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Abstract

Glioblastoma (GBM) is an aggressive malignant brain tumor with extremely low
5-year survival rates. One key characteristic of the disease is the ability of glioblastoma
cells to migrate rapidly and spread throughout healthy brain tissue. To develop
treatments that effectively target cell migration, it is important to understand the
fundamental mechanism driving cell migration in brain tissue. In the first part of this
dissertation, we utilized confocal imaging to measure traction dynamics and migration
speeds of glioblastoma cells in mouse organotypic brain slices to identify that the cells
are using a motor-clutch mode of migration. In addition, both integrins and CD44, as
well as myosin motors, were found to play an important role in constituting the adhesive
clutch. In developing a treatment that targets migration of glioblastoma cells, it is critical
to take into account how this could impact T cell migration and the resulting ability of T
cells to kill cancer cells. A hallmark of glioblastoma is the suppression of the immune
response, allowing the tumor to grow and spread faster, and infiltration of cytotoxic
CD8+ T cells into the tumor has been shown to be an important indicator of disease
progression and survival. In the second part of this dissertation, we use mouse
organotypic brain slices co-cultured with CD8+ T cells to image migrating CD8+ T cells
in healthy brain tissue in response to cell migration targeting drugs and antibodies. We
find an increase in migration speed in response to targeting CD44, which is a critical
deviation between cancer cell and T cell phenotype, implicating CD44 as a potential
target for improving glioma outcomes by slowing cancer cell migration and speeding up

CDS8+ T cells.
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1. Chapter 1: Introduction

1.1. Cancer

The hallmarks of cancer, the uncontrolled growth of abnormal cells, describe unique
capabilities the cells acquire, including the ability to divide despite mechanisms
preventing cell growth, inducing angiogenesis to maintain blood supply to the tumor,
and activating invasive and metastatic behaviors[1]. At its core, cancer is a genetic
disease that initially can arise from a genetic mutation in any of the many oncogenes[2].
These mutations give the cell a unique ability, such as being more likely to divide, to
ignore signals that prevent uncontrolled cell growth, to acquire new genetic mutations,
and to avoid repair mechanisms when a cell does acquire a genetic mutation[3]. As the
cell grows into a population of cells, the cells with the most potent mutations will grow
faster and ultimately dominate the tumor that will continue to mutate over time[4].
Eventually, in invasive cancers, the cells on the periphery of the tumor undergo an
epithelial-to-mesenchymal transition in which the cells that were previously round and
bound to neighboring cells become fibroblast-like, reduce intercellular adhesions, and

become migratory[5].

1.2. Cell Migration in Cancer

Migratory cells in cancer are highly invasive. They exit the primary tumor and
disseminate into the surrounding healthy tissue. Furthermore, they can even remodel
the surrounding environment to create pathways for more cells to migrate out of the

tumor[6]. If the cells encounter a blood vessel, it can enter the blood stream, ultimately



exit at a new site, and begin to divide and form a new tumor in a process called

metastasis|[7].

1.3. Glioblastoma and cell migration

Glioblastoma (GBM), or grade |V astrocytoma, is the most aggressive brain tumor. It
initially arises via a genetic mutation in an astrocyte, a type of glial cell and the most
common cell type in the brain [8], [9]. There are a few common genetic mutations that
occur in GBM. One example is an increase in expression of epidermal growth factor
receptor (EGFR), which leads to increased cell growth[10]. Another example is a
mutation in p53, which will cause the cell to continue through the cell cycle even if it has
acquired a genetic mutation[11]. The current standard of care treatments for
glioblastoma are surgery to remove the tumor, radiation, and temozolomide
chemotherapy[12]. Radiation induces significant genetic mutations in cells in a localized
area. As the cancer cells have lost the ability to repair genetic mutations, they are more
likely to die while the healthy cells repair the damage. Temozolomide is a drug that
deposits methyl groups on DNA[13]. While healthy cells are able to repair this to an
extent, the cancer cells are not and will ultimately undergo apoptosis. Despite these
treatments, 2-year survival rates for glioblastoma are remarkably low at 6.7% and
reports of 5-year survival are sporadic. Developments of new drugs and treatments
have failed to show any significant improvement in survival[14].

Glioblastoma is a particularly invasive tumor, meaning the cells are extremely
efficient at migrating away from the primary tumor into the surrounding healthy tissue.

While surgery is used to remove the primary tumor and radiation and temozolomide are



initially effective, the cells that have migrated into healthy tissue remain and eventually
become resistant to treatment[9]. Although the bulk of research into glioblastoma
treatments has focused on killing and slowing the growth of tumor cells, treating GBM
by slowing cell migration is relatively unexplored area and presents an opportunity to

potentially slow disease progression.

1.4. Role of the immune system in cancer and glioblastoma

Tumors are highly complex environments, containing many cell types and
components other than the cancer cells including extracellular matrix proteins,
fibroblasts, and immune cells [15]-[17]. The immune cells play a key role in cancer
development. In the early stages of cancer development, as a single cell first acquires a
mutation, the immune system will almost always find and kill these mutated cells[18].
Mutated cells express molecules (antigens) that antigen presenting cells (APC), such as
a dendritic cell (DC), can recognize as foreign and present to a CD8+ T cell, or cytotoxic
T cell. The antigen is presented to the T cell via major histocompatibility complex (MHC)
proteins on the surface of APC, which are complexed with the specific antigen and bind
to the receptor on the T cell. The activated CD8+ T cell will then migrate and search for
a cell expressing the specific antigen. When it binds to a cell expressing the antigen, it
kills it[19]. In order for a tumor to develop, the cells must find a way to avoid this
immune surveillance[16]. Regulatory T cells (Treg) are a cell type that works to maintain
immune homeostasis by preventing excessive immune responses to infection, injury,
etc. Tumor cells can release chemokines such as CCR4, CCR8, CCR10, and CXCR3

that that attract Tregs into the tumor which in turn suppress anti-tumor immune function



through a variety of methods including CTLA-4-mediated suppression of APCs,
consumption of activating IL-2, releasing immunosuppressive cytokines such as TGF-B
and IL-10, and killing of effector T cells and APC [20], [21]. Similarly, two types of
macrophages which are typically associated with wound healing are attracted to the
tumor. M1 macrophages secrete pro inflammatory cytokines such as IL-6, IL12, and
TNF-a, attracting more immune cells to the tumor, and can present antigens to T cells,
promoting Killing of cancer cells. M2 macrophages, on the other hand, secrete the
immunosuppressive cytokine IL-10 and vascular growth factor VEGF, which improve
the blood supply to the tumor, thereby supporting tumor growth[17], [22]. Ultimately, the
highly active immune cells in the tumor mean that a tumor behaves like a chronically
wounded site with a balance between both pro-tumor and anti-tumor immune cells that
ultimately results in the tumor continuing to grow[23]. Tumors can be either
immunologically “cold”, meaning the pro-tumor immune cells dominate or the immune
system is barely activated and there is minimal T cell killing, or immunologically “hot”,
meaning anti-tumor immune cells are very active. Immunotherapies are able to hijack
the ability of the immune cells to kill cancer cells by either activating the anti-tumor
immune cells or inhibiting the pro-tumor immune cells thereby activating the anti-tumor
immune cells[24].

Immune infiltration is a very important indicator of disease progression and survival
in GBM[24]. A clinical study by Yang et al. found that patients with higher levels of
intratumoral CD8+ T cell infiltration, measured by histological tumor samples, were

more likely to survive longer (>403 days)[25]. This finding has continued to be



supported by further research[26], [27]. Two subtypes of GBM, mesenchymal and
proneural, are known to have differing levels of immune invasion, with mesenchymal
tumors being more migratory but immunologically “hot” and proneural tumors being less
migratory but immunologically “cold”. Shamsan et al. induced GBMs in mice meant to
mimic two known subtypes, mesenchymal and proneural. While the mesenchymal
tumors had more migratory cells, the mice actually survived longer due to higher levels
of CD8+ T cell infiltration and killing in the tumor[28]. Therefore, in developing a
treatment that slows migration of cancer cells, it is imperative to consider the impact this
would have on T cells. If slowing down cancer cells also inhibits T cell migration, this

could make outcomes worse.

1.5. Cell migration models
It is not definitively known how T cells or cancer cells migrate in vivo. Several

hypothesis have been proposed, as articulated below.
1.5.1. Motor-Clutch Model

The prevalent model of cell migration is a motor-clutch mechanism of force
transmission, shown in Figure 1.1. In this model, forces in the cell are generated
through non-muscle myosin Il, which pulls F-actin filaments inwards towards the center
of the cell as actin subunits polymerize at the leading edge of the cell and de-polymerize
at center of the cell in a process known as “treadmilling”[29]. Adhesion proteins, or
molecular “clutches”, connect the F-actin network to its substrate, the extracellular

matrix (ECM), so the inward movement of F-actin pulls on the ECM. Ultimately, the



clutch-ECM bonds at the trailing edge break, allowing the cell to pull itself forward[30],
[31].
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Figure 1.1 Motor Clutch Model
Schematic of the motor clutch model of cell migration, from Chan & Odde, Science,
2008

There are a few key predictions of the motor clutch model. Primarily, cell migration
will exhibit a biphasic response to variations in motors and clutches in which optimal cell
migration occurs when the motors and clutches are balanced[30]—-[32]. If a migrating cell
has too many motors relative to the number of clutches, the force from the motors will
break the clutch bonds before sufficient force can build up. If a cell has too many
clutches relative to the number of motors, clutches will stay bound and force will be
transmitted to pull on the environment, but each clutch experiences too little force to
ever break, preventing the trailing edge of the cell from detaching and preventing the
cell from moving. When motors and clutches are balanced, sufficient traction force can
be generated to pull the cell forward as the clutch bonds at the trailing edge break.
Similarly, the stiffness of the substrate spring impacts cell migration, with optimal cell

migration occurring at intermediate stiffnesses. At high stiffnesses, force on the clutches

builds up quickly, causing rapid breakage. At low stiffnesses, insignificant force builds to



generate large enough traction forces. Another unique prediction of the motor clutch
model is how the cell will interact with and deform its environment. At the leading edge
of the cell, as F-actin polymerization is pushing the membrane forward, pushing
deformations may be observed. Otherwise, the cell pulls on the environment to gain
traction and pull itself forward. At the trailing edge, the cell pulls on the environment until
the bonds break and the environment is released[31], [32].

1.5.2. Osmotic Engine Model

An alternate model of cell migration that has been proposed is the osmotic
engine model [33], [34], in which cell migration is driven by a spatial gradient of
ion/osmolyte pumps in the plasma membrane that lead to directed water fluxes
throughout the cell, shown in Figure 1.2. In this model, migration does not depend on
adhesion to the environment. Instead, the cell establishes a spatial gradient of ion
pumps that creates a net influx of ions at the leading edge and net outflux of ions at the
trailing edge. This creates an electro-osmotic gradient across the cell cytoplasm, driving
water to permeate into the cell at the leading edge and out of the cell at the trailing

edge, leading to net movement of the cell forward[34].




Figure 1.2.0smotic Engine Model
Schematic of the osmotic engine model, from Stroka et al., Cell, 2014.

A few predictions arise from this model, most notably that cell migration should be
sensitive to changes in Na+/H+ exchanges, changes in aquaporin water channels, and
osmotic shock. Stroka et al. found cell migration sensitive to each of these, but their
experiments were conducted in confined microchannels, and whether this mode of
migration occurs in physiological relevant environments, such as for glioblastoma cells
in brain tissue, is an open question. A cell migrating under this mechanism could still
maintain adhesion to the environment, so as the osmotic forces propel the cell forward
adhesions would presumably exert a frictional force resisting the motion, and so
blocking adhesions would result in an increased cell migration speed. In addition, the

cell would push the environment away from the leading edge.
1.5.3. Bleb-Based Motility

Another mechanism of cell migration that has been proposed is bleb-based
motility[35]—[38]. A bleb is a local transient loss of plasma membrane to F-actin cortex
cohesion that causes a plasma membrane protrusion to rapidly extend from the cell,
appearing like boiling water on the cell wall[39], [40]. Blebbing enables the plasma
membrane to rapidly advance, faster than F-actin can polymerize. Subsequently, the
actin-myosin cortex reforms under the plasma membrane, adhesions can form, and the
intracellular forces can be transmitted to the environment. In order for the cell to migrate
following the rapid extension of the plasma membrane, adhesions must form at the

leading edge and engage the cell’s motor-clutch modules, pulling the cell forward before



the bleb can be retracted. In this description, bleb-based motility can be regarded as a
form of motor-clutch-mediated migration, where the plasma membrane advances by
blebbing rather than F-actin self-assembly, as in the original motor-clutch model. Even
so, during bleb extension, this model predicts that the extracellular environment will be
exclusively pushed away from the leading edge and pulling events would not occur,
whereas the F-actin assembly-based motor-clutch model predicts both pulling and

potentially pushing forces at the leading edge.
1.6. Mathematical modeling of cell migration
1.6.1. Motor-Clutch Model

The motor-clutch model was developed to stochastically simulate the behavior of
a single motor-clutch module in a cell. The model regards the F-actin network as a rigid
rod. The rod moves with a velocity v, described in Equation 1, which is calculated by a
balance of motor force pulling the rod and the clutch force resisting this movement given

by

vy =, (1- 222 (1)

NmFm

where vy is the unloaded actin velocity, Fsub is the force on the substrate, which is equal
to the total force on the clutches. nm is the number of motors and Fn, is the force per
motor. If the force from the motors is equal to the force from the clutches, the actin will
not move, i.e. itis in a “stalled” state. If there is no force from the clutches, the rod will
move at the unloaded velocity vy; i.e. it is in a “free-flowing” state. The clutches are

modeled as linear Hookean springs in parallel. Each bound clutch can unbind at a



frequency kot dependent on force such that clutches experiencing high forces are more

likely to unbind, as shown in Equation 2. Clutches fail at rate ko, given by

Fe
Kogr = kopre 70 (2)
where koff* is the unloaded off-rate constant, F. is the current force on the clutch, and
Fb is the constant characteristic clutch bond rupture force. Following unbinding, they can
re-bind with a rate kon. The total force from the clutches is transmitted to a single linear
Hookean substrate spring[30], [31], although more recently the model has been adapted
to describe the substrate/environment as a viscoelastic material via a standard linear

solid model[41].
1.6.2. Cell Migration Simulator

The cell migration simulator (CMS) connects multiple motor clutch modules by a
spring at the cell body to stochastically simulate whole-cell migration, shown in Figure
1.3. The CMS specifies the number of modules and each module is assigned a number
of motors and clutches from a pool of free clutches. This method imbalances the motors
and clutches between the modules, leading to an element of bias towards one module,
which will ultimately become the leading edge. Each module contains a cell spring with
a spring constant keei. The force on each module Fjis shown in Equation 3 and is
calculated using a force balance on the total clutches in that module and is described by

Fi = kcenXcen,; = ke Z?:lceu Xc,i (3)
where k. is the stiffness of each clutch and x,is the displacement of the it clutch. The

total forces across all modules is then balanced[32].
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Figure 1.3 Cell Migration Simulator
a) Diagram of individual CMS modules. b) Diagram of CMS modules overlayed on an
image of a cell. Images are from Bangasser et al., Nat. Comms, 2017.

