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Abstract
Embryonic and Adult Stem Cells Explored through Microfluidics and Biological Manipulation
by
Eric Benjamin Pierre Jabart
Doctor of Philosophy in Bioengineering
University of California, Berkeley

Professors Lydia L. Sohn and Irina M. Conboy, co-Chairs

Part I - A Microfluidic Method for the Selection of Undifferentiated Human Embryonic Stem
Cells and in Situ Analysis

Conventional cell-sorting methods such as FACS or MACS can suffer from certain shortcomings
such as lengthy sample preparation time, cell modification through antibody labeling, and
exposure to high shear forces or metallic microparticles. In light of these drawbacks, we have
recently developed a novel, label-free, microfluidic platform that can not only sort cells with
minimal sample preparation but also enable analysis of cells in situ. In contrast to MACS or
FACS, cells sorted by our method have very high viability (~90%). In this part of my thesis, I
first describe existing antibody-functionalized microfluidic devices for cell sorting as well those
designed for human embryonic stem cell (hESC) sorting. I then demonstrate the utility of our
platform to sort undifferentiated human embryonic stem cells (hESCs) from a heterogeneous
population, achieving ~60% average purity of the cells expressing a marker of interest. I also
discuss future strategies to improve sorting efficiency. Overall, our platform technology could be
applied to other cell types beyond hESCs and to a variety of heterogeneous cell populations.

Part II — Attenuation of TGF- Signaling via Incorporation of a Dominant-negative TGF-f3 Type
IT Receptor Promotes Improved Muscle Regeneration in Murine Skeletal Myoblasts

Skeletal muscle stem cells known as satellite cells are responsible for muscle regeneration. Upon
muscle injury or exercise, quiescent satellite cells become activated, proliferate as myogenic
precursors, differentiate into myoblasts, and ultimately fuse into new, multinucleated myofibers.
Unfortunately, this paradigm breaks down with aging and multiple factors contribute to a build-
up of scar tissue instead of new muscle. Among these negative contributors are some members of
the TGF-B family of signaling molecules. After an introduction to muscle regeneration and
satellite cells, the adult skeletal muscle stem cells, I will discuss how biomaterials can help
improve muscle regeneration and recent advances in combating TGF-B-induced impairment in
muscle repair. I will then discuss the work I have done in improving skeletal muscle repair by
attenuating the effects of TGF-f signaling via incorporation of a dominant-negative TGF- type
II receptor.
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Part 1
Microfluidic Devices for Cell Sorting —

Sorting of Human Embryonic Stem Cells
and in Situ Analysis
Using a Microfluidic Channel

Chapter 1

Microfluidic Devices for Cell Sorting




Introduction

Fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting (MACS)
have long been the standard for sorting large populations of cells'. However, FACS and MACS
suffer from a number of shortcomings that can ultimately damage cells. Both FACS and MACS
can directly modify cells: FACS through high shear flow rates and antibody conjugation to cell-
surface antigens and MACS through conjugation of magnetic Microbeads. These direct
conjugation methods can modify cell signaling and fate and affect further analyses on sorted
cells”™. The drawbacks associated with FACS and MACS have paved the way for microfluidic
devices to address a number of unmet needs and modalities in cell sorting ranging from in-the-
field diagnostics to sorting of rare blood cells to manipulation of low-volume, small-cell-number
samples'”’™. Microfluidic devices are compact (unlike FACS), often portable, low-cost, simple
to create and modify per application, and can be label-free (no direct modification or labeling of
cells, e.g. with antibodies). They are thus poised to tackle a wide range of applications. Part I of
my thesis will discuss recent advances in microfluidic cell sorting. In Chapter 1, I will introduce
antibody-functionalized microdevices for cell sorting and microdevices for human embryonic
stem cell sorting. In Chapter 2, I will discuss my work in developing a microfluidic cell sorter
for human embryonic stem cells.

1.1 Recent Advances in Microfluidic Devices for Cell Sorting

Part of the power of microfluidic cell sorting is its ability to tackle sorting problems with
a variety of modalities'’. While microfluidic sorting devices similar to FACS and MACS already
exist""'™"?, hydrodynamic sorting based on particle size and shape'*'”, dielectrophoretic sorting
using cell polarity'®!", and acoustophoretic sorting employing high-intensity sound waves'® are
just a few of the other sorting modalities' upon which the community has focused. Of particular
interest to the work discussed here are 1) microdevices that employ antibody-functionalized
surfaces and 2) those that aim to sort embryonic stem cells. The following sections will describe
recent work in these areas.

1.1.1 Antibody-functionalized Microdevices for Cell Sorting

Unlike FACS and MACS, antibody-functionalized microdevices for cell sorting (AMCS)
incorporate the antibody into the microdevices, thereby precluding the initial need to label cells.
The removal of traditional labeling steps can save significant time in sample preparation,
decrease the time cells spend in suspension (especially if they are negatively affected by being in
suspension or dissociated as single cells), and avoid possible negative side effects of labeling
cells with antibodies, such as induction of cell signaling or cell death (which is critical for rare
samples)3’6’19. Such microdevices are also very versatile and can be modified in various ways to
improve sorting based on specific applications.



When implementing AMCS, a number of decisions must be made. Most importantly, it
is necessary to decide whether positive or negative selection of cells is needed. In positive
selection (Figure 1.1a), sorted target cells from a heterogeneous cell population will interact or
be capture by the microdevice’s functionalized antibodies. In this case, it is important that the
target cell-antibody interactions are specific and that non-specific or background interactions are
low'. With high specificity and affinity antibodies, high capture efficiency can be achieved.
Minimizing non-specific interactions (i.e. non-specific capture of non-target cells) will increase
the purity of the captured cell population. For positive selection, the highest purity of sorted cells
is desired, as non-target cells can confound or make subsequent analyses more difficult. While
higher efficiency is obviously better, it may not always be necessary and can sometimes be
sacrificed for higher purity. Other issues with positive selection using AMCS include possible
activation of cell signaling due to prolonged interactions with functionalized antibodies, or
difficulties and complications in the collection of target cells, to name only a few.

As expected, in negative selection (Figure 1.1b), non-target cells are captured and target
cells in heterogeneous populations flow through AMCS. In this case, as specific interactions
increase, purity increases; as non-specific interactions decrease, efficiency increases. Whereas it
may be easier to achieve higher purities with positive selection (to the possible detriment of
efficiency), increasing efficiency (percent of total target cells collected) in negative selection (to
the detriment of purity) is easier to achieve. Negative selection also has the advantage of not
promoting antibody-target cell binding, thereby reducing the possible negative effects of
antibody binding and allowing direct collection of target cells for further analysis.
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Figure 1.1 a) Target cells (blue) are positively selectively and captured in the AMCS. Negative
cells (orange) flow through the channel without capture. b) Non-target cells (orange) are capture
in negative selection, and target cells (blue) are collected at the output.

1.1.2 Improving Sorting Efficiency of AMCS

Increasing the efficacy of AMCS to sort cells is of great importance — many such
microdevices are often limited by a ~60-70% sorting efficiencyzo. Control of ligand type and
orientation, conjugation method, ligand density, and fluid flow through the microdevice are the
main avenues for improving efficiency. In terms of ligand type, the choice of antibody (its
specificity and affinity) will affect efficiency. Antibody isotypes (e.g. IgG or IgM) have different
sizes, conformations, and number of antigen-binding sites and can therefore alter efficiency (see
Chapter 2). Replacing antibodies with other ligands such as peptides, proteins, or aptamers is
another option'. The conjugation method, or how the antibody is attached to the surface, can
affect not only the functionality of the antibody, but also its orientation and therefore the display
of the antigen-binding sites. By modifying the conjugation strategy (e.g. passive adsorption,
conjugation to a silane, conjugation to Protein G, and controlling antibody orientation, increased
capture can be achieved'**'™. In order to increase the density of antibodies, several groups have
incorporated antibody-coated microposts or other antibody-decorated topographical features and
controlled fluid flows to increase antibody-cell interactions>**.

In late 2007, a seminal study by Toner et al. showed successful clinical implementation
of an antibody-functionalized microfluidic device for rare (1 in 10° cells in blood) circulating
tumor cell (CTC) sorting®. This microdevice used anti-EpCAM-coated microposts and control
of fluid flow to increase interactions of CTCs with functionalized antibodies. The optimal flow
rate (which affects shear stress and influences cell-antibody adhesion) and the flow profile
(optimizing the size and spacing of microposts within the flow to promote cell-antibody
interactions) were controlled. The researchers achieved 65% efficiency in spiked samples in
phosphate-buffered saline and succeeded in detecting CTCs in 115/116 cancer-patient blood
samples. They also showed that their CTC counts correlated well with disease progression of the
various cancers they analyzed. Many subsequent AMCS for CTC or other cell sorting have been
sprung forth from this study?®.

As discussed above, many groups have struggled with improving sorting efficiency of
AMCS above 60-70% for rare-cell populations. This efficiency number, however, should always
be correlated with throughput (e.g. the number of cells in a given volume of blood that can be
sorted in a specified time). Increasing throughput of AMCS is of critical importance, especially if
they are to rival FACS, where throughput can reach upwards of 70,000 cells/s*™ ", A recent
publication by Mittal et al.”’ describes a novel microdevice that incorporates a fluid-permeable
antibody-functionalized surface to capture cells at high flow rates (100 uL/min), 20-fold higher
than most solid-surface AMCS. In many AMCS, there is no fluid flow mixing, and as cells move
farther along devices, they become less likely to interact with antibodies, leading to decreased
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capture or sorting later in the device. In Mittal et al.’s device, the streamlines direct the flowing
cells towards the fluid-permeable antibody-functionalized surface, thereby promoting cell-
antibody interactions and increasing capture efficiency compared to solid-surface devices
operated at low flow rates (5 uL/min). Furthermore, the use of their fluid-permeable system
leads to decreased shear stress at the antibody-functionalized surface, promoting cell rolling, and
further enabling efficient cell capture®' % Higher shear stresses, characteristic of solid surfaces
(vs. permeable surfaces) lead to greater bond dissociation and therefore a decrease in
capture/sorting efficiency**>. While Mittal et al.’s capture efficiency at high-flow rates remains
only 60% (when adjusted for non-specific binding) and 55% at low flow rates (accounting for
20% non-specific binding), their new design will likely lead to improved throughput for many
AMCS.

1.1.3 Concerns with AMCS

Increasing purity, throughput, and efficiency of AMCS are clearly important tasks, and
recent breakthroughs should help improve these numbers. However, the effects of AMCS on
cell fate and cell survival are also critical. High shear stresses can damage cells and in certain
cases activate signaling pathways™*. Different cell retrieval methods after capture (e.g.
increased flow rate/shear, enzymatic release) can also negatively affect cell fate. In AMCS, cells
are either captured by antibodies or interact with them transiently, possibly leading to activation
of cell signaling pathways. This activation could, in turn, confound downstream analysis of
sorted cells. For this reason, AMCS that do not activate cell signaling pathways are clearly
advantageous.

1.1.4 A Label-free Antibody-Functionalized Microfluidic Device for Sorting Single Satellite
Cells

A recent publication from the Sohn Lab at UC-Berkeley showcases a novel AMCS to
analyze the heterogeneity of skeletal muscle stem cells, termed satellite cells®. As I contributed to
the work and it is relevant here, I will discuss it in more detail.

The AMCS in this case consists of a narrow, antibody-functionalized pore (similar to that
described in Figure 1.1) that connects two reservoirs of a polydimethylsiloxane (PDMS)-on-glass
microdevice (Figure 1.2a). Using a technique called resistive-pulse sensing (RPS)*'****7"  the
current through the pore is recorded. As a cell moves from reservoir to pore back to reservoir, a
current pulse is observed (Figure 1.2b). The pulse height corresponds to the size of the cells and
the duration of the pulse represents the length of time the cell transits the pore. The microdevice
pores were functionalized with either antibodies specific to known/supposed cell-surface markers
of satellite cells or their corresponding isotype control (non-specific) antibodies. Cells that
expressed surface receptors corresponding to the functionalized antibodies underwent transient
interactions with the antibodies leading to longer recorded transit times through the pore. The use
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of an AMCS in this case had several advantages over conventional sorting methods. As we
demonstrated, the microfluidics employed were better equipped to handle small volumes and
small cell numbers and satellite cells represent a rare cell population (only 3-11% of cells within
the contour of muscle fibers)3 8, Furthermore, our work was able to directly correlate the
myogenic potential of the sorted satellite cells — their ability to form new muscle — with their
surface marker expression, all at the single-cell level. Importantly, the advantage of this label-
free method was demonstrated as it was also shown that the transient interactions between the
cell-surface receptors and the functionalized antibodies did not lead to downstream activation of
cell signaling. Future work on this device aims to analyze multiple surface markers at once using

a single device®™.
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Figure 1.2 a) Schematic of pore device. An antibody-functionalized pore separates two
reservoirs. Cells transit from one reservoir to the other through the pore under pressure-driven
flow. The current in the channel is monitored via a four-point electrode measurement. Unlike the
device described in Figure 1.1, cells are not captured here and only transient interactions with
antibodies occur. b) As a cell transits the pore, a current pulse is recorded: the height of the pulse
is related to the cell size and the width to the length of time the cell spends in the pore; longer
pulse times imply greater interaction between the functionalized antibodies and the cell-surface
receptors of the transiting cell.



1.1.5 Microdevices for Human Embryonic Stem Cell Sorting

Embryonic stem cells (ESCs) are pluripotent — they have the ability to become any type
of cell in our bodies®. Repairing degenerating organs or creating new ones is the promise of
ESCs*'*2. Along with this promise, however, come associated concerns: tissue rejection and
ethical concerns — that are being addressed by induced pluripotent stem cell (iPSC) research***
— and teratoma (tumor) formation or the creation of ESC-based tumors after implantation45.
Implanting as few as 500-1,000 undifferentiated ESCs or iPSCs can lead to the formation of a
tumor. Numerous protocols have already been developed to differentiate ESCs and iPSCs into a
variety of cell types (e.g. neurons, blood, muscle, etc.)*® and efficient differentiation of potential
teratoma-forming cells is therefore essential if the promise of ESC- or iPSC-based tissue
engineering applications are to become a reality. Increasing differentiation efficiencies to 100 %
or sorting of differentiated stem cell populations — either negatively or positively — are the two
main avenues for ensuring the safety of stem-cell-based therapies.

Along with FACS and MACS, microfluidic devices have also sought to tackle the issue
of hESC sorting. A recent paper used a combination microfluidic device and optical tweezers to
sort fluorescently-labeled hESCs*’. OCT4-driven Green Fluorescence Protein (GFP)-expressing
hESCs flowed into a channel along with GFP" cells via syringe pump. The microdevice included
a mercury lamp and CCD camera in order to excite and detect GFP" cells. If a GFP™ hESC was
detected, optical tweezers were used to displace the cells towards the collection outlet of the
microdevice. GFP" cells would flow through the microdevice and exit through a waste outlet.
Using this method, the researchers achieved a 90% recovery rate and 90% purity out of a starting
210 cells. Although efficient, this method required enzymatic release and digestion of hESCs
into single cells in addition to fluorescent labeling of the cells. Furthermore a 90% recovery rate,
although high, may not be sufficient if large numbers of cells need to be recovered, especially for
tissue engineering applications. Since as little as 500-1,000 undifferentiated hESCs can lead to
teratoma formation, then after sorting only 10,000 cells, this method would no longer be viable
for transplantation therapies. Throughput therefore becomes important as enough cells need to be
collected for the specific application while maintaining the number of undifferentiated cells
below the critical threshold. At slower flow rates, recovery rates and purity can increase, but only
to the detriment of collection times. Longer collection times can have negative effects on cell
survival, especially when dealing with hESCs. A happy medium between purity and collection
time will have to be struck or other methods of dealing with leftover undifferentiated cells, such
as removing them post—sorting48.

A more recent label-free microdevice used adhesion strength to differentially sort hESCs,
1PSCs, partially reprogrammed cells, somatic cells, and differentiated cells derived from hESC or
IPSCs®. Cell surface-marker expression varies based on the differentiation stage of a cell; in
essence, as cells adopt a more dedifferentiated or pluripotent state, surface-marker expression
shifts from favoring cell-extracellular matrix (ECM) interactions to favoring cell-cell
interactions. This shift in marker expression correlates with a visible reduction in cell spreading
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on surfaces: fully-differentiated cells adopt single-cell, spread conformations, whereas hESCs
adopt large, compact, colony conformations. Therefore, hESCs and more undifferentiated cells
display lower adhesion strengths to ECM-coated surfaces than do differentiating or differentiated
cells. The researchers were able to successfully enrich hESCs and iPSCs to 95-99% purity with
>80% survival with a mixed population including a fibroblast cell line. They also successfully
purified >97% of hESCs and iPSCs when co-cultured with between 6-70% of non-pluripotent
cells at various stages of differentiation. This microfluidic technique allowed purification of
hESCs without the need to dissociate into single cells (unlike FACS or MACS), which decreases
cell survival, and without the use of enzymatic digestion (e.g. trypsin) which has been shown to
lead to karyotypic abnormalities™. By increasing shear rates, the researchers could release all the
undifferentiated cells (although this would increase their proportion of contaminating,
differentiated cells), meaning this device could likely serve as a method for removing all
undifferentiated, teratoma-forming cells from a heterogeneous culture of hESCs.

