ±0.09 pg Fe/cell was detected. This amount
was close to cells treated with 10 μg/mL SHP10, the ionic SPION with similar core size.
Increasing IDX concentration to 1.0 mg/mL (10.75 ±0.33 pg Fe/cell) and 2.0 mg/mL (14.87
±0.24 pg Fe/cell) resulted in slight enhancement in the intracellular iron contents (P<0.01,
unpaired t test), but the numbers were still significantly lower compared to its ionic
counterpart (Figure 3.1C).

3.4.2 SPION-induced cytotoxic effects
The cellular viability of SPION-laden MDM was first evaluated with trypan blue
exclusion assay. Statistically significant differences (lower cell viability rate) were found in all
groups compared to the control, except for SHP10 at 10 μg/mL (97 ±4.54%), and SHP30 at
both 10 μg/mL (101 ±4.85%) and 100 μg/mL (94 ±5.32%) (Figure 3.2). Cell viability was
reduced slightly when incubated overnight with SHP10 at 100 μg/mL (92.7 ±4.4%) and with
IDX at 500 μg/mL (91 ± 6.43%) (Figure 3.2). A roughly 20% reduction in cell viability was
found in cells incubated with SHP30 at 500 μg/mL (83 ±11.48%), and with IDX at both
1.0mg/mL and 2.0 mg/mL (82.2 ±9.561% and 82.3 ±9.886%, respectively). Incubation with
SHP10 at 500 μg/mL resulted in the lowest cell viability rate at 73.9 ±9.444%, indicating high
toxicity for SHP10 at higher incubating concentration.
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Nevertheless, the MTT assay revealed a higher degree of impacts on cell viability
caused by cellular SPION carriage. Viability rates of all but SHP30 at 10 μg/mL (96.8 ±15.1%)
and 100 μg/mL (88.6±13.4%) were found to be significantly lower than the control group
(Figure 3.2). Incubation with SHP10 and IDX at all concentrations resulted in significant
reduction in cell viability (SHP10: 68.8 ±3.0% at 10 μg/mL, 58.1 ±6.1% at 100 μg/mL, and
52.3 ±9.7% at 500 μg/mL; IDX: 81.9 ±12.7% at 500 μg/mL, 71.0 ±18.2% at 1 mg/mL, and 40.1
±5.4% at 2mg/mL) (Figure 3.2). Decreased cell viability was also found in SHP30 at 500
μg/mL (78.7 ±12.6).
Combining the observed results on cellular uptake efficiency and SPION-induced
cytotoxicity, SHP30 was identified to have the most optimum NP configurations among three
tested SPIONs for MDM carriage, as it has high cellular uptake efficiency, but accompany with
relatively low cytotoxic effects. Therefore, SHP30 was used in all subsequent experiments to
further evaluate carrier cells’ physiological and migratory functions upon cell NP carriage.

3.4.3 Cytokine transcriptions post MDM SHP30 uptake
Differences in macrophage activation states could lead to alternations in their in vivo
migratory property and tissue distribution post IV transfer (126). Previous studies have
reported SPION uptake by mouse peritoneal macrophages resulted in induced secretion of
Interleukine-10 (IL-10), whereas SPION loaded rat peritoneal macrophages showed slight
reduction of IL-10 production, and decreased tumor necrosis factor alpha (TNFα) expression
on both basal level and upon LPS stimulation (121). Therefore, we set out to examine if
uptake of SHP30 also affected monocyte-macrophage related cytokine expression, and
whether this altered expression was SPION dose-dependent. The selected cytokines include
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pro-inflammatory TNFα, interleukin 1 beta (IL-1β), interleukin 12p40 (IL-12p40), and nitric
oxide synthase 2 (NOS2), and the anti-inflammatory transforming growth factor beta (TGFβ)
and IL-10. Differential gene expression at the mRNA level was determined by real-time RTPCR assay, and was only considered “significant” when the normalized fold change of test
group was more than 2-fold up-regulated or less then 0.5 fold down-regulated compared to
the control group.
Cellular cytokine transcription levels were compared among the control group and
groups treated with different SHP30 incubating concentrations (25 μg/mL, 100 μg/mL, and
500 μg/mL) (Figure 3.3). Among all genes tested, no significant change in selected cytokine
expression was observed in groups incubated with 25 μg/mL and 100 μg/mL SHP30, with the
exception of IL-10, of which the expression was up-regulated by 4.33 ±0.67 fold in group
exposed to 25 μg/mL SHP30. Nevertheless, when SHP30 concentration was increased to 500
μg/mL, both NOS2 (3.54 ±0.65) and IL-12p40 (2.34 ±0.36) were found to be up-regulated,
whereas IL-10 (0.19 ±0.02) was down-regulated. These results revealed that higher SHP30
incubating concentration (500 μg/mL) induced undesirable alternation in cytokine
expression profiles towards the inflammatory phenotype on mouse MDMs, suggesting SPIONinduced immune activation. This incubating concentration (500 μg/mL) was therefore
excluded in subsequent experiments.

3.4.4 Analysis on SPION-induced monocyte to macrophage differentiation, and the in
vivo inflamed brain homing ability of SHP30-laden MDM
Next, we investigated whether uptake of SHP30 would induce monocyte-tomacrophage differentiation. Following overnight incubation with SHP30 at 25 μg/mL and 100
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μg/mL, the frequency of macrophages (CD11b+ F4/80high) and monocytes (CD11b+F4/80lowmed)

was quantified with flow cytometry (Figure 3.4). The ratio of monocytes and

macrophages in cell culture treated with 25 μg/mL SHP30 (67.37 ±8.38 % macrophages,
29.33 ±8.6 % monocytes) was not significantly different from that of the control group (59.87
±4.05 % macrophages and 36.63 ±3.61% monocytes). However, a higher degree of monocyte
to macrophage differentiation was found in group treated with 100 μg/mL SHP30, with 75.23
±2.31% cultured populations being macrophages, and 21.4±2.05% being monocytes,
indicating an enhancement in monocyte to macrophage differentiation when higher amount
of SHP30 were uptake by the cells.
Thus far, we observed few significant alternations in cellular physiological property in
SHP30 carriage MDM, with the exception of moderate enhancement in monocyte to
macrophage differentiation when cells were treated with a higher dosage of SHP30.
Therefore, we next set out to investigate whether SHP30 carriage would lead to changes in
carrier cells’ in vivo disease homing ability to the inflamed brain regions. An acute brain
encephalitis mouse model triggered by ICI of LPS was used. 24 hours post LPS ICI, control or
SHP30 laden MDM (25 μg/mL and 100 μg/mL SHP30, or 2556 μg Fe/Kg and 5273 μg Fe/Kg,
respectively) were introduced into recipient animals by IV adoptive transfer. Histological
analysis confirmed that at 48 hours post cell IV infusion, both control and SHP30 carriage
GFP-positive donor cells appeared in the brain, and IF staining of astrocytes revealed these
recruited donor cells accumulated in the inflamed region of the brain, as indicated by
astrogliosis (Figure 3.5A and B). IHC and Prussian blue staining validated the presence of
SHP30 in the carrier cell cytoplasm (Figure 3.5D, 3.6B and C), as showed by the formation of
Prussian blue pigments, which was not observed in animals received control cells that carried
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no SPION (Figure 3.5C). To be noted, MDM were able to maintain detectable amounts of
SHP30 in their cytoplasm at 48 hours following SPION uptake (25 μg/mL), as validated by in
vitro Prussian blue staining (Figure 3.6A and B). Although It is possible that some of the
detected SHP30 were carried into the brain parenchyma by other endogenous cells that have
uptake the released SHP30 in circulation or on site within the brain, most Prussian blue
positive cells found in the brain were GFP positive (Figure 3.6C and D), with only a few
exceptions in which GFP negative endogenous cells were found to contain Prussian blue
pigments (Figure 3.6D), but in a much lower amount as compared to the GFP positive cells
(Figure 3.6E and F). These results suggested that majority of the detected SHP30 were
indeed those carried into the brain by donor MDM following IV infusion.
Quantification of donor-cells in the inflamed brain region was also determined at 48
hours post cell IV transfer using real-time qPCR. In this test, male mice were used as cell
donors, and female mice as recipients. This sex-mismatched system allowed quantification of
recruited donor cells in the brain by detecting the amount of y-chromosome DNA (97). Setting
the number of cells found in the brain from the control group at 100%, a slight decrease in
recruited donor cells was found in groups treated with 25 μg/mL SHP30 (98.18 ±0.34%)
(Figure 3.7A). Whereas in groups treated with 100 μg/mL of SHP30, only 72.16 ±10.62% of
these SHP30 carriage cells was able to reached the inflamed region of the brain (Figure
3.7A). In vitro cytotoxicity assay conducted at 48 hours after SHP30 uptake revealed no
differences between the SHP30 treated groups and the control groups (p value > 0.05),
confirmed that this reduced brain migration efficiency was not caused by the delayedcytotoxic effects (Figure 3.7B). Overall, these results suggested that MDM displayed similar
levels of in vivo disease homing ability when carrying a lower dose of SHP30 (treated with 25
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μg/mL). But at higher dosage (100 μg/mL), the inflamed brain homing ability of these iron
laden carrier cells were found to be much lower, suggested carrier cells’ in vivo migratory
ability could be reduced due to higher-dose NP carriage.