F-actin

While the motor clutch model informs on traction dynamics and F-actin flow rates,
the cell migration simulator can make predictions on how cell migration speed is
impacted by various factors including numbers of motors and clutches, substrate
stiffness, clutch binding and unbinding rates, and F-actin polymerization. It also
simulates traction dynamics and F-actin retrograde flow during migration. The CMS was
used to develop and understand the key predictions of motor-clutch-based migration,
including the optimality of cell migration at intermediate stiffnesses and balanced
numbers of motors and clutches, as described in Chapter 1.5.1. These predictions have
been supported by experimental findings on polyacrylamide gels of varying

stiffnesses[32].

1.7. Methods of studying cell migration
1.7.1. In vitro systems for investigating cell migration

A variety of experimental systems have been used to study migrating cells, and
in particular in vitro assays have been used to answer many questions about how cells

migrate. Cells have been imaged on 2D glass, 2D glass coated in ECM proteins, and

11



2D polyacrylamide gels coated in ECM proteins[42]. These methods are used because
they are relatively easy to make and cells can be imaged at very high spatial-temporal
resolution. Under these methods, cancer cells have been found to migrate via a motor-
clutch mode of migration[32], [43], [44]. Both actin retrograde flow and traction forces
can be quantified on these surfaces and match predictions from the motor clutch
model[30], [43]. Microchannels and nanopatterned surfaces (2.5D) can be used to add
texture to the surface to mimic the density and texturing of physiological environments.
Behavior consistent with an osmotic engine model[34], motor clutch model[45], and
bleb-based motility[38] has been observed on these surfaces. 3D gels, most commonly
collagen gels, are an additional in vitro method used to study cell migration. The
addition of the third dimension provides a better mimic of cell migration in the body, and
a variety of cell phenotypes have been observed in 3D collagen gels[42]. 3D hydrogels
utilizing hyaluronic acid (HA), the primary ECM of the brain, of varying stiffnesses have
also been used. While phenotypes in a HA hydrogel are different from those in a
collagen gel, cell behavior was still consistent with a motor-clutch mode of migration[46].
However, the gels contain a single or a limited number of ECM proteins, do not account
for other cell types and signaling in the body, and do not account for tissue

heterogeneity.
1.7.2. In vivo and in vivo-like systems for investigating cell migration

Ideally, cell migration could be observed in humans in the disease state that is being
studied, but this is not feasible. Many assays have been developed to bridge the gap

between in vitro and in vivo assays. Microfluidic devices can be used to simulate
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various processes such as extravasation/intravasation and wound healing as these
devices can add an additional components to better simulate the process occurring in
the body[47], [48], however they still lack the complexity of the in vivo microenvironment
and signaling.

Another method used to study cell migration is ex-vivo tissue slices; cell migration
has been observed in mouse brain slices[49], [50], tumor explants[38], lymph nodes[51],
and other tissues. These methods better mimic in vivo migration, as the cells
experience the same environment as in vivo including ECM proteins and other cell
types, though a few key differences exist. There may be mechanical differences in a
tissue explant relative to an intact tissue, slicing and removing the tissue may initiate a
wound healing response, and signaling from outside the tissue is no longer included.

Studies have begun to develop methods of imaging cells in vivo using cranial
window technology in mice. A portion of the skull is removed and replaced with glass
such that the head of the mouse can be anchored to a two-photon microscope and
fluorescent cells can be imaged inside the brain while the mouse is awake and even
running on a treadmill[52]. As this technology is still new, there are significant
limitations, including very small fields of view and limited imaging depth. In addition,
imaging can only occur over small time frames. Though this is currently a low
throughput method for imaging cells, it can provide important information on the

relevance of other systems of studying cell migration.
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1.8. Molecular motors

Many of these experimental techniques have been used to identify the molecules
involved in cell migration. Non-muscle myosin Il (NM II) motors are the primary motor
involved in generating force in the motor-clutch mode of cell migration, but they also
play critical roles in cell adhesion, cell division, and cell shape regulation. NM I
molecules are comprised of a globular head domain containing binding sites for ATP
and actin, an a-helix coiled rod domain, and lever arms that connect the head and rod
domains, shown in Figure 1.4. The lever arms are bound to two heavy chains of
regulatory light chains (RLCs) and two essential light chains (ELCs)[53].
Phosphorylation of the RLC unfolds the NM Il and results in increasing the ATPase
activity of myosin in the presence of actin. Once the myosin has bound to actin, ATPase
activity results in conformational changes in the myosin that pull the actin filaments[54].
The drug blebbistatin is a small molecule inhibitor that blocks ATPase activity of for NM

Il and therefore inhibits the ability of the myosin to move F-actin filaments[55].
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Figure 1.4. Non-muscle myosin Il
Schematics demonstrating NM Il domains and unfolding in response to RLC
phosphorylation, taken from Vicente-Manzanares et al., Nat Rev, 2009.
NM Il is involved in a variety of pathways that control cell adhesion, cell shape, and cell
migration, including the Rho/ROCK pathway. Kinases including focal adhesion kinase
(FAK) and Src are recruited to focal adhesions and can upregulate myosin
phosphorylation [53]. Cells utilize these pathways to regulate myosin activity which

allows for optimization of cell shape, adhesion, and migration. These pathways can also

influence the regulation of adhesion molecules, or molecular clutches.

1.9. Molecular clutches
Adhesion molecules, or molecular clutches, sit in the cell membrane and connect the
ECM outside of the cell to the actin cytoskeleton through adaptor proteins[56], as

described in Figure 1.5. While the role of myosin Il in motor-clutch cell migration is
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relatively well understood, it is not known which molecule or molecules acts as the

molecular clutch in vivo, though many have been studied.
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Figure 1.5. Components of the motor clutch model

Schematic depicting myosin motors pulling on actin filaments, which pulls on the
molecular clutch (integrins) via adaptor proteins, from Elosegui-Artola et al., Trends in
Cell Biology, 2018[57].

1.9.1. Integrins

Integrins are heterodimeric adhesion molecules that span the plasma membrane
to connect the actin cytoskeleton to the ECM, and they have been a major focus of
research into cell adhesion[58]. Integrins are made up of two heterodimers, an alpha
and beta subunit, and the specific combination of subunits determines which ECM
protein they bind to. Integrins can bind to collagen, laminin, and RGD sequences, which
are found in fibronectin, fibrinogen, vitronectin, osteopontin, and a variety of cell surface
proteins[59] [57], [60], [61]. Integrins bind to the actin cytoskeleton via the adaptor

protein talin, which has two isoforms, talin1 and talin2. As talin experiences force, it can
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unfold, revealing binding sites for the molecule vinculin, which increases the strength of
the actin-ECM bond. Without talin, force cannot be transmitted from the actin network to
the integrins[62], [63]. Many studies have found integrins to be significant for cell
migration[64]. Additionally, integrins have been implicated in cancer progression and
metastasis [65]-[68].

A 2014 clinical trial investigated the effect of Cilengitide, a drug targeting two
types of integrins,ovf3 and ovfs, but the drug did not show a benefit to survival[69]. In a
post-hoc analysis by David Odde, these types of integrins were not found to correlate
with survival in a control group, so it may be that these adhesion molecules are not
used in GBM cell migration. Alternatively, motor clutch modeling suggests a biphasic
relationship between survival and adhesion molecule expression, so targeting of
adhesion molecules must take into account individual expression levels, as a partial
reduction of adhesion in cells with an intermediate expression would slow migration, in
cells with low expression would not impact migration, and in cells with high expression
could worsen outcomes. On a population level, the drug would appear to have no
impact on migration and survival.

Integrins have generally been regarded as the primary adhesion molecule used
in cell migration[58]. However, Lammermann et al. developed a pan-integrin knockout
mouse and found dendritic cells were still be able to localize to the lymph nodes,
implying that migration can occur independent of integrins [70]. At the time, these
results raised the possibility that cells could migrate in 3D without adhesion, but it was

not considered that an adhesion molecule other than integrins, such as CD44 (see
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below), could be used to migrate via the classic motor-clutch mechanism and no

specific mechanism for adhesion-free migration was proposed as an alternative.
1.9.2. CD44

CD44 is an adhesion protein that binds to hyaluronic acid and hyaluronan and
connects to the actin cytoskeleton via adaptor proteins ezrin, radixin, and moesin, the
so-called ERM proteins, and ankyrin[71]. It is expressed on many cell types including
connective tissues, bone marrow, and leukocytes[72]. CD44 has been implicated and
found to be upregulated in a variety of cancers including GBM[73]-[77]. While there is a
primary isoform of CD44 (CD44s), alternative isoforms (CD44v) are present and may be
associated with more metastatic cells. While primary gliomas express CD44s,
intracranial metastatic tumors often express CD44v[76]. Many groups have found CD44
to be important for glioma progression[78], [79]. Klank et al. found a biphasic
relationship between survival in both humans and mice and CD44 expression, where an
intermediate expression of CD44 correlated with fastest migration in mice and lowest

survival in both mice and humans[80].

1.10. Thesis statement

In this dissertation, | sought to identify the mechanism of glioblastoma migration and
better understand how targeting cell migration could impact disease progression. |
hypothesize that glioblastoma cells migrate via a motor clutch mode of migration
mediated through both integrins and CD44 in brain tissue (Chapter 2). In addition, |
hypothesize that cytotoxic T cells also migrate via a motor clutch mode of migration, and

| seek to identify a method to slow down migration of cancer cells while not impacting,
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or possibly increasing, migration of T cells (Chapter 3). A treatment for glioblastoma that
targets cell migration must not impair the ability of T cells to migrate into the tumor,
migrate within the tumor, and seek out and kill cancer cells, as this could worsen

disease outcomes.
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2. Chapter 2: Glioblastoma cells use an integrin- and CD44-

mediated motor-clutch mode of migration in brain tissue

Authors: Sarah M Anderson', Marcus Kelly', David J. Odde"
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2.1. Authors’ Contributions
MK performed the traction force experiments on U251 CD44 KO cells. The rest of the

work in the paper was done by SMA.

2.2. Summary
Glioblastoma (GBM) is an aggressive malignant brain tumor with 2-year survival rates of
6.7% [14], [81]. One key characteristic of the disease is the ability of glioblastoma cells
to migrate rapidly and spread throughout healthy brain tissue[9], [82]. To develop
treatments that effectively target cell migration, it is important to understand the
fundamental mechanism driving cell migration in brain tissue. Several models of cell
migration have been proposed, including the motor-clutch, bleb-based motility, and
osmotic engine models. Here we utilized confocal imaging to measure traction
dynamics and migration speeds of glioblastoma cells in mouse organotypic brain slices
to identify the mode of cell migration. We found that nearly all cell-vasculature
interactions reflected pulling, rather than pushing, on vasculature at the cell leading
edge, a finding consistent with a motor-clutch mode of migration, and inconsistent with
an osmotic engine model or confined bleb-based migration. Reducing myosin motor
activity, a key component in the motor-clutch model, was found to decrease migration
speed at high doses for all cell types including U251 and 6 low-passage patient-derived
xenograft lines (3 proneural and 3 mesenchymal subtypes). Variable responses were
found at low doses, consistent with a motor-clutch mode of migration which predicts a

biphasic relationship between migration speed and motor-to-clutch ratio. CRISPR/Cas9
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knockouts of Talin1, a molecule that mechanically links integrins to the actin
cytoskeleton, and of CD44 both slowed migration of U251 cells. Consistent with these
findings, targeting integrins with Cyclo-RGD was found to decrease migration in some
PDX lines and in U251 cells while incubation with IM7, an antibody for CD44, slowed
migration in U251 cells. Overall we find that glioblastoma cell migration is most
consistent with a motor-clutch mechanism to migrate through brain tissue ex vivo, and
that both integrins and CD44, as well as myosin motors, play an important role in

constituting the adhesive clutch.

2.3. Introduction

Glioblastoma multiforme (GBM) is an aggressive malignant brain tumor with
extremely low 5-year survival rates[81]. The current standard of care includes surgery,
radiation, and temozolomide chemotherapy, though these treatments have failed to
prevent recurrence and fail to result in long-term survival. One key characteristic that
drives the aggressiveness of the disease is the ability of the tumor cells to migrate
rapidly and spread throughout the brain[9], [82], [83]. Developing an in depth
understanding of the mechanisms that cancer cells use to migrate could provide
opportunities for developing novel strategies for limiting cancer spread.

Several models of cell migration have been proposed. The motor-clutch
mechanism of force transmission describes the process of transmitting intracellular
forces to the extracellular matrix (ECM). In this model, forces in the cell are generated
through non-muscle myosin |l motors and F-actin polymerization, leading to retrograde

movement of the F-actin filaments away from the leading edge toward the cell center
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[84]. Adhesion molecules, or molecular “clutches”, connect the F-actin network to the
ECM to transmit force to the environment[85]-[87]. The motor-clutch model simulates
this behavior by describing the stochastic breakage and rebinding of clutches in
response to a moving actin filament network/bundle[30], [31]. Though other versions of
the model have been developed[88], the simplest version regards the F-actin
network/bundle as a rigid rod, which can bind to an array of linear springs, or clutches.
The clutches exhibit force-dependent unbinding and transmit force to a linear substrate
spring that describes the elastic properties of the extracellular environment. Eventually,
the clutches at one protrusion fail stochastically, while the clutches at other protrusions
persist, thus breaking the symmetry, so that the failed protrusion becomes the trailing
edge, and the persisting protrusions constitute the leading edge. This results in net
movement of the cell towards the leading edge. The movement of the cell thus moves
opposite of the direction of substrate deformation, which is one of the key predictions of
the motor-clutch model. The trailing edge experiences pulling forces until the
protrusions fail and the substrate mechanically relaxes. The behavior of the entire cell
was simulated by Bangasser et al. (2017) [32], who developed a cell migration simulator
(CMS), which links multiple motor clutch modules via a spring at the cell body, to
stochastically simulate whole-cell migration. One key finding of this model is the
biphasic relationship between cell migration speed and motor-to-clutch ratio in which
balanced motors and clutches leads to optimal cell migration[32], [89].

