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Musculoskeletal Applications of Iron Loading for Stem Cell Tracking with
Magnetic Resonance Imaging

Karl Johann Saldanha
Abstract:

Stem cells have shown promise for tissue regeneration in a variety of pathological
conditions. Specifically, mesenchymal stem cells have demonstrated the ability to
promote tissue repair of the musculoskeletal system through differentiation along specific
lineages including bone, cartilage, muscle, and fat. As part of the ongoing development
of stem cell therapies and the gradual transition of these techniques into the clinic, it is
crucial to be able to monitor these cells following implantation into the body. Magnetic
resonance imaging (MRI) has the capability to provide in vivo non-invasive imaging of
cells at multiple time points following implantation. As such, these research studies focus
on the development of techniques to generate contrast between cells and the surrounding
environment on MR images using iron-based methods. In particular, these studies focus
on the application of such techniques to stem cell tracking for tissue engineering of the
musculoskeletal system. The techniques investigated include cell loading with iron oxide-
based contrast agents of various sizes as well as genetic engineering strategies to increase
iron uptake through modified protein expression. Studies using iron oxides demonstrate
the ability to non-toxically label cells, detect them via MRI, and quantitatively
characterize signal loss associated with labeling. However, issues with excess particles
following labeling could potentially hinder the accuracy of this approach. Furthermore,
aggregation of excess particles during in vitro stem cell differentiation precludes the
ability to utilize conventional staining techniques to assess the effect of labeling on

differentiation capacity. Genetic engineering studies on (non-stem cell) mammalian cells
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suggest no effect on iron uptake resulting from expression of the bacterial gene magA.
However, ferritin up-regulation results in increased iron uptake in transiently transfected
cells, but not enough to enable MRI detection. Further studies focused on generation of
ferritin expressing stable cell lines as well as cells expressing gene combinations known
to play a role in iron uptake are warranted. While significant research is still necessary
before iron loading techniques can be transitioned into a clinical setting, the promising
results of these studies and the clear potential benefits of its successful development are a

strong motivation for continued investigation.
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Chapter 1: Introduction

1.1 Motivation

In recent years, the field of tissue engineering has rapidly expanded based on the
development of techniques to improve or replace tissue function within various organ
systems of the body. A major underlying supposition of this interdisciplinary field is that
engineered techniques designed to mimic the body’s own natural biological methods for
tissue regeneration will yield the most effective therapeutic strategies in the clinic. Based
on this understanding, one particularly large area of active research is the use of stem
cells for tissue engineering purposes. Among the two major categories of stem cells, adult
stem cells are a natural source of cells within the human body that are capable of self-
renewal and differentiation along a variety of lineages. These properties along with the
less controversial nature of their use compared to embryonic stem cells (ESCs) have
made adult stem cells a major area of focus for cellular-based regeneration of a variety of
tissue systems within the body.

In order to assess the effectiveness of stem cell-based therapies, it is important to be
able to monitor stem cells after they have been implanted into the body. Ideally, it is
important to be able to evaluate both the bio-distribution and functionality of stem cells
implanted into the body for tissue regeneration purposes. This is important to determine
both that implanted stem cells remain in the particular region of interest (ROI) and that
they achieve the desired goals of implantation with minimal side effects. The research
presented here focuses on the bio-distribution aspect of monitoring stem cell-based
therapies, which has utility both in the further advancement of tissue engineering research

and in the continually evolving use of stem cells within a clinical setting.



1.2 Thesis Aims

The overall purpose of this research work is to examine the use of magnetic
resonance imaging (MRI) to track stem cells through the use of iron-based cell loading
techniques. This includes studies based on two general strategies: (1) loading cells with
various types of iron oxide contrast agents, and (2) genetically modifying cellular
expression of genes that facilitate uptake and storage of iron within the cell. While stem
cell-based therapies are applicable to a variety of tissue and organ systems within the
body, this work focuses on the use of these techniques for MRI-based cell tracking of
tissue regeneration within the musculoskeletal system. The layout of this work consists of
a general background section, studies based on the use of nanometer-sized iron oxide
particles, micrometer-sized iron oxide particle studies, genetic modification of cellular

expression studies, and finally conclusions resulting from this research effort.

The primary contributions of this work include:
1) An analysis of the application of nanometer-sized iron oxide cell labeling to
tracking of stem cells implanted for regeneration of the intervertebral disc (IVD).
2) An analysis of the application of micrometer-sized iron oxide cell labeling to
tracking of stem cells implanted for regeneration of articular cartilage and other
musculoskeletal tissues.
3) A quantitative characterization of the loss in signal intensity (SI) associated with

micrometer-sized iron oxide labeling at both 3 tesla (T) and 14T.



4) An examination of the feasibility of encoding mammalian cells to express
bacterial genes important to the internalization and storage of iron, and a
comparison to established techniques for up-regulating expression of mammalian

genes responsible for iron storage and controlled release.

The background consists of:

Chapter 2, which provides an overview of stem cell-based therapies, their applications
within a musculoskeletal tissue engineering setting, and an evaluation of current
techniques for assessing stem cell-based therapies.

Chapter 3, which provides an overview of iron-based cell loading techniques including
the use of iron oxide contrast agents of various sizes, the use of transfection agents to
facilitate cellular uptake or iron oxide particles, and the use of techniques that genetically
modify cells to increase their uptake of iron.

Chapter 4, which covers the basic principles of MRI, how quantitative parameters are
derived from an MR image, and the effects of iron-based cell loading on resulting MR

images.

The experimental section consists of:
Chapter 5, which focuses on research studies utilizing Feridex iron oxide nanometer-
sized particles and the application of this cell tracking technique to tissue regeneration

within the IVD.



Chapter 6, which focuses on research studies utilizing Bangs micrometer-sized iron
oxide particles (MPIOs) and the application of this cell tracking technique to tissue
regeneration of knee articular cartilage and other musculoskeletal tissues.

Chapter 7, which examines alternative techniques for cellular loading with iron by
modulating expression of various bacterial and mammalian genes responsible for iron

internalization and storage.

Lastly,
Chapter 8 summarizes the results of this work, the resulting implications of this

research, and future directions.



Chapter 2: Background [1]—Stem Cell-based Therapies

2.1 Stem Cells

Stem cells are biological cells within multi-cellular organisms that are capable of both
self-renewal and differentiation into specialized cell types that form various tissues
within the body. Based on these characteristics, stem cell-based research has been a
major area of focus as a potential strategy for repair and regeneration of diseased and

damaged tissues. In general stem cells are distinguished as ESCs or adult stem cells.

Table 2.1 outlines the major properties of ESCs and adult stem cells and highlights the

main differences between the two types.

ESCs Adult
Stem Cells
Source -Isolated from the inner cell mass of a -Isolated from various tissues within
blastocyst (early stage embryo) the body throughout lifetime
Potency -Pluripotent—capable of differentiation | -Multipotent—capable of
into any cell type differentiation into multiple (but not
any) cell type
Renewal -Capable of self-renewal with the -Capable of self-renewal but may be
. potential ability to overcome telomere | limited due to telomere shortening
CapaCIty shortening
Immunogenicity -Based on isolation of ESCs from -Cells can be isolated and implanted
embryos, implantation is inherently into the same patient limiting issues
allogenic which has potential immune associated with immune rejection
rejection issues
In Vitro -Generally requires culturing of cells -Cells are cultured either in
on a feeder layer (e.g. mouse suspension or as a monolayer
Cell Culture embryonic ﬁb};oblas%s) dep[;nding on adult stem c}elll type
-Recently developed techniques enable
culturing without a feeder layer
Controversy -Ethical issues associated with -No major ethical or regulatory issues
obtaining ESCs from embryos involved with use for research
-Federal limitations on the use of ESCs | purposes
for research purposes

Table 2.1 —ESCs and adult stem cells: major properties and differences. (Table
adapted from Palsson & Bhatia. Tissue Engineering. Prentice Hall 2004. Pages 61-

73.)

2.1.1 Mesenchymal Stem Cells (MSCs)




As multipotent cells, adult stem cells are present within the body and naturally
function as a source of undifferentiated cells for the rejuvenation of tissue. As part of the
body’s own repair process, these cells can terminally differentiate along several specific
lineage pathways in order to replenish dying cells and regenerate various tissues. Based
on the ability to isolate these cells from patients, culture them ex vivo, and transplant
them back into the body, adult stem cells are currently under investigation for their
therapeutic potential. In pathological conditions where the body is unable to repair or
regenerate tissue on its own, such stem cell-based therapeutic strategies have shown great
promise. In particular, bone marrow-derived MSCs, a subset of adult stem cells, have
demonstrated the ability to differentiate into a variety of connective tissue types including
bone, cartilage, muscle, tendon, and fat (1). Figure 2.1 depicts the various lineages that
MSC:s are capable of differentiating into as well as the process by which MSCs commit

to a specific lineage.
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Figure  2.1—Self-renewal = and  differentiation  potential of  MSCs.
(Image obtained from Bonfield et al. (2))

2.1.2  Scaffold Support of MSCs



For tissue engineering applications, MSCs generally require a scaffold support system
that promotes 3D cell culture and tissue formation. Depending on the particular
application, scaffolds are designed to promote any combination of the following (3):

a. Cell attachment, proliferation, differentiation, and migration

b. Delivery and maintenance of vital biochemical factors

c. Diffusion of cell nutrients, waste, and secreted cellular products

d. Influence over cell behavior through mechanical and biological cues
A variety of materials have been utilized as scaffolds for tissue engineering purposes and
can be either synthetic or naturally derived (i.e. biologic). In some cases scaffolds can be
a combination of both synthetic and biologically based components. Among the types of
scaffolds utilized for tissue engineering with MSCs are fibrin-based natural gels and
synthetic hydrogels.

Fibrin is a natural polymer formed by the polymerization of fibrinogen with thrombin
(3). It is an attractive scaffold candidate because it can be made from autologous blood
and is often used as a wound adhesive based on its strong biocompatibility. In addition,
stem cells possess integrins that can bind directly to fibrin, and it is believed that fibrin
may provide chemotactic and mitogenic stimuli for MSCs (4). Figure 2.2 from studies by
Choit et al. depicts scanning electronic microscope images of cells encapsulated within a
fibrin-based scaffold (5). A variety of studies have examined the use of fibrin as a
scaffold for cell-based tissue engineering. For example studies by Dragoo et al.
demonstrated the production of hyaline neo-cartilage in mice following implantation of

stem cells suspended in a fibrin-based scaffold (6). Another study by Westreich et al.



demonstrated fibrin biocompatibility and formation of cartilage following autologous

implantation of constructs within the dorsum of immuno-competent rabbits (7).

At ey
Figure 2.2—SEM images showing the morphological structure of cells encapsulated
within a fibrin-based gel. (a) x 500 (b) x 3000 (Image obtained from Choi et al. (5))

Among the numerous synthetic scaffolds currently under investigation hydrogels
have several advantages that make them attractive for use in tissue engineering.
Hydrogels are cross-linked polymer structures that often have very high water content.
The process of cross-linking through a combination of hydrogen bonds, van der Waals
interactions, and ionic and covalent bonds forms an insoluble polymer. Depending on the
type of hydrogel, cross-linking can be initiated by exposure to changes in temperature,
ionic environment, chemical cross-linkers, or radiation (e.g. light). Hydrogels are capable
of facilitating mass transport of nutrients by matching the water content of the gels to the
tissue of interest. Another general advantage is the ability to encapsulate cells within the
hydrogel in liquid form (making in vivo injection easier) and then polymerizing the gel
upon exposure to appropriate conditions.

One particular type of hydrogel is composed of poly(ethylene glycol) (PEG). Figure

2.3 shows the chemical structure of PEG. PEG-based polymers, which are approved by

the Food and Drug Administration (FDA), consist of repeating ethylene oxide units



flanked on both ends by alcohols. The physical and chemical properties of the polymer
can be modified by varying the molecular weight of the gel through the number of
repeating subunits. PEG-based hydrogels have been well researched for musculoskeletal
tissue applications, particularly in the area of cartilage tissue engineering (8,9), and recent
studies are focused on understanding methods to control the mechanical properties and

diffusion kinetics of PEG hydrogel constructs (10-12).

HO | OH

Figure 2.3—Chemical structure of PEG. (Image obtained from
http://www.glycosan.com/peg_science/what_peg.html)

Another synthetic hydrogel utilized for tissue engineering applications is Puramatrix
hydrogel, a commercially available synthetic polymer created by 3DM Inc. Puramatrix
consists of a sequence of repeating amino acids that contain polar (hydrophilic) and non-
polar (hydrophobic) surfaces. Upon exposure to physiological salt concentrations, the
amino acids self assemble into $-sheets through hydrophobic interactions, as well as the
formation of hydrogen and ionic bonds (Figure 2.4). The B-sheets then assemble into
nano-fibers and eventually into a 3D structure with high water content and low (0.5-1%)
peptide concentration. The use of Puramatrix as a scaffold for MSC-based tissue
regeneration is a relatively new area of research, but results indicate MSC-Puramatrix
implants are capable of promoting tissue regeneration in a variety of areas. For example,

results by Henriksson et al. demonstrate survival of Puramatrix-encapsulated MSCs for



up to six week following in vivo implantation within a porcine IVD degeneration model
(13). The implanted MSCs also showed positive markers for differentiation into disc cells
during the time course of the study. Another study by Dickhut et al. demonstrates in vitro
survival and chondrogenesis of MSCs when encapsulated within Puramatrix hydrogel

(14).
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Figure 2.4—Process of Puramatrix hydrogel formation upon exposure to
physiological salt concentrations. The amino acid sequence self assembles into
p-sheets which further assemble into nano-fibers and ultimately a 3-D structure
with high water content. (Image obtained from
http://www.puramatrix.com/tc01.html)

2.2 Musculoskeletal Tissue Engineering with MSCs

Based on the their ability to differentiate into various types of connective tissue,
MSCs continue to be investigated as a therapeutic strategy for regeneration of tissues
present within the musculoskeletal system. In particular, MSC-based tissue engineering
has shown promise in the ability to regenerate tissue within the intervertebral disc (IVD),

as well as in the regeneration of hyaline articular cartilage within the knee.

2.2.1 MSC-based Tissue Engineering of the [VD
The IVD is made up of fibro-cartilaginous tissue and serves as a cushion to absorb

shock and protect the vertebrae, brain, and important nerves of the body. The biology of

10



the IVD and the changes that occur with degeneration have been extensively reviewed
(15,16). Briefly, IVD anatomy consists of an inner core known as the nucleus pulposus,
and a surrounding firm ring of tissue called the annulus fibrosis (Figure 2.5). The nucleus
consists of a hydrated gel, while the annulus is composed of tightly woven collagen
fibers.

At the cellular level, the IVD consists of chondrocytes at the end-plates of the disc,
chondrocyte-like cells in the nucleus pulposus, and fibroblast cells in the annulus fibrosis.
The nucleus pulposus and annulus fibrosis contain abundant amounts of extracellular
matrix (ECM) proteins, particularly collagens and proteoglycans (17). In addition the
ECM also contains abundant amounts of water in both the nucleus pulposus (80%) and
the annulus fibrosis (65%). The proteoglycans present in the disc are trapped within the
network of collagen fibers and based on their negative charge facilitate the entry and exit

of water during loading and unloading of the disc.

28
i"'
}f -—1—lntervertebral dlSk Annulus
;.,\ ——_/ fibrosus
A X
<
(ST ‘
4 Nucleus X
. —3. pulposus Spinal

Transverse
process

Superior
articular facet
Spinous
| process FADAM.
Figure 2.5—Spinal cord and IVD anatomy. (Image obtained from
http://healthguide.howstuffworks.com/intervertebral-disk-picture.htm)
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During degeneration there are a variety of morphological changes that occur (18,19).
In general disc degeneration is characterized by a loss of cellularity and degradation of
the ECM. In addition, the distinction between the nucleus pulposus and annulus fibrosis
degrades, and the disc loses height, pressure, and hydration (20,21). These changes that
occur during disc degeneration ultimately alter the morphological structure of the IVD,
which affects the biomechanical properties of the disc in response to loading and
unloading. Although clinically the link is poorly understood, IVD degeneration is
postulated as a potential cause for chronic back pain (22), the leading cause of pain and
disability in adults in the United States (23).

Since degradation of the ECM, in particular proteoglycans is known to be an early
event in IVD degeneration, current biological therapies are aimed at ECM restoration. In
particular, a variety of studies have investigated MSCs as a means of regenerating the
IVD. For example, in vitro studies by Strassburg et al. demonstrate differentiation of
MSCs into the nucleus pulposus phenotype after co-culture with nucleus pulposus tissue
(24). Of particular importance is the fact that differentiation happened when MSCs were
co-cultured with both normal and degenerated nucleus pulposus tissue. Furthermore, cells
within the degenerated tissue also exhibited increased matrix gene expression as a result
of MSC co-culture. In other studies, rabbit MSC implantation resulted in an increase in
proteoglycan content (25,26), partial restoration of disc height and hydration (27,28), and

differentiation into the chondrocyte/nucleus pulposus cell phenotype (28).

2.2.2 MSC-based Tissue Engineering of Hyaline Articular Cartilage
Hyaline (articular) cartilage lines the ends of bones, and allows for low friction

motion of articulating surfaces. The main function of cartilage as a viscoelastic material
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is variable load bearing through a range of motion and functional activities (29). Articular
cartilage anatomy and the biology associated with maintaining its function has been
extensively reviewed (29,30). Cartilage is composed of chondrocytes embedded within
an ECM (Figure 2.6). The ECM is generated and maintained by the embedded
chondrocytes and consists of numerous macromolecules including collagens,
proteoglycans, and other proteins. The complex interaction between these proteins and
tissue fluid are responsible for providing cartilage with its tensile strength, compressive

strength, and resiliency (29,30).
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Figure 2.6—Schematic of cartilage ECM organizational structure. (Image obtained
from http://www.bidmc.org/Research/Departments/Radiology/Laboratories)

Articular cartilage is comprised of four zones (Figure 2.7): superficial, middle, deep,

and calcified cartilage (30). Chondrocyte size, shape, and metabolic activity vary within
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the different zones. The superficial zone is the thinnest and forms the gliding surface of
the joint. The main component of this zone is collagen arranged in fibrils parallel to the
joint surface. The middle zone is thicker than the superficial zone and consists of larger
collagen fibrils that do not have any distinct orientation. Within the deep zone collagen
fibrils are once again oriented parallel to the cartilage surface. Lastly, within the zone of
calcified cartilage, collagen fibrils insert into the calcified tissue, which serves to anchor
the bone-cartilage interface and provide a mechanical transition between the two tissues.

Of particular note, 95% of the collagen present within articular cartilage is Type II (31).
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Figure 2.7—Zonal organizational structure of articular cartilage. (Image obtained
from Newman et al. (30))

Proteoglycans are another important component of articular cartilage and are
generally maintained by chondrocytes within the ECM. They often exist as aggregates,
consisting of a centralized hyaluronic acid chain with proteoglycan monomers attached
by way of specialized link proteins. The proteoglycan monomers in turn consist of a
central protein core with multiple sulfated glycosaminoglycan (GAG) chains (e.g.
chondroitin sulfate, keratin sulfate). These GAG chains are negatively charged, and

hydrophilic in nature. Based on their negative charge, GAG chains repel each other,
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which causes them to be maintained in a distended state. Figure 2.8 depicts the
organizational structure of proteoglycans. Within the cartilage ECM, they are compressed
by the surrounding collagen fibrils and maintained in a partially hydrated state. During
loading, water is forced out of the ECM, and when the load is removed water returns via
osmosis. The low permeability of cartilage prevents water from being rapidly squeezed

out of the ECM and serves to protect the joint during high impact loading conditions (30).
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Figure 2.8—Proteoglycan organizational structure. (Image obtained from Newman
et al. (30))

The intricate structure and biology of articular cartilage is limited in its ability to
repair or regenerate, due to its avascularity, and the limited ability of mature
chondrocytes to move within the ECM, proliferate, or alter their synthetic activity. This is
particularly evident in the knee, where damage to hyaline articular cartilage present
between the femur and tibia can cause significant pain during daily activities including

walking. Over 15 million people worldwide suffer from knee joint failure resulting from
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cartilage break down and its inability to self-repair. Figure 2.9 depicts the anatomy of the

knee (left) along with an example of a cartilage defect (right).
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Figure 2.9—Anatomy of the knee joint (left) and an example of a cartilage defect
within a human knee (right). (Left image obtained from
http://hubpages.com/hub/KNEE-Injuries. Right image obtained from Bentley et al.

(32))

Cartilage injury in the form of focal defects can be classified on a scale of increasing
severity as a matrix disruption, partial thickness defect, or full thickness defect. In the
case of matrix disruption, the ECM is damaged but if it is not too severe, nearby cells are
able to increase their synthetic activity to repair the damaged area to its native state. The
other two defects consist of a disruption to the cartilage surface that does not (partial
thickness), or does (full thickness) penetrate to the sub-chondral bone. Hyaline cartilage
has a limited ability to heal in response to damage. Depending on the extent of the defect,
repair is sometimes initiated but not completed, or the repair tissue has an altered
composition and weaker mechanical properties than native tissue (33). Over time this can
lead to changes in joint loading and altered joint morphology, with the potential for

development of osteoarthritis (OA).
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Given the limited ability of cartilage to self-regenerate, MSC-based tissue
engineering has been a major area of research, and could provide a method to repair
damaged or diseased tissues. For example, studies by Williams et al. have demonstrated
in vitro chondrogenic differentiation of MSCs as evidenced by positive staining for
proteoglycan and collagen II, as well as quantitative increases in DNA, GAG content, and
collagen content (9). In vivo studies using a rabbit osteochondral defect demonstrated the
survival of implanted scaffold-encapsulated MSCs and the production of immature
articular cartilage containing collagen II (34). In addition, synthetic ECM-encapsulated
MSCs implanted within a similar in vivo rabbit model resulted in the formation of

articular cartilage-like tissue and integration with the surrounding native cartilage (35).

2.3 Techniques for Assessing Stem Cell Therapies

The general paradigm for stem cell-based tissue engineering involves isolation of the
stem cells from a patient, ex vivo expansion of the stem cells with optional exposure to
special mechanical, chemical, or biological conditions, and subsequent implantation back
into the body with the goal of regenerating tissue at the ROI. However, following
implantation it is important to have a robust method of assessment for monitoring these
cells. In an ideal case assessment should be able to monitor both the bio-distribution and
function of implanted cells. Bio-distribution refers to the ability to continuously monitor
the location of implanted cells, while functional assessment focuses on determining that
the implanted cells behave functionally as expected without major toxic effects to the

body.