3.5 DISCUSSION
This study was set out to use SPIONs as the evaluating tool to investigate the feasibility
of using MDM as delivery system for small molecular agents to the diseased brain. By testing
three commercially available SPIONs of different sizes and coats, we were able to identify the
optimum NP configurations, including particle size and surface coatings, for efficient MDM
uptake, and observed the impacts on cellular physiological and migratory properties of these
small molecular agents-carriage cells. SPIONs were chosen for this study because of the
multiple roles they could be applied to in cell-based drug delivery studies. With specially
engineered surface coatings, SPIONs can serve as drug carrier through covalent conjugation
with target therapeutic molecules, such as the reactive carboxylic acid groups on the surface
of SHP10 and SHP30, which readily allow attachment of selected proteins with desirable
therapeutic potential. As one of the most studied biomaterials, a wide variety of commercially
available SPIONs with different specifications can be utilized as test nano-probes to simulate
nano-formulated medicines of similar configurations, hence allows studying of the
interactions between NP and target cells. More, the distribution of SPION labeled cells can be
monitored post in vivo transplants using non-invasive MRI to evaluate cell carrier disease
homing ability (113, 115, 127, 128). Cells with SPION carriage also have the potential for
better diseased site targeting, facilitated by applying an external magnetic field to attract cell
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vehicles to the desired parts of the body. In this study, we chose to test the ultra-small SPION
(core size < 50nm) instead of the standard SPIONs (core size > 50nm) for their potential to be
applied directly as therapeutics carriers in future studies, as these smaller SPIONs offer a
proportionally larger surface area for therapeutics absorption, better tissue penetrating and
retention effects, as well as longer in vivo half-life (114, 129, 130), which are essential
properties to achieve more effective treatments upon their release from the carrier MDM at
the target sites.
Sizes and coating materials of NP have been reported to play critical roles in cellular
uptake, and the uptake efficiency could vary largely among different cell types (118). In
general, larger SPIONs (Ferucarbotran, 62 nm in hydrodynamic diameter; Ferumoxides, with
80-150 nm hydrodynamic diameter) seem to be uptake by monocytes and macrophages with
better efficiency as compared to their smaller counterparts with similar surface coatings (SHU
555 C, with 21 nm hydrodynamic diameter; Ferumoxtran-10, with 20-50 nm hydrodynamic
diameter) (117). In addition, ionic SPIO particles showed superior uptake efficiency
compared to non-ionic SPIO particles (117). Macrophages uptake negatively charged
molecules more efficiently, as they have been reported to preferentially uptake liposomes
containing negatively charged lipids or liposomes modified by poly-anions (67, 68).
In this study, SHP10, the SPIONs with negatively charged surface coatings, has shown
superior MDM uptake efficiency as compared to the dextran-coated IDX of the same size
(10nm). On the other hand, for SHP10 and SHP30, the two SPION of the same surface coats
(oleic acid with amphiphilic polymer) but different sizes: SHP10 was found to result in a
higher intracellular iron content than SHP30 when incubated at 10 μg/mL, but SHP30 became
slightly higher at 100 μg/mL and a lot higher at 500 μg/mL. The contradictory results could
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be explained by the very different toxicological effects observed after cellular uptake of the
particles. The smaller SHP10 appeared to be a lot more toxic to primary mouse MDM
compared to its larger counterpart, SHP30. Both trypan blue exclusion assay and MTT assay
revealed SHP10 loaded MDM had significant lower cell viability rates. These results together
suggested the possibility that SHP10 can be uptake by MDM with higher efficiency than
SHP30, but the cytotoxic effects it induced at higher incubating doses disturbed the cellular
physiological functions, which was reflected in the reduced ability of cells to uptake the
particles as efficiently. NP with a diameter less than 2nm have been deemed as unsuitable for
medication use because they tend to cause adverse effect on target cells due to the increased
potential on diffusing through cell membranes and damaging intracellular organelles (114).
Although both SPIONs were larger than 2 nm, the difference in induced-cytotoxicity between
SHP10 and SHP30 was most likely caused by their sizes. In addition, we noticed in our study
that IDX, the other SPION with a 10nm diameter core, also induced a higher degree of
cytotoxic effect at comparable intracellular iron level. At 1 mg/mL incubation concentration,
the average intracellular IDX concentration of MDM was around 10.75 pg Fe/ cell. SHP10
generated slightly lower intracellular iron concentration of 7.57 pg iron per cell at only 1/100
of the incubation concentration of 10 μg/mL. Nevertheless, both conditions resulted in a
roughly 30% reduction in cell viability as evaluated by MTT assay (68.8% for 10 μg/mL
SHP10, and 71.0% for 1.0 mg/mL IDX). SHP30, on the other hand, generated twice as much
intracellular iron (~21.65 pg per cell) when incubated at 100 μg/mL, but showed a much
higher cell viability rate (88.6 ±13.4%) as compared to the smaller SHP10 and IDX, indicating
a potential link between SPION size and induced cytotoxicity.
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One of the possible adverse effects induced by cellular internalization of NP is
alternation in inflammatory responses (131, 132). Uncoated SPIONs have been reported to
induce production of IL-10 and inhibit TNFα (121), whereas high doses of carboxydetrancoated ferucarbotran (Resovist) induced secretion of TNFα and production of nitric oxide
(123). As part of the immune system, monocytes and macrophages represent important
cellular

sources

for

many

inflammatory

pathway

related

cytokines,

including

proinflammatory TNFα, IL-1β, IL-12, and anti-inflammatory IL-10 and TGFβ (85). Hence, we
also looked into cytokine expression and checked if ingestion of SHP30 by mouse primary
MDMs would induce undesirable alternation in cytokine transcription level. When a higher
SHP30 incubation concentration (500 μg/mL) was applied, NOS2 and IL-12p40 were found to
be up-regulated, whereas IL-10 was down-regulated, indicated alternations in more than one
macrophage related cytokine with a shift toward the inflammatory responses. Whereas
incubation with SHP30 at 25 μg/mL led to up-regulation in IL-10 mRNA level, suggested a
potential shift towards the anti-inflammatory response. Interestingly, such alternation was
not observed at 100 μg/mL. The underlying mechanism for this opposite polarizations caused
by different concentrated SHP30 is currently unclear. However, one possible explanation is
that the presence of high amount of SHP30 in the MDM cytoplasm, plus the cytotoxic effects
induced at the higher dosage of 500 μg/mL may have counteracted the initial antiinflammatory response brought by the presence of SHP30 at a lower dosage. Nevertheless,
these results pointed out the importance of dosage control when working with MDM-based
delivery system, as different amount of intracellular NP carriage might induce complete
opposite polarization outcome.
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Ingestion of micro-particles can trigger monocyte to macrophage differentiation and
activation (133). Previous studies have shown no significant differences using in vitro
migration assay (Transwell membrane assay) between Resovist-labeled Raw264.7 murine
macrophage cell line (at 1 and 10 μg Fe/mL) and the un-treated control. In fact, they reported
an increased migratory ability when Raw264.7 cells were was treated with higher
concentration (100 μg Fe/mL) of Resovist (123). Nevertheless, the impacts on carrier cells’ in
vivo migratory properties caused by cellular NP carriage remain unknown. We wanted to
determine if uptake of SHP30 would induce a higher degree of monocyte to macrophage
activation. By analyzing the cell surface marker F4/80 expression level, we were able to
measure the percentage of monocytes and macrophages among cultured cell population post
incubation with 25 μg/mL or 100 μg/mL SHP30, and found that the higher amount of SHP30
in MDMs indeed increased monocyte to macrophage differentiation. Moreover, a reduced
homing efficiency to the inflamed brain subregion post in vivo adoptive transfer was also
observed in groups received higher SHP30 treatment. Since we have ruled out the possibility
of a delayed cytotoxic effect caused by SHP30 carriage, whether or not the decreased in MDM
in vivo inflamed-brain homing efficiency is directly caused by the increased SPION-induced
monocyte-to-macrophage differentiation is yet to be confirmed. Nevertheless, it is clear that a
higher amount of NP accumulated inside MDMs induced alternation in both cellular
physiological and migratory properties. Hence future studies on using MDMs as small
molecular agent carriage and delivery vehicles will need to take cargo dosage into
consideration to prevent undesired alternation in cell vehicle functions.

91

3.6 CONCLUSION
Our results have demonstrated the very different impacts in mouse primary MDM
physiological functions induced by cellular carriage of SPIONs with different configurations.
We have identified the SPION with 30 nm core size and oleic acid plus amphiphilic polymer
coats (SHP30) to have the most efficient MDM uptake accompanied with the lowest cytotoxic
effects. Except for the observed up-regulation in IL-10 mRNA level, no other significant
changes in cellular immune response, differentiation rate, and migratory ability were
observed in MDM carrying lower dose of SPIONs (overnight treatment with 25 μg/mL
SHP30.). Nevertheless, the presence of higher intracellular SPIONs did lead to alternation in
several physiological aspects as well as decreased diseased-brain homing ability of the carrier
cells, suggesting the importance to control small molecular cargo dosage when designing
MDM-based delivery systems. Our data, in total, have established the test conditions that use
SPIONs to evaluate MDM-based delivery system, and provided the optimum parameters for
future applications using MDM for nano-formulated medicines or other NP carriage, and most
importantly, supported the concept of using these cells to deliver small molecular agents to
the brain for diagnostic or therapeutic purposes.
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Table 3.1 – Specifications of SPION used in this study

SPION

Core
diameter
(nm)

Hydrodynamic
diameter (nm)

Surface coat

Zeta
potential

Manufacturer &
cat. number

IDX

10 nm

25 nm

Dextran

-10mV to
0 mV

Ocean NanoTech
(cat# IDX)

-30mV to 50mV

Ocean NanoTech
(cat# SHP-10)

-30mV to 50mV

Ocean NanoTech
(cat# SHP-30)

SHP10

10 nm

18 – 20 nm

SHP30

30 nm

38 – 40 nm

Oleic acid and
amphipilic polymer,
with carboxylic acid
reactive group
Oleic acid and
amphipilic polymer,
with carboxylic acid
reactive group
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Table 3.2 – Real-time RT-PCR primer sequences for cytokine transcription
profile.
Gene
name

Accession #

GAPDH

NM_008084

Oligonucleotide sequences

Reference

forward: 5’–CTCCACTCACGGCAAATTCAA–3’
(72)
reverse: 5’–GATGACAAGCTTCCCATTCTCG–3’
forward: 5’–CCGTCAGCCGATTTGCTATCT–3’
TNFα

NM_013693

(72)
reverse: 5’–ACGGCAGAGAGGAGGTTGACTT–3’
forward: 5’–ACAACAAAAAAGCCTCGTGCTG–3’

IL-1β

NM_008361

(72)
reverse: 5’–CCATTGAGGTGGAGAGCTTTCA–3’
forward: 5’–AGGACCTGGGTTGGAAGTGG–3’

TGFβ1

NM_011577

(72)
reverse: 5’–AGTTGGCATGGTAGCCCTTG–3’
forward: 5’–AGGCGCTGTCATCGATTTCTC–3’

IL-10

NM_010548

(72)
reverse: 5’–TGCTCCACTGCCTTGCTCTTA–3’
forward: 5’–GGCAAACCCAAGGTCTACGTTC–3’

NOS2

NM_010927

(72)
reverse: 5’–TACCTCATTGGCCAGCTGCTT–3’
forward: 5’-ACCAGGCAGCTCGCAGCAAA-3’

IL-12p40

NM_008352

This study
reverse: 5’-ACACATCCCACTCCCACGCT-3’
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B

C

Figure 3.1 – Quantification of SPIONs uptake in MDM. Mouse primary MDM were
cultured with different SPION at various concentrations (μg SPIONs/mL culture
media) overnight. (A) The presence of MDM intracellular SPION were detected by
the formation of Prussian blue pigments appeared in the cytoplasm. The intensity of
the blue pigments reflects the amount of intracellular iron content. Scale bar = 100
μm. Original magnification x400. (B) Quantification of intracellular SPION by
Intensity of optical density (IOD). Higher IOD value indicated more SPION present in
MDM cytoplasm. (C) Quantitative assessment of intracellular iron contents was
performed with Ferrozine assay. Values presented here are mean ±SD of iron
contents (pg) per single cell.
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Figure 3.2 – Cell viability assays of MDM treated with different SPION at
indicated concentrations. The viability rates of MDM treated with SHP10, SHP30
and IDX at indicated concentration were determined by MTT assay (black column)
and trypan blue exclusion test (with column). Data presented were expressed as
mean ± SD. NS = not statistically significant from control (P > 0. 05).
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Figure 3.3 – Assessment of selected cytokine transcription level of MDM post
overnight incubation with SHP30 at indicated concentrations. The expression
level of selected pro-inflammatory (TNFα, IL-1β, NOS-2, IL12p40) and antiinflammatory (IL-10, TGFβ) in SHP30 treated MDM was evaluated by real-time RTPCR. Gene up-regulation for more than 2.0 folds, or down regulation for more than
0.5 fold were considered as significant (*). Data presented were expressed as mean
± SD.

100

Figure 3.4 – SHP30-induced monocyte to macrophage differentiation.
Percentage of macrophage and monocytes in total cultured MDM were measured by
flow cytometry after overnight incubation with SHP30 at indicated concentrations.
Macrophages are defined as F4/80highLy6Cneg, and monocytes as F4/80lowmedLy6Clow-high.