The physical paths that glioma cells use to invade healthy tissue has been

studied extensively. Post-mortem histological analysis was used to determine that

23



glioma cells migrate along the brain parenchyma, blood vessels, white matter tracts,
and the subarachnoid space below the meningeal covering of the brain[90], [91].
Several studies have used dynamic analysis in brain tissue to identify the vasculature
as the primary tract of cell migration[92]—[96]. Liu et al. imaged the deformation of
vasculature during migration of U251 glioma cells and found that cells primarily exert a
pulling force at their leading edge, consistent with a motor-clutch model and inconsistent
with other proposed modes of migration, though they analyzed only a small number of
cells and one high-passage cell line[49].

Within the motor clutch framework, integrins are generally thought of as the
primary cell adhesion molecule that acts as the clutch, linking the actin cytoskeleton to
the extracellular matrix via the adaptor proteins talin, vinculin, and alpha-actinin [57],
[60], [61]. Integrins are a family of adhesion proteins that bind directly to ECM proteins
and play a critical role in cell migration and signaling in many cell types and in
cancer[65], [66], [67]. They have a heterodimeric structure composed of alpha and beta
subunits. These subunits bind directly to specific peptide sequence, such as RGD, on
ECM substrates, including collagen, laminin, and fibronectin[68]. Talin, which has two
human isoforms, talin1 and talin2, acts as a force-bearing connection, or adaptor,
between integrin cytoplasmic tails and actin filaments. Recent studies have identified
other molecules that could have the potential to act as a molecular clutch, such as the
adhesion molecule CD44. CD44 binds to hyaluronic acid via its extracellular domain
and connects to the actin cytoskeleton intracellularly via adaptor proteins ezrin, radixin,

and moesin, the so-called ERM proteins, and ankyrin[71], [73], [74], [97]. CD44 has also
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been implicated in mediating glioma cell migration[75]-[77]. Klank et al. found a
biphasic relationship between survival in both humans and mice and CD44 expression,
where an intermediate expression of CD44 correlated with fastest migration in mice and
lowest survival in both mice and humans, as predicted by the CMS[80]. This study also
demonstrated that natural variations in expression of CD44 across subtypes
biphasically correlates with patient survival. Specifically, the proneural subtype was
shown to have lower CD44 expression and the mesenchymal subtype was shown to
have higher CD44 expression, with the former subtype exhibiting modestly longer
survival. These findings have been supported by other studies demonstrating that
glioblastoma cells can migrate through hyaluronic acid-rich matrices via CD44 adhesion
[77] and that cells from mesenchymal glioma tumors have higher CD44 expression and
migrate faster than their proneural counterparts[28].

However, the universality of the motor-clutch model has been questioned. In
particular, Lammerman et al. showed that dendritic cells in 3D could migrate without
integrins[70], a key component of the molecular clutch. However, there are potential
limitations of this finding, in particular not all integrins were knocked out, and other
adhesion molecules that could mediate motor-clutch migration, such as CD44, were
presumably still active. It is worth noting that a high copy number of relatively weak, i.e.
non-specific, adhesive bonds could still serve the function of a clutch in the motor-clutch
framework. However, as a result of this finding, alternate models of cell migration were
proposed. Stroka et al. proposed the osmotic engine model, in which cell migration is

driven by a spatial gradient of ion/osmolyte pumps in the plasma membrane that lead to
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directed water fluxes throughout the cell [34]. In this model, migration does not require
on adhesion to the environment. Instead, the cell establishes a spatial gradient of ion
pumps that creates a net influx of ions at the leading edge and net outflux of ions at the
trailing edge. This creates an electro-osmotic gradient across the cell cytoplasm, driving
water to permeate into the cell at the leading edge and out of the cell at the trailing
edge, leading to net movement of the cell forward. Following this hypothesis, Stroka et
al. found cell migration is sensitive to changes in Na+/H+ exchangers, changes in
aquaporin water channels, specifically AQPS, and osmotic shock. However, their
experiments were conducted in confined microchannels in vitro, and whether this mode
of migration occurs in physiological relevant environments, such as for glioblastoma
cells in brain tissue, is an open question [34]. A cell migrating under this mechanism
could still maintain adhesion to the environment, so as the osmotic forces propel the cell
forward adhesions would presumably exert a frictional force resisting the motion, and so
blocking adhesions would result in an increased cell migration speed. In addition, the
cell would push the environment away from the leading edge, which is inconsistent with
the small set of observations from Liu et al. for U251 cells in normal mouse brain slices.
However, again, these results were based on a limited number of observations for a
highly passaged cell line, and it is unknown whether lower passage glioblastoma cells
use the osmotic engine model for migration in brain tissue.

Another mechanism of cell migration that has been proposed is bleb-based
motility[35]. A variety of cell types have been shown to produce blebs in vitro, including

A375 melanoma cells, breast cancer cells, and T cells[36]-[38], [98]. The most in vivo-
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like environment blebbing has been observed in is 3D collagen gels[38], [39]. A bleb is a
local transient loss of plasma membrane to F-actin cortex cohesion that causes a
plasma membrane-bounded blister-like protrusion to rapidly extend from the cell[39],
[40]. Blebbing enables the plasma membrane to rapidly advance, faster than F-actin
can polymerize. Subsequently, the actin-myosin cortex reforms under the plasma
membrane, adhesions can form, and the intracellular forces can be transmitted to the
environment. In order for the cell to migrate following the rapid extension of the plasma
membrane, adhesions must presumably form at the leading edge and engage the cell’s
motor-clutch modules, pulling the cell forward before the bleb can be retracted. In this
description, bleb-based motility can be regarded as a form of motor-clutch-mediated
migration, where the plasma membrane advances by blebbing rather than F-actin self-
assembly, as in the original motor-clutch model. Even so, during bleb extension, this
model predicts that the extracellular environment will be pushed away from the leading
edge, whereas the F-actin assembly-based motor-clutch model predicts only pulling
forces at the leading edge.

In the present study, the migration of a high passage gliomblastoma cell line,
U251, and 6 low passage patient-derived xenograft (PDX) glioblastoma lines were
investigated in mouse brain-slice organotypic culture to discern the cell migration
mechanism in brain tissue ex vivo. Brain slices have been found to preserve the
cytoarchitecture of the brain and additionally be an effective way to study the effects of
small molecule inhibitors on cell migration [99], [100]. Traction dynamics and cell

migration speeds in mouse brain slices were assessed using two-color swept-field
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confocal imaging with glioma cells either expressing GFP-actin or a green membrane
dye and the brain vasculature labeled with a red fluorescent marker (isolectin-b4-
rhodamine). Genetic modification and drug perturbations were used to target specific
motor and clutch molecules potentially involved in migration. We find that the observed
traction dynamics are consistent with glioma cells using a motor clutch mode of
migration and argue against other models, including the osmotic engine model and
bleb-based motility model. We also find myosin, integrins and CD44 to be important for

cell migration, with implications for therapeutic targeting of glioblastoma cell migration.

28



2.4. Materials and Methods

2.4.1. U251 cell culture

The U251 human glioblastoma cell line was obtained from Dr. G. Yancey Gillespie
(University of Alabama at Birmingham) and was authenticated using the short tandem
repeat assay (University of Arizona Genetics Core). Stably transfected U251-GFP-actin
cells were used[32]. Cells were cultured in T25 plastic tissue culture flasks (353108;
Becton Dickinson, Franklin Lakes, NJ) in a humidified 37°C, 5% CO: incubator.
Dulbecco’s modified Eagle’s medium/F-12 (31765-035; Gibco, Gaithersburg, MD)
supplemented with 8% fetal bovine serum (FBS; 10438-026; Gibco) and 1x
penicillin/streptomycin (100 IU/mL Penicillin, 100 ug/mL Streptomycin; 30-001-Cl;
Corning, Corning, NY) (P/S) was used to culture the cells. Before plating cells onto brain
slices for migration studies, cells were removed from the flask using a 5 minute
incubation with 0.25% trypsin with EDTA in Hanks’ balanced salt solution (25-052-Cl;

Gibco).
2.4.2. Mayo PDX cell culture

PDX lines were obtained from the Mayo Clinic Brain Tumor Patient-Derived Xenograft
National Resource[101]. Cell lines that were frozen in FBS-containing media (GBM44,
GBM85, GBM80) were cultured in T25 plastic tissue culture flasks (353108; Becton
Dickinson, Franklin Lakes, NJ) in a humidified 37°C, 5% CO: incubator with Dulbecco’s
modified Eagle’s medium/F-12 (31765-035; Gibco, Gaithersburg, MD) with 8% fetal

bovine serum (10438-026; Gibco) and 1x penicillin/streptomycin (30-001-ClI; Corning,
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Corning, NY). Cells that were frozen without FBS (GBM12, GBM117, GBM39, GBM85)
were cultured on T25 plastic culture dishes coated in 10% Matrigel with DMEM/F12 with

1x B-27 supplement (12587010; Gibco) and 1x P/S.
2.4.3. Creation and maintenance of cell lines

CD44 knockout (KO) was achieved as described previously [102]. TLN1 KO was
achieved using the CRISPR/Cas9 system. A guide RNA (sequence
AACUGUGAAGACGAUCAUGG) was created to target TLN1. U251 cells were
transfected with Cas9 nuclease and gRNA using the Neon Electroporation system
(Voltage = 1150V, Pulse width = 30ms, number of pulses = 2, interval between pulses =
1 ms). Serial dilution was then used to generate several hundred single cell clones.
Amplification and sequencing of the TLN1 gene for some of the single clones was used
to identify 4 clones with a homozygous TLN1 KO. Western blot was used to confirm
knockout of TLN1 and verify that TLN2 expression was not upregulated in response to

TLN1 KO (Supplementary Figure 2.2).
2.4.4. Preparation of mouse brain slices

All animal treatments and experiments were conducted in accordance with Institutional
Animal Care and Use Committee at the University of Minnesota approved protocols.
Adult B57BL/6 mice aged 8-12 weeks from the Jackson Labs were terminally
anesthetized in a CO2 chamber and then perfused transcardially with ~20mL isotonic
saline until the liver appeared tan colored. The brains were extracted and transferred

into chilled oxygenated artificial cerebrospinal fluid (124 mM NaCl, 2.5 mM KCI, 2.0 mM
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MgSQOy, 1.25 mM KH,PO,, 26 mM NaHCO3;, 10 mM glucose). The cerebrum was
sectioned into 300 ym coronal slices using a vibratome at 80 Hz vibration speed, 2.5mm

amplitude, and 0.5mm/sec advance speed (Lafayette Instruments; 7000SMZ-2).
2.4.5. Organotypic brain-slice coculture with glioma cells

Brain slices were transferred into DMEM/F12 media containing 8% FBS and 1x P/S and
stored in an incubator at 37°C and 5% CO.. Two hundred thousand cells were plated
onto a slice and incubated overnight to allow cells to infiltrate into the slice. Cells
typically invade up to 100 ym into the tissue. Isolectin GA-IB4 (Alexa Fluor 568;
Molecular Probes, Eugene, OR) was added to the slice to stain the vasculature at least
30 minutes before imaging. The slice was transferred into a 6-well glass-bottom 35 mm
culture dish (P35G-0-20-C; MatTek, Ashland, MA) with fresh media. A tissue culture
anchor (SHD 42-15; Warner Instruments, Hamden, CT) was placed on top of the brain

slice to prevent it from drifting during imaging.
2.4.6. Brain slice incubation with drugs and antibodies

For experiments that included drug targeting, the drug was added to the dish containing
the brain slice and cell co-culture 3 hours before imaging to allow the drug to diffuse into
the slice. When the slice was moved into fresh media for imaging, drug was added to
keep the concentration consistent. For experiments with IM7, the slice and cells were

incubated with IM7 for 30 minutes before cell plating.
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2.4.7. Confocal imaging of brain slices

For experiments with brain slices, the slice was imaged using a Zeiss LSM 7 Live dual-
color swept-field laser confocal microscope (Carl Zeiss, Oberkochen, Germany) with a
20x 0.45 NA objective lens capable of simultaneous imaging in both the green (GFP)
and red (IB4) channels as previously described[49]. Maximal intensity projections from
multiple z-stacks were used to generate 2D images for quantitative shape and motion
analysis. A 3x3 tile scan was imaged, and the number of z-stacks was adjusted to
ensure that the data acquisition of the whole slice was completed in under 10 min (eight
to nine planes with 10 ym separation were typically used). The z-stacks were then

imaged every 10 min for up to 10 h at 37°C in a humidified 5% CO, environment.
2.4.8. Brain slice registration and cell tracking

To track single cell migration, relevant z planes were first selected to exclude cells
migrating outside of the brain slice, particularly on the glass. Maximum intensity
projections from these z-stacks were used to assess single cell migration speeds. Stage
drift and tissue relaxation were registered using an affine transformation in MATLAB'’s
imregister_tform function. Single cells were then tracked using ImageJ’s TrackMate with
radius of 10-15 ym and threshold of 2-10 um. The random motility coefficient (D) was

calculated by linear fitting to the mean-squared displacement (MSD) versus time (t).
2.4.9. Motor clutch modeling

The motor clutch model as described by Chan & Odde [30] and Bangasser et al.[31]

was used to simulate substrate load-and-fail dynamics and output plots of substrate
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displacement versus time. A custom Matlab code was developed to isolate peaks in
displacement and fit a line to the loading of the substrate, which estimates the stretching

rate of the substrate.
2.4 .10. Stochastic cell migration simulator

The cell migration simulator as described by Bangasser et al.[32] and Klank et al.[80]
was used to simulate 10 migrating cells under various numbers of motors and clutches

for 6 hours each. The simulation parameters are shown in Table 1.