2.3.1 Limitations of Current Assessment Techniques

17



At present, most stem cell-based tissue engineering is still conducted within a
research setting, with the majority of in vivo work occurring within various animal
models of disease and tissue damage. While a variety of assessment techniques following
implantation are utilized, the most common techniques rely on histological staining in
order to evaluate the effectiveness of stem cell-based therapies. While these techniques
are able to provide both bio-distribution and functional information following
implantation, they have significant limitations that prohibit their use within a clinical
setting. Specifically, as demonstrated by Tatebe et al. (34) in order to detect the presence
of cells within the ROI, ex vivo tissue specimens must be excised from the animal and
prepared for visualization using microscopy. The implanted cells are identified via their
ability to express a uniquely detectable marker.

While appropriate within a research setting, these techniques are not possible as a
method of assessment in human patients for several reasons. First, histological techniques
are highly invasive, often requiring the animal to be sacrificed and tissue samples excised
prior to visualization of implanted cells. This method also generally requires fixing of the
tissue and sample processing prior to visualization, which can often degrade the tissue.
Secondly, these methods only allow for discontinuous assessment at a single time point.
Essentially, the highly invasive process of visualization makes it impossible for therapy
to continue and be assessed again at a later time point within the same individual. Lastly,
histological analysis is fundamentally an ex vivo assessment, precluding the ability to
monitor treatment in vivo within the intact organism. As such, in order for stem cell
therapies to be clinically applicable, an alternative technique that allows for non-invasive

in vivo detection and longitudinal tracking of implanted cells is warranted.
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2.3.2 MRI as a Technique for Stem Cell Bio-distribution Assessment

MRI has several potential advantages that promote its use as a technique for assessing
stem cell-based therapies following implantation into the body. Specifically, MRI is
generally non-invasive and has no known harmful effects. Other advantages of MRI
include its excellent soft tissue contrast, the ability to image at multiple time points (i.e.
continuous assessment), and the ability to image in any plane (i.e. X, y, z, Xy, XZ, yZ).
Figure 2.10 shows an example MRI image of the knee along with its anatomical
orientation within the body. In the MR image it is possible to clearly make out the region
corresponding to bone, and the soft tissue areas corresponding to cartilage, muscle, and

fat.

Sagittal knee MRI

Figure 2.10—Sagittal knee MR image (right) and anatomical orientation within the
body (left). In the MR image it is possible to distinguish the regions corresponding
to bone, cartilage, muscle, and fat.

While ideally an assessment technique for stem cell-based tissue engineering should

be able to provide both bio-distribution and functional information, the use of MRI is
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generally limited to monitoring bio-distribution. However, analysis of the bio-distribution
of stem cells can provide a wealth of information in the development of stem cell-based
tissue engineering techniques, and in their transition into the clinic. First bio-distribution
can provide information on migration of stem cells following implantation. Depending on
the site of implantation it is important to know whether stem cells home to the ROI or
travel to other potentially undesirable parts of the body. It is also possible to obtain
residence information focused on whether stem cells remain at the ROI after
implantation. This is important to assess whether stem cells remain at the ROI for a
period of time long enough to initiate and sustain tissue regeneration. Lastly, through bio-
distribution information it is possible to assess engraftment of stem cells into the native
host tissue. This is important because the tissue formed by the implantation of stem cells
should ideally integrate into the host tissue instead of remaining distinctly separate.

In order to utilize MRI as a technique for monitoring the bio-distribution of stem
cells, it is necessary to have a way to distinguish the implanted cells from the surrounding
host tissue. Armed with a technique for generating this required contrast it is possible to
utilize MRI’s inherent advantages for continuous non-invasive in vivo assessment of stem

cell bio-distribution following implantation.
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Chapter 3: Background [2]—Iron-based Cell Labeling

In order to utilize MRI as a technique for monitoring the bio-distribution of stem cells
following implantation, a variety of contrast-based techniques have been investigated
within a research setting. Among the various types of contrast agents developed for use in
MRI applications, iron oxide-based contrast agents have shown promise as a means of
labeling cells and detecting them on MR images. Within this class of compounds, there
are a variety of agents with different, sizes, chemical properties, and iron content. Other
techniques that are similar in nature based on utilizing the same iron-based contrast
mechanisms involve genetically modifying mammalian cells to modulate their uptake,
storage, and processing of iron. These techniques span the manipulation of a variety of
genes identified both in prokaryotic and eukaryotic cells. As such, the use of iron oxide-
based contrast agents allows for control at the cellular level, while genetic modification

techniques allow for control of iron uptake at an even lower level.

3.1 Iron Oxide-based Contrast Agents

Iron oxide-based agents generate contrast on MR images as a result of their strong
magnetic properties. Iron oxides are compounds consisting of iron and oxygen, with
magnetite (Fe;O4) being the most common form utilized for MR imaging applications.
The crystal structure of magnetite is depicted in Figure 3.1, showing an orderly
arrangement of the oxygen and iron atoms. Magnetite has a strong magnetic
susceptibility () which when placed in an MR magnet results in a significant distortion
in the homogeneity of the applied magnetic field (36). This distortion effect is exploited

as the basis of generating contrast using iron oxide-based agents.
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Figure 3.1—Crystal structure of Magnetite (Fe3;O4) showing the orderly
arrangement of iron (red) and oxygen (white) atoms. (Image obtained from
http://www.geocities.jp/ohba_lab_ob_page/structure6.html)

These agents fall into a class of compounds known as superparamagnetic iron oxides
(SPIOs). Paramagnetism is a form of magnetism that occurs only in the presence of an
externally applied magnetic field (Figure 3.2). In the absence of a magnetic field thermal
motion randomizes spin orientation, and the net magnetic moment averages to zero.
However, in the presence of an external magnetic field the spins will align with the
applied field resulting in a slight enhancement in the direction of the applied field. In
general paramagnetic materials have a magnetic susceptibility (y) greater than one and
thus enhance the applied field. When the external field is removed, paramagnetic
materials do not remain magnetized as the spins return to a randomized orientation and

the net magnetic moment once again averages to zero. An extension of this phenomenon

is superparamagnetism, which is similar to paramagnetism except that instead of
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individual atoms being independently influenced by the external field, the magnetic

moment of the entire crystallite (e.g. Figure 3.1) aligns with the field.

Figure 3.2—Paramagnetic behavior in the absence (left) and presence (right) of an
externally applied magnetic field. In the absence of a field the thermal motion
randomizes spin orientation leading to a net zero magnetic moment. In the presence
of an external field, the spins align and slightly enhance the applied field. When the
applied field is removed, the net moment returns back to zero. (Image obtained
from Demas et al. (37))

In addition to characterizing the ability to label cells with iron-based contrast agents
and detect them using MRI, it is also important to determine the effect of labeling on the
functional capacity of the cells. This includes any toxicity to the cells resulting from iron
oxide uptake as well as any potential inhibition of cellular proliferation following
labeling. This is especially important in the case of stem cells because of the need for
cells to divide into the appropriate number of cells necessary for tissue regeneration
purposes. Another important consideration specific to stem cell tracking is the effect of
labeling on the ability of cells to differentiate into other cell types. Specifically in the case
of MSCs, iron oxide labeling should not inhibit the ability of cells to differentiate into
cell types responsible for musculoskeletal tissue formation such as adipogenic,

chondrogenic, and osteogenic lineages.

3.1.1 Nanometer-sized Iron Oxide Particles
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Distinctions between different types of SPIO particles are often made based on the
size of the particles used for cell labeling. The most common SPIO particles utilized are
generally in the nanometer size range. These particles generally contain an iron oxide
core (e.g. magnetite) that is less than 10 nm in size, and are solubilized by adding a
coating of hydrophilic polymers such as dextran (Figure 3.3). With the addition of the
polymer coating, the size of the encapsulated particles ranges from approximately 10-300
nm in size depending on the specific iron oxide contrast agent used (38).

Phagocytic cells such as macrophages have demonstrated the ability to readily take up
iron oxide particles (39). However other cell types including stem cells do not readily
take up SPIOs without the presence of a transfection agent (TA) (40). This is in large part
due to the negative zeta potential of the SPIO particles, which inhibits the necessary
interactions with the cellular surface to promote efficient uptake of the SPIOs by non-
phagocytic cells (41). Zeta potential is a measurement of electric potential difference at
the interface between two substances in a colloid and is commonly used as a

measurement of the stability of a mixture.

Figure 3.3—Diagram modeling the structure of a nanometer-sized SPIO. The iron
oxide core is solubilized by addition of a hydrophilic polymer coating such as
dextran. (Image obtained from http://www.european-hospital.com/en/article/267-
Molecular MRI.html)
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Using a TA allows non-phagocytic cells to internalize SPIO particles by facilitating a
positive zeta potential in the contrast agent-TA complex through electrostatic interactions
between the two agents (42). The general procedure for cellular uptake of SPIOs
combined with a TA is depicted in Figure 3.4. The SPIO particles are mixed with the
transfection agent resulting in complex formation. This newly formed complex has a
positive zeta potential and can be taken up by non-phagocytic cells such as stem cells.
The uptake process is facilitated by mixture of the complex in the media used to culture
the cells for a period of 18-24 hours. During this time, the iron oxide contrast agent is
taken up and localized within cellular endosomes often by way of receptors on the cell
surface.

Dextran coated Fe’*
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Figure 3.4—Diagram depicting the cellular uptake process of SPIOs combined with
a TA (protamine sulfate). Incubation of cells with the contrast agent and TA
complex results in cellular uptake and incorporation within endosomes. (Image
obtained from Guzman et al. (43))

Labeling cells with nanometer-sized SPIOs for tracking via MRI has been
demonstrated for a variety of cell types and disease conditions (44). For example Hoehn
et al. demonstrated the ability to label ESCs with an SPIO contrast agent using Lipofectin
as a TA and a 24-hour incubation (45). Following labeling, the labeled ESCs were

tracked for up to three weeks in a rat model of ischemia. In particular, the results

demonstrated the ability to monitor migration of the stem cells from the implantation site
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to the area of brain tissue damage. In another study, cells labeled with SPIOs and the TA
poly-L-lysine were attracted to the liver by using an external magnet (46). The presence
of the magnet caused labeled cells to migrate to the liver and were detected using MR
imaging for up to 4 weeks following implantation. In another disease model study, SP1O-
labeled pancreatic islet cells were detected using 3T MRI following in vivo implantation
within the liver of diabetic rats (47).

Focusing on MSC-labeling with SPIO particles, a variety of studies have
demonstrated the ability to non-toxically label cells and detect them using MRI. Reddy et
al. demonstrated the ability to effectively label MSCs with chitosan-coated SPIO
particles and detect them within a rat model of ischemia using serial in vivo MRI. Using
this particular contrast agent resulted in 100% labeling of MSCs without noticeable toxic
effects or alterations to the differentiation capacity of the SPIO-labeled cells (48). In
another study Addicott ef al. demonstrated the ability to label MSCs with a SPIO-based
contrast agent and quantitatively characterized the in vitro detection of labeled cells using
MRI (49). One particularly important point about this study is that the contrast agent was
designed to promote cellular uptake in non-phagocytic cells without the need for a TA.

Of the various iron oxide-based contrast agents available, one major SPIO utilized in
MRI is Feridex. This FDA approved contrast agent was originally developed for imaging
disease (e.g. cancer) and damage of the liver (50,51). However, a variety of studies have
demonstrated the ability to label multiple cell types utilizing Feridex in combination with
a TA. For example, Cohen ef al. have demonstrated the ability to label neural precursor
cells with complex consisting of Feridex and poly-L-lysine (52). Labeled cells exhibited

the ability to migrate within brain tissue, differentiate into the appropriate cells within the
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brain, and be detected via MRI for up to one week following implantation. In studies by
Ke et al., bone marrow-derived neural stem cells labeled with a similar Feridex and poly-
L-lysine complex were detected in vivo within a rhesus monkey model of brain tissue
regeneration for up to 8 weeks following implantation (53).

In particular, Feridex has been utilized to label MSCs and for monitoring stem cell-
based regeneration of the musculoskeletal system. Arbab et al. showed the ability to
effectively label MSCs with a Feridex and protamine sulfate (Fe-Pro) complex using an
overnight incubation procedure (54). In addition labeling of MSCs did not have any
impact on the ability of cells to proliferate or differentiate along chondrogenic or
adipogenic lineages. In a complementary study by Pawelcyzk et al., MSC labeling with
Fe-Pro resulted in increased sustained expression of genes responsible for iron uptake,
storage, and processing within the cell (55). This indicates that in addition to regular
cellular uptake, MSCs modulated their protein expression levels in order to handle

increased iron load following labeling.

3.1.2 Micrometer-sized Iron Oxide Particles (MPIOs)

In contrast to conventional nanometer-sized iron oxide particles, MPIOs are generally
two orders of magnitude larger in size (i.e. ~ 1-5 uM). These commercially available iron
oxide particles are also superparamagnetic in nature, and consist of a magnetite core
encased within an inert divinyl benzene shell (Figure 3.5). In addition, these particles
contain a Dragon Green fluorescent tag that can be used for optional microscopy co-
localization studies. The particles are created by expanding the polymer shell using an
organic solvent, adding as much fluorophore and iron oxide as possible, and shrinking the

shell by replacing the solvent with a sterile aqueous solution (56).
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Magnetite (Fe;O,, Dragon Green Tag Divinyl Benzene

Figure 3.5—Diagram depicting the components present within commercially
available MPIOs from Bangs Labs. The iron oxide (magnetite) core is combined
with a Dragon Green fluorescent tag and encased within an inert divinyl benzene
shell. (Image adapted from http://uk.ask.com/wiki/Category:Iron_compounds, and
http://en.wikipedia.org/wiki/Divinylbenzene)

These particles were originally developed for diagnostic applications involving
separation of cells and bio-molecules. These applications include antibody isolation, bio-
assays, mRNA purification, and suspension arrays. However, due to their high iron oxide
content they have proved suitable for cell labeling and tracking via MRI.

Focusing on the application of MPIOs to MRI-based cell tracking, these particles
have been utilized for a variety of applications. For example, Tang et al. demonstrated
the ability to label monocytes and neutrophils both in vitro and in ex vivo blood samples
(57). Cells labeled ex vivo could be detected using MR imaging, but in vivo injection of
MPIO particles did not result in in situ uptake of the contrast agent by monocytes or
neutrophils. In another study, Rohani et al. showed the ability to successfully monitor
MPIO-labeled dendritic cells in vivo for up to one week following implantation into mice
(58). Labeling did not result in any toxic effects to the cells but did alter markers of
dendritic cell activation and maturation. Among the variety of cell types that can be

labeled with MPIOs, several studies have demonstrated the ability to successfully label
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MSCs. For example, Chen ef al. showed the ability to label neonatal rat MSCs with
MPIOs and follow their migration to the site of brain injury using in vivo MRI (59). In

addition, MPIO-labeled cells retained their differentiation potential.

3.2 Genetic Modification of Iron Uptake

An alternative method for generating contrast between implanted cells and
surrounding tissue is to genetically modify cellular uptake of iron. This can be
accomplished utilizing a variety of techniques aimed at controlling the expression of
genes responsible for iron incorporation, processing, storage, and release. This process
involves identifying the exact sequence for the gene of interest, inserting the sequence
within an expression vector and utilizing a TA to transfect the gene into the cell of
interest. This cloning technique can be utilized to express both prokaryotic and
eukaryotic genes within mammalian cells (e.g. stem cells) and is a major foundation of

molecular biology.

3.2.1 Molecular Cloning Techniques

Recombinant DNA (rDNA) contains DNA from two different sources. This usually
consists of the specific gene of interest that needs to be expressed and a host vector that is
utilized to introduce the DNA into the cell for expression. The most common type of
vector used is a plasmid, which consists of an accessory ring of DNA found in bacteria
that is separate from the bacterial chromosome and can replicate independently. Once
transfected into a mammalian cell the plasmid contains the appropriate machinery for
expression of the gene of interest. This results in transient expression but various

techniques can be utilized to select for cells stably expressing the gene of interest. Figure
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3.6 depicts the general molecular cloning procedure for producing a plasmid containing a
gene of interest.

Multiple cloning site

- Insert
Vector and Insert are
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Overview of Gene Cloning
Figure 3.6—Basic molecular cloning technique for producing a plasmid vector
containing a gene of interest for expression in mammalian cells. (Image obtained
from http://molecularhub.com/category/gene-cloning/)
The first step in the process is to identify the gene sequence of interest that needs to be
inserted into the plasmid. Once the gene is identified, primers specific for the gene must
be designed so that the gene sample can be amplified using polymerase chain reaction

(PCR). PCR generates multiple copies of the specific gene of interest which is then gel

purified to isolate these specific DNA strands from undesired PCR product. Prior to
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insertion of the purified DNA into the plasmid, restriction enzymes are used to cut open
the plasmid and the gene of interest at the appropriate location for insertion. Restriction
enzymes are proteins that recognize specific base pair sequences (~ 5 bases in length) and
cut DNA wherever the sequence is found within a template. Figure 3.7 shows an example

plasmid vector with restriction enzymes used for gene insertion.

MunlI 1561
Nl 208
Fsp 14377 BsmB I 823
Bsald2ls BspM II 955

ARd 14155 AmpR S PreI* 971

2% TetO2 Af111 975
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BstX I* 1015
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Sap I 314 ZeocinR Not I 1046
%hol 1052
St 1 03
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Prae I* 1073

Figure 3.7—Example of a plasmid vector (pcDNA4) showing the MCS where gene
insertion occurs with the appropriate restriction enzymes. (Image obtained from
http://www.biocenter.helsinki.fi/bi/peranen/Kotisivunlinkit/Vectors/pcDNA4TO.ht
m)

Within the plasmid, the multiple cloning site (MCS) is the region of the sequence where

gene insertion occurs. Restriction enzymes are located within the MCS and are matched

with the specific restriction sites flanking the gene of interest. Another important feature
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present within most plasmids is a gene encoding for antibiotic resistance. In Figure 3.7
the plasmid contains a gene for resistance against the drug Zeocin.

Once the gene of interest has been inserted in the plasmid vector, transformation
occurs in which the plasmid is inserted into competent host bacterial cells (e.g. E. coli).
Once transformed, the host bacterial cells are plated on agar plates and allowed to grow
for a period of time (~ 18 hours). During this period the bacterial cells rapidly divide
resulting in colonies of cells. The agar plates contain a concentration of antibiotics so that
only cells expressing the gene of interest and associated gene for drug resistance will
survive on the plate. In this way, colonies of cells containing the plasmid and gene of
interest are selected for; this is generally termed screening. Colonies of cells can be
expanded by growing them in culture media (under drug selection) and the plasmid DNA

extracted using established DNA isolation procedures (i.e. mini-prep).

3.2.2  Cloning of Bacterial Iron Processing Genes for MR-based Cell Tracking
Magnetotactic bacteria (MTB) are a class of bacteria that are capable of orienting
along the field lines of the earth’s magnetic field. MTB are able to accomplish this by
way of organelles called magnetosomes that contain magnetic crystals. Figure 3.8 shows
a transmission electron microscope (TEM) image of Magnetospirillum magneticum strain
AMB-1. In the image it is possible to make out the ordered arrangement of magnetic
crystals stored within magnetosomes. Evolutionarily, the ability of MTB to orient along
the earth’s magnetic field is believed to aid these bacteria in migrating along oxygen
gradients (60). MTB are classified according to the type of magnetic crystals that they

produce which are magnetite, greigite (FesSs4), or both. MTB that produce magnetite are
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particularly responsive to magnetic fields given the considerably higher magnetic

moment of magnetite compared to greigite.

500 nm

Figure 3.8—TEM image of MTB strain AMB-1. The ordered arrangement of
magnetite crystals stored within magnetosomes is clearly visible. (Image obtained
from Arakaki et al. (61))

Magnetosomes are responsible for the bio-mineralization of magnetite and
maintaining the appropriate iron concentration within the bacterial cell. Research has
focused on identifying the genes responsible for magnetosome formation and control of
iron within the cell. These studies have demonstrated an intricate network of genes that
play a role in the ability of MTB to produce and maintain magnetite within the cell. For
example, Arakaki et al. have identified several genes in the AMB-1 bacterial strain that
bind iron ions and may be directly involved in the process of magnetite crystal formation
(62). Another study identified a 98-kilobase (kb) genomic sequence among other regions
related to magnetosome regulation (63). In addition, Suzuki et al. showed an up-

regulation of 464 genes and a concomitant down-regulation of 263 genes in the AMB-1

strain in response to iron rich conditions (64). Further work by Nakamura et a/. identified
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magA as a gene involved in the production of magnetosomes in Magnetospirillum
magneticum (65,66). To further support these results, genomic analysis results identified
deletions in the magA gene within non-magnetic mutant bacterial samples (67).

Given the research focused on identifying the genes responsible for magnetite
production, processing, and storing in MTB, there has also been work using these genes
for MR-based cell tracking. The paradigm involves expressing these bacterial genes in
mammalian cells in order to promote the bio-mineralization of magnetite through the
formation of magnetosomes. For example, Zurkiya et al. have reported the ability to
stably express the magA gene within human embryonic kidney (HEK) 293 cells, and use
it as a MR reporter (68). In particular, the gene was cloned into an inducible vector,
which enables the ability to control expression of the gene. Expression of magA within
293 cells resulted in the production of magnetic iron oxide particles and shortened MR
transverse relaxation. Lastly, using this system they have reported the ability to promote
uptake of endogenous iron in vivo and visualize cells expressing magA using MRI. In
another study, Goldhawk et al. demonstrated the ability to express the magA gene within
mouse neuroblastoma N2A cells (69). Expression of the gene resulted in detection via
11T MRI, and a single point mutation in the magA sequence limited the ability to detect

mutant cells on MR images.

3.2.3 Cloning of Mammalian Iron Processing Genes for MR-based Cell Tracking
Mammalian cells have native genes that are responsible for iron uptake, storage, and

processing. Similar to the expression of bacterial genes responsible for iron processing

genes, research efforts have also focused on over-expression of the corresponding

mammalian cell genes in order to promote increased uptake of iron and subsequent
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cellular tracking using MRI. As is the case with magnetosomes in MTB, there are a
variety of genes implicated in mammalian cells that are likely involved in cellular iron
processing. In the case of MR-based cell tracking, two genes that have been examined
extensively are ferritin and transferrin.

Ferritin is a ubiquitous intracellular protein that stores iron within the cell and
releases it in a controlled fashion. As a globular protein it consists of 24 subunits, and
maintains iron in a soluble non-toxic form. The subunits that make up ferritin consist of
polypeptides designated as either heavy chain (FTH) or light chain (FTL). Figure 3.9

shows an example of the structure of FTL.

Figure 3.9—Structural representation of ferritin (FTL) showing the globular
orientation. This hollow structure allows variable uptake of iron, which is stored
within the center of the structure. (Image obtained from
http://faroucheombre.wordpress.com/page/2/)

Recent studies have examined the ability to detect cells over-expressing ferritin using

MRI. For example Naumova et al. demonstrated the ability to stably over-express FTH in

mouse skeletal myoblast (C2C12) cells (70). Cells expressing the gene could be detected
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in vitro as well as in vivo within a mouse infarcted heart model three weeks after
transplantation. Focusing on stem cells, Liu et al. developed a transgenic mouse ESC line
expressing FTH and were able to monitor cellular grafts in vivo using T»-weighted MRI
(71).

