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ABSTRACT
Megan Elizabeth Kern: Combined Atomic Force Microscopy and Light Sheet
Microscopy Characterize the Mechanobiology of Phagocytosis
(Under the direction of Richard Superfine)

Phagocytosis is a fundamental biological function which allows immune cells, such as
macrophages, to internalize and eliminate harmful particles such as pathogens, bacteria, and
cell debris. These phagocytic targets vary widely in their size, shape, and stiffness requiring
unique and complementary modes of clearance. Macrophage cells are able to exert forces to
probe for the target’s mechanical properties and respond with changes in their cellular
structures allowing for internalization. This force-driven mechanism of sensing a target’s
composition has been shown to be an important factor influencing how phagocytosis proceeds.
In order to better understand the forces directing cell decision-making before and during
phagocytosis, it is imperative to measure the forces exerted on the target by the cell as well as
capture high spatiotemporal resolution of the underlying actin cytoskeleton providing the
scaffolding for dynamic cell structure changes. In this dissertation, | measure and observe the
mechanical activity of the cell by using an Atomic Force Microscope (AFM) combined with Line
Bessel Light sheet microscopy to simultaneously measure the force required to pull a target off
the AFM cantilever and image the filamentous action (f-actin) location and intensity over the

course of engulfment.
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Chapter 1: An Introduction to the Cell Biology of Phagocytosis

1.1 Phagocytosis: A Critical Macrophage Function

Phagocytosis is a fundamental process where particles larger than 0.5um in diameter
are internalized by various types of phagocytic cells. [1] This mechanism is utilized by some
unicellular organisms to collect nutrients as well as aid in antimicrobial defense [2]. In
multicellular organisms, tissue-resident macrophages undergo phagocytosis to aid in immune
defense [3], homeostasis [4], tissue development [5], and repair [6]. As part of the innate
immunity, phagocytosis acts as an early response to internalize and dispose of pathogenic
bacteria, fungal cells, and cancerous cells. The innate and adaptive immunity work in harmony
thanks to a host of unique receptors decorating the plasma membrane of immune cells which
recognize an assortment of foreign and endogenous ligands on the surface of their targets. [3]
In order to maintain homeostasis, the human body turns over billions of cells daily. This routine
clearance of dying cells requires recognition and elimination by phagocytes. [4] Apoptosis, a
form of programmed cell death, is vital for tissue morphogenesis in a developing multicellular
organism. Proper ingestion and degradation of apoptotic cells is performed by professional,
nonprofessional, and specialized phagocytes through phagocytosis. [5] If not efficiently
engulfed, apoptotic cells undergo autonomous degradation and release potentially harmful cell
components which may lead to autoimmune diseases. [7] However, cell death is not always

deliberate and cell debris resulting from damage still poses a risk to the body requiring removal.



Clearance of necrotic cell debris is necessary to initiate the regeneration of tissue required after
injury and to prevent damage from sustained inflammation. [6] Upsetting this careful balance
of cell death and survival can lead to cancer cell metastasis, malignancies, and drug resistance.
[8] Phagocytosis is therefore an important first line of defense for protecting our bodies from

invading external threats and internal systemic and inflammatory diseases.

1.2 The Role of the Actin Cytoskeleton in Phagocytosis

The actin cytoskeleton allows for dynamic cell shape changes that drive many
fundamental processes such as cell motility, cell division, and of course, phagocytosis. Actin
structures are composed of monomeric actin (globular or G-actin) units which bind in long
helical chains to form filaments (filamentous or f-actin). These actin filaments can bind to
neighboring actin filaments to form distinct superstructures in cells such as branched actin
sheets, cross-linked cortical actin meshworks, cross-linked bundles of parallel actin filaments,
and contractile actomyosin bundles. [9] The utility of the actin cytoskeleton comes from its
ability to quickly assemble and disassemble these complex structures to respond in accordance
to environmental or internal stimuli. The specific structural forms of the actin cytoskeleton are
dictated by actin associated proteins and signaling proteins. For example, the branched actin
underlying lamellipodia (Fig. 1.1) are assembled with the aid of the Arp2/3 complex, an actin
nucleating protein which binds to the side of an existing actin filament and seeds a new actin
filament to form from it. [10] Similarly, finger-like protrusions of the membrane are supported
by subjacent actin filament bundles mediated by formins, fascin and other crosslinking proteins,

as well as the Arp2/3 complex. [11] These actin structures may be stimulated by cytokines in



the extracellular surroundings or constitutively activated. Prior to phagocytosis, macrophage
cells use lamellipodial ruffles and filopodial protrusions to survey their local environment for

prey as well as a form of actin-dependent target capture.
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Figure 1.1. Schmatic of the Actin Cytoskeleton and Actin-related Protein Near the Cell Edge.
Taken from S. Mylvaganam, S. A. Freeman and S. Grinstein, "The cytoskeleton in phagocytosis
and macropinocytosis," Current Biology, vol. 31, pp. R619-R632, 2021. [16]. This schematic
depicts the various cytoskeletal structures and actin regulators found beneath the plasma
membrane, whether the membrane is at rest (left) or ruffling (right). The actin cortex
represented on the left is a dense meshwork of filamentous actin, myosins, formins, and other
cytoskeletal regulators such as Rho GTPases and kinases. This clustering of transmembrane
receptors create ‘picket fences’” which limit transmembrane protein motility within the
membrane but also physics constrain which proteins can experience inside-out activation [31]
[17]. On the right, we can see the different actin architecture resulting in filopodia (linear,
parallel actin filamments crosslinked by fascin) and lamellipodia (branched actin networks
nucelated by Arp2/3 via the Rac signaling pathway).

1.3 Distinct Receptor-Ligand Pathways to Initiate Phagocytosis
Phagocytosis is initiated by binding of receptors on the cell surface to proteins natively

present on the surface of the phagocytic targets or to antibodies or other serum components



that have coated or opsonized the target surface. [1] Phagocytes express a broad spectrum of
surface receptors, each targeting a corresponding ligand, including Fcy-Receptors (antibody
IgG), complement receptors (complement fragments C3b and iC3b [12]), scavenger receptors
(Bacterial lipopolysaccharide or LPS), lectins like dectin-1 (fungal B-glucans like zymosan), and
other integrins (fibronectin or vitronectin) [13]. These receptors work alone or in combination
with other surface receptors to aid in binding, increase uptake efficiency, or even trigger
signaling cascades inside the cell which induce phagocytosis [14]. A well-studied example of
this is the case of FcR-mediated phagocytosis. Activation of the FcR-mediated signaling cascade
requires the target to present a dense coating of surface-bound ligands for the Fc receptor to
bind. After engagement, the tethered receptor-ligand interaction promotes the binding of
neighboring receptors in the Fc family as well as integrins. This clustering of several different
receptors results in phosphorylation of the intracellular domains of the receptors leading to
inside-out signaling and actin reorganization into the phagocytic cup. [15] [16] Once this
adhesion to the target is successfully made, the actin cytoskeleton beneath the membrane
undergoes a considerable rearrangement to create an enveloping mouth (or phagocytic cup,
see Fig 2) which advances around the object and eventually closes, completing the engulfment.
[17] This orderly process is made possible by the tightly regulated spatial and temporal

organization of the actin cytoskeleton.

1.4 Regulators of the Actin Cytoskeleton During Phagocytosis
This broad range of unique and specific receptor-ligand interactions led to the popular

theory of receptor-dependent phagocytic cup morphology and internalization mechanisms.



Early studies of particle internalization revealed seemingly distinct modes of engulfment for
FcR-mediated versus complement mediated phagocytosis. The hallmarks of FcR-mediated
phagocytosis included membrane ruffling and the extension of pseudopodia (an arm-like
protrusion) around the target, binding to the surface ligands like a zipper. In contrast,
complement mediated phagocytosis appeared to show no signs of membrane activity and the
particle simply ‘sunk’ into the cell. [18] [19] In 1998, these distinct mechanisms were further
differentiated in terms of their Guanine nucleotide-binding proteins (GTPases) signaling
pathways, suggesting that there were unique actin-regulatory mechanisms depending on the
ligand presented to the phagocyte. Rho-family GTPases and their associated factors are a large
part of the fundamental signaling pathways which bring about the reorganization and
polymerization of specific actin structures at the plasma membrane. [20] These early studies
revealed that Racl (typically associated with lamellipodia formation) and Cdc42 (ubiquitously
important for cell motility) were required for FcR-mediated phagocytosis [21] [22], while
complement mediated phagocytosis depended on RhoA (actin stress fibers formation, focal
adhesions, and actomyosin contractility) [21]. Because Racl and Cdc42 are known to activate
Arp2/3 [20], FcR-mediated phagocytosis was seen as a process driven by branched actin
networks, consistent with the observed lamellipodial ruffling. In contrast, RhoA’s role in
actomyosin contractility along linear actin filaments fit the hypothesis for the ‘sinking’
perceived in complement mediated phagocytosis [23]. However, recent developments in
fluorescent imaging have debunked the theory and revealed that these two processes have
much in common. Lamellipodial ruffling was seen in both FcR-mediated phagocytosis and

complement-mediated phagocytosis [24], the pseudopodia previously related to only FcR-



mediated phagocytic cups was observed in both cases [25] [26], and finally, removing active
Arp2/3 from the phagocytes decreased particle uptake for both types of phagocytosis [27] [28],
implying that the Arp2/3 signaling pathway is required for both FcR and complement mediated
particle uptake. Furthermore, it has been shown that FcR-mediated phagocytosis employs the
use of integrins for efficient phagocytosis [25], opening the door for RhoA’s role in both the FcR
and complement pathways.

Walbaum et al. found that macrophage cells lacking the complement receptor type 3
(CR3), also known as amp2 integrin, had an elongated pseudopodal cup and incomplete
engulfment when challenged with 1gG-opsonized red blood cells [25]%.This implies that Fc
receptors work in coordination with CR3s for late-stage cup squeezing and closure to complete
engulfment. Like other integrins, amB2 has a closed, inactive conformation and an open, active
conformation. LPS and other extracellular signals can prime integrins to their active
conformations [29] allowing ligand binding the ampB2 integrin and initiating complement
mediated phagocytosis. However, this priming can also come from interactions with other
phagocytic receptors such as Fcy receptors [30]. In situations where the specific ligand (like
IgG) density of the target is sparse, secondary activation of the abundant amp: integrins by
nearby Fcy receptors may help establish the otherwise weak interaction between macrophage

and target [31]. Furthermore, there is no physical link between Fcy receptors and the actin

1 This is reminiscent of one of the failure modes for a phagocytosis simulation ran by Herant et al. in 2011. To
replicate the protrusive push observed in zymosan particle uptake, the authors had to tune their parameters such
that the protrusive force was at 75% of the maximum for antibody phagocytosis and the attractive force between
the membrane and the cytoskeleton was zero. However, at a full-strength protrusive push, there was an
elongated ‘neck’ to the phagocytic cup which never closed around the particle. Though the pathways studied are
different, removing the complement receptor from phagocytes, as done in Walbaum et al., may have led to
rampant actin polymerization which generated a large protrusive force which overpowered the adhesive forces on
the periphery of the cup.



cytoskeleton. However, adhesion proteins commonly associated with integrins do get recruited
to the phagocytic cup during Fc-mediated phagocytosis [19]. Therefore, secondary activation of
integrins by these specific receptors is crucial to establish contacts with the target and form the
actin machinery necessary to rebuild the cytoskeleton from cup to closure. These recent
insights suggest that phagocytes engage a variety of receptors, follow several regulatory
pathways, and use multiple strategies of actin assemblies to accomplish robust clearance of

harmful particles resulting in a healthy and productive immune system.

1.5 The Molecular Clutch Model and Phagocytosis

In 2020, Jaumouille et al. used high-resolution microscopy to confirm that branched and
linear actin networks work together in order to generate the forces necessary to drive
complement-integrin-mediated phagocytosis [26]. In their study, the Arp2/3 complex and
mDial, a formin, cooperate to form the dynamic actin networks necessary for complement-
mediated phagocytosis. This is explained in the framework of the molecular clutch model. First
proposed by Mitchison and Kirscher in 1988 [32], this model for cell mechanotransduction
explains how the mechanical link between transmembrane integrins and intercellular actin
polymers leads to a force feedback loop that allows cells to mechanically sense their
surroundings. Myosin contractility drives retrograde actin flow, a continuous flow of actin from
the leading edge of the cell towards the center of the cell [33]. Since the molecular clutch is
coupled to the rate of retrograde actin flow, as the waves of actin reach a point of contact,

myosin contractility is counteracted by the elasticity of the substrate and the flow is decreased.