Conclusion

While hESCs have been analyzed using microfluidic devices for a variety of applications
(2-D or 3-D culture, differentiation, EB formation, biomaterial interactions, etc.)lo, few groups
address the issue of sorting. Chapter 2 will discuss a novel, label-free microfluidic device that I
have worked on that aimed to positively or negatively sort heterogeneous populations of cells,
including hESCs.



Chapter 2
A Microfluidic Method for the Selection of

Undifferentiated Human Embryonic Stem Cells and

in Situ Analysis




Abstract

Conventional cell-sorting methods such as FACS or MACS can suffer from certain
shortcomings such as lengthy sample preparation time, cell modification through antibody
labeling, and cell damage due to exposure to high shear forces or to attachment of
superparamagnetic Microbeads'™. In light of these drawbacks, we have recently developed a
novel, label-free, microfluidic platform that can not only select cells with minimal sample
preparation but also enable analysis of cells in situ. We demonstrate the utility of our platform by
successfully isolating undifferentiated human embryonic stem cells (hESCs) from a
heterogeneous population based on a particular stem-cell marker. Importantly, we show that, in
contrast to MACS or FACS, cells isolated by our method have very high viability (~90%).
Overall, our platform technology could be applied to other cell types beyond hESCs and to a
variety of heterogeneous cell populations.

Introduction

Conventional cell-sorting methods such as fluorescence-activated cell sorting (FACS) or
magnetic-activated cell sorting (MACS) are often used to purify cells from heterogeneous
populations using established cell-surface markers'®. Both FACS and MACS, however, can
require large numbers of cells and, in some cases, adversely affect cells through either required
exogenous labeling procedures or the use of high shear flows. Examples of adverse effects
include cell death, modification of growth kinetics, or undesired initiation of cell signaling1’3’7*9.
While FACS and MACS are routinely utilized in sorting hESCs®, there is no doubt that, given
their limitations, new technologies would be of strong interest as alternatives to sorting hESCs
and other cell types. One viable and obvious candidate for hESC sorting is microfluidics because
of its ability to handle/process small sample volumes and the low shear forces to which samples
are exposed. Few groups, however, have pursued this direction. Wang et al. used optical
tweezers within a microfluidic device to sort OCT4-GFP+ hESCs'*. More recently, Singh et al.
employed extracellular-matrix-coated microfluidic channels to sort undifferentiated and
differentiated hESCs based on adhesion strengthg. They showed that microfluidics-sorted cells
had >80% survival vs. FACS-sorted cells, which only had 40% survival.

Here, we showcase a low-shear, label-free, microfluidic platform for isolating a targeted
sub-population of cells (in this case, hESCs) from a heterogeneous population. Cell mixtures are
passed through an antibody-functionalized microfluidic channel: cells positive for the antibody
target remain bound to the channel, while cells that are negative flow through the channel and
are collected at the output. Through a Live/Dead® assay, we show that channel-bound cells that
are subsequently collected have significantly higher viability than those sorted with either MACS
or FACS. Furthermore, we demonstrate our ability to analyze cells in sifu by immunostaining
the hESCs in-channel for a specific marker.

2.1 Materials and Methods

Device fabrication
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Figure 2.1a-b shows an image of our platform, which consists primarily of a
polydimethylsiloxane (PDMS) mold permanently bonded to a glass substrate. The PDMS mold
is created using standard soft-lithography techniques. Briefly, a silicon wafer is spin-coated with
SU-8 2100 photoresist (3000 rpm for 30 sec), UV-exposed to a mask to pattern the resist, and
then developed with SU-8 developer, thereby creating an 80-um high negative-relief master. For
the results we present here, we utilize the serpentine geometry shown in Figure 2.1b; however, in
general, a variety of geometries could be used. De-gassed Sylgard 184 (10:1 prepolymer:curing
agent) is then poured onto the master wafer and cured at 80°C for 2 hours. The PDMS mold is
then sliced and removed from the silicon master, cored at the inlet and outlet ports, exposed to
oxygen plasma (200 mTorr, 80 W, 30 seconds), and bonded to a clean glass slide that is also
exposed to oxygen plasma. The completed device is then heated to 150°C for 30 minutes to
complete permanent bonding.

In-channel stain

SSEA-4 Ab channel
post-sort stain

) 9
)

Cell Exit Port

Cell Entry Port

® SSEA-4*Cell
» SSEA-4 Cell

Pre-sort stain of
mixed cell population

Figure 2.1 a) Two serpentine channels can be run in parallel hooked up to one syringe pump. b)
Image of the serpentine channel. The (94 mm x 1 mm x 80 pm) (L x W x H) channel is cored at
both ends for inlet and outlet ports. ¢) A schematic of the device method, using an anti-SSEA-4-
functionalized-antibody channel as an example (although any antibody of choice can be used). A
mixed population of cells is added at the cell inlet port. The cell outlet port is connected to a
syringe pump via plastic tubing. As the cells traverse the device, SSEA-4" cells become bound to
the functionalized antibodies and SSEA-4" pass through the device and are collected in the
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syringe. At the end of the run, the device is washed thoroughly with media to retrieve any
unbound cells. Control cells (i.e. those not injected into the channel) and cells passed through the
channel and not captured are plated, allowed to adhere to Matrigel-coated plates, fixed, and
immunostained for either SSEA-4" or OCT4". Captured cells are stained and imaged in-channel.
The percentage of SSEA-4" or OCT4" captured and not captured cells is then determined.

Device functionalization

Completed devices are initially filled with 1 M NaOH for 10 minutes, rinsed with 18 MQ
de-ionized (DI) water, and dried on a hotplate for 10 minutes at 150°C. The glass surface
enclosed by the microfluidic channel is silanized in a humid chamber using N-(3-
triethoxysilylpropyl)-4-hydroxybutyramide (Gelest, Morrisville, PA), diluted in a stock solution
of 0.01% acetic acid in 95% ethanol and 5% DI water for 4 hours at room temperature (RT), as
done previously"'®. Channels are then rinsed with stock solution and DI water and subsequently
dried and cured for 2 hours at 120°C. Silane-coated serpentine channels are incubated with the
homo-bifunctional amine crosslinker sulfo-EGS (Pierce, Rockford, IL) at 3 mg/mL in PBS for
20 minutes at RT. Protein G (1.00 mg/mL) or Protein L (1.66 mg/mL) (Pierce) is then
crosslinked to the silanized surface by incubation for 4 hours in a humid chamber. Finally,
antibodies (SSEA-1, SSEA-4, mouse IgGs, mouse IgM, Tra-1-81 — all obtained from Biolegend,
San Diego, CA), diluted to 1.33 uM for IgG isotype antibodies (which are bound by Protein G)
and to 556 nM for IgM isotype antibodies (undiluted stock concentration, which are bound by
Protein L), are linked to the surface by overnight incubation at 4°C.

COMSOL modeling of shear rates in microchannel

The shear rates in the microfluidic channel were modeled using the COMSOL
microfluidics module (COMSOL Inc., Palo Alto, CA). Laminar flow was assumed, and the
channel was simulated using input flow rates of 2, 5, and 10 pL/min. Since shear increases closer
to the edges of the microchannel (within the first 10 um), the mesh resolution was selected in
order to highlight the effects in the boundary layer.

Cell Culture
hESCs

H9 human embryonic stem cells (hESCs) (WiCell Research Institute, Madison, WI) were
cultured on BD Matrigel hESC-qualified Matrix (BD Biosciences, San Jose, CA) in mTeSR1
basal medium with 5X supplement (STEMCELL Technologies, Vancouver, Canada). Cells were
routinely passaged, as per the manufacturer’s protocol. For single-cell dissociation of colonies,
H9s were washed briefly with PBS, incubated at 37°C for 12 minutes with 2 mM EDTA in PBS
(Invitrogen, Carlsbad, CA), and gently triturated. Cells were sedimented and re-suspended as
single cells in fresh medium before passing through the microchannels (final concentration
2,000-2,500 cells/uL).

A549s
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A549 lung carcinoma cells (ATCC, Manassus, VA) were cultured in DMEM
supplemented with 10% FBS and 1 X penicillin/streptomycin and routinely passaged, as per the
manufacturer’s protocol. A549s were dissociated by treatment with 0.25% trypsin/EDTA for 3
min at 37°C, neutralized with media, sedimented, and re-suspended at 500 cells/uL. before
passing through microchannels.

mESCs

Murine embryonic stem cells (J1 mESCs: JIs, ATCC # SCRC-1010) previously
maintained on a murine embryonic fibroblast layer were cultured for 3-4 passages on 0.1%
gelatin (in PBS) in DMEM (high glucose) (Invitrogen, Carlsbad, CA), supplemented with 2 mM
GlutaMAX-I Supplement (Invitrogen), 1 mM MEM Sodium Pyruvate Solution (Invitrogen), 0.1
mM MEM Non-Essential Amino Acids Solution (Invitrogen), 1 X penicillin/streptomycin Dual
Antibiotic Solution (Fisher, Pittsburgh, PA), 55 uM 2-Mercaptoethanol (Invitrogen), 15% FBS
(KO SR, Invitrogen) and 1000 U/mL ESGRO LIF (Millipore, Billerica, MA). mESCs were
dissociated into single cells by incubation with 0.25% trypsin/EDTA for 3 minutes at 37°C,
sedimented, and re-suspended at 2,500 cells/uL before passing through prepared microchannels.

Device operation

Antibody-functionalized microchannels were brought to RT, rinsed once with PBS, and
then equilibrated in the appropriate media for 30 minutes. Homogeneous or heterogeneous cell
populations were diluted to 2,500 cells/uL in their respective media at an equal ratio to the cell
distribution (e.g. a 4:1 mixture of hESCs: A549s contained 2,000 cells/uL hESCs and 500
cells/uLL A549s in 80% mTeSR1/20% DMEM media). 35 pL of the cell suspension (~87,500
cells) flowed through the channels at 2 pL/min via a syringe pump and collected for further
analysis (Figure 2.1b). The channels were then washed with 15 pL of media at 5 uL/min and
then 30 uL of media at 10 pL/min to remove unbound cells. A visual inspection of the entire
microchannel ensured that all unbound cells were removed.

Immunostaining

Control cells (i.e. cells that did not run through the channels), channel flow-through cells,
and channel-bound hESCs were immunostained for SSEA-4 and OCT4, two markers of
undifferentiated stem cells. Briefly, cells were washed once with PBS, fixed for 15 minutes at
RT in 4% paraformaldehyde, washed three times with staining buffer (SB: 1% bovine growth
serum, 1 mg/mL sodium azide in 1X PBS), permeabilized (for internal staining only) with 0.25%
Triton X-100 in SB, washed three times in SB, and labeled with primary antibodies for 2-4 hours
at RT or overnight at 4°C at manufacturer-recommended dilutions. Cells were then washed 3
times with SB, incubated for one hour in the dark at RT with fluorophore-conjugated secondary
antibodies (Molecular Probes) and Hoechst at 2 uM, washed three times with SB, and either
imaged (for the in-channel staining) or mounted with Fluoromount (Sigma-Aldrich, St. Louis,
MO) for imaging. Images were taken using a fluorescent microscope.

MACS

J1 mESCs were sorted using MACS anti-IgM or anti-SSEA-1 Microbeads (Miltenyi,
Auburn, CA). Following the manufacturer’s protocol for MACS preparation, single-cell J1s were
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centrifuged at 300 g for 10 minutes and re-suspended in 80 uL of MACS buffer per 10 cells (or
the total amount of cells if less than 107). 20 uL of anti-IgM or anti-SSEA-1 Microbeads were
then added and incubated with the cells for 15 minutes at 4°C. The cells were then washed twice
with 2 mL of MACS Buffer and re-suspended in 500 uL of MACS Buffer. After magnetic-
column preparation, cells were added. Flow-through cells were collected by gravity; bound cells
were collected by manually applying pressure via a 5 mL syringe plunger. A Live/Dead®
viability assay was immediately performed with the collected cells (see Viability assay).

FACS

FACS for the SSEA-1 antigen on J1 mESCs was completed using established protocols
for indirect immunofluorescence'®. J1 mESCs were washed and incubated with 0.25%
trypsin/EDTA for 3 min at 37°C, washed with PBS, and re-suspended in a PBS solution with
10% FBS at a concentration of 10° cells/mL. 100 pL of the suspension was incubated with either
anti-SSEA-1 or the corresponding IgG control antibody for 30 minutes at RT. The suspension
was then collected and washed 3 times by centrifugation at 400 g for 5 minutes and resuspended
in the PBS solution with 10% FBS. Cells were then incubated with fluorescently-labeled
secondary antibodies for 30 minutes at RT in the dark, and again washed 3 times. On the final
wash, cells were resuspended in PBS and collected for FACS. Although higher cell viability is
often achieved by keeping cells on ice during a staining procedure, we did not observe any
negative effects by staining at RT. In fact, attempts to stain cells on ice led to poor fluorescent
signal, which was increased only upon staining at RT. Our results are consistent with published
literature on the poor ESC cell survival after FACS sorting®"”.

J1 mESCs were sorted in a MoFlo Legacy (2002) high-performance cell sorter (Beckman
Coulter, Miami, FL) equipped with a Coherent Inc. Innova 90 argon ion-gas laser (Santa Clara,
CA) tuned for 488 nm light emission and running at 200 mW. PE fluorescence was directed to a
PMT detector using a 605 nm dichroic short pass filter and a 555 nm dichroic long-pass to a 580
nm band-pass optical filter with a bandwidth of 30 nm (Omega Optical, Brattleboro, VT). The
MoFlo cell sorter ran at a pressure of 50 psi with a 70 uM flow-cell tip. Samples were
maintained at 4°C while being sorted.

Viability assay

Unsorted and sorted (via MACS, FACS, or microchannel) mESCs were analyzed by
Live/Dead® Assay (Invitrogen, Carlsbad, CA), per the manufacturer’s protocol and as previously
described'®* . Collected cells from each assay were sedimented by centrifugation for 5 minutes
at 300 g, washed once with PBS, spun again for 5 minutes at 300 g, and re-suspended in 1 mL of
PBS. A 150 pL aliquot of cells was then allowed to settle briefly on a cover slip. 150 uL of
Live/Dead® reagent (2 uM calcein AM and 4 uM ethidium homodimer 1 in PBS) was added to
the cover slip and incubated in the dark for 45 minutes at RT. The cover slip was then flipped
onto a glass slide and imaged as previously described. Live (green) and dead (red) cells were
counted. Over 2000 cells were counted in each case. For FACS-sorted cells, distinguishing dead
cells (ethidium homodimer 1, red) vs. SSEA-1-labeled cells (PE) was readily achieved based on
the greater intensity of the fluorescent signal for dead cells, the clear nuclear localization of the
signal and the absence vs. presence of green fluorescence (Figure 2.2).
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Figure 2.2 Fluorescent images of Live (green) / Dead (red) cells after SSEA-1" FACS sorting.
Cells labeled with PE (yellow arrows) show only faint, background fluorescence, along the cell
membrane and are robustly green, i.e. live, whereas dead cells (red arrows) are bright and
nuclear stain is clear, while the green, live signal is undetectable. The dead cell control image
shows that ethidium homodimer 1 stained cells (red) do not have background levels of staining
and are always bright and nuclearly-stained.



2.2 Results
Flow-through and bound cells from anti-SSEA-1 Microbeads show decreased survival

Figure 2.3a shows the effects of MACS sorting on mESC cell viability. Cells from the
anti-IgM Microbead flow-through showed no significant decrease in viability after MACS
sorting. Intriguingly, cells incubated with anti-SSEA-1 Microbeads, whether from the flow-
through or the bound fraction, showed a significant 30% decrease in cell survival as compared to
the control condition in repeated experiments.

SSEA-1-labeled cells also show a decrease in survival via FACS

Figure 2.3b shows the percentage of cell survival after FACS normalized to unsorted
cells maintained in media. Cells incubated with IgM or cells negative for SSEA-1 that had been
incubated with anti-SSEA-1 antibodies and sorted by FACS showed a small decrease in viability
(16% and 12%, respectively). However, SSEA-1" cells labeled with anti-SSEA-1 antibodies and
sorted by FACS had an almost 45% decrease in cell survival as compared to the control cells
maintained in media. This decrease in cell viability might be explained by the possible negative
effects of antibody bindinglfs.