Another protein of interest for MRI-based cell tracking is transferrin. This protein is
encoded for by the TF gene, and is responsible for controlling the level of free iron in
biological fluids. Transferrin is capable of binding iron and facilitates its transfer into the
cell through receptor-mediated endocytosis using its associated transferrin receptor.
Figure 3.10 shows a rendering of the structural organization of transferrin, which contains
two high affinity iron-binding sites. Working together with the transferrin receptor,

transferrin maintains tight control of iron concentration within the cell.

Figure 3.10—Structural representation of transferrin showing the open
configuration necessary for iron Dbinding. (Image obtained from
http://en.wikipedia.org/wiki/File:Protein_TF_PDB_1a8e)

Based on the role that transferrin plays in maintaining proper iron concentrations within

the cell, it has also been investigated for MRI-based cell tracking. For example, studies

by Deans et al. demonstrated the ability to stably co-express transgenic human transferrin
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receptor and FTH in mouse neural stem cells (72). Cells over-expressing the genes
accumulated significantly more iron compared to control cells when cultured in iron rich
medium. This led to in vitro MRI detection of expressing cells, as well as in vivo MRI

detection of cells transplanted in a mouse brain model.
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Chapter 4: Background [3]—Principles of MRI

4.1 MRI Fundamentals

MRI is an imaging modality that was developed in the 1970s, and has rapidly gained
popularity for use both in the clinic as well as in a research setting. This imaging
modality is based on nuclear magnetic resonance (NMR), which can be used to obtain
information about the physical, chemical, electronic, or structural nature of a molecule or
compound. NMR was independently discovered by Bloch et al. (73) and Purcell et al.
(74) in 1946. Approximately 30 years later in 1973, Lauterbur et al. (75) acquired the
first MR image through the use of gradients for spatial localization. This development
was key in being able to harness the phenomenon of NMR for imaging applications. Of
particular note, Purcell and Bloch were jointly awarded the Nobel Prize in Physics in
1952 for their work related to NMR. Similarly, for his work related to MRI Lauterbur
was awarded the Nobel Prize in Medicine in 2003, along with Sir Peter Mansfield who
formalized the mathematical analysis necessary to convert an MR signal into a viewable
image.

NMR and MR imaging fundamentally depend on the interaction between an atom
with a non-zero magnetic moment (u) and an externally applied magnetic field. A
variety of atoms can be imaged using MRI including phosphorus (*'P) and sodium (**Na),
but due to its overall abundance within biological tissues and strong magnetic moment
hydrogen ('H) with its superior inherent sensitivity is the most common element imaged
using MRI.

When a magnetic moment is placed within an external magnetic field (B), its

associated potential energy is defined by:

38



E=-u-B [4.1]
When a group of nuclei with magnetic moments are placed in a magnetic field (Figure
4.1), each can align parallel to the field (low energy state) or anti-parallel to the field
(high energy state). Based on its lower energy state there is a slightly higher proportion of
nuclei aligned with the field than against it. The ratio of the two populations of nuclei is
governed by the Boltzmann distribution:

Nhigher/Niower = € T [4.2]
In Equation 4.2 Npjgher and Niower represent the proportion of hydrogen nuclei in the
higher and lower energy states respectively, k is Boltzmann’s constant (1.3805x107
J/K), and T is the absolute temperature. The difference in nuclei populations described by

Equation 4.2 governs the fundamental principles of MRI and is proportional to the MR

: é@

signal used to form an image.

A 8
Figure 4.1—Interaction of hydrogen atoms within an externally applied magnetic
field (By). Atoms align parallel or anti-parallel with the applied field with a slight
excess of atoms in the former orientation based on its lower energy state. (Image
obtained from http://www.msd.com.mx/msdmexico/)

When a proton is placed within an externally applied magnetic field with magnitude
By, it experiences a torque and begins to precess with an angular frequency (Figure 4.2).

The precession occurs around the axis of the externally applied magnetic field (z). The

39



frequency of precession wy is denoted as the Larmor Frequency and is governed by the
Larmor Equation:

o= YBo [4.3]
In Equation 4.3 y is the gyromagnetic ratio, and it is clear that the frequency of precession
increases linearly with applied field strength. For hydrogen vy is 42.575 MHz/T. As such,
at clinical field strengths such as 1.5T and 3T, the frequency of precession for hydrogen

is ~ 64 MHz and 128 MHz respectively.

Figure 4.2—Precession of a proton around the axis (z) of the externally applied
magnetic field at the characteristic Larmor Frequency w,. (Image obtained from
http://www.medcyclopaedia.com/library/radiology/chapter04/4_5S.aspx)

In order to conduct an MR experiment it is necessary to tip magnetization away from

the z-axis. This is accomplished by way of a radiofrequency (RF) pulse, which is used to

excite the nuclei. This excitation process transitions the nuclei from equilibrium to a
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higher energy state. The RF pulse is tuned to match the Larmor Frequency of the
precessing nuclei, and is called excitation on resonance. This excitation process causes

net magnetization to tilt from the longitudinal (z) axis to the transverse (xy) plane (Figure

4.3).

Static
Field, B,

N

RF Field (B,)
applies a torque

to the spins...
Applied RF

Field (B,)

X

Figure 4.3—RF pulse excites nuclei from equilibrium to a high-energy state and tips
net magnetization (M) from the longitudinal (z) axis to the transverse (xy) plane.
(Image obtained from http://toolsandtutorials.pbworks.com/w/page/26272088/MRI-
Physics)
After excitation of the nuclei, their return to equilibrium results in the emission of a free
induction decay (FID) signal that can be measured by a receiver coil. The receiver coil is
tuned to the Larmor Frequency of the nuclei in order to detect the signal resulting from
the moving magnetic field.

Since the receiver coil detects a FID signal corresponding to the precession of all
nuclear spins in the field it is not possible to determine spatial information directly from
the signal. Spatial localization, which is necessary in forming an image is accomplished

through the use of linear gradient magnetic fields in the x, y, and z direction. Linear

gradients encode a slight variation in the experienced magnetic field as a function of
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spatial position. For example a gradient along the x direction would result in an applied
field in the z direction of the following form:

B, =B + Gxx [4.4]
In Equation 4.4, B, is the field experienced along the z-axis and Gy is the applied
gradient. Based on Equation 4.4 nuclei at different locations along the x-axis will
experience slightly different applied fields, and subsequently will precess at a slightly
different Larmor Frequency. By applying similar gradients along the y-axis and z-axis it

is possible to extract spatial information from the received FID signal.

4.2 MR Relaxation Processes

Following RF pulse excitation of the nuclear spins the net magnetization vector
relaxes to its original equilibrium state. Two independent processes govern this relaxation
process: spin-lattice or T, relaxation, which is the recovery of magnetization along the
longitudinal (z) axis, and spin-spin or T, relaxation, which is decay of magnetization in

the transverse (xy) plane.

4.2.1 Longitudinal (T;) Relaxation
T, relaxation results from the process of energy exchange between the excited nuclei
and the surrounding lattice. During this process, the net magnetization vector returns to
its original equilibrium state along the z-axis. Longitudinal relaxation behaves according
to the following Bloch equation:
dM;/dt=-(M,—My) /T [4.5]
In Equation 4.5 M, is the longitudinal magnetization, M, is the magnetization after

excitation, t is time, and T; is the relaxation time constant. For a 90° excitation, all
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magnetization will be initially tipped into the transverse plane. In this case the solution to
Equation 4.5 is:

M, = My(1-exp(-t/T})) [4.6]
From Equation 4.6 the T, relaxation time constant is defined as the time it takes the
longitudinal magnetization to return to 63% of its final equilibrium value. Of particular
note, T; varies for different biological tissues and increases linearly with field strength.

A variation on T, relaxation is T, relaxation, which describes spin-lattice relaxation
in the rotating frame (76). This parameter can be used to probe the slow motion
interactions between water and large molecules that have restricted motion and is
governed by the following equation:

M, = Moexp(-t/ Ty,) [4.7]
In Equation 4.7 M; is the detected magnetization, t is time, and T, is the corresponding

relaxation time constant for longitudinal recovery.

4.2.2 Transverse (T>) Relaxation

Transverse relaxation refers to the decay of magnetization in the xy-plane. This
relaxation happens as a result of fluctuations in the local magnetic field resulting from
microscopic interaction of the magnetic dipoles. These fluctuations cause slight
differences in the experienced field for different spins, a consequent broadening of
resonant frequencies, and ultimately a loss of phase coherence. This process is governed
by the following equation:

dMyy / dt=- My, / T, [4.8]
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In Equation 4.8 M,y is transverse magnetization, t is time, and T, is the relaxation time
constant. For a 90° excitation, all magnetization will be initially tipped into the transverse
plane. In this case the solution to Equation 4.8 is:

M,y = Moexp(-t/T>) [4.9]
In Equation 4.9 M, is the initial magnetization in the transverse plane. The T, time
constant is defined as the amount of time that it takes for the signal to decay to 37% of its
initial maximum value. Of particular note, T, varies for different biological tissues and is
largely independent of field strength.

In practice, transverse relaxation in the xy-plane is not dependent solely on intrinsic

T, relaxation based on the microscopic interaction of dipoles, but rather is also affected
by macroscopic field variations as well. Examples of these variations include
inhomogeneities in the uniformity of the main field, sample-induced variations due to
differences in bulk susceptibility (), and finally variations brought about by the use of
contrasts agents (e.g. iron oxide-based agents). The effect of these extrinsic variations on
the overall transverse plane magnetization is described by the following:

UTy*=1/T, + /Ty [4.10]
In Equation 4.10 Ty’ refers to these extrinsic variations which combine with intrinsic T,
decay resulting in an overall transverse relaxation time constant identified as T,>*. Figure
4.4 graphically shows the relationship between the various contributions to overall

transverse relaxation.

4.3 Measurings Transverse Relaxation

Aside from providing anatomical images of the body oriented in any plane, MRI can

also be used to determine inherent quantitative information about various tissues
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throughout the body. This is accomplished by manipulating various MR imaging
parameters in order to experimentally determine the relaxation parameters of different
tissues and samples. In focusing on transverse relaxation, gradient echo (GRE) sequences

can be used to measure T>* while spin echo (SE) sequences can be used to determine T».

Figure 4.4—T,* which is often determined through the use of a GRE sequence, and
T, decay which can be measured using a SE sequence. (Image obtained from
http://www.mikepuddephat.com/Page/1603/)
4.3.1 Measuring T>* with GRE Sequences

In order to measure the T,* of a sample, an MR imaging experiment is performed
using a GRE sequence. Two important parameters that can be used to vary the type of
image obtained via MRI are the time to repetition (TR) and the echo time (TE). In
forming an image, the sample is repeatedly excited using an RF pulse. Following each
excitation, the receiver coil records the FID as the protons in the sample precess and

eventually relax back to equilibrium. During each excitation a different part of the image

is acquired and combined later to form the final image. During this process of repeated
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excitations, the TR is defined as the time in between sequential RF pulses. During this
process, the TE commonly refers to the time in between the RF pulse excitation and the
point at which the FID signal is recorded by the receiver coil. TR and TE are two main
parameters that can be manipulated in MRI to control the contrast of different parts of a
sample or tissue within an obtained image.

In order to measure T>* of an imaging specimen (e.g. sample, human, etc.) an MRI
experiment is performed in which the specimen is repeatedly imaged using a GRE
sequence with varied imaging parameters. In particular, the TR is kept constant during
each imaging sequence, but the TE is varied each time. Based on Equation 4.9, it is
known that transverse relation follows the form of an exponential decay. Therefore,
determining the T,* consists of experimentally determining the SI at various times, and
fitting these experimentally obtained data points to Equation 4.9 (Figure 4.5). In this case
the mono-exponential decay equation becomes of the form:

S(TE) = Spexp(-TE/T»*) [4.11]
In Equation 4.11 Sy corresponds to the initial SI immediately after RF pulse excitation.
Comparing Equations 4.9 and 4.11 it is evident that the SI is quantified at each time point
corresponding to a different TE. Given this equation, T,* is generally determined by use
of an iterative nonlinear least squares (NLLS) fitting method that minimizes the chi-
squared statistic between the experimentally obtained values and those predicted by the
fitted equation. The T,* time constant is defined as the amount of time that it takes for the
signal to decay to 37% of its initial maximum value. For an entire MR image this can be
done on a pixel-by-pixel basis. This results in a T>* map in which the data value

associated with each pixel is the experimentally determined relaxation time.
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Figure 4.5—Fitting method for experimentally determining T,* and T,. The SI
values measured for each TE are fit to the mono-exponential decay equation, and
the relaxation time determined as a parameter of the equation. (Image obtained
from Dr. Gabrielle Joseph)
4.3.2 Measuring T, with SE Sequences

The technique for determining T, is very similar to that used for T,*. This is to be
expected since T>* and T, are closely related as evidenced by Equation 4.10. The primary
difference in technique for determining the two relaxation times is the sequence utilized.
In order to determine T, alone resulting from microscopic interactions, without
contributions to relaxation from macroscopic field variations, a SE sequence is used.
Briefly, the SE sequence consists of a normal 90° RF excitation pulse followed by a 180°
refocusing pulse. After the initial excitation pulse the spins will lose phase coherence

based on the dominant macroscopic field variations. The purpose of the refocusing pulse

is to effectively flip magnetization of the spins within the transverse plane so that they
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will precess in the opposite direction. This effectively means that the spins will regain
phase coherence. For example, if after the initial 90° RF excitation pulse, the spins begin
to de-phase for a time period of .5t before a 180° refocusing pulse is applied, then at time
t the spins will have regained their phase coherence. This virtually eliminates the
macroscopic field variation-based contributions to relaxation and allows determination of
the inherent T, of the specimen being imaged.

In order to determine the T, of an imaging specimen an MRI experiment is performed
in which the specimen is repeatedly imaged using a SE sequence with varied imaging
parameters. In particular, the TR is kept constant during each imaging sequence, but the
TE is varied each time. Based on Equation 4.9, it is known that transverse relation
follows the form of a mono-exponential decay. Therefore, determining the T, consists of
experimentally determining the SI at various times and fitting these experimentally
obtained data points to Equation 4.9 (Figure 4.5). In this case the mono-exponential
decay equation becomes of the form:

S(TE) = Spexp(-TE/T>) [4.12]
In Equation 4.12 Sy corresponds to the initial SI immediately after RF pulse excitation.
Comparing Equations 4.9 and 4.12 it is evident that the SI is quantified at each time point
corresponding to a different TE. Given this equation, T is generally determined by use of
an iterative NLLS fitting method that minimizes the chi-squared statistic between the
experimentally obtained values and those predicted by the fitted equation. The T, time
constant is defined as the amount of time that it takes for the signal to decay to 37% of its
initial maximum value. For an entire MR image this can be done on a pixel-by-pixel

basis. This results in a T> map in which the data value associated with each pixel is the
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experimentally determined relaxation time. Figure 4.6 shows an example in which a T,
map for knee articular cartilage has been overlaid on top of one of the SE images used to

calculate its values.
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Figure 4.6—Example T, map overlaid on an axial knee SE image. The T, values
were calculated by fitting to a mono-exponential decay. As shown in the image, a
color map is often associated with relaxation times to allow visualization of the
values. (Image obtained from Li ez al. (77))
4.3.3 Alternative Transverse Relaxation Fitting Techniques

While fitting the experimentally obtained data to the basic mono-exponential decay
equation is the most common technique used to determine transverse relaxation times,
depending on the specimen being imaged, other techniques may be more appropriate.
These include the use of a multi-exponential fit, or fitting of the data to an exponential
decay with an additional noise term.

For some imaging specimens a multi-exponential decay equation may be a better fit

for the experimental data. In this case the sample may contain distinct relaxation
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components that differ significantly in their values. Although, theoretically the fitting
equation can contain any number of exponential decay terms, a bi-exponential decay is
most commonly used in this situation (78,79). The underlying assumption in fitting to a
bi-exponential decay equation is that the signal consists of a sharp signal drop at short
TE, followed by a slower decay at longer TE. In this case the bi-exponential decay
equation for T>* and T fitting is:

S(TE) = Sp1exp(-TE/T21*) + Sp2exp(-TE/T22*) [4.13]

S(TE) = Sp1exp(-TE/T2;) + So2exp(-TE/T22) [4.14]
In Equations 4.13 and 4.14, each term has an associated initial SI value and relaxation
value once again defined as the amount of time that it takes for the signal to decay to 37%
of its initial maximum value.

In some imaging situations, such as low signal to noise ratio (SNR) images, more
accurate values can be achieved by including an additive noise term during fitting (80).
This is accomplished by squaring the magnitude image to obtain a power image of the
data. Unlike the magnitude image, in a power image the noise present can be considered
to be an additive term. This essentially becomes an additional parameter that must be
determined during fitting of the experimental data. An alternative approach is to measure
the average SI in a region considered to be part of the background (i.e. noise) area, and
subtract that from the entire power image. In this case, the exponential fit equation
becomes:

S*(TE) = So’exp(-2TE/T5) [4.15]
Using Equation 4.15 will yield a T, value that is half of the true T, constant. In

considering the various fitting techniques it is useful to analyze them in terms of the
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number of parameters that must be fit. Fitting a mono-exponential decay equation to the
data is a two-parameter fit (T, and Sy). Fitting using the power image with a noise term is
effectively a three-parameter fit (noise, T, and Sy). Lastly, fitting the data to a bi-
exponential decay is effectively a four-parameter fit (T2;, Soi, T2, and S¢z). The best
fitting technique to use is ultimately dependent on the particular application, and
generally minimizes the difference between the calculated and experimentally obtained

values (e.g. chi-squared statistic).

4.4 Effect of Iron Labeling on MRI

The use of iron-based agents for cell labeling results in strong contrast between
labeled cells and the surrounding tissue environment. As SPIOs, iron-based agents result
in a loss of SI (hypo-intensity) and accordingly are considered to be negative contrast
agents. As such, on MR images the labeled cells show up as a dark spot compared to the
brighter surrounding tissue. This contrast mechanism is most apparent using GRE (T,*)
sequences but is also detectable using SE (T,) sequences.

SPIOs have a high magnetic susceptibility that has the ability to affect the
macroscopic homogeneity of the main field when placed within an MRI magnet (36).
This magnetic field inhomogeneity results in a rapid loss of phase coherence and
corresponding loss of signal detected in the transverse plane (81). This loss of signal
manifests as a hypo-intense region compared to the surrounding tissue and can be utilized
for effective contrast. A cell labeled with an iron-based contrast agent can be
approximated as a magnetically tagged sphere (Figure 4.7) as described by Cunningham
et al. (82). As expected, this sphere will exert its own magnetic field based on its

associated magnetic field lines.
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Figure 4.7—Schematic showing a magnetically tagged cell, which can be
approximated as a sphere. The sphere will exert its own magnetic field, which will
be enhanced along the z-axis and suppressed along the y-axis. (Image obtained from
Cunningham et al. (82))

As shown in Figure 4.7, the magnetic field will be enhanced along the z-axis designated
as the poles, and suppressed along the x-axis, designated as the equator. Based on this
orientation, the main applied field (By) is enhanced along the poles, and suppressed along
the equator. The field effect of a magnetically tagged sphere can be mathematically
approximated by:

ABL(r,8) = ((AxBo)/3)(a/r)*(3cos’6-1) [4.16]

In Equation 4.16, Ay is the difference in magnetic susceptibility between the sphere and
surrounding environment, By is the main field strength, a is the radius of the sphere, r is
the distance from the center of the sphere, and theta is the angle made with the direction
of the applied field. There are two important points that can be determined from Equation
4.16. First the enhancement or suppression of the applied field results from the cosine

dependence in the equation. This is demonstrated by the simulations of field

enhancement and suppression shown in Figure 4.8.
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Figure 4.8—MATLAB plot demonstrating the enhancement (poles) and suppression
(equator) of the main field based on Equation 4.16. AB, shows maximum
enhancement at 0 = 0, w, and 27, and maximum suppression at 0 = wt/2, and 3r/2.
(Bp=3T;a=1.63 um; r =.815 um; Ay =500 ppm)

Second, the strength of the suppression or enhancement drops off rapidly based on the
cubic dependence of the equation on the distance from the center of the sphere. As an
example, Figures 4.9 and 4.10 show a simulation of the drop off in enhancement and
suppression of the field for a magnetically tagged sphere of size 1.63 pum. It is important
to note that while the effect for a single particle is relatively small, this effect will be
compounded for a cell labeled with multiple iron-based contrast particles, and even more
so for a population of labeled cells being imaged using MRI.

While the effect of the field distortion is most easily visualized using a GRE
sequence, the loss of SI can also be detected using a SE sequence. SE sequences involve

a 180° refocusing pulse in order allow the nuclear spins to regain phase coherence. As
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such, this pulse inherently would be expected to negate the effects of the iron-based
contrast agent. Essentially, if nuclear spins in the vicinity of an iron-based contrast agent
particle were exposed to the same field variation before and after the refocusing pulse,

then when the signal is read out the spins would once again be in phase.
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Figure 4.9—MATLAB plot demonstrating the rapid drop off in field enhancement
(AB,) with distance r from the center of the sphere for regions corresponding to the
poles. AB, shows maximum enhancement nearest the center. (0 = 0; By = 3T;
a=1.63 pm; Ay =500 ppm)

However, because of diffusion of protons and the associated spins, the effective field
experienced before and after the refocusing pulse may not be the same. Thus during
signal readout, the spins have not perfectly rephrased. As such, there is still some residual
signal loss, which results in the ability to detect iron-labeled cells using SE sequences in

addition to GRE sequences.
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Figure 4.10—MATLAB plot demonstrating the rapid drop off in field suppression
(AB,) with distance r from the center of the sphere for regions corresponding to the
equator. AB, shows maximum suppression nearest the center. (0 = n/2; By = 3T;
a=1.63 pm; Ay =500 ppm)
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Chapter 5: Research Studies of Cell Labeling with Fe-Pro

S.1 Introduction

The purpose of these studies was to investigate and further characterize Fe-Pro
labeling of human MSCs (hMSCs), and to explore the potential application of this novel
methodology for detection of stem cells implanted into the disc for IVD degeneration
repair. Further development of this technique would aid in the development and overall
evaluation of stem cell-based therapies for repair and regeneration of this tissue. Also, the
ability to reliably and non-invasively monitor stem cells using MRI at multiple time
points following implantation would further enable the transition of stem cell-based
therapies into a clinical setting for a variety of applications.