Data presented were expressed as mean ± SD.
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Figure 3.5 – Control and SHP30-carraige MDM are recruited to the inflamed
region in the brain. (A-B) GFP (green) positive donor cells were detected in the
inflamed region of the brain in animals received (A) control MDM and (B) SHP30carriage MDM, and their relative locations to astrocytes (red). (C-D) Prussian blue
staining revealed the presence of SHP30, as indicated by prussian blue pigments
formation (blue) in the GFP positive (brown) donor cell cytoplasm in animals
received SHP30-carriage MDM (D), but not in ones received control MDM (C). Scale
bar = 25 μm. Original magnification x 200.
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Figure 3.6 – MDM carriage of SHP30 at 48 hours following particle uptake. (AB) Prussian blue staining of (A) control MDM, and (B) MDM incubated with SHP30
at 25 μg/mL, at 48 hours after initial SPION uptake. (C-F) Presence of Prussian blue
(PB) pigments containing cells in the brain sections. (C & D) Recruited GFP positive
(brown) donor MDM in the brain contained PB pigments (blue), as indicated by the
white arrows. (D) Identification of a PB containing cell that was not derived from
the GFP positive donor MDM (within the dashed line square). (E & F) The recruited
GFP positive MDM (E) displayed a more intense PB pigmentation signal as
compared to the GFP negative endogenous cells (F). For panel A & B, scale bar = 100
μm, original magnification x 200. For panel C to F, scale bar = 25 μm, original
magnification x 200.
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Figure 3.7 – Alternation in SHP30-laden MDM in vivo disease-homing
efficiency. (A) in vivo migratory ability of MDM treated with SHP30 at indicated
concentration. The amount of donor-derived cells found in the inflamed brain region
induced by ICI LPS in control group was set to be 100%. Efficiency was generated by
comparing the amount of SHP30 labeled cells found in inflamed brain region to that
of the control group. (B) In vitro cytotoxicity of control and SHP30-carriage MDM at
48 hours after initial SPION uptake. Values presented here were means ± SD.
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4.1 ABSTRACT
Monocyte-based delivery system holds great promises as an non-invasive
approach to deliver therapeutic genes into the diseased sites within the central
nervous system (CNS), where entries of gene vectors are often hampered by the
presence of the blood brain barrier following systemic administration. This study
was aimed to explore the potential of using monocytes to carry, transport, and
express therapeutic genes in the diseased brain, by first establishing the optimized
conditions for lentiviral vector (LV)-based gene transfer into freshly isolated
monocytes, and then investigating the inflamed-brain homing efficiency and in vivo
monocyte-mediated transgene expression of LV-transduced monocytes (TD-MO), in
a mouse model of acute subregional neuroinflammation induced by intracranial
injection of lipopolysaccharides. Using the optimized spin-infection method, up to
35% of freshly isolated monocytes were transduced with the LV system DHIV-101
at M.O.I. of 10. In addition, the “empty” carriers – the unmodified control monocytes,
were found to accumulate in high density in the inflamed brain regions following IV
administration, confirming the suitability of using freshly isolated monocytes for the
non-invasive delivery system targeting the brain. However, the transgene-carriage
TD-MO displayed significantly reduced brain homing efficiency. Although the
presence of transgene was confirmed, transgene expression was not detected within
the inflammatory CNS sites. Instead, high density of functional TD-MO and their
transgene products were identified in the spleen. To conclude, although we have
increased LV-monocyte transduction efficiency using spin-infection method, and
that TD-MO were able to remain viable and functional in vivo following IV infusion,
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the cell-carriers prepared by the present test conditions failed to enter the inflamedbrain efficiently, possibly due to the initial unhealthy cellular states following LV
transduction. Therefore, future investigations focused on post-transduction
recovery of TD-MO will be needed in order to fill the gap observed in this study.

4.2 INTRODUCTION
The use of autologous cells to carry and transport therapeutic genes into
diseased sites holds great promises in combating disorders occurring in the central
nervous system (CNS) (58, 72, 77), where entrance of systemic-administered
treatments are largely refrained by the blood-brain barriers (BBB) (40). Among
different cells tested, mononuclear phagocytes (MP; monocyte, macrophage, and
dendritic cells) have received particular interests, as they are equipped with the
intrinsic ability to travel through vasculature, penetrate the BBB, and accumulate at
diseased sites within the CNS (58, 65, 72, 73, 77), making them attractive candidates
to be used as “Trojan horses” to carry and deliver therapeutic genes into the brain.
Thus far, current researches have been largely focused on macrophages (59,
65, 72, 73), as they can be easily generated in large quantify through in vitro culture
expansion, and are easier to be manipulated genetically (70, 71, 134, 135).
Nevertheless, the use of monocytes poses several obvious advantages, as monocytes
are highly motile in response to inflammatory signals, and can migrate through
vasculatures to the inflamed sites with much higher efficiency over macrophages
(44, 136); monocytes also have higher potential to differentiate into long-lived
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tissue specific resident cells, including microglia and perivascular macrophages,
upon entering the brain (61, 87, 88, 137), showing higher promises for long-term
treatments.
Lentiviral vectors (LV) are known to facilitate permanent target gene
integration into the host cell genome, allowing long-term therapy targeting the CNS
when applied in combination with monocytes. However, gene transfer into freshly
isolated monocytes has been proven difficult (59, 135), especially in murine models
(138). Although circulating moncoytes has been tested as a possible solution to
delivery genes into the CNS for over a decade (139), very little information is
currently available regarding to the in vivo viability and diseased-brain homing
efficiency following system-wide introduction of the LV-mediated genetically
modified monocytes.
Therefore, this study was designed to explore the potential use of monocytemediated gene delivery into the brain, following the relatively risk-free adoptive
transfer procedure (59, 92, 93). Here we reported the establishment of an optimized
LV transduction system utilizing the DHIV-101 (D101) vector and spin-infection
method to increase monocyte gene transfer efficiency, and evaluated the inflamedbrain homing ability of carrier monocytes in a mouse model of acute subregional
brain inflammation, induced by intracranial (IC) injection of Escherichia coli (E. coli)
lipopolysaccharides (LPS). The unmodified control monocytes (Ctl-MO) were found
to accumulate in the inflamed brain regions with high efficiency following systemic
IV infusion. However, the LV-transduced monocytes (TD-MO) displayed decreased
brain migratory ability. Although the transgene DNA was detected in the brain, very
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low to none cell-mediated transgene expression was observed in the inflamed CNS
regions. Instead, functional TD-MO and high level of transgene products were found
to accumulate in the spleen. Considering the very difference mechanisms in which
monocytes enter these two organs, we concluded that these genetically modified
monocytes maintained viable following IV infusion, and were able to express the
transgene products in vivo; but the cell condition of TD-MO was not well enough to
allow inflamed-brain migration upon their introduction into the circulation.
Therefore future investigations should be largely focused on the optimization of
post ex vivo modification recovery of the carrier monocytes in order to fill the gap
observed in this study.

4.3 MATERIALS AND METHODS
4.3.1 Animals
Adult Balb/c mice (Animal and veterinarian services, University of Hawaii,
Manoa) were used in this study. All animal studies were carried out in accordance
with the National Institutes of Health guide for the care and use of laboratory
animals. The protocol has been reviewed and approved by the institutional Animal
Care and Use Committee (IACUC) of University of Hawaii at Manoa (Protocol
number 09-767).

4.3.2 Preparation of monocytes
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Eight- to 10-week old male mice were used as cell donors. To obtain
monocytes, bone marrow cells (BMC) were isolated from donor mice femur and
tibia of the hind limbs. Erythrocytes were removed by lysis with ACK lysis buffer
(Quality Biological, Inc.), and a single cell suspension was obtained by passing
through 40-μm cell strainers (BD Falcon, #352340). Monocytes were further
enriched from the BMC suspension using EasySep mouse monocyte enrichment kit
(Stem Cell Technologies, #19761) according to manufacturer’s instructions.
Enriched monocytes were subjected to immediate injection into recipient animals,
or to LV-mediated transduction.

4.3.3

E. coli LPS-induced acute brain inflammation and cell IV adoptive

transfer
Six- to 8-week old female mice were anesthetized with Avertin (2,2,2Tribromoethanol, 250 mg/kg, IP) and positioned on a stereotaxic apparatus
(Stoelting co.). E. coli LPS (Serotype O111:B4, S-form. Enzo Life Sciences, ALX-581M005) was administered into the right hemisphere (AP 0.0 mm, ML +2.5 mm, LV 4.0 mm from bregma) to induce acute subregional neuroinflammation in the brain.
Each animal received 5 μg of E. coli LPS in 5 μL solution or 5 μL of PBS (Sham) over a
period of 5 minutes. PBS-injected animals and the un-injected contralateral
hemisphere were used as controls. At 24 hrs following ICI delivery of LPS, 100-150
μL cell suspension of 5x106 TD-MO or Ctl-MO were injected into the lateral tail vein
of each recipient mouse. The experimental animals were sacrificed at indicated time
points after cell infusion for analysis.
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4.3.4 LV-mediated transduction
The HIV-1-based LV system D101-sTNFR:Fc-IRES-eGFP (LV-sTNFR) with the
expression cassette containing a soluble tumor necrosis factor alpha receptor
(sTNFR) gene fused to the Fc regions of human IgG (sTNFR:Fc), followed by the
reporter gene - enhanced green fluorescent protein (eGFP) that is expressed via the
internal ribosomal entry site element (IRES) in between the two genes, was used for
the transduction of monocytes (95, 96, 140). The vector was produced by transient
transfection in HEK293T cells using calcium phosphate precipitation method with a
packaging construct pCMV-ΔR8.2, an envelop construct pCMV-VSV-g, and a transfer
construct pD101-sTNFR:Fc-IRES-eGFP (Figure 1).
Transduction of monocytes was conducted following the spin-infection
method for stem cells, with modifications (141). Proper transducing units (as
titrated on HEK293T cells) of LV-sTNFR were incubated with polybrene (final
concentration 7 μg/mL) at room temperature for 10 minutes before combined with
1 × 106 freshly isolated monocytes at M.O.I. of 10 to15 in serum free medium. The
cell/vector/polybrene mix was then transferred to a 5 mL round-bottom
polystyrene tube, and transduction was carried out by centrifuging the culture at
1,500 ×g for 90 minutes at 32°C. Cells were then washed three times with PBS to
remove excess vector and polybrene, and immediately injected IV into recipient
animals.
A small portion of the transduced cells were maintained in vitro for 7
additional days in complete culture medium composed of RPMI1640 medium
supplemented with 10% FBS and 1,000 U/ml M-CSF (obtained from 5/9 m alpha3-
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18 cell media, ATCC#CRL-10154. M-CSF in condition media was quantified using
Human M-CSF quantikine ELISA kit, R&D system cat#DMC00B) at 37°C with 5%
CO2. The transduction efficiency was determined by counting the number of GFPpositive cells at random fluorescent microscope fields.

4.3.5 Fluorescent immunocytochemistiry (ICC)
LV-transduced cells were fixed in 4% paraformaldehyde solution for 10 min
at room temperature, and blocked with 1% BSA in PBS-T (PBS containing 0.1%
Triton X-100) for 15 minutes, followed by detection of sTNFR:Fc using rabbit antihuman IgG Fc (1:100, Rockland) and goat anti-rabbit IgG with tetraethyl rhodamine
isothiocyanate (TRITC) conjugates (1:200, Jackson immunoResearch laboratories,
West Grove, PA, USA).
All microscope images were viewed with a Nikon eclipse TE2000-U epifluorescence microscope (with 4x, 10x, and 20x objective lenses, total
magnifications of 40x, 100x, and 200x, respectively), which was equipped with a
CoolSNAP ES2 CCD camera (for fluorescent image acquisition). All microscope
image were captured at room temperature (25°C) using NIS-elements BR2.30
software, images were further processed with Adobe Photoshop CS3 (version
10.0.1) and Image J (1.48V).