2.4.11. 2D polyacrylamide gel synthesis

Polyacrylamide hydrogels (PAGs) were cast onto No. 0 glass bottom 35 mm culture
dishes (MatTek P35G-0-20-C) using a previously described method and formulation
[32], [103]. Cast gels were then coated using sulfo-SANPAH (Thermo Fischer Scientific,
Waltham, MA) as previously described (Bangasser et al., 2017; Wang and Pelham,
1998). In this study, Type | Collagen (354236, Corning, Corning, NY) or anti-CD44
antibody IM7 (BDB553131, BD Biosciences, San Jose, CA) were used to coat PAGs. In
general, 200 yg/mL Col | solution was used and 1-300 pg/mL IM7 solution was used
depending on the experiment. In addition, 0.7, 4.6, 9.3, 19.8, 98.5, 195 kPa stiffnesses
were used in this study, which were obtained by varying the cross-linker and polymer

concentrations as previously described[32].
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2.4 .12. Statistical analysis

Statistics were completed in PRISM using a Kruskal-Wallis/Mann-Whitney test with

multiple comparisons to account for the number of datasets that were being compared.
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2.5. Results

2.5.1. Human glioblastoma cells exert pulling forces on brain vasculature

Glioma cells, including high passage U251 cells and patient derived xenograft
(PDX) lines from the Mayo Clinic, were plated on 300 ym thick normal mouse brain
slices. The cells, which were stained to be green fluorescent, adhered to and migrated
into the brain slice and were imaged inside the slice using confocal microscopy. This
method allowed us to both assess single-cell migration speed and investigate
interactions between cells and the vasculature. As described by Liu et al., the direction
and speed that cells are deforming vasculature can be determined by generating a
kymograph of the leading edge of the cell. Figure 2.1A shows example kymographs for
two scenarios: motor-clutch-predicted pulling and osmotic engine-predicted pushing.
Figure 2.1B-E shows examples of single cells from PDX lines and U251 cells migrating
along vasculature. Cells can be seen pulling the blood vessel towards itself while at the
same time moving in that direction. This behavior can be captured by generating a
kymograph of the leading edge. Figure 2.1F-l shows kymographs for 4 cells pulling on
the vasculature. Green lines show the movement of the cell and magenta lines show the
movement of the vasculature. These examples show the movement of the blood vessel
towards the cell, opposite the direction the cell is moving, as is consistent with a motor-
clutch mode of migration but inconsistent with an osmotic engine mode of migration.
The angle of the vascular movement in the kymograph, marked by a red dotted line, can
be used to quantify the speed at which the vasculature is being deformed. This process

was repeated for many cells, including both U251 and a variety of PDX lines. While the
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majority of cells are either not adhered to vasculature or show no deformation, of the
cells visibly interacting with vasculature, 14 cells from 4 different PDX lines (GBM39,
GBM44, GBM85, GBM80) and 8 U251 cells were analyzed and all deformations but one
were consistent with a motor-clutch mode of migration (Fig 1J). The mean maximum
speed of deformation was 2.2 with s.e.m. 0.52 nm/sec, well within the capabilities of
myosin motor sliding velocities, which have been found to be around 3 pm/sec [104].
Observed rates of deformation would be expected to be significantly smaller than
maximum myosin motor sliding velocities because the actin filaments experience
resistance from the bound adhesion molecules, which we next modeled using a motor-
clutch model. Overall, these results are consistent with a motor-clutch model for cell
migration, and inconsistent with an osmotic engine model for cell migration.

2.5.2. Motor clutch model predicts cell traction dynamics on vasculature

Under a motor clutch mode of migration, F-actin retrograde flow applies inward
forces to the environment, i.e. towards the advancing cell. When the cell moves forward
and the trailing edge releases, there would be a pulling at the leading edge and
relaxation at the trailing edge. By contrast, in an osmotic engine model, the cell would
be moving forward independent of its adhesions, applying frictional forces to the
surrounding environment. This would result in a pushing at the leading edge and a
pulling at the trailing edge. Thus, the directions of the forces at the leading edge in the
two models are in opposite directions, providing an excellent opportunity for model

discrimination, as summarized above and in Fig. 1.
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The motor clutch model with the substrate modeled as a Kelvin-Voigt (KV) material
[105] (Fig 2A) was used to simulate deformation of the substrate in response to cellular
forces. A KV model was used because the simplification of the substrate to a simple
Hookean spring could not achieve substrate displacements as large as what was
observed experimentally due to load and foal of the substrate spring, while a KV model
allows the substrate to deform further. Additionally, with the substrate modeled as a
simple Hookean spring, the displacement must snap back to its original state, which
was not always observed experimentally. A KV model can describe plateauing of the
displacement. Adebowale et al., previously used a Standard Linear Solid (SLS) model
for viscoelasticity, but the KV model is a special case of the SLS model where one
spring is considered infinitely stiff, and is therefore simpler[41]. Model parameters are
shown in
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Table 2.1. The substrate deformation can be plotted over time in response to
changing various motor-clutch parameters. The stiffness of the substrate spring
determines the maximum displacement to which the substrate can be stretched (Figure
2.2B). A magenta dashed line indicates the average stretching speed of 2.2 nm/sec that
was found experimentally. The damping constant impacts the rate at which it
approaches the maximum displacement (Figure 2.2C). Altering a parameter that
impacts the strength of the clutches, including number of clutches, characteristic clutch
bond force, and unloaded off-rate of the clutches, will also change the rate at which the
substrate approaches maximum deformation. In Figure 2.2D, the clutch unloaded off-
rate constant is varied (Koff). In order to simulate deformations of 20-40 ym at a speed
on the order of 1 nm/sec, small spring constants (0.01-0.001 pN/nm) and relatively large
damping constants (10-60 pN/nm) were used. Pogoda et al. analyzed the time-
dependent viscoelastic properties of brain[106]. Though they did not analyze storage
and loss moduli at frequencies as low as 10-3-10 Hz, the trends in their data would
imply that at these frequencies, the viscous loss modulus would be significantly higher
than the elastic storage modulus, as was found to be the case here. Thus, inward
deformations of the vasculature at the leading edge observed experimentally can be
computationally reproduced in a motor-clutch model assuming a Kelvin-Voigt model for
local brain-vasculature mechanics. These experimental and computational results
together support the hypothesis that cells migrate using a motor clutch mode of
migration and contradict the hypothesis that cells migrate using an osmotic engine

mode of migration.
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2.5.3. Cell Migration Simulator predicts response to motor and clutch targeting

drugs

To further test whether cells migrate via a motor clutch mode of migration in brain
slices, we first sought to understand theoretically how migration would be affected by
drugs targeting motors and clutches is important. The cell migration simulator,
described by Bangasser et al., was used to model migration speed in response to
changes in number of motors and clutches. Table 2 shows the parameters used in
simulations. A unique prediction of the cell migration simulator is the optimality of the
motor-to-clutch ratio (Figure 2.2E-F). If a cell is operating at the optimal motor-to-clutch
ratio or has too few motors, decreasing motor activity will result in slower migration, as
this directly decreases the cell’s ability to pull itself forward via detachment at the rear.
However, if a cell has too many motors relative to the number of the clutches, a slight
decrease in motor activity will allow the force to better distribute among the clutches,
resulting in less clutch breakage, more efficient force transmission, and faster migration
(Figure 2.2E). A similar effect can be seen in Figure 2.2F upon targeting of clutches. Of
note, these simulations predict that cell migration would be more sensitive to decreasing
motors, as a decrease in motors from the optimum has a very steep decrease from fast
migration to no migration while a decrease in clutches from the optimum has a more
gradual decrease in migration speed. This suggests that cell migration speed would be

more sensitive to motor targeting drugs than to clutch targeting drugs.
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2.5.4. Glioma cell motility is biphasic with respect to myosin motor activity

After incubating green fluorescent glioblastoma cells (U251 and 6 PDX lines) with
brain slices overnight, cells were imaged inside the slice for 10 hours. Figure 2.3A-B
shows example tracks (wind rose plots) of single cell trajectories and Fig 3C-D shows
the corresponding mean squared displacement (MSD) plots for this same subset of
cells. The MSD plots, while variable, are generally linear and the cells therefore migrate
via a random walk. Activity of myosin || motors can be decreased with blebbistatin
treatment. Introducing various doses of blebbistatin into the brain slice assay leads to a
progressive decrease in migration speed in U251 cells, with an over 4-fold decrease in
random motility coefficient (RMC) at 250 yM blebbistatin (Figure 2.3E), implying that
control U251 cells are sitting near or below the optimal motor-clutch level. At high doses
of blebbistatin, all PDX lines exhibit a significant decrease in migration speed. At an
intermediate dose, GBM85 + FBS, GBM 39, and GBM 117 exhibit an increase in
migration speed (Figure 2.3F-G). This is a finding unique to a motor-clutch mode of
migration, implying that these lines have too many motors relative to the number of
clutches for optimal migration. By contrast, the osmotic engine does not utilize myosin,
and so presumably operates in a manner independent of blebbistatin concentration.
Each cell line has a unique estimated motor-to-clutch ratio predicted by response to
motor targeting drugs and the ratio for each line relative to the optimum can be
estimated based on these findings, as shown in Figure 2.3H. For example, GBM44 +
FBS exhibits a progressive decrease in migration, implying that this line has either

balanced motors and clutches or too few motors relative to the number of clutches,
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similar to U251 cells. By contrast, GBM80 + FBS, GBM85, and GBM12 exhibit no
change in migration at intermediate doses, implying that they are slightly above the
optimal motor to clutch ratio, so decreasing motors slightly pushes them over the
optimum and we observe only modest change in migration speed, except at very high
dose of blebbistatin. Lastly, GBM117, GBM39, and GBM85+FBS all exhibited a peak in
migration at intermediate blebbistatin, consistent with their having a higher motor-to-
clutch ratio under control conditions than the other cell lines. Supplementary Figure 2.1
includes the statistics for each curve. Altogether, we observed cell migration dynamics
and sensitivity to motor perturbation consistent with a motor-clutch mode of migration

for glioblastoma cells in brain tissue.
2.5.5. Integrins contribute to cell motility in brain tissue

Next we sought to determine the role of the clutch in cell migration. Initial studies
examined migration on 2D polyacrylamide gels of various stiffnesses coated in various
substrates to confirm the expected phenotype of a reduction in clutches. In this setup,
the cell is forced to migrate using the specific clutch that binds to the ECM coating the
gel. For example, on collagen |-coated PAG, cells migrate via integrins. In U251 cells, a
knockout of talin1, an adaptor protein between integrins and F-actin, was developed
using CRISPR/Cas9. These cells were unable to migrate on collagen gels (Figure
2.4A), indicating that integrin-mediated migration is nearly halted by knockout of talin1.
In addition, the cells are smaller in projected area, as measured by a 65% decrease in
projected area (Figure 2.4B), and more rounded, as measured by a 63% decrease in

aspect ratio (Figure 2.4c), consistent with the hypothesis that the knockout of integrins
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prevents proper adhesion and cell spreading. U251 cells with talin1 knocked out
migrated slower in brain tissue than controls by 3.5-fold (Figure 2.4D), though they were
still migratory, indicating that integrin-mediated adhesion contributes to cell migration in
brain tissue but is not the only mechanism the cells use to migrate.

For both U251 and PDX lines, cyclo-RGD (cRGD) was used to target RGD-
binding integrins (Figure 2.4E). This decreased migration speed in U251 by 1.5-fold,
indicating that U251 cells are using RGD-binding integrins to migrate. In PDX lines
(Figure 2.4F-G), some lines (GBM44+FBS, GBM85+FBS, GBM80+FBS, GBM39)
exhibited a decrease in migration speed while GBM12, GBM85, and GBM117 did
exhibit a significant effect. The statistics for this finding is summarize in Supplementary
Figure 1. This indicates that while some lines do partially use integrins to migrate,

others do not or can compensate for loss of RGD-binding integrins.
2.5.6. CD44 contributes to cell motility

CRISPR/Cas9 was used to develop a knockout of CD44 in U251 cells. CD44 KO
cells were extremely inefficient at adhering to IM7 PAGs and the few cells that did
adhere exerted lower traction force than control cells (Figure 2.5A). These cells also
migrated slower in brain tissue with a 4-fold and 1.5-fold decrease in RMC observed in
two knockout lines relative to control cells, indicating that both integrins and CD44 are
important for cell migration in brain tissue (Figure 2.5B). When IM7 was introduced into
the brain slice assay with U251 cells, migration speed decreased by 1.5-fold, further
indicating that CD44 is important for U251 migration (Figure 2.5C). PDX lines did not

experience a decrease in migration speed in response to IM7 incubation (Figure 2.5D).
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This is consistent with modeling results in Fig. 2 suggesting that cell migration is not
particularly sensitive to clutch targeting. As these cells migrate slower than U251, a

small decrease in migration speed would be difficult to detect.
2.5.7. Additive effects of simultaneous targeting of CD44 and integrins

In order to determine the interplay between CD44 and integrins, we targeted both
integrins and CD44 simultaneously. When cRGD was used on the talin1 KO cells it had
no impact on migration speed in brain tissue (Figure 2.6A), indicating that targeting
integrins via talin knockout and RGD targeting drugs is not additive. On the other hand,
cRGD was used on the CD44 KO cells and this further decreased migration in brain
tissue (Figure 2.6B). When combined, there was a 10-fold decrease in RMC in cRGD
targeting of CD44 KO cells relative to control, suggesting that targeting of CD44 and
integrins is additive. In wild-type U251 cells, simultaneous targeting of IM7 and cRGD
further decreased migration speed compared to either condition alone with a 2.3-fold
decrease relative to control (Figure 2.6C). These results are consistent with the finding
that glioma cells utilize both integrins and CD44 as clutches independently to migrate.
While targeting one may be able to partially decrease migration, both integrins and

CD44 must to be targeted to observe a large decrease in migration speed.
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2.6. Discussion

In this study, we utilized imaging of GBM cell migration to identify the mechanism of
single-cell migration in brain tissue for both high passage U251 cells and low passage
patient-derived xenograft lines. Confocal imaging of green-fluorescent cancer cells on
red-fluorescent vasculature revealed the cells pulling on the vasculature at the leading
edge, a prediction unique to a motor clutch mode of migration and contradictory to an
osmotic engine mode of migration. In addition, blebbistatin was used to target myosin Il
motors and demonstrated the significance of motors to cell migration. Further, some
PDX lines were found to have a biphasic response to blebbistatin as described by an
increase in migration speed at intermediate doses, another finding that is a specific
prediction of a motor clutch model. Through knockouts and drug targeting, both
integrins and CD44 were found to act as clutches and the slowest migration was
achieved by targeting both clutches simultaneous. This is significant because it both
describes a mechanism for how these cells are migrating and suggests that the optimal
way to treat GBM via targeting cell migration would be to target both integrins and CD44
simultaneously.

There are a few notable limitations to the methods used. In analyzing the
environmental mechanical deformations, many cells showed no visible interaction with
the environment, especially in the PDX lines, which could be due to a number of
reasons. For example, the cells could be adhered to ECMs that are not visualized by
the microscope such as ECMs associated with white matter tracts. They could also

simply be non-migratory or the deformation is too small for the microscope to resolve,
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which is likely the case in the PDX lines as those are slower migrating. In addition,
televascular cell-ECM interactions were not imaged and could behave differently than
cell-vasculature interactions.

Despite these limitations, the present findings are significant because the prediction
of cells pulling on vasculature is unique to a motor clutch mode of migration, and of the
cells whose interaction with vasculature could be visualized all but one demonstrated
pulling at the leading edge. This is very strong evidence that these cells use a motor
clutch mode of migration while also arguing strongly against the competing osmotic
engine model. Had the cells been migrating using an osmotic engine, pushing at the
leading edge would have been observed. The hypothesis that cells migrate using a
motor-clutch mode of migration was further supported by targeting of motor-clutch
components. Most significantly, some lines were found to have a biphasic response to
blebbistatin treatment. This optimality of motors and clutches is a also unique prediction
of the motor-clutch model. While it's possible that blebbistatin treatment could indirectly
impact migration under an osmotic engine model, there is no obvious mechanism for a
biphasic response to blebbistatin in this model. Further, as adhesions purely act as
frictional resistance to migration in an osmotic engine model, the decrease in migration
in response to targeting multiple clutches through a variety of mechanisms argues
against the osmotic engine model and supports the motor-clutch model.