With stiffer environments, the loading rate increases and actin polymerization pushes the
leading edge forward, while producing a rearward traction force on the substrate. At lower
stiffness, lower loading rates and higher retrograde actin flow lead to higher turnover at the

leading edge, discouraging protrusions. The molecular clutch is well studied in the context of
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Figure 1.2. Molecular Clutch Model. Taken from Swaminathan, V., Waterman, C. The
molecular clutch model for mechanotransduction evolves. Nat Cell Biol 18, 459-461 (2016)
[163] and Kanchanawong P, Shtengel G, Pasapera AM, Ramko EB, Davidson MW, Hess HF &
Waterman CM (2010) Nanoscale architecture of integrin-based cell adhesions. Nature 468,
580-584 [34]. The top figure illustrates the complex packing of adhesion proteins which make
up the focal adhesion. Integrins transverse the plasma membrane and make contacts with the
extracellular matrix. The cytosolic tails of integrins are physically coupled to focal adhesion
kinases (FAK), paxillin, and talin. Talin unfolds under tension to reveal binding sites for vinculin.
Talin and vinculin both bind to filamentous actin aided by VASP. Crosslinking proteins like a-
actinin bundle actin filaments together to create thick, load bearing actin stress fibers which
aid the cell in mobility. It’s important to familiarize oneself with the well-studied focal
adhesion and adhesion protein binding partner because many of the adhesion proteins found
here are also reused for binding of the macrophage to the target during phagocytosis. The
bottom figure is a simplified schematic for the molecular clutch model. Shown outlined in
black is the leading edge of a cell filled with polymerizing actin and connected to the
extracellular matrix via integrins. The left side if the blue actin filament is experiencing
retrograde actin flow and moving towards the cell center while the right side of the actin
filament is polymerizing new monomeric g-actin into the actin filament, pushing the
membrane to the right. Talin is shown in the stretched and unstretched form, where in the
stretched form, vinculin has become bound to reinforce the connection between actin and
talin. The integrin is bound to the extracellular matrix via a ligand. This interaction has its own
binding strength that must overcome the stiffness of the extracellular matrix to prevent
slipping. If the extracellular matrix is stiff enough, the molecular clutch will engage, slowing



focal adhesions: large, multi-protein complexes that form mechanical linkages between the
cytoskeleton and the extracellular matrix via integrins and integrin associated adhesion
proteins. These focal adhesions are composed of over 100 different adhesion proteins which
may include talin, vinculin, paxillin, focal adhesion kinase (FAK), a-actinin, and more (Fig. 1.2)
[34]. Talin binds to the cytosolic tail of B integrins and undergoes conformational changes under
tension (Fig. 1.2). For high loading rates, force transducing proteins such as talin unfold,
revealing binding sites for other adhesion proteins like vinculin which fortify and enlarge the
adhesion contact area [35] [36] [37]. The more talin is stretched, the more binding sites are
revealed to recruit vinculin [38]. Talin can bind to actin directly but vinculin stabilizes the
interaction between talin and actin by also binding to actin and other proteins in the focal
adhesion like the Arp2/3 complex [39] [40]. In this way, the connection to the extracellular
matrix is reinforced under high tension instead of severing and the density and arrangement of
the adhesion proteins provide the cell with a way to ‘sense’ the stiffness of their environment.
In the context of phagocytosis, the vinculin bound to talin as a result of mechanical
unfolding act as a stabilized molecular clutch to resist retrograde actin flow. Similar to focal
adhesions, the slowed retrograde actin flow due to the molecular clutch drives Arp2/3-
mediated actin polymerization at the leading edge. This in turn reinforces the connection
between the actin cytoskeleton and the phagocytic target, propelling the phagocytic cup rapidly
around the target, as well as grants phagocytes the capacity to sense the target stiffness. The
molecular clutch model predicts that rigid targets, and therefore high loading rates, would be
engulfed more efficiently than soft targets. In good agreement with this hypothesis, the

mechanical properties of the target have previously been shown to affect phagocytic efficiency



for FcR-mediated phagocytosis [41]. Furthermore, the speed of the phagocytic cup was also
found to be proportional to the stiffness of the target in complement mediated phagocytosis
[26]. Macrophages encounter a broad range of target rigidities; from soft cell debris or
apoptotic cells in the 0.01-10kPa range to gram-positive bacteria in the hundreds of MPa range
[42]. The lack of molecular clutch engagement could explain why the internalization of softer
targets (like damaged or effete cells [6]) is relatively slow or how macrophages employ different

ingestion strategies such as trogocytosis on deformable targets [43].
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Chapter 2: The Biophysics of Phagocytosis

2.1 Models for Force Generation in the Phagocytic Cup
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binding [44]. Receptor-ligand binding leads to biochemical signaling that can initiate

phagocytosis alone, however, it has been shown that engulfment can still be achieved with the
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advent of cell surface deformations [45]. Other models for phagocytosis have suggested a
protrusive force from the cell is necessary in order to cause the unique cup geometry
surrounding the target [46] [47] [48]. The origin of this force is commonly attributed to the
actin cytoskeleton and actin polymerization. In studies where actin polymerization is inhibited
with cytochalasin B, phagocytosis is blocked [49] [50]. As we have seen, actin-based
protrusions are a general feature of phagocytosis regardless of the receptor pathway [19] [26]
[25]. Mechanical models for cell shape changes often incorporate the energy cost of forming
protrusions around the target and deforming the membrane [45] [51]. Herant et al. proposed a
model for internalization which involved a protrusive force generated by actin polymerization
at the leading edge of the phagocytic cup. This force remained close to the target via an
attractive force, directing the protrusion, and adhesive forces from protein-ligand interactions.
These combined engulfment forces must overcome the membrane tension and cortical actin
tension (tension within the actin network beneath the surface of the membrane) to achieve
engulfment [46] [48]. Their results show that the cortical tension is directly related to the
surface area of the particle and this tension balances the protrusive force to propel the target
inward without a ‘pulling’ force at the base of the cup. The combined surface tension and
cytoplasmic viscosity determine the rate of cell deformation, and the total time for engulfment
is therefore dependent on target size and geometry [41]. However, before the target’s widest
cross section, this balance can reach a ‘bottleneck’ that stalls phagocytosis [47]. Tension in the
membrane can then be relived by flattening the surface folds of the membrane and vesicle
delivery of excess membrane. Furthermore, disassembly of the actin network at the base of the

cup was shown to be required for proper a complete engulfment [52], which may explain a

12



local decrease in cortical tension reliving the bottleneck. The bending resistance of the cell
membrane is unlikely to play a significant role in the uptake of particles in the regime under
study. For a moderate sized particle, phagocytes can expend upwards of 10”-14 J of energy to
combat the cortical actin tension during phagocytosis. In comparison, bending the plasma
membrane the same amount results in a 107-18 J energy cost [53]. Though occasionally
included in models for engulfment [54], cortical actin tension dominates the forces resisting
internalization of targets [51]. In summary, the current model for the forces at play during
phagocytosis includes actin polymerization at the leading edge of the cup overpowering the

cortical actin tension to cause a protrusive cup surrounding the target.
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Chapter 3: The Atomic Force Microscopy and Light Sheet (AFM-LS) Microscopy System

The central goals of mechanobiology are to understand how cells generate force and
how they respond to environmental mechanical stimuli. A full picture of these processes
requires high-resolution, volumetric imaging with time correlated force measurements. We
have combined a vertical light sheet, single objective system that provides fast side-view
volumetric imaging simultaneous with AFM for mechanobiology applications. The
implementation of a reflecting prism provides sufficient light collection and convenient access
for functionalized force probes. The employment of fast steering mirrors and a high aspect
ratio, low phototoxic Line Bessel light sheet uniquely poises our system to capture both sub-
second and long-term cellular processes. The ability to couple force measurements with high-
resolution, volumetric optical imaging is a powerful tool for studying the mechanobiology and
regulation of the actin cytoskeleton and as well as other cytoskeletal structures.

We have applied this tool to image both interactive and reactive force studies. For
interactive, | share a volumetric timelapse of a new stable SKOV-3 cell line expressing Halo-H2B
and SNAP-KRas during nuclear compression. For the reactive cases, | share a volumetric
timelapse of a new stable RAW 264.7 cell line expressing Ftractin-Halo. This unique instrument
allows for a myriad of novel studies investigating the coupling of cellular dynamics and

mechanical forces.
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3.1 Results

The AFM-LS system was designed by Dr. Richard Superfine with the help of many past
lab members. Most recently, Dr. Kellie Beicker implemented the PRISM system [55], Dr. Evan
Nelsen made improvements to the system for live cell mechanobiology studies [56], Dr. Joe
Hsiao wrote the Labview scripts for image acquisition [57], and Dr. Chad Hobson added the
Line-Bessel Light Sheet path for improved resolution. [58] With so many improvements made to
the system, my role in the history of the AFM-LS has been as an expert user. | have improved
existing assays, developed new ones, written extensive user protocols, and captured the first
complete engulfment of a phagocytic target (Chapter 4) and the first FRET imaging in side view
(Chapter 6). | have pushed the system to the limits of its abilities and showcased its true
potential. Therefore, before jumping into chapters about mechanobiology results, | would like

to explain the exceptional system the data was taken on.

3.1.1 A Tour of the AFM-LS System

Combining AFM with light sheet imaging has two challenges. 1. Mechanical noise
shielding 2. Physical space constraint. The genius behind the success of this system for
overcoming 1. Lies within the electrically controlled steering mirrors and ETLs (electronically
tunable lenses). AFM is a sensitive force spectroscopy technique that picks up even the
smallest vibrations, including any mechanical noise from controllers or moving elements. Neatly
packed into an AFM isolation hood are a set of two ETLs, one on the laser excitation path (ETLa;
Fig 3.1A&E) and one on the emission path (ETLb; Fig 3.1B&E). Both ETLs are position conjugate

to the back focal plane of the objective. Effectively, adjustments to ETLa control the light sheet
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Figure 3.1. Optics Diagram of the Combined AFM and LSFM system. A View from the front of
the AFM hood. B Close up of the Light sheet forming optics. C “Light Engine” Four single mode
coherent lasers are focused into a fiber port and brought into the AFM hood. D Diagram of the
AFM head on the microscope body obscuring the space above the objective. Ei Close up od the
same space with the PRISM. Eii Optic Diagram. F Alignment Procedure. © Nelsen, et al. 2020
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beam waist coming out of the objective (z) and adjustments to ETLb control the focus of the
image on the camera chip. A fast-steering mirror also lies conjugate to the back focal plane of
the objective allowing for positioning of the light sheet in y (orthogonal to the cantilever, Fig
3.1E). The full alignment procedure is described in Figure 3.1F.

To overcome the physical constraints imposed by the AFM head, the LS system was
designed to be a single objective, open top configuration allows AFM-PRISM integration into
the sample space (Fig 3.1D-E). Laser lines pass into the AFM hood through a single mode fiber

(FOC) (Fig 3.1C). A cylindrical lens focuses a sheet of light onto an annulus which is re-imaged to
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Figure 3.2. Interactive and Reactive Mechanobiology Applications. A Volumetric imaging of a
SKOV3 cell expressing H2B-Halo and SNAP-KRastail being compressed by the bead on the AFM
cantilever. Courtesy of Chad Hobson. © Hobson, 2021. B Volumetric Imaging of a RAW 264.7
cell expressing Ftractin-Halo and engulfing the bead on the AFM cantilever. Scale 28.080 um x
21.708 um x 19.000 um. Each slice was imaged for 10ms with 5ms alloted readout time. Each
two-color volume is 2.85 s in total with 7 s delay in between. C Force data synchronized to the
imaging in B. A lowpass filter with cut off frequency of 0.064 Hertz was applied to the data for
visualization purposes. D A maximal image projection of the XY slice through Biii. E Intensity
profile through D. © Nelsen, et al. 2020
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the back focal plane (red) of the objective to generate a Line Bessel Sheet. Electrically tunable
lenses (ETL) control the axial position of the light sheet and image plane (green), while the fast-
steering mirror (SM) controls the position of the light sheet at the sample plane. The

illumination path and excitation paths are shaded blue and green, respectively (Fig 3.1E).

3.1.2 Applications of the AFM-LS System

Here | will highlight two types of force experiments that benefit from volumetric
imaging. Figure 3.2A shows a volumetric timeseries of an ovarian breast cancer cell (SKOV3)
dual labeled with Halo-H2B (nucleus/green) and SNAPtag-Krastail (membrane/magenta). In this
experiment, the cell was pressed into with the AFM cantilever to look for any changes to the
condensation of chromatin. Figure 3.2B shows 3D Light sheet imaging of a RAW 264.7
macrophage cell labeled with Ftractin-Halo (actin/Red). In this experiment, phagocytosis was an
initiated with an IgG bead nearby but no force was applied to the cell. Instead the AFM
cantilever simply measured the forces exerted on it instead of generating them itself A maximal
image projection in the xy plane revealed punctate actin structures surrounding the target
during phagocytosis, a finding previously only speculated. The accompanying intensity plot
shows bright, punctate actin structures with regular separation of ~1.5um around and

underneath the bead tip.

3.2 Final Thoughts
The ability of the AFM to act as a interactive and reactive force probe allows for creative

problem solving when designing mechanobiology studies. “Contact Mode” used here in both
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experiments, is just one of the many built-in modalities of the AFM itself. Partnering the AFM
with a LS further increases its applications and some one-of-a-kind experiments exploiting both

have already been designed. [59]
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Chapter 4: Forces of Phagocytosis and Particle Detachment

Phagocytosis is a force-driven cellular process that requires fine spatial and temporal
control of the actin cytoskeleton to effectively ingest targets of engulfment. To dislodge
disease-causing pathogens embedded in tissues or attached to surfaces, macrophages must
overcome the adhesive force and disrupt the contact between the target and the surface. The
majority of phagocytosis assays are limited to observing the internalization of freely diffusing
targets, ignoring the obstacles immune cells face in native tissue. Here, | present a method to
challenge individual macrophage cells to engulf and detach opsonized polystyrene beads from
atomic force microscope (AFM) cantilevers. With the aid of line-Bessel light sheet microscopy
(LS), our system allows for high resolution sideview imaging of the events leading up to the
bead detachment event simultaneous with sub-nanonewton level force sensitivity to quantify
the boundaries of the progressing, actin-filled phagocytic cup as well as quantify the
engulfment force. To better understand the force generating mechanisms leading up to
engulfment, | have considered several models for how phagocytic cup height implicitly scales
with force and test their validity by fitting them to the experimental data. | have found that the
observed force behavior can be broadly categorized into three categories: cells which exert an
upward push before downward engulfment forces, only downward forces, or only upward
forces. In every case, there are positive forces on the bead immediately before engulfment. This

is consistent with a model for engulfment in which the dominating contributions to the
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engulfment force originate from a contractile ring exerting inward and tangential forces on
target. Other contributions may be from a force proportional to the cell-target contact area. To
further analyze the causal relationship between the force generated on the target and the
phagocytic cup, | have also cross-correlated the AFM force data with the cup height. Finally, |
report the maximum engulfment force exerted by the cell on the target and argue that bead
detachment is achieved via a peeling mechanism. With this, | have provided new insight into

the mechanistic engulfment strategies macrophage cells use to navigate host tissues.

4.1 Phagocytosis Requires Particle Detachment in Native Tissues

Macrophages are present in virtually every tissue and have a diverse set of activation
states induced by the local microenvironment. [60]. The microenvironment of these tissues can
range in stiffness from 17 Pa in adipose tissue to 310 mPa in tendons [61] and macrophages
have been shown to tune their phagocytic function in response to the rigidity of their substrate.
[62] [63] For example, monocytes [64] and neutrophils [65] [66] placed under high fluid shear
stress had increased adhesions, phagocytosis, and cytokine secretion. Macrophages have also
been shown to have enhanced phagocytosis on stiff matrices. [67] [26] Therefore, macrophages
routinely respond to mechanical ques in their environment to perform target clearance.