Positively-selected cells show increased survival

While both MACS and FACS showed a decrease in the survival of SSEA-1-selected
cells, positively-selected cells in our serpentine channel (i.e. collected bound cells) showed an
approximate 90% viability as compared to control cells (i.e. cells that did not run through the
channels) (Figure 2.3c), indicating the channels preferentially bind viable cells. Cells that flowed
through IgM-coated microchannels showed a 10% decrease in viability as compared to control
cells, suggesting that running cells through channels may lead to a slight drop in viability. Cells
that ran through anti-SSEA-1-functionalized channels showed a 47% decrease in viability.
However, while it is unavoidable that some cell death occurs in our microfluidic channels (as
shown by our IgM control channel results), a portion of the significant decrease in viability here
may also be attributed to the capture of live cells by the anti-SSEA-1 channel, thereby leading to
a reduced ratio of viable to dead cells in the overall flow-through population. This decrease
would be dependent on the number of viable cells captured in the channel relative to the total
population. Future work focusing on the total number of viable cells captured in the channels
and those collected at the output could quantitatively determine the contribution of captured
viable cells to the overall decrease in viability observed in the SSEA-1 flow-through case. As
well, such future work could also determine whether running cells through an anti-SSEA-1
channel is more detrimental to cell viability than control channels. Nonetheless, the important
result here is that the viability of positively-selected cells in the channel is very high and greater
than that using either FACS or MACS.

Improved capture of hESCs with anti-SSEA-4-functionalized channels

When mixed populations of 4:1 hESCs and A549s were passed through anti-SSEA-4-
functionalized channels, >90% of the cells captured in the channel were SSEA-4", as confirmed
by in-channel staining of either OCT4 or SSEA-4 (Figure 2.4). Their SSEA-4 expression was
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similar to stained control hESCs (data not shown). The percentage of hESCs in the mixed
population before running was compared to the percentage of hESCs in the
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Figure 2.3 Comparison of cell viability using MACS, FACS, and our microfluidics-based
method. J1 mESCs cells were employed in all three methods and assayed for viability using a
Live/Dead® assay. Average values from 3 independent experiments were normalized to results
from cells that were maintained in media. Error bar corresponds to standard error. A) MACS:
Assayed cells were collected under the following conditions: anti-IgM Microbeads (flow-
through) and anti-SSEA-1 Microbeads (both flow-through and bound fractions). B) FACS:
Assayed cells were those incubated with anti-IgM and those positively and negatively sorted for
SSEA-1. C) Microfluidic isolation: Assayed cells were those that traversed anti-IgM- or anti-
SSEA-1-functionalized antibody channels, as well as bound cells recovered from anti-SSEA-1-
functionalized channels.

Figure 2.4 hESCs bound inside an anti-SSEA-4-functionalized channel were stained for SSEA-4
(green) and Hoechst (blue). More than 90% of cells stained positive for SSEA-4.

cell population collected after the microchannel run (either through IgG- or anti-SSEA-4-coated
channels), based on either SSEA-4 or OCT4 expression. This difference was normalized over the
various runs to generate Figures 2.5a-b. Overall, we demonstrate a 60% reduction in the number
of hESCs in our mixed population. Improvements in cell capture could increase this efficiency.
A visual inspection of all the isotype control antibody channels showed that no cells bind at any
time during sorting. Thus, binding in the specific antibody channels is indeed based on specific
interactions between the SSEA-4 antibodies and the hESC cell-surface SSEA-4 antigen.

Capture of hESCs with anti-Tra-1-81-functionalized channels

hESCs were mixed at a 4:1 ratio with A549 cells and passed through serpentine channels
functionalized with anti-Tra-1-81, another marker of undifferentiated hESCs. Cell mixtures were
immunostained for the undifferentiated hESC marker OCT4 and the percent of hESCs in the pre-
channel and post-channel cell populations was determined. As shown in Figure 2.5¢c, only a 32%
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reduction in the percentage of hESCs was obtained using Tra-1-81. This lower capture efficiency

is explained in Discussion.
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Figure 2.5 a) Normalized average SSEA-4 expression for microchannel runs. A 4:1 ratio of
hESCs to A549 were passed through either anti-IgG or anti-SSEA-4-functionalized channels.
Control cells (those that do not run through any channel), and cells recovered after traversing
either through anti-IgG channels or anti-SSEA-4 channels were plated and stained for the
undifferentiated hESC marker, SSEA-4. Average values from 5 independent experiments were
normalized to the fraction of SSEA-4 positive control cells. Error bars represent standard error.
b) Normalized average OCT-4 expression for microchannel runs. A 4:1 ratio of hESCs to A549
were passed through either anti-IgG or anti-SSEA-4-functionalized channels. Control cells, cells
recovered after anti-IgG channels, and cells recovered after anti-SSEA-4 channels were plated
and stained for the undifferentiated hESC antigen OCT4. Average values from 4 independent
experiments were normalized to the fraction of SSEA-4 positive control cells. Error bars
represent standard error. ¢) Normalized average OCT4 expression for microchannel runs. A 4:1
ratio of hESCs to A549 was passed through either anti-IgM or anti-Tra-1-81-functionalized
channels. Control cells, cells recovered after anti-IgM channels, and cells recovered after anti-
Tra-1-81 channels were plated and stained for the undifferentiated hESC marker OCT4. Average
values from 3 independent experiments were normalized to the fraction of OCT4 positive cells in
the control cells. Error bars represent standard error.

Shear rate modeling in microchannels using COMSOL

Shear rates in the device were modeled using COMSOL (Figure 2.6). At our running
flow rate of 2 uL/min, the average shear rate was 14.9 s, increasing up to 37.3 s at 5 uL/min
and 74.6 s at 10 uL/min during washes. At 2 uL/min, the shear rate increases to 27 s for cells
along the edges of the device; in the curves, the shear rate ranges from 21 s to 36 s from the
exterior to the interior. Likewise, at 5 uL/min the peak shear rate is 91 s toward the interior of
the curves and at 10 uL/min the maximum is 183 s™. The shear rates experienced by cells are all
on the lower end of what are typically experienced in microcirculation®*.

20



Shear Rate s
2 pLl/min
200
180
160
140

120

100

200
180
160
140
120

100

10 plimin
200
180

160

: 140

120

100
| 80
; 60
N 40

Figure 2.6 COMSOL-modeled shear rates in the microfluidic device at the running flow rate of
2 uL/min and the two washing flow rates, 5 uL/min and 10 uL/min.
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Discussion

FACS and MACS have long been the standard for numerous cell-sorting applications.
However, their associated constraints — the preference for large numbers of cells, exogenous
labeling, high-shear stresses, high cost (for FACS), and interaction with superparamagnetic
Microbeads (for MACS) — have paved the way for microfluidics to address cell sorting in novel
ways. The microfluidic method we described here can be used to positively select cells from a
mixed population. Moreover, our method requires little sample preparation, as cells can be sorted
under low shear forces, without any labeling, and either analyzed in situ by immunostaining in
the microchannel, or retrieved for subsequent analysis.

Our microfluidic method provides a number of advantages over conventional sorting
methods such as FACS and MACS. Once cells are dissociated into single cells, they are ready to
be injected into the device. Unlike FACS and MACS, sample preparation does not require direct
labeling of cells with antibodies or superparamagnetic Microbeads. The only preparation
involved is dissociating and collecting the cells, a step common to all three sorting methods.
Running two microdevices simultaneously takes only 30 minutes, with only 30 minutes of cell
sample preparation time, as just described; for MACS, cell labeling with Microbeads takes up to
1.5 hours, followed by over an hour of sorting; for FACS, cell preparation time is up to 3 hours
followed by 2 hours of sorting. The percentage of live cells retrieved after being captured in our
device is also greater than that achieved with either MACS or FACS, suggesting a gentler
treatment of cells. This is an especially important feature when there is a need to sort/isolate cells
which are few in number or are negatively affected by lengthy processing times in suspension.
Moreover, our device also allows for further in situ analysis of our selected cells (e.g. in-channel
staining for cell-surface markers). Although MACS and FACS have greater throughput, running
parallel arrays of prepared microfluidic channels could greatly augment throughput of our
method. In addition, in situations where cell numbers are limited and starting populations are
minute (e.g. analysis of ESC populations from pre-implantation embryos), our microfluidic-
based cell separation and analysis could become very valuable.

Selected cell capture with anti-Tra-1-81 vs. anti-SSEA-4-functionalized channels

Both Tra-1-81 and SSEA-4 are expressed in hESCs*’. However, as shown in Figure
2.5, the anti-Tra-1-81 channels show a decreased efficiency in hESC capture. This decrease may
be explained by the combination of several factors: 1) decreased antibody surface density, 2) less
favorable antigen-binding-site display — both of which are correlated with the antibody isotype
used for functionalization; and 3) heterogeneity of hESC surface-marker expression and
localization of receptors on the cell surface.

To understand the effects of antibody surface density on capture efficiency, we estimated
the functionalized-antibody density in the channels, N, a2 to be,

Ny, = 0.7 [Ab] V., Ay
Ab = = P\4,M,,

where [Ab] is the antibody concentration used to functionalize the channels, I} is the total
channel volume, A, is Avogadro’s number, A4, is the total glass surface area that is
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functionalized, and M, is the molecular weight of the antibody. As previously described by
Cozens-Roberts et al. and Clausen, we also assume that only 70% of antibodies bind to the
surface”™*’. For the channels functionalized with IgG-isotype antibodies and IgM-isotype
antibodies, we therefore obtain N, ~ 4.5 X 10* antibodies/pm2 and N, ~ 1.87 x 10*
antibodies/um?, respectively. Considering that IgG antibodies and IgM antibodies have a
hydrodynamic radius of 5.29 nm and 12.65 nm, respectively™’, then the maximum theoretical
antibody coverage we could obtain in a single antibody layer would be 1.14 x 10* antibodies/pm2
and 1.99 x 10° antibodies/um?, respectively. We are therefore functionalizing our devices at
saturating concentrations. In addition, based on these calculations, we estimate that IgM-isotype-
functionalized channels have ~6-fold fewer antibodies than their IgG-isotype-functionalized
counterparts. Although IgM-isotype antibodies have 5-times more antigen-binding sites than
their IgG counterparts, not all sites will bind cells thereby reducing the capture efficiency in the
anti-Tra-1-81 channels (IgM-isotype).

In regard to the effects of antigen-binding-site display, the functionalization differences
between IgG- and IgM-isotype antibodies may also contribute to reduced capture efficiency. In
the functionalization strategy, IgG-isotype antibodies (such as SSEA-4) were conjugated to the
surface via Protein G, which has two Fc-binding domains. The SSEA-4 antigen-binding sites,
which are far from the Fc region, are then free to bind SSEA-4 receptors on the hESCs. For the
IgM-isotype antibodies (such as Tra-1-81), Protein L has four immunoglobulin-binding domains
per protein. However, Protein L interacts with the kappa light chain on antibodies, which is
closer to the antigen-binding site than the Fc region. The IgM antibodies, pentamers of IgGs,
which have a significantly larger hydrodynamic radius (12.65 nm as compared to 5.29 nm for
IgG)* may then present a less favorable display of the binding sites for Tra-1-81 on hESCs, and
consequently contribute to our lower capture efficiency.

Although undifferentiated hESC markers are well-characterized, it is also clear that there
exists significant heterogeneity between hESC lines and even within pluripotent hESC
populations from the same line”’' ™. Pluripotent hESCs have the potential to become any type
of cell in our body, but all pluripotent cells may not have the same expression level of the
various stem cell markers®'. For example, Qiu et al. demonstrated that expression of Tra-1-81
receptors varies significantly even among stem cells from the same line*’. Future experiments to
determine expression level of receptors on the surface could help determine whether this as a
potential source of the difference in capture efficiency.

Antibody-functionalized microfluidic devices

Several recent papers have addressed the topic of using antibody-functionalized
microdevices for isolating specific sub-populations from a heterogeneous population®*.
Isolating specific immune cells or rare cells such as circulating tumors cells are among the most
common applications®*’. Three main challenges arise when designing antibody-based capture
microdevices: directing cells to the antibody-coated surface, increasing the effective area of

interaction, and designing with shear-stress considerations.

In microchannels with no mixing, cells will, over time, move more and more along
streamlines. If these streamlines do not promote cell interaction with the antibody-functionalized
surface, then the amount of time cells are able to spend interacting — and potentially binding — to
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functionalized antibodies decreases, thus decreasing the overall capture efficiency34’4l. Our
device most likely suffers from this situation as most binding was observed early on in the
device, progressively decreasing as cells moved farther along into the channel. In addition, as
cells move through the device and fail to interact with the antibody-coated surface, we observed
cells beginning to clump, further decreasing the possibility of capture. In order to increase cell-
antibody interactions, one could incorporate a herringbone design to promote mixing®**** or
increase the effective surface area, for example, by incorporating antibody-functionalized

. . .. . . . 6.44.4
microposts in addition to a functionalized solid surface’****.

The capture efficiency of our device could be improved on several fronts. Running
collected cells through a second or multiple rounds of devices should be a straightforward
method to improved capture efficiency. Control of the presentation of antibodies, such as their
orientation, the amount of surface coverage, or selection of antibodies with greater affinity, can
promote cell-antibody interactions and cell rolling’®*’, ultimately leading to increased cell
capture48. While we do partially control antibody orientation via Protein G, including some of the
aforementioned modifications (e.g. flow control to induce mixing/increase cell-antibody
interaction or increasing effective surface area with microposts) should boost the capture
efficiency of our device.

Conclusion

We demonstrate a new design of an antibody-functionalized PDMS microfluidic channel
that is capable of positively selecting cells from a mixed population for in situ
immunofluorescence or subsequent retrieval and analysis of cells with high viability. To our
knowledge, this is the first time antibody-functionalized microdevices have been used to capture
and select a sub-population of hESCs. The use of a microfluidic device with the ability to isolate
cells such as hESCs with short sample preparation time, low shear stress, and no labeling,
provides a platform technology with advantages over FACS and MACS. With improved capture
efficiency, these devices could allow for isolating cell populations that would not be feasible
with FACS or MACS (e.g. low cell numbers, sensitive cell samples) and allow analysis of bound
single cells in situ.
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Introduction

Skeletal muscle stem cells known as satellite cells are responsible for muscle regener-
ation. Upon muscle injury or exercise, quiescent satellite cells become activated, proliferate
as myogenic precursors, differentiate into myoblasts, and ultimately fuse into new, multinu-
cleated myofibers. Unfortunately, this paradigm breaks down with aging and multiple factors
contribute to a build-up of scar tissue instead of new muscle. Among these negative contribu-
tors are some members of the TGF-§ family of signaling molecules. After an introduction to
muscle regeneration and satellite cells, the adult skeletal muscle stem cells, we will discuss
how biomaterials can help improve impaired muscle regeneration and recent advances in
combating TGF-B-induced impairment in muscle repair. We will then discuss the work I have
done in improving skeletal muscle repair by attenuating the effects of TGF-§ signaling via
incorporation of a dominant-negative TGF-f type II receptor.

3.1 Skeletal Muscle is Regenerated and Maintained by Muscle Stem Cells

After exercise or upon injury our muscles regenerate, restoring functionality and main-
taining structural integrityl. Adult skeletal muscle stem cells, known as satellite cells are re-
sponsible for this regeneration. Discovered in frog tibialis anticus muscle fibers in 1961'2,
satellite cells were named based on their physiological location, between the basement mem-
brane and the plasma membrane of the muscle fiber (Figure 1). Their purpose was already
hinted at back then, but it was not until ten years later that their role as myogenic precursors
was definitely established’. Satellite cells with thymidine-labeled nuclei were observed to un-
dergo cell division and contribute to elongation of muscle fibers. A few years later, proof that
satellite cells generate fusion-competent myoblasts was determined through isolated muscle
fiber analysis%. Furthermore, not only did these satellite cells differentiate into myoblasts,
they also replenished the satellite cell pool’™® identifying them as adult skeletal muscle stem
cells.