While a previous study examined a limited number of U251-mediated vasculature
deformations in brain tissue ex vivo [49], traction analysis in brain slices of low passage

glioblastoma lines had not been done previously. The low-passage PDX cells behaved
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similarly to U251 cells, though they generally migrated slower overall. The present study
analyzed PDX lines with and without media containing fetal bovine serum per Mayo
PDX culture protocol, and noted significant differences between the two conditions. It
was consistently found that lines cultured in serum exhibited significantly faster
migration, including GBM85 which was studied in both serum and serum-free
conditions. FBS therefore has some activating effect on cell migration in the PDX lines.
Serum exposure is not an unrealistic experimental effect, as tumors experience
breakdown of the blood-brain barrier that presumably exposes tumor cells to serum.
Thus, we speculate that the breakdown of the blood-brain barrier in the central regions
of the tumor [107] could provide an impetus for accelerating glioblastoma cell migration,
which presumably would enhance cell invasion into adjacent relatively normal brain
parenchyma where the vasculature barrier function is still intact.

Our study also found that for U251 cells, the slowest migration was achieved by dual
targeting of integrins and CD44, suggesting that both molecules are important clutches.
This implies that in developing clutch-targeting treatments, targeting both mechanisms
of migration simultaneously will have the greatest effect. In the PDX lines, IM7
incubation did not decrease migration speed as hypothesized. This could be because
the cells migrate so slowly that detecting a partial decrease in migration speed is not
feasible, as results from the CMS simulations indicate that migration is less sensitive to
targeting of clutches than motors. This further suggests that targeting one clutch at a
time may not be sufficient to adequately slow down migrating cells. It is also possible

that the PDX lines do not use CD44 as a clutch, however previous findings strongly

46



suggest a role of CD44 in glioblastoma migration [80]. An alternative strategy would be
to target myosin Il motors[108], which the CMS predicts is very sensitive (Figure 2.2E).

In summary, our study investigated a variety of glioblastoma cell lines ranging from
low to high passage in an environment that closely mimics cells in the invasive front of a
brain tumor. We find that treatment of glioblastoma via targeting migration should either
simultaneously target both integrins and CD44, or else target myosin Il. This study also
highlights the importance of determining whether cells are at an optimal motor-clutch
ratio, as insufficient targeting of motors or clutches can potentially increase migration.
The motor-clutch-based CMS predicts that the former is more sensitive, and may be a
better strategy, although it will be important to assess the effects of drugs on immune
cells in the glioblastoma tumor microenvironment, especially antitumoral CD8+ T cells. If
the drugs impair T cells to a similar or greater extent than they impair glioblastoma cells,
then there will be no benefit or potentially harm to the patient. Overall, our study
provides a framework for further development of antimigratory strategies in

glioblastoma, and potentially other invasive cancers as well.
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Figure 2.1. Glioblastoma cells exert pulling forces during migration that are
consistent with a motor-clutch model for migration.

A) Schematic depicting example kymographs of a cell pulling on vasculature vs.
pushing on vasculature. Examples of B-C) Mayo PDX cells (GBM44) and D-E) U251
cells (green) imaged by confocal microscopy migrating along blood vasculature
(magenta). Green arrows indicate the leading edge of the cell and magenta arrows
indicate the vasculature being deformed. The cell can be seen pulling the vasculature
towards itself as it moves forward. F-1) Kymographs of the leading edge of the cell as
denoted by the white box on a-d showing motion of the vasculature towards the cell. j)
Calculated rates of vasculature movement show that for PDX and U251 cells the
vascular is pulled towards the cell at 0-7 nm/sec with one U251 cell observed to push
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the vasculature away. The mean speed of vasculature deformation is 2.2 nm/sec with
s.e.m. 0.52 nm/sec (n=22 observations).
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Figure 2.2. Motor clutch model and cell migration simulator predict cell traction
and migration behavior in brain slices.

A) Schematic of the motor clutch model with the substrate modeled as a Kelvin-Voigt
viscoelastic material. Displacement of the substrate simulated over time in response to
changes in B) ks, the substrate spring constant, C) cs, the substrate damping constant,
and D) kofr, the unloaded clutch unbinding rate. A dashed magenta line indicates the
mean speed of vascular deformation found experimentally and a dashed purple line
indicates the maximum speed of vascular deformation observed experimentally. The
cell migration simulator was used to model the relationship between E) number of
motors and F) number of clutches and RMC. Cells are more sensitive to decreases in
motor number below the optimum than clutch number below the optimum.
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Figure 2.3. Migratory behavior of glioma cells in brain slices and response to
myosin motor-targeting.

Tracks of a) U251 cells and b) GBM80 (-FBS) PDX cells on brain slices. c-d)
Corresponding mean squared displacement as a function of time interval for the same
cells. e) RMC of U251 cells in mouse brain slices in response to increasing doses of
blebbistatin. f-g) Response of PDX lines to varying doses of blebbistatin for cells that
were cultured in the presence or absence of FBS. h) Simulated normalized migration
speed vs. motor-to-clutch ratio with estimates motor-to-clutch ratio for each analyzed
cell line.
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Figure 2.4. The role of integrins in GBM cell migration on PAGs and brain slices.

Wind-rose plots for A) control cells and B) TLN1 KO cells. C) TLN1 KO cells migrate
significantly slower than control lines on collagen-coated polyacrylamide gels. D) TLN1
KO cells are smaller in projected area and E) more round than control cells. F) TLN1
KO cells migrate slower on mouse brain slices. Inhibiting RGD-binding integrins with
cyclo-RGD in G) U251 and H-l) PDX lines slows cell migration in some lines, while
others are unaffected.
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Figure 2.5. The role of CD44 in GBM cell migration on brain slices.

A) CD44 knockout cells migrate slower on brain slices relative to the control line. B)
U251 cells on brain slices migrate slower with IM7 incubation. C) Migration of PDX lines
is unaffected by IM7 incubation.
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Figure 2.6. Combined targeting of integrins and CD44 maximally inhibits
migration on brain slices

A) cRGD targeting of TLN1 KO cells does not further decrease migration. B) cRGD
targeting of CD44KO cells decreases migration further on brain slices. C) Combination
targeting of U251 cells on brain slices with IM7 and cRGD decreases migration more
than either by itself.
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Supplementary Figure 2.1. Migratory behavior of individual glioma cells in brain

slices in response to blebbistatin and cyclo-RGD

, F) GBM 39, and

RMC of cells in response to varying doses of blebbistatin and cRGD for A) GBM44 +
56

FBS, B) GBM 85 + FBS, C) GBM 80 + FBS, D) GBM 117, E) GBM 12
G) GBM 85. Each dot represents a single cell. The black line denotes the median value

and 95% confidence interval. Statistics were done using a Kruskal Wallis test.
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Supplementary Figure 2.2. Western Blot demonstrating knockout of talin1

Western Blot results for the A) control HSP90, B) Talin1, and C) Talin2 in development
of Talin1 knockout. D) Calculations demonstrating knockout of talin1 in given samples
and no significant upregulation of talin 2.
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Table 2.1. Motor clutch model (MCM) with Kelvin-Voigt substrate parameters

Nm Total number of 50
motors

Nc Total number of 50
clutches

ks Substrate spring variable pN/nm
constant

Cs Substrate variable pN/nm
damping
coefficient

Fm Myosin motor stall | 2 pN
force

Vu Unloaded actin 120 nm/sec
flow rate

Kon Clutch on-rate 1 sec™
constant

Koff Unloaded clutch variable sec™
off-rate

ke Clutch spring 1 pN/nm
constant

Fb Characteristic 2 pN
clutch rupture
force
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Table 2.2. Cell Migration Simulator (CMS) parameters. All references values from
Bangasser et al. [32].

Nm Total number of variable
module motors

Nc Total number of variable
module clutches

Atot Maximum total 10° nm
actin length

Vpoly Maximum actin 200 nm/sec
polymerization
rate

Kmod Maximum module | 1 sec™

nucleation rate

Kcap Module capping 0.001 sec™
rate

lin Initial module 5000 nm
length

Imin Minimum module | 100 nm
length

Kcell Cell spring 1000 pN/nm
constant

Ne cell Total number of 10

cell body clutches

ks Substrate spring 0.1 pN/nm
constant

Fm Myosin motor stall | 2 pN
force

Vu Unloaded actin 120 nm/sec
flow rate
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Kon Clutch on-rate 1 sec™

Kot Unloaded clutch 0.1 sec™
off-rate

ke Clutch spring 0.8 pN/nm
constant

Fo Characteristic 2 pN

clutch rupture
force

60




3. Chapter 3: Targeting of CD44 and LFA-1 increases T cell

migration in brain tissue
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3.1. Authors’ Contributions
NM developed the gaussian mixture model code that was used and advised SMA to
utilize the HMM. MA performed the experiments with T cells on PAGs and AA
developed codes to analyze this data, both under advisement from SMA. HZ did the T
cell extraction and isolation and gave frozen T cells to SMA. The remainder of

experiments were completed by SMA.

3.2. Summary
Infiltration of cytotoxic CD8+ T cells into the brain is an important indicator of disease
progression and survival for a variety of diseases including multiple sclerosis and
glioblastoma. While T cell infiltration in multiple sclerosis has negative implications on
disease progression[109], one key hallmark of glioblastoma is the suppression of the
immune response, allowing tumor growth[110]—[112]. In this study we use mouse
organotypic brain slices co-cultured with CD8+ T cells to develop long time scale (> 30
minutes) movies of migrating CD8+ T cells in normal brain tissue. We found the T cells
migrated with two distinct modes, a fast (~2 pm?/min) mode representing about 20% of
steps and a slow (~0 um?/min) mode representing the remaining 80% of the steps. We
targeted myosin motors and several adhesion molecules to assess how they contribute
to T cell migration, and found that targeting of myosin with blebbistatin and targeting of
RGD-binding integrins with cyclo-RGD both result in a decrease in migration speed. We
also find that targeting LFA-1 with a-CD11a monoclonal antibodies (mAb) and targeting

CD44 with a-CD44 mAb increase migration. As U251 cancer cells in brain tissue have

decreased migration speed in response to a-CD44 mADb, the present results suggest
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that CD44 could be a potential target for improving glioblastoma outcomes by

simultaneously slowing cancer cell migration and speeding up CD8+ T cells.
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3.3. Introduction

T cell migration in the brain has critical implications for a variety of diseases
including gliomas and other brain tumors[113], multiple sclerosis (MS)[109],
neurodegeneration[114], and viral infection[115]. One key hallmark of glioblastoma, for
example, is the suppression of the immune response, allowing the tumor to grow and
spread faster. Infiltration of cytotoxic CD8+ T cells into the tumor has been shown to be
an important indicator of disease progression and survival[110]-[112]. In particular, a
clinical study by Yang et al. investigated the level of CD8+ T cell infiltration in patient
tumors and tracked subsequent survival and determined that patients with higher
CD8+T cell infiltration were more likely to survive longer (>403 days)[25]. Additionally,
Shamsan et al. demonstrated that in mice the mesenchymal subtype of glioblastoma
experiences faster migration of cancer cells but longer survival due to increased
infiltration of CD8+ T cells [28]. Several studies have begun to investigate if targeting of
cancer cell migration can slow down disease progression[80], however, the effects of
cell migration-targeting drugs and antibodies on T cell migration in brain tissue has not
been studied. Thus, the mechanism of T cell migration in brain tissue is unknown and it
is unclear how targeting cancer cell migration would impact T cell migration.
Understanding the mechanism of T cell migration in tissue and specifically brain tissue
could inform the development of immune therapies that improve T cell intra-tumoral
migration and killing of glioma cancer cells. In addition, increasing T cell migration could
be used to improve T cell response to infection, whereas decreasing it could be

beneficial in MS and neurodegeneration.

64



Two primary modes of cell migration have been observed in vitro: amoeboid and
mesenchymal. Mesenchymal migration is characterized by intracellular force generation
via actin-myosin complexes pulling on adhesive molecular “clutches” bound to the
extracellular matrix (ECM) and asymmetric breakage of these adhesions to define the
trailing edge[30], [116]. By contrast, amoeboid migration occurs in the absence of
adhesions[117]. One potential mechanism for amoeboid migration is an osmotic engine
model, in which cell migration is driven by a spatial gradient of electro-osmotic pumps
and channels in the plasma membrane that lead to directed water fluxes throughout the
cell [34]. In vitro, some studies have found T cells to migrate via an amoeboid mode of
migration[70], [117]-[119] while other studies have found that they use a motor-clutch
mesenchymal migration [118], [120], [121]. These results are consistent with a more
general framework where T cells are able to plastically switch between the different
modes of migration depending on their environment, which is regulated by microtubule
instability[38], [70], [122], [123].

Several studies have investigated cytotoxic CD8+ T cells in physiologically relevant
environments. Cytotoxic CD8+ T cells, which are primarily responsible for finding and
killing cancer cells [16], have been found to migrate rapidly in 3D aligned collagen gels
[124] and in 2.5D nanotextured ICAM-1 gels [38]. They have also been imaged in
melanoma tumors [125], lung squamous cell carcinoma tumors[126], the trachea[127],
lymph nodes[128], and live larval zebrafish fins[129]. Several studied have imaged
CD8+ T cells in brain tissue. These studies all inoculated mice with an infection and

imaged CD8+ T cell migration in the CNS, and the migrating T cells were consistently
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found to have 2 subpopulations: a slow-migrating (“arrested”) subset and a fast-
migrating subset [130]-[132]. The most in-depth investigation of CD8+ T cell migration
in brain tissue was done by Harris et al., who found that CD8+ T cells in chronically
infected mouse brain explants migrated via a Lévy walk and that the migration speed is
decreased by the chemokine CXCL10[50]. However, like the other studies in brain
tissue, they only imaged cells on relatively short time scales (10-30 minutes) and
several studies have questioned the Lévy walk approach as a useful framework for any
biological motion, described below. In a subsequent study by Banigan et al., a two-state
model was used to describe CD8+ T cell migration in lymph nodes[133]. When Jerison
and Quake observed T cells in the live larval zebrafish over millimeter fields of view and
for periods of a few hours, they found that the cells do not follow a Lévy walk over long
periods but instead the cells had a large heterogeneity in both speed and turning
behavior [129]. Additionally, all of these studies that investigate T cell migration in brain
tissue utilized the brains of infected mice; to our knowledge, migration speeds of CD8+
T cells in normal brain tissue has yet to be reported. This is relevant for glioblastomas,
as the most invasive cells are migrating into relatively normal brain tissue beyond the
tumor margin[134]. The mechanical processes mediating T cell migration in vivo are not
clear.