The hallmark structure of phagocytosis is the phagocytic cup. As its name suggests, this
actin-filled membrane structure is a curved, concave protrusion which grows parallel to the
target surface eventually sealing in the ‘cup-closure’ event, thus producing a membrane-
wrapped vessel called a phagosome. This process has been well-studied in vitro using

unconstrained targets which randomly drop on the phagocytes [25] [68] [69]; however, the
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environment that macrophage cells are commonly hunting are tissues and surfaces where the
targets are anchored to their surroundings. The strategies phagocytes utilize to navigate these
obstacles and form suitable actin structures remain largely unknown. Though Moller et al.
made significant progress in describing a process by which macrophages first ‘lift-off’ bacteria
from their substrate via a lamellipodial ‘hook and shovel’ method and then proceed with
engulfment [70], no one has studied how the leading edge of the cup itself acts as a structure to
separate the target from its bound surface. Furthermore, the forces required to dislodge a
target from a surface prior to engulfment have yet to be measured.

In this chapter, | present a novel technique to measure the engulfment force of adhered
targets. The dynamics between phagocytic cup height and force prior to and leading up to
engulfment are also characterized by dynamic time warping and cross correlation analysis to
identify a universal sequence of events unique to phagocytosis despite the innately
heterogenous nature of individual cells. | also compare the differences in f-actin recruitment to
the base of the cup in engulfing and non-engulfing cells to identify trends that forecast
engulfment. Finally, | report the maximum force the cell exerts on the target before
engulfment and contextualize it in terms of the adhesion force of the bead to the cantilever,

resulting in a proposed ‘peeling’ method for particle detachment.

4.2 Results
4.2.1 A Side View Phagocytosis Assay to Measure Cup Geometry and Engulfment Forces
We have designed a phagocytic assay to image the phagocytic cup during phagocytosis

while simultaneously measuring the forces generated by the cell as it engulfs and dislodges the
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target from its bound surface. Sideview imaging in the XZ plane of force actuation was achieved
using a single objective light sheet system combined with an atomic force microscope (AFM) as
described previously [55] [57]. To visualize the filamentous actin cytoskeleton comprising the
cup, we used Raw 264.7 macrophage cells stably expressing Ftractin-Halo. Polystyrene beads
labeled with fluorescent IgG were attached to the AFM cantilever and introduced to the
macrophage cell to initiate phagocytosis studies. Figure 4.1A-B depict the sequence of events
leading to engulfment of the target including cell probing, introduction of the target by the
cantilever, early-stage cup formation, late-stage cup formation, and separation of the target
from the cantilever surface. To extract cup geometrical parameters from these images, the
position and diameter of the bead was tracked using custom segmentation scripts written in
Imagel) and Matlab. Figure 4.1D-E shows the bead height above the surface versus time and a
subset of the tracked center (white) and outline (hot colormap) of the bead over time,
respectively. From this, you can see that the bead-cantilever system begins approximately
10um above the cell surface, quickly moves down towards the cell to a certain set point, as
predetermined by the AFM user, and then slowly moves downward as the bead is internalized
by the cell and separates from the cantilever. Using the bead center and diameter at each
frame as a reference, the phagocytic cup was defined as the thin area outside of the bead in the
actin channel (the inner and outer radius of this area is outlined in white in Figure 4.1E-F). This
region of interest was collected from the actin channel and plotted linearly as a function of time
in a ‘circular kymograph’ [56] (Fig 4.1H). Briefly, we collected an intensity profile of the actin
channel centered on the bead location and rotated around the outside of the bead (Fig 4.1F-

G). With this data visualization method, cellular features such as individual filopodia and
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lamellipodia in close proximity to the bead are clearly visible in the early stages of phagocytosis.
Figure 4.1H-J show the imaging from the first few minutes of the experiment. Figure 4.11&J
show a detailed view of the first few minutes of the experiment where the cell is probing the
bead. The microscopy images (Fig 4.11) show a single filopodia moves to the left between 38.2

and 67.2 seconds. This is followed by a ruffle on the right side of the bead at 132.8 seconds,
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Figure 4.1 Design of the Phagocytosis-Force Assay. A Representation of the phagocytosis
experiment. The cross section of the cantilever (black), bead (cyan), and cell (purple) are shown
from the beginning of the experiment and prior to bead introduction to the end of the
experiment and bead pull off. B Side view (xz) microscopy images of the bead labeled with
AF488 IgG and the cell labeled with F-tractin-Halo (JF549) corresponding to the events
portrayed in A. C Dotted white lines overlaid on microscopy image delineate the AFM cantilever
(above the bead) and coverslip (beneath the cell). D Height of the bead over time derived from
the bead tracking shown in E. E Bead microscopy image overlayed with the projection of the
bead tracking over time. The center of the bead at each time point is shown as a white line
tracing the bead’s trajectory and the region of interest where the actin filled cup is considered
is shown as two white circles with an inner (diameter of the bead, d) and outer (d + 5pixels)
diameter. The color map (hot) denotes the time of each outline where black is the first frame
and white is the final frame. The outlines have been downsampled by 65 to aid the
visualization. F The corresponding microscopy image of the actin channel. Overlayed onto the
image is the bead location (derived from the bead channel) and one representative line profile.
For each frame, the line profile was rotated about the bead center in increments of 2 degrees
to prevent double counting pixels around the bead. Only the pixels immediately outside of the
bead (the white outlined area shown in E) were used in the circular kymograph. G Schematic
explanation of how the circular kymograph is constructed. The area around bead is averaged
radially across the inner and outer dimeters and ‘unwrapped’ into a straight line and plotted
against time as shown in H. The red dashed line at -pi/2 to pi-2 marks the ‘equator’ of the bead.
H The resulting circular kymograph of the actin-filled cup from cell shown in B. The yellow
vertical lines correspond to the timestamps in B. | Zoom-in of H showing the first few minutes of
the kymograph. The yellow vertical lines correspond to the timestamps in J. J Merged
microscopy images of the actin (magenta) and bead (cyan) at 5 time points in the experiment. K
Kymograph shown in H after thresholding. The vertical distance at each time point is the arc
length of the phagocytic cup. L Plot of Arc length (magenta) and AFM force (blue) versus time
for cell shown in B. All scale bars are 10um. All time is in seconds.

both eventually fusing into the beginning of the cup at 158.5 seconds. These features are also
observed in the kymograph (Fig 4.1J)) as noted by the white arrows. Thresholding the circular
kymograph (Fig 4.1H) results in a binary kymograph (Fig 4.1K) from which the edges of the
phagocytic cup can be detected. The distance from one end of the cup to other is the arc
length. Finally, Figure 4.1L shows the resulting arc length and measured force from the AFM
synchronized in time.

With this capability, | have studied the relationship between the engulfment force and

the phagocytic cup height, an accessible geometrical parameter which easily translates to the
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fraction of the target engulfed and thus references critical milestones in the engulfment
process. | have looked at this relationship in time and abstracted from time in order to
elucidate the sequence of mechanical checkpoints in phagocytosis despite cell-to-cell

variability.

4.2.2 Implicit Force Scaling Laws of Phagocytic Cup Height

A handful of studies have reported the forces associated with engulfment, but never
directly measuring the force the cell exerts on the target for internalization. The membrane
tension during engulfment was measured using micropipette aspiration resulting in a model
that is suggestive of an engulfment force [47] [49] [51]. However, other studies have reported
that while engaging the cortical actin skeleton can result in long-range tension propagation
along the cell [71], locally altering the cell membrane tension does not affect the tension in
other parts of the cell. [72] [71] Furthermore, the propagation speed of this tension spans
orders of magnitude depending on the cell type. [73] This obscures the relationship between
the tension measured on other areas of the cell during phagocytosis and the actual tension
within the leading edge of the cup. Taken together, the forces necessary to internalize a target
during phagocytosis still require reliable measurement. Additionally, the field would benefit
from an analysis technique that controls for cell-to-cell variations in order to come to a
conclusive mechanistic understanding of phagocytosis.

To begin to understand the trends in the force during phagocytosis and the cup height
(as measured from the bottom to the top of the target), | have compared a dataset of 22

engulfing cells (Fig 4.2A) with 23 non-engulfing cells (Fig 4.2B). In the first two leftmost plots we
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Figure 4.2. The Engulfment Force and Cup Height Follow Three Distinct Scaling Behaviors. Ai
Plots of AFM force data for each engulfment experiment as a function of fraction engulfed.
Each force curve has been normalized to its maximum value. Aii Histogram of the overall slope
of each force curve. Aiii Plots of the phagocytic cup height for each engulfment experiment as a
function of fraction engulfed. Each height curve has been normalized to its maximum value,
equivalent to the bead diameter. Aiv Histogram of the overall slope of each height curve. Av
Parametric plot of the Normalized Force versus Normalized Height. Colors of the curves
correspond to individual experiments across all plots. B Same plots as A but for the experiments
in which the cells did not engulf. Ci-iii Table of biophysical force models for engulfment. Ci
Cartoon representations of the relevant geometrical features and forces in each model. Cii
Explanation of each force generating mechanism. Ciii Equations for the implicit scaling laws for
force in terms of cup height, z. PCLE2 [75] [17]and CTA [47] are derived from previously
proposed models for engulfment. Di-v Dynamic time warping of each force curve to each force
model grouped by the model which minimized the square of the Euclidean distance between
the newly warped force curve and the model. Dv shows outlier force curves which had no
distinguishable preference for any of the four models. The number, n, of experiments which fit
into each category are referenced in the plot titles. Ei-v Results of reducing the considered
models to only PCLE1 and PCLE?2. Eii & Eiv Plots of the time domain warping for each
corresponding force curve in Ei & Eiii. Ev The force curves which fell into the outlier category
remained unchanged.

see the force curves and their associated slopes. Positive force indicates the cell is pushing up
on the cantilever and negative force indicated the cell is pulling down on the cantilever, relative
to its initial position. The force curves have all been aligned by normalizing each to its max value
and plotting against fraction engulfed instead of time due to differences in engulfment times.
However, since the non-engulfing cells never reach engulfment, they have been plotted against
normalized time, where “1” denotes the end of the 800 second experiment. In comparison,
engulfment times ranged from 76 to 664 seconds. The histogram of their overall slopes was
calculated on the unnormalized data. Immediately, we can see that both the engulfing and non-
engulfing datasets have slopes centered around zero, implying both positive and negative
trends in the force data are present. However, while the force curves from the non-engulfing
cells are relatively linearly, the engulfing cells have more fluctuations in the force and a few

distinct populations of curves begin to become visible.
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In the center plots of Figure 4.2A-B, | have plotted the cup height for all datasets versus
fraction engulfed. The y-axis has been normalized to each experiment’s bead diameter due to
variations in the bead size (6.2 £ 0.35 um). While the cup height for the engulfing cells trend
upwards, the non-engulfing cells exhibit a relatively constant cup height for the duration of the
experiment which never reaches 1. As excepted, the cup height slopes for the engulfing cells
are all positive and the cup height slopes for the non-engulfing are very close to zero.

The final two plots for Figure 4.2A-B show the parametric plot of normalized force
versus normalized cup height. For the engulfing cells, the trends in this plot are very similar to
the normalized force versus fraction engulfed. This is because the normalized cup height is
increasing and roughly linear, though there are significant deviations. The same plot for the
non-engulfing cells looks drastically different. Because the normalized cup height for the non-
engulfing cells is relatively constant, the force values are constrained to a limited range on the x
axis and therefore exhibit little to no scaling relationship between force and cup height. From
this, the distinction between cells that engulf and cells that do not engulf is clear.

| have considered several geometrical models informed by the biophysical
understanding of the phagocytic cup. | have tested these models against my experiment data to
examine the geometry of the cup relates to the forces exerted on the target in different stages
of phagocytosis. Previously proposed models describing phagocytic engulfment each have an
implicit scaling relationship between geometric markers of the cup and the forces on the target.
For example, arguments considering actomyosin contractility have proposed ‘squeezing’
present in the leading edge of the cup followed by a trailing disassembly of actin at the base of

the cup, attributing the closure of the cup to a ‘purse-string’ model [74] [69] [75] [17] [49]. As
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shown in Figure 4.2C, the Perimeter Cup Leading Edge 2 or ‘purse-string’ model (PCLE-2)
predicts an inward pointing force of the ‘purse string’ that decomposes into a central force and
a tangential force. Therefore, below the equator of the bead, the net forces on the target
would be upward and passed the equator of the bead, the net forces on the target would be
downward. Herant et al. proposed a “flattening force” present in the interface between the
leading edge of the cup and the target thereby implying that the engulfment force should scale
with the contact area, as shown in Figure 4.2C as the ‘Target Contact Flattening” model (CTA).
[47] In this model, the scaling law is be dominated by a linear relationship between force and
surface area, where the largest downward force would increase in magnitude until reaching a
maximum at the end of the engulfment process.

Furthermore, we hypothesized that protrusions advancing the leading edge of the
phagocytic cup would generate net downward forces on the bead consistent with retrograde
actin flow present in the leading edge of the cup and stabilized by a molecular clutch at the cup-
target interface. For this to be true, we consider the arrangement of available contacts (or sites
of molecular clutch engagement) the leading edge of the cell can make on the target in two
additional models. The Perimeter/Cup Leading Edge model 1 (PCLE-1) proposes that force is
proportional to the perimeter of the leading edge of the cup but acts tangentially to the target.
This implies that force is at a maximum at the equator but at a minimum at the bottom and top
of the target. The Cup Volume (CV) model assumes that the force bearing contacts are found at
the base of the cup where the contacts on the cup interface connect to the larger cellular
cytoskeleton. The force is therefore proportional to the volume of actin beneath the target,

reaching a maximum at the equator and then plateauing.
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Each of these models assumes a monotonically increasing cup height, however, from
observations of the engulfment process in my own data, as well as the literature, we know that
this is not often the case. Macrophages have been reported to undergo a slow initial wrapping
of the target followed by a quick internalization. [76] [77] The duration of stalling before
completing engulfment and the time of transition to the second stage varies. Also, it is not
necessarily coincident with the halfway point of the target. [76] This could be due to a number
of different internal and environmental factors but this behavior is ultimately different for each
cell. Therefore, | have incorporated ‘Dynamic Time Warping’ (DTW) of the force curves in my
analysis pipeline before categorizing the scaling behavior. Figure 4.2D shows the initial grouping
of all the force curves when considering all four potential scaling laws. Each curve was paired
with each of the four models and passed through a DTW Matlab script to minimize the sum of
the square Euclidean distances (ssed) between the resulting warped curves. Curves were
grouped (and plotted) based on the model with the minimum ssed. Without DTW, the ssed
between each pair of the models was calculated to determine the maximum cutoff ssed. Force
curves with a ssed above 194.42 for each model were considered outliers. Passing this DTW
script through the models themselves resulted in an interesting finding. The CV and CTA model
had an ssed 0.61, essentially zero after DTW while every other DTW pair had an ssed greater
than the minimum ssed from the dataset. Therefore, | fit the curves again, this time only
considering the PCLE1 and PCLE2 models (Fig 4.2E). Surprisingly, each curve previously
categorized as CV was placed into the PCLE1 category, each curve previously categorized as CTA
was place into the PCLE2 category, and the outliers were unchanged. Furthermore, next to both

the PCLE1 and PCLE2 plots | show the result of warping on the “time” domain. Here we can
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clearly see a ‘plateau’ in each curve. In terms of the cup height, this would be equivalent to the
rim of the phagocytic cup staying at one position, consistent with experimental observations
[76] [77].