These studies investigated in vitro labeling of hMSC cultures, MR detection of the
associated signal void resulting from labeling, and quantitative characterization of SI loss
on MR images (i.e. T, T, & T>* relaxation). In addition, the effect of labeling on stem
cell viability was also examined. In order to determine whether labeled cells could be
detected within 3D scaffolds suitable for implantation, labeled cells were seeded within
constructs, and imaged using MRI. Based on the two major types of tissue engineering
constructs, synthetic and natural (83), these studies investigated detection of labeled stem
cells within each type of matrix. For synthetic polymer investigation, labeled cells were
seeded in biocompatible PEG hydrogel plugs and imaged in vitro using both MRI and
confocal microscopy. As a natural polymer, a fibrin gel was used to load labeled cells and
implanted ex vivo within a rat model of IVD to demonstrate initial detection of

transplanted cells populations via MRI.
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5.2 Materials and Methods

5.2.1 Stem Cells and Culture

Following procedures approved by the Institutional Review Board at the University
of California, San Francisco (San Francisco CA, USA), bone marrow tissue was obtained
from young adult male patients undergoing surgery for repair of femur fractures.
Mononuclear cells were isolated by Percoll (Sigma Aldrich, St. Louis, MO, USA)
gradient separation, and then plated in high glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS;
Invitrogen) and 1% penicillin/streptomycin (Invitrogen). After 24 hours, non-adherent
cells were washed away. Adherent cells were maintained in the same media, expanded
using standard culture condition, (37°C and 5% CO,) and passaged 1:4 at 80-90%
confluence. Cells were sub-cultivated using .25% trypsin with ImM ethylenediamine-
tetraacetic acid (EDTA; Invitrogen). Cells used for labeling experiments were between

passages 8-10 to avoid potential issues associated with cell senescence.

5.2.2 Cell Labeling

The Fe-Pro labeling procedure was performed as described by Arbab et al. (54,84).
Briefly, the contrast agent Feridex IV (Berlex Laboratories, Wayne, NJ, USA) at a
concentration of 100 ug/mL, and the transfection agent protamine sulfate (American
Pharmaceutical Partners, Schaumburg, IL, USA) at a concentration of 4 ug/mL were
added to DME serum-free media and mixed for approximately 10 minutes. Of note, the
stock concentration of Feridex particles is supplied at 11.2 mg/mL. Following mixing,

12.5 mL of the labeling solution was added to an 80% confluent h(MSC monolayer in a
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150 cm? cell culture flask. After 2 hours of incubation under standard culture conditions,
an equal volume of complete DMEM was added to the cultures for a final iron oxide
concentration of 50 ug/mL. Cell cultures were then incubated overnight.

Following labeling with Fe-Pro, samples were washed with phosphate-buffered saline
(PBS) containing heparin (Abraxis Bioscience, Los Angeles, CA, USA) at a
concentration of 10 United States Pharmacopeia (USP) units/mL. Heparin was used
during washing because it competes with the iron oxide particles for binding with
protamine sulfate, thus working to dissolve cells surface bound Fe-Pro particles (54) and
deactivate extracellular Fe-Pro. Of note, similar to Feridex, heparin is approved by the
FDA and is used as an anti-coagulant clinically. Cells were then trypsinized, collected,
filtered through a 40 um mesh (BD Biosciences, Bedford, MA, USA) and counted for

further experiments.

5.2.3 Fe-Pro hMSCs in Synthetic Hydrogel Constructs

To determine if cells labeled with Fe-Pro could be detected in vitro when seeded
within synthetic 3D constructs, labeled hMSCs were imaged using MRI and confocal
microscopy after seeding within PEG hydrogels. The hydrogel precursor solution was
formed using 84% volume/volume (v/v) PEG-dimethylacrylate (PEGDMA; MW 750;
Sigma), 8% v/v 2,2-Dimethoxy-2-phenylacetophenone (Sigma) photo-initiator in 1-vinyl-
2-pyrrolidone (Sigma) cross-linker (60 mg/mL), and 8% v/v PBS. Two milliliters of this
solution was placed into a well of a 6-well plate (Corning, Corning, NY, USA) and cells
in solution were added to a reach a concentration of 1x10° cells/mL. The plates were then
exposed to 365 nm ultraviolet (UV) light (Uvitec, Cambridge, United Kingdom) for 30 s

— 5 mins until gelation occurred. Of note, hydrogels seeded with labeled cells took longer
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(3-5 mins) to solidify under UV light compared to unlabeled cells and empty hydrogels

(30 s — 2 mins).

5.2.4 Ex Vivo Detection of Labeled hMSCs Within a Fibrin Gel

In order to determine whether labeled cells could be detected within a natural
polymer loaded into an animal model, labeled cells were imaged ex vivo within the IVD
of excised rat tails. Labeled cells were loaded into a fibrin gel (Tisseel VH Fibrin Sealant,
Baxter International Inc., Deerfield, IL, USA) at a concentration of 1x10” cells/mL,
according to the manufacturer’s instructions. Injection into the IVD was guided by the
use of a fluoroscope (Xiscan C-arm Assembly, Xitec, Windsor Locks, CT, USA). A
syringe needle was used to push the nucleus pulposus out of the IVD, and 50 uL of the
gel containing labeled cells was injected into the region. Based on previous retention
studies, approximately 10 uL is retained initially within the disc, yielding an estimate of
1x10° cells present following injection. As a control, an empty fibrin gel was injected into
an adjacent disc within the rat tail. X-ray images (Faxitron X-ray, Whelling, IL, USA)
were obtained prior to and following the injection, and the difference in disc height
measured as an indicator that the gel containing the labeled hMSCs (or empty fibrin gel)
was in fact injected into the IVD. All research involving animals was performed under
approved guidelines established by the UCSF institutional animal care and use

committee.

5.2.5 3T MR Imaging
All MR imaging experiments were performed on a 3T scanner (GE Medical Systems,

Waukesha, WI, USA) and Mayo wrist coil (Mayo Clinic, Rochester, MN, USA). For in

59



vitro imaging of cells in solution, cells at concentrations ranging from 1x10*-1x10°
cells/mL were suspended in tubes containing 0.5 mL Ficoll (1.077 g/mL; Amersham
Biosciences, Piscataway, NJ, USA). Ficoll was used to suspend the cells in order to
maintain osmolarity and prevent cell settling during the imaging procedure. As a negative
control, unlabeled hMSCs and an empty Ficoll solution were also imaged. For each
concentration of labeled cells, and the unlabeled controls, multiple samples (n=3) were
prepared for in vitro imaging and the results averaged. For cells labeled and seeded in
hydrogels, the cross-linked gels were placed within the imaging tubes without Ficoll. For
the hydrogel experiment controls, empty hydrogels were imaged, as well as hydrogels
containing unlabeled hMSCs. Tubes were placed in a water bath and imaged at room
temperature (20°C). A SE sequence was used to determine T; (TE/TR = 12/60-1000 ms)
and T, (TE/TR = 12-300/4000 ms) relaxation times. A GRE sequence was used to
measure T,* relaxation times using a 90° flip angle and TE/TR = 4-24/34 ms. In addition,
in order to determine the effect of flip angle on SI loss using GRE imaging, Feridex
particles were diluted (1:10-1:1000) in PBS and imaged at varying flip angles (10-90°)
with a TE/TR = 4-24/34 ms. The field of view (FOV) used was 60 x 60 mm, and the in-
plane resolution of the single coronal slice was 234 um on a side with a thickness of 9
mm. Dedicated processing software written in Interactive Data Language (IDL; Research
Systems, Boulder, CO, USA) and MATLAB (Mathworks, Natick, MA, USA) was used
to quantify T,* relaxation times by performing a two-parameter (initial SI and T,*
relaxation time) exponential fit of the experimentally obtained data points. This was done
for each of the samples (n=3), and the results averaged. In cases where Fe-Pro labeling

led to saturation of SI loss into the background noise, two different methods were used
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for fitting. In the first method, only the linear region on natural log plots of SI was used
for curve fitting. In the second method, the images were converted to power images by
squaring the magnitude images. These power images were then used for a three-
parameter fit, in which the initial SI, the T,>* relaxation time, and an additive noise term
were optimized.

For ex vivo natural polymer detection of labeled cells within the excised rat tails,
specimens were scanned in the coronal orientation using a 3D multi-slice GRE sequence
(TE/TR = 8/24 ms). The in-plane resolution of the obtained images was 117 um on a
side, with a slice thickness of 0.6 mm and a total imaging thickness of 14 mm. The FOV

for the region imaged was 60 mm.

5.2.6 Confocal Microscopy

Labeled hMSCs seeded within PEG-based hydrogels were also imaged using
confocal microscopy. Following Fe-Pro labeling, hMSCs were also labeled using
CellTracker CMFDA (Invitrogen) according to the manufacturer’s directions. These cells
were then seeded within PEG-based hydrogels and placed in 6-well plates. A stack of
images was obtained throughout the entire volume of the hydrogel using a Nikon CI1SI
imaging system (Nikon USA, Melville, NY, USA) with a 488 nm excitation wavelength
and a 30 nm pass-band centered at 515 nm (green). The imaging setup consisted of a
water immersion lens with a 10x objective and a 0.3 numerical aperture (NA). The FOV
for each slice in the stack was 615 um on a side with a slice thickness of 5 um and a total
thickness of 205 wm. The stack of images was processed and combined into a 3D volume

using Nikon image processing software (NIS Elements AR 2.30).
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5.2.7 Cell Viability

To assess viability of cells following labeling, cells labeled with Fe-Pro and control
hMSCs were plated at 70% confluence in 2-well Permanox chamber slides (Nalge Nunc
International, Rochester, NY, USA). At days, 0, 1, 2, 4, and 8 after labeling, hMSC
viability was assessed with the Live/Dead Reduced Biohazard Viability/Cytotoxicity Kit
(Invitrogen). Viability of unlabeled cells was also assessed as a control. Cells were
incubated in a solution containing 2 uL SYTO 10 green fluorescent nucleic acid stain,
and 2 uL ethidium homodimer-2 in 1 mL of (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffered saline solution at room temperature in the dark
for 30 minutes. Cells were then viewed with a fluorescent microscope and digital
micrographs were obtained using both a Fluorescein (excitation/emission = 494/517 nm)
and Texas Red filter (excitation/emission = 528/617 nm). Images were loaded into Adobe
Photoshop (Adobe Systems, San Jose, CA, USA), and using an overlaid grid live and
dead cells were quantified through hand counts performed by lab personnel. The ratio of

dead cells to live cells was recorded and used for statistical analysis.

5.2.8 Statistical Analysis

Statistical analysis of the obtained relaxation times was performed using an analysis
of variance (ANOVA) test, followed by a Holm t-test to compare each of the labeled
samples against the unlabeled control. For cell viability data, an ANOVA test on the ratio
of dead cells to live cells for the 5 experimental groups and single control group was

used.

5.3 Experimental Results
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5.3.1 Effect of Labeling with Fe-Pro on Signal Characteristics

The results of the in vitro experiments indicate efficient cellular uptake of the contrast
agent via Fe-Pro complex formation, and corresponding distinguishable SI loss of labeled
cells on MR images (Figure 5.1). Labeled cells (Figure 5.1a) show up considerably
darker than unlabeled cells (Figure 5.1b). Digital micrographs showing labeled cells
before heparin wash (Figure 5.1c), labeled cells after wash with PBS (Figure 5.1d), and
unlabeled cells (Figure 5.1¢) are also depicted.

a) b) ¢

@0

Figure 5.1—Iron oxide labeling of hMSCs. In vitro GRE (TE/TR = 4/34 ms) MR
image of (a) iron oxide-labeled cells (lxl()6 cells/mL); (b) unlabeled cells (1)&106
cells/mL); (c) optical micrograph of labeled cells before heparin wash; (d) optical
micrograph of labeled cells after heparin wash; (e) optical micrograph of unlabeled
cells. (Scale bar = 40 um)

Plots of SI versus TR (T, measurements) and SI versus TE (T,, and T,*
measurements) are depicted in Figure 5.2. On T;-weighted images (Figure 5.2a), Fe-Pro
labeling does not appear to have an effect on SI, and labeled cells are not distinguishable
from unlabeled cells. The effect of Fe-Pro labeling is most pronounced on T,*-weighted
GRE images (Figure 5.2b). Cells labeled at the highest concentration of 1x10° cells/mL
shows the greatest loss in SI, while labeled cells at a concentration of 1x10*-10° cells/mL
also have lower SI values at low TEs compared to unlabeled hMSCs. On T,-weighted

images, (Figure 5.2c¢), labeled cells appear to be distinguishable from unlabeled cells at

longer TEs (70-300 ms), but SI loss does not appear to vary with cell concentration.
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Figure 5.2—SI and relaxation measurements. (a) SI vs. TR plot resulting from SE
sequence. Labeled cells are indistinguishable; (b) SI vs. TE plot resulting from GRE
sequence. SI values are lower for labeled cells; (c) SI vs. TE plot resulting from SE
sequence. Labeled cells are distinguishable from unlabeled cells at TEs above 70 ms;
(d) T, relaxation times for labeled and unlabeled cells obtained by fitting SI values
to an exponential curve. For Fe-Pro cells at 1x10° cells/mL only TEs of 4, 6, and 8 ms
were used for fitting to account for signal loss saturation; (e) T, relaxation times
obtained by including a noise term in the exponential fit. (n = # of samples for each
concentration; ~ = statistical significance p<0.01 compared to unlabeled cells)

Focusing on the T,*-weighted GRE images where SI loss is strongest, T>* relaxation
times obtained by using a two-parameter fit are depicted in Figure 5.2d. Compared to the
unlabeled control, there is a statistically significant difference (p<<0.01) in the T»* values
for the labeled cells at 1x10° cells/mL. Figure 5.2e shows the T>* results of the three-
parameter fit. Including noise in the fit yields a higher T,* value for 1x10° cells/mL as
compared to the two-parameter fit, but the difference between relaxation times for

labeled and unlabeled cells at the highest concentration is still statistically significant

(p<0.01).
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5.3.2 Fe-Pro hMSCs in Hydrogel Constructs
Seeding of labeled stem cells within PEG-based hydrogels results in in vitro detection
via MRI (Figures 5.3a-c). Labeled cells within the hydrogel appear as a hypo-intense

region on the obtained images.

a) b) c)

Figure 5.3—MRI and confocal microscopy of labeled cells. In vitro GRE (TE/TR =
6/34 ms) MRI of (a) stem cells labeled with the iron oxide complex seeded within the
hydrogel (1x106 cells); (b) unlabeled stem cells seeded within the hydrogel (1x106
cells); (¢) hydrogel without cells. Labeled cells show up as a hypo-intense region
compared to unlabeled cells and the empty hydrogel; (d) & (e) confocal microscopy
volume rendered images of labeled stem cells. Positive green staining indicates the
position of live cells following labeling and hydrogel polymerization. (Scale bar =
100 pm)

Imaging of cells using confocal microscopy allowed detection of single cells throughout
the volume of the hydrogel. Representative confocal microscopy volume images are
shown in Figure 5.3d-e. Cells were stained using the CellTracker CMFDA kit, which
stains only live cells. The positive stain indicates that the Fe-Pro hMSCs survived the

labeling procedure and the hydrogel photo-polymerization process.
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5.3.3 Ex Vivo MR Detection of Labeled Cells

In the rat model (Figure 5.4) the signal loss due to labeling with Fe-Pro is clearly
apparent in the injected discs. While the labeled cells in the disc appear black in the
image, the disc injected with only fibrin gel is brighter. A radiograph image depicting the

sites of injection is also shown.

Radiograph MR Image

FE-Pro Cells

Empty Gel =

FE-Pro Cells

Figure 5.4—FEXx vivo detection of iron oxide-labeled cells within a rat model of disc
degeneration. Rat discs were injected with a fibrin gel containing labeled cells (1x10’
cellsy'mL) and imaged using MRI. Discs injected with labeled cells appear darker
indicating a loss of signal on the image (right). For comparison, a disc was injected
with fibrin gel alone, and appears brighter. A radiograph image (left) shows the
sites of injection. Disc height was also increased following injection.

In addition, disc height following injection as measured on radiographs was increased
when compared to disc height prior to injection of the fibrin gel (not shown). This was

used as an indictor that the cells seeded within the fibrin gel were in fact injected into the

IVD.

5.3.4 Cell Viability
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Labeling of hMSCs with Fe-Pro does not significantly impair cell viability. When
compared against unlabeled hMSCs (control) the ratio of dead cells to live cells was not
significantly different at day 0, 1, 2, 4, and 8 after labeling (p>0.25). Figure 5.5 shows the
ratio of dead cells to live cells for the labeled groups at various days as well as the

unlabeled control group.
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Figure 5.5—Effect of iron oxide labeling on cell viability. Ratio of dead cells to live
cells between unlabeled controls, and labeled cells at day 0, 1, 2, 4, and 8 after
labeling was compared. There appears to be no significant difference in cell viability
between labeled cells and unlabeled cells. Iron oxide labeling does not impair cell
viability. (Error bars correspond to mean + standard deviation)
5.4 Discussion

The promise of utilizing stem cells to regenerate diseased or damaged tissue
inherently requires an effective minimally invasive method for assessment. With MRI
tracking, Fe-Pro labeled cells populations appear as signal voids and thus can be
distinguished on MR images. Since MR imaging is non-invasive, the ability to track stem
cells using this imaging modality is highly favorable. While MRI tracking of iron oxide-

labeled cells has been examined in the past, the application of stem cell labeling to

monitor I[VD regeneration has not been previously investigated. Application of this
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technique to the IVD is important because the ability to track implanted hMSCs within
the disc would be valuable as a means of non-invasively monitoring the repair and
regeneration process; this would make it possible to determine the effectiveness of such
treatments. As demonstrated by the results of this study, Fe-Pro labeling and tracking
using MRI has promise as a means for studying stem cell-based regeneration of the IVD.
Specifically, the results show that SI loss of labeled cells on MR images can be
quantitatively characterized by measurements of standard MRI relaxation parameters. In
addition, Fe-Pro labeled cells can be distinguished from the surrounding environment,
when placed within synthetic scaffolds such as hydrogels, as well within natural
polymers implanted within native tissue. Lastly, cell viability of labeled cells does not
appear to be affected by labeling with Fe-Pro.

The SI loss and subsequent contrast of labeled cells is strongest on GRE images
(Figure 5.1a-b). GRE pulse sequences are utilized because they emphasize differences in
magnetic susceptibility between tissues. For this particular methodology, stem cells
labeled with Fe-Pro have increased susceptibility due to the highly magnetic iron oxide
particles. In addition, GRE imaging allows for imaging at short TEs, where differences in
SI and the associated contrast are the greatest for iron oxide-labeled cells. These
characteristics of GRE pulse sequences allow for the strong contrast of iron oxide-labeled
cells and their detection on the resulting images. Based on the results of the quantitative
analysis, cells at a concentration of 1x10° cells/mL are distinguishable from unlabeled
cells (1x10° cells/mL) in vitro, with a statistically significant difference in T,* values
when both the two and three parameter fit are used. Clinically, the number of cells

implanted for therapeutic applications will depend on the particular site and tissue of
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interest, but it is important that the size of the transplanted cell population is within the
detection limits of MRI.

Quantitative analysis of the obtained images reveals a significant loss in SI for
labeled cells as compared to their unlabeled counterparts. One particularly interesting
result is that addition of an additive noise term for the three-parameter fit resulted in an
increase in the measured relaxation time. This is different from the analysis provided by
Miller et al. suggesting that fitting of power images with an additive noise term should
lead to a decrease in the measured relaxation time (80). The differing results of this study
are likely because the T>* values measured here for the highest concentration of labeled
cells are extremely short. Thus the effect discussed by Miller et al. is less dominant in
this situation. For the other concentrations of labeled cells, and unlabeled cells, the SI
plots indicate that the signal loss is not saturated into the noise region, which leads to
similar T>* values using both the two-parameter and three-parameter fit.

Stem cells populations are often implanted within the body using a scaffold to create
an environment that is conducive to cell attachment, proliferation, required gene
expression, and formation of new functional tissue (85). Ideally, the scaffold should
mimic the in vivo environment of the implanted cells for a defined period of time, until
the implanted cells integrate into the surrounding native tissue. Presently, a variety of
synthetic and natural polymers have been utilized for this purpose (3). MRI detection of
labeled cells specifically within 3D scaffolds is an important consideration, because each
type of polymer will have its own MRI signal characteristics and associated SI based on
its material composition. Thus, the signal characteristics of the Fe-Pro labeled cells

seeded within the 3D scaffold must be iron oxide dominated with sufficient SI loss and
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associated contrast to allow for adequate detection. Among synthetic polymers, the use of
hydrogels as 3D scaffolds for cell implantation has been well documented (86). The
results of the present study demonstrate in vitro MR detection of Fe-Pro labeled hMSCs
seeded within hydrogels. Labeled cells within the synthetic PEG hydrogels were also
stained and imaged using confocal microscopy, illustrating that Fe-Pro labeled stem cells
can be enclosed in a scaffold and remain live and viable. The resolution limits of a 3T
MRI scanner preclude the ability to image single cells without the use of specially
designed coil inserts. However, the ability to track a transplanted population of labeled
stem cells longitudinally represents a significant step in the assessment of stem cell-based
therapies. Furthermore, the ability to image single cells is possible with higher field
strengths, and could become a clinical reality with advances in MR hardware technology.

In addition, the present study demonstrates the ex vivo detection of a transplanted
population of labeled hMSCs seeded within a fibrin-based gel, a well characterized
natural polymer utilized in tissue regeneration studies (7,87). As expected the discs
implanted with Fe-Pro labeled cells appear as a hypo-intense region and so are detectable
using MRI (Figure 5.4). These results are similar to those reported by Sykova et al. who
were able to detect iron oxide-labeled rat stem cells when implanted in vivo within the
spinal cord of injured rats (88). MRI has already been extensively used to image the IVD
(78,89), and techniques have been developed to classify disc degeneration based on MR
images (19,90-94). Consequently, as stem cell-based techniques for IVD regeneration are
developed, utilizing MRI to image the disc and monitor therapy seems to be a feasible

and promising endeavor.
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Labeling of hMSCs with Fe-Pro does not appear to affect cell viability. These results
are in agreement with those obtained by Arbab er al. who reported no increased cell death
following labeling, and no reduction in proliferation capacity (54). As an indication that
cells were in fact labeled in the present study and not attached to the cellular surface,
Arbab et al. report 100% labeling efficiency, as determined by Prussian Blue staining and
manual counting of cells prepared on microscope slides. In looking to future applications,
both components of the Fe-Pro complex as well as heparin used for washing are FDA
approved and so would not be expected to have toxic effects when utilized for cell
labeling in vivo.