Plasma - Muscle
Membrane Satellite Cell Basal Lamina Fiber Nuclei

Figure 3.1 The Skeletal Muscle Fiber. Skeletal muscle satellite cells reside between the
plasma membrane of myofibers and the basal lamina. Mature muscle nuclei are located to-
wards the periphery of the fiber.
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The skeletal muscle regeneration process is now reasonably-well understood. Upon mus-
cle injury, quiescent satellite cells are activated by Notch/Delta signaling9 and proliferate.
Subsequent signaling through the Wnt pathway induces their differentiation and fusion into
new myofibers' (Figure 2). Importantly, recent studies have shown that in the ‘aged’ skeletal
muscle niche, this signaling cascade is disrupted by increased TGF-$1 signaling and satellite
cell activation is impaired upon injury''. Promising studies designed to combat the effects of
aging on muscle regeneration have been recently conducted'"'?,

L 4

Differentiation

Regenerated Muscle

v

Proliferation

Muscle Injury

kL 4

Activation

Quiescent Proliferating Myoblast fusion Newly-formed or
Satellite Cell myogenic precursors into myotubes repaired myofiber
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[erir |
Induced by Note srades B-catenin
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Induced by Wnt / inhibits Notch/Delta
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Figure 3.2 Regeneration Timeline and Signaling in Normal Skeletal Muscle Repair. Upon
muscle injury, quiescent satellite cells become activated and proliferate in response to Del-
ta/Notch signaling. Downregulation of Delta/Notch signaling via Numb inhibition leads to
increased Wnt signaling and differentiation of myogenic precursors. Fusion of myoblasts into
myotubes is followed by maturation into myofibers with centrally located nuclei

3.1.1 Delta/Notch Signaling Leads to Activation and Proliferation of Satellite Cells

As many stem cell regenerative pathways — including muscle regeneration — are
known to recapitulate embryonic organogenesis'” and Notch signaling was known to affect
cell proliferation and differentiation during embryogenesis as well as tissue repairm'”, Notch
was a logical target of study in skeletal muscle regenerationg. While Notch signaling can be
involved in differentiation'*?" or cell proliferation, Notch signaling in murine C2C12 my-
oblasts was shown to lengthen the time myoblasts remained undifferentiated, observed
through lack of expression of differentiation markers MyoD and myogenin'**'. After initial
studies to induce satellite cell activation ex vivo™ further work demonstrated that during sat-
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ellite cell proliferation and activation Notch is active, and that the Notch antagonist Numb
may play an important role in signaling for myogenic precursor differentiation’. Activated
Notch levels were elevated during the first few days after injury, when satellite cells are high-
ly proliferative, whereas Numb levels initially decreased. As Numb levels increased again,
loss of the satellite cell marker CD34 and higher expression of the myoblast markers desmin
and M-cadherin were observed. This work thus showed that Notch signaling is important in
the early days of skeletal muscle regeneration by contributing to the rapidly increasing popu-
lation of myogenic progenitors.

3.1.2 Wnt Signaling Cues Myogenic Progenitor Cells to Differentiate

The Notch pathway interacts with many other signaling pathways (e.g., Transforming
Growth Factor (TGF)/Bone Morphogenetic Protein (BMP), Wnt) that are implicated in tissue
regeneration”’ 226 For skeletal muscle regeneration specifically, the balance between the
Notch and Wnt signaling networks defines the transition from proliferation of myogenic pre-
cursors to the differentiation into fusion-competent myoblasts and de novo multinucleated
muscle fiber formation'”.

In the same way it was known that Notch signaling was implicated in myogenesis and
postnatal repair mechanisms, previous studies had shown that Wnt signaling also played a
major part in muscle formation and myogenesism’ 2730 Mononucleated muscle cells from re-
generating muscle fibers isolated from TOPGAL mice, which express beta-galactosidase
based on LEF/TCF or beta-catenin activity31, demonstrated Wnt signaling activity through
beta-galactosidase expression at days 2 and 5 of regenerationlo. More convincingly, a study
of the downstream Wnt regulator GSK3[ and its phosphorylation profile at tyrosine 216 re-
vealed a dynamic regulation that works in concert with Notch signaling. A dephosphorylated
tyrosine 216 allows GSK3p to phosphorylate -catenin, a hallmark of canonical Wnt signal-
ing***. Tyrosine 216 phosphorylation was high early on in muscle regeneration (when Notch
signaling was high9), but decreased at later times, indicative of activation by Wnt. gqRT-PCR
studies on 4-day-cultured myofiber explants showed increased transcription of the Wnt3a lig-
and and the Wnt receptors Frizzled-1 and Frizzled-2, in addition to the downstream target
Axin-2.

In order to study the role of Wnt signaling in muscle regeneration, mononucleated
cells isolated from single muscle fibers were treated with recombinant Wnt3a or a GSK3p in-
hibitor. Upon treatment of myogenic progenitors, increased [-catenin activation and nuclear
localization was observed, in addition to a close to 70% increase in the number of myogenic
precursors expressing desmin after 2 days in culture over untreated cells'.

In vivo work using recombinant Wnt3a treatment on regenerating muscle led to prem-
ature differentiation of myogenic precursors into de novo myofibers. This was accompanied
by an increase in the size of the regenerated myotubes in addition to an increased number of
nascent myotubes early on in regeneration (days 2-3). However by days 4-5, the number of
nascent myotubes in untreated samples was still increasing, whereas Wnt3a-treated samples
showed no new myotube formation and remaining injured areas of muscle, due to a depletion
in myogenic progenitorslo.

Conversely, inhibition of Wnt signaling during the differentiation phase, both in vitro
and in vivo, resulted in decreased number and size of de novo myotubes, confirming the im-
portance of Wnt signaling in cell fate commitment of myogenic progenitors.

A deeper analysis of the crosstalk between the Notch and Wnt pathways showed that
inhibition of Notch led to an earlier progression towards terminal myogenic differentiation,
evidenced by an early increase in Wnt signaling. Inhibition of Notch during the differentia-
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tion phase had little effect. However, if Notch was exogenously activated during the differen-
tiation phase, a decrease in nuclear f—catenin was observed, indicating inhibition of Wnt sig-
naling. The intimacy of the Notch/Wnt crosstalk was then confirmed to occur via GSK3,
which is maintained in an active form by Notch but is inhibited by Wnt.

Skeletal muscle regeneration therefore depends on an intricately-regulated crosstalk
between the Notch and Wnt signaling pathways. Myogenic precursors rapidly proliferate in
response to a perceived injury under the effects of Notch signaling, and then undergo differ-
entiation and fusion into de novo myofibers due to both an activation of Wnt signaling and an
inhibition of Notch signaling (itself mediated through Wnt activation).

3.2 The Aged Skeletal Muscle Niche Impairs Normal Regeneration: TGF-B1 Signaling Pro-
motes Satellite Cell Quiescence and Leads to Scar Tissue Formation

There is some evidence that the number of skeletal muscle satellite cells in different
muscles and species decreases with aging%’”. However, the regenerative potential of ‘aged’
satellite cells in vitro is robustly maintained"'"'**°, Nevertheless, in an aged niche, satellite
cells fail to efficiently regenerate upon muscle injury and in some areas scar tissue is formed
in the place of new myoﬁbers”’“. Transforming Growth Factor Beta 1 (TGF-$1), a cytokine
involved in many cell functions such as growth, proliferation, differentiation, and apoptosis,
disrupts the dynamic Notch/Wnt crosstalk essential to myogenic proliferation and differentia-
tion and has been implicated in this decline in muscle regeneration in aging,’“"u’44 (Figure 3a).

Muscle Injury > Scar Tissue Formation

TGF-B1
B signaling 2%

e e T A
s b
VG R
| T
Quiescent Inhibited Inhibited Muscle
Satellite Cell Activation Regeneration

Figure 3.3a Increased TGF-B1 Signaling Inhibits Proper Muscle Regeneration in the Aged
Niche. Upon injury to muscle in the ‘aged’ niche, increased active TGF-B1 levels inhibit ac-
tivation of quiescent satellite cells. Proliferation and differentiation steps of normal muscle
regeneration are inhibited and few new myotubes are formed, leading to scar tissue formation
in lieu of new muscle formation

The regenerative potential of skeletal muscle satellite cells is very robust. Early on,
Studitsky showed that functional, new muscle could be formed from minced, explanted mus-
cle®. Cycles of degeneration and regeneration of muscle using toxins further showed that sat-
ellite cells are able to heartily contribute to the formation of new muscle even after 50 sets of
induced injury-regeneration cycles*®*’,

29



Although it is debated whether the satellite cell population may decline with ag-
ing41’48'5 2. the lack of muscle regeneration with aging is likely not due to exhaustion of the
satellite cell populationl. The balance of Notch/Wnt signaling is central to muscle regenera-
tion and shifting the balance via Notch/Wnt inhibition or activation has been shown to have
significant impacts on the efficacy of regeneration9’10’30’49. Slight variations in the skeletal
muscle niche that affect these pathways and their crosstalk can have a major effect on regen-
eration.

We saw earlier that Notch activation after injury was essential for proliferation of my-
ogenic plreculrsors49 and that inhibition of Notch led to fewer nascent myotubes and overall
poorer regeneration. In the aged environment it was shown that satellite cell proliferation was
reduced, but that exogenous Notch activation reestablished the satellite cells’ proliferative
capacity (similar to a young environment). In recent work, Notch activation was shown to be
important for the regenerative capacity of human satellite cells and to decline in old human
muscle™. Notably, activation of Notch by its ligand Delta is likely to be positively regulated
through MAPK and interestingly, both MAPK and active Notch become diminished with age
in the human muscle compartment5 3 In addition to assessing that in this case satellite cell
numbers remained constant during a lifetime, the report demonstrated that the Notch ligand
Delta failed to become upregulated in aged satellite cells, thus leading to the observed de-
crease in proliferation. But was this due to an intrinsic aging of satellite cells? Or was it
caused by other extrinsic effects?

Earlier publications had shown that transplantation of young muscle into an aged
niche impaired regeneration, but that transplantation of aged muscle into a young niche re-
sulted in regeneration54’55. It was therefore clear that the muscle stem cells present in the aged
niche were still capable of regeneration, but that the niche itself was somehow preventing
their activation. This led researchers to question what elements of the aged niche were con-
tributing to impairment of muscle regeneration.

Using a method called heterochronic parabiosis™®, where the circulatory systems of
young and aged rats are surgically linked, it was further confirmed that the aged niche caused
the decline in satellite cell regeneration and that exposure of ‘old’ satellite cells to a young
circulatory system can restore their regenerative capacity5 * Delta signaling of Notch in old
satellite cells was upregulated, leading to upregulation of Notch signaling, and enhanced pro-
liferation in vitro. The cause of muscle regeneration impairment was thus narrowed down to
either activating factors in the young circulation, inhibiting factors in the aged circulation, or
both. Furthermore, this work supported the idea that ‘aged’ satellite cells may be able to
maintain muscle homeostasis if the niche can be properly regulated57.

In order to determine whether positive or negative regulation of muscle stem cell
growth was occurring, further work demonstrated that the inhibition of young satellite cell ac-
tivation or the activation of ‘aged’ satellite cells could be achieved in vitro with old and
young serum alone, respectively40. More importantly, the study showed that culture of young
satellite cells in old sera led to inhibition of regeneration, pointing towards the existence of a
negative regulator of muscle regeneration in aged sera. A year later transcription growth fac-
tor beta 1 (TGF-B1) was identified as an inhibitory culprit“. Specifically, TGF-B1 levels were
shown to be higher in the aged niche, leading to increased signaling via pSmad3, and antago-
nizing of Notch signaling. Increased pSmad3 signaling upregulated expression of the cyclin-
dependent kinase inhibitors p15, p16, p21, and p27, thus preventing satellite cell activation
and proliferation (Figure 3b). Inhibition of TGF-B1 activity via antibody directed to its recep-
tor allowed satellite cells in an ‘aged’ niche to regenerate muscle similarly to ‘young’ satellite
cells. A subsequent paper dug deeper into the TGF-$1 signaling pathway and established its
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evolutionary conserved role (between mouse and human) in the inhibition of muscle repair
12

CDK INHIBITOR PROMOTERS

_J—)| p15, p16, p21, p27

CDK INHIBITOR PROMOTERS

Figure 3.3b Notch and TGF-B1 Signaling Cross-talk in the Aged Niche. In young muscle, in-
teraction of Delta with Notch receptor leads to release of Notch Intracellular Domain (NICD)
which enters the nucleus and promotes satellite cell proliferation. TGF-B1 signaling through
Type II and Type I TGF-B receptor heterotetramer leads to phosphorylation of Smad2/3
(pSmad3) and subsequent complex formation with Smad4. This complex enters the nucleus
to affect transcription of various genes. In the aged muscle niche, increased active levels of
TGF-B1 (and decreased levels of active Notch) lead to increased pSmad3 signaling and ex-
pression of cyclin-dependent-kinase inhibitors p15, p16, p21, and p27 which maintain satel-
lite cell quiescence (B). In the young niche TGF-$1 levels are low and Delta levels are high,
so satellite cell activation is not maintained. However, forced activation of Notch in the aged
niche (high active TGF-B1 levels) restores skeletal muscle regeneration after injury through
antagonism of TGF-B1/pSmad3 signaling (A)

In sera, TGF-1 is present in both active and inactive forms'***** while in plasma on-
ly the inactive form is present. Total and active TGF-B1 on the other hand is secreted by
platelets and CD4" T lymphocytessg. According to a recent study12 in vitro inhibition of mus-
cle regeneration is likely caused by TGF-B1 released from platelet activation during sera col-
lection. However, neither systemically-administered TGF-f neutralizing antibodies nor TGF-
B decoys were able to restore muscle regeneration to aged mice. TGF-f levels in addition to
TGF-P receptor expression are increased 3-4 fold in aged satellite cells'', but it is unlikely
that TGF-B1 acts as an endocrine inhibitor of satellite cells. Aged satellite cells expressing a
dominant-negative TGF-3 receptorGO’61 were activated, proliferated, and differentiated in the

presence of old serum. In vivo, systemic TGF-f receptor I kinase inhibitor®® was able to
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promote muscle regeneration in the aged niche, whereas TGF-f neutralizing antibody or the
extracellular component of TGF-3 Receptor II proved ineffective'?.

In summary, skeletal muscle regeneration is an intricately regulated process that de-
pends on the crosstalk between several essential signaling pathways (Notch/Wnt/TGF-$1). In
the ‘young’ niche, muscle stem (satellite) cells, respond rapidly to injury and proliferate in re-
sponse to Notch signaling, before differentiating and fusing into new myotubes under Wnt
signaling. In the ‘aged’ niche, TGF-B1 signaling antagonizes Notch signaling and inhibits
satellite cell activation, leading to scar tissue creation in lieu of de novo myofiber formation.
Restoring youthful regeneration capacity to ‘aged’ satellite cells is an attractive prospect for
myogenic therapies. While many advances have been made in in vitro skeletal muscle regen-
eration strategies, very few have yet to take into account the effects of aging on the satellite
cell niche in vivo. The next two sections will thus analyze what has been accomplished so far
in this regard, analyzing either purely biological or biomaterial methods to promote efficient
regeneration of skeletal muscle satellite cells under adverse extrinsic conditions.

3.3 Toolbox to Combat TGF-B1-induced Aging of Satellite Cell Niche

Now that some of the signaling pathways behind muscle regeneration have been elu-
cidated, including the inhibitory regulation, it is possible to deconstruct and modify these
regulatory pathways in order to enhance muscle tissue engineering constructs and combat the
effects of aging and pathology on the satellite cell niche. As described previously, forced ac-
tivation of Notch*® or inhibition of TGF-B1 signaling — either through blocking the interaction
of TGF-B1 with its receptor, inhibiting the receptor itself, or through siRNA against
Smad3'"'%%* _ can lead to ‘young’ regeneration of satellite cells in an aged niche. However,
TGF-B-neutralizing antibody or siRNA against Smad3 might require multiple daily injec-
tions, raising concerns with efficiency and safety if these techniques were ever to be consid-
ered in clinical applications.

Alternative methods to regulate TGF-B1 levels in the aged niche are currently being
pursued in the hopes of improving efficiency (fewer injections) and tuning the TGF-B1 levels
precisely. Not only will changes in TGF-B1 levels affect other signaling pathways, but over-
ly- long-term downregulation or complete elimination of TGF-f1 has been recently shown to
negatively affect regenerationlz. In fact, there is a defined window of active TGF-B1 levels
that are necessary for proper regeneration before hitting a threshold above which active TGF-
B1 levels become inhibitory.