Overall, these results support the alignment of the engulfment force to the PCLE1
model, PCLE2 model, and an outlier category with predominantly positive force throughout
engulfment. The PCLE2 model is constructed such that force applied to the target originates
from a contractile actomyosin ring in the leading edge of the phagocytic cup; observed [75] [69]
and measured [68]. Though previously unproposed, the PCLE1 model borrows from the work
on describing the molecular clutch in cell migration [26], where adhesions to the target serve as
contact points from which actin polymerization pushes the membrane forward. In our model
for PCLE1, we assume this careful force balance results in a net downward force below the
halfway point of the bead, assuming the force of the cell on the contacts dominates over the
actin polymerization force. However, it could easily be the other way around, where actin
polymerization at the leading edge of the cup dominates resulting in an upward pushing on the
target. The second case would be consistent with the outlier category where the forces on the
bead are largely positive throughout engulfment. Altogether, | have identified three distinct

scaling relationships for the forces on the bead during phagocytosis.

4.2.3a 3D Cross Correlation Analysis of Two Time Series
As a quick intermission, | would like to explain how to interpret the 3D cross correlation
plots provided in this chapter. Figure 4.3 shows an example cross correlation of two sinusoidal

curves standing in for “Force” and “Cup Height.” Figure 4.3A shows the raw signals. From this
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we can see that they each have a period of 380 seconds and are phase shifted by 80 seconds.
Figure 4.3B is the cross-correlation strength at zero timelag. In other words, this represents the
overlap (Force*Cup Height) as plotted in Figure 4.3A. The maximum overlap occurs at 238
seconds and the minimum overlap occurs at 143 and 332 seconds. You’ll notice that the curve

in the Zerolag correlation plot (Fig 4.3B) has the same color map as the bottom 3D plot (Fig
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Figure 4.3. Guide to 3D Cross Correlation Plots. A Plot of two example time series. The green
inset is equivalent to D. B Zerolag cross correlation plot of the curves in A. C 3D cross correlation
plot of the curves in A. The red inset is equivalent to B and the purple inset is equivalent to F. A-
D share the same x axis, the time according to the force curve. D shows a zoom in of A
representing the window of data used in the last step in the correlation. E is a visual aid
demonstrating cross correlation as a “sliding dot product.” The two curves are the same ones
referenced in D. F shows a zoom in of C along the zero axis. E-F share the same x axis, the
timelag (y axis of C).

4.3C). That is no coincidence, as the Zerolag Correlation plot is simply the plot of the values
from the 3D plot along the zero axis (red box). Finally, the 3D Correlation plot represents

correlation strengths allowing for timelag of up to 120 seconds. The cross correlation was
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performed on subsets of the data in lieu of the full sequence to find local regions of correlation.
The green inset on the top plot (Fig 4.3D) shows an example of the final subset used to create
the purple inset on bottom plot (Fig 4.3F). | used a sampling window of 120 seconds, meaning
the last vertical line of the 3D plot is the result of the cross correlation between the last 120
seconds of the force with the last 120 seconds of the cup height (Fig 4.3A & D). The cross-
correlation process is also known as a “sliding dot product” and for this example we imagine
the subset of the cup height (blue) curve sliding across the subset of the force (black) curve in
the green box from -120 to 120 seconds (Fig 4.3E). At -120 and 120 seconds timelag, there is no
overlap between the two curves and therefore the correlation strength is zero at either end of

the curve. See methods for more details.

4.2.3b Cross Correlation Analysis of Engulfment Force and Cup Height

Since each model presumes an underlying molecular mechanism responsible for the
observed variations in force and cup geometry, | next asked whether the causal relationship
between fluctuations in force and cup geometry could reveal more information about the
sequence of events. To accomplish this, | used cross correlation analysis of Force, F(t), relative
to the Cup Height, H(t) (Fig 4.4). In this analysis, negative timelag means the force precedes the
cup height, while positive timelag means the cup height precedes the force. Additionally,
positive correlations (yellow) occur when the force and the cup height have the same behavior
(both increasing, both decreasing) and negative correlations (blue) occur for opposite behavior.

Because we expected the cell to employ different engulfment strategies at different locations
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Figure 4.4. 3D Cross Correlation of Force and Cup Height for Engulfing and Non-engulfing cells.
A Boxplot comparing the mean, maximum, and minimum correlation strength for between
engulfing (+; n = 22) and non-engulfing (-; n = 23) cells. B Boxplots comparing the timelag,
delay to engulfment, difference in timelag, and difference in delay between maximum and
minimum correlations for curves of Case 2 (-Corr -> +Corr) and Case 1 (-Corr -> +Corr).
Whiskers extend to data points that are within 1.5 times the interquartile range. Significance
was tested using Wilcoxon ranksum test. P < 0.05 are denoted by * and P < 0.0001 are denoted
by **** C Four example 3D cross correlation plots from D showing each scenario between the
timing of the maximum and minimum correlations. Black crosshairs identify the minima and
white crosshairs denote the maxima. Timelag is on the y axis and the cross-correlation strength
is now represented by the colormap. The x axis represents lab time. D All cross-correlation
plots from the engulfment dataset. The last two tiles show a ky for interpreting sign of the
timelag. If the change in force precedes the change in arc length, the timelag is negative. If the
change in force follows the change in arc length, the timelag is positive. E All cross-correlation
plots from the non-engulfment dataset. Force and Cup height curves were high pass filtered
prior to correlating. Each color scale is unique and represents the range of correlation
strength.

along the bead, we used a time window of 60 seconds to assess cross-correlations more locally
in time.

To begin, | compared the correlation coefficients (strength) of the engulfing cells versus
the non-engulfing cells (Fig 4.4A,D,E) after the same cross correlation analysis. Note that the
colormap for each 3D cross correlation plot in Fig 4.4D-E is unique. Overall, the distribution of
mean correlation coefficients was centered around zero for both engulfing and non-engulfing
cells, however the engulfing cells had a significantly wider distribution. (Fig 4.4A; cs Non./Cs
Eng.) Therefore, | next looked at the maximum and minimum correlation strength throughout
each experiment. Both the maximum and minimum correlation strengths in the engulfing
category were strikingly larger in magnitude than the cases. (Fig 4.4A; + Non./+ Eng. and —
Non./— Eng.) This strengthened the hypothesis that force and cup height are correlated in a
distinctive way during phagocytosis as opposed to non-engulfing uncoordinated, low-level

fluctuations of the cell membrane when phagocytosis is not initiated.
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Focusing on only the engulfing cells, | further quantized each experiment into when the
maximum and minimum correlations occurred with respect to timelag (measure of the
difference in phase between the force and the cup height, positive timelag implies the cup
height is leading the force and negative timelag implies that force is leading the cup height) and
delay (the ‘time until closure’ i.e. the time in the lab frame when the engulfment is complete
minus the time, with respect to the force curve, when correlation is maximal/minimal). In doing
so, | identified two? types of behaviors within the engulfment dataset. 1. Maximum positive
correlation comes before Minimal negative correlation (Case 1; 8/22 cells) and 2. Maximum
positive correlation comes after minimum negative correlation (Case 2; 13/22 cells). (Fig 4.4B)
What this means physically is that the cells were 1. Pushing up on the bead and increasing cup
height followed by pulling down on the bead and increasing cup height or 2. Pulling down on
the bead and increasing cup height followed by pushing up on the bead and increasing cup
height. This is evident by a statistically significant delay time for the maximum correlation (Fig
4.4B; + delay/+ delay; p = 0.0326). While the positive correlations happening before the
negative correlations showed a statistically significant difference in the delay time to
engulfment, the negative correlations in these two cases did not. This suggests that there are
cells that exhibit early-stage positive correlations (103.4 sec before engulfment) and cells that
exhibit /ate-stage positive correlations (23.8 sec before engulfment) that are accompanied by
negative correlations on either side of them. Representative examples of each of these four

possibilities are shown in Figure 4.4C.

2 One cell had the max and min correlations occur at the same time but with different timelags.
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In both the positive and negative correlation cases, the timelag between force and cup
height is observed to be both positive and negative. In Case 2, the difference in timelag
between the maximum positive correlation and the minimum negative correlation was
statically less than the same metric for Case 1 (Fig 4.4B; Atimelag/Atimelag). This means that in
Case 2, the force and cup height were less out of phase than in Case 1.

Finally, | compared these categories to the grouping discovered in Figure 4.2 to see if
there were any trends between the scaling models and correlations in time. Though there were
mismatched curves in each category, the majority of PCLE2 curves were in Case 2, the majority
of PCLE1 and ‘Misc.” curves were in Case 1. This is an exciting finding that requires further
validation but | am happy to speculate on what it could imply.

First, the hallmark of the PCLE1 and ‘Misc.” models are a parabolic shape (concave down
for PCLE1 and concave up for ‘Misc.’), and Case 1 describes situations where force and cup
height first have the same behavior and later have opposite behavior. Assuming the ‘stalling’
found in Figure 4.2 is ubiquitous, the PCLE2 model is consistent with two situations: an initial
downward force, followed by an upward force, terminating in a downward force, while the cup
height either increases linearly or when the cup height has two stalling periods. This variability
may explain the diversity in the warped time domain plots in Figure 4.2 for PCLE2. The ‘Misc.’
model suggests an initially upward force followed by downward force with a single stalling
event in the cup height. PCLE1 model is less clear. However, it could be consistent with initially
downward force followed by upward force and the cup height stalling later in engulfment,

multiple stalling events or no stalling at. The importance of this stalling event in the progression
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of target internalization is a something | feel is under appreciated in the field [49] [77] and it has

been an enjoyable dial to turn in my thought experiments.

4.2.4 Measurement of the Pull of Force during Phagocytosis

Now that we have a detailed description of the coordination between force and cup
height in the events leading up to engulfment, we are well positioned to discuss the bead “pull-
off” event itself. We have established the dominating geometrical features influencing the force
generation as well as the timescale over which force and cup progress influence each other
during phagocytosis, but what is the magnitude of the force and what exactly does the cell do
to detach it? One observation that should be brought to light is that the cell exerts force
(positive or negative) on the bead for the entirety of the engulfment process. One might
assume that a cell could pull the bead off by forming sufficient contacts around the equator of
the bead and then pulling down. We have termed this mechanism “plucking.” This is consistent
with a model where the maximum force of the cell on the bead is downward and it is reached
after passing the midpoint of the bead. This criterion is met with the CV and PCLE1 models.
Another hypothesis that | have formed from observing the engulfment process in side view is
one in which the cell wedges itself in between the surface and the bead, severing any
attachments. This process would be much slower and perhaps energetically more favorable for
the cell. We have termed this mechanism ‘peeling.” Assuming the pressure created by the
polymerizing actin within the leading edge of the cell membrane is negligible, the only
requirement for this model is an upward force at the base of the cup that decreases to a

downward force at the top of the cup. In order to narrow down the mechanism of pull off, we
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directly measured the adhesion strength of the bead to the cantilever in “pull off” assays. We
then compared the magnitude of force required to achieve “pull-off” with that method to the
observed measured ‘engulfment force.’

To measure the strength of the attachment between the bead and the cantilever, we
performed pull-off measurements. After “beading” the cantilever, the sample was moved to an
adhesive layer and the bead was brought down to the surface for 10seconds and then the
cantilever was retracted. Figure 4.5A-B show this process in action and Figure 4.5D shows a
representative force curve for this measurement. The approach and retraction portions of the
force curve act as a flat baseline from which to measure the force required to pull the bead off

III

of the cantilever. Jim Fan performed 39 trials of the “control” experiments, resulting in a mean
pull off force of -13.45 +/- 13.56 nN. This provides us with an upper bound on the force
required to “pluck” the bead off of the surface of the cantilever.