While this study utilized Fe-Pro labeling to provide negative contrast via SI loss, it is
also possible to generate positive contrast with iron oxide labeling. Cunningham et al.
have demonstrated the ability to label cells with SPIOs and use spectrally selective pulses
to excite the off-resonance water surrounding the labeled cells (82). This allows for
positive contrast of labeled cells compared to the surroundings. Based on these
preliminary results, future studies should consider the ability to detect Fe-Pro labeled
hMSCs using positive contrast MR imaging sequences, and the effects on detection
within the surrounding tissue of the IVD. This can be done both qualitatively using the
obtained images and quantitatively via MR relaxation parameters. Since negative contrast
imaging is limited in its ability to distinguish between the presence of labeled cells and an
inherent signal void in the image, the use of positive contrast to confirm the presence of
labeled cells would be beneficial. In principle, it is possible to use a combination of
positive and negative contrast imaging to track transplanted labeled cells simply by

varying the pulse sequence used during each scan. As a result, it is expected that positive
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contrast imaging could be used for initial detection following transplantation of labeled
cells within the IVD, followed by high resolution negative contrast imaging to image
cells within the surrounding tissue once they have been detected.

In conclusion, these studies demonstrate that the established technique of labeling
iron oxides and subsequent MR imaging appears to be a feasible methodology for
monitoring stem cell-based regeneration of the IVD. As stem cell-based therapies
continue to emerge as treatment methods for diseased or damaged tissues, the use of this
technique for non-invasive assessment shows promise. With the demonstrated in vitro
and ex vivo results presented here, future studies should include in vivo longitudinal
studies of stem cell tracking by means of MRI. As this technique continues to show
promising results, its clinical application to treatment of IVD degeneration and a variety

of other disease conditions is expected.
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Chapter 6: Research Studies of Cell Labeling with MPIOs

6.1 Introduction

While MR-based stem cell tracking and stem cell-based regeneration of cartilage
have been active fields of study independently, no studies to date have looked at the
potential of MPIO-based stem cell labeling to monitor cartilage regeneration.
Consequently, a major aim of these studies was to further examine MPIO labeling of
MSCs and investigate this technique for clinically applicable monitoring of cartilage
tissue regeneration. To this end, MSCs were labeled with MPIOs and a population of
cells was detected in vitro, and ex vivo using a clinical MR scanner. In addition to
detection, applying this technique to monitoring cells within cartilage raises questions
about the effect that labeled cells will have on MR scans typically used to probed
cartilage integrity. Hence ex vivo T;, imaging typically used to detect proteoglycans (96-
98) within cartilage was performed in the presence of MPIO-labeled cells. Furthermore,
fluorescence microscopy was used for co-validation of labeling and to investigate the
presence of extracellular particles following labeling. In addition, labeled cells were
tested for labeling efficiency, cell viability, and the effect of labeling on chondrogenic
differentiation.

In addition to studies examining clinical monitoring of stem cells labeled with
MPIOs, experiments were also conducted in order to investigate the ability to detect
labeled cells using high-field (14T) MRI. The increase in signal associated within this
field strength makes it possible to image labeled cells at near cellular resolution. As a
result it is likely possible to detect single cells containing multiple particles or small

numbers of cells within a local environment. Labeled cells were imaged at 14T in vitro
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within a commercially available hydrogel, as well as ex vivo within the muscle of a
mouse hind limb. Finally, imaging of labeled cells at multiple time points following
labeling was performed at 14T in order to examine the longitudinal ability to detect
MPIO-labeled cells using MRI.

The results of these studies demonstrate the promise of utilizing the MPIO-labeling
technique for monitoring cartilage regeneration as well as in other musculoskeletal tissue
engineering applications. In addition, these studies highlight the need for future
development of this technique as a clinically relevant means of monitoring cell-based
tissue engineering strategies. Lastly, the results of the high-field imaging studies
demonstrate the future potential of MRI for clinically applicable cell tracking with

continued advancements in imaging technology.

6.2 Materials and Methods

6.2.1 Cell Isolation and Expansion

Bone marrow-derived MSCs were harvested from the iliac crest of female young
adult (>5 kg) New Zealand White rabbits immediately after animal sacrifice based on a
technique adapted from Johnstone et al. (99). Briefly, the marrow was aspirated using a
10 mL syringe containing heparin (5000 U). The samples were placed in 75 cm® tissue
culture flasks containing standard tissue culture media: high glucose DMEM (Invitrogen)
with 10% FBS and 1% penicillin/streptomycin (Invitrogen). After 48 hours, non-adherent
cells were removed, and the remaining adherent cells were maintained in the same media
(changed every 2-3 days), expanded using standard conditions (37°C and 5% CO,), and

passaged 1:4 at 80-90% confluence. Cells were sub-cultivated using 0.25% trypsin with 1
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mM EDTA (Invitrogen) and used for experiments between passages 6-10 to avoid issue

with cell senescence.

6.2.2 Stem Cell Labeling

Rabbit MSCs (rMSCs) were labeled with MPIOs using a technique described by
Hinds et al. (100). Briefly, 1.63 um diameter encapsulated micro-spheres (Bangs
Laboratories, Fishers, IN, USA) were added to standard tissue culture media at a
concentration of 10 uL/mL and mixed for 10 minutes. The stock solution of contrast
agent particles used for cellular labeling consisted of an iron concentration of ~ 4.25
mg/mL, and addition into the cell culture media resulted in a final iron concentration of
2.8 ug/mL used for labeling. After mixing, the labeling media was added to an 80%
confluent MSC monolayer in 75 cm’ tissue culture flasks (n=3), and cell cultures
incubated overnight. Unlabeled cell flasks (n=3) were also used as controls for each set of
experiments. Following overnight labeling with MPIOs samples were washed three
separate times with PBS to remove excess particles not taken up by cells. Cells were then
treated with trypsin, collected, and counted for further experiments. Cell viability was
assayed during counting using Trypan Blue (Invitrogen). For longitudinal imaging
experiments, cells were maintained under standard conditions, and sub-cultivated upon

confluence for the length of the culture period.

6.2.3 Chondrogenesis
In vitro chondrogenesis via pellet culture of labeled MSCs and unlabeled MSC
controls was induced using a Chondro-Bulletkit containing transforming growth factor

(TGF)-B3 (Lonza, Walkersville, MD, USA) according to the manufacturer’s protocol for
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4 weeks. Following differentiation, labeled (n=2) and unlabeled (n=2) pellets were fixed
in 10% formalin, dehydrated in ethanol, and embedded in paraffin using standard tissue
processing techniques. Embedded sections (5 wm thickness) were stained with
hematoxylin and eosin (H&E), safrinin-O, and fast green, visualized by light microscopy
(Olympus CX41, Center Valley, PA, USA), and photographed (Nikon Coolpix 5000,
Melville, NY, USA). For GAG content, labeled (n=6) and unlabeled (n=6) samples were
digested overnight in papain, and chondrotin sulfate concentration was measured using
dimethylmethylene blue dye (DMMB; Biocolor, Carrickfergus, UK). A
spectrophotometer (Varian Carey 300, Walnut Creek, CA, USA) was used to measure the
absorbance of the pellet samples at 656 nm and GAG content was determined by
comparing the obtained values to a known standard curve. The range of standards was
large enough to ensure that all experimental samples fell within the linear range.
Differences between labeled and unlabeled cells were compared using a Student’s ¢ test

(p<0.05).

6.2.4 Fluorescence Imaging and Analysis

To visualize the presence of MPIOs within cells following labeling, fluorescence
imaging of the Dragon Green tag (Ex/Em: 480/520 nm) associated with the MPIOs was
performed along with unlabeled cell controls. For studies investigating the presence of
excess unincorporated particles following labeling and PBS washing, cells were seeded
on Permanox Lab-Tek tissue culture slides (n=4; Fisher Scientific; Hampton, NH, USA)
and grown to 80% confluence before labeling. Following labeling and three PBS washes,
cells were co-labeled with a Hoechst stain (Fisher; Ex/Em: 350/461 nm) by adding a

1:200 dilution of the stock solution to each tissue culture well for 5 minutes. Cells labeled
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only with the Hoechst stain was also visualized as controls (n=4). Images were obtained
using an Olympus BX60 microscope with fluorescent attachment and captured using an
AxioCam MRm system (Zeiss, Thornwood, NY, USA). National Institutes of Health
Imagel (Bethesda, MD, USA) software was used for processing and image overlay.

Flow cytometry was used to quantify the mean fluorescent intensity (MFI) in order to
analyze MPIO labeling efficiency (n=3 flasks). Following labeling and PBS washing,
cells were collected and analyzed using a FACS Calibur Cell Counter System (BD
Biosciences) set to the FL1 channel (Ex/Em: 488/530+15 nm). The forward and side
scatter of the events was adjusted to differentiate between live and dead cells. Events
within the gated live cell population were measured for MFI with at least 10,000 events
per sample. Unlabeled cells were used for calibration and multiple samples from each
labeled flask were analyzed and the results averaged. All flow cytometry parameters were
fixed in comparing a single analysis and all samples were run consecutively on a single

machine with conserved analysis parameters.

6.2.5 Ficoll Suspension and Hydrogel Encapsulation

In one set of experiments, labeled cells (1x10° cell/mL) were suspended in eppendorf
tubes containing 1.0 mL Ficoll (n=3; GE Healthcare Biosciences, Piscataway, NJ, USA)
to prevent cell settling during imaging. As negative controls, unlabeled cells (n=3) at the
same concentration and Ficoll alone (n=3) were also imaged. For longitudinal imaging
experiments, cells were suspended in 1.0 mL of Ficoll within 10 mm NMR tubes at
concentrations of 5x10* cells/mL. Unlabeled cells at the same concentrations were
utilized as negative controls For the second set of experiments, labeled cells were loaded

into Puramatrix hydrogel (3DM, Cambridge, MA, USA) at a concentration of 5x10* or
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5x10° cells/mL within 10 mm NMR tubes. Encapsulation of the cells within the gel was
performed according to the manufacturer’s instructions. Unlabeled cells at the same

concentrations were also encapsulated within Puramatrix as experimental controls.

6.2.6 Confocal Microscopy and Nomarski Optics

For studies validating internalization of MPIO particles within rtMSCs following
labeling, cells were seeded on Permanox Lab-Tek tissue culture slides (n=2) and grown
to 80% confluence before labeling. Following labeling and PBS washing, cells were co-
labeled with a Hoechst stain (Fisher; Ex/Em: 350/461 nm) by adding a 1:200 dilution of
the stock solution to each tissue culture well for 5 minutes. Cells labeled only with the
Hoechst stain was also visualized as a control (n=2). Confocal microscopy was
performed using a Nikon FN1 microscope and Nikon Clsi Spectral Confocal using an
Ex/Em: 405/450+£30 nm for Hoechst stain detection, and Ex/Em: 488/525+50 nm for
detection of the Dragon Green tag present within the MPIO particles. Each slice of the
40-slice volume stack had a thickness of .625 um resulting in a total volume of 25 um.

In order to validate the presence of MPIO particles contained within the cells
throughout longitudinal MR imaging, differential interference contrast (DIC) imaging
was performed at each time point (0, 1, 3, and 6 weeks post labeling). The day before
microscopy, labeled cells in culture were lifted using trypsin and seeded on Permanox
Lab-Tek tissue culture slides (n=4) at 80% confluence. DIC was performed using a Nikon
Eclipse Ti microscope and images were acquired using a Photometrics Evolve 512
electron multiplying charge coupling device (EMCCD) black-and-white camera

attachment (Tuscon, AZ, USA).
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6.2.7 Ex Vivo Animal Model Implantation

To investigate detection of MPIO-labeled rMSCs within native tissue, an ex vivo
bovine osteochondral knee defect model was used. A cylindrical defect (diameter = 5
mm; height ~ 9 mm) was created in each condyle of a single bovine distal femur. Prior to
implantation, MPIO-labeled rMSCs were encapsulated within Puramatrix according to
the manufacturer’s instructions. Unlabeled control rMSCs were also encapsulated within
a separate Puramatrix hydrogel. Following gelation, the two constructs were filled as
follows: (1) Puramatrix construct containing MPIO-labeled rMSCs (5x10° cells/mL); (2)
Puramatrix construct containing unlabeled rMSCs (5x10° cells/mL). Care was taken to
ensure that the constructs would not leak out of the defects during imaging, and following
MRI each defect was visually reexamined to verify the presence of the construct.

Labeled cells were also injected into a mouse muscle hind limb model. Prior to
implantation, 1x10° labeled cells were concentrated in 50 uL PBS. Injection into the
soleus muscle of a mouse hind limb was performed using a 3 mL Luer-Lok Tip with a
21-gauge needle attached (BD Biosciences). The entire volume of the cell suspension
was injected into the limb. As a negative control, unlabeled cells at the same

concentration were injected into the soleus muscle of a separate mouse hind limb.

6.2.8 3T and 14T MRI

All 3T imaging was performed on a 3T Signa Excite system (GE Medical Systems)
using a quadrature transmit/receive knee coil (GE Medical Systems). For in vitro cell
imaging in solution, the tubes containing samples were placed in a plastic container filled
with water in order to remove the air susceptibility artifact, and all imaging was carried

out at room temperature (20°C). Each tube was imaged alone to prevent image distortions
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caused by the iron present in neighboring tubes and all tubes were imaged within the
same location in the magnet to limit the effect of main field inhomogeneities. 2D GRE
imaging of the tubes was performed as a single coronal slice with a TE/TR = 4-24/500
ms, a 12 cm FOV, flip angle = 90°, matrix size = 256x256, 468 um in-plane resolution,
bandwith (BW) = 15.63 kHz, and slice thickness = 3 mm. SE imaging was performed
using the same parameters, except with a TE/TR = 20-200/2000 ms. Image analysis was
performed using dedicated software written in MATLAB to measure the SI as a line
profile passing through the center of the tube in each image, and to determine the mean
SI for a defined ROI. The line profile analysis consisted of sampling the SI value for
every fifth pixel of the image passing horizontally through the center of the tube.
Differences in SI between labeled and unlabeled cells were compared using a Student’s ¢
test (p<0.05) for both the line profile and ROI analysis.

Ex vivo imaging of cells within the bovine knee was performed using a 3D sagittal
spoiled GRE (SPGR) sequence with a TE/TR = 6.7/15 ms, flip angle = 12°, FOV = 12
cm, matrix size = 512x256, and slice thickness = 1 mm. In addition, a 3D T, -weighted
sequence (101) was used to image the bovine knee sagittally, with TE/TR = 3.7/9.3 ms,
FOV = 12 cm, matrix size = 256x128, slice thickness = 1 mm, BW = 31.25 kHz, views
per segment = 64, time of recovery (Trc) = 1500 ms, time of spin lock (TSL) =0, 10, 40,
and 80 ms, and frequency of spin lock = 500 Hz. Image processing software written in
IDL was used to generate T;, maps by fitting the data on a pixel-by-pixel basis to the
equation:

S(TSL) ~ exp(-TSL/ T},) [6.1]
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Following segmentation using dedicated IDL software masked T;, maps were overlaid
onto the SPGR images using software written in MATLAB.

High-field imaging was performed using a 600 MHz scanner (Varian, Palo Alto, CA,
USA) with either a 10 mm broadband or 40 mm broadband coil (Varian). NMR tubes
containing samples were imaged using the 10 mm coil, and all in vitro experiments were
performed in duplicate. GRE multi-slice (GEMS) 2D imaging was performed using a
TE/TR = 4.48-26.88/200 ms with a scan time of ~ 7 minutes, and flip angle = 50°. SE
multi-slice (SEMS) 2D imaging was performed using a TE/TR = 15/1000 ms with a scan
time of ~ 17 minutes. Both sequences were acquired with a slice thickness = 0.4 mm,
FOV = 10 mm, and matrix size = 256x256, resulting in an in-plane resolution of 40 um.
Longitudinal MR imaging experiments were performed using the same setup and
imaging parameters at 0, 1, 3, and 6 weeks post labeling. Quantitative line profile
analysis was performed on 10 sample points per tubes using Vnmr] software (version
2.3A; Varian). The resulting measurements were used to create plots of SI versus
distance from the chosen sample point (pixel) in Microsoft Excel. Ex vivo MR imaging at
14T was performed on the mouse hind limb by placing it in a 50 mL tube and using the
40 mm coil. A 3D GRE sequence with TE/TR = 2.19/25 ms, and flip angle = 12° was

utilized. The resolution of the obtained images was 125x117x250 um”.

6.3 Experimental Results

6.3.1 MPIO Labeling and Signal Characteristics
The in vitro results indicate efficient cellular uptake of MPIOs and corresponding

distinguishable SI loss of labeled cells on MR images. Figure 6.1a shows a single MSC
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cell labeled with MPIOs (fluorescence overlaid on bright field) as demonstrated by the
fluorescent tag associated with the iron oxide contrast agent that is not present within the

control cell (Figure 6.1b).

Figure 6.1—Iron oxide labeling of rMSCs with MPIOs. (a) luorescence microscopy
image of a representative cell after overnight labeling. The Dragon Green
fluorescence indicates cellular uptake of the iron oxide contrast agent, which is not
present within the (b) representative unlabeled control cell; (¢) (d) & (¢) GRE
imaging (TE/TR = 8/500 ms) of labeled cells (1x106 cells/mL), unlabeled cells (1x106
cells/mL), and empty Ficoll respectively; (f) (g) & (h) SE imaging (TE/TR =
150/2000 ms) of labeled cells (1x106 cells/mL), unlabeled cells (1)&106 cells/mL), and
empty Ficoll respectively. Both GRE and SE imaging demonstrate a visible signal
loss associated with iron oxide labeling that is not present within unlabeled cells or
the Ficoll solution alone. (Scale bar = 10 pm)

Flow cytometry analysis following overnight labeling resulted in a labeling efficiency of
86+3 %. Trypan blue staining to detect the presence of dead cells did not show any effect
of labeling on cell viability as compared to unlabeled controls (not shown). Figure 6.2
shows confocal microscopy images of labeled cells and further validates cellular uptake
and internalization of the MPIO particles. The volume rendering of the stack obtained
shows the presence of MPIO particles throughout the cell (Figure 6.2c). In addition, the
vast majority of the MPIO particles within the cells are outside of the nucleus as
expected.

MPIO-labeled rMSCs appear as a distinct hypo-intense region when imaged in vitro

via 3T MRI using both GRE (Figure 6.1c-e¢) and SE imaging (Figure 6.1f-h). MPIO
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labeling has a greater effect on the GRE sequence but is still clearly visible as a signal

void on the SE image.

Figure 6.2—Confocal microscopy of MPIO-labeled rMSCs. (a) Single slice of an
MPIO-labeled cell showing the presence of MPIO particles (green fluorescence)
within the cell outside of the nucleus (blue fluorescence); (b) unlabeled control cells
showing only staining of the nucleus; (¢) volume rendering of a labeled cell obtained
by combining each individual slice into a compressed stack. The rendering confirms
MPIO internalization within the cell and the 3D distribution of the MPIO particles;
(d) volume rendering of unlabeled cells. The unlabeled cells are likely in the process
of cell division. (Scale bar =20 pm)

Quantitative characterization of this SI loss based on line profile analysis and
measurement of the mean SI for the ROI corresponding to each tube is depicted in Figure
6.3. For 3T GRE imaging, MPIO-labeled cells (1x10° cells/mL) produce a significant
(p<0.05) loss in SI throughout the tube compared to the control tubes (Figure 6.3a). SE

imaging results in a similar significant (p<0.05) loss in SI throughout the tube containing



labeled cells (Figure 6.3b). The particular TE values for the GRE (TE = 8 ms) and SE
(TE = 150 ms) sequence were chosen because they resulted in the greatest contrast
between labeled cells and the control tubes. Figure 6.3c shows the mean SI for the ROI
corresponding to each tube for both GRE and SE imaging. The significant loss (p<0.05)

of SI for MPIO-labeled rMSC:s is clearly visible.
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Figure 6.3—Quantitative analysis of signal loss associated with MPIO labeling of
cells. Line profiles demonstrate the sharp signal drop off associated with labeled
cells, detectable using both (a) GRE (TE/TR = 8/500 ms) imaging; and (b) SE
(TE/TR = 150/2000 ms) imaging. Differences in SI between labeled cells and control
tubes are significant (p<0.05) for both GRE and SE imaging; (c¢) SI values for ROIs
corresponding to tubes of labeled cells, unlabeled cells, and Ficoll, demonstrating
significant (p<0.05) SI loss that is detectable using both GRE and SE imaging. (Data
is presented as mean+standard deviation for n=3 samples; cell concentration =
1x10° cells/mL)

High-field MR imaging at 14T also demonstrates the ability to distinguish MPIO-
labeled cells. With the resolution achieved at this field strength it is possible to detect
small populations of cells that are loaded with multiple particles. Figure 6.4 shows GRE
imaging of MPIO-labeled cells encapsulated within a Puramatrix hydrogel, as well as

unlabeled cells utilized as a negative control.
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Figure 6.4—GEMS MR imaging of MPIO-labeled rMSCs encapsulated within
Puramatrix hydrogel. Single slice GRE image (TE/TR = 4.48/200 ms) of (a) MPIO-
labeled cells (5x105 cells/'mL); (b) unlabeled (control) cells (5x105 cells/mL); (c¢)
MPIO-labeled cells (5x104 cells/mL); (d) unlabeled (control) cells (5x104 cells/mL).
Labeled cells are distinguishable as a signal void compared to unlabeled cells
especially in (¢) where the cell seeding density is low. The hypo-intense region
(arrow) present in (b) is likely due to an impurity or bubble formed during gelation
of the Puramatrix hydrogel.

At the high concentration of cells there appears to be a saturation of signal loss resulting
from the high cell density and abundance of loaded iron. Similarly, Figure 6.5 shows SE
imaging of MPIO-labeled cells encapsulated within Puramatrix along with unlabeled
cells for comparison. The signal loss associated with labeling is less apparent than for

GRE imaging but labeled cells are still clearly distinguishable compared to unlabeled

control cells at the same concentration.
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Figure 6.5—SEMS MR imaging of MPIO-labeled rMSCs encapsulated within
Puramatrix hydrogel. Single slice SE image (TE/TR = 15/1000 ms) of (a) MPIO-
labeled cells (5X105 cells/'mL); (b) unlabeled (control) cells (5x105 cells/'mL); (c¢)
MPIO-labeled cells (5X104 cells/'mL); (d) unlabeled (control) cells (5x104 cells/mL).
Labeled cells are distinguishable as a signal void compared to unlabeled cells,
especially in (c) where the cell seeding density is low.

Quantitative line profile analysis of the obtained 14T MR images demonstrates the
loss in SI associated with MPIO-labeling and the effect on the surrounding in vitro
environment (Figure 6.6). For GRE imaging at the highest concentration of labeled cells
(Figure 6.6a), labeling causes a drop in SI that is approximately 10% of background. In
addition, the extent of the signal loss though decreasing with distance from the center,
still results in SI values ~ 50-60% of background at a distance 400 um away. At the lower
concentration of MPIO-labeled cells (Figure 6.6b) the SI drop is less pronounced

reaching only 40% of background at the center. In addition, at a distance of 400 um away

from the center point, the SI values are close to 100% of background.
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Figure 6.6—Line profile analysis of MR images of MPIO-labeled cells encapsulated
within Puramatrix hydrogel. Profile plots for ten representative points on the image
demonstrating the linear extent of cell labeling (x-axis) and the amount of SI loss
compared to the background hydrogel (y-axis). Values are represented as % of
background in which background SI corresponds to Puramatrix hydrogel alone. (a)
GRE imaging (5x10° cells/mL); (b) GRE imaging (5x10* cells/mL); (c) SE imaging
(5x10° cells/mL); (d) SE imaging (5x10* cells/mL). Each point likely corresponds to a
single labeled cell or small cluster of labeled cells encapsulated within the hydrogel.