The calibration of TGF-f signaling to young levels has broader implications in tissue
engineering and regenerative medicine and raises an issue that has still been poorly addressed
— although we may eventually be able to engineer tissues or organs in vitro, they will some-
day be engrafted into humans. However, the aged or elderly population, which will most like-
ly have greater need for these tissues and organs, are unfortunately hosts to ‘aged’ tissue and
organ niches. Few in vitro and in vivo tissue engineering constructs take the implications of
an ‘aged’ niche into consideration and this could undermine performance of methods that
have worked well in the non-aged environments. As has been observed in the adult muscle
stem cell niche, the potential of the stem cells to regenerate does not decrease over the life-
time of the organism, but the niche conditions of the aged host prevent the satellite cells from
proper function*>*79>% Therefore it is necessary not only to succeed in creating tissues and
organs, but to also deal with the issues inherent in aged niches that may prevent proper stem
cell regeneration.
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When referring to the aged muscle stem cell niche, it was shown that TGF-B1 sera
levels are increased over those from the young niche'""'?, indicating a possible first location
to target TGF-B1 inhibition. However, systemic TGF-f1 is mostly confined to platelets and
exists mainly in its latent form'**"®, Furthermore, a recent study has shown that endocrine
TGF-p1 likely has no anti-myogenic activity in vivo'%. Systemic targeting of TGF-B1 for in-
hibition may not therefore be a viable application. It is possible that endogenous TGF-B1 se-
cretion by the aged tissue (such as myofibers) is responsible for the impaired regeneration ',

In the adult skeletal muscle niche, activation of TGF-f1 occurs in the extracellular
matrix (ECM) around muscle fibers'"”" and TGF-B1 co-localizes specifically with the lam-
inin component of the ECM’'. This is therefore an area in which TGF-B1 can be targeted for
inhibition. Specifically, it is possible to inhibit the signaling of active TGF-B1 in the muscle
niche through local addition of anti-TGF-B1 neutralizing antibody, TGF-§ receptor I kinase
inhibitor (systemically- or locally-administrated), or through a decoy“’lz.

However, it is likely that greater efficiency in TGF-B1 regulation can be achieved and
long-term therapies would be required to tackle chronic ‘conditions’ such as those imposed
by aging of the muscle stem cell niche. Therefore, future work may consider methods to tar-
get TGF-B1 inhibition either systemically or in the local muscle niche (or both), in order to
improve adult muscle stem cell regeneration in the aged niche. Several purely biological
methods have already shown that downregulating TGF-B1 levels below a certain threshold
(~1-5 ng/lez) has significant effects on regeneration. The use of biomaterials may facilitate
the development of more effective methods to rejuvenate the muscle niche. We will analyze
some of the current biomaterial methods being used to modify the adult skeletal muscle niche
and will suggest a few directions which may benefit muscle regeneration further.

3.4 Biomaterials to the Rescue: Proposed Strategies for Adult Skeletal Muscle Regeneration

Skeletal muscle tissue engineering aims to create functional muscle in vitro followed by
engraftment in vivo for the replacement or repair of missing or pathological tissue in various
dystrophies or myopathies. Biomaterials have rapidly become central to these regeneration
efforts and numerous repair strategies already exist. However, optimization of these bio-
material platforms in order to more fully mimic the in vivo adult skeletal muscle niche is still
necessary. More importantly perhaps, the effects of aged or pathological environments on
skeletal muscle engraftment has yet to be fully characterized. Furthermore, debate still re-
mains over whether or not all satellite cells (considered to be heterogeneous in genetic mark-
ers and functional properties) are in fact stem cells, and what implications this could have on
in vitro regeneration strategies72.

Autologous muscle transplants result in donor site morbidity and often lack proper func-
tionality at the site of engraftment”. We have already suggested that biomaterials may be
uniquely suited to addressing some of the issues with adult skeletal muscle regeneration due
to various myopathies or to the effects of aging. In this section we will outline three different
areas of application of biomaterials to the muscle stem cell niche. First we will discuss the
advancement of biomaterial scaffolds for the in vitro growth of muscle and how these could
be further developed to combat muscle dystrophies or aging. Next we will look at biomaterial
methods to specifically remedy the inhibitory effects of TGF-B1 in the aged niche, starting
with gene and drug delivery methods, followed by some novel molecular targeting strategies.
Finally, we will discuss a novel biomaterial method to better define satellite cell heterogenei-
ty and optimize selection of muscle stem cells to be used in tissue-regenerative therapies.
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3.4.1 Engineering an in Vitro Niche for Robust Skeletal Muscle Regeneration

Effectively mimicking in vivo niches for in vitro tissue engineering is an important re-
search tool to create possible regenerative therapies. Much in vitro work is done in two di-
mensions however and thus does not adequately reflect the in vivo environment of the skele-
tal muscle niche. Subsequently, culture systems that utilize in vitro 3-dimensional niches for
proliferation, differentiation, and fusion of muscle fiber progenitor cells are more likely to
generate more suitable tissues for in vivo muscle repair therapies’*”°.

Indeed, it is clearly not an easy thing to mimic the native satellite cell niche ex vivo.
First of all, the satellite cell is intimately associated with a muscle fiber which allows for bet-
ter regeneration if implanted with intact satellite cells®"”. In vitro satellite cell culture leads to
a loss in proliferative activity of satellite cells as well, in addition to loss of self-renewal, as
they rapidly differentiate into myoblasts; this loss in regenerative capacity is likely due to the
removal of satellite cells from their in vivo niche’®. The satellite cell niche supplies mechani-
cal (adhesion/stiffness), structural, and chemical (small molecules) signals to the satellite
cells’®”. The basement membrane, below which satellite cells reside, is composed of entac-
tin-linked networks of laminin and collagen type IV with a high number of integrin and pro-
teoglycan binding sites’””® and provides a physiological elasticity of around 21 kPa®.
Changes in mechanical or chemical cues due to pathology or aging can significantly affect
the regeneration potential of satellite cells”; for example young, healthy skeletal muscle tis-
sue has been reported to have a stiffness of around 12 kPa®*®! that increases to over 18 kPa in
some disease®"** or aged states®™. Altered signaling through focal adhesion complexes can
then lead to changes in cell fate® . For example, polyacrylamide gels that are softer or stiff-
er than the optimal in vitro C2C12 stiffness or in vivo primary myoblast niche stiffness have
been shown to impair cell proliferati0n77’81.

Biomaterial scaffolds have long been used to create 3-dimensional niches for tissue
regeneration ex vivo®**. For skeletal muscle regeneration, the scaffold should allow muscle
progenitor adherence, growth, and proliferation, followed by fusion of myoblasts into multi-
nucleated muscle fibers. Not only that, muscle fibers that are large, strong, aligned, and
properly oxygenated and nourished will be more likely to be viable after engraftment. Gener-
ating functional, contracting muscle is one of the most important goals of regenerative medi-
cine”.

Choice of the appropriate cell type to use also has to be determined, but is often lim-
ited to myoblasts, since satellite cells cannot be maintained in culture®! However, my-
oblasts themselves may not be adequate for human transplantation as they have shown poor
migration abilities after engraftment into non-human primates73 92 A recent review provides a
comprehensive list of cell lines (muscle-derived or other) used in skeletal muscle tissue engi-
neering%. Once adequately tested, functional in vitro regeneration systems may then be ap-
plied to in vivo models of genetic myopathies (e.g., Duchenne’s Muscular Dystrophy,
(DMD)) where muscle repair is inefficient due to the functional exhaustion of resident satel-
lite cells”*®°. The success of in vivo muscle regeneration systems to date has been low, due to
cell death and immune rejection of the transplanted cell types (most often myoblasts) 9799 and
is a topic of intense research.

The first biomaterial scaffolds for in vitro skeletal muscle regeneration aimed only to
create functional myotubes from seeded myoblasts; over time, numerous substrates, both arti-
ficial (biodegradable or non-biodegradable) and natural (or combinations of both) have been
used to test muscle regeneration99'm: polymers such as poly(glycolic acid) (PGA)'",
poly(lactic acid) (PLA)'”, the PLGA co-polymer of the two' 1, poly(dimethylsiloxane)
(PDMS)'", poly(ethylene glycol) (PEG)''®, self-assembling peptide nanofibers'’, and many
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more' 7102118119, Biological substrates made up of various tissue extracellular matrix proteins
such as collagen, hyaluronic acid'®"'**'2*'** or other biologically-active molecules'>>'*®, and
micropatterned surfaces including various ECM proteins or signaling molecules'””"** have
also garnered significant interest. However, many of these scaffold systems had drawbacks
such as difficulty of fabrication'" or high elastic modulus which did not adequately mimic
the in vivo muscle niche'”’ (Figure 4).

Cell-adhesion
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Protein Coating
for Cell

Soluble Growth
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Figure 3.4 Biomaterial Scaffolds for Skeletal Muscle Tissue Engineering. Engineered bio-
materials aim to recreate the skeletal muscle niche in vitro. Substrate stiffness can be varied
to promote adhesion, spreading, proliferation, or differentiation (e.g. varying polymer scaf-
fold crosslinking). Natural extracellular matrix protein coatings (e.g., collagen, elastin) or
peptides can be displayed to promote cell adhesion and signaling. Soluble growth and differ-
entiation factors can also be incorporated to affect cell fate

Therefore, to more efficiently and accurately tissue engineer skeletal muscle in vitro,
the focus has shifted to more closely mimicking the in vivo niche in biomaterial scaffolds.
Specifically, researchers have moved towards simpler scaffolding systems with controllable
stiffnesses that are able to promote generation of aligned myofibers into densely packed par-
allel bundles and mechanically and electrically stimulate myofiber contraction'”*'*, We will
look at some of the more recent work done to optimize these scaffolds and then focus on
some of the most advanced systems to date and suggest what the future may hold.
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3.4.2 Alignment of in Vitro Skeletal Muscle Fibers

Randomly-oriented fibers generated in vitro would not be useful for in vivo muscle
transplantation therapies as aligned fibers are required for proper force generation73 . There-
fore, the initial work done in in vitro skeletal muscle regeneration which focused only on my-
ofiber formation is now focused on scaffolds to generate parallel arrays of aligned fibers that
could then be easily engrafted.

Previous work has looked at arranged muscle fibers in vitro from rat satellite cells
grown on an aligned collagen gel systemm’135 which could then be transplanted in vivo. Col-
lagen sponges consisting of collagen-I with parallel pores were also successfully used to cul-
ture and fuse C2C12 myoblastslm. A more recent study has proposed the use of a
cell/hydrogel system cast inside polydimethylsiloxane (PDMS) molds decorated with elon-
gated posts that were able to organize the regeneration of both mouse and rat skeletal muscle
tissue in such a fashion'**. Their method, in which the post size and dimensions could be var-
ied, allowed control of muscle fiber size, thickness, alignment, and porosity (which is im-
portant for oxygen transport). Another group using PDMS created laminin-coated microtopo-
graphically-patterned, wavy PDMS substrates'*®. This allows one to first align the growing
myotubes on the substrate, and then organize them spatially in 3-dimensions by transferring
them to a degradable hydrogel. This method circumvents the issue of using rigid scaffolds
alone, which promote myofiber alignment, but inhibit mechanical function of the generated
fiber.

3.4.3 Effects of Synthetic Niche Stiffness on Skeletal Muscle Regeneration

Alignment of tissue-engineered myofibers is essential to generating functional skele-
tal muscle for subsequent engraftment. However as noted previously, rigid scaffolds may be
used to promote alignment, but also inhibit myofiber contractility. The stiffness of the bio-
material scaffold is thus intricately related to the allowable contractility of the nascent myofi-
bers. Substrate stiffness has been known to influence cell survival, adhesion, spreading,
growth, proliferation, and differentiation’""**'¥’. For skeletal muscle, substrate stiffness af-
fects myogenic precursor proliferation, while differentiation is controlled by both stiffness
and adhesion site type and number’’. In one study, an optimal stiffness of 21 kPa was deter-
mined for proliferation which not surprisingly corresponds to the in vivo elasticity of skeletal
muscle’*’. A more recent study measured elasticity of muscle at 12 kPa and showed that
muscle stem cells could be made to self-renew in vitro and help regenerate muscle when in-
jected in vivo'™®. Other studies have shown that increasing substrate stiffness leads to in-
creased proliferation of myoblasts13 7 though the time-course of experiments must be taken in-
to account’’. Additionally important in skeletal muscle regeneration is allowing myotubes to
spontaneously contract. On laminin- and poly-D-lysine-coated substrates, spontaneous con-
traction of myotubes was often observed, but not on collagen type IV-, Matrigel-, or entactin-
collagen-laminin-coated substrates’’. As such, 2- and 3-dimensional peptide-modified algi-
nate scaffolds'®"*" demonstrated that mouse myoblasts in non-degradable, stiff gels prolifer-
ated more, but fused less than cells seeded onto degradable gels'”. This work is important in
determining the characteristics of future scaffolds to be used for in vivo muscle regeneration.

3.4.4 Electrical Stimulation of Tissue-Engineered Skeletal Muscle

While mechanical stimulation of myotubes can allow for contraction, external electri-
cal stimulation has also been looked into as a means of inducing myotube contraction. Skele-
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tal myoblasts cultured on aligned electrospun polyurethane fibers and subjected to external
electric stimuli formed more aligned, contractile myotubes than those cultured on unaligned
fibers without stimulation'* (Figure 5). A quantitative study of the effects of electrical pulse
frequency on myotube formation was recently completed and determined the proper frequen-
cy for synchronous contractility of myotubesm. Another study showed that it is possible to
also locally stimulate myoblasts using a microporous alumina membrane on a PDMS sub-
strate'*2. Finally, a recent study has shown that electrical stimulation can even encourage my-
ofiber alignment'*’. Previous studies had shown that myoblasts could be coaxed to fuse into
aligned myofibers based on the growth substrate itself, such as elastic membranes or micro-
patterned scaffolds'**'*, or if subjected to external mechanical stimuli such as stretchingm.
The latter method recapitulates the in vivo passive stretching of muscle'*” and is a reminder
that closely mimicking in vivo regenerative processes in vitro by manipulating synthetic bio-

material systems can lead to effective myofiber synthesis methods for therapeutic purposes
148

Figure 3.5 Electrospun Nanofibers for Generation of Aligned Myotubes. Parallel bundles of
electrospun polymeric nanofibers can generate groups of aligned myotubes. Conductive pol-
ymers can be used to generate contracting fibers through electrical stimulation.

Some of the most advanced biomaterial niches seek to optimize substrate stiffness,
myofiber alignment, and electrical stimulation all at once. Electrospinning of
poly(caprolactone)/collagen nanofibers was recently used to create a scaffold for generating
human skeletal muscle in vitro with controlled orientation'*’. Unlike randomly-oriented nan-
ofibers, parallel electrospun nanofibers were able to induce aligned myotube formation and
generated longer, more native-like myofibers. A subsequent, more pointed study150 electro-
spun fibers of poly(L-lactide-co-3-caprolactone) blended with conductive polyaniline15 "in
order to generate myotubes through electrical stimulation of C2C12 myoblasts.
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3.4.5 Vascularization of Tissue-Engineered Skeletal Muscle

Tissue-engineered constructs require proper oxygenation and nutrient delivery to sur-
vive and integrate with the host tissue upon engraftment. In order for that to be possible, no
tissue can be located at more than approximately 150 um from supply sources'*. This issue
has been considered as well for tissue-engineered skeletal muscle. The foreign body reaction
that occurs upon transplantation of tissue leads to some viable vascularization'>">*">*. Other
methods involve prevascularizing the tissue engineering construct'®'> before implantation;
the method by Levenberg et al. co-cultures endothelial cells and embryonic fibroblasts with
the myoblasts leading to improved integration with the host vasculature upon transplantation.
However, few vascularization methods have been developed to date and none was applied in
humans.

To conclude this section on synthetic biomaterial niches, we have seen that they are
highly modifiable, adaptable systems and are currently being optimized to more effectively
mimic the in vivo skeletal muscle niche. The initial steps of generating myofibers, aligning
them, and stimulating their contraction electromechanically are fairly well understood and
developed. However, the issue of providing proper vascularization once engrafted has yet to
be fully addressed, especially for human transplantation. A summary of the in vitro bio-
material strategies for skeletal muscle regeneration can be found in Table 1. In addition, is-
sues of biocompatibility and immune response to foreign constructs and the likelihood of in-
flammation upon engrafting still remain. In attempts to circumvent some of these issues,
attention for skeletal muscle tissue engineering has been shifting to in vitro niches that are
more biologically natural in composition, and are the subject of our next section.