Two other scenarios were salvaged from phagocytosis assays in which the cell did not
engulf. These a noted as “Bead Pluck” and “Bead Stuck” and drawn in Figure 4.5C. In the “Bead
Pluck” scenario, the cell did not engulf but, upon retraction, the bead came off of the cantilever
and stayed on the cell. This value was measured to be in good agreement with the “control”
experiments (-9.75 +/- 8.78 nN) and was shown to be not significantly different from the
“control” values using a Wilcoxon ranksum test. Both experiments measure the adhesion force
between the bead and the cantilever so this should not be surprising. However, the “bead
stuck” cases, where the cell did not engulf but the bead did not stick to it, were also shown to

be not significant when compared to the “control” and “bead stuck” cases. | understand this to

mean that the cell surface as a passive material does not provide sufficient force to overcome

40



AR RE

Force (nN)
N
o
1

-304

[ | A ®
Control Bead Pluck Bead Stuck Engulfment

D T r

10

]
Approach Retraction
z
E b
@
e
& of [{
Detachment Force
-5
2
60 360 380 400 4R0 c 3
0 5 10 15 20 0 200 400 600 800 1000

Time (s) Time (s)

Figure 4.5 Cantilever-Bead Pull-Off Force Measurement. A Side view Fluorescence and B
Brightfield microscopy images of the tip of the cantilever (dotted white line) and the 6um
AF488 IgG bead (cyan) during bead attachment. C Cartoon representation of each of the
resulting pull off experiments quantified in F. Ci shows the bead sticking to the adhesive layer
after pull off, Cii shows the bead sticking to the cell after pull off, Ciii shows the bead failing to
pull off the cantilever after contact with the cell, and Civ shows the bead being removed from
the cantilever during phagocytosis. D Representative force curve from the bead pull off
experiments. The cantilever approached the surface until it reached a set point of 10nN,
maintained constant z-piezo position for 10s and then retracted from the surface, leaving
behind the bead and a characteristic ‘detachment’ adhesion force. E Representative force curve
from the engulfment experiments. The cantilever approached the surface until t reached a
predefined z-piezo height, maintained in constant z-piezo position for 800s seconds and then
retracted. The inset shows a zoom in of the region of the curve where the engulfment force was
reached. The light red area of the graph is the engulfment period, the vertical line at about 420
seconds is the moment of closure and the light blue portion of the graph is after engulfment. F
Boxplot of the pull-off force measurements from each pull-off method shown in C. Black
horizontal line marks the median and black plus sign marks the mean. Means are the following:
Control =-7.73nN; bead pluck =-13.45nN; bead stuck =-9.17nN; Engulfment = -2.19nN.
Whiskers extend to data points that are within 1.5 times the interquartile range. Significance
was tested using Wilcoxon ranksum test. P < 0.05 are denoted by * and P < 0.001 are denoted
by LLLE
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the adhesion force between the cantilever surface and the bead. Hence, macrophages must
employ alternative strategies to dislodge their targets from surfaces.

Finally, we defined the “engulfment” force to be the maximum downward force before
engulfment. The moment of cup closure was determined using the circular kymograph and was
defined as the time when the edges of the kymograph both met -180 and 180 degrees and thus
both sides of the leading edge of the phagocytic cup were connected at the top of the bead. |
found that the mean engulfment force was -2.19 +/- 1.89 nN. This was shown to be statistically
smaller than all three of the other measurements (Fig 4.5F). This result refutes the “plucking”
mechanism, as this force is not sufficient to overcome the adhesion between the bead and the
cantilever. This event also occurs over a much longer period of time when compared to the
“control” experiments (Fig 4.5D-E) aligning more with a “peeling” mechanism for particle

detachment.

4.2.5 Actin Intensity at the Base of the Cup is Predictive of Engulfment

In engulfment cases, we have seen an overall downward engulfment force generated by
the cell on the bead. However, we wanted to delineate forces actively generated by the cell
from force contributions by the cell as a passive material. To do this, we analyzed the
phagocytosis experiments in which the cells did not form a phagocytic cup and compared the
actin accumulation in engulfing versus non-engulfing cells. The majority of this study has been
on strictly the location of the leading edge of the phagocytic cup. This was achieved through

segmenting the actin channel of the microscopy images. However, changes in F-actin intensity
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can provide insight into the recruitment of actin or other cytoskeletal proteins to the base of
the cup. Thus, | asked, is there something fundamentally different about the state of the actin
beneath the bead of an engulfing versus a non-engulfing cell?

Non engulfing cells still has plenty of cytoskeletal activity and in every instance,
associated with the target in some way. Therefore, both the engulfing and non-engulfing cells
shared a similar region of actin beneath the bead (Figure 4.6A) which either remained relatively
constant, or sprouted a cup. | defined an area of arc length 20 degrees by 0.5um outside of the
bead surface as the base of the cup, as seen by the white lines in Figure 4.6B-C. Due to
variations in Ftractin expression and general cell to cell variability, the time series of actin
intensity was normalized to the initial value. Therefore, | chose to compare relative changes in
F-actin intensity rather than absolute concentration.

Figure 4.6D-E show all experiments plotted together. For reference, | have also plotted
the total cellular actin in the cell cross-section (not bleach corrected!) and the total cellular
actin in the cup region over time. We can see that for both the engulfing cells and non-

I”

engulfing cells, the “whole cell” actin (assuming the distribution is similar in all planes) is
constant throughout the experiment. (Figure 4.6D-E; pink) As a matter of fact, all three curves
for the non-engulfing cells are relatively flat except the “whole cup” which slightly increases
and the plateaus (Figure 4.6E; blue). This implies that the cell makes an initial association with
the bead but does not wrap around the bead further. Perhaps the cell is still ‘sensing’ the bead,
and potentially forming some filamentous actin in response to the IgG on the bead but still

missing some essential link in order to cluster the receptors and produce the large-scale

engulfment structures. Conversely, the “whole cup” curves for the engulfing cells appear to
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experience a 2.5 fold increase in f-actin followed by a plateau (Figure 4.6D; blue). This makes
sense because initially, there is only actin in the base of the cup and so we expect that the cup
region will increase in actin as the cup proceeds up and around the bead. What is really
interesting is the base of the cup. For non-engulfing cells, there is essentially no change in the
intensity of actin. (Figure 4.6E; purple) For the engulfing cells, there is an initial increase
followed by a decrease. (Figure 4.6D; purple) Furthermore, his peak in the cup base actin
intensity occurs before the cup regions reaches the plateau. (Figure 4.6D; blue) This implies

that early on in the initiation of phagocytosis, f-actin is recruited to the base of the cup.
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Figure 4.6. Comparing Cup Actin Intensity Between Engulfing and Non-engulfing cells. A
Cartoon representation of the three areas of F-actin quantified; the entire 2D cross section, the
area surrounding the bead (phagocytic cup), and the base of the cup. B and C Circular
kymograph of an engulfing cell and non-engulfing cell, respectively. White horizontal lines mark
the center of the cup and 10 degrees on either side of the center to define the “base” of the
cup. Yellow dotted lines are at -pi, -pi/2, 0, pi/2, and pi for reference. D and E Fold change in F-
actin intensity in the three regions defined in A (Pink: whole cell; Blue: whole cup; Purple: Cup
Base) for engulfing and non-engulfing cells, respectively. Darker colored lines show the mean of
each dataset. F Plot of the fold change in F-actin intensity as a function of fraction engulfed for
the ensulfing cells.
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However, this concentration of f-actin is not maintained at the base of the cup, instead that f-

actin to spread out into the leading edge of the phagocytic cup and the base of the cup returns
to the original concentration. This is consistent with observations of the actin beneath the cup
disassembling [44] [17] during FcR-mediated phagocytosis. Thus, we have identified actin

recruitment as a in indicator of eventual internalization of the target particle.

4.3 Discussion and Conclusion

These results support three distinct models for phagocytosis, where the downward
force of engulfment scales with the cup height. The implicit scaling laws of these models are
derived based on previously and recently proposed mechanistic models for phagocytosis
involving a contractile ring, a molecular clutch and actin polymerization [75] [69] [68] [26]. 3D
cross-correlation analysis provided us with more details on the temporal order of events in the
engulfment process, some of which were in good agreement with the proposed mechanical
models. Furthermore, | have proposed a “peeling” mechanism for particle detachment from
bound surfaces, a strategy that requires less force exertion from the cell. This could be
advantages for the cell since studies have shown that cells under force respond to force, even
altering gene expression. [78] To that end, we have ruled out the “plucking” mechanism in
favor of the gentler “peeling” mechanism which is consistent with the measured engulfment
force. Finally, | have confirmed that a “flush” of f-actin recruitment beneath the cup is a
predictor of engulfment. With this sudden delivery of actin, the cell most likely also recruits
other essential regulating and scaffolding proteins necessary for engulfment. Fluorescently

labeling the cells for other actin associated proteins or regulators of the actin cytoskeleton

45



would perhaps help fill in the missing links between the coordination between cup height and

force.

4.4 Methods
4.4.1 Microscopy

Side view fluorescent images were taken using a custom, single-objective, light sheet
fluorescent microscope (LSFM) as described previously [55] [57]. Briefly, 561 nm and 488 nm
(OBIS, Coherent) lasers combine colinearly into an acousto-optic tunable filter (AOTF) (AOTnC-
400.650-TN, AA optoelectronic, France) to control laser intensity and sequential timing. After
the AOFT, laser light is passed into a single mode fiber optic cable (FT030-Y, Thorlabs) which
guides the light into the AFM hood. The line Bessel light sheet (LBLS) is formed within the AFM
hood by passing through beam expanders, a cylindrical lens (LJ1567RM-A, Thorlabs), and an
annulus (R1DF200, Thorlabs). The LBLS is able to scan through the specimen using a lateral
steering mirror (OIM 101 1”, Optics-in-Motion). The axial motion of the LBLS is decoupled from
the motion of the objective in Z using an electrically tunable lens (ETL) (EL-16—40-TC, Optotune).
Finally, the LBLS arrives within the microscope body (Olympus IX-71, Olympus, USA), passes
through the tube lens and objective (UplanSAPO 60x/1.2 NA W (Olympus, USA), then reaches
the specimen. AOFT voltages were set such that the laser power at the specimen remained
between 1.2-6.5 uW and 1.7-3.9 uW for 561 nm and 488 nm, respectively. A custom dual band
pass filter cube assembly (TRF59904-EMOL2 C173202; Chroma, USA) passes 488 nm and 561
nm light to the sample and directs GFP and RFP emission to the camera. Emission light is

collected and reflected by a 45-degree mirrored optical prism (described below) back down
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through the objective, through a short pass filter (880nm), to another ETL which controls the
focus of the image plane independent of the objective height. The imaging pathway terminates

in an OrcaFlash4.0 V3 sCMOS (Hamamatsu, Japan).

4.4.2 Environmental control

The specimen is insulated with a custom 3D printed chamber (Thingiverse 2035546)
placed on top of the circular sample coverslip to maintain proper environmental conditions.
This chamber is secured to the stage with the Asylum Research MFP-3D magnetic petri dish
holder and sealed with an FKM membrane on the cantilever holder to shield the specimen
against evaporation. The chamber is designed with separate reservoirs for deionized water to
maintain humidity as well as a gap which allows the prism to be introduced to the specimen.
The sample temperature is controlled using the Asylum Research MFP-3D AFM petri dish
heater. To further regulate the sample temperature, the objective is fitted with a Flexible
Polyimide Foil Heater (Thorlabs HT10k) operated by a PIV controller (Thorlabs TC200). Both the
petri dish heater and the PIV controller were set such that the specimen reached 37.0 °C with a

0.1 °C gradient from the center to the edge of the coverslip.

4.4.3 Substrate Preparation

Round coverslips (40 mm diameter, #1; Fisher Scientific) were acid washed in 1M HCl at
58C for 4 hours, rinsed twice in deionized water, and sonicated in fresh deionized water for 30
min three times. Then, coverslips were sonicated in 70% followed by 95% ethanol for 30 min

each and stored in 95% ethanol. Once ready for use, coverslips were dried between sheets of
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Whatman filter paper and plasma cleaned. Rings of Polydimethylsiloxane (PDMS) (10:1 Sylgard
184, Dow Corning, USA) were made from a custom PDMS mold (8:1 Sylgard 184), plasma
cleaned, and quickly adhered to the round coverslips to form a water-tight, but removeable
seal. The PDMS-cloning ring assembly was then UV cleaned for 15 min. Fibronectin (F1141
Sigma-Aldrich, USA; 50 ug/ml) in HBSS (14175095 Gibco, USA) was added to the PDMS ring and
incubated at 37 degrees overnight. Prior to use, the sample was rinsed three times in HBSS

(14025092 Gibco, USA).

4.4.4 Prism Fabrication

Mirrored right-angle prisms (part #8531-607-1; Precision Optics Corporation, Inc., USA)
were glued (Norland optical adhesive 81; Norland Products, USA) onto glass capillary tubes
(part #5010-100 and 3530-050; Wale Apparatus, USA) which were affixed to a compact table
clamp (part #CL3; Thorlabs, USA). The UV polymerizing glue attached the flat side of prism to
capillary tube, leaving the mirrored surface exposed. Prior to use, the prisms were rinsed in
70% ethanol and deionized water. If needed, accumulated debris was removed with First

Contact polymer cleaner (Photonic Cleaning, USA).

4.4.5 Prism Alignment

To ensure that the prism is in line with the LBSL and lands on the coverslip at 45
degrees, a two layered calibration slide was used. The bottom layer contains 40nm fluorescent
Rhodamine beads for visualizing the LBLS tilt and the top layer contains 15 um TetraSpeck

beads for verifying the angle of the prism. Using translation micrometers, the prism edge is
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brought onto the surface of the coverslip near a 15 um bead and the steering mirror and ETL
are adjusted such that a side view image is formed. The prism-capillary tube-table clamp
assembly was mounted to a 3D rotation stage equipped to control the pitch, roll, and yaw
(TTROO1, Thorlabs). Before each experiment, these controls are adjusted such that the side
view image is aligned with the prism edge, ensuring that the prism is angled at 45 degrees with
respect to the coverslip. For imaging, the AFM cantilever was first positioned over the cell of
interest and the prism was then positioned over but not touching the AFM cantilever or the
cell. The position of the prism edge was optimized as to not collide with the AFM cantilever in z,
but close enough in y to the cell and cantilever such that the ETL has a sufficient working range

to position the LBLS beam waist through the specimen in side view.

4.4.6 IgG Bead Functionalization

An aliquot of Polybead carboxylate 6um microspheres (17141; Polysciences Inc., USA)
were washed three times in HBSS by centrifugation in an Eppendorf tube (6000 g, 1 min). To
activate the carboxyl groups on the surface, the beads were resuspended in an EDAC (1-ethyl-3-
(-3-dimethylaminopropyl) carbodimide; 171440010 Thermo Scientific, USA; 10 mg/ml) and NHS
(N-hydroxysuccinimide); 24500 Thermo Scientific, USA; 10 mg/ml) solution in HBSS and rotated
for 15 min at room temperature. The beads were again centrifuged and resuspended in and
solution of AF488 Goat anti-Mouse 1gG (A11001 Invitrogen, USA; 15 ug/ml) and Human 1gG
(14506 Sigma-Aldrich, USA; 1.5 ug/ml) and rotated for 60 min in the dark. The IgG solutions
were centrifuged (10,000 g, 5 min) prior to use in the functionalization steps. Finally, the beads

were washed three times as described above.
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4.4.7 Cantilever-Bead Attachment

Tipless cantilevers (Nanoworld TL1-Arrow-50; Nanoworld, Switzerland) were plasma
cleaned and then treated with 0.1% APTES (aminopropyl triethoxysilane; Sigma) in toluene ()
via vapor deposition at 80 degrees for 60 min. The treated cantilever was then placed in the
AFM chip holder and onto the AFM head for calibration in air followed by beading in imaging
media. Following calibration, the plated cell sample was placed on the stage, the PDMS ring was
removed, and 1gG functionalized beads were added at a concentration of 2.5x10”4 beads/ml.
Using the AFM head manual z translation stage, the cantilever was lowered onto a suitable
bead and then raised to pick the bead off the surface. The sample was then moved to a cell and
the beaded cantilever was lowered again before imaging. This beading process was repeated

for each cell.