4.3.6 Isolation of tissue DNA, RNA, and protein
Brain tissues with regions ± 1.0 mm from the LPS injection site were
collected and snap-froze in liquid nitrogen. Tissue DNA and RNA were extracted
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simultaneously using E.Z.N.A. DNA/RNA isolation kit (Omega Bio-tek) following the
manufacturer’s instructions. For total protein extraction, tissues were ground into
powder in liquid nitrogen and lysed with RIPA Lysis and Extraction buffer (GBiosciences) following the manufacturer’s instructions. Total tissue proteins were
quantified by Bradford assay. Similarly, tissue DNA, RNA and proteins were isolated
from Liver, spleen and lung of affected mice for comparative analysis.

4.3.7 Real-time qPCR
The amount of male donor-derived cell DNA in the brain and selected
peripheral tissues was quantitatively determined by real-time qPCR with primers
and probe specific to male murine Y chromosome (97). Real-time qPCR was
performed on an iQ5 optical system (BioRad) using forward primer 5’TTTTGCCTCCCATAGTAGTATTTCCT-3’,
TGTACCGCTCTGCCAACCA-3’

and

reverse
the

TaqMan

FAM/AGGGATGCC/ZEN/CACCTCGCCAGA-/3IABkFQ/-3’

primer

5’-

probe

5’-/56-

(Integrated

DNA

Technologies). Standard curves were generated by serially diluting DNA extracted
from male mouse brain. DNA isolated from female mouse brain was included as a
negative control. The average DNA content in a diploid mouse cell range from 5 to 7
pg (98), therefore a parameter of 6 pg gDNA per cell was applied to convert DNA
level to the number of cells presented in all results.
4.3.8 PCR
The presence of sTNFR:Fc gene delivered by LV-transduced monocytes in the
brain and selected peripheral tissues were detected by conventional PCR using
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forward primer 1-TNFRFc_1747(F) 5’-GCTGACCAAGAACCAGGTGT-3’ and reverse
primer 1-TNFRFc_1912(R) 5’-CACGGTACGCTTGGAGTACA-3’ (Integrated DNA
technology). PCR was performed with a MasterCycler Gradient (Eppendorf,
Germany). Five microliter of tissue DNA was combined with 20 μL of a mixture
containing 1X Taq (Mg2+ free) reaction buffer (New England Biolabs, NEB, MA), 1.5
mM MgCl2 solution (NEB, MA), 200 nM of each dNTPs (Sigma-Aldrich, MO), 400 nM
of each primer (Integrated DNA technologies, IA), and 2 units of Taq polymerase
(provided by Dr. Huang, University of Hawaii at Manoa). The amplification started
with an initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation
at 94°C for 30 sec, annealing at 58°C for 30 sec, extension at 72°C for 30 sec, and a
final extension at 72°C for 5 min. PCR products were subjected to 2% agarose gel
electrophoresis, alongside a 50 bp DNA marker (NEB, MA), stained with ethidium
bromide (EtBr) and viewed with the Molecular Imager Gel Doc XR+ system (BioRad
Laboratories, Inc., CA).

4.3.9 Real-time RT-PCR and Enzyme-linked immunosorbent assay (ELISA)
sTNFR:Fc mRNA expression level was detected with real-time RT-PCR. RT
was performed with iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad
laboratories), followed by quantitative real-time PCR with forward primer 1TNFRFc_1747(F) and reverse primer 1-TNFRFc_1912(R) using iQ SYBR Green
Supermix (Bio-Rad laboratories) through an iQ5 optical system (Bio-Rad). Results
were analyzed for relative gene expression using the 2-delta-delta CT method.
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sTNFR:Fc protein expression level was determined by ELISA. The level of
sTNFR:Fc protein in different tissues, or in cultured media was quantified by human
IgG ELISA as described (142).

4.3.10 Statistic analysis
For all experiments, final data presented were obtained from 4 to 6 animals
for each test group, and were represented as mean values ± SD. Unpaired t test was
used to analyze studies between two experimental groups. Results with p-value <
0.05 were considered significant.

4.4 RESULTS
4.4.1 LV-mediated transfer of sTNFR:Fc and GFP genes into primary cultures
of mouse monocytes
Chronic elevation of tumor necrosis factor alpha (TNFα) has been linked to
the pathogenesis of a number of neurological disorders (29, 143-146). In our
previous study, we have demonstrated the neuroprotective function provided by
macrophage-mediated expression of sTNFR:Fc fusion protein (140). Therefore, the
LV-sTNFR was used in this study as a continuation from our previous works. The
expression of the reporter gene eGFP was controlled via IRES under the same viral
promoter as the target gene sTNFR:Fc (Figure 4.1), hence the level of eGFP was
used to reflect that of sTNFR:Fc (140).
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7 days following the LV-transduction event, the transduction efficiency was
evaluated under the fluorescent microscope. Transduction of monocytes using spininfection method resulted in 36% ± 5.29% GFP+ cells (Figure 4.2A and 4.6B).
Significant increase of extracellular sTNFR:Fc was detected in culture supernatant
from day 3 to day 7 following cell transduction (P<0.001, unpaired t test) and a
stable production of sTNFR:Fc by TD-MO was observed at day 7 and thereafter
(Figure 4.2B). The expression of sTNFR:Fc was further confirmed by fluorescent
ICC staining (Figure 4.2C), with all GFP+ cells were verified to also express
sTNFR:Fc.

4.4.2

Evaluation on carrier-monocytes in vivo brain migration following IV

infusion
The

inflamed-brain

homing

efficiency

of

monocytes

following

IV

administration was evaluated in the LPS-induced acute brain inflammation mice
model. 24 hours following LPS IC injection, carrier monocytes were introduced IV
into recipient animals, and the number of donor-derived cells in the CNS tissues
were determined by real-time qPCR.
The brain migratory efficiency of the “empty” carriers – the unmodified CtlMO was first tested. As the result, IV-infused Ctl-MO were confirmed to transmigrate
from circulation into the inflamed brain regions with high efficiency; the number of
recruited donor monocytes accumulated and peaked at 48 hours following IV
infusion, and declined slightly by day 5 (Figure 4.3A).
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However, significant decrease in the number of recruited donor cells
detected in the inflamed brain region was observed in animals received TD-MO as
compared to Ctl-MO (P <0.01, unpaired t test) (Figure 4.3A, 4.3B nd 4.4A). In
addition, evaluations on monocyte-mediated transgene expression showed no
significant change in sTNFR:Fc mRNA expression level (Figure 4.3C and 4.5A), and
no sTNFR:Fc protein was detected in the brain in either time points using ELISA
(Figure 4.5B).

4.4.3

Functional TD-MO accumulated in the spleen instead of the inflamed

brain following IV administration
Because TD-MO displayed significant reduction in their inflamed-brain
homing ability, and no transgene expression was detected within the brain, we next
examined other peripheral tissues for the presence of functional TD-MO, to
determine whether all IV-infused TD-MO become non-viable or lost their transgene
expressing functions in vivo.
No significant difference was found in monocyte spleen and lung distribution
between Ctl-MO and TD-MO (Figure 4.4A). Interestingly, an increase in cells
detected in liver was observed in animals received TD-MO, suggesting a higher
donor cell clearance rate from the recipients’ bodies. Since the monocyte
transduction efficiency in this study was only around 35% (Figure 4.2A & 4.6B),
the injected TD-MO actually contained both monocytes that carried sTNFR:Fc gene
and the ones without the gene. Therefore, PCR targeting the junction region of
sTNFR:Fc gene was also conducted to determine the presence of sTNFR:Fc-
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monocytes in different tissues. As the result, sTNFR:Fc gene was detected in all end
organs where TD-MO were found (Figure 4.4B). Nevertheless, the resulting signals
detecting sTNFR:Fc gene in spleen was the strongest, followed by that in liver. The
amplicon signal of sTNFR:Fc gene in the brains and lungs were relatively weak,
suggesting the majority of TD-MO that carried sTNFR:Fc genes accumulated in the
spleen and liver, instead of the inflamed region of the brains.
Furthermore, monocyte-mediated sTNFR:Fc expression was found to be
highly active in the spleen, as revealed by real-time RT-PCR (Figure 4.5A), and
ELISA (Figure 4.5B). Although a small increase in sTNFR:Fc mRNA (up to 9-fold)
was detected in both liver and lung at day 2, expression of sTNFR:Fc protein in these
organs were below detection level at both time points, suggesting failed tissue
engraftments. Together, these results suggested that majority of the functional,
sTNFR:Fc expressing TD-MO accumulated in the spleen instead of home to the
inflamed-brain region following IV administration.