Strategy Method Materials References
Aligned collagen gel Collagen 104, 127
Collagen sponge Collagen 94
Hydrogel/mold with PDMS 125
elongated posts
Myofiber Micropatterned surface Laminin on wavy PDMS substrate 120
Alignment Micropatterned hydrogel Micro-contact printing of ECM proteins | 150
Electrospinning of Poly(caprolactone)/collagen or
. - 141, 143
parallel fibers poly(caprolactone)/polyaniline
Electrical Stimulation Micropatterned  poly-(L-lactic  acid) 134
membranes
Selection of appropriate | Laminin 77
stiffness substrate that al- | Poly-D-lysine 717
Substrate lows myofiber contraction
Stiffness and mimics in vivo stiff- 2- and 3-D peptide-modified alginate 96, 129-130
scaffolds
ness
Electrospun polyurethane fibers 131-132
. Microporous alumina membrane on
El.ectrlca.l External electric stimuli PDMS substrate 133
Stimulation -
ECM-coated conductive polypyrrole 923
substrate
Vasculariza- | Prevascularization of tis- | Co-culture system within highly porous, 99. 147
tion sue engineering construct | biodegradable polymer scaffold ’

Table 3.1 Biomaterial Strategies for Skeletal Muscle Regeneration
3.4.6 Natural Skeletal Muscle Niches: Mimicking the in Vivo Environment

While synthetic materials used for 3-dimensional skeletal muscle scaffolds may be
very versatile and tunable, they may not recapitulate the in vivo muscle niche as well as natu-
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ral biomaterials already present in the niche. Specifically the extracellular matrix, composed
of collagen, laminin, fibronectin, among other components156, provides both 3-dimensional
structure and cell-adhesion sites for organizing muscle precursors into functional tissue. Nat-
ural biomaterials, including such ECM proteins, are also being heavily researched for in vitro
muscle regeneration. A recent study used collagen in combination with Matrigel, an ECM ex-
tract from an Engelbreth Holm-Swarm murine sarcoma, to form rat skeletal muscle fibers
from myoblasts in vitro before injecting the gel-like cell/matrix structure in vivo'’. Other
work with 3D collagen matrices used a co-culture system of human myoblasts and fibroblasts
to determine that the non-myogenic cells were essential for differentiation, matrix remodel-
ing, and force generati0n74. This study also confirms that the in vivo niche provides not only
adhesion and organization of cells into 3-D tissues, but also provides soluble factors to the
cells that influence growth, proliferation, and differentiation. Another group studied the pro-
liferation and fusion of myogenic precursors from wild type and MDX mice (a model for
DMD) on hydrogels micro-contact-printed with various ECM proteins for selective adhesion
of satellite cells"®, Using their micropatterning technique to mimic ECM adhesion sites, they
generated nicely aligned muscle fibers from seeded satellite cells. A more recent study went
further by using both a conductive polymer substrate in combination with the coating of ECM
proteins (in this case hyaluronic acid and chondroitin sulfate) for adhesion, proliferation, and
differentiation of both murine C2C12’s and mouse primary myoblastsmo.

In a very interesting study ECM was extracted from rats and used as an in vitro sub-
strate for skeletal muscle growth and differentiation'*’. This novel substrate allowed greater
proliferation and differentiation of myoblasts than uncoated surfaces or collagen-coated sur-
faces. Importantly, this study also showed that collagen is the major component of the in vivo
skeletal muscle niche, and that the extracted ECM must also contain additional components,
as treatment with collagenase did not obviate adhesion and proliferation of myogenic cells.
This study thus provided an important step in deconstructing the in vivo skeletal muscle niche
in order to create enhanced in vitro niches.

The Conboy lab has also done work in this area of natural 3-dimensional matrices for
skeletal muscle regeneration, specifically focusing on reconstructing an in vitro skeletal mus-
cle niche that highly mimics the in vivo niche'”’. In a first series of experiments, myogenic
cell fate was intricately controlled using a combination of known myogenic growth and dif-
ferentiation factors embedded in Matrigelg’n’mo'm. A related delivery mechanism has just
been developed that is wused to pattern nanoliter amounts of reagents (e.g.,
growth/differentiation factors) that will stay in a defined space, even in the presence of a se-
cond aqueous phase (e.g., cell culture medium)'®. In the system developed by de Juan-Pardo
et al., delivery of the factors was manipulated spatially so as to locally promote growth or dif-
ferentiation of myoblasts even in the presence of differentiation or growth medium, respec-
tively. By having the power to control cell fate regardless of the external medium, this artifi-
cial niche could be a great tool in promoting muscle regeneration in various myopathic
conditions caused by changes in the in vivo niche. This was enabled by the unique method of
incorporating growth and differentiation factors into the ECM gel, and allowing both prolif-
eration and differentiation to occur simultaneously in the same dish. As expected, cells in
growth medium alone proliferated, while cells in differentiation medium alone fused into
myotubes. However cells in growth medium exposed to embedded differentiation factors
preferentially differentiated, while cells in differentiation medium exposed to growth factors
preferentially proliferated. In addition, cells cultured in neutral medium (which promotes nei-
ther proliferation nor differentiation) could be spatially directed to proliferate or differentiate
if locally exposed to growth or differentiation factors respectively.
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In the future, a completely reverse-engineering in vivo skeletal muscle niche, recon-
structed from defined components and factors may provide an optimal solution as an in vitro
skeletal muscle regeneration platform.

Section 3.4.1 looked at the current state of biomaterial niches for generating function-
al muscle in vitro for in vivo transplantation. The use of biomaterials has rapidly advanced the
work by moving to recapitulate the in vivo skeletal muscle niche ex vivo (e.g., conductive
polymers for electrical stimulation or the use of extracellular matrix components for adhe-
sion). In addition, biomaterials have provided the tools to generate large, aligned, and strong
muscle fibers which are more suitable for transplantation. And although synthetic biomateri-
als are highly modular and modifiable, the move now seems to be towards simpler niches,
which more greatly mimic the in vivo niche through use of extracellular matrix components
and signaling factors. Natural niches (e.g., collagen, Matrigel) provide more numerous and
higher affinity binding sites for skeletal muscle and better mimic the in vivo niche.

What comes next? While there are therefore countless possible scaffolds and methods
for preparation of muscle progenitors or myotubes ex vivo, which could then be used for
muscle regeneration or replacement for various myopathies or dystrophies, no one has yet to
address the task of muscle regeneration where the in vivo niche inhibits or prevents regenera-
tion. Specifically, skeletal muscle regeneration in an aged niche is inhibited by increased
TGF-B1 signaling and may therefore impede proper functioning of any of these systems upon
implantation. Future work in this area may look at the incorporation of TGF-B1 inhibitors in-
to such scaffolds or of the Notch ligand Delta to promote proliferation of implanted cells.
However, as we have seen previously, satellite cells in an aged niche are still very capable of
regeneration, and “rejuvenating” the niche itself may be the only necessity to restoring youth-
ful muscle regeneration. The next section will analyze the use of biomaterial methods to ad-
dress this issue of regeneration of skeletal muscle in aging.

3.5 Biomaterial Strategies to Combat Aging of the Muscle Stem Cell Niche
3.5.1 Gene and Drug Delivery Methods to Promote Skeletal Muscle Regeneration

Biomaterials have long been used in drug and gene delivery methods in order to pro-
tect cargo, target specific cells or tissues, and provide controlled, sustained release for treat-
ment'®. Gene delivery methods to skeletal muscle could provide possible treatment for de-
generative myopathies such as Duchenne’s Muscular Dystrophy, in which the protein
dystrophin, which is essential in maintaining interactions between the extracellular matrix
and the muscle fiber cytoskeleton, is not expressedlﬁS. Typical gene delivery methods include
naked plasmid DNA, plasmid DNA delivered in polymeric particles166, or through viruses'?’.
However, naked DNA transfection is very inefficient and viral transfection, although very ef-
ficient, raises several concerns about oncogenicity, immune response, and safetym. Polymer-
ic vehicles which release DNA based on diffusion and polymer degradati0n166, allow long-
term controlled and sustained release of DNA'®®. Therefore, in past years research focused on
optimizing polymeric delivery vehicles in order to enhance gene delivery without the viral
side effects. Various polymeric vehicles have been de:ve:loped169'172 and ‘smart’ polymers that
are pH or temperature-sensitive have become popularm’m. Temperature-sensitive polymers,
which are liquid at room temperature, but gel in the body at 37° C provide ease of use and in-
jectability, in addition to the controlled, sustained release of a drug or gene payload179. Re-
cent work has been done to enhance these methods of delivery to skeletal muscle cells'™ and
is thus promising for possible therapies. Specifically, in vitro and in vivo delivery of plasmid
DNA was mediated via multi-block copolymers (MBCPs) of pluronic® and di-(ethylene gly-
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col) divinyl ether'™". Importantly, the MBCPs were much more effective at in vivo (although
not in vitro) transfection than both naked DNA or polymeric/DNA complexes that incorpo-
rated poly(ethylenimine), a standard cationic polymer used in drug delivery applications that
had been previously shown ineffective as a gene delivery vehicle in muscle'**'®,

As explained above, gene delivery systems could be useful in delivering plasmid
DNA to skeletal muscle cells. This could obviously apply in cases of genetic disorders, many
of which lead to muscular dystrophies such as DMD, Facioscapulohumeral Dystrophy, Limb-
Girdle Muscular Dystrophy, etc. where replacing deleted or mutated genes with healthy ones
could be used to restore proper muscle physiology. In terms of promoting muscle regenera-
tion in the aged niche, gene delivery of the Notch ligand Delta or the TGF-B1 receptor kinase
inhibitor could be considered as possible therapeutics for restoring ‘youthful’ skeletal muscle
regeneration, either through activation of the Notch pathway or through inhibition of TGF-$1
signaling, respectively. The next section will discuss novel biomaterial applications to the
regulation of TGF-B1 signaling in the aged niche.

3.5.2 Novel Targeting Strategies for TGF-$1 Inhibition

A biomaterial platform for regulating TGF-B1 levels to ‘young’ levels in the aged niche

As described previously“, attenuation of TGF-B1 signaling in the aged muscle niche
promotes restoration of skeletal muscle regeneration. However, inhibition of TGF-f1 signal-
ing required twice-a-day injection of TGF-B1 receptor I kinase inhibitor or Notch, or lentivi-
ral transfection of shRNA against pSmad3, a downstream effector of TGF-B1 signaling.
Complete silencing of signaling using viral transfection would be harmful as TGF-B1 is in-
volved in many other signaling pathways42, and non-viral transfection methods, which are
less efficient than viral methods, would need to be optimized. In addition, were these strate-
gies to be considered for clinical use, fewer injections, and a more efficient delivery system
would be desired.

As such, novel biomaterial constructs may pave the way for some solutions. Future
work will generate a wide array of biodegradable, biocompatible, nanoparticulate platform
technologies that allow the display of a wide array of peptides or proteins at the particle sur-
face through site-selective conjugation. These particles can be engineered to both encapsulate
drugs or proteins of interest, and target specifically based on what molecule is used to deco-
rate them. Unlike most drug delivery particles however, the site-specific conjugation tech-
nique provides controlled and consistent orientation of the displayed molecule of choice. This
allows the display of the desired portion of surface molecule (i.e. actively targeting portion),
and a significant increase in efficiency, as none of the displayed molecules will be randomly
oriented. Such particles could be used in a variety of ways to combat the effects of aging in
the muscle niche. Specifically, activation of Notch signaling through long-term sustained de-
livery of Delta® encapsulated in nanoparticles may promote youthful muscle regeneration
and effectively reduce the amount of injections. Tailoring protein release rate, particle degra-
dation rate, and amount of protein loaded will all be important in determining the efficacy of
such a treatment. In addition, determining which possible targeting molecules to use or gen-
erating targeting peptides will have to be done. However, a systemic delivery of Delta may
not be the most efficient. Nanoparticles will not exit blood vessels into tissues and may be
rapidly cleared from circulation'®*, (although the delivery time would greatly exceed that of
Delta alone). Delta is also involved in many other signaling pathways so a non-localized de-
livery of Delta could generate unwanted effects. Nevertheless, a localized, controlled, and
sustained release of Delta would be beneficial in enhancing muscle repair, but intramuscular
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injections would be difficult and injections would need to be timed to moments of injury (or
before going to exercise). A more precise targeting strategy would therefore need to be estab-
lished in order to consider this a viable therapy.

Similarly to these targeted Delta delivery strategies, delivery of TGF-B1 receptor ki-
nase inhibitor, which was also effectively used to regulate TGF-B1 signaling in the aged mus-
cle niche could be used'"'. In this case, however, as aged mice treated with systemically-
injected TGF-B1 receptor kinase inhibitor showed a marked improvement in muscle regen-
eration, a circulating particle loaded with TGF-B1 receptor kinase inhibitor may be suitable'”.

As a parallel strategy, the same nanoparticulate platforms could be used to directly in-
hibit the action of TGF-B1. Specifically, the nanoparticles could be decorated with TGF-p1-
binding molecules such as antibodies, antibody fragments, etc. Unlike in the Delta or TGF-$1
receptor kinase inhibitor cases, the decorated nanoparticles will not be delivering a payload,
but will instead serve as TGF-B1 scavengers that will bind and inhibit the action of TGF-$1
in the aged niche. These multivalent TGF-B1 ‘sponges’ could collect hundreds of TGF-$1
molecules each and will greatly improve efficiency of TGF-B1 inhibition (over free antibody
injections). Regulating ‘aged” TGF-B1 levels to the precise ‘young’ levels will require ma-
nipulation of the number of TGF-B1-binding sites on the particles and the number of particles
to be used; too few particles will have little or no effect on the TGF-B1 inhibition of muscle
regeneration; too many particles will also have deleterious effects, as a certain level of TGF-
B1 signaling must be maintained'>**. As in the previous case with delivery of Delta, the im-
mune clearance of nanoparticles will occur. However, in this case, this removal of TGF-B1-
decorated particles by immune cells will be beneficial as it will decrease active TGF-B1 sig-
naling levels, thus lowering the block on muscle regeneration. The remaining issue is that of
TGF-B1 localization. It is known that TGF-B1 can be internal to circulating platelets or se-
creted by various cell typeslz’42, (though some TGF-B1 has been observed systemically in
diseased states'™); upon platelet activation, TGF-B1 is released, crosses into tissue, and be-
comes active in the local extracellular matrix'>**. Therefore the issue of targeting TGF-P1 lo-
cally (in the muscle niche) arises, and consequently the same concerns as in the Delta deliv-
ery situation. In any case, this multivalent nanoparticulate platform can provide greater local
regulation of TGF-B1 levels than a simple free antibody-driven system and may at least be
very useful as a model for in vitro studies, where niche targeting is not an issue.

3.6 Satellite Cells and Muscle Stem Cells: Biomaterials to Help Determine Who is Who

Skeletal muscle satellite cells make up a small portion of the cells on muscle fibers
186, Correctly identifying adult muscle stem cells in order to generate new muscle is therefore
essential for therapeutic purposes. However, whether or not satellite cells are the only myo-
genic precursor cells, and whether all satellite cells are in fact muscle stem cells is still a topic
of debate”®". Several other cell lines, including hematopoeitic cells'®™" mesoangio-
blasts'’, and pericytes192 have shown myogenic potential79. Satellite cells may even differ
between muscle typesl’m. In fact disagreement still remains over which markers define satel-
lite cells and which characterize actual muscle stem cells”’>. Finally there is the disputed
place of reserve cells which arise during myoblast differentiation in vitro and may contribute
to replenishing the satellite cell p00138’48’194’196. These problems are exacerbated by the fact
that there are so few satellite cells per fiber, which makes identifying surface markers with
conventional methods such as flow cytometry or immunostaining less reliable. Novel uses of
biomaterials may provide the answers to some of these questions and after discussing the cur-
rent satellite cell classification, we will suggest one such method.
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Originally, satellite cells were identified solely based on their biological location be-
neath the basal lamina of skeletal muscle fibers®. The most often cited current satellite cell
marker (and muscle stem cell marker) is the paired box transcription factor
Pax7' 738 A048STILIVLINT "However, a recent publication suggests that this Pax7 may not be
a unique identifier and that it is only a subpopulation of the Pax7-positive satellite cell popu-
lation (i.e., satellite cells that are Pax7*/Myf5") that actually contributes to muscle regenera-
tion. The Pax7"/Myf5" population was found to serve as a muscle stem cell reservoir to re-
plenish satellite cells after a cycle of regeneration’.