4.4.8 Cantilever Calibration

The spring constant and optical lever sensitivity (OLS) of the AFM cantilevers were
performed using the Sader method in air [79]. Because the tip of the cantilever is positioned
partially beneath the PRISM, the super luminescent diode (SLD) spot was aligned further back
on the cantilever tip. After submerging the cantilever in the imaging media of the sample, the
OLS in liquid was calculated by taking a thermal noise spectrum and fitting the peak using the

built in Igor software. [80]
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4.4.9 Cell Line Transfection and Constructs

F-tractin-Halo RAW 264.7 cells were generated as described in a previous publication,
including the complete transfection protocols and reagents [57]. Briefly, macrophage cell line
RAW 264.7 were obtained from ATCC (TIB-71) and the final stable cell line was made by two
successive transfections followed by antibiotic selection. First, a stable RAW 264.7 cell line
expressing reverse tetracycline-controlled transactivator (rtTA) was produced to create an
inducible expression system. Then, that cell line was used to produce a stable cell line
expressing F-tractin-Halo under the control of the tetracycline-dependent promoter. Both cell
lines were generated using a PiggyBac transposon system and transfected with Viromer Red
transfection reagent (Lipocalyx, Weinbergweg, Germany) according to the manufacturer
protocol. PiggyBac plasmids PB-rtTA and PB-miRE-tre-Puro were generously gifted by Mauro
Calabrese (The University of North Carolina at Chapel Hill). The plasmid PB-tre-F-tractin-Halo-
Hygro was constructed as previously described [57]. All plasmid were confirmed by sequencing

(Genewiz, USA) prior to transfection.

4.4.10 Cell Culture

Stable F-tractin-Halo RAW 264.7 cells were maintained in RPMI 1640 media (61870036;
Gibco, USA) supplemented with GlutaMax (; Gibco, USA) and 10% heat inactivated (56C, 30
min) fetal bovine serum (;VWR, USA). Subcultures were prepared with cell detachment using
Accutase (; StemPro, USA) and gentle scraping. Cells were used between passage number 9-22.
Prior to imaging, the cell imaging media (describe media) was supplemented with doxycycline

(50 nM, 48 hrs; ;) in order to induce F-tractin-Halo expression. For phagocytic experiments, cells
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were plated onto fibronectin coated coverslips within the PDMS rings. One hour before
imaging, JaneliaFluor 549 (JF549) HaloTag ligand in imaging media (concentration 30 min;
Janelia Farms, USA) was added to the cells followed by three subsequent washes in imaging

media every 10 min to remove unbound dye.

4.4.11 Imaging and AFM settings for side view phagocytosis experiment

Using the oculars, AFM head wheel, and stage micrometers of the microscope, the
cantilever was beaded and the sample was moved to an appropriate cell displaying lamellipodia
and filopodia. The bead of the cantilever was positioned over the cell of interest and lowered to
less than 8um above the cell. Then, the prism was positioned over the cantilever and the cell
with the bottom edge of the prism touching down on the coverslip less than 50 um beneath the
cell. The lateral position of the prism was set such than the prism did not obscure the SLD laser
spot on the back of the cantilever. Using the imaging application (HCImage Live) for the camera,
the LBLS position was honed to pass through the center of the cell using the mirror voltage.
Fine adjustments of the cantilever height above the cell as well as the LBLS waist position
(excitation ETL voltage) and image focus (emission ETL voltage and objective height) height
were made once in side view. The camera was set to accept external trigger and a custom
LabView program was used to communicate between the AFM, AOFT, camera, and steering
mirror. When the force curve began, the AFM controller also triggered the start of the custom
synchronization script (Igor) within the Asylum Research Software synchronizing the AFM and
the camera. The 561 nm and 488 nm lasers had a 300 ms exposure and 100 ms delay

sequentially. Laser power at the sample was chosen to provide sufficient SNR with a maximum
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of 30 and 15 uW for 561 nm and 488 nm, respectively. Before each experiment, a virtual
deflection curve was taken using the Asylum Research Software. The AFM was set to closed
loop feedback and the velocity of the approach and retraction of the cantilever was set to

1 um/s. Using the Igor software dwell mode, the Z-piezo was directed to approach the sample
until a defined trigger was reached, stop (dwell) for 800 s, retract, and stop (dwell) for 200 s.
This trigger was measured before each experiment such that the cantilever would be within
0.5 um of the cell. During the dwell, the Z-piezo position remained fixed allowing the cantilever

tip to move freely.

4.4.12 Minimum Bead Pull-Off Measurements

An adhesive substrate was prepared by placing a section of silicone transfer film (ARclad
IS-7876) onto the center of a 40 mm coverslip. The coverslip was positioned for imaging and
2.5x10”4 beads/ml in HBSS were added to the sample atop the adhesive film. IgG
functionalized 6 um beads and APTES-treated, calibrated, and beaded cantilevers were
prepared as described for engulfment experiments. After beading the cantilever, the sample
was moved to the edge of the adhesive layer using the manual stage micrometers. The manual
focus was raised to the top of the adhesive layer and the beaded cantilever was centered into
view. The cantilever was lowered to within a few micrometers of the adhesive surface and a
single force curve was taken using the Asylum Research Software. The approach and retraction
velocity were set to 1 um/s. The success or failure of the bead ‘pulled off’ from the cantilever

was confirmed in brightfield. Regardless, the cantilever was then re-beaded with a new bead
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and the process was repeated. The same cantilever was used for a maximum of 8 pull-off

measurements.

4.4.13 Correlation of force signal and local actin activity

The cross-correlation analysis was performed on our AFM force time series, F(t), and the
phagocytic cup height derived from the F-tractin fluorescence intensity outside of the IgG bead,
H(t). For each image in the timelapse, the center of the bead was collected via a custom image
segmentation script. Then, the intensity profile along a line segment centered through the bead
was collected. This line segment was rotated about the bead center in increments of 2 degrees.
The intensity values for 5 pixels from the bead edge were averaged for each angle value to
generate an average actin intensity as a function of the position around the outside of the
bead. The average intensity from each frame was plotted versus time as a circular kymograph.
The cup edge was extracted with edge detection in Matlab using the first order derivative,
resulting in the arc length, s. The cup height, h, was then calculated via the following equation,

assuming spherical symmetry. (This is also known as the sagitta of a circle)

s
h=R (1 — COoS ﬁ)
Prior to cross-correlation analysis, the force and cup height data were high pass filtered
(frequency cut off = 0.5mHz) to remove offset and slope. Downward forces, toward the cell, are
denoted as negative and upward forces, away from the cell, are denoted at positive. Therefore,
positive correlations between the force and the cup height represent events where a. the cup

width increases and the forces are upward (cell is pushing) or b. the cup width decreases and

the forces are downward. Similarly, negative correlations represent events where a. the cup
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width increases and the forces are downward (cell is pulling) or b. the cup width decreases and
the forces are upward.

Since phagocytosis is a multistage process, we performed our cross-correlation calculations on
subsets of the data, allowing for local assessment of the correlation strength. We chose a time
window of 240 s and stepped through the dataset at increments of 2 s. Thus, the correlation

strength at each time as a function of time lag of cup width relative to force is described below.

t+l
2
(F*H)(t,1) = f F(t"YH(t' + t)dt’
where (FxH) signifies the unnormalized cross-correlation strength of force and cup height, t
represents lab time, ty is the time window, and t is the time lag with t=0 revealing the
correlation strength without allowing time lag. The cross-correlation calculation is

unnormalized to show a correlation strength that is proportionate to the increase in cup height

magnitude.

4.4.14 Derivation of the PCLE2 model

In order to understand what force is actually being measured by the AFM, we need to
sum all the forces on the bead in the z direction. Assuming the dominate contribution to the
force on the bead lies within the contacts at the leading edge of the cup perimeter (red arrows
and dots), and assuming these forces are circularly symmetric, the sum of the forces in the x-
direction cancel, leaving only the z-component of the force of the cell on the bead. When the

force on the bead is in the positive z-direction (green arrow), the bead experiences a downward
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force from the cantilever, F,5, and an upward force from the cell, Fg,. Since the net

acceleration of the bead is negligible, these two forces must sum to zero.

ZFZ =—Fp+Fcp, =0
The contractile-ring model proposes a line tension, T, that acts horizontal to the z-axis of the
bead at each height. However, contact forces on spheres must act normal to the surface so the
magnitude of the force acting orthogonal to the bead surface (x’-direction), due to the tension
in the contractile-ring, is T, = T sin 0. Forces that oppose the motion of the bead, due to
molecular adhesions between the intracellular receptors of the cell to the ligands on the bead
surface can be summarized as an effective friction force. When the force on the bead is in the
positive z-direction (green arrow), the force from the cell on the bead, f5, points in the
positive y’-direction, tangent to the bead surface and the force from the bead on the cell, fz.,

point in the negative y’-direction. The contributions from Ty, and f-g to Fcg, can be found by

fz = —f sin@ Tx‘z = Tx‘ cos 8

f. = fcos@ Ty =Ty sin@

Figure 4.7. Diagram of Forces Acting on the Bead in the PCLE2 Model.
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breaking both into components along the z-direction. The sum of the forces in the z-direction

then becomes:

ZFZ =—Fup+ (fecg + Tyz) =0

ZFZ =—Fy;g— fsin@+TsinBcosd =0

Fug =sin@ (f — T cos 0)
By Newton’s third law, the force of the AFM cantilever on the bead is equal and opposite to the
force from the bead on the cantilever.

Fgy =sin0 (TcosO — f)

Thus, the force from the bead on the AFM cantilever, the output of the AFM measurement, in

terms of the cup height, z, bead radius, R, ring tension, T, and effective frictional force, f, is

given below.

Before the engulfment is complete, the force from the bead on the AFM is equal to the force
from the cell on the bead. After engulfment and internalization, the readout from the AFM is

the force of the cell directly on the cantilever.
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Chapter 5: Deformable Polyacrylamide Beads for Future Phagocytosis Studies

5.1 Actin Structures in the Phagocytic Cup

Though there is much we can learn from the plethora of information gathered from
studying the actin cytoskeleton in cell migration, phagocytosis exhibits its own set of unique
actin structures. With the onset of advanced microparticle technology [81] and high-resolution
3D imaging, the actin network composing the phagocytic cup has been revealed to contain
dynamic clustered sites of F-actin. [82] [26] [68] [83] [56] [84] (Fig. 5.1A-F). As the presence of
discrete actin spots within the phagocytic cup is still an active area of research, they have many
different names. Ostrowski et al. identified these puncta (Fig. 5.1A) as ‘podosome-like
structures’ and also reported that, unlike focal adhesions, the Arp2/3 complex was localized to
the core of the podosome-like structure. Podosomes are small (<1um) actin structures
composed of a branched F-actin core surrounded by a ring of adhesion and scaffolding proteins.
They function as sites of adhesion and extracellular matrix degradation for migrating
macrophages. Given their dynamic protrusions of different stiffness substrates, podosomes
have also been implicated in mechanosensation [85] [86]. In a deformable target model,
phagocytes were seen to assemble F-actin ‘teeth’ and aid in compressing the target during
phagocytosis (Fig. 5.1B). In agreement with Ostrowski et al., inhibiting the Arp2/3 complex led

to a decrease in the number of phagocytic teeth and thus the compressive force on the
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Figure 5.1. Actin Puncta or clusters within phagocytic cups formed by phagocytes. A 3D
reconstruction of F-Actin (red) and Vinculin (green) in the phagocytic cup of Human
macrophages introduced to complement C3b or IgG opsonized beads (shown in a grey
overlay in the ‘Merge’ column). Images were captured using STED super-resolution
microscopy. Scale bar 1um. Data from Ostrowski et al. [84]. B F-actin (white) of RAW
macrophages engulfing 1.4kPa deformable microparticles (blue) opsonized with IgG. Yellow
arrows point out individual “teeth.” Images represent maximum intensity projections of
confocal z-stacks captured using a Spinning Disc Confocal system. Scale bar 5um. Data from
© 2021, Vorselen et al. [68]. C 3D representation of the actin (magenta) and myosin (green)
within the phagocytic cup of a RAW macrophage engulfing an 1gG coated bead (not shown).
Imaged with a Spinning Disc Confocal system (top, Scale bar 5um and 2um) or a lattice light
sheet microscope (bottom, Scale bar 4um). Copyright © 2019, Barger, et al D Volumetric
representation of the F-actin (red/inferno) distribution of a RAW macrophage during
phagocytosis of an IgG functionalized bead (not shown). Images were collected using line-
bessel light sheet microscopy. Data from Copyright © 2020, Nelsen et al. [56]. E F-actin
(black) labeled Human macrophages after ingestion of IgG-opsonized latex beads. Images
were captured using an Airyscan super-resolution microscope. Data from © 2021, Tertrias et
al. [87]. F 3D view of a Raw macrophage adhered to a 3-3.5um micropatterned IgG disc and
labeled for F-actin (magenta) and myosin (green). Images were captured using 3D structured
illumination microscopy. Data from Herron & Hu et al. [83].
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target? [84]. They report that this force of squeezing orthogonal to the target surface is
balanced by an inward force towards the cell from the base of the cup in early cup formation
and by myosin-Il ‘purse-string’ contractility in late-stage cup formation.* A different lab found
similar structures (Fig. 5.1C) while exploring the role of two molecular motors (myosin 1e and
1f) in phagocytosis of antibody-opsonized target. Like the Arp2/3 complex, removing these
class 1 myosins prevented these actin ‘plumes’ from organizing correctly and thus disrupting
proper internalization, though early-stage cup formation was unaffected [82]. Using line-bessel
light sheet microscopy, Nelsen et al. were able to resolve punctate actin structures (Fig. 5.1D) in
the phagocytic cup during the early stages of phagocytosis [56]. In an effort to distinguish the
actin puncta that they observed (Fig. 5.1E), coined ‘phagosome-associated podosome’ from
true podosomes, Tertrias et al. challenged macrophage cells with latex beads unfunctionalized
with antibody. They found that phagosome-associated podosomes were not formed without
IgG, the phagocytic cup did not mature into a phagolysosome, and furthermore, podosomes on
other areas of the cell did not disassemble as they saw in the antibody case [87]. This implies
that the pool of actin and adhesion proteins within the cell is shared between phagosome-
associated podosomes and true podosomes. In an interesting two-dimensional geometry,
Herron & Hu et al. introduced macrophages to flat, micropatterned IgG discs and observed the

corresponding actin and other adhesion protein architecture (Fig. 5.1F). The authors fearlessly

3 Though Tertrias et al. found the opposite to be true. Their phagosome-associated podosomes were resistant to
the Arp2/3 inhibitor CK666, like podosomes [87].