Many adhesion molecules have been hypothesized to act as a molecular “clutch” for
T cell migration. The primary class of molecules that has been identified as a molecular
clutch in T cell adhesion and migration are integrins, particularly LFA-1, which has been

found to be important for both T cell migration and activation [135]-[138]. LFA-1, a
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surface-expressed heterodimer composed of an alpha subunit (CD11a/al) and beta
subunit (CD18/p2), is a leukocyte-specific integrin that binds to the ICAM proteins[139].
LFA-1 has been specifically targeted on T cells using a drug, efalizumab, to treat
autoimmune diseases, particularly psoriasis[140], though it was withdrawn from the
market due to severe side effects including fatal brain infections[141]. While T cells
have been shown to use a mesenchymal mode of migration on both ICAM-1 and
collagen in vitro [120], [38], a few studies question this by demonstrating that dendritic
cell migration can occur independent of most integrin subtypes[70], [117]. While one
explanation of this is that cells use an amoeboid mode of migration, it is also possible
that they use another molecule as a molecular clutch.

One potential molecule is CD44, which is widely expressed on activated T cells, is
one of the most common surface markers used for T cells, and has been shown to
regulate tethering and rolling interactions with cells that express hyaluronic acid such as
vascular endothelial cells[142], [143]. In addition to being a potential clutch for
migration, CD44 has been suggested to potentially play a role in activation of CD8+ T
cells. Klement et al. found that upregulation of osteopontin, a ligand of CD44, decreases
activation of CD8+ T cells [144]. Further, Mrass et al. found that T cells with a CD44
knockout were less efficient in scanning of tissue and therefore made fewer contacts
with tumor cells. These cells did not maintain a stable polarized shape and did not
migrate with the same persistence as wild type cells [145]. While these studies suggest

an important role for CD44 in T cell migration, it is not clear how targeting CD44 via
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mADbs would influence migration. In addition, the role of CD44 in T cell migration in brain
tissue is unclear.

In this study, we used normal organotypic mouse brain slices ex vivo co-cultured
with CD8+ T cells to assess the mode of migration in an in vivo-like environment. We
also utilized drugs and antibodies to investigate the molecular basis of migration via
perturbation of motor-clutch components. This allowed us to investigate the impact of
adhesion and migration molecules of the integrin class, most notably LFA-1, and CD44

over long time scales (10 hours) on CD8+ T cell migration.
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34. Methods
3.4.1. T cell isolation

All animal treatments and experiments were in accordance with Institutional Animal
Care and Use Committee at the University of Minnesota approved protocols. Adult
B57BL/6 mice aged 8-12 weeks from the Jackson Laboratory were euthanized in a CO,
chamber and sterile surgical tools were used to separate the mouse spleen, which was
stored in ice-cold PBS with 25% penicillin streptomycin (100 IU/mL Penicillin, 100 pg/mL
Streptomycin; 30-001-Cl; Corning, Corning, NY) (P/S). A syringe plunger was used to
disrupt the spleen inside a 70 um nylon strainer (Fisherbrand, cat#: 22363548) over a
50 mL tube and rinsed with 10 mL of 1x PBS with 2% FBS. Splenocytes were then
resuspended in 1XPBS + 2% FBS + 1mM EDTA at 108 cells/mL. CD8+ T cells were
negatively selected using the EasySep Mouse CD8+ T Cell Isolation Kit (StemCell
Technologies cat #: 19853) following the manufacturer’'s recommendation. After
isolation, the enriched cells were resuspended in pre-warmed media (Immunocult-XF T
Cell Expansion Medium, StemCell Technologies Cat #10981) supplemented with 30U
Mouse Recombinant IL-2 (StemCell Technologies Cat #78081) and 1% P/S and plated

in a 96 well round bottom plate (Corning, Cat #38018) at 10° cells in 100uL per well.
3.4.2. T cell activation with Dynabeads

To activate the T cells, CD3/CD28 DynaBeads (DynaBeads Mouse T-Activator
CD3/CD28 for T-Cell Expansion and Activation, Gibco Cat #11456D) were washed and

resuspended in T cell culture media. Two and a half pL of the resuspended DynaBeads
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were added to each well of the T cells, and incubated in a CO:z incubator at 37C
overnight. If the media turned yellow, fresh media was added. After 20-24 hours, the
cell-contained medium was transferred to a round bottom tube and placed in the
magnet for 2.5 minutes to remove the DynaBeads. After beads removal, the cells were
counted and resuspended in FBS with 15% DMSO at 1-2 million cells per mL before

transferring to cryovials for long term storage in liquid nitrogen.
3.4.3. T cell thawing and expansion

To thaw T cells, a cryovial was placed in a 37°C water bath. As soon as it was thawed,
the solution was moved into 10mL of pre-warmed Immunocult medium. The cell solution
was then counted and centrifuged at 220G for 5 minutes. The supernatant was
removed, and the cells were resuspended in fresh Immunocult + 30U IL-2 medium and
plated in a round bottom 96 well plate at 10° cells per 100uL in each well. After 24
hours, an additional 100uL of Immunocult + IL-2 medium was added and the cells were

ready to be used. The cells were used within 72 hours of thawing to preserve activation.
3.4.4. 2D polyacrylamide gel synthesis

Polyacrylamide hydrogels (PAGs) were cast onto No. 0 glass bottom 35 mm culture
dishes (MatTek P35G-0-20-C) using a previously described method and
formulation[32], [103]. Briefly, the dishes are treated with 0.1 M NaOH, 97% (3-
aminoproyl)trimethoxysilane and 0.5% glutaraldehyde to activate the glass surface.
Then, 4 L of a prepolymer mixture of 40% acrylamide solution, 2% bis-acrylamide

solution, 1M HEPES solution, and deionized water was added to the dish and covered
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with a 12 mm No. 1.5 circular cover slip. Once the gel has polymerized, the cover slip
was removed. Cast gels were then coated using sulfo-SANPAH (Thermo Fischer
Scientific, Waltham, MA) conjugated to a substrate as previously described [32], [103].
In this study, 165 pyg/mL Type | Collagen (354236, Corning, Corning, NY), 165 pg/mL
laminin (Corning 35423), 200 pg/mL fibronectin (Sigma-Aldrich F1141), 100 pg/mL a-
CD44 mAb (clone IM7) (BD Biosciences 553131), 100 ug/mL ICAM1 (BioLegend
553006), and 100 pg/mL a-CD11a mAb (clone TS1/22) (Thermo Fisher Scientific
MA11A10) were used to coat PAGs. In addition, 0.7, 9.3, 19.5, 100 kPa stiffnesses

were used in this study.
3.4.5. Live Imaging of T cells

Two phase-contrast microscopes (Nikon TiE, Nikon Ti-2) were used for imaging. A Zyla
5.5 sCMOS camera (Andor Technology, Belfast, United Kingdom) and a 20x/0.95NA
Ph1 lens with 3.07 pixels/um was used. Cells were maintained at 37°C and 5% CO2 for
the duration of imaging using an Oko lab Bold Line top stage humidified incubator
(Okolab, Ottaviano, ltaly). Ten positions on each gel were identified for imaging and a

phase contrast image of the cells was acquired every 5 minutes for 8 hours.
3.4.6. Tracking of cells on 2D PAGs

A custom MATLAB® code was developed for cell segmentation. Specifically, .tiff
movies were imported as frames. To ensure high accuracy, movies that were too
crowded and contained more than 40 spots per frame on average were not considered

for further analyses. A Gaussian filter with a 3x3 kernel was applied to each frame to
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remove noise followed by a Sobel filter for edge detection. The identified objects were
morphologically closed using a disc-shaped structural element of size 108-870 um?2. The
objects that either touched the frame’s boundaries or were too small or big to be a cell
were removed.

After segmentation, LapTracker from TrackMate v7 was used for tracking. The
centroid of the cell in the next frame closest to the centroid of the current cell is linked
together to create an edge. The search for the next cell is limited within a disc of radius
‘max-linking distance’ (50 um for slow setting, 167 pm for fast setting) centered at the
centroid of the current cell. Joining many such edges creates a track for a single cell

which can then be used to calculate cell speed and random motility coefficient (RMC).
3.4.7. Determination of the Number of the Percent Adherent Cells

The experimental settings had modest natural convection in the nutrient medium
that drove the unadhered cells at a speed of around ~12 pm/min, which was much
faster than the adhered cells, which were clearly not moving. A threshold of 6 um/min
was therefore used to distinguish adhered cells from unadhered cells as adhered cells

were never observed to be moving faster than this threshold.
3.4.8. Preparation of mouse brain slices

All animal treatments and experiments were in accordance with Institutional
Animal Care and Use Committee at the University of Minnesota approved protocols.
Adult B57BL/6 mice aged 8-12 weeks from the Jackson Labs were terminally

anesthetized in a CO2 chamber and then perfused transcardially with ~20mL isotonic
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saline until the liver appeared tan colored. The brains were extracted and transferred
into chilled oxygenated artificial cerebrospinal fluid (124 mM NaCl, 2.5 mM KCI, 2.0 mM
MgS0O4, 1.25 mM KH2PO4, 26 mM NaHCO3, 10 mM glucose). The cerebrum was
sectioned into 300 ym coronal slices using a vibratome at 80 Hz vibration speed, 2.5
mm amplitude, and 0.5 mm/sec advance speed (Lafayette Instruments; 7000SMZ-2).
The slices were transferred into DMEM/F12 media (Thermo Fisher Scientific 11-320-

033) containing 8% FBS and 1x P/S and stored in an incubator at 37°C and 5% CO..
3.4.9. Organotypic brain-slice coculture with T cells

The media in the dish with the brain slice was removed and replaced with 2 mL
of Immunocult + IL2 media. Three hundred thousand T cells per brain slice were
transferred into a 10 mL conical and incubated with 5 yL/mL of Vybrant DiO Cell-
Labeling Solution (Thermo Fisher Scientific, Cat #V22886) and incubated for 15 minutes
in a 37°C, 5% CO: incubator to stain the cells. The cells were centrifuged and washed
with PBS 3x then resuspended into immunocult + IL2 medium and added to dish with a
brain slice and incubated overnight to allow cells to infiltrate into the slice. Cells typically
invade up to 150 uym into the tissue. Isolectin GS-IB4, Alexa Fluor 568 Conjugate
(Invitrogen 121412) was added to the slice at least 30 minutes before imaging. This
binds to and stains lectins, which are highly expressed on endothelial cells (vasculature)
and microglia[146], [147]. The slice was transferred into a 6-well glass-bottom 35 mm
culture dish (MatTek P35G-0-20-C) with fresh media. A tissue culture anchor (Warner
Instruments SHD 42-15) was placed on top of the brain slice to prevent it from drifting

during imaging.
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3.4.10. Brain slice incubation with drugs and antibodies

For experiments that included drug targeting, the drug was added to the dish
containing the brain slice and cell co-culture 3 hours before imaging to allow the drug to
diffuse into the slice. When the slice was moved into fresh media for imaging, drug was
added to keep the concentration consistent. For experiments with a-CD44 mAb and a-
CD11a mADb, the slice and cells were incubated for 30 minutes with 20 pyg/mL mAb
before cell plating and the brain slice/cell co-culture was left to incubate in 20 pg/mL

mAD.
3.4.11. Confocal imaging of brain slices

For experiments on brain slices, the slice was imaged on a Zeiss LSM 7 Live
swept-field laser confocal microscope (Carl Zeiss, Oberkochen, Germany) with a 20x
0.45 NA objective lens (1.53 pixels/um) capable of simultaneous imaging in both the
green (GFP) and red (IB4) channels as previously described[49]. Maximal intensity
projections from multiple z-stacks were used to generate 2D images for quantitative
shape and motion analysis. The number of z-stacks was adjusted to ensure that the
data acquisition of the whole slice was completed in under 5 min (9 planes with 10 ym
separation were typically used). The z-stacks were then imaged every 5 min for up to 10

hours at 37°C in a humidified 5% CO, environment.
3.4.12. Brain slice registration and cell tracking

To track single cell migration, relevant z planes were first selected to exclude

cells migrating outside of the brain slice, particularly on the glass. Maximum intensity
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projections from these z-stacks into 2D images were used to assess single cell
migration speeds. Stage drift and tissue relaxation were registered using an affine
transformation in MATLAB’s imregister_tform function. Single cells were then tracked
using ImagedJ’s TrackMate with radius of 5 ym and threshold of 10-15 ym. The random
motility coefficient (RMC) was calculated by linear fitting to the mean-squared

displacement (MSD) versus time (t).
3.4.13. Double Gaussian Fitting

A custom Python code was developed to fit multiple Gaussians to the cell
displacements. In the algorithm, it was assumed that the mean of the Gaussian
distributions is equal to zero and the covariance matrix is diagonal. To calculate the
covariance matrix and the mixing coefficients, the Expectation Maximization algorithm is
used[148]. First, the covariance matrix and the mixing coefficients are initialized. In the
Expectation step the probability, yn« for each data point to belong to each Gaussian
distribution based on equation 4:

o PN
YK N (X0, Zp)

where K the number of clusters. In the Maximization step the covariance matrix and the
mixing coefficients are updated based on equations 5 and 6 respectively. The process

is continued until the absolute difference for the log likelihood is less than 103,

N
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Pr = N (6)
where Nkis equal to N, = ¥N_, v.«x. The Akaike Information Criterion (AIC) plots were

generated by fitting a variable number of Gaussians to the data and tracking the

corresponding error via AlC.
3.4.14. Hidden Markov Model

In order to model the step lengths as a two-state Hidden Markov Model (HMM) the
moveHMM R package was used. Data was prepared as a .csv file with one column
representing cell ID and columns for the x and y coordinates in um for all experiments
under the same conditions. The data was prepped using the prepData() function. As the
HMM analysis is sensitive to initial parameter values, a random number generator was
used to choose initial values between specified ranges. The initial estimate of the mean
step length for state 1 ranged from 0.5 to 1.5 and the initial estimate of the mean step
length for state 2 ranged from 2 to 8. The standard deviations ranged from 0.5 to 1.5
and 2 to 8 for states 1 and 2, respectively. The initial zero-mass parameters were
calculated to be the proportion of step lengths equal to 0. For each set of initial
parameters, the fitHMM() function was used to generate a fit and a corresponding
maximum log likelihood value. The fit with the highest maximum log likelihood was
used. The model outputs the corresponding parameters for the gamma fits for each

state, the mean, standard deviation and transition probability matrix.
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3.5. Results

3.5.1. Functional assessment of T cell adhesion molecules in vitro

In order to test functional surface expression of various adhesion molecules, T
cells were plated on 2D polyacrylamide gels (PAGs) coated with various substrates
including collagen, fibronectin, laminin, ICAM1, a-CD11a mAb (clone TS1/22), and a-
CD44 mAD (clone IM7) at four stiffnesses: ~1 kPa, 10kPa, 20kPa, and 100 kPa. As
shown in Figure 3.1A, T cells exhibited extremely poor adhesion to several substrates,
particularly the integrin-engaging extracellular matrix proteins (ECMs) collagen,
fibronectin, and laminin. This indicates that the cells have a very low surface expression
of the ECM-cognate integrins. Adhesion to ICAM-1 and a-CD11a mAb, an antibody
mimicking the ligand of ICAM1, were slightly better at 17% and 35%, respectively,
indicating that LFA-1, the ligand of ICAM-1 and a-CD11a mAb, may be the dominant
integrin expressed on the surface of these T cells, consistent with previous
literature[149]. Remarkably, the adhesion to a-CD44 mAb was nearly 100%. This
suggests that T cells have a high surface expression of CD44, a known T cell marker,

and that they can use CD44 to adhere strongly to surfaces.