4.5 DISCUSSION
The concept of combining LV-mediated gene transfer and monocyte-based
cellular vehicles appears to be a promising approach to deliver therapeutic genes
into the diseased CNS. Transgene-expressing monocytes need to be present in the
affected brain regions in numbers high enough to achieve effective treatments, and
thus both efficient gene transfer into the carrier cells, and efficient inflamed-brain
homing of the cellular vehicles are both essential in order for this system to work.
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Our previous researches have determined the D101 LV system, a vsv-g
pseudotyped replication defective viral vector utilizing the HIV-1 viral promoter to
drive the expression of the inserted transgene, to be a superior transduction system
on primary mouse monocyte-derived macrophages (MDM) over several other
retroviral and lentiviral vector systems (138). Therefore, the D101 LV was tested for
its ability to transduce freshly isolated monocytes in this study. Unlike cultured
macrophages, freshly isolated monocytes are of suspension nature, and are more
refractory to genetic modifications (135), making them difficult to be effectively
transduced (135). To increase the transduction efficiency of freshly isolated
monocytes, spin-infection, which has been applied to enhance stem cells
transduction (141), was utilized. We demonstrated that this method has
significantly increase the transduction efficiency of freshly isolated monocytes to
35%, a number that is compatible to that reported in the human monocytes-Simian
Lentiviral vector PBj transduction system, the only reported LV system capable of
transducing the G0 stage human monocytes efficiently (134).
However, 35% transduction efficiency is still significantly lower as compared
to that from cultured MDM (cMDM), in which up to 50% of cells could be transduced
with the same LV system (Figure 4.6). This result is expected as the vast majority of
HIV isolates and their derived vectors are know to be capable of infecting
macrophages at the G1/S stage of the cell cycle, but not monocytes that are at the G0
stage of the cell cycle (134, 135). Since cMDM are much easier to be generated, and
are more efficient to be transduced, we have also tested the unmodified control
cMDM (Ctl-cMDM) for their in vivo diseased brain homing efficiency, following IV
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infusion into the same mouse model with acute brain inflammation. As the result,
we observed that majority of the IV infused cMDM accumulated only transiently in
lungs, and got cleared out from the system within 24 hours following cell IV infusion
(Figure 4.7). Comparing to the high density of Ctl-MO identified in the inflamed
brain region (LPS IC injection point ± 1mm), very few Ctl-cMDM were detected in
the brain (Figure 4.7). Furthermore, monocytes displayed longer tissue turnover
rate as compared to cMDM, as monocytes remained detectable in brain and spleen
throughout the test periods (up to 5 days) following IV infusion, but majority of
tested tissues showed minimum number of detected cMDM beyond 24 hours
(Figure 4.7). Hence, these data strongly suggested the superiority of monocytes to
be used as cell-based carriers if intend to utilize the non-invasive IV systemic
administration route.
Despite the promising results from both the successful LV transduction of
freshly isolated monocytes, and the highly efficient brain migration of the “emptycarrier” Ctl-MO, infused TD-MO displayed reduced inflamed-brain entry. Although
sTNFR:Fc DNA was detected in the inflamed brain region, no detectable transgene
expression was observed. We have verified the viability and functionality of TD-MO
in vivo, as high level of transgene products was detected in the spleen. However, it is
clear that the functional gene-carriage monocytes could not home to the inflamed
brain efficiently as expected.
Like most circulating leukocytes, monocytes only enter the injured brain in
large quantity under specific pathological conditions in which inflammatory
environments have been induced. On the other hand, blood and blood cells are
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regularly filtered through the spleen, and this peripheral organ has been identified
as a reservoir for monocytes storage and rapid deployment upon inflammation
(136). Considering the very distinct mechanisms in which monocytes are recruited
to the two organs, it is obvious that the required conditions for monocytes to enter
the brain are a lot more stringent. TD-MO were introduced into the recipients
immediately upon completion of LV spin-infection that involved the use of
centrifugation at 1,500 xg - a speed high enough to cause mechanical damages on
the cells that lead to the temporary unhealthy cell state following transduction.
However, this initial weak cellular state could have largely compromised the ability
of infused TD-MO to function properly in the vasculature, and thus resulted in the
significantly reduced brain-migration efficiency observed in this study.
Although we have confirmed the presence of the trasngene in the brain,
transgene expression was not detected. This is probably due to the very low amount
of transgene-carriage TD-MO that managed to enter the brain, as indicated by the
weak sTNFR:Fc PCR product signal observed; therefore, even the recruited TD-MO
did express the transgene, the level of gene products are still under detection limits.
Another possibility is that the recruited gene-carriage TD-MO were quickly cleared
out by active microglia and recruited macrophages on sites, also due to the
unhealthy cellular state.
In our previous studies, we have established the optimized conditions using
BBB disrupting agents and increasing IV infusion cell amounts to further increase
carrier monocyte concentration in the brain. Applying these conditions might help
to increase the amount of carrier-monocytes in the inflamed brain, and thus aid to
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overcome the lower transduction efficiency and reduced brain-migration.
Nevertheless, although efficient gene transfer into freshly isolated monocytes, and
efficient brain-homing of cellular vehicles were well-validated in this study, a gap
between the two ends still need to be filled. Therefore, future investigations should
focus more on the optimization of post-transduction recovery of monocytes without
induced-differentiation to mature macrophage, in order to solve the observed
problem.
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Figure 4.1 – Schematic map of the lentiviral transfer plasmid pD101-sTNFR:FcIRES-eGFP. LTR: long terminal repeat. Ψ: packaging signal. cPPT: central polypurine
tract; RRE: Rev response element; sTNFR-Fc: codon-optimized gene encoding the
extracellular domain of the human TNF receptor type 2, fused to the hinge domain
from human IgG1 and the Fc domain from human IgG3. IRES: internal ribosome
entry site. eGFP: enhanced green fluorescent protein.
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Figure 4.2 – LV-mediated gene transfer into mouse primary monocytes (A)
Monocytes at day 7 following LV-transduction. Original magnification at 100x, scale
bar = 100 μm). (B) ELISA measurement of the level of sTNFR:Fc in TD-monocyte
culture media at corresponding time post transduction. (C) Detection of the
presence of sTNFR:Fc protein in TD-monocytes by fluorescent ICC. Original
magnification at 200x, scale bar = 50 μm.
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Figure 4.3 – Evaluation on carrier-monocytes brain migration and transgene
expression. (A) The amount of control-monocytes (White columns) in the inflamed
brain region at different time points following cell IV infusion (B) The amount of LV
transduced monocytes (Black columns) in the inflamed brain region at day 2 and
day 5 following cell IV infusion. (C) The level of sTNFR:Fc mRNA in the brain, at day
2 and day 5 following cell IV infusion in the LPS-induced acute brain inflammation
model.
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Figure 4.4 – Comparison on the in vivo tissue distribution of Ctl-MO and TDMO. (A) in vivo tissue distribution of control-monocytes (White columns) vs.
transduced-monocytes (Black columns) (B) The presence of sTNFR:Fc DNA in
different tissues, at day 2 and day 5 following cell IV infusion in the LPS-induced
acute brain inflammation model.
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Figure 4.5 – TD-MO mediated sTNFR:Fc expression in end organs. (A) Foldchange of sTNFR:Fc mRNA in tissues, (B) Level of sTNFR:Fc protein in tissues, at day
2 and day 5 following cell IV infusion.
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Figure 4.6 – LV-mediated gene transfer into mouse primary cMDM. (A) cMDM
at 7 days following LV-transduction. Original magnification at 100x, scale bar = 100
μm). (B) Transduction efficiency of MO and cMDM, evaluated at day-7 post
transduction event. Original magnification at 200x, scale bar = 50 μm. MO =
monocytes. cMDM = culture expanded moncoyte-derived macrophages.
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Figure 4.7 – in vivo tissue distribution of Ctl-MO and Ctl-cMDM following IV
infusion. The presence of donor-derived cells in different tissues were quantified by
real-time qPCR at indicated time points in the LPS-induced acute brain
inflammation model. Ctl-cMDM (☐)= untransduced, control cMDM. Ctl-MO (")=
untransduced, control EnMO.
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5.1 ABSTRACT
Macrophages have been identified on sites of many neurological diseases,
and this high involvement makes them ideal candidates to deliver therapeutic genes
into the brain. Therefore, in this study, we aimed to first test the applicability of
using monocyte-derived macrophages (MDM) as cellular vehicles, by introducing
them intracerebroventricularly (ICV) in a mouse model of acute neuroinflammation
induced by lipopolysaccharides, and studied the migration of these infused MDM
from the brain lateral ventricles into the inflamed parenchyma. Because elevated
level of tumor necrosis factor alpha (TNFα) has been linked to a number of
pathologic inflammations that lead to neuronal injury and death, the use of antiTNFα therapies with soluble TNFα receptor decoy (sTNFR) shows promises in
combating many central nervous system (CNS) disorders. Therefore, investigations
on the migratory patterns and anti-inflammatory ability of genetically modified
MDM carrying sTNFR gene were also conducted. We demonstrated that ICV
administrated MDM migrated freely within the brain ventricular system before
entering the inflamed parenchyma on the opposite hemisphere, and the presence of
these “empty” cell vehicles alone were able to reduce the level of the
proinflammatory cytokines TNFα and Interleukin-1 Beta (IL-1β). However,
expression of sTNFR appeared to interfere with the migration of their cell carriers,
as majority of modified MDM failed to reach the inflamed parenchyma. Interestingly,
similar levels of sTNFR were detected at both hemispheres regardless of the carrier
MDM distribution; in addition, animals received sTNFR-expressing MDM displayed
transient reduction of TNFα in the inflamed brain region. Overall, our data have
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supported the use of both ICV-infused MDM and sTNFR to reduce inflammation in
the brain. However, expression of sTNFR appeared to interfere with carrier MDM
migration. Therefore, careful selection of therapeutic genes is recommended for this
cell-based delivery system in future studies.

5.2 INTRODUCTION
Macrophages have been linked to both the pathogenesis and recovery of
several central nervous system (CNS) disorders (16, 17, 24-26). This high
involvement makes them an attractive candidate to be used as cellular vehicles to
deliver therapeutic agents into the CNS (65, 72-74). One major challenge of
developing a macrophage-based delivery system lies in efficient targeting of the
cellular vehicles to the diseased sites (44). Although in theory, macrophages have
the ability to freely circulate the vasculatures and target multiple sites with ongoing
inflammatory responses, most adoptive transfer studies have reported a relatively
low diseased-sites homing ability of macrophages following systemic administration
(59, 60, 65), with most infused macrophages trapped in the peripheral tissues, such
as lungs, livers and spleens (59, 65). On the contrary, several studies have described
that local administrations of macrophages had achieved better success in different
non-CNS disease models (50, 59, 74), suggesting that by reducing the migration
distance and complexity between the cell administration points and the target
tissues, a higher amount of cellular vehicles may reach the target sites more
efficiently.
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Unlike direct intracerebral (IC) administration into the brain parenchyma, in
which injected cells displayed little migration from the administration points (74),
intracerebroventricular (ICV) administration provides access to the entire
ventricular system which is buried deep inside as well as surround the outside of
the brain and the spinal cord; hence, infused cellular vehicles can potentially
migrate to anywhere within the ventricular system before entering the parenchyma,
allowing targeting to multiple sites within the CNS for more effective treatments of
neurological disorders.
Previous studies have identified the anti-inflammatory M2 macrophages to
be essential for tissue repair in the CNS (24, 25, 147). In addition, the choroid plexus
located on the brain ventricle has been suggested as the entry point for circulating
monocytes that later differentiate into M2 macrophages (26). Generation of in vitro
culture expanded monocyte-derived macrophage (MDM) with M2-like phenotype is
readily achievable with the use of macrophage colony stimulating factor (M-CSF)
(148, 149). Therefore, transplantations of M-CSF stimulated MDM directly into the
brain ventricle represents a promising approach with the potential to suppress
pathologic inflammations and promote tissue repair in the brain.
Elevated level of tumor necrosis factor alpha (TNFα) has been linked to the
pathogenesis of a numbers of CNS diseases, including HIV-associated neurocognitive
disorders (29), Alzheimer’s Disease (30, 31), Parkinson’s Disease (33, 34), multiple
sclerosis (36), and ischemic stroke (150, 151). The critical role TNFα plays in the
immune responses has led to the development of many anti-TNFα therapies,
including the use of soluble TNFα receptor decoys (sTNFR) as biological inhibitors
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of TNFα. This approach has been proven effective and well-tolerated for the
treatment of rheumatoid arthritis (39), and shows great potentials in combating
many neurological disorders.
In this study, we set out to explore the efficacy of using MDM to deliver
sTNFR into the inflamed brain following local administration into the lateral
ventricle. A lentiviral-based vector (LV) was used to transfer sTNFR gene into
mouse MDM for permanent expression.

MDM with M2-like phenotypes were

generated from in vitro culture expansion with M-CSF stimulations, and both the
unmodified “empty carrier” MDM, and sTNFR-expressing MDM, were tested for
their ability to migrate from the lateral ventricle into the inflamed parenchyma on
the opposite brain hemisphere, followed by evaluation on the proinflammatory
cytokine TNFα and Interleukin-1 beta (IL-1β) level, to determine whether the
presence of MDM alone, or with the additional sTNFR-expressing property, could
reduce

the

acute

inflammation

induced

by

IC

injection

of

bacterial

Lipopolysacchrides (LPS) in the brain.

5.3 MATERIALS AND METHODS
5.3.1 Animals
Adult C57BL/6 (Animal and veterinarian services, University of Hawaii,
Manoa) and green fluorescent protein (GFP) transgenic mice C57BL/6-Tg (UBCGFP) 30Scha/J (The Jackson Laboratory, stock #004353) were used in this study. In
all experimental tests, male mice were used as cell donors and female mice as
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recipients. All animal studies were conducted in accordance with the National
Institutes of Health guide for the care and use of laboratory animals. The protocol
has been reviewed and approved by the institutional Animal Care and Use
Committee (IACUC) of University of Hawaii at Manoa (Protocol number 09-767).