For SE imaging of MPIO-labeled cells at the higher concentration (Figure 6.6¢c), at the
center point there is SI drop to 30% of background. Moving out from the center point in
both directions, there is a gradual return to background intensity values with distance, but
at 400 um SI values remain at 80% of background. Finally for SE imaging of MPIO-
labeled cells at the lower concentration, the SI drop at the center point is approximately

40% of baseline, and returns rapidly to 100% of background with distance in both

directions.

6.3.2 Longitudinal MR Imaging of MPIO-labeled Cells
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MPIO labeled cells were also imaged at successive time points in order to determine
the ability to longitudinally detect labeled cells in vitro. Figure 6.7 shows the result of the
GRE MR imaging at 0, 1, 3, and 6 weeks post labeling. The day after labeling, images
show the greatest distribution of signal loss, but signal loss associated with MPIO

particles is still present at the 6-week time point.
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Figure 6.7—Longitudinal GRE (TE/TR: 4.48/200 ms) MR imaging of MPIO-labeled
cells. (a) 1 day after labeling (initial detection); (b) 1 week after labeling; (¢) 3 weeks
after labeling; (d) 6 weeks after labeling; (e) unlabeled control cells. High resolution
MRI demonstrates detection of labeled cells throughout the 6-week imaging study

with clear signal loss still present at the last time point. (Concentration = 5 x 10*
cells/mL; image resolution ~ 40 pm)

As expected, signal loss associated with MPIO-labeling is less pronounced using SE
imaging (Figure 6.8), but distinct signal voids are still detectable. Immediately following
labeling there are several signal voids within the image, which gradually diminishes to a
few distinct voids at the 6-week time point. To validate the presence of MPIO particles

within cells at each of the time points, DIC microscopy was performed on cells in culture
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at 0, 1, 3, and 6 weeks post-labeling (Figure 6.9). DIC imaging shows the abundance of
MPIOs immediately following labeling, and a gradual decrease in the number of particles
throughout the 6-week period. However, trace MPIOs are still detectable via DIC

microscopy at the 6-week time point.
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Figure 6.8—Longitudinal SE (TE/TR: 15/1000 ms) MR imaging of MPIO labeling.
(a) 1 day after labeling (initial detection); (b) 1 week after labeling; (c) 3 weeks after
labeling; (d) 6 weeks after labeling; (e) unlabeled control cells. High resolution MRI
demonstrates limited detection of labeled cells throughout the 6-week imaging study
compared to GRE imaging. While SI loss associated with labeling can be detected at
1 day and 1 week after labeling, few particles are detectable at the later time points.
(Concentration = 5 x 10* cells/mL; image resolution ~ 40 um)

6.3.3 Ex Vivo Imaging
MPIO-labeled cells were seeded within a Puramatrix hydrogel and detected ex vivo
within a bovine knee osteochondral defect (Figure 6.10). While unlabeled cells in the

hydrogel appear to have similar signal characteristics to the cartilage (Figure 6.10a),
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MPIO-labeled cells can be visualized as a distinct hypo-intense region within the

osteochondral defect (Figure 6.10b).

Figure 6.9—Longitudinal DIC microscopy of MPIO-labeled cells. (a) 1 day after
labeling (initial detection); (b) 1 week after labeling; (¢) 3 weeks after labeling; (d) 6
weeks after labeling; (e) unlabeled control cells. Iron oxide particles are detectable
over the 6-week period, but show an overall longitudinal decrease in the
concentration of particles within cells. (Scale bar = 50 um and applies to all images)
This loss of SI can be distinguished from the native articular cartilage as well as the
underlying bone. T;, imaging of the implants within the osteochondral defects
demonstrates strongly elevated T;, values for both unlabeled and labeled cells (Figure
6.10c-d), as compared to native cartilage, which has values ranging from 80-100 ms. For
both the unlabeled and the labeled cells in Puramatrix, there also appears to be a large
degree of heterogeneity in the Ty, values.

Ex vivo imaging was also performed of MPIO-labeled cells implanted within the

soleus muscle of a mouse hind limb. Figure 6.11a shows four consecutive slices from a
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3D GRE sequence in which the labeled cells can be detected as a hypo-intense region

within the surrounding muscle tissue environment.

Figure 6.10—Ex vivo MRI of implanted cells within a bovine osteochondral defect.
SPGR imaging (TE/TR = 6.7/15 ms) of (a) unlabeled MSCs; and (b) MPIO-labeled
MSCs. Labeled cells are visible as a distinct void with blooming artifact, as
compared to unlabeled cells that appear to have a similar SI to native cartilage.
Colormap overlaid on a SPGR image of (¢) unlabeled MSCs; (d) MPIO-labeled
MSCs. The colorbar shows the associated T, values (ms). Both unlabeled cells and
labeled cells in the Puramatrix hydrogel show elevated T, values compared to
native cartilage. (Concentration = 5x10° cells/mL)

For comparison, unlabeled cells at the same concentration were injected into the soleus
muscle of a separate mouse hind limb. As shown in Figure 6.11b, unlabeled cells cannot

be distinguished from the surrounding tissue.

6.3.4 Chondrogenic Differentiation
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In order to assess the effect of MPIO labeling on MSC chondrogenesis, MPIO-labeled
rMSCs underwent in vitro differentiation. Safrinin-O and H&E staining was used to
visually assess the differentiation capacity of MPIO-labeled rMSCs. This dye

combination stains GAG red-pink, nuclei blue-purple, and the cytoplasm green.

Figure 6.11—3D GRE imaging of MPI1O-labeled cells following ex vivo implantation
within the soleus muscle of the mouse rear hind limb. (a) 4 consecutive slices of a
mouse rear hind-limb injected with 1x10° labeled cells; (b) 4 consecutive slices of a
control mouse rear hind-limb injected with 1x10° unlabeled cells. MPIO labeling
results in a distinct signal void (arrow) not present when unlabeled cells are
injected. (TE/TR = 2.19/25 ms; flip angle = 12°; resolution = 125x117x250 um3)

Figure 6.12a shows a representative image of staining throughout the pellet for unlabeled
control cells. The presence of red-pink staining indicates GAG production, which is
further demonstrated via higher magnification (Figure 6.12b). However, in the case of

MPIO-labeled cells, while pellet formation did occur during the 4-week chondro-
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differentiation procedure, the presence of aggregated iron throughout the pellet hinders
ECM visualization (Figure 6.12c). Higher magnification examination (Figure 6.12d)

reveals traces of positive GAG staining (arrows).

>

Figure 6.12—Chondro-differentiation of MPIO-labeled rMSCs. H&E and safranin-
O/fast green dye combination stains GAG red-pink, nuclei blue-purple, and the
cytoplasm green. (a) unlabeled cells showing positive GAG staining (pink/red)
throughout the pellet; (b) high magnification section of unlabeled cell pellet
demonstrating positive GAG staining; (¢) MPIO-labeled cells showing considerable
aggregation of iron throughout the pellet which hinders visualization of the ECM;
(d) high magnification section of labeled cell pellet. While labeled sections
demonstrate traces of positive GAG staining (black arrows), iron aggregates are
most apparent. (Scale bar =20 um)

In addition, quantitative assessment of proteoglycan production using a DMMB assay
shows no significant difference (p<0.05) in GAG content per pellet (Figure 6.13) between

MPIO-labeled cells and unlabeled cell pellets following in vitro chondrogenesis.
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Figure 6.13—Quantitative analysis of MPIO-labeled rMSC chondrogenesis. Results
of DMMB assay to determine GAG content in labeled and unlabeled cell pellets. No
significant difference was found between labeled and unlabeled cells (p<0.05). (Data
is presented as meantstandard deviation for n=6 samples)
6.3.5 Excess Iron Analysis

To determine whether excess unincorporated iron oxide particles were present
following the labeling procedure and PBS washing, fluorescence imaging of co-labeled
cells was performed (Figure 6.14). A representative image of MPIO-labeled rMSCs that
were Hoechst labeled in order to stain the nucleus is shown in Figure 6.14b. While the
images shows MPIO particles associated with cells (surrounding the nucleus), there also
appears to be excess iron particles not associated with cells. The presence of excess iron

oxide particles following PBS washing is further demonstrated in Figure 6.14c, which

shows a region of iron oxide particles without the presence of cells.
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Figure 6.14—Fluorescence microscopy of MPIO labeling and Hoechst staining of
rMSCs. (a) unlabeled cells stained with Hoechst; (b) MPIO-labeled cells stained
with Hoechst as well as excess particles not associated with cells (bottom left of
image); (c) region of culture slide containing MPIO particles without the presence of
cells. The fluorescence associated with residual iron oxide particles indicates that
PBS washing alone does not completely remove contrast agent that is not taken up
by cells during the labeling procedure. (Scale bar =20 pm)
6.4 Discussion

The promise of stem cell-based tissue engineering is enhanced considerably with an
effective minimally invasive method for assessment following implantation. MRI is non-
invasive, capable of in vivo assessment, and able to allow for longitudinal imaging at
successive time points. MPIO labeling of stem cells results in a hypo-intense region that
can be distinguished on the corresponding MR image. While MR tracking of MPIO-

labeled cells has been investigated previously, application to tissue engineering of the

musculoskeletal system has not been examined to date. In particular, the application to
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regeneration of articular cartilage has not been investigated. Application of this technique
to the regeneration of cartilage and other tissues of the musculoskeletal system is
important because the ability to track implanted MSCs within the body would be valuable
as a means of non-invasively monitoring the repair and regeneration process. This
ultimately allows for a method to assess the effectiveness of such treatment plans. As
demonstrated by this study, MPIO labeling and tracking of cells using MRI has promise
as a means for studying stem cell regeneration of articular cartilage specifically, as well
as other parts of the musculoskeletal system.

The in vitro results show efficient rMSC uptake of MPIOs, along with the associated
hypo-intense region, and corresponding loss in SI using both GRE and SE imaging. The
SI loss resulting from labeling of rtMSCs is strongest on GRE images (Figures, 6.1, 6.3,
6.4, and 6.6), which is to be expected since GRE sequences are highly sensitive to
susceptibility differences between tissues. Loading of cells with MPIOs creates a large
field inhomogeneity resulting in rapid SI loss. While SE sequences are intended to
minimize the effect of susceptibility differences through the use of a 180° refocusing
pulse, because of water proton diffusion prior to and following refocusing, SI loss can
still be clearly visualized using these sequences as well.

While 3T imaging demonstrates the ability to track populations of MPIO-labeled
cells, 14T imaging with near cellular resolution provides the potential to image single
cells or small clusters of cells. GRE imaging at 14T (Figure 6.4) shows that at a
concentration of 5x10° cells/mL MPIO labeling appears to result in saturation of signal
loss in which the entire sample appears dark. At the lower concentration (5x10°

cells/mL), it is possible to make out the labeled cells as distinct signal voids within the
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background signal associated with the hydrogel. The apparent saturation of signal loss at
14T associated with labeling is also apparent using SE imaging (Figure 6.5) for the
higher concentration of cells, although as expected it is not as severe as images obtained
using GRE imaging. The quantitative analysis of the images obtained at 14T appears to
support these results (Figure 6.6). For GRE imaging of 5x10° cells/mL the signal loss at
the center of the line profile is the strongest and does not rapidly return to background
values with increased distance from the center. This is likely because the SI at a given
point in the line profile is influenced not only by the associated particles at the center of
the line profile but other particles in the immediate environment resulting from the high
density of labeled cells throughout the tube. When the concentration is reduced to 5x10*
cells/mL the SI loss at the center of the line profile is less pronounced compared to the
higher concentration of cells, and the return to background intensity values with
increased distance from the center is clear. Although SE imaging demonstrates an overall
weaker effect from MPIO labeling, a similar trend holds with a more rapid return to
background intensity values for the lower concentration of labeled cells.

MPIOs have been used to label a variety of cells including CD34" cells (100),
hepatocytes (102), fibroblasts (102), neural progenitors (103), macrophages (104), and T-
cells (105). Owing to their larger size, MPIOs have several advantages over conventional
nanometer-sized iron oxide particles. First, the use of nanometer-sized iron oxide
particles requires millions of particles per cell for MR detection, necessitating highly
efficient labeling techniques that often include the use of a transfection agent to label
MSCs (46,95). In this study, cells were labeled with close to 90% efficiency without the

use of a transfection agent. This efficiency is similar to results by Hinds et al. (100) who
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report 100% labeling efficiency of MSCs and 90% for non-adherent cells. One issue in
labeling cells with iron oxides is determining whether the particles are internalized by the
cells or only attached to the surface of the cell; surface attachment is undesirable because
of its transient nature. This study utilized confocal microscopy to verify internalization of
the MPIO particles. In addition, using a similar labeling procedure, Hinds et al. (100)
demonstrated internalization of MPIOs into cellular endosomes using the marker CM-
Dil. Another advantage of this methodology is that the large particle size of MPIOs also
inherently reduces the number particles per cell needed for detection while still
maintaining similar iron load. This will likely facilitate clinical imaging of smaller
populations of transplanted cells. While 3T imaging in this study was used to detect
populations of labeled cells, the 14T imaging results demonstrate the ability to detect
very few cells with the potential for single cell imaging. Lastly, given that multiple cell
divisions cause rapid dilution of iron within each cell (56), the ability to track fewer
particles has the potential to facilitate detection of labeled cells for longer time periods.
This study examined for the first time, the ability to longitudinally track MPIO-
labeled MSCs in vitro. Based on the MR imaging results, it is possible to detect labeled
cells throughout a 6-week time period. In addition, DIC imaging confirmed the presence
of MPIO particles throughout the time course. Immediately following labeling, there was
an abundance of particles internalized by the cells. Over time, as cell division occurs, the
number of particles within the cell is diluted, and ultimately is the determining factor in
the ability to track cells longitudinally. A major consideration in the use of iron oxide
particles for stem cell tracking is the length of time that cells can be monitored, and how

quickly the iron oxide concentration is diluted out within the cell. Delo et al.
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demonstrated the ability to track MP1O-labeled stem cells in vivo within the heart for up
to 4 weeks post injection (106). While the present study demonstrated tracking for a
longer period of time, future investigations should investigate the ability to longitudinally
track MSCs in vivo. Ultimately, the length of time needed will likely depend on the
particular therapeutic application of interest. Finally, it is also important to consider the
eventual fate of MPIO particles, such as their potential release from cells over time. For
example, Amsalem et al. have reported macrophage uptake of iron oxide particles
released by cells following implantation into an infracted myocardium rat model (107).
This is a concern as it could lead to an incorrect MR-based assessment of the ability to
specifically track implanted cells.

MPIO-rMSCs were also detected ex vivo within a bovine osteochondral defect model,
as well as within the soleus muscle of a mouse hind limb. In both cases labeled cells
could be distinguished from the surrounding tissue. This is the first demonstration of
MPIO-labeled cell detection within articular cartilage. Jing et al. have demonstrated in
vivo imaging of cells labeled with conventional iron oxide particles for up to 12 weeks
(108). In this case the labeling was performed using a Fe-Pro complex, and a rabbit
osteochondral defect was used for implantation. In the present study, a bovine knee was
chosen based on the thickness of the cartilage, which makes visualization easier than in
the rabbit knee where cartilage thickness is approximately 200 um.

Prior to implantation, labeled cells were encapsulated within a Puramatrix hydrogel
scaffold. Implanted MSC populations require a scaffold to promote cell adherence,
proliferation, and differentiation (3). For MR tracking it is important to consider the

signal characteristics of the scaffold and ensure that they do not interfere with detection
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of the labeled cells themselves. Among a wide variety of synthetic polymers, the use of
hydrogels as 3D scaffolds for cell implantation has been well documented (86). The
Puramatrix hydrogel used in this study is commercially available and has been shown to
support growth and differentiation of MSCs (13,14,109). The polymerization
characteristics of Puramatrix allow implantation of the hydrogel in liquid form and then
formation of the gel upon exposure to in vivo physiological conditions. For in vitro
culture, polymerization occurs upon exposure to normal cell culture media, which was
used for gel formation in this study. As shown in Figure 6.4, one potential issue to
consider is the formation of bubbles during polymerization of the hydrogel, which leads
to a signal void on MR images; this signal void could potentially be mistaken as labeled
cells. However, this potential issue can be overcome by using various techniques such as
de-gasing to remove the presence of bubbles following polymerization. Based on the
results presented here, encapsulation within Puramatrix does not appear to inhibit MR
detection of MPIO-labeled rMSCs. Detection of MPIO-labeled cells within Puramatrix
hydrogels has not been reported to date, although previous work has demonstrated MR
detection of Fe-Pro labeled cells within PEG hydrogels (95), as well as MR detection of
iron oxide-labeled cells within collagen-based gel scaffolds using 11.7T MRI (110).

In this study, T, imaging of labeled cells implanted within an osteochondral defect
was also performed. T, describes longitudinal relaxation in the rotating frame and is
sensitive to spin-lattice energy exchange between water and large molecules such as
those present within the ECM of articular cartilage. Disruption of proteoglycan content
within the cartilage matrix is known to cause an elevation in T, resulting from increased

water molecule motion (96-98). The results indicate strongly elevated T, values for the
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region corresponding to the constructs for both unlabeled and MPIO-labeled cells, likely
due to the extremely high water content of the hydrogels and associated water molecule
motion. It is important to consider the effect that labeling will have on MRI-based
functional assessment techniques. As an example, ideally iron oxide labeling should
allow for tracking of cell bio-distribution but should not inhibit T;, imaging, which can
be used to evaluate the integrity of the newly formed tissue and the surrounding cartilage.
From this study, immediately following encapsulation and implantation, T, imaging
appears to be dominated by the high water content of the hydrogel, independent of
labeling. However, over time, as implanted cells differentiate and produce ECM, the
effect on T;, imaging remains to be seen, including any potential effects of iron oxide
labeling. While T, imaging is also often used to analyze cartilage (111), in this study it
was not utilized because of the strong sensitivity of T, to the presence of iron oxides.
Previously, there has been controversy about the effect of iron oxide labeling on
MSC chondrogenesis. Kostura et al. using poly-L-lysine-coated Feridex reported
inhibition of chondrogenesis mediated by the presence of the iron oxide (112). Given the
considerable differences in particle size, iron content, and transfection agent requirements
of MPIOs compared to conventional nanometer-sized iron oxide particles, this study
investigated MPIO labeling effects on MSC chondrogenesis. The results indicate that
MPIO-labeling does not quantitatively inhibit GAG production, but extracellular iron
aggregation limits visualization of the ECM. This limits the ability to use conventional
staining techniques to examine proteoglycan production and qualitatively assess
chondrogenic differentiation. The source of the aggregated iron is possibly a result of the

excess MPIOs present following the labeling procedure and PBS washing. During
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chondrogenesis, aggregation of these excess particles is likely promoted by the use of
centrifugation to initiate formation of a cell pellet and remains aggregated within the
pellet throughout the chondro-differentiation procedure. As such, the aggregation of
excess particles may be further exacerbated by the particular method of in vitro
chondrogenesis performed here, and future studies should be aimed at using 3D culture
(9) to promote differentiation of MPIO-labeled MSCs.

One limitation of this technique as demonstrated in this study is the presence of
excess unincorporated MPIO particles following labeling and PBS washing Figure 6.14b-
c¢). The labeling method utilized here is based on a procedure described by Hinds et al.
used to label porcine MSCs (100) and consists of a similar iron concentration used for
labeling. In contrast to the present study, Hinds ef al. report the ability to sufficiently
remove excess particles with PBS washing following the labeling procedure. However,
Tang et al. report the presence of excess MPIO particles following labeling of blood
monocytes (57). The ability to successfully remove excess unincorporated particles is
important because particles not associated with cells will result in improper localization
of cells and limit the accuracy of this technique. As such, while MPIO labeling may
provide several advantages over labeling with conventional nanometer-sized iron oxide
particles, these potential benefits should be weighed against the proclivity for residual
MPIOs to remain and aggregate following the labeling procedure. Future studies should
investigate alternative washing methods, and other techniques for isolating labeled cells
from excess MPIO particles not taken up during the labeling procedure. For example, the
Dragon Green tag could be used to isolate labeled cells using fluorescence assisted cell

sorting (FACS).
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This study demonstrates the promise of MPIO labeling for monitoring cartilage
generation, In addition, these studies highlight the potential use of this technique in the
future development of stem cell-based tissue regeneration of the musculoskeletal system.
Future studies aimed at ensuring the presence of only particles contained within cells, as
well as longitudinal in vivo examination of MR tracking of MPIO-labeled MSCs
throughout the tissue regeneration process will aid in the development of this

methodology as a clinical tool for assessment of implanted stem cells.
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Chapter 7: Genetic Modification-based Iron Loading Studies

7.1 Introduction

In addition to labeling cells with iron oxide-based contrast agents in order to detect
them using MRI, there has also been research focused on genetically modifying cells in
order to increase their uptake take of iron. Compared to the use of contrast agents, genetic
modification techniques have several potential advantages that make them attractive for
MR-based cell tracking. First, genetic techniques remove the need to load cells with
SPIOs prior to implantation into the body; cells over-expressing the gene of interest can
potentially uptake endogenous iron (68). This ability also makes it possible for cells
stably expressing the gene of interest to longitudinally take up iron within the body. In
contrast, loading cells with SPIOs prior to implantation inherently limits the length of
time that cells can be detected based on particle dilution resulting from cell division. In
addition, Zurkiya et al. have demonstrated the ability to clone a gene relevant for MR-
based cell tracking into a doxycycline inducible lentiviral vector (68). Using this model it
is possible to maintain precise control over expression of the gene of interest. As such,
the gene of interest can be maintained in an off state, and turned on with doxycycline
administration prior to MR imaging. Lastly, while the presence of iron oxides does not
necessarily mean that implanted cells are alive and viable, detection of iron based on
genetic modification of cells increases the likelihood that detection of SI loss on MR
images would correspond to live cells actively expressing proteins.

The first set of studies examining the ability to use genetic modification as a means to
generate MR-based contrast is focused on expression of the magA gene present within

MTB. In particular these studies examined the magA gene from two different strains of
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MTB, the AMB-1 and MS-1 strain. Based on results from Zurkiya et al. (68) and
Goldhawk et al. (69), the present study focuses on replicating these results by
investigating the ability to stably express these genes in mammalian cells and whether
their expression leads to increased iron uptake and detection via MRI. The second set of
studies is focused on over-expressing the ferritin gene in mammalian cells in order to
increase uptake of iron and promote subsequent MR-based detection. In particular these

studies separately examined expression of both the FTH and FTL subunit of ferritin.