3.5.2. T cells exhibit poor migration on 2D substrates

Of the cells that adhered to the PAGs, it was noted that cells exhibit “tethered
migration”, in which cells attach to the surface at a single point/small region and the
body of the cell moves around this point, but the point of contact with the gel does not

move significantly (Figure 3.1B). Despite the tethering point of the cell not moving, the
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cells were extremely active, with blebs, filopodia, and lamellipodia consistently seen in
high spatial-temporal resolution movies. This behavior is reflected in plots of the mean
squared displacement (MSD) of cells (Figure 3.1C). There is a linear increase in MSD at
very short time periods followed by a plateau, which indicates confined migration. As the
MSD v. time plot is non-linear, a random walk model was not applicable and therefore
instantaneous speed over the 5 min acquisition time intervals was used to quantify
motility on the PAGs, which was similar across all substrates (Figure 3.1D). The
migration speed was consistently very low, 0.083 pm/min (+/- 0.012 ym/min, s.e.m.).
Additionally, when speed is measured on varying stiffness substrates, ranging from 0.7
kPa to 100 kPa, there is no major effect of stiffness on migration speed, cell area, or cell
aspect ratio (Figure 3.1E-G). These results imply that CD8+ T cells are not able to
migrate under a classic mesenchymal mode of migration in these conditions due to firm

adhesion in a single subregion of the cell surface [31].

3.5.3. Migratory behavior of T cells in brain slices

To understand T cell migration in a 3D physiologically relevant environment, T
cells (green) were co-cultured with 300 um thick mouse organotypic brain slices.
Isolectin B4 (magenta) was used to stain the vasculature and microglia [150]. T cells
invaded up to 150 pym into the slice following a 4 hour incubation and confocal
microscopy was used to visualize T cells migration, as shown in a maximum intensity z-
projection of the T cells (green) with vasculature/microglia (magenta) in Figure 3.2A.

There appears to be strong associations between the T cells and both vasculature and
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microglia. As shown in Figure 2B, T cells (green) are seen migrating along vasculature
(magenta). Example 2D projected tracks of individual T cells relative to a common
origin, a so-called wind-rose plot, are shown in Figure 3.2C. The tracks do not trend
toward a specific direction and appear random. Notably, there appears to be a
significant fraction of cells that migrate very little and stay close to the origin and a
smaller fraction that is more migratory. This finding is similarly reflected in the mean
squared displacement plot in Figure 3.2D where a few cells have higher MSD than

others.

3.5.4. |ldentification of two distinct migration speeds

In order to determine if T cell migration can be modeled as a population of fast-
and slow- moving cells, Akaike information criterion (AIC) plots were generated for each
position, shown in Supplementary Figure 3.1. Akaiki Information Criterion (AIC) plots for
the Gaussian mixture model demonstrate that the data is best described as a two-state
modelSupplementary Figure 3.1. The AIC plots estimate the error associated with the
number of Gaussian distributions being fitted to the displacement data. In all plots, a
large decrease is seen between 1 and 2 states, indicating that a 2 state model is a
better fit than a 1 state model. In some datasets, further decreases are seen at higher
number of states (>4 states), which are likely due to fitting noise. Some datasets, even
those that are repeats of the same experiment, have decreases at intermediate number
of states, while others do not. While this could imply that some datasets could be better

fit with a 3 or 4 state model, a 2 state model is a good fit for all data sets, so we used
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this model for further analysis. The displacements were then fit to a double Gaussian,
which can then be used to calculate the diffusion coefficient (random motility coefficient)
and the relative proportion of cells in each Gaussian. Two states were observed, a slow
migrating state (mean RMC 0.01-0.05 um?/min) including 65-95% of the displacements,
and a fast migrating state (mean RMC 1.5-8 um?/min) making up 5-35% of the
displacements, as shown in Supplementary Figure 3.2. Since the slow migrating cells
are imaged at least 10 ym into the brain slice, and in some cases up to 150 ym in, they
must have been migratory in their past history before switching to a non-migratory state.
Each point on the plot represents a single movie containing ~50-300 cells imaged over
1 mm?2. Given these findings, a Hidden Markov Model (HMM) was used to characterize
the two states, fast and slow, as two gamma distributions of step lengths, or,
equivalently, instantaneous speeds. In Figure 3.2E, a cell can be seen starting in the
fast migrating state at the origin before transitioning to a slow migrating state after 65
min. The cell then spends the remaining 520 minutes in the slow state. For the entire
cell population, Figure 3.2F shows the histogram of step lengths overlayed with the fits
for both states. Notably, there are two states, a slow state with a mean of 0.79 ym and
standard deviation 0.20 um, and a fast state with a mean of 4.31 ym and standard

deviation 3.79 um.

3.5.5. Motor-clutch targeting drugs affects cell migration speed

Since T cell migration in brain tissue could potentially be mediated via a motor-

clutch mechanism, we next sought to determine how perturbation of myosin motors and
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various cell adhesion molecules impacted migration speed. Figure 3.3A summarizes the
number of cells that were tracked for each perturbation. First, blebbistatin, a drug
targeting myosin Il, was incubated for 1 hour with the brain slices at 10 and 50 uM. The
cells were tracked and the random motility coefficient (RMC) was estimated. Though no
statistically significant effect was seen at 10 yM, a significant decrease (p<0.0001) in
migration speed can be seen at the higher dose of blebbistatin (Figure 3.3B). While
there was no statistically significant difference in cell area in response to the blebbistatin
(Figure 3.3C), a slight trend of increasing area was noted. This increase was expected,
as decreasing the contractility of the cells via decreasing motors will cause them to
spread and result in a larger area[32]. Cyclo-RGD, which targets RGD-binding integrins,
was used to target a potential molecular clutch. At the lower dose of 1 uM, a small
decrease in RMC was seen with a larger decrease in RMC observed at the higher dose
of 5 uM (Figure 3.3D). Further, a decrease in cell area was seen with increasing dose of
cRGD (Figure 3.3E). This is consistent with the blebbistatin data, as decreasing
adhesions should inhibit cell spreading. These results are consistent with the motor-
clutch model for cell migration, and suggest that T cells use canonical adhesion-based
migration in brain tissue, rather than an adhesion-independent mechanism as has been

suggested in the literature[70].
3.5.6. Antibody targeting of either CD44 or ICAM1 increases migration speed

In order to investigate the effect of other potential clutches, CD44 and LFA-1,
antibodies, a-CD44 mAb and a-CD11a mADb, were separately used to target their

respective adhesion molecules, CD44 and LFA-1 Contrary to our hypothesis that
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targeting adhesion molecules should decrease migration, we saw an increase in RMC
in response to both a-CD44a mAb (Figure 3.3F) and a-CD11a mAb (Figure 3.3H).

There was also an increase in cell area in both cases (Figure 3.3G,I).

3.5.7. Impact of motor-clutch targeting drugs on distinct subpopulations

We wanted to further test how each drug and antibody impacted the fast and slow
states predicted by the HMM. The HMM described above was used to determine the
gamma distribution of step lengths, described as a mean and standard deviation of the
step lengths of each subpopulation (state 1 and state 2) in response to the drugs and
antibodies. Figure 3.4A-J describes the gamma parameters of each state, overlayed
with a histogram of the step lengths while figure 4K lists the parameters of the
distributions. Notably, increasing doses of blebbistatin (Figure 3.4A-C) result in more
steps in state 1, the slow migrating group, and fewer steps in state 2, the fast migrating
group, described by a higher peak in state 1 and lower peak in state 2. The mean step
size of state 2 also decreases from 3.6 to 2.3 ym (Figure 3.4K). This implies that
blebbistatin both decreases the speed of the migrating cells and shifts cells towards the
slow migrating group. Cyclo-RGD had a similar effect with more steps in the slow group
and fewer in the fast group and a decrease in mean step size of the fast group from 4.3
to 3.4 um, shown in Figure 3.4D-F. By contrast, cells treated with a-CD44 mAb exhibit a
decrease in the number of cells in state 1 and an increase in cells in state 2 with no
major change in the step size of either group (Figure 3.4G-H). This suggests that the

increase in RMC in response to a-CD44 mAb is due to more cells being activated to the
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fast migrating state. Treatment with a-CD11a mAb had minimal effects on the cells in
state 1, but it did increase the mean step length of the fast group (Figure 3.41-J). The
HMM also calculates a transition probability matrix, describing the probability that a cell
in a given state will switch to another state. This can be used to calculate the average
time in each state, as summarized in Figure 3.4L. Blebbistatin treatment reduces the
time spent in either state, likely because the blebbistatin also decreases the standard
deviation of state 1. At 5 yM cRGD, cells will remain in the slow state significantly longer
than in the fast state. a-CD44 mAb and a-CD11a mAb treatments have minimal effect
on the time in each state. In summary, we find that drugs that perturb motor-clutch
components alter not only the overall cell motility, but also the transitions between the

fast and slow states, and in some case also alter the speed of the fast state.

3.6. Discussion

In this study, T cell migration was imaged in 2D PAGs and mouse brain slices and a
variety of drugs and antibodies were used to elucidate the mechanism of migration.
Migration was decreased in response to targeting of myosin motors with blebbistatin
and targeting of RGD-binding integrins with cRGD, consistent with a motor clutch mode
of migration. By contrast, migration increased in response to targeting adhesion
molecules CD44 and ICAM-1 with a-CD44a mAb and a-CD11a mAb, the same
antibodies that T cells experienced high adherence to on PAGs.

The studies of T cells on PAGs demonstrated an intriguing discrepancy in which

cells were only able to adhere to a-CD44a mAb and to a lesser extent to a-CD11a mAD,

which turned out to be the two molecules that resulted in an increase in migration in
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brain slices. We hypothesize that this is because these cells have a high surface
expression of CD44 and LFA-1 and can best utilize these molecules to adhere to a 2D
surface. Ultimately, the behavior observed in these cells was a single anchor point
tethering the cell to the surface and therefore these studies did not result in migratory
cells, apparently contradicting results seen in the literature. Other studies have found
CD8+ T cells to be migratory on ECM-coated glass [151], [152] and nanotextured PAGs
[38]. Another study imaged Jurkat T cells on PAGs coated in CD3 and CD28 mAbs but
migration was not studied[153]. Based on this, it is possible that CD8+ T cells do not
migrate in a 2D hydrogel environment coated with ECM proteins. The movement of the
cell body in the z direction appears as if the cell is actively searching for additional
anchor points in the third dimension.

To understand migration of these cells in 3D, we used confocal microscopy to
generate long time scale movies of CD8+ T cells migrating in normal brain tissue, which
to our knowledge has not been previously reported in the literature. Normal mouse
organotypic brain slices were co-cultured with the T cells and incubated with various
drugs and antibodies. This setup describes a method to study cell migration in response
to various stimuli in a physiologically relevant environment, as the use of a 6 well plate,
with each well containing a 300 um thick brain slice, allows the testing of 6 conditions at
once. There are several limitations to this method. In order to compress the very large
image files for analysis, we used a maximum intensity projection of 9-10 z-stacks, as
this allowed us to compress each image file to reduce computation time. Migration in

the third dimension was therefore lost, however the calculation of random motility
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coefficient accounts for the dimensionality of the tracking data. In addition, cells that
migrated further than the maximum linking distance of 40 um in one 5 minute time frame
could be lost by the tracking software, though these events were observed to be rare.
On the other hand, the nature of co-culturing cells and brain slices and imaging the cells
that infiltrate the slice means that the assay is selecting for cells that can migrate in a
brain slice, therefore biasing the data towards migratory cells.

Despite its limitations, the brain slice assay provides critical information on
identifying the mode of T cell migration. The decrease in migration observed with both
blebbistatin and cRGD treatment is consistent with a motor-clutch mode of migration.
Had the cells been migrating via an amoeboid mode of migration, specifically through
an osmotic engine model[34], it is feasible that blebbistatin targeting of myosin motors
could indirectly impact migration speed by impacting cell shape and length scale.
However, adhesions, if present, would act as frictional resistance to migration and
targeting adhesions would either have no effect on migration speed or would increase
migration speed. The decrease in migration in response to cRGD targeting of integrins
is inconsistent with the osmotic engine hypothesis. On the other hand, both cRGD and
blebbistatin disrupt the motor-to-clutch ratio in opposite directions and lead to a
decrease in migration speed, suggesting that the cells are migrating via a motor clutch
mechanism and are relatively close to the optimal motor-to-clutch ratio. This near-
optimality is similar to results seen for cancer cells[32].

On the other hand, treatment with a-CD44a mAb and a-CD11a mAb increased

migration speed. While this appears to be inconsistent with findings from Klement et al.
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and Mrass et al., there may be an optimality to CD44 expression causing opposing
results, as these studies used complete knockouts. One explanation of this finding
consistent with a motor-clutch hypothesis is that the T cells are somewhat
hyperadhesive, meaning their adhesions are too strong to allow them to migrate
efficiently. Therefore, decreasing the number of adhesions shifts the cells to a more
optimal motor-to-clutch ratio and improves migration. In this case, while we would have
expected to see a similar increase or no effect from cRGD, it is possible that the effect
of even the lower dose of cRGD (1 uM) was strong enough to push the cells past the
optimum and decrease migration whereas the antibodies had a smaller effect to just
shift the cells to the optimum, as described in Figure 3.5A. An alternate explanation is
that while blebbistatin and cRGD targeted the motor-clutch components, a-CD44a mAb
and a-CD11a mAb impacted the activation/signaling of the T cells. This is consistent
with the increased area of the T cells and explains the opposing response to cRGD and
a-CD44a mAb/a-CD11a mAb. The mechanism of activation could be explained through
a motor-clutch model, which would predict that the only ways to increase migration are
through optimizing the motor-to-clutch ratio and increasing the F-actin polymerization
rate. As crosstalk between integrins and CD44 has been found in cancer cells [Kelly et
al., in preparation], CD44 could be negatively regulating RGD-binding integrins, so
blocking CD44 in turn upregulates integrins and shift the T cells closer to the optimum,
as summarized in Figure 3.5B. This is consistent with the cRGD results suggesting the

T cells are at or below the optimal number of integrins. Similarly, blocking LFA-1 could
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be upregulating other integrins and optimizing the motor-to-clutch ratio. Alternatively,
blocking CD44 and LFA-1 could be increasing F-actin polymerization rate.