5.3.2 Preparation MDM
MDM were prepared from the bone marrow of 10-weeks old male mice. In
brief, bone marrow cell (BMC) suspensions were flushed out from donor mice femur
and tibia of the rare limbs as described previously (73). BMC were first lysed with
ACK lysis buffer (Quality Biological, Inc.), and were passed through the 40-μm cell
strainers (BD Falcon, #352340) to obtain single cell suspension, which was then
cultured in adherent with complete growth medium composed of RPMI1640
medium supplemented with 10% FBS and 1,000 U/ml M-CSF (obtained from 5/9 m
alpha3-18 cell media, ATCC#CRL-10154. M-CSF in condition media was quantified
using Human M-CSF quantikine ELISA kit, R&D system cat#DMC00B), in non-tissue
culture treated sterile Petri dishes (Fisherbrand #FB0875711, 100mm) at 37°C with
5% CO2. At 48 hours post initial seeding, the non-adherent layers were removed,
and the adherent cells were cultured for another 24 hours prior to seeding for
transduction.

5.3.3 LV transduction
The HIV-1-based defective LV system D101-sTNFR:Fc-IRES-GFP (D101sTNFR/GFP) encoding both sTNFR:Fc and GFP was used to transduce MDM in this
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study. The transfer construct pD101-sTNFR:Fc-IRES-GFP contain the expression
cassette with a human codon-optimized sTNFR gene fused to the Fc regions of
human IgG (sTNFR:Fc), followed by the reporter gene - GFP that is expressed via the
internal ribosomal entry site element (IRES) in between the two genes (Figure 1)
(140). The vector was produced by transient transfection of HEK293T cells using
calcium phosphate precipitation method with a packaging construct pCMV-ΔR8.2,
an envelop construct pCMV-VSV-g, and the transfer construct pD101-sTNFR:FcIRES-GFP (95, 96, 140). On day 3, adherent MDM were retrieved from culture vessel
by soaking in 0.02% EDTA solution at 37°C for 10 to 15 minutes follow with gentle
flushing. Recovered MDM were seeded in new Petri dishes at the density of 0.81x106 cells per 20-cm2 surface area, and were transduced within 24 hours.
Immediately before transduction, culture media was removed, and cell monolayer
was washed 3 times with PBS to remove traced serum. D101-sTNFR/GFP (MOI 1015) was mixed with polybrene (final concentration at 7 μg/mL) and allowed
incubation for 10 minutes at room temperature prior to addition of RPMI1640
media to reach proper final reaction volume (0.4ml to 0.5ml per 1x106 MDM per
20cm2

reaction

area).

Transduction

is

initiated

by

adding

the

vector/polybrene/media mix described above onto cell monolayer, followed by a 90
minutes adsorption with gentle rocking every 15 minutes to avoid dry-out of cells.
Post transduction, the vector containing mix was removed, and transduced cells
were washed 3 times with pre-warmed (37°C) DPBS and maintained in complete
growth media for additional 7 days to evaluate the transduction efficiency, and
administered into recipient animals.
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The transduction efficiency of was determined by flow cytometry detecting
GFP-expressing cells. Successfully modified MDM contain sTNFR-IRES-GFP gene
inserts, and express both sTNFR:Fc and GFP, therefore are referred as sTNFR/GFPMDM throughout this paper.

5.3.4

E. coli LPS-induced acute brain inflammation and MDM ICV

administration
Eight- to 12-week old C57BL/6 female mice were anesthetized with Avertin
(2,2,2-Tribromoethanol, 250 mg/kg, IP) and positioned on a stereotaxic apparatus
(Stoelting co.). 5 μg E. coli LPS (1 μg/μL, Serotype O111:B4, S-form. Enzo Life
Sciences, ALX-581-M005) was first administered into the left caudate/putamen
region (AP 0.0 mm, ML -2.5 mm, DV -4.0 mm from bregma) over a period of 5
minutes. Immediately following LPS intracranial (IC) injection, 5×105 Ctl-MDM that
has been cultured for 11 days, or TD-MDM in 2μL PBS were infused into the right
lateral ventricle (AP -0.5mm, ML +1.25mm, DV – 2.5mm) over 5 minutes. Mice were
sacrificed at day 1, 3, and 7 after cell infusion for analysis.

5.3.5 Immunohistochemical (IHC) and immunofluorescent (IF) analyses
At days 1, 3, and 7 following cell ICV infusion, recipient mice were sacrificed
by intracardiac perfusion with PBS and 4% paraformaldehyde (PFA) in PBS. Brain
tissues were collected and post-fixed in 4% PFA overnight at 4°C, dehydrated
through gradient sucrose solutions (15%, 20%, 30%), embedded in OCT compound,
and frozen in 2-methylbutane cooled on dry ice. Serial coronal brain sections of 25-
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μm were prepared from sample tissue +1.0 mm and −1.5mm from Bregma. Both CtlMDM and TD-MDM were detected with goat anti-GFP antibody (1:200, Rockland
#600-101-215) and donkey anti-goat IgG with Biotin conjugate (1:200, Rockland).
Detection of sTNFR:Fc was done using rabbit anti-human IgG Fc (1:100, Rockland)
and goat anti-rabbit IgG with tetraethyl rhodamine isothiocyanate (TRITC)
conjugate (1:200, Jackson immunoResearch laboratories, West Grove, PA, USA).
Polyclonal antibody to ionized calcium-binding adaptor molecule 1 (Iba-1, 1:400,
Wako Pure Chemical Industries, Ltd. Japan. Stock#01919741) and goat anti-rabbit
IgG with Rhodamine conjugate (1:200, Jackson Immuno Research) were used to
identify mice brain microglial cells.
All microscope images were viewed with a Nikon eclipse TE2000-U epifluorescence microscope (with 4x, 10x, and 20x objective lenses, total
magnifications of 40x, 100x, and 200x, respectively), which was equipped with a
CoolSNAP ES2 CCD camera (for fluorescent image acquisition), and with a QIClickTM
CCD Camera (for bright-field color image acquisition). All microscope image were
captured at room temperature (25°C) using NIS-elements BR2.30 software, images
were further processed with Adobe Photoshop CS3 (version 10.0.1) and Image J
(1.48V).

5.3.6 Tissue DNA, RNA, and protein isolation
Tissue DNA and RNA were isolated from the brain regions + 1.0 mm and −
2.0 mm from Bregma were extracted simultaneously with E.Z.N.A. DNA/RNA
isolation kit (Omega Bio-tek) following the manufacturer’s instructions. Total
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protein was isolated from liquid nitrogen ground brain tissues with RIPA Lysis and
Extraction buffer (G-Biosciences) following the manufacturer’s instructions.
Extracted proteins were quantified by Bradford assay prior to ELISA analysis.

5.3.7 Real-time qPCR, real-time RT-PCR, and ELISA for detection of sTNFR:Fc
The amount of donor-derived cell was quantitatively determined by realtime qPCR with primers and probe specific to male murine Y chromosome (97). As
the average DNA content in a diploid mouse cell range from 5 to 7 pg (98), a
parameter of 6 pg gDNA per cell was applied to convert DNA level to cell numbers
presented in all results. Real-time qPCR and real-time RT-PCR were performed on
an

iQ5

optical

system

(BioRad).

TTTTGCCTCCCATAGTAGTATTTCCT-3’,
TGTACCGCTCTGCCAACCA-3’

and

Forward

reverse
the

TaqMan

FAM/AGGGATGCC/ZEN/CACCTCGCCAGA-/3IABkFQ/-3’

primer

5’-

primer

5’-

probe

5’-/56-

(Integrated

DNA

Technologies) were used in the real-time qPCR assay with iQ™ Supermix (Bio-Rad
Laboratories). Standard curves were generated by serially diluting DNA from male
mouse brain. DNA isolated from female mouse brain was included as a negative
control in every assay.
sTNFR:Fc mRNA expression level was detected with real-time RT-PCR. RT
was performed with iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad
laboratories), followed by comparative quantification using forward primer 1TNFRFc_1747(F)

5’-GCTGACCAAGAACCAGGTGT-3’

and

reverse

primer

1-

TNFRFc_1912(R) 5’-CACGGTACGCTTGGAGTACA (Integrated DNA technology) using
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iQ SYBR Green Supermix (Bio-Rad laboratories). Results were analyzed for relative
gene expression using the 2-delta-delta CT method.
sTNFR:Fc protein expression level was determined by ELISA. The level of
sTNFR:Fc protein in different tissues was quantified by human IgG ELISA as
described (142).

5.4.8 Cytokine expression
The level of two pro-inflammatory cytokine, tumor necrosis factor alpha
(TNFα) and interleuikin-1 Beta (IL-1β), were used to evaluate the anti-inflammatory
ability of ICV infused cells. Cytokines mRNA level were detected by real-time RTPCR. Reverse transcription (RT) was performed with iScript Reverse Transcription
Supermix for RT-qPCR (Bio-Rad laboratories), followed by quantitative real-time
PCR for TNFα (forward primer 5’-CCGTCAGCCGATTTGCTATCT–3’ and reverse
primer 5’–ACGGCAGAGAGGAGGTTGACTT–3’) (72), and for IL-1β (forward primer
5’–ACAACAAAAAAGCCTCGTGCTG–3’

and

reverse

primer

5’–

CCATTGAGGTGGAGAGCTTTCA–3’) (72), using iQ SYBR Green Supermix (Bio-Rad
laboratories) through an iQ5 optical system (Bio-Rad). Expression of GAPDH
(forward:

5’–CTCCACTCACGGCAAATTCAA–3’

and

reverse:

5’–

GATGACAAGCTTCCCATTCTCG–3’) was used as reference for normalization (72).
Results were analyzed for relative gene expression using the 2-delta-delta CT
method.
TNFα and IL-1β protein levels were determined by ELISA using Mouse TNF
alpha ELISA Ready-Set-Go! (eBioscience, cat#88-7325-22) and Mouse IL-1 beta
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ELISA Ready-Set-Go! (eBioscience, cat#88-7013-22) kits, following manufacturer’s
instructions, with tissue protein isolated from LPS IC injected animals as notreatment controls.

5.3.9 Statistic analysis
For all experiments, final data presented were obtained from 6 animals for
each test group, and were represented as mean values ± SD. Unpaired t test was
used to analyze studies between two experimental groups. Results with p-value <
0.05 were considered significant.

5.4 RESULTS
5.4.1 LV-mediated gene transfer into primary culture of mouse MDM
Transduction of primary cultures of mouse MDM with LV D101-sTNFR/GFP
resulted in around 50% of transgene expressing cells (Figure 1A), as characterized
at day 7 following the transduction. Increasing amount of sTNFR:Fc was detected in
culture media initially, started from 7.5 ng/mL at day 3 to 40 ng/mL at day 6. At
later time points, the production of sTNFR:Fc increased slightly, but not significantly
(P > 0.05, unpaired t test), with 47 ng/mL at day 9, and 53 ng/mL at day 12 (Figure
5.1B).
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5.4.2 ICV infused Ctl-MDM extravasated and migrated towards inflamed brain
parenchyma
The GFP expressing Ctl-MDM isolated from GFP transgenic mice was
cultivated for 11 days and infused into the lateral ventricle from the right
hemisphere, immediately following IC injection of LPS to the parenchyma on the left
hemisphere. Animals were sacrificed at day 1, 3, and 7 to observe the migratory
patterns of the infused cells.
By day 1, Ctl-MDM were found in large quantity on the lateral ventricle
linings on both hemisphere. MDM diapedesis into the brain parenchyma in adjacent
to the ventricle was also observed on both hemisphere (Figure 5.2A). The cells
detected on the LPS-injected hemisphere displayed a migration crossing the lateral
ventricle ependyma towards the caudate-putamen region, where LPS was injected
(Figure 5.2A and D). This ventricle to caudate/putamen migration was not
observed on the opposite hemisphere, suggesting cellular movement was initiated
by the presence of strong inflammation on the LPS injected hemisphere. A directed
movement towards the LPS-induced inflamed region located on the left hemisphere
was observed clearly at day 3 (Figure 5.2B and E), as majority of the detectable CtlMDM were found to moved further away from the ventricle towards the injection
sites (Figure 5.2B and E). By day 7, Ctl-MDM derived cells showed clear associated
with the needle tract, and have displayed a big and round morphology, indicating
cellular differentiation into the tissue inflammatory macrophages (Figure 5.2F).
These results clearly demonstrated that the ICV-infused MDM were fully functional
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and were able to migrate from the ventricle to the inflamed parenchyma in response
to the presence of inflammation.