Current satellite cell isolation and sorting strategies are mostly limited to FACSs sort-
ing based on specific markers’. One such example defines CD34", o7-integrin®, CD31,
CD45, CDI11b, Scal” as satellite cells’ (>95% satellite cells) while another includes CD45,
Sca-1", Mac-17, CXCR4", Bl-integrin® as part of the satellite cell poollgg. Overall, surface
markers that have been considered as identifying of quiescent satellite cells include: CXCR4™
(fusin), CD34" (not specific, but useful for sorting from heterogeneous populations of cells)
138ST9319 o7 integrin®, CD31° (PECAM-1), CD45 (PTPRC), CD11b™ (Integrin oM, Mac-
1,CR3A), Scal (ATX1, D6S504E), Syndecan-3* **2%  Syndecan-4* 7284537193 197199202
cMet" (hepatocyte growth factor receptor (HGFR))* 203 207 caveolinl® %, Fzd7" 7, M—
cadherin (CDH15)**"2%2% 81 integrin (CD29)°"*", VCAM-1* %2 NCAM (CD56 leu-
19) 38208209 ABGC272"°, and the antigen for the SM/C-2.6 monoclonal antibody”*"", while
internal markers include: My0D48’201, Myf538’57’67’193’197’199’201 (though this is now debated by
Le Grand’s work), MNF (myocyte nuclear factor)*®*!? myostatm (growth differentiation fac-
tor 8)38 200213214 "TRE.2, (interferon regulatory factor- 2) 207 Msx1 (hox7, hydl)38 200

However there is still a lack of agreement on Wthh markers completely deflne satel-
lite cells, but maybe more importantly, which define the muscle stem cell population. In order
to work on isolating these markers from such minute populations of cells, novel biomaterial-
based microfluidic devices could be used to effectively sort small numbers of cells based on
their surface markers (based on past work?"”). A recent paper from the Sohn and Conboy labs
describes a novel microfluidic device that highlights the heterogeneity of the satellite cell
population72. This microfluidic channel, equipped with a small antibody-functionalized pore,
analyzes surface marker expression of single satellite cells using a technique called resistive-
pulse sensing217’218. Briefly, a 4-point electrode measurement monitors current across the
pore; as a cell transits the pore, resistance increases, leading to a drop (downward pulse) in
current. The transit time of the cell through the pore is also monitored. Longer transit times
indicate interaction between the cell and the antibody-functionalized pore and expression of
specific cell surface receptors. This publication demonstrated that even within the satellite
cell population there is significant heterogeneity in expression of markers that have previous-
ly been identified as satellite cell markers. Further work in the Sohn lab aims to analyze mul-
tiple markers on a single cell using a single microfluidic device*"’

Incorporation of other microfluidic technologies such as single-cell protein analysis
techniques could push this work further by allowing determination of gene expression at the
single cell level®'®. This will allow detection of differences between these small populations
of cells and identification of subpopulations of cells within the satellite cell niche. Together,
this work has promise in shedding light on the characteristics of skeletal muscle satellite
cells, and the determination of the subpopulation of muscle stem cells.

3.7 Use of Biomaterials in Tissue Engineering Applications

As we have seen, biomaterials have many applications in tissue regenerative therapies
for adult skeletal muscle. However, the possible negative impact of biomaterials must still be

43



kept in mind. Biocompatibility of materials, the effects of biomaterial degradation and degra-
dation products on the niche, the host response to non-degrading implants or materials, and
the inflammatory and immune response will all need to be considered once biomaterial plat-
forms are optimized and ready for clinical trials. Nevertheless, the potential to treat myopa-
thic conditions or the effects of aging on the adult skeletal muscle niche with biomaterials is
real and perhaps not that distant.

Conclusion

Adult skeletal muscle regeneration is orchestrated by a complex network of signaling
molecules that are still being uncovered. The onset of aging impedes the regenerative poten-
tial of muscle stem cells and much work is being done to reverse these effects. However,
there are still some doubts as to whether all satellite cells are muscle stem cells and how to
most efficiently enhance muscle regeneration in the old and in individuals afflicted by genetic
muscle wasting. The use of biomaterials as 3-D muscle satellite cell niches, delivery vehicles
for genes, drugs, or pro-regenerative factors, and for further definition of the heterogeneous
skeletal muscle stem cell pool will likely lead to efficient, robust, and clinically-feasible en-
hancements to muscle regeneration strategies.
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Chapter 4

Attenuation of TGF- Signaling

via Incorporation

of a Dominant-negative TGF-3 Type II Receptor

Improves Differentiation of Murine Skeletal

Myoblasts
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Introduction

As discussed in Chapter 3, aging affects skeletal muscle repair by impairing regeneration
of muscle fibers. Notably, increased systemic and local levels of transforming growth factor 1
(TGF-B1) lead to decreased activation of satellite cells upon injury and therefore contribute to
decreased repaired myofibers and increased scar tissue formation. In order to study the effects of
TGF-B signaling on muscle repair, I transfected skeletal muscle myoblasts with a dominant-
negative TGF- Type II receptor (dnTGFBRII) and studied the effects of TGF-1 signaling on
myoblast differentiation. Incorporation of a dnTGFBRII into myoblasts led to decrease TGF-1
signaling and improved differentiation as evidenced by western blotting of downstream signaling
molecules from the TGF-f3 signaling pathway and quantification of myotube size and myogenic
index in established differentiation experiments.

4.1 Expansion, Purification, and Confirmation of a dnTGFBRII plasmid

The plasmid containing the dnTGEBRII (Plasmid 12640: LNCX TbetaRII DN' (Figure
4.1) was purchased through Addgene (Cambridge, MA) .

Bal (1625)

LNCX TbetaRIl DN Sequencing Result: 706 bp

ADoi (9% Faiil (493)

s 4 I
H t =t
Nrul (2639)
BamHI (2797)
CAG_enhancer

LAG lal (3622)
Xbal (689) Hpal (3617)
Clal (698) Hindlll (3609)

Figure 4.1 LNCX TbetaRIIDN plasmid 12640 from Addgene. The plasmid contains a FLAG-
tagged dnTGFBRII receptor cloned into the Hpal (3617) site.

Luria Broth (LB) agar plates with 100 pg/mL ampicillin were streaked with bacteria containing
plasmid 12640 and selected colonies were expanded in 3-5 mL LB medium with 100 pg/mL
ampicillin for 8 hours at 37°C, before a larger, overnight expansion in 200 mL of LB with 100
ug/mL ampicillin on a shaker in a warm room (37°C). The dnTGFBRII plasmid was purified
using a Qiagen Maxi Prep (Qiagen Diisseldorf, Germany) and plasmid DNA concentration was
determined via NanoDrop (Thermo Scientific, Wilmington, DE). The DNA sequence of the
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dnTGFBRII plasmid was verified and confirmed both by digestion and agarose gel
electrophoresis (Figure 4.2), and by submitting samples and primers to the UC Berkeley DNA
Sequencing Facility (2 pug of DNA and 3.2 pmol of LNCX CMV Primer -
AGCTCGTTTAGTGAACCGTCAGATC Human CMV promoter, forward primer, Life
Technologies) (Figure 4.3).

_MW ladder lanes  ladder lanes
in kbp —12 347412

Figure 4.2 Agarose gel of plasmid 12640. Bands represent fragments cut with various restriction
enzymes. Lane 1 — uncut plasmid; lane 2 — cut with Pstl, generating fragments at 8bp, 176 bp, -
522bp, 923bp, 1150bp, 1878bp, 2669bp; lane 3 — cut with Xbal, generating fragments at 363bp
(visible only upon overexposure of gel) and 6963bp (white); lane 4 — cut with BamHI, generating
fragments at and 5853 bp.

4.2 Transfection and selection of skeletal muscle myoblasts with dnTGFBRII

Skeletal muscle myoblasts derived from satellite cells of C57/Bl-6 mice were maintained
in Ham’s F-10 media (GIBCO, Life Technologies, Grand Island, NY) supplemented with 20%
bovine growth serum (Hyclone, Thermo Scientific, Logan, UT), 1% Penicillin/Streptomycin
(Life Technologies), and 6 ng/mL fibroblast growth factor on 1:250-diluted Matrigel-coated (BD
Biosciences, San Jose, CA) 10 cm dishes. Myoblasts plated into Matrigel-coated 6-well dishes
were transfected with the dnTGFBRII plasmid using Lipofectamine 2000 (Life Technologies)
following the manufacturer’s protocol. 4 samples containing 2.5 pug of plasmid DNA were
combined with 6, 9, 12, and 15 pL of Lipofectamine 2000, incubated at room temperature for
five minutes and then added to myoblasts at 50-70% confluency. The plasmid was incubated
with the myoblasts overnight before fresh growth media was added. The myoblasts were cultured
and passed as usual for 2 days before selecting for transfected cells.
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Figure 4.3 Plasmid 12640 sequencing data. The green and red arrows indicate the start and end
sites coding for the dnTGFBRIL

The 12640 plasmid also confers resistance to the antibiotic geneticin (G418). Selection of
transfected cells was done after determining a suitable concentration of G418 to kill un-
transfected myoblasts in 3-4 days (Figure 4.4). The 400 pg/mL concentration was selected, and
transfected cells were

Day1l Day 2 Day3 Day4 Day5 Day9

100 pg/mL

200 pg/mL

400 pg/mL

600 pg/mL

800 pg/mL

1000 pg/mL

Figure 4.4 Determination of Kkilling concentration of G418 antibiotic on un-transfected
myoblasts. Myoblasts plated in 6-well culture dishes were maintained in growth media
containing increasing concentrations of G418 (0-1 mg/mL). Cell growth was monitored daily
and the concentration that killed cells in 3-4 days (400 pg/mL) was chosen to select transfected
cells.

cultured subsequently in growth media containing 400 pg/mL G418. Whereas myoblasts
cultured with 400 pg/mL G418 died within 3-4 days, transfected cells cultured with 400 pg/mL
G418 survived and proliferated, indicating incorporation of the plasmid DNA and expression of
the resistance to G418.

4.3 Expression of dnTGFBRII in skeletal muscle myoblasts

While resistance to G418 confirms that the dnTGFBRII plasmid has been integrated into
the cells, it does not imply with all certainty that the dnTGFBRII is in fact expressed in the
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transfected cells. In order to confirm expression of the dnTGFBRII in our cells, I prepared
skeletal muscle myoblasts lysates from both un-transfected and dnTGFBRII-transfected cells.
Cells were washed twice with PBS, scraped on ice in RIPA buffer, sonicated briefly, centrifuged
to pellet cell membrane and debris, and the cell supernatants were collected and quantified for
protein concentration. Cell protein lysates were separated by molecular weight by SDS-PAGE
and probed for dnTGFPRII expression with anti-FLAG antibodies (Figure 4.5). P-actin
expression was determined as a loading control.

Wild-type myoblasts dnTGFpRIl-transfected myoblasts

25 kDa — FLAG

25 kDa FLAG

- - -actin
- B-actin P

Figure 4.5 Western blot for FLAG-tagged dnTGFBRII. Un-transfected myoblasts show no
expression of dnTGFBRII whereas transfected and selected myoblasts show a clear band
indicating dnTGFBRII expression.

4.4 Expression of dnTGFBRII attenuates TGFB-1 signaling

As described in Chapter 3, TGFf-1 initially binds to a TGFp type II receptor, which then
phosphorylates a TGFp type I receptor, before downstream signaling occurs. The dominant-
negative TGFP type II receptor is truncated cytoplasmically and is therefore not able to
phosphorylate the type I receptor and induce downstream signaling. Therefore the dnTGFBRII
will compete with wild-type TGFp type II receptors to bind the TGFp-1 ligand, but will not
induce TGFJ signaling, potentially attenuating the effects of TGFp signaling. To confirm that the
transfected dnTGFBRII is having a functional effect, I prepared cell lysates from un-transfected
and transfected cells with the addition of TGFB-1. In order to eliminate the uncertainty of TGFj-
1 in bovine growth serum (present in growth media), cells were passaged into serum-free defined
OPTI-MEM media (GIBCO) (containing 1 % Penstrep, and 6 ng/mL fibroblast growth factor
(FGF)), adhered to Matrigel-coated dishes overnight, and then pulsed with 10 ng/mL TGF-1 in
OPTI-MEM + FGF for 1 hour. Cell lysates were then prepared as previously described. Protein
lysates were probed for the downstream effector pSmad3 (Smad3 is phosphorylated to pSmad3
by the TGFp type I receptor), total Smad2/3, and the B-actin control (Figure 4.6a). As shown in
Figure 4.6a, expression of the dnTGFBRII leads to a significant ~1.6-fold decrease in TGFpB-1
signaling, as evidenced by a decreased expression of pSmad3. Total Smad2/3 levels were not
significantly changed (Figure 4.7). Cell lysates were prepared from control-plasmid-transfected
myoblasts (SABiosciences, Valencia, CA), cultured with or without TGFB-1, and probed for
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pSmad2, pSmad3, Smad2/3, and B-actin (Figure 4.6b). As expected, cells that were exposed to
10 ng/mL TGFp-1 in OPTI-MEM + FGF for 1 hour expressed pSmad2 and pSmad3, while cells
without exposure showed no downstream TGFp-1 signaling.

4.5 Expression of dnTGFBRII enhances skeletal muscle myoblast differentiation

In order to assess the effects of incorporating a dn'TGFBRII on skeletal muscle myoblast
differentiation, I plated un-transfected and dnTGFBRII-transfected myoblasts at 30,000 cells/well
in Matrigel-coated 8-well Lab-Tek II Chamber Slides (Thermo Scientific) for 22 hours in

1.40 p<.05
a
1.20
H myoblast dnTGFbRII
% 100
Iy WSS E & ow s pSmad3
T 080
2
S 060 e s emes  p-actin
Z 040
020

0.00

myoblast + 10 ng/mL TGFb dnTGFbRII + 10 ng/mL TGFb
b
-TGF  +TGF -TGF  +TGF
pSmad3 @ - —_—— pSmadZ
Smad2/3  mmmen Smem—- e e Sad2/3
B-actin —— ——— ameme= O actin

Figure 4.6 a) Expression of dnTGFBRII attenuates TGFB-1 signaling via 1.6-fold decrease in
pSmad3 expression. Un-transfected and transfected (dnTGFbRII) samples were analyzed by
western blot for the expression of the downstream TGFp-1 effector pSmad3 and B-actin control.
Expression in three samples for both un-transfected and transfected cells was averaged and
normalized values were compared relative to myoblasts culture with 10 ng/mL TGFp-1 for one
hour at 37°C in OPTI-MEM + FGF. b) Control-plasmid-transfected myoblasts cultured with or
without 10 ng/mL TGFf-1 in OPTI-MEM + FGF for 1 hour were analyzed by western blot for
the expression of the downstream TGFf-1 effectors, pSmad2 and pSmad3, total Smad2/3, and [3-
actin control. As expected, pSmad2 and pSmad3 expression is upregulated only in samples
exposed to TGFpB-1.
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Figure 4.7 Expression of dnTGFBRII does not significantly affect total Smad2/3 levels. Un-
transfected and transfected (dnTGFbRII) samples were analyzed by western blot for the
expression of total Smad2/3 and B-actin control. Expression in three samples for both un-
transfected and transfected cells was averaged and normalized values were compared relative to
myoblasts culture with 10 ng/mL TGFp-1 for one hour at 37°C in OPTI-MEM + FGF.

OPTI+FGF media +/- 10 ng/mL TGFp1. Cells were then washed once with differentiation media
(DM: DMEM + 2% horse serum + 1 % penicillin/streptomycin) and incubated for 48 hours in
fresh DM to induce differentiation into myotubes. Plated cells were then washed once with cold
PBS, fixed in cold 70% ethanol for at least 30 minutes, washed 2x 5 minutes with PBS, 1x 5
minutes with staining buffer (SB: 1x PBS with 1 % bovine growth serum, 0.1% sodium azide),
permeabilized with 0.25% Triton-X 100 in SB for 15 minutes at room temperature, washed 3x5
minutes with SB and incubated overnight at 4°C with primary antibodies (anti-eMyHC at 1:10
from DHSP, University of lowa, or the corresponding mouse IgG control 1-5 pg/mL, Thermo
Scientific). Primary-labeled cells were washed 3x 5 minutes with SB then labeled with
fluorophore-tagged secondary antibodies (Thermo Scientific) at 1 ug/mL and Hoechst at 2 uM
for 1 hour at room temperature. Cells were washed finally 3x 5 minutes with SB, mounted with
Fluoromount Aqueous Mounting Medium and imaged at 10X with an ImageXpress Micro
Widefield High Content Screening System. Figure 4.8 shows the effect of incorporating the
dnTGFBRII into myoblasts with or without the addition of exogenous TGFp-1. In parallel,
control-plasmid-transfected myoblasts were also differentiated (as above) and compared to wild-
type myoblasts differentiation, with or without the presence of TGF-B1 (Figure 4.8).
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d)

Average number of nuclei per myotube 48 hr differentiation (3+)
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Figure 4.8 a) Representative images of differentiated un-transfected or transfected myoblasts
with or without the addition of TGFB1 followed by representative images of differentiated
myoblasts and differentiated myoblasts transfected with control plasmid with or without the
addition of TGFp1. b,c) Average myogenic index = number of nuclei in newly-formed
myofibers/total number of nuclei (defining a myotube as a cell with 2+ nuclei = b or 3+ nuclei =
c). Average values and standard deviation from n = 3 independent experiments. p values
computed using t-test. d) Average number of nuclei per myotube after 48 hours of differentiation
in DM.