Though elucidating the exact mechanism for increasing T cell migration via a-
CD44a mAb/a-CD11a mAb treatment requires further investigation, this finding is
significant because it demonstrates that targeting known adhesion molecules could
potentially increase migration. In diseases such as MS, this could potentially exacerbate
the disease, so it is critical to further our understanding of the role of adhesion
molecules in T cell migration before developing treatments. For GBM, this finding is a
critical example of a deviation between cancer cell and T cell behavior. Previous work
by Anderson et al. found that in a similar brain slice assay with U251 glioma cells,
decreasing CD44 and RGD-binding integrins both significantly decreased migration
speed. While these results suggest that targeting molecular clutches could be used to
hinder progression of glioblastoma, it was not known how this could affect T cell
migration. Because T cell infiltration into the tumor has critical implications for survival,
slowing down T cell migration with cancer cell migration could potentially make
outcomes worse. Here we identify CD44 as a potential clutch that could be targeted to

slow down migration of cancer cells while simultaneously improving T cell migration.
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Figure 3.1. T cells primarily adhere to a—CD44 mAb-coated PAGs and exhibit
tethered movement when adhered.

A) Percent of cells that adhered to each ECM with data from 4 stiffnesses (Young’s
modulus) of 0.7, 9.3, 19.5, and 100kPa lumped together. B) Images of a T cell on a-
CD44a mAb-coated PAG demonstrating tethered movement. Magenta arrows indicates
the point of tethering that does not move while the cell body, indicated by a green arrow,
moves around this point. C) Mean squared displacement plotted against time for 10
example cells. D) Instantaneous speed of T cells during tethered migration, measured
by tracking the cell centroid. E) T cell speed, F) area, and G) aspect ratio of adhered
cells on a-CD44a mAb-coated gels as a function of substrate stiffness.
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Figure 3.2. T cell migration in brain slices

A) T cells (green) often associate with vasculature and microglia (both magenta) in brain
tissue. Examples of T cells are noted in green arrows, microglia in solid magenta
arrows, and vasculature in dashed magenta arrows. B) An example T cell (green)
migrating along vasculature (magenta). Green arrows indicate the location of the T cell.
C) Wind-rose plot showing 2D projected trajectories of a subset of T cells for clarity. D)
Mean squared displacement vs. time for the same cells with the mean MSD for all cells
in the position in a dashed black line. Displacements for control T cells were fitted to a
HMM, and E) shows a the wind-rose plot of a single cell starting at the origin with
magenta corresponding to when it is in state 1 (slow) and green corresponding to when
it is in state 2 (fast). F) A histogram of step lengths with the HMM-determined Gaussian
distributions of step lengths overlayed in magenta (state 1) and green (state 2). A
dashed black line indicates the total distribution.
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Figure 3.3. Perturbations of motor-clutch components impact T cell migration and
area.

A) Table summarizing the number of cells tracked for each condition. Random motility
coefficient and area in response to B,C) 0, 10, and 50 uM Blebbistatin, D,E) 0, 1, and 5
MM cyclo-RGD, F,G) 20 pg/mL (130 nM) a-CD44 mAb, H,I) 20 ug/mL (130 nM) a-

CD11a mADb.
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Figure 3.4. Hidden Markov Model (HMM) describes T cell migration as a two-state
model with fast and slow states described by gamma distributions of
displacements and random switching between states

Histograms of step lengths and corresponding HMM-generated gamma distribution fits
for state 1 (magenta, slow), state 2 (green, slow), and total (black, dashed) for A-C) O,
10, and 50 uM Blebbistatin, D-F) 0, 1, and 5 yM cyclo-RGD, G-H) 20 yg/mL (130 nM) a-
CD44 mAb, I-J) 20 pg/mL (130 nM) a-CD11a mAb. K) Mean and standard deviation of
the gamma distributions for each fit. L) Average time in each state for each condition,
calculated using the transition probability matrix.
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Figure 3.5. Schematics depicting potential mechanisms for increase in migration
in response to targeting CD44 and LFA-1

A) T cells are initially hyperadhesive, so targeting with a-CD44 mAb or a-CD11a mAb
decreases clutches and optimizes migration. Targeting RGD-binding integrins with
cyclo-RGD decreases migration beyond the optimal to lower migration. B) T cells are
initially hypoadhesive. Though blocking clutches with a-CD44 mAb or a-CD11a mAb
decreases adhesion, integrins or CD44, respectively, are upregulated in response,
optimizing the motor-to-clutch ratio.
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Supplementary Figure 3.1. Akaiki Information Criterion (AIC) plots for the
Gaussian mixture model demonstrate that the data is best described as a two-

state model

AIC Plots for A-C) 0, 10, and 50 uM Blebbistatin, D-F) 0, 1, and 5 uyM cyclo-RGD, G-H)
20 pg/mL (130 nM) a-CD44 mADb, I-J) 20 ug/mL (130 nM) a-CD11a mAb. Each line is
for a single field containing 50-300 cells.
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Supplementary Figure 3.2. T cell displacements are best fit by fast- and slow-
migrating subgroups via a Gaussian mixture model analysis

A normalized histogram of x and y displacements combined for A) blebbistatin, B) cyclo-
RGD, C) a-CD44 mAb, and D) a-CD11a mAb incubation. Estimated RMC values for
each subgroup for E) blebbistatin, F) cyclo-RGD, G) a-CD44 mAb, and H) a-CD11a
mADb incubation. The fraction of cells in each subgroup for |) blebbistatin, J) cyclo-RGD,
K) a-CD44 mAb, and L) a-CD11a mAb incubation.
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4. Chapter 4: Conclusions and Future Directions

The goal of this dissertation was to identify the mechanisms by which glioblastoma
cells and T cells migrate in brain tissue to further our understanding of how targeting
cell migration could impact disease progression. Although cell migration is an area of
interest for potential treatments, developing an effective treatment is in need of better
mechanistic understanding in order to have a rational approach.

In Chapter 2, healthy mouse brain slices were used to investigate the mechanism
that glioblastoma cells use to migrate in brain tissue. Cell-vascular interactions for high-
passage and low-passage patient derived xenograft lines were imaged and were found
to be consistent with a motor-clutch mode of migration and inconsistent with the osmotic
engine model. Furthermore, blebbistatin was used to target myosin Il motors and the
variable response at low doses and decrease in migration speed at high doses were
consistent with the unique prediction of optimality of motors in a motor-clutch mode of
migration. Two primary clutches were investigated, integrins and CD44, and both
molecules were found to contribute to cell migration, with the slowest migration
occurring when both integrins and CD44 were targeted simultaneously. These findings
are significant because it furthers our understanding of how glioblastoma cells migrate
in brain tissue and identifies potential targets for slowing cell migration.

Although the results in Chapter 2 suggest that the optimal way to target cell
migration in glioblastoma is by simultaneous targeting of integrins and CD44, it is critical
to understand how this would impact migration of anti-glioblastoma T cells. In Chapter

3, we identify that T cell migration in healthy brain tissue can be described by a double
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Gaussian distribution and a two-state Hidden Markov Model that represents the
displacements of a mixture of fast migrating and slow migrating cells. In addition, cell
migration is decreased in response to motor-targeting blebbistatin and integrin-targeting
cyclo-RGD, as predicted by a motor clutch mode of migration. Interestingly, cell
migration is increased by a-CD44 mAbs and a-CD11a mAbs. We conclude that this
increase is likely due to improved activation of the T cells, potentially via an upregulation
of alternative clutch molecules. Of significance, the increase in migration in response to
a-CD44 mAb is a critical divergence in phenotype between T cells and cancer cells.
This finding identifies CD44 as a potential target for glioblastoma treatments that could
slow down migration of cancer cells while improving the ability of cytotoxic T cells to kill
cancer cells.

Additional studies can be done to further our understanding of cell migration in vivo.
While these findings identified integrins and CD44 as the primary clutches in cancer
cells, using CRISPR/Cas9 to develop a cell line with talin1, talin2, and CD44 all knocked
out could tell us if cells are still able to migrate without either integrins or CD44. Though
these results suggest that the cells will migrate significantly slower than a control cell, if
the cells can still migrate at all, it would be important to determine if other molecules can
act as a clutch and drive the cells to migrate. Additionally, though ezrin, radixin, and
moesin, the ERM proteins, are thought to be the adaptor molecules for CD44,
developing a knockout of the ERM proteins could better elucidate their role in cell
migration and improve our understanding of CD44-mediated migration. Many additional

molecules that were not studied are thought to contribute to cell migration and may
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make up part of the clutch framework, including vinculin, alpha-actinin, and ankyrin.
Knockout cells of each of these proteins could elucidate their specific contribution to cell
migration.

There are several elements of T cell migration that are still not understood. In these
studies, we were unable to observe deformations in vasculature in response to T cell
migration, but higher resolution images of migrating T cells could inform on traction
dynamics of T cells in tissue and determine if they are consistent with a motor clutch
mode of migration. In addition, these studies utilized drugs and antibodies to disrupt
motor-clutch components, but complete knockouts of each molecule would give more
complete information about their role in cell migration. This is especially true in the case
of CD44 and ICAM-1, in which the antibodies resulted in increased migration speed.
Future studies could investigate the mechanism of this increase, which could be due to
an upregulation of a different clutch or an increase in the actin polymerization rate.

In order to determine how translatable these findings are to a clinical environment,
similar studies could be done in ways that better mimic human disease. For example,
brain slices could be taken from a mouse with red-fluorescent T cells with an induced
brain tumor expressing GFP. Migratory behavior of the cancer cells and T cells would
better reflect how they behave and interact with each other in a disease state. Drug and
antibody targeting of clutches could be used to determine how blocking CD44 impacts
migration of both cancer and T cells simultaneously and the ability of T cells to kill

cancer cells. Alternatively, cranial window imaging of an induced tumor could be used to
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image migrating cancer cells in a mouse brain and dissect how it varies from ex vivo
brain slices.

Overall, this dissertation advanced our understanding of the mechanics of cell
migration and how it is relevant to glioblastoma progression using both high- and low-
passage cell lines in brain tissue. We identified CD44 as an adhesion molecule that
blocking could slow down migration of cancer cells while speeding up migration of T
cells. These findings open doors to effectively targeting cancer cell migration as a
means to slow down glioblastoma progression while also having implications for a

variety of types of solid tumors.
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5. Appendix: Motor-Clutch Modeling of Single-Integrin Force

Dynamics

One of the first projects | worked on in graduate school was a collaborative project
with Alexander Dunn’s lab at Stanford University. Their lab developed FRET-based
tension sensors that sit outside a cell between an integrin and the substrate, in this case
a glass surface with functionalized PEG brush. These sensors measure the force on a
single integrin, a measurement directly predicted by the motor clutch model that, until
this point, the technology had not existed to test. Interestingly, the majority of the
observed forces on the integrins were primarily low force (<7 pN) and static. They also
observed high, static forces (>7 pN) and dynamic events, as shown in Figure A. 1. The
dynamic events observed could be a step event, meaning an instantaneous change, or
a ramp event, meaning a more gradual change. The motor clutch model in its base form
did not produce forces on the clutches that were static, as the clutches experience
continuous load and fail dynamics. Additionally, the dynamic events could only be ramp
increases and step decreases, but the sensors observed the opposite events as well.

We sought to challenge the assumptions made in the motor clutch model to see if
we could determine an explanation for the static forces as well as ramp decreases in
force and step increases in force. We developed several variations of the motor clutch
model, summarized in Figure A. 2C. The first model was a “multiple connections
model,” which aimed to represent the adaptor molecule talin and reinforcing vinculin as
an additional set of springs in series with the clutch spring. Unbinding occurred at the

adaptor clutch springs. While this did achieve some level of static forces, the clutch

99



force was far more variable than what was observed experimentally. Next, we modeled
the clutches as a viscoelastic element, which allowed for slower relaxation of the clutch
spring and rapid rebinding. While the forces were more static than the base model, they
still experienced gradual increases. The final model we explored included reversible
actin crosslinkers, which meant breakage could occur within the actin network and
create discrete clusters of motors. As these clusters form and change, clusters can
experience temporary mechanical equilibrium. These dynamics lead to static forces, as
well as step and ramp increases and decreases in force. Interestingly, this model also
reduced force dissipation, as complete clutch failure occurred less often. It also was
able to recreate the same force distribution observed by the sensors experimentally.
These results are published under Tan et al., Science Advances, 2020[88].

This project is what allowed me to develop such a deep understanding of the motor
clutch model that | used throughout the duration of my dissertation. It also shaped what
the dissertation would eventually be about, as learning about the dynamics of clutches

motivated me to study the clutch in in vivo-like environments.
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Figure A. 1. Dynamic transitions in load constitute a minority of sensor
measurements[88]

(A) Representative traces showing step (left) and gradual ramp (right) load transitions
(FRET donor: green; FRET acceptor: orange; load: blue) for HFFs adhering MTS...
Black arrows mark acceptor or donor bleaching; dashed black lines indicate direct
excitation of the FRET acceptor. Horizontal gray dashed lines indicate upper and lower
force measurement limits for MTS... (B) Percentage low force (defined as <2 for MTS..
or <7 pN for MTS,,.) (blue), higher force but static (green), and dynamic (hashed;
subset of loaded integrins) sensors for a variety of cell types adhering to different MTSs.
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(C) Percent of dynamic sensors with step (magenta) and ramp (purple) transitions.
U20S cells had no observable dynamic events.
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Figure A. 2. A modified model of cytoskeletal force transduction yields
mechanical equilibrium at individual integrins[88].

(A) Simplified cartoon of a FA: Nonmuscle myosin Il pulls on reversibly cross-linked
actin filaments, which are linked to integrins by vinculin and talin. (B) Cytoskeletal
dynamics model: F-actin filaments bind to anchors (blue) and are linked by cross-linking
proteins (green). (C) An example force trace of the standard clutch model and possible
clutch model extensions that account for multivalent clutch connections, viscous
relaxation, or reversible cross-links. Reversible cross-links allow for stable force
plateaus as well as sporadic ramp and step events. The dashed gray lines indicate zero
force. (D) Calculated energy dissipation from simulations with irreversible (top) and
reversible (bottom) cross-links. (E) Force distribution for simulated anchors with
reversible cross-linking (k...= 20 s™).
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