5.4.3

ICV-infused sTNFR/GFP-MDM displayed reduced-migratory ability to

the inflamed parenchyma
A reduced cellular migration to the inflamed hemisphere was observed with
the sTNFR/GFP-MDM. Unlike Ctl-MDM, sTNFR/GFP-MDM were only detected in the
lateral ventricle located on the right hemisphere, where cells were initially injected
through (Figure 5.3A). To a much lesser degree, diapedesis of sTNFR/GFP-MDM
was also observed, but only restricted to the right hemisphere (Figure 5.3A and D).
By day 3, sTNFR/GFP-MDM that have entered the parenchyma displayed directed
migration through corpus callosum towards the LPS-injected left hemisphere
(Figure 5.3B and E), indicating that these cells were still functionally active and
attempting to migrate towards the inflammatory sites. At this time point,
sTNFR/GFP-MDM were detected in the lateral ventricle on both hemispheres,
although MDM diapedesis was only observed on the cell-infused right hemisphere
(Figure 5.3B). By day 7, no sTNFR/GFP-MDM was detected in the LPS-injected
hemisphere (Figure 5.3C and F).
It is interesting to note that this reduced migration to the inflamed
hemisphere was not observed with LV modified MDM expressed only the GFP
reporter gene (GFP-MDM). GFP-MDM were detected in the lateral ventricles on both
hemispheres with observable diapedesis at day 1 following cell ICV infusion (Figure
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5.4A and C), and were clearly migrating towards the LPS-injected site by day 3
(Figure 5.4B and D).
Although unable to reach the LPS-injected hemisphere, sTNFR/GFP-MDM
entered the parenchyma on their infused hemisphere, and a portion of them became
IBA1 positive by day 3 following cell ICV infusion (Figure 5.5). These GFP+ IBA1+
cells also displayed a highly branched morphology that was very similar to that of
the brain resident microglia, and although to a much lesser amount, remained
detectable on day 7.

5.4.4 Carrier MDM-mediated expression of sTNFR:Fc in brain
The number of ICV-infused MDM within the brain was further quantified
using real-time qPCR by measuring the amount of cellular DNA of male donor mice.
In accordance with the histology data, majority of the donor MDM were detected in
the left hemisphere where cells were infused through, with significantly less cells
detected in the LPS injected hemisphere at all time points (P< 0.05, unpaired t test).
In addition, the number of cells decreased quickly with time, and only 1/10 to 1/5 of
the cells were detected within the brain by day 3, and less than 1/30 by day 7, as
compared to the cells detected at day 1 (P<0.05, unpaired t test) (Figure 5.6A).
Expression of sTNFR:Fc mRNA displayed a similar pattern as that of total cell
number: very high level of sTNFR:Fc mRNA was detected at day 1, followed by a
dramatic drop at the later time points (Figure 5.6B). Similar to infused MDM
distribution, higher sTNFR:Fc mRNA was also detected in the cell infused
hemisphere at all time points, indicating a strong association of the cell-mediated
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sTNFR:Fc mRNA expression with the physical locations of the carrier cells.
Conversely, the amount of sTNFR:Fc protein was comparable between the two
hemispheres (P > 0.05, unpaired t test), possibly due to free diffusion within the
open lateral ventricle system (Figure 5.6C). The level of sTNFR:Fc protein
decreased gradually overtime (P<0.05, unpaired t test). The amount of sTNFR:Fc
drop by half on day 3, and down to quarter on day 7, as compared to day 1.

5.4.5

ICV infused carrier MDM reduce pro-inflamamtory TNFα and IL-1β

levels in the inflamed brain region.
M-CSF is known to induce macrophage polarize towards the M2 phenotype
(149, 152), which is involved in tissue repair and anti-inflammatory response (153,
154). We hypothesized that by introducing M-CSF stimulated, M2-like MDM into the
brain ventricle alone would bring beneficial effects by promoting tissue repairs and
decreasing inflammation, and additional expression of sTNFR:Fc by sTNFR/GFPMDM in brain should neutralize TNFα mediated neurotoxicity, therefore further
enhance the anti-inflammatory effects of these infused cellular vehicles.
The level of TNFα and IL-1β were compared among three test groups using
the LPS-induced acute neuroinflammation mouse model, with group 1 received CtlMDM, group 2 received sTNFR/GFP-MDM, and group 3 received no cell ICV infusion.
As shown in Figure 5.7, high level of TNFα and IL-1β mRNA were detected in the
LPS-injected left hemisphere at 1dpi, followed by a quick decrease at 3 dpi and 7 dpi
for all three groups (Figure 5.7A and B). For animals received no MDM infusion,
the level of TNFα mRNA at day 7, and the level of IL-1β at both day 3 and day 7,
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were significantly higher as compared to the other groups receiving Ctl- or TDMDM (Figure 5.7A and B).
Despite the quick decrease in cytokine mRNA level, the TNFα protein was
found to maintain at similar level in LPS-IC control animals throughout the
experiment (P > 0.05). Conversely, a transient decrease in TNFα protein was
observed at day 3 in the group received TD-MDM ICV infusion, but the level bounce
back at day 7 (Figure 5.7C). For animals received Ctl-MDM, a decrease in TNFα was
found at day 7, this number was also significantly lower compared to the other two
test groups (Figure 5.7C). Contrary to the delayed decrease in TNFα level only at
day 7, animals received Ctl-MDM displayed a significantly lower IL-1β level at day 1,
compared to the other test groups (Figure 5.7D). Although the level of IL-1β again
became comparable to the other test groups at the later time points.

5.5 DISCUSSION
The concept of using macrophage to deliver therapeutic genes into diseased
tissues has been proposed for over a decade (59). Nevertheless, macrophage
homing to the pathologic sites following systematic administration has been proven
inefficient in most adoptive transfer studies (59, 60). In fact, in our previous study,
we observed that majority of the intravenously (IV) infused macrophages were
trapped in the lungs, and got cleared out from the system within 24 hours. Very little
to none of the IV infused macrophages were able to reach the inflamed region of the
brain. We showed in this study that macrophages administered into the brain lateral
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ventricle were able to first reach the other lateral ventricle located on the opposite
hemisphere, and enter the inflamed parenchyma by crossing the ventricle
ependyma layer. This observation validated the ability of these cellular vehicles to
travel freely through the ventricular system, even against the flow of cerebrospinal
fluid (CSF), before entering the parenchyma. In general, the distribution of ICV
delivery of biologics or drug depends on the bulk flow of CSF, followed by diffusion
with the interstitial fluid (ISF) from the subchoroid space into the brain parenchyma
through the paravascular space (155). The speed and distance in which a
therapeutic molecule can diffuse into the parenchyma is largely refrained by its size,
and also display a steep gradient from the CSF compartment to the inner
parenchyma; in addition, very little drugs or biologics can enter into the
parenchyma by crossing the endymal layers within the brain ventricle (155, 156).
On the other hand, as demonstrated in this study, macrophage-based vehicles can
enter the brain parenchyma from a completely different route, and displayed higher
efficiency in reaching regions further away from the surface and lateral ventricles.
Although compatible level of ventricular and extravasated Ctl-MDM were
detected on both hemispheres at 1 dpi, IHC results demonstrated that more cells
accumulated on the LPS injected hemisphere at day 3 and day 7, suggesting
inflammation as the key mechanism to retain these cell vehicles in the brain
parenchyma. The presence of the recruited Ctl-MDM alone showed antiinflammatory characteristics in the acutely inflamed brain, as evident by reduced
TNFα and IL-1β level at 7 and 1 dpi, respectively. MDM in this study were generated
by in vitro cultivation in the presence of M-CSF, a method described previously for
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generating macrophages with M2 phenotypes that are beneficial for CNS repair
(148, 149). However, we did not detect a significant increase in interleukin-10 (IL10) mRNA level in animals received Ctl-MDM ICV, probably due to the already high
level of IL-10 (around 300-fold increase) induced by LPS IC injection.
On the other hand, several interesting results were observed when
genetically modified MDM were tested in the same system. First, MDM that
expressed sTNFR could not reach the inflamed parenchyma as expected, but the
change in migratory pattern was not observed in the MDM that only expressed the
reporter GFP gene. Second, the therapeutic gene product sTNFR expressed by the
infused sTNFR/GFP-MDM were detected at similar level in both hemispheres of the
brain. Since sTNFR is a soluble product, it is secreted into the surrounding
environment by their carrier MDM, and could be potentially distributed to the entire
CNS via CSF flow. The amount of sTNFR roughly decreased by half from day 1 to day
3, suggesting a half-life of about 2 days. It appeared that the presence of sTNFR has
interfered with the migration of their carrier MDM, possibly caused by elimination
of the TNFα gradient due to sTNFR neutralization around the modified cells. And
last, although sTNFR/GFP-MDM were not able to accumulate at the inflamed region,
cell-mediated expression of sTNFR in the brain still resulted in a transient decrease
of TNFα level at day 3. But as the available sTNFR expressing cells were quickly
cleared out from the brain, the level of TNFα bounced back again by day 7. Clearly,
the reduction in TNFα level observed with the use of Ctl-MDM at 7 dpi was caused
by a different mechanism – more likely an outcome of MDM modulating the tissue
microenvironments from within the inflamed region.
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The fast speed in which the ICV infused macrophages got cleared out was
also interestingly. Future study will need to investigate on the “minimum cell
amounts” to be injected in order to carry out efficient therapeutic functions, and also
should test this approach in models with chronic inflammation to see if that increase
the duration of cells to stay in the parenchyma.
Overall, results from this study have confirmed the ability of both ICV-infused
MDM and MDM-mediated expression of sTNFR to reduce the level of TNFα in the
acutely inflamed brain tissue. We have concluded that it is feasible to use ICVadministered MDM as cellular vehicles to target diseased sites within the brain, and
that MDM-mediated expression of sTNFR is capable of lowering TNFα level in the
brain. However, careful selection of the therapeutic gene to be used in this system
will be important, for some gene products might interfere with macrophage-based
vehicles migration, as observed with the use of sTNFR in this study.
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Figure 5.1 – LV-mediated sTNFR gene transfer into primary mouse monocytederived macropahges. (A) Evaluation on the D101-sTNFR/GFP transduction
efficiency of mouse MDM. Expression of GFP protein indicates successful transgene
integration in target cells, the intensity of GFP signal reflects the expression level of
the therapeutic transgene sTNFR:Fc. (B) Transduced MDM released sTNFR:Fc into
culture media. The level of detected sTNFR:Fc increased from day 3 to day 6, and
maintained at a constant level ever since. * P< 0.05.
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Figure 5.2 – Migration of ICV-infused Ctl-MDM from lateral ventricle to the
inflamed parenchyma located on the opposite hemisphere. The distribution of
the donor Ctl-MDM (GFP-positive, brown) at (A) D1, (B) D3, and (C) D7 following
cell ICV infusion. Cells were originally infuse into the right lateral ventricle (located
on the right side of panel A-C), followed by extravasation into the parenchyma. (D-E)
Magnifying image from the red box area on panel A-C. The extravasated donor-MDM
were found to migrate towards the LPS injected tract on the left hemisphere (area
between the dashed lines). (A-C) Scale bar = 500 μm, original magnification at 40x.
(D-F) Scale bar = 200 μm. Original magnification at 100X.
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Figure 5.3 – Altered migratory pattern of ICV-infused sTNFR/GFP-MDM. An
altered distribution pattern of the donor sTNFR/GFP-MDM (GFP-positive, brown)
was found at (A) D1, (B) D3, and (C) D7 following ICV infusion. Cells were found to
be restricted to the right hemisphere (located on the right side of panel A-C) where
they were originally infused in at day 1 (A), with limited migration to the other
lateral ventricle (left side of panel) by day 3 (B). (D-E) Magnifying image from the
red box area on panel A-C. sTNFR/GFP-MDM extravasation was only detected at the
infused right hemisphere (right side of each panel). (A-C) Scale bar = 500 μm,
original magnification at 40x. (D-F) Scale bar = 200 μm. Original magnification at
100X.
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Figure 5.4 – Migration of ICV-infused GFP-MDM from lateral ventricle to the
inflamed parenchyma. The distribution of the GFP-MDM (GFP-positive, brown) at
(A) D1 and (B) D3 following cell ICV infusion. GFP-MDM were originally infuse into
the right lateral ventricle, followed by extravasation into the parenchyma. (C &D)
Magnifying image from the red box area on panel A & B. Extravasated donor-MDM
were found to migrate towards the LPS injected tract on the left hemisphere (area
between the dashed lines). (A-C) Scale bar = 500 μm, original magnification at 40x.
(D-F) Scale bar = 200 μm. Original magnification at 100X.
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Figure 5.5 – Extrasavated sTNFR/GFP-MDM displayed branched morphology
and expressed IBA-1 marker. Following extravasation, sTNFR/GFP-MDM in the
brain parenchyma displayed a elongated, branched morphology and were found to
express IBA-1 marker at 3 and 7 dpi. Scale bar = 25 μm. Original magnification at
200x.
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Figure 5.6 – Quantification analysis of sTNFR:Fc expressing MDM in the brain.
(A) The level of male-donor derived MDM, (B) the level of sTNFR:Fc mRNA, and (C)
the level of sTNFR:Fc protein level at the MDM ICV infused right hemisphere (Black
column) and LPS IC injected left hemisphere (White column) at day 1, 3, and 7.
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Figure 5.7 – The anti-inflammatory effects of ICV-infsued Ctl-MDM and
sTNFR/GFP-MDM. (A) TNFα mRNA (B) IL-1β mRNA, (C) TNFα protein (D) IL-1β
protein levels at the LPS IC injected region of animals that received no cells (LPS ctl),
sTNFR/GFP-MDM and Ctl-MDM at day 1, 3, and 7 following cell ICV infusion. * = p
value < 0.05 within test group, # = p value < 0.05 among test groups.
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CHAPTER 6