In order to quantify the effects of incorporating a dnTGFBRII on skeletal muscle
myoblast differentiation, I calculated the myogenic index which is determined as follows:

number of nuclei in newly — formed myotubes 100
%

Myogenic index =
yo9 total number of nuclei
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I quantified the myogenic index defining myotubes as either containing 2 or more or 3 or more
nuclei (as this is still up for debate). As expected, exposure of myoblasts to TGFB1 led to a
significant ~1.6-fold decrease in the myogenic index of differentiating un-transfected cells.
Incorporation of the dnTGFBRII receptor, however, led to a significant ~2-fold increase in the
myogenic index of differentiating cells exposed to TGF-B1 as compared to their un-transfected
counterparts, indicating that the transfected dnTGFPRII improves muscle differentiation.
Furthermore, analysis of the average number of nuclei per myotube (Figure 4.8d) indicated that
dnTGFBRII-transfected cells created larger myotubes, thus having a more robust regenerative
capacity to form myotubes/myofibers. Although the control fusion experiment did not work well,
there was no significant difference in differentiation between the control-plasmid-transfected
myoblasts and the wild-type myoblasts. While the fusion is too low and the experiment should be
repeated, the possibility remains that the incorporation of the dnTGFBRII enhances the fusion of
myoblasts into myotubes.

4.6 Discussion

As discussed in Chapter 3, TGF-f signaling has a negative impact on skeletal muscle
regeneration; in this chapter, I focused on the effects of TGF-B signaling on skeletal muscle
myoblast differentiation. However, the effects of TGF-B on skeletal muscle cell proliferation
have also been extensively studied®™. It has long been known that Notch signaling is needed for
satellite cells to break quiescence&lo. However, recent work from the Conboy lab has shown that
there is in fact a balancing game between Notch and TGF-f signaling that contributes to
activation of skeletal muscle satellite cells’. TGF-p signaling through TGF-p type I and type II
receptors, leads to phosphorylation of Smads 2 and 3, formation of Smad2 and Smad3 complexes
with Smad4, and translocation to the nucleus, ultimately leading to the activation of cell-cycle
inhibitors p15, p16, p21, and p27. Thus, in the aged skeletal muscle niche, where TGF- levels
are increased, the satellite cell-cycle progression is inhibited, contributing to poorer muscle
regeneration. Knock-down of Smad3 signaling using shRNA enhanced muscle regeneration in
old muscle’. The effects of TGF-P signaling on cell proliferation observed in mouse models were
also seen in human muscle samples2. Similarly, skeletal muscle niche levels of TGF-B were
elevated in the aged as were nuclear pSmad3 levels in human satellite cells.

Methods to knock-down TGF-f signaling may therefore provide a significant advantage
in enhancing muscle repair. To this end, we incorporated a dnTGFBRII into skeletal muscle
myoblasts and studied the effects with or without the presence of TGF-p.

We began by purifying plasmid DNA containing our FLAG-tagged dnTGFBRII and
confirmed the plasmid by DNA sequencing and Southern blot. Incorporation of the dnTGFBRII
into skeletal muscle myoblasts in culture was confirmed by the cells’ resistance to antibiotic
treatment and detection of the FLAG-tagged dnTGFBRII by western blot. Functional effects of

57



the dnTGFBRII translated into a decrease in downstream signaling upon addition of TGFp-1 and
an increase in myogenic index and myotube size when differentiating myoblasts into myotubes.

The use of OPTI-MEM in the study was important as the presence of TGFJ and other
factors in growth medium sera could confound the results. Specifically, initial western blot
experiments were conducted in growth media (containing 20% BGS) and pSmad3 levels were
markedly higher than if samples had been cultured in OPTI-MEM (data not shown).

This work suggests that downregulation of TGFf signaling via incorporation of a
dnTGFBRII could boost muscle regeneration. These findings could be especially important in the
context of aged muscle, where it is known that TGFp levels are elevated. Further work in our
laboratory is focused on investigating the effects of expressing this dnTGFBRII in vivo in both
young and old mice and observing the effects on muscle regeneration. Additionally, we hope to
more deeply study the crosstalk between the TGFp signaling pathway and other pathways such
as the MAPK/ERK pathway. It is well known that fibroblast growth factor 2, a MAPK agonist
induces Delta and active Notch”. Forced activation of the MAPK pathway promotes regeneration
of both young and old satellite cells and inhibition of the MAPK pathway (through MEK
inhibitor) significantly decreases Delta and active Notch levels, impeding muscle regeneration.
There are several known crosstalk points with between the MAPK and TGFp pathways’. Some
of the crosstalk elements lead to increased TGFf signaling. For example, the transcriptional
corepressor Grouch/transducin-like enhancer of split is phosphorylated by active ERK/MAPK,
leading to knockdown of TGFp inhibition caused by the repressor Brinker''. Additionally, TGFp
signaling can be increased by JNK which enhances Smad2/3-Smad4 interactions'?. On the other
hand, TGFp signaling can be inhibited by ERK/MAPK via phosphorylation of Smad2/3 in their
linker regions, preventing nuclear accumulation of these transcription factors and subsequent
activation of CDK inhibitors'?. Future work will explore this crosstalk in greater detail.
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This appendix describes work I completed between 2008 and 2010 while working in the
Conboy and Sohn Labs and with the help of Dr. Brett Helms, Principal Investigator at the
Lawrence Berkeley National Laboratory.

Introduction

Selectively directing polymeric micro- or nanoparticles loaded with bioactive cargo to
targets in the body is critical to the biomedical sciences'?. Antibodies (and fragments thereof)
typically afford such discrimination in heterogeneous environments like the body due to their
high affinity and specificity for cell-surface receptors, etc.’ It has been difficult, however, to
conjugate these to polymers while retaining the orientation and correctly-folded conformation
required for optimal binding4’6. Here, we present a strategy whereby these important targeting
groups are immobilized onto the widely implemented platform, poly(lactic-co-glycolic) acid
(PLGA) microparticlest. Antibody fragments produced by papain digest of intact antibodies
are modified at their N-terminus with a glyoxyl group using pyridoxal 5’-phosphate. These
glyoxyl-modified antibody fragments readily conjugate to PLGA microparticles modified with
complementary alkoxyamine moieties at their surface. Chemoselective immobilization
dramatically increases the fraction of covalent fragments appended to the polymer. This platform
technology provides consistent biomolecule orientation and the possibility to site-specifically
conjugate a wide-range of bioactive molecules including proteins and peptides.

Display of bioactive molecules, such as antibodies, on the surface of polymeric
microparticles has applications in fields such as drug delivery and imaging"'*'®. However,
maintaining bioactivity through consistent, proper orientation of such molecules is not altogether
trivial. Passive adsorption of bioactive species, while simple, can lead to an improper orientation
of active groups, misfolding, etc. and therefore concomitant reduced functionality'’. On the other
hand, many covalent conjugation techniques are non-specific (e.g., via reaction with any number
of primary amines or carboxylates on the biomolecule of interest) and may lead to improper
orientation or even inactivation of bioactive moieties''’. To address the issue of orientation
control for preservation of bioactivity, we have recently applied a site-specific conjugation
strategy to couple bioactive molecules to the surface of PLGA microparticles. In this work, we
describe the conjugation of IgG1 antibody Fab fragments to PLGA microparticles as a proof of
principle.
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Materials and Methods

Generation of PLGA-ONH; polymer chains

PLGA (75:25, MW 20k, Polysciences, Warrington, PA) polymer chains were modified
with alkoxyamines through reaction with a Boc-protected aminooxyacetic acid followed by
subsequent Boc deprotection using TFA. Briefly, 1 g of PLGA was dissolved in dichloromethane
(DCM) with 10 molar equivalents of Boc-aminooxyacetic acid, 10 molar equivalents of
dicyclohexylcarbodiimide (DCC), and 1 molar equivalent of pyridinium p-Toluenesulfonate
(PPTS) (Figure Ala). The condensation reaction was carried out overnight and the resultant
PLGA-Boc polymer chains were purified from the excess small molecules through precipitation
in cold methanol and subsequent filtration. PLGA-Boc was then redissolved in DCM and treated
with trifluoroacetic acid (TFA) overnight to generate PLGA-ONH; (Figure A2a). Generation of
PLGA-Boc and PLGA-ONH,; were verified by "H NMR (Figures A1b and A2b).
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Figure Al. a) Functionalization of PLGA with Boc-protected aminooxyacetic acid. b)
Characteristic NMR peaks for lactide (red) and glycolide (blue) components of PGLA as well as

addition of Boc protecting group (green).
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Microparticle Synthesis

PLGA and PLGA-ONH, particles were synthesized using a w/o/w double emulsion
process as previously described'®. Briefly, 100 mg of PLGA-ONH, polymer was dissolved in 1
mL of DCM. 100 pL of 3 % polyvinyl alcohol (PVA) in water was added and the primary water
in oil emulsion was sonicated on ice using a Branson Sonifier 450 (Branson, Danbury, CT)
Microtip for 30 seconds at duty cycle 10, output 6. After the addition of 2 mL of 3 % PVA,
sonication was repeated and the double emulsion was then added to 10 mL of 0.3 % PVA
spinning at 700 rpm for four hours to evaporate off the DCM. Microparticles were then
tangentially flow filtered (Spectrum Labs, Rancho Dominguez, CA) with ultrapure water in order
to remove any residual dichloromethane or surfactant. Microparticle size was measured using
dynamic light scattering on a Malvern Zetasizer NS (Malvern, UK) and then the microparticles
were freeze-dried and lyophilized (1-2 days).

Antibody Fragment Preparation through N-terminal Transamination

Whole mouse IgG (Rockland Immunochemical, Gilbertsville, PA) antibody was digested
for 6 hours using a Pierce Fab Preparation Kit (Thermo Fisher Scientific, Rockford, IL)
containing papain, and the resulting Fab fragments were separated and purified from the Fc
fragments using Protein A. A portion of the purified Fab fragments were spin dialyzed to 25 mM
pH 6.5 phosphate buffer and the amount of Fab was determined by measuring absorption at 280
nm using a Biorad SmartSpec Plus Spectrophotometer (Biorad, Hercules, CA) blanked with
phosphate buffer and using the following equation:

Abs
[Fab] = 280 dilution factor

€Fab

where the Fab fragment extinction coefficient €z, = 1.4 and [Fab] is in mg/mL. The buffer-
exchanged Fab fragments were then incubated 18-20 hours with 600 molar equivalents of 20
mM pyridoxal 5’-phosphate (PLP) in 25 mM pH 6.5 phosphate buffer at 50°C to generate an N-
terminal glyoxyl. Confirmation of N-terminal transamination was achieved by conjugation of
either a 5 kDa PEG-ONH, (synthesized as previously described'®?*’) or of an alkoxyamine-
modified Alexa 488 (Invitrogen, Carlsbad, CA), followed by subsequent gel electrophoresis and
image analysis using ImageJ software.

Conjugation of Fab Fragments to Microparticles

PLP-modified Fab fragments were conjugated to PLGA or PLGA-ONH, microparticles
overnight in 25 mM pH 6.5 Phosphate Buffer. Unconjugated fragments were separated from
microparticle—fragment conjugates via tangential flow filtration. Antibody fragments, previously
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labeled with a non-specific amine-reactive Alexa 488, were used to measure conjugation
efficiency using UV-Vis Spectrophotometry or fluorescence.

Results
PLGA-ONH; Synthesis and Microparticle Formation

Hydroxyl-terminated PLGA polymer chains were end-modified with a Boc-protected
aminooxyacetic acid group (PLGA-Boc) via condensation reaction and PLGA-Boc synthesis was
confirmed via NMR. Subsequent deprotection of Boc group to generate PLGA-ONH, was also
confirmed via NMR. PLGA and PLGA-ONH, microparticle size were measured using dynamic
light scattering and average hydrodynamic radius was around 500 nm (Figure A3).
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Figure A3. Histogram of PLGA-ONHj; particle sizes based on DLS.
Fab Fragment Transamination

Fab fragment transamination was confirmed by either conjugation of an Alexa 488-ONH,
(Figure A4a) or by conjugation of a 5 kDa PEG-ONH, (Figure A4b). Densitometry analysis
using ImageJ revealed a 38 % conjugation efficiency of transaminated antibody fragments to the
PEG alkoxyamine, similar to previously reported values®'.
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Figure A4. a) Confirmation of Fab fragment transamination through conjugation of Alexa 488-
ONH, (lane 3). PLP-modified Fab (lane 1) and unmodified Fab to which Alexa 488-ONH, was
added (lane 2) show no signal. b) Confirmation of Fab fragment transamination through
conjugation of a PEG-ONH; chain. In lane 1, only the band for unmodified Fab fragments
appears, whereas in lane 2, two bands appear, the upper band indicating conjugation of the SkDa
PEG-ONH,.

Conjugation of Antibody Fragments to Microparticles

UV-Vis Spectrophotometry measurements of antibody fragments conjugated to PLGA
and PLGA-ONH; microparticles revealed a greater than 2-fold increase in the number of
fragments on PLGA-ONH; vs. PLGA microparticles (data not shown).

Discussion and Conclusion

Recent work by the Francis group at UC Berkeley has demonstrated the ability to
selectively conjugate N-terminally transaminated antibodies, antibody fragments, or proteins to
alkoxyamine-functionalized moieties (e.g., polymer chains)'**'™>. As the oxime bond formed
requires the presence of a ketone or aldehyde (which are not naturally found on proteins), this
reaction promotes a unique interaction between the protein and the alkoxyamine-functionalized
moiety. We have taken advantage of this chemistry here to chemoselectively conjugate antibody
fragments to the surface of PLGA microparticles.

Adsorption or conjugation of antibodies to microparticles for drug delivery or imaging is
widespread, though suffers from a number of concerns. Passive adsorption or non-specific
conjugation of antibodies (through reaction with any number of lysine amines or carboxylates
occurring in most proteins) can lead to improper protein orientation or changes in conformation,
leading to decreased targeting efficiency or inactivity'>'’. In addition, antibody-coated
microparticles destined for injection into the circulation may be more rapidly cleared if
macrophage-recognized Fc fragments are exposed at their surface®**.

We therefore generated Fab fragments from whole IgG antibodies and modified their N-
termini to ketones. These N-terminally-transaminated fragments react selectively with
alkoxyamine functional groups on the surface of microparticles providing consistent orientation
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of antibody fragments on the microparticles. This chemosolective conjugation strategy could
help increase targeting efficiency of microparticles used for drug delivery or imaging. In addition
it can easily be extended to conjugation of peptides or proteins of choice.

Future Work

Originally the antibody-functionalized particles were to be used as transforming growth
factor beta 1 (TGF-B1) ‘sponges’, to remove circulating TGF-B1 from the blood stream. We later
discovered that TGF-B1 does not exist in its active form free in the bloodstream, but is in fact
inside platelets. The proof-of-principle is still important and such particles — that promote
favorable orientation of antibodies — could be adapted for a variety of applications in drug
delivery or imaging.

This section will discuss some of the pitfalls of the project and what future work should
be completed if a future student decided to continue the project.

Microparticle aggregation and antibody availability

One of the main issues with which we dealt was microparticle aggregation. Although
microparticle size was low initially (sometimes under 100 nm), particles aggregated over time
due to their hydrophobicity. In general, smaller microparticles have a higher residence time in
2426 In addition, hydrophilic, neutrally-charged surfaces also promote longer
circulation times”®*’. The issues with using PLGA could be solved quite simply by moving to a
PLGA-polyethylene glycol (PLGA-PEG) nanoparticle system. PEG is hydrophilic and neutrally
charged and upon formation of nanoparticles would partition selectively to the surface of the
nanoparticles. PEG-coated nanoparticles would be resistant to aggregation based on a number of

circulation

factors (e.g. hydrophilicity, neutral charge, water structuring, entropic repulsion of compressed
chains®’) and would have increased circulation times. Furthermore, although the conjugation
strategy would have to be modified to account for the use of PLGA-PEG, we would gain an
additional advantage. Antibodies functionalized to the PEG chains would extend away from the
surface of the nanoparticles which would likely improve their antigen accessibility.

Antibody functionality and efficacy

Previous work in the Francis group at UC-Berkeley showed that PLP-modified antibody
fragments still retain their ability to recognize and bind their antigen epitopes®. After
conjugating a specific antibody to the surface of the nanoparticles, their functionality will need to
be tested. An assay similar to an ELISA could be performed where the antibody-functionalized
nanoparticles are used to bind a certain antigen, and then a second, labeled antibody, specific to
the same antigen is introduced (e.g. fluorescent label) and fluorescence is measured after
removing any free antibodies or antigen/antibody complexes, for example via dialysis. After the
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nanoparticle surface antibodies’ ability to recognize and bind antigens is confirmed, future work
could examine their efficacy in specific applications, to be defined by the researcher.
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