4 This is in conflict with what Waterman says. [164] She argues that the engulfment mechanism is dominated by an
actin-generated protrusive force and the restoring force provided by the cortical tension. If a phagocytic cup can
make it past the midpoint, it will always be engulfed, therefore not requiring a purse string mechanism. A pulling
force originating from the base of the phagocytic cup is also unlikely due to the disassembly of actin puncta
observed in Ostrowski et al [84].
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identify the discrete actin structures forming around the perimeter of the IgG discs as
‘phagocytic podosomes’ and characterize the actin structure of these podosomes in
revolutionary detail using localization-based super resolution microscopy. Using 3D Structured
[llumination Microscopy (SIM), myosin Il was revealed to organize in an expanding, inner ring
between the podosomes and the IgG disc, potentially to aid in podosome protrusive forces
necessary for phagocytic cup progression [83]. As self-sustaining structures, podosome
assembly does not require contractility, though myosin can indirectly modulate podosome
growth and protrusion [88]. As 3D imaging techniques improve, the organization of these
phagocytic podosomes and the interplay with adhesion proteins will emerge to increase our

understanding of the mechanism by which phagocytes engulf.

5.2 Results
5.2.1 Three-Dimensional Bead Segmentation

| have developed a segmentation algorithm to automatically define the shape boundary
of deformable polyacrylamide beads from a fluorescent 3D dataset. Figure 5.2a shows a single
slice of a volumetric dataset of macrophage cells engulfing antibody coated deformable beads.
Each of these beads are labeled for reference later in other sections. To begin visualizing, a field
of view containing a single bead is selected from the volumetric dataset as shown in b. ¢ Each
slice of the volume is then passed through a series of image processing steps in order to isolate
the perimeter of the bead. The edges of the bead are first identified using Laplace of Gaussian
edge detection. The identified edges are then dilated to create continuity between neighboring

line segments. Then, the entire shape is filled to remove internal edges. Watershed, dilating,
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filling, area exclusion steps are then implemented to remove extraneous artifactual shapes not
associated with the bead. Finally, the edges are eroded to return to the original size, and the
perimeter of the solid shape is determined. Fig 5.2d shows the result of this segmentation
algorithm used on each of the four beads. All image processing and 3D visualization was done in

Matlab and Imagel.

LoG Edge Detection Dilated Once Filled

Watershed Dilated Twice Remove bits

Edges eroded  Edges eroded twice Perimeter Original + Perimete

Figure 5.2. Three-dimensional deformable bead segmentation. a Composite fluorescent image
of RAW 264.7 macrophages (green) stained with Alexa Fluor 488 Phalloidin and 6um
polyacrylamide beads labeled with Janelia Fluor 549 IgG. The four beads in the field of view are
labeled for reference. Note that this image is one cross-section in a dual-color volumetric
dataset taken using a Zeiss Ariyscan. Scale bar: 10um. b Montage of the confocal slices through
Bead 1 which make up the volumetric set. c Image processing steps in the segmentation
algorithm to automatically determine the bead edge. d 3D visualization of each of the four
beads from the volume described in a. Units are arbitrary.

62



Data Points d Sperical Coordinate Interp.

Figure 5.3. Computing a surface from spherical harmonic expansion. a,b A volumetric tiff stack
of images is read into our custom Matlab script to identify the edges of each slice. ¢ The edges
from each slice are represented in a cartesian coordinate system to form a point cloud. d The
point cloud is interpolated into spherical coordinates for a defined number of phi and theta
coordinates. e The surface of the bead is computed up to 20 terms in the
spherical harmonic expansion. f The final bead surface displayed using the Matlab patch
graphics object.
5.2.2 Spherical Harmonic Fitting of the Surface

In collaboration with Dr. Moslem Moradi, | have described the surface of these
deformable beads using spherical harmonic expansion. After the segmentation described in Fig
5.2, the point cloud is interpolated from cartesian coordinates to spherical coordinates, Fig

5.3a-d. To calculate spherical harmonics, we find Y1 for positive m, and Y2 for negative m. The

expansion coefficients ax, ay, az (for positive m), and ax2, ay2, and az2 (for negative m) are then
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calculated by integration. The integration is done by summing over the values of the integrand
multiplied by weights:

34 2r No N‘P
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Jo Jo ’
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Where N is a normalization prefactor.

5.2.3 Preliminary Shape Analysis for Bead Deformation

In order to compare the indentations we observed on our beads during phagocytosis to
the deformations caused by podosomes, we measured the indentation depth, indentation
width, and indentation spacing for each bead (Fig 5.4a,b,c,e). There was no significant
difference between the width or spacing of the indentations for all four beads. Furthermore,
these width values are consistent with the average diameter range of podosome indentations
cited by van den Dries, et al. [86] The indentation depth of bead 1, 2, and 4 showed no
significant difference, however, the indentation depth of bead 3 was significantly different than
bead 1, 2, and 4. It's important to note that bead 3 is the only bead completely internalized by
the cell as well as the only bead with obvious punctate actin spots surrounding the bead and
coincident with the indentations. Using the Hertz model for force we can estimate the forces
exerted by these podosomes. Assuming the protrusive heights, 8ref, and elastic modulus, Eref,
from Bouissou et al., we can see that the force necessary to indentor our significantly softer
beads is 10% less than that needed to indent the 2.3GPa formvar sheets used in Bouissou et al.
This implies that the actin structures causing these indentations are mechanosensitive and

adapt to the stiffness of their target, only exerting as much force as necessary.
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Figure 5.4. Relating bead indentations to podosome geometries. a Shows an example of how
the shape descriptors; depth, width, and spacing, were measured for each bead. The three
panels are taken from the central slice of Bead 4. b,c Plots of the indentation depth, indentation
width, and indentation spacing for all four beads, described in Fig 5.2a. In a t-test assuming
unequal variance with a significance level of 0.05, Bead 3 indentation depth is significantly
different from beads 1, 2, and 4. d Cartoon illustrating how a spherical indentor of radius, R,
(green, podosome) may deform the bead (red) of Young’s Modulus, E, and poisson ratio, v,
causing an indentation depth, 6. Using the Hertz model and our approximate bead elastic
modulus and measured indentations, we can approximate the force.

5.3 Conclusion and Future Work
This is the beginning of a new dimension to the force measurements during
phagocytosis. Using soft targets is nothing new in the field of immunology, however, combining

the deformable beads with the AFM cantilever experiments would provide net forces on the
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target as well local forces on the target. Future phagocytosis experiments combining this
technique with the “bead pull off” experiments described in Chapter 4 would provide both local
deforming forces as well as net downward forces. In this way, we could correlate the behavior
of the cell in the decision-making process of engulfment. Does it deform the target before
deciding to engulf it? If the target is too well-adhered to the substrate, does the cell decide to
undergo trogcytosis [43] instead of full engulfment? This technique will open the door to an

expanded breadth of force resolution.
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Chapter 6: Guanine Nucleotide Exchange Factor (GEF-H1) Activation in RAW 264.7
Macrophage Cell Protrusions and Phagocytic Spreading
Phagocytosis is a complex cellular process that requires precise spatial and temporal

remodeling of the actin cytoskeleton. It is well documented that the actin driven engulfment
process depends on upstream GTPase activation, but it is still unclear how phagocytosis relies
on the activation of GEFs. Active GEF-H1 has recently been associated with regulating force
response and leading-edge dynamics during migration. Using a single-chain FRET biosensor we
are able to correlate relative changes in the activation state of GEF-H1. The GEF-H1 biosensor
consists of a yPet and mCerulean3 FRET pair inserted into the hinge of the autoinhibitory
domain to signal the change in conformation of the protein upon activation. We have made a
RAW 264.7 murine macrophage cell line stably expressing this biosensor as well as Ftractin-Halo
in order to study the dynamics of GEF-H1 activation during phagocytosis. We have captured the
actin distribution and GEF-H1 activity during frustrated phagocytic spreading of cells on IgG
functionalized substrates. Within an average of 3 minutes after contact, the macrophage cells
spread to their maximum area. During this spreading, GEF-H1 activation is highest at the
leading edge of the phagocytic cup. This suggests that GEF-H1 activation plays a role in the

mechanosensory process of phagocytosis.
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6.1 Rho Family GTPases and GEF Signaling in Phagocytosis

Many fundamental cellular processes are regulated by members of the Rho family
GTPases, including division, migration, adhesion, and phagocytosis. Rho GTPases and their
associated signaling proteins often cooperate or antagonize each other to orchestrate cellular
tasks. This results in a complex molecular dialogue between signaling proteins at many levels of
their signaling pathways dynamically regulated in space and time. This crosstalk between
members of the signaling network effects protein activation conformation, protein expression
and stability, and regulation of downstream signaling pathways.

In order for cells to move, the underlying actin cytoskeleton is remodeled by multiple
signaling cascades coordinated in space and time. The Rho family Guanosine Triphosphatases
(GTPases) act as critical regulators of this signaling network by activating downstream effectors
of the dynamic actin cytoskeleton. [89] GTPases are highly conserved proteins that act as

molecular switches by cycling between a guanosine diphosphate (GDP)-bound, inactive state
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Figure 6.1. Rho GTPase Signaling in Phagocytosis. A Schematic of the location of CDC42, Racl,
and Rac? at different stages of FcR-dependent phagocytosis. B The location of RhoA during
Integrin (aM B2)mediated phagocytosis. C The location of RhoG, Racl, and RhoA at different
stages of clearance phagocytosis. D Phagocytosis signaling network diagram for several surface
receptors. Note that the GEFs are upstream of the GTPases and engulfment is downstream of
the GTPases. [99] Copyright © 2014, Mao & Finnemann.
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and a guanosine triphosphate (GTP)-bound, active state. [90] The activation state of GTPases is
altered by several regulatory proteins such as GTPase-activating proteins (GAPs), which turn off
signaling via induced GTP hydrolysis, and Guanine nucleotide exchange factors (GEFs), which
turn on signaling by promoting the exchange from GDP to GTP. [91] In the active state,
GTPases ‘turn on’ a signaling network that can lead to processes such as formin-mediated actin
polymerization [92] [93], ARP2/3-mediated branched actin polymerization [94] [95], cofilin-
mediated severing and actin depolymerization [96] [97], and actomyosin contractility [98].
These fundamental actin processes form a toolset from which cells can orchestrate the
formation and dismantlement of complex cytoskeletal structures.

The roles of several Rho family GTPases have been implicated in Fcy Receptor (FcR)-
mediated, Complement Receptor (CR3)-mediated, and clearance phagocytosis. [99] Figure 6.1A
summarizes the essential GTPases reported for each type of phagocytosis. Early on,
phagocytosis was thought to proceed through distinct methods of internalization depending on
receptor-ligand pathway. FcR-mediated phagocytosis was marked by membrane ruffles and a
phagocytic cup that wrapped around the target like a ‘zipper.” Particles undergoing CR3-
mediated phagocytosis were observed to ‘sink’ into phagosome with little to no protrusions
from the membrane. [19] [18] Though both processes were mediated by actin polymerization,
several studies sought to uncover the molecular events behind these morphological differences
[21] [22]. Rho Family GTPases had recently been well characterized in the context of cell
migration, and therefore ideal candidates. See Figure 6.1B for a visual summary of the GTPases
and their upstream and downstream effectors. Racl and CDC42 were found to be required for

FcR-mediated phagocytosis [21] [22], and RhoA was found to be required for CR3-mediated
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phagocytosis [21]. FcR-mediated phagocytosis was assumed to be driven by branched actin
networks given that ARP2/3 is downstream of both Racl and CDC42 activation, and the
‘sinking’ observed in CR3-mediated phagocytosis was predicted to be contraction caused by
formin-mediated actin bundles joined to myosin-Il due to mDial and ROCK being downstream
of RhoA [23]. However, advances in detailed imaging of the engulfment process revealed
ruffling and protrusions were also present in CR3-mediated phagocytosis [24], suggesting CR3-
mediated phagocytosis also utilized Rac1 and/or CDC42 signaling upstream of phagocytosis.
Furthermore, inactivation of the ARP2/3 complex affected both FcR and CR3-mediated
phagocytosis [27] [28], supporting the notion that both types of phagocytosis required Racl
and CDC42-medated branched actin and RhoA-mediated linear actin networks [100] [101]
[102].

Consistent with this hypothesis, Jaumouille et al. used high resolution microscopy to
show that both ARP2/3 (branched actin) and formin mDial (linear actin) are involved in the
assembly of actin structures required for CR3-mediated phagocytosis [26]. While the exact role
of mDial has yet to be discovered, one could reasonably assume that the linear actin bundles it
generates play a role in reinforcing the branched actin network and providing opportunities to
form additional links from integrins to the cytoskeleton. As there are no known direct or
indirect mechanical linkages between the more specific phagocytic receptors (such as FcR) and
f-actin, these secondary connections via integrins become critical for both pathways of target
internalization [103]. In other words, each pathway may be initialized by distinct molecular

interactions (Fig 6.1A), however, in order to physically surround and engulf the target, they may
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both employ a shared set of integrin-based adhesions and molecular clutch driven branched-
actin polymerization (Fig 6.1B).