Closing remarks
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5.1 DISCUSSION
Despite of the much-improved understanding about the CNS, neurologicalrelated illnesses remain the number one cause of disability, causing huge social and
economic burden worldwide (1). Currently, there are very few efficient treatments
towards most CNS disorders, largely due to the refrained entry by the BBB of most
commercially available pharmacologic compounds or gene vectors into the brain
(2). The BBB is a highly specialized structure that regulates substances entry into
the CNS, hence protect the brain from exposing to potential toxic and infectious
substances in the blood; nevertheless, it also becomes the biggest obstacle when
treatments is needed in the brain.
Cell-based delivery system has been proposed as an alternative treatment
approach for the CNS (3, 4). The use of cellular vehicles to transport therapeutics
into the brain poses several advantages. First, cellular carriers offer protections for
therapeutics that might be targeted by enzymatic degradation if freely present in
the blood, therefore increase the half-lives of the administered compounds or
biologics, and subsequently reduce the needed dosage and potential in vivo toxic
effects (4). Next, immune cell-based vehicles are equipped with the intrinsic ability
to travel through vasculatures, migrate towards chemotactic gradients, and
accumulate at multiple tissues in response to inflammatory or injurious signals, and
thus are ideal for precise targeting to particular disease sites by exploiting their
natural biological functions (5-11); this is important when targeting neurological
diseases that occurs at multiple sites in sporadic fashions, such as Alzheimer’s
disease, HIV-associated neurocognitive disorders, and multiple sclerosis. More, cell-
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based vehicles can be utilized as “production factories” to synthesize therapeutics
that are difficult to make “in vitro”, or have very short half-lives in vivo. Last, cells
such as monocytes and MDM normally participate in the progression of numerous
neurological diseases, and are known to have the ability to modulate the
microenvironments in the brain by producing different types of cytokines (11-14),
therefore, even the use of “empty vehicles” promises therapeutic potential.
Monocytes and macrophages are known to migrate across the BBB under
pathological conditions (15-18), and are involved in various CNS pathologies (15,
19), and thus are the ideal candidates to be tested as cellular vehicles to transport
therapeutics into the diseased brain, by “hijacking” their biological functions.
Therefore, this study was aimed to explore the feasibility of applying monocytes and
MDM as therapeutics delivery vehicles targeting the brain, by testing their ability to
transport both nano-scaled particles and exogenous gene, following both systemic
and local administration routes, in a mouse model with acutely induced
neuroinflammation.
The mononuclear phagocytes (MP) family contains a variety of cells that
differ in their degree of maturation/differentiation, phenotypes, and biological
functionalities (20-23). Bone marrow is a preferred source of MP, as cells generated
from the bone marrow can be easily expanded in vitro (24). Previous studies have
utilized MP from different sources to deliver therapeutics into the CNS, including
bone marrow derived CD11b+ cells (9), in vitro expanded M-CSF stimulating MDM
(5, 8), and in vitro expanded GM-CSF stimulating MDM (11), all showing positive
results in reaching the CNS with therapeutic carriage. Nevertheless, in order for the
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treatment to work, MP-based cell vehicles need to accumulate at sites in numbers
high enough to conduct efficient therapeutic functions. Cellular vehicles
concentration at target sites can be increased via several different mechanisms, such
as by selecting the cell vehicles that possess the highest target site homing
efficiency, or by introducing cellular vehicles locally to maximize carrier
concentration.
In the first part of this study, the relatively immature MP population – the
monocytes, particularly the Ly6Chi population (the immature monocytes from the
bone marrow), was found to possess the most efficient inflamed-brain homing
ability over cultured MDM, following IV infusion. This result suggested bone marrow
derived monocytes to be the more suitable source for the non-invasive cell-based
delivery system for the brain using IV administration route. Whereas MDM,
especially the ones that have been cultured in adherent, displayed limited migration
ability to reach the inflamed brain if infused IV, therefore are more suitable to be
administered via a local route, such as ICV delivery.
Another potential on using MP-based therapy is their ability to modulate
tissue microenvironment and redirect immune responses, therefore subsequently
change the course of a disease. Upon tissue infiltration, monocytes undergo
differentiation into macrophages with distinct functions, depends on the signals
they receive at the moment from the surrounding tissue environments. Although we
did not observe any aggravating neuroinflammatory response when exogenous
monocytes were recruited into the brain following their introduction into the
circulation, the presence of these “unmodified” exogenous monocytes were not able
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to bring down the CNS inflammation either. On the other hand, introduction of MCSF stimulated cultured MDM into the brain ventricle resulted in decrease in the
proinflammatory cytokine TNFα and IL-1β level, indicating the ability of these M2like MDM to modulate the brain microenvironments by suppressing inflammatory
responses, hence the “empty” cellular vehicles themselves alone in fact possess
“therapeutic” functions.
In addition to efficient cellular vehicle migration to the disease sites,
successful cell-based delivery system also requires efficient therapeutic “loading”
onto the vehicles. Both monocytes and MDM were able to uptake nano-formulated
particles efficiently, resulted in 100% of “labeling” efficiency. The use of SPIONs in
this study provided future opportunities for extended applications, including 1)
Formulate nano-scale medicines according to SHP30 specifications to ensure
maximum cellular uptake efficiency and minimum NP-induced cytotoxicity. 2) Use
SHP30 directly as drug carriers by covalently conjugate therapeutic peptides onto
the surface of the particles, before monocyte or MDM uptake. 3) Migration of
SHP30-carriage cell vehicles can be further enhanced by placing external magnetic
fields over the target sites, thanks to the paramagnetic nature of SHP30, hence to
increase the carrier cell concentration and thus to carry out more effective
treatment functions.
Therapeutic genes loading onto these MP cells were more challenging.
Although the use of LV allow transfer of genes into the non-dividing macrophages,
monocytes transduction has always been found a lot more difficult, as they are more
refractory to genetic modification (25). Although the exact mechanism remains

167

unknown, spin-infection has long been suggested to increase viral vector
transduction efficiency. In addition, the suspension nature of monocytes makes
them unsuitable to be transduced in adherence like cultured MDM, as cellular
attachment in fact induce monocyte differentiation into macropahges. Therefore,
spin infection was optimized and applied to transfer exogenous genes into
monocytes in this study, and this method was proven to be effective as up to 35% of
monocyte populations were able to express the transferred genes. Nevertheless, this
method might have cause other problems, like physical damages due to high speed
centrifugation, which subsequently reduced the migratory ability of transduced
monocytes to reach the inflamed brain. Therefore, optimization on gene transfer
into monocytes will inevitably require more attention in future studies in order to
perfect the monocyte-based delivery system. Optimization in post transduction
recovery without culture-induced monocyte-macrophage differentiation will be a
good place to start.
On the other hand, selection of the therapeutic genes should also be taken
into careful considerations, as some of the genes might also interfere with carrier
cells’ migration. The expression of sTNFR by ICV infused MDM displayed obvious
negative impacts on carrier MDM migratory efficiency, even through a short
distance within the brain ventricular system. One possible approach is to apply
bilateral injection of the carrier cells, instead of unilateral infusion as conducted in
this study, as transduced MDM still displayed ability to enter the parenchyma from
the lateral ventricle within the same hemisphere.
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Overall, this study has provided detailed information on monocytes- and
macrophage-based delivery system targeting the inflamed brain. A brief summary
on the advantages and disadvantages of both systems is listed at Table 6.1. The data
provided in this study have laid the strong foundations for future monocyte and
MDM-based delivery system studies, as the systems reported here can be applied to
any nano-scale agents or genes with potential therapeutic functions to combat a
given neurological disorder.
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Table 6.1 – Comparison of monocyte and MDM-based CNS delivery system

Advantage

Monocytes
#

High inflamed-brain homing
efficiency following IV

MDM
Higher transduction efficiency

#

Can be generated via in vitro
culture expansion

administration, ideal for non-

#

invasive cell vehicles.
#

#

Can be induced in vitro towards
desired functional phenotypes

Difficult to be manipulated

Disadvantage

genetically
#

Limited amount of cells can be
isolated per donor

#

#

Low brain homing efficiency if
administered systemically (IV).

Difficult to control cellular
polarization upon tissue
infiltration
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