7.2 Materials and Methods

7.2.1 Molecular Biology

Asel
Apal | o SnaBI
PN N Nhelwe:’:
7 e —Ecod]7 Il j597)

// /7 aue e Age | E01)
>\// orl

/2 \

ECO?IIE"QI\_( /HS"'I;':( EGEP \\ \
| D)
LIJ PEGFP-C3 BsrG | (323

4.7kb V40 \,<

\ \ Kan,' ""”’A/ . “MCS
\\ \ Nco [/ A\ N1378-1413)
S»Il()on cn
‘ Mlulrwm
Dralll (1288
Slul
(2573)
EGEP ) l.:l 'ZHJ U.i. “.4‘. \:.ll I.(':‘J ’$’| '\!\
TAC AAG TAC TCA GAT CTC GAG C‘CAAI‘ CTT CGA ATT CTG CAG TC6 ACG GTA CCG 056 GCC GGG GAT CCA COG GAT CTA GAT AAC TGA TCA
Scal Batll  xmol Sar Hivlll EcoR1 Pstl  Saft Kpml ° Apal  BaoM| Xta l* BelI*
Ensu Accl Aspmgl \ Bsp1201 Xmal
- Sacll Smal

Figure 7.1—Plasmid vector map for pEGFP-C3 showing the location of the gene
insert, flanking restriction enzymes, the EGFP fusion protein, as well as the sites of
drug resistance. (Image obtained from www.clonetech.com)

The magA genes from the AMB-1 and MS-1 MTB strains were provided by Dr.
James Onuffer and Dr. Wendell Lim (Cell Propulsion Lab, UCSF, San Francisco, CA,

USA). The genes were provided as a cloned insert within pEGFP-C3 (Figure 7.1;
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Clonetech, Mountain View, CA, USA) under control of the cytomegalovirus promoter.
Of note, pEGFP-C3 is a fusion plasmid that links expression of the gene of interest, in
this case magA, to expression of green fluorescent protein (GFP). In this way it is
possible to confirm transfection of cells with the plasmid, and create high-expressing
stable cell lines based on the use of GFP during FACS.

For ferritin-based experiments, both the FTH and FTL subunits were cloned into
expression vectors. Human FTH and FTL sequences were ordered (Open Biosystems,
Huntsville, AL, USA) using the appropriate accession number obtained from Genebank.
Sense and anti-sense primers for amplification of the DNA were designed using A
Plasmid Editor (Ape; M. Wayne Davis, Univ. Utah, Salt Lake City, USA) and Gene
Designer (DNA 2.0, Menlo Park, CA, USA). In particular, Kozac sequences, and a start
codon were added to each sense sequence. In addition, a BamHI restriction site was
added to the 5’ side of both the FTH and FTL sequences, while a Notl restriction site, and
Xbal site were added to the 3° end of the FTH and FTL sequence respectively. The
designed primers were obtained from Integrated DNA Technologies (IDT; Coralville, 1A,
USA) and were used to amplify the FTH and FTL sequences via PCR (C1000 Thermal
Cycler, Bio-Rad, Hercules, CA, USA) using settings provided by the manufacturer.
Following PCR, the DNA was purified using a 1% agarose gel, and extracted using a
QIAquick Gel Extraction Kit (Qiagen, Venlo, Netherlands).

The amplified FTH and FTL sequences were separately cloned into pCR 4Blunt-
TOPO vectors using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen). Cloning was
performed according to the manufacturer’s protocol, and vectors containing either the

FTH or FTL insert were separately transformed into chemically competent E. coli cells.
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Figure 7.2—Plasmid vector map for pCR TOPO showing the location of the gene
insert, flanking restriction enzymes, promoters for sequencing, as well as the sites of
drug resistance. (Image obtained from www.invitrogen.com)

Figure 7.2 shows the restriction map for pCR TOPO, which highlights the location of the
gene sequence, flanking restriction enzymes sites, promoters for sequencing, as well as
the sites of drug resistance to Ampicillin and Kanamycin. Following the manufacturer’s
instructions, cells were seeded on agar-plates containing Ampicillin in order to select for
transformed (drug resistant) cells. Furthermore, a blue-white screen was used in order to
identify transformed colonies successfully containing either the FTH or FTL insert. As
such, the agar-plates contained X-gal (Invitrogen), which allows for identification of
colonies containing the gene insert (white) versus colonies that contain only the vector
backbone without the insert (blue). Following overnight culture of the plated cells, white

colonies were selected from each of the FTH and FTL plates and cultured overnight in

lysogeny broth (LB) containing Ampicillin. The following day, DNA was isolated from
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the bacterial cells using a QIAprep Spin Miniprep Kit (Qiagen), and sequenced (IDT) in
order to verify successful gene insertion into the plasmid backbone.

Plasmid vectors containing either the FTH or FTL insert were digested using the
appropriate restriction enzymes (BamHI/Notl for FTH, and BamHI/Xbal for FTL)
according to the suggested protocol from New England BioLabs (Ipswich, MA, USA). In
addition, the pcDNA 3.1+ backbone expression vector (Invitrogen) was also digested
using the same restriction enzyme combination used for either FTH or FTL. Figure 7.3
shows the restriction map for pcDNA 3.1+/-, highlighting the location of the restriction
enzyme sites for insertion of the gene of interest, as well as the Ampicillin and Neomycin
drug resistance sites. Of note, this plasmid is under control of the cytomegalovirus
promoter.

Cloning was performed according to the manufacturer’s protocol, and vectors
containing either the FTH or FTL insert were separately transformed into chemically
competent E. coli cells. Following the manufacturer’s instructions, cells were seeded on
agar-plates containing Ampicillin in order to select for transformed (drug resistant) cells.
Following overnight culture of the plated cells, colonies were selected from each of the
FTH and FTL plates and cultured overnight in lysogeny broth (LB) containing
Ampicillin. The following day DNA was isolated from bacterial cells using a QIAprep
Spin Miniprep Kit (Qiagen), and sequenced (IDT) in order to verify successful gene

insertion into the pcDNA 3.1+ plasmid backbone.
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Figure 7.3—Plasmid vector map for pcDNA 3.1+/- showing the location of the
restriction enzyme site for gene insertion, as well as the sites of drug resistance.
(Image obtained from www.invitrogen.com)
7.2.2  Cell Culture and Transfection

All transfection experiments were performed using HEK 293 cells obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were cultured in
75 cm® tissue culture flasks containing standard tissue culture media: high glucose
DMEM (Invitrogen) with 10% FBS and 1% penicillin/streptomycin. Cells were
maintained under standard conditions (37°C and 5% CO,), and passaged 1:10 at 80-90%
confluence. Cells were sub-cultivated using 0.25% trypsin with 1 mM EDTA. Gene
transfection experiments using 293 cells were performed separately for the bacterial

magA gene and the mammalian ferritin genes.
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Transfection of 293 cells with the pEGFP-C3 vector containing the magA gene from
either the AMB-1 or MS-1 strain was performed using Lipofectamine LTX (Invitrogen)
according to the manufacturer’s instructions. Amounts of each reagent in the transfection
solution were determined based on the size of the culture dish used for cell experiments
and the table provided in the manufacturer’s instructions. Briefly, the day before
transfection, 293 cells were reseeded at 50% confluence in order to ensure that the cells
would not become confluent during the 48-hour transfection period. The following day
plasmid DNA was diluted in Opti-MEM I Reduced Serum Medium (Invitrogen) and
mixed thoroughly. Next, Lipofectamine LTX was added to the solution, mixed
thoroughly, and incubated for 30 minutes at room temperature. Of note, pMAX GFP
(Lonza) was used a positive control to validate the transfection procedure, and
untransfected cells were utilized as a negative control.

Transfection of 293 cells with the pcDNA 3.1+ vector containing either the FTH or
FTL gene was performed using Lipofectamine LTX according to the manufacturer’s
instructions. Amounts of each reagent in the transfection solution were determined based
on the size of the culture dish used for cell experiments and the table provided in the
manufacturer’s instructions. Briefly, the day before transfection, 293 cells were reseeded
at 50% confluence in order to ensure that the cells would not become confluent during
the 48-hour transfection period. The following day, the plasmid DNA was diluted in
Opti-MEM 1 Reduced Serum Medium (Invitrogen) and mixed thoroughly. Next,
Lipofectamine LTX was added to the solution, mixed thoroughly, and incubated for 30

minutes at room temperature. Of note, pMAX GFP was used as a positive control to
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validate the transfection procedure, and untransfected cells were utilized as a negative

control.

7.2.3  Fluorescence Microscopy and Transfection Efficiency

Two days after transfection and prior to iron feeding, cells were imaged via
fluorescence microscopy using a Nikon Eclipse Ti microscope with a 488 nm excitation
wavelength and a 30 nm pass-band centered at 515 nm (green). Images were acquired as
green fluorescence overlaid on a bright field image. Cells were imaged within the dishes
used for culture, and pMAX transfected cells were imaged as a positive control, while
untransfected cells were imaged as a negative control.

A Guava easyCyte 8HT flow cytometry system (Millipore, Billerica, MA, USA) was
used to determine the transfection efficiency of cells transfected with the magA gene
from the AMB-1 or MS-1 bacterial strain. In addition, the Guava system was used to
determine the percentage of 293 cells expressing the magA gene after generation of
stable cell lines based on sorting with the EGFP present in the vector plasmid and drug
selection. Cells were prepared by fixing using BD Cytofix Fixation Buffer (BD
Biosciences) according to the manufacturer’s instruction. After fixation, cells were
resuspended in PBS containing 0.1% bovine serum albumin (BSA). Untransfected cells
were used to setup the forward and side scatter, and the parameters conserved for all
samples run. Data obtained from the system was analyzed using Flojo Cytometry
Analysis Software (Treestar Inc., Ashland, Oregon, USA) in order to determine

efficiency immediately after transfection, as well as after creation of stable cell lines.

7.2.4 FACS and Stable Cell Line Generation
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Stable magA expressing cell lines were created using transfected 293 cells for both
the AMB-1 and MS-1 strain. Following the 48-hour transfection period, cells were
trypsinized, collected, and resuspended in PBS at a concentration of 1x10’ cells/mL.
FACS analysis was performed on the cell samples (using the GFP fusion protein) in order
to isolate the top 10% of cells as well as the middle 50% of cells expressing the magA
gene; this was done for both the AMB-1 and the MS-1 strain. FACS was performed at the
UCSF Laboratory for Cell Analysis (San Francisco, CA, USA) using a BD FACSAria ITu
system (BD Biosciences) equipped with an excitation laser and detection range of 515-
545 nm. The forward and side scatter were set using untransfected 293 cells and the
parameters conserved between all samples. One million cells from each sorted sample
were seeded in 75 cm’ tissue culture flasks containing media and allowed to attach
overnight. The following day, Geneticin (G418; Invitrogen) was added to each flask at a
concentration of 400 ug/mL, and cells were maintained under drug selection for the

duration of cell culture.

7.2.5 Iron Feeding and Staining

For experiments with magA expressing 293s, cells were seeded on Poly-D-lysine
(PDL) coated 35 mm glass bottom dishes (MatTek, Ashland, MA, USA) at 15%
confluence; pMAX transfected cells and untransfected cells were also seeded on separate
glass bottom dishes as controls. The following day after cells had attached to the PDL-
coated glass surface, 250 uM ferric citrate was added to the cell culture media. Following
72-hour iron feeding, cells were washed three times with PBS to remove excess iron.

Cells were then fixed in 10% neutral buffered formalin for 10 minutes. Following a PBS
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rinse, cells were exposed to 0.5% Triton X-100 (Sigma) for 10 minutes in order to
permeabilize the cell membrane.

For experiments with FTH and FTL expressing 293s, cells were seeded on 20 cm’
plastic tissue culture dishes at 15% confluence; pMAX transfected cells and
untransfected cells were also seeded on separate plastic tissue culture dishes as controls.
The following day after cells had attached to the dishes, 250 uM or 1 mM ferric citrate
was added to the cell culture media. Following 72-hour iron feeding, cells were washed
three times with PBS to remove excess iron. Cells were then fixed in 10% neutral
buffered formalin for 10 minutes. Following a PBS rinse, cells were exposed to 0.5%
Triton X-100 for 10 minutes in order to permeabilize the cell membrane.

Staining for iron was performed using the Prussian Blue Iron Stain Kit (Polysciences,
Warrington, PA, USA) according to the manufacturer’s instructions. The stain was
added directly to the tissue culture dishes containing fixed cells. Enhancement of the
Prussian Blue stain was performed using the 3,3-Diaminobenzidine (DAB) Liquid
Substrate System (Sigma) according to the manufacturer’s instructions. DAB is oxidized
by hydrogen peroxide in the presence of iron and results in a dark brown color that is
often easier to detect than the conventional Prussian Blue stain. All samples for a single
experiment were exposed to DAB for the same period of time in order to limit

background staining issues.

7.2.6 MRI
All imaging was performed using a 600 MHz Varian scanner with a 10 mm
broadband coil. Cells used for imaging were trypsinized, collected, and suspended at

concentrations of 1x10*1x10” cells/mL in 1.0 mL of Ficoll to prevent settling during
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imaging. The suspensions were imaged in NMR tubes using the 10 mm coil, and all in
vitro experiments were performed in duplicate. GEMS 2D imaging was performed using
a TE/TR = 4.48-26.88/250 ms, and flip angle = 50°. SEMS 2D imaging was performed
using a TE/TR = 16-90/1000 ms with a scan time of ~ 17 minutes. Both sequences were
acquired with a slice thickness = 0.4 mm, FOV = 10 mm, and matrix size = 256x256,

resulting in an in-plane resolution of 40 um.

7.3 Experimental Results

7.3.1 magA Gene Transfection and Stable Cell Lines

Initial experiments focused on transfecting 293 cells with the pEGFP-C3 plasmid
containing the AMB-1 or MS-1 magA strain. Based on the EGFP fusion protein, it is
possible to visually assess transfection efficiency using fluorescence microscopy (Figure
7.4). 293 cells transfected with pMAX are shown as a positive control, while
untransfected cells are depicted as a negative control. From the images it is possible to
see that magA from both the AMB-1 strain and MS-1 were successfully transfected into
293 cells after 48 hours using Lipofectamine LTX. As expected, transfection efficiencies
are not as high as the positive control (pMAX).

In order to quantify transfection efficiency of plasmids containing the magA gene
from either the AMB-1 or MS-1 strain after 48 hours, cells were analyzed using flow
cytometry. Transfection efficiency (Figure 7.5) of the magA gene from the AMB-1 strain
in 293 cells after 48 hours was 33%. In the case of magA from the MS-1 strain,

transfection efficiency was considerably higher with a value of 65%.
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Figure 7.4—Fluorescence microscopy of 293 cells 48 hours after transfection of
magA using Lipofectamine LTX. (a) AMB-1 strain; (b) MS-1 strain; (¢) pMAX
(positive control); (d) untransfected cells (negative control). (Magnification = 20x)

Figure 7.5 also shows histograms indicating the range of expression levels 48 hours after
transfection. Based on the logarithmic scale, for AMB-1 the majority of cells appear to
have expression levels ranging from 10'-10°. In contrast, for MS-1, the distribution of
expression levels is considerably narrower with a range from 10'-10% These expression

levels are based on gating for forward and side scatter using untransfected control 293

cells.

115



SSC-HLin: Side Scatter (SSC-HLin)

30
~
— T i
] i} ]
}
|‘ 8, "
|
5] .
|
I] EZO I'
| w I'
ll - |
tl ;% 'I
f 5 {
" I'10 - /
| |
|
0 T IIIIIIII T ll[Ill"l L I]llIl’I T LB R L) 0 L I]lI"] L Il]llll"l T IIIIIIII L AR RRALS
10° 10! 10? 10° 10* 10° 10 10° 10° 10*
GRN-HLog: Green Fluorescence {GRN-HLog) GRN-HLog: Green Fluorescence {GRN-HLog)
1¢) 200 d)
30
150 +
gzo . §
100 +
ETS W
10 1 50 -
0 —r 0 T—rrrTrT T
10! 102 10° 10 10° 10’ 102 10° 10t
GRN-HLog: Green Fluorescence (GRN-HLog)

10°
GRN-HLog: Green Fluorescence {(GRN-HLog)
Figure 7.5—Quantitative analysis of magA transfection efficiency. Plots show 33%

transfection efficiency for the (a) AMB-1 strain; and 65% efficiency for the (b) MS-
1 strain. Gating was performed using untransfected cells with a 1% positive
threshold. Histograms showing expression levels on a logarithmic scale are shown

for the (¢) AMB-1 strain; (d) MS-1 strain.
In separate experiments, 293 cells were transfected with either the AMB-1 or MS-1

strain of magA, sorted to isolate the top 10% and middle 50% of cells expressing the

gene, and maintained under drug selection in order to create stable cell lines. Following

this procedure, cells were analyzed to determine expression levels, and percentage of

cells expressing the magA gene. For the MS-1 strain, sorting for the 10% of expression
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levels, and maintaining the cells under drug selection increased expression in the stable
population to 79.6%. For the population based on the middle 50% sort, the expression
percentage was 71.9%. For the AMB-1 strain, the percentages were 97.4% for the

population based on the top 10% sort, and 94.8% for the population based on the middle

50% sort.
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Figure 7.6—Expression profiles for 293 stable cell lines. Plots show expression
profiles for 293 cells expressing the magA gene following sorting for the top 10%
and middle 50% and culture under drug selection. (a) MS-1 top 10%; (b) MS-1
middle 50%; (¢c) AMB-1 top 10%; (d) AMB-1 middle 50%. (Histograms show
expression levels on a logarithmic scale)

Figure 7.6 shows the expression profiles for the top 10% and middle 50% sorted

populations for both the MS-1 strain and the AMB-1 strain. From Figure 7.6, it is
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apparent that the expression profile is considerably narrower for the MS-1 strain
compared to the AMB-1 strain. This indicates a much larger range of expression levels in

the cell population for the AMB-1 strain.

7.3.2  Histological Staining of magA Expressing Cells
Following transient transfection with the pEGFP-C3 vector containing the magA
gene, and 72-hour feeding with 250 uM ferric citrate, Prussian Blue staining was

performed to detect the presence of iron (Figure 7.7).

Figure 7.7—Prussian Blue staining following transient magA transfection and 250
uM iron feeding. (a) MS-1 strain; (b) AMB-1 strain; (c¢) untransfected cells; (d)
pMAX transfected cells. MS-1 and AMB-1 samples show distinct pockets of
punctate blue staining (arrows), but overall do not show increased iron uptake
associated with magA gene expression. (Magnification = 10x)

Overall transient expression of magA from either the AMB-1 or MS-1 strain did not

result in a marked increase in iron uptake as assessed by Prussian Blue staining. As
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shown in Figure 7.7a-b the majority of cells did not demonstrate positive staining for
Prussian Blue. While multiple distinct regions with punctate positive blue staining were

discovered, one negative control sample also displayed a distinct blue region similar to

the AMB-1 and MS-1 samples (not shown).

Figure 7.8—DAB-enhanced Prussian Blue staining following transient magA
transfection and 250 uM iron feeding. (a) MS-1 strain; (b) AMB-1 strain; (c¢)
untransfected cells; (d) pMAX transfected cells. MS-1 and AMB-1 samples show
distinct pockets of punctate brown staining but overall do not show increased iron
uptake associated with magA gene expression. In addition, the negative control
sample also has a distinct region of punctate brown staining (arrows).
(Magnification = 10x)

In order to further analyze iron uptake via histological staining, DAB enhancement of
the Prussian Blue stain was also performed. Often, the brown color associated with DAB
is more easily detectable than the light-blue color of the Prussian Blue stain. The DAB-

enhanced staining results are shown in Figure 7.8, and further confirm the results
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obtained from Prussian Blue staining alone. Overall, expression of the magA gene does
not appear to increase uptake. While there are distinct regions of intense brown straining,
in the AMB-1 and MS-1 samples, the majority of cells do not demonstrate positive

staining. In addition, as shown in Figure 7.8c the negative control sample also shows two

distinct regions of brown staining.

Figure 7.9—Prussian Blue staining of stable cells expressing magA following 250
uM iron feeding. (a) MS-1 strain; (b) AMB-1 strain; (c) untransfected cells. MS-1
cells show increased pockets of staining compared to control cells but the majority
of cells do not show increased iron uptake. AMB-1 cells do not show increased iron
uptake compared to control cells. (Magnification = 10x)

Prussian Blue staining, with and without DAB enhancement was performed on stable
cell lines expressing magA from either the AMB-1 strain or the MS-1 strain after 72
hours of iron feeding. Figures 7.9 and 7.10 show the Prussian Blue staining and the DAB-

enhanced results respectively for the top 10% cell populations derived from each strain.
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In the case of magA from the AMB-1 strain, stable cells expressing the gene do not show

any increased positive Prussian Blue staining (Figure 7.9b) compared to cells not

expressing magA.

F igue 7 .l—DAB-enhaced russian Blue staining of stable cells expressing magA
following 250 uM iron feeding. (a) MS-1 strain; (b) MS-1 strain; (¢) AMB-1 strain;
(d) negative control. MS-1 cells show regions of intense staining as well as regions
with minimal staining. AMB-1 cells show limited pockets of staining. However,
control cells also show regions of positive intense staining suggesting that magA
expression does not contribute to increased iron uptake. (Magnification = 10x)

In the case of the MS-1 strain, Prussian Blue staining did show increased positive
staining (Figure 7.9a) compared to control cells, or cells transiently transfected with the
magA gene from the MS-1 strain. However, overall the majority of stable cells did not

show positive staining, indicating that magA expression predominately does not lead to

increased iron uptake that can be detected via Prussian Blue. Results using DAB
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enhancement (Figure 7.10) were similar to those found using Prussian Blue staining
alone. Stable cells expressing magA from the AMB-1 strain did not show increased
staining compared to control cells. Stable cells expressing magA from the MS-1 strain
showed increased regions of intense brown staining within the tissue culture dish (Figure
7.10a). However, the majority of cells were not positively stained. Furthermore, control
cells also had a region of significant punctate brown staining as shown in Figure 7.10d.
These results together indicate that stable expression of magA does not lead to increased

iron uptake in 293 cells.

7.3.3  MRI of magA Expressing Cells

Imaging of 293 cells expressing magA was performed to determine if gene expression
leads to increased iron uptake that is detectable via MRI. In particular, MRI was
performed on stable cell lines expressing magA from either the AMB-1 or MS-1 strain.
The MRI results indicate that expression of magA does not lead to increased iron uptake
that is detectable via imaging. Figure 7.11 shows example GRE images for stable cells
(top 10% derived population) after 72 hours of iron feeding; while images for a single TE
are shown, results were similar for all other TEs. Images are shown for cells imaged at a
concentration of 1x10° (Figure 7.11a-c) and 1x10° cells/mL (Figure 7.11d-f). From the
images it is clear that stable cells transfected with magA and cultured in iron rich medium
are indistinguishable from untransfected cells cultured in medium containing iron at the
same concentration. Similar results were obtained for SE imaging of stably transfected
cells expressing magA (top 10% derived population), which are indistinguishable from
untransfected cells (Figure 7.12). While images for a single TE is shown, results were

similar for all other TEs.
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Figure 7.11—GRE imaging of stably transfected magA expressing cells after 72
hours of iron feeding. Top row show cells at a concentration of 1x10° cells/mL while
the bottom row shows cells imaged at a concentration of 1x10° cells/mL. (a) & (d)
magA expressing cells from AMB-1 strain; (b) & (e) magA expressing cells from
MS-1 strain; (¢) & (f) untransfected cells (negative control). Stable cells
supplemented with iron are indistinguishable from untransfected cells cultured in
iron rich media at the same concentration. (TE/TR = 8.96/250 ms)
7.3.4  Ferritin Gene Transfection

Experiments were also performed transfecting 293 cells with ferritin, in order to
assess the effect of over-expression of this gene on iron uptake. In particular, transfection
with FTH and FTL was examined separately after cloning each of the genes into the
pcDNA 3.1+ vector backbone. Figure 7.13 shows the gel separation results for FTH and
FTL following PCR of each gene. In Figure 7.13 the bands for FTH and FTL, which are

both approximately 500 base pairs (bp) in length, appear at the correct location based on

comparison with the molecular weight ladder.
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Figure 7.12—SE imaging of stably transfected magA expressing cells after 72 hours
of iron feeding. Top row show cells at a concentration of 1x10° cells/mL while the
bottom row shows cells imaged at a concentration of 1x10° cells/mL. (a) & (d) magA
expressing cells from AMB-1 strain; (b) & (e¢) magA expressing cells from MS-1
strain; (¢) & (f) untransfected cells (negative control). Stable cells supplemented
with iron are indistinguishable from untransfected cells cultured in iron rich media
at the same concentration. (TE/TR =16/1000 ms)

This indicates successful PCR of both the FTH and FTL gene using the designed primers.
Following cloning into the pcDNA 3.1+ backbone, 293 cells were transfected with either
the FTH or FTL gene. Figure 7.14 depicts fluorescence microscopy images of cells
transfected with each gene after 48 hours. In addition, cells transfected with pMAX were
utilized as a positive control, while untransfected cells were used as a negative control.
Of note, unlike the EGFP fusion backbone utilized for magA experiments, the pcDNA
3.1+ backbone does not contain GFP. However, the use of pMAX can be used to
indirectly assess transfection efficiency of 293 cells with the gene of interest. Figure 7.14
demonstrates high transfection efficiency of the positive control pMAX gene. As
expected positive green fluorescence is not present for cells transfected with either the

FTH of FTL gene, as well as for the untransfected cells. However, the high level of
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positive fluorescence for the pMAX control is a strong indicator of successful

transfection of 293 cells with pcDNA 3.1+ containing either the FTH or FTL gene.
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Figure 7.13—Gel purification results following PCR of FTH and FTL genes. The gel
bands for FTH and FTL, which are both approximately 500 bp in length, appear at
the correct approximate location based on comparison to the molecular weight
ladder. This indicates successful PCR of the two genes using the designed primers.
7.3.5 Histological Staining of Ferritin Expressing Cells

Cells transfected with either the FTH or FTL gene were cultured in medium containing
supplemental ferric citrate (either 250 uM or 1 mM) for a period of 72 hours. Following
the culture period, PBS washing, and fixing of the cells, Prussian Blue staining was
performed to detect the presence of iron. Of note, untransfected cells fed iron at both
concentrations were utilized as negative controls. Figure 7.15 shows the results of the
Prussian Blue staining for 293 cells supplemented with 250 uM iron. As shown in Figure
7.15a, well-distributed positive blue staining was found for cells transfected with FTH.

This positive staining was present throughout the cell culture dish indicating increased

iron uptake resulting from FTH gene transfection.
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Figure 7.14—Fluorescence microscop

ferritin using Lipofectamine LTX. (a) pMAX (positive control); (b) FTH gene; (c)
FTL gene; (d) untransfected cells. The high levels of pMAX transfection suggest
successful transfection of 293 cells with the ferritin genes using Lipofectamine LTX.
(Magnification = 10x)

There were regions that did not show positive staining, but this is likely because transient
transfections do not result in all cells expressing the gene of interest. This staining pattern
was not found in the FTL sample or either of the control samples. Figure 7.16 shows the
results of the Prussian Blue staining for 293 cells supplemented with 1 mM iron and
further supports increased iron uptake with FTH gene transfection. Similar to the staining
resulting with the lower iron feeding concentration, cells transfected with FTH and

supplemented with 1 mM iron for 72 hours show well-distributed blue staining present in
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many regions of the culture dish. In addition, there does not appear to be a difference in

staining resulting from feeding cells with 250 uM or 1 mM iron.

Figure 7.15—Prussian Blue staining of transfected cells after 250 uM iron feeding
for 72 hours. (a) FTH gene transfected cells; (b) pMAX transfected cells; (¢) FTL
gene transfected cells; (d) untransfected cells (negative control). FTH transfected
cells show well-distributed blue staining that can be detected throughout the culture
dish. This indicates increased iron uptake resulting from FTH gene transfection.
This staining is not present in the control samples or the FTL transfect sample.
(Magnification = 10x)

7.3.6  MRI of Ferritin Expressing Cells

MRI was also performed on 293 cells transiently transfected with either the FTH or
FTL gene after 72 hours of iron feeding. Cells were cultured in media supplemented with
either 250 uM or ImM ferric citrate and imaged as concentrations of 1x10° or 1x10’

cell/mL. In general, the results indicate that transient transfection with either FTH or FTL
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and subsequent culture in iron rich medium does not result in detection of cells using 14T

MR imaging.

Figure 7.16—Prussian Blue staining of transfected cells after 1 mM iron feeding for
72 hours. (a) FTH gene transfected cells; (b) pMAX transfected cells; (¢) FTL gene
transfected cells; (d) untransfected cells (negative control). FTH transfected cells
show well-distributed blue staining that can be detected throughout the culture dish.
This indicates increased iron uptake resulting from FTH gene transfection. This
staining is not present in the control samples or the FTL transfect sample.
(Magnification = 10x)

Figure 7.17 shows the GRE imaging results for FTH and FTL transfected cells as well as
untransfected control cells. While images for a single TE are shown, results were similar
for all other TEs. In addition, results are shown for cells supplemented with 1 mM ferric

citrate; imaging results for cell supplemented with 250 uM were similar (not shown).
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Figure 7.17—GRE imaging of transiently transfected ferritin expressing cells after
72 hours of iron feeding (1 mM ferric citrate). Top row shows cells at a
concentration of 1x10° cells/mL while the bottom row shows cells imaged at a
concentration of 1x10” cells/mL. (a) & (d) 293 cells expressing FTH; (b) & (e) 293
cells expressing FTL; (¢) & (f) untransfected cells (negative control). Transiently
transfected cells expressing either FTH or FTL and supplemented with iron are
indistinguishable from untransfected cells cultured in iron rich media at the same
concentration. (TE/TR = 8.96/250 ms)

Results for SE imaging of 293 cells transiently transfected with FTH or FTL were similar
to that obtained for GRE imaging. Following 72-hour culture in the presence of either
250 uM or 1 mM ferric citrate, cells transiently expressing FTH or FTL could not be
distinguished from untransfected cells supplemented with iron at the same concentration.
Figure 7.18 shows SE imaging with a TE/TR = 16/1000 ms for cells supplemented with 1

mM ferric citrate; images obtained for other TEs were similar as well as those for 250

uM iron supplementation.

7.4 Discussion
Genetically modifying cells to increase their uptake of iron is an alternative technique

to conventional methods that load cells with iron oxide-based contrast agents. This
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technique has several potential advantages such as the ability to allow endogenous uptake
of iron, and avoidance of issues associated with contrast agent dilution that limits the

length of time that implanted cells can be tracked with MRI (68).

D
Figure 7.18—SE imaging of transiently transfected magA expressing cells after 72
hours of iron feeding (1 mM ferric citrate). Top row shows cells at a concentration
of 1x10° cells/mL while the bottom row shows cells imaged at a concentration of
1x107 cells/mL. (a) & (d) 293 cells expressing FTH; (b) & (e) 293 cells expressing
FTL; (¢) & (f) untransfected cells (negative control). Transfected cells supplemented
with iron are indistinguishable from untransfected cells cultured in iron rich media
at the same concentration. (TE/TR =16/1000 ms)
In addition, because active gene expression is required for cells to uptake iron, this can
provide an indicator that cells are not only present at the ROI, but that they are also
functionally viable. In these studies two different types of genes were examined for their
ability to promote cellular uptake of iron. The first gene is magA, which is present in
MTB and has been shown to play a role in the formation of iron-storing magnetosomes
within these bacteria. The second gene, ferritin is found within mammalian cells (as well
as other cell types) and is responsible for iron storage and controlled release.

The first set of studies indicates that magA gene expression alone is not sufficient to

increase cellular uptake of iron and facilitate detection using MR imaging. These results

130



were demonstrated for both transient transfection of the magA gene as well as for stable
cell lines generated using FACS and culture under drug selection. In both cases, culture
of cells in medium containing 250 uM ferric citrate did not result in increased iron uptake
and detection via MRI. In addition Prussian Blue staining to detect the presence of iron
did not show differences between magA expressing cells and untransfected controls.

The results obtained are in contrast to results obtained by Zurkiya et al. who have
reported increased iron uptake and subsequent MR detection of HEK 293FT cells
expressing magA (68). In their study, a lentiviral vector was utilized to introduce the gene
into cells, which generally leads to extremely high (near 100%) transfection efficiencies
and expression levels within cells. While this may be a factor in the different results
obtained, the stable cell lines generated in the present study resulted in high percentages
of cells expressing magA and high levels of expression within cells. Furthermore, in the
results reported by Zurkiya et al. MR imaging of cells was performed in highly
concentrated 100 uL pellets containing 1x10” cells. While magA expressing cells
supplemented with iron show the strongest signal loss in their study, signal voids are also
present for non-expressing cells supplemented with iron, as well as magA expressing
cells cultured without iron supplementation. This is to be expected, as the aggregation of
a large quantity of cells into a pellet will create a susceptibility artifact with respect to the
surrounding environment. Lastly, in the results by Zurkiya et al. the presence of
intracellular iron was detected using transmission electron microscopy (TEM), which was
not performed in the present study.

The current results presented also differ from those of Goldhawk et al. who report

increased uptake of iron by magA expressing stable N2A cells when cultured in media
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supplemented with either 62.5 uM or 250 uM ferric citrate (69). This increase in iron
uptake was assessed using DAB-enhanced Prussian Blue staining as well as with MR
imaging at 11T. While the staining results presented by Goldhawk et al. show positive
staining for N2A cells expressing magA when supplemented with 62.5 uM iron, the
results for non-expressing cells are not shown. Given that wild-type cells uptake iron as
part of normal homeostatic processes, this makes it difficult to assess whether magA
expression in fact causes increased iron uptake. Furthermore, the DAB enhancement
reaction is time dependent, and lengthy exposures can lead to high background; as such it
is important to compare staining results with a negative control. Of note, Goldhawk et al.
also examined cells expressing a magA mutant known to eliminate magnetic properties,
but these cells demonstrate positive staining when supplemented with 250 uM iron.
Although Goldhawk et al. report detection of magA expressing cells via MRI, non-
expressing cells are not shown, and cells expressing the magA mutant show distinct
signal voids as well. This combined with the presence of large artifacts within the images
makes it difficult to assess the positive effect of magA expression on MR detection.
While the results of the present studies indicate that magA expression alone does not
lead to increased iron uptake and subsequent MR detection, future studies focused on
expression of MTB genes should investigate other genes involved in magnetosome
formation. For example, Arakaki ef al. identified the proteins encoded by the gene MmsS5,
Mms6, Mms7, and Mms13 as being directly involved in magnetite crystal formation
within the AMB-1 strain of MTB (62). As such, these genes should be investigated for
their ability to promote iron uptake in mammalian cells and subsequent MR detection.

Furthermore, given the complex relationship and interplay between genes that is
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necessary for protein expression, future studies should also investigate simultaneous co-
expression of multiple gene combinations in order to promote increased iron uptake.
Lastly while developmental work can be more easily performed in 293 cells, successful
validation will eventually need to be confirmed in MSCs so that this technique can be
applied to MR-based monitoring of tissue regeneration therapies.

The present set of studies also examined the effect of ferritin over-expression on the
ability to increase iron uptake and promote detection of cells via MRI. In these studies,
cells were transiently transfected with either the FTH or FTL gene and supplemented
with media containing either 250 uM or 1 mM iron. Prussian Blue staining showed
positive results for cells transfected with FTH, while FTL transfected cells did not show
increased iron uptake. In particular, cell cultures containing the FTH gene showed well-
distributed staining without the need for DAB enhancement. Of note, while not all cells
showed positive staining, this is to be expected based on the transient transfection
methods used in these studies. While cells expressing FTH demonstrated positive staining
for iron, this was not detectable using GRE and SE MR imaging at 14T. Cells
supplemented with iron and imaged at varying concentrations could not be distinguished
from untransfected cells cultured in iron-rich medium.

Similar to the results presented in the current study, Naumova et al. have reported
increased iron uptake in C2CI12 cells expressing FTH supplemented with 1 mM ferric
citrate; iron presence was detected by Prussian Blue staining (70). However unlike the
present study, Naumova et al. also report in vitro MR detection of iron-supplemented
cells expressing FTH at 3T. One potential reason for this difference is that Naumova et

al. used stable cell lines resulting in high expression of the FTH gene. In addition,
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detection at 3T was of a highly concentrated pellet containing 6x10” cells. In the present
study, cells were imaged in a well-distributed suspension. This combined with the
heterogeneously expressing cell population resulting from transient transfection would
likely make it more challenging to detect subtle increases in iron uptake via MRI. Of
note, Deans et al. also report MR detection of iron-supplemented C17 cells stably
expressing FTH when imaged as concentrated cell pellets at 1.5T (72).

The FTH gene expression results obtained in the present study as well as the results
reported in other studies suggest that future steps should focus on stable expression of the
FTH gene in 293 cells. This can be achieved by cell sorting and drug selection, or
through the use of viral transduction methods. In order to create stable cell lines using
FACS, it would be necessary to clone the FTH gene into a pEGFP vector; the pcDNA
vector does not contain the EGFP protein. Once in this vector, cells can be sorted based
on their expression of EGFP and consequently the FTH gene of interest. In sorting it is
common to isolate cell populations based on their varied expression levels. While the
highest levels of gene expression (top 10%) are clearly desired, it is important to
determine whether expression of foreign DNA has any effect on cell viability and
proliferation. As such, it is often useful to isolate the middle 50% of cells expressing the
gene of interest. These populations can then be maintained under drug selection in order
to obtain stable cell lines with high viability and expression of the gene of interest (i.e.
FTH). This stable population of cells could potentially lead to more significant increased
iron uptake and resulting MR detection.

Similar to studies focused on expression of bacterial genes, future studies should

focus on generating stable cell lines co-expressing multiple genes. For example, Genove
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et al. have reported MR detection of human lung cancer cells over-expressing the FTH
and FTL gene (114). In addition, Deans et al. have reported increased iron uptake and
MR detection resulting from co-expression of FTH and transferrin (72). As such,
generation of stable cell lines expressing combinations of these genes, as well as others
important in iron internalization and storage will likely further genetic modification
techniques as a means of facilitating MR contrast. Lastly, these gene expression studies
will ultimately need to be carried out in MSCs, in order to ensure that this technique can

be applied to MR-based monitoring of stem cell tissue engineering therapies.
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Chapter 8: Conclusion

8.1 Research OQutcomes

Overall, these research studies have focused on the ability to non-invasively and
longitudinally track cells using MRI after implantation into the body for tissue
regeneration purposes. In particular, the majority of this work has focused on the
application of this technology to stem cell tracking during tissue engineering of the
musculoskeletal system. A technique to track stem cells in this manner would be highly
useful in the continued development of stem cell-based tissue engineering strategies for
the musculoskeletal system, as well as in the eventual transition of these techniques into
the clinic. Furthermore, this technique also has broader potential application to a variety
of pathological conditions in which stem cells have shown promise in the regeneration of
damaged or diseased tissue. Currently, the majority of stem cell-based therapies are still
being investigated within animal models, and highly invasive histological methods are
employed in order to assess therapy. While these assessment techniques may be
acceptable for use on animals within a research setting, they are clearly not applicable in
a clinical setting as part of patient treatment. As such the development of these MRI-
based techniques in parallel with the continued development of stem cell-based therapies

is critically important.

8.1.1 Iron Oxide Contrast Agent-based Studies
The first set of research studies focused on cellular uptake of iron oxide-based
contrast agents that are detectable via MRI using GRE and SE imaging. The studies

included analysis of conventional nanometer-sized particles along with considerably
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larger 1.63 uM iron oxide particles. The results indicate the ability to successfully label
MSCs with both types of particles, although nanometer-sized particles require the use of
a TA in order to facilitate cellular uptake. In addition, cells labeled with both types of
contrast agents are detectable via MRI at both 3T and 11T. 3T imaging allows imaging of
a population of labeled cells while 11T imaging provides the capability to achieve near
cellular resolution and thus potentially image single cells labeled with multiple contrast
agent particles.

Focusing on the application of these techniques to musculoskeletal tissue engineering,
cells labeled with iron oxides can be encapsulated within hydrogels without affecting
their viability, and encapsulated cell constructs also exhibit characteristic signal voids on
MR images. These studies also demonstrate ex vivo detection of iron oxide-labeled cells
within a rat model of IVD degeneration, bovine knee articular cartilage, and a mouse
hind-limb muscle model. These results suggest the effectiveness of detecting labeled cells
within a native musculoskeletal tissue environment.

The results of these studies as well as those reported by others indicate potential
limitations of these techniques however. First while differentiation of labeled MSCs into
multiple tissue types appears feasible, questions remain about the ability to differentiate
iron oxide-labeled cells particularly along the chondrogenic lineage. These issues partly
arise from the presence of excess extracellular iron oxide particles that are present
following labeling and PBS washing. This is especially true when micrometer-sized
particles are used, and their tendency to aggregate is further exacerbated by the process of

pellet formation utilized during in vitro chondrogenesis. However, based on the promise
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of iron-oxide labeling and its potential importance in the desire to non-invasively monitor

implanted cells, further studies to address these issues are certainly warranted.

8.1.2  Genetic Modification-based Studies

While the use of iron oxides focuses on generating contrast at the cellular level via
internalization of particles, genetic modification techniques aim to control MR contrast at
the even more basic DNA level. Essentially the goal is to introduce foreign DNA into the
cell in order to modulate its uptake, processing, sequestration, and long-term storage of
iron. In this way it is possible to generate contrast between gene transfected cells and the
surrounding tissue environment. This set of research studies examined HEK 293
expression of both bacterial genes and mammalian cell genes in order to promote contrast
and subsequent MR detection.

While mammalian cell expression of the bacterial gene magA has been reported as
being capable of promoting increased iron uptake and MR detection, those were results
do not agree with the current results obtained in these research studies. In the present
studies, both transient and stable expression of magA did not lead to increased iron
uptake or the ability to distinguish cells as signal voids on MR images. However, there
are numerous other genes from MTB that have been implicated as having a role in iron
uptake and storage within magnetosomes. As such, these genes should be investigated to
determine their potential in facilitating increased iron uptake in mammalian cells and
promoting detection via MRI. It is also highly likely that multiple genes acting in concert
will need to be expressed simultaneously in order for this technique to be viable. As a
result, research into the complex interaction between these different magnetotactic genes

is necessary to better understand the underlying mechanisms involved.
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Preliminary studies were also conducted investigating over-expression of ferritin as a
means of promoting iron uptake and generating MR contrast in mammalian cells. Based
on transient transfection experiments in HEK 293 cells, it appears that transfection with
the FTH gene leads to increased iron uptake that can be detected with Prussian Blue
staining. However, this amount of increased iron uptake does not allow detection of cells
via MRI, suggesting that future experiments with stable cell lines expressing FTH should
be performed. MR detection of cells expressing FTH has been previously reported, but
generally requires cells to be localized into highly concentrated pellets to facilitate MR
detection. However, the clinical utility of this technique for visualization is limited since
in many applications implanted cell populations will likely distribute within the
implanted tissue. Consequently, in order for MRI-based tracking techniques to be robust
they should be able to monitor cells distributed throughout native tissue even if only for a
short period of time. Lastly, as suggested for future studies involving bacterial genes,
over-expression of ferritin in combination with other genes critical to normal iron uptake

and storage should be investigated.

8.2 Final Considerations

The ultimate success of MRI cell tracking as a technique for monitoring stem cell-
based tissue engineering depends on a several important factors that must be considered
as part of the ongoing development of this methodology. In an ideal case it would be
possible to monitor implanted stem cells via MRI indefinitely. In reality, cell division,
iron release, and potential differentiation effects will likely limit the length of time that
cells can be accurately monitored. Given this limitation, it is important to consider the

length of time that cells can be tracked in the context of the amount of time necessary for
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successful stem cell-based tissue repair. This will likely vary depending on several
factors such as the tissue of interest, the extent of repair needed, and the effectiveness of
the body’s natural repair processes.

Another consideration is the long term of fate of the increased iron content present
within implanted cells. For examples, when cells divide or die, it is important to
understand what happens to any remaining iron. For example, it is possible that the iron
is internalized by other highly phagocytic cells (e.g. macrophages), which is potentially
undesirable. Given that large amounts of iron can be toxic, it is also important that any
residual iron does not accumulate within the body and lead to any potentially harmful
effects.

This set of research studies has largely focused on using MRI to assess the bio-
distribution of implanted cells. However, it is also important to assess whether implanted
cells are functioning appropriately and achieving effective tissue repair. While MRI is
primarily utilized for its excellent anatomical capabilities, it is increasingly being
investigated for its ability to provide functional information (e.g. T;, imaging). In
addition, advancements in technology have made it possible to combine imaging
modalities. For example the development of combined MRI/positron emission
tomography (PET) scanners makes it possible to gain functional information with
corresponding anatomical localization. Thus the techniques investigated in the current
research studies should ideally not interfere with other MR-based functional assessment
techniques or the capabilities of other imaging modalities.

The results obtained from these studies suggest the promise of iron-based techniques

for monitoring stem cell tissue engineering of the musculoskeletal system via MRI. The
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results also highlight the future work necessary for further validation and optimization of
this technique. While significant research is still necessary before these techniques can be
transitioned into a clinical setting, the clear potential benefits of their successful

development are a strong motivation for continued investigative efforts.
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