While the dynamics of Rho GTPases in
phagocytosis have been well characterized, not

much is known about the spatiotemporal

sequence of events leading to GTPase activation.
From in vitro and live cell studies, we know that
GEFs are one of several classes of regulatory

molecules that modulate the activation state of

multiple downstream GTPases. This added

degree of complexity in the signaling network —> | wer | — ( ) \

allows GTPases to perform their functionally =a V
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distinct actions in different areas of the cell.
However, this also exposes the need to explore

these uncharacterized upstream activation

dynamics in space and time within living cells. In
Figure 6.2. GEF-H1 and RhoA Regulate the

the context of cell migration, RhoA has been Microtubule and Actin Cytoskeleton. Shows
GEF-H1 bound to a microtubule in its
shown to initiate both protrusions and inactive state, activating upon microtubule
disassembly, catalyzing RhoA into its active
retractions in different areas of the cell [104] form, and RhoA interacting with

downstream effectors to modulate the actin
[105] [106] and GEF-H1 was identified as a major  ¢ytoskeleton.

GEF controlling the activation state of RhoA. [57] GEF-H1 is also the reported to localize to

microtubules in its inactive conformation and activates after microtubules detachment [107]
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[108] allowing it to then encourage RhoA activation and subsequent actin remodeling. (Fig 6.2)
Therefore, GEF-H1 is considered a critical regulator between the dynamics of the microtubule

and actin cytoskeleton. [109]
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Figure 6.3. Cell Stiffening in Response to Force. A The bead displacement after successive force
pulses shows a decrease in the overall amplitude, implying the cell is stiffening in response to
the pull. B Cartoon representation of the force pulsing experiment. C Bar graphs summarize the
effect of RhoA or GEF-H1 knockdowns. Cells without RhoA or GEF-H1 did not exhibit a stiffening
response. D Comparing the amount of protein in the whole cell lysate versus the adhesion
complex versus pulse number. As the number of pulses increased, more GEF-H1 and LARG were
recruited to the adhesion complex, while the amount in the whole remained constant.
Copyright ©2011, Guilluy et al. [78]

Perhaps not surprisingly, GEFH1 has also been found to play a role in
mechanotransduction, the process wherein cells perceive the mechanical properties of their
environment and react appropriately to perform cellular tasks. [110] In three-dimensional cell
invasion, the microtubules of breast epithelial cells were found to be destabilized by a stiff
extracellular matrix. This in turn led to an increase in GEF-H1 activation followed by RhoA
activation. [111] In 2D cell migration, GEF-H1 was found to be required for neutrophil motility

and migration under fluid shear stress. [112] [113] Finally, Guilluy et al. found that GEF-H1 was
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recruited to the site of force application (Fig 6.3D) under integrin-stimulated tensional force
cycles, implementing GEF-H1 as a key regulator of cellular force adaptation. [78] Figure 6.3
shows how the cell stiffened in response to repeated force cycles. Given the recent work on
phagocytes adapting to the geometrical and mechanical properties of their target [41] [114]
[115], we sought to investigate the role of GEF-H1 in regulating mechanotransduction during
phagocytosis.

In 2018, Azoitei et al., designed an activation GEF-H1 FRET biosensor to correlate RhoA
activation, GEF-H1 activation, and edge motion in migrating cells. [116] Fluorescent biosensors
provide the ability to observe the relative distribution of protein activity throughout the cell
during the cellular phenomenon under study. [105] [117] The Authors found that GEF-H1
activation is sensitive to local changes in microtubule dynamics during cellular protrusions. |
have used this same biosensor in RAW 264.7 macrophages to investigate the role of GEF-H1 in

coordinating the actin cytoskeleton during phagocytosis.

6.2 Results
6.2.1 Stable Cell Line of Raw 264.7 Macrophages Expressing the GEF-H1 Biosensor

With extensive guidance from Dr. Takashi Watanabe, Raw 264.7 murine macrophage
cells were transfected with a FRET Biosensor that reports the activity of GEF-H1. GEF-H1 has an
autoinhibitory domain that obscures its active site in the inactive conformation. Azoitei et al.
exploited the hinge region which connects the autoinhibitory domain to the Dbl homology (DH)
of GEF-H1 by inserting a FRET pair. [116] (Fig 6.4A-B) In addition to the biosensor, these cells

were also stably expressing F-tractin-Halo in order to correlate the actin cytoskeleton with GEF-
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Figure 6.4. GEF-H1 Biosensor in Raw 264.7 Macrophage Cell Labels Microtubules. A The GEF-
H1 biosensor design includes FRET pair added to the hinge region of the autoinhibitory
domain of the protein. In this way, the FRET efficiency is high when GEF-H1 is in the inactive
state and low when GEF-H1 is in the active state. B Ribbon diagram of GEF-H1 showing the
autoinhibitory domain in purple, DH domain in green, and the FRET pair inserted in the hinge
region between them. C Example three channel images of the Raw_Ftractin-Halo_GEFH1-BS
stable cell line. F-actin is labeled by JF549 (left), mCeruclean3 acts as the donor of the FRET
pair (middle), and YPet acts as the acceptor of the FRET pair (right). Note that the Ypet shown
here is direct excitation, not FRET emission. Copyright © 2019, Azoitei, et al.

H1. Figure 6.4C shows the F-actin labeled by Ftractin-Halo and the microtubules of the cell
labeled by the GEF-H1 BS. Direct activation of YPet in the FRET pair reports the distribution of
all GEF-H1, active or inactive. Exciting mCerulean3 results in both mCerulean3 emission (when
GEF-H1 is inactive and the FRET pair are separated) and FRET emission from YPet (when GEF-H1
is in its active conformation and the FRET pair are within Forster radius). Therefore, the ratio of

mCerulean3 emission to FRET emission reports the relative activity of GEF-H1 within the cell.
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Figure 6.5 Phagocytic Uptake Assay of Stable Cell lines Reveal No Significant Effect on
Phagocytic Ability. A Microscopy Images of the Uptake Assay. Both the cells and beads are
visible in brightfield, the cells are shown in the F-actin channel, and the two bead channels
reveal which beads were not internalized. B Boxplots of the uptake ratio for controls cells
(RAW-Ft) and transfected cells (RAW-GEFH1 and RAW-GEFH1+Ft) at 30- and 60-minutes
incubation. Black plus signs represent the mean while the horizontal black line represents the
sample medians. Whiskers extend from the min to the max datapoint. Using Wilcoxon rank
sum test, no significant difference was found between any of the cell treatments. The mean
uptake percentage (engulfing cells/total cells) was about 46%.

Both the F-tractin-Halo and GEF-H1 BS constructs were under the control of a tetracycline-

dependent promoter to reduce potential adverse effects of GEF overexpression within the cell.
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6.2.2 Verification of Macrophage Unperturbed Phagocytic Ability

In order to gauge the effect of GEFH1 expression on phagocytosis, particle uptake ratio
assays were performed at 30 and 60 minutes incubation. Figure 6.5A shows representative
microscopy images of the end point of the uptake assay. Phagocytic targets were differentially
labeled with fluorescent IgG to distinguish all beads from external beads. Then, using a custom
macro written in FlJI by myself, Oheneba Boateng, and Luca Menozzi, the total number of
internalized beads and cells within each field of view were counted. With this, the ‘uptake ratio’
defined as the percentage of cells that engulfed at least one bead, was determined for each cell
treatment. In each case, the GEFH1 expression had an insignificant effect on particle uptake (Fig

6.5B), meaning the GEF-H1 BS did not perturb the biological phenomena we set out to study.

6.2.3 GEF-H1 is Activated on the Cell Periphery During Frustrated Phagocytic Spreading
Frustrated phagocytic spreading is a regime of phagocytosis where phagocytes
encounter infinitely large targets and attempt to engulf them more or less symmetrically from
the point of contact. This form of phagocytosis has many advantages including constraining the
phagocytosis-related proteins to the imaging plane and allowing for integration of other
techniques such as micropatterning and traction force microscopy. For example, a handful of
studies have used frustrated phagocytic spreading to measure the stress generated by the
leading edge of the phagocytic cup [26] [118] [119] [88] as an analogue for the three-
dimensional case. For my study, frustrated phagocytic spreading is the ideal technique to use
when pairing phagocytic assays with 2D ratiometric FRET imaging. (Though there has been a

recent study that performed FRET analysis in 3D, [120])
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Figure 6.6A-C show the timeseries of a frustrated phagocytic spreading event in the

brightfield channel, f-actin channel, and ratiometric FRET channel. Upon contact with the IgG-

coated substrate, the macrophage quickly spreads in all directions until it reaches about 3.5x its
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Figure 6.6 Frustrated Phagocytic Spreading Assays Reveal GEF-H1 Activation at the Leading
Edge of the Phagocytic Cup. A Brightfield images of the timelapse of the spreading event. From
this perspective, you can see one cell spreads and one does not. B F-Actin during spreading. C
FRET ratio of Donor/Acceptor. Values have been inverted such that high values on the look up
table (red/white) correspond to higher GEF-H1 activity and lower values correspond (blue/cyan)
to lower activity. Elapsed time are in minutes. D Quantification of spreading perimeter, area,
and velocity over time. The maximum velocity reached is 0.48um/s.
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original size. The changes in the cell perimeter, spread area, and average edge velocity are
guantified in Figure 6.6D. Consistent with other studies [118] [119] [88], | observed an initial
rapid increase in the spread area followed by a plateau where, presumably, the cell has run out
membrane. | observed that GEF-H1 activity was consistently 1.4-fold higher at the phagocytic
periphery than at the origin of first contact during the entirety of the spreading event. (Fig 6.6C)
This zone of GEF-H1 activity overlaps with the ‘delimited stress zones’ and ‘peripheral ring
force’ reported by Rougerie and Cox, [119] suggesting GEF-H1 is present on the periphery of the

phagocytic rim either to help generate these high stresses or in response to them.

6.2.4 GEF-H1 Control does not Associate with Microtubules nor Exhibit Peripheral Activation
In order to verify that the distribution of GEF-H1 activity | observed in Raw cells was not
simply a consequence of imaging artifacts, | generated, with extensive help from Dr. Daniel
Marston, a GEF-H1 BS control construct with the FRET pair inserted on the C-terminus (GEF-H1
associates with microtubules via its N-terminus [121]) of the protein instead of in the
autoinhibitory domain. The design of the control construct is such that there will be FRET but it
will be completely uncoupled from the activation state of GEF-H1. (Fig 6.7A) Therefore, we
expect to see a random distribution of GEF-H1 ‘activity’ unassociated with spreading or
protrusions. Furthermore, since inactive GEF-H1 is known to localize to microtubules and active
GEF-H1 is cytosolic, there should be no visible association of the control construct with
microtubules. Both of these requirements were found to be true. Figure 6.7B shows the
timeseries of a Raw cell expressing the GEF-H1 BS control construct. In the FRET channel, there

are no distinguishable microtubule features, and in the FRET ratio channel, GEF-H1 activity is
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Figure 6.7 GEF-H1 Biosensor Control Construct. A The Four possible conformation states of the
GEF-H1 Biosensor control. 1. High FRET/Inactive Conformation 2. Low FRET/Active
Conformation 3. High FRET/Active Conformation 4. Low FRET/Inactive Conformation. B
Timelapse of Raw 26.7 cells stably expressing the control construct. FRET emission from YPet is
on the left and the FRET ratio is on the right. Elapsed time are in minutes.

not correlated to protrusion events and is relatively flat across the cell. Taken together, | am
confident that the results in Figure 6.7 are indicative of the native GEF-H1 activity within the
cell. These results show that the GEF-H1 BS designed by Azoitei et al., has a promising

application in the phagocytic model and could be used to further elucidate the role of GEF-H1 in

the upstream signaling controlling mechanotransduction and engulfment.

6.2.5 Side View Imaging: GEF-H1 is Active in Cellular Protrusions

Now that the GEF-H1 BS is well characterized in Raw 264.7 cells, and we have seen a
convincing role for GEF-H1 activity in the phagocytic cup, the natural next step is translate this
force assay to 3D and incorporate forces. | set out to use the AFM-LS system to correlated GEF-

H1 activity with force stimuli from the cantilever tip. Figure 6.8 shows a RAW cell stably
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expressing the GEF-H1 BS in sideview. During this time series, cellular protrusions exhibited 1.5
fold higher activity than the cell body. To my knowledge, this was the first XZ cross section of
GEF-H1 activity in living cells. This result not only confirms the previous findings that GEF-H1 is
active in cell protrusions for cell migration, but also suggests that this signaling pattern is
conserved in macrophage cell types, though macrophages have been shown to have a distinctly
different form of migration [122]. These results set the stage for future work in 3D FRET

imaging of GEF-H1 activity during phagocytosis as well as in force response assays.

Figure 6.8 Vertical Light Sheet Imaging Reveals GEF-H1 is Active in Cell Protrusions in the XZ
Plane. FRET emission (left) and FRET ratio (right) of a cell in side view. Inset shows a close up of
the FRET ratio in the cellular protrusion.

6.3 Discussion of GEF-H1 Coordinating Microtubule and Actin Dynamics

A connection | find very exciting is the interplay between the microtubule and actin
cytoskeleton. GEF-H1 one of the very few GTPases which interact with microtubules and also
acts as the major regulator of RhoA activation. This crucial role bridges signaling from both
cytoskeletons to coordinate distinct cellular tasks. What we know thus far is that GEF-H1
localizes to microtubules in the inactive form and while there, GEF-H1 was shown to promote
microtubules stability resulting in microtubule acetylation. [121] Acetylated microtubules are

more compliant to forces, longer-lived, and have a shorter persistence length. Both ARP2/3
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[123] [124] and talin [110] have been reported to effect acetylation levels of microtubules. GEF-
H1 is then known to activate RhoA resulting in mDial and myosin-Il mediated actomyosin
contractility driving engulfment.

While the signaling pathway downstream of GEF-H1 activation is fairly well established,
the sequence of events leading to GEF-H1 activation is still unclear. Seetharaman et al. report
that microtubule acetylation increases with increasing substrate rigidity. [110] In direct conflict
with this result, Heck et al. report that higher matrix stiffness led to less acetylated tubulin.
[111] However, both papers find that increased external stiffness led to increased active GEF-
H1. This suggests that perhaps the method of GEF-H1 activation is not simply release from
microtubules, but is instead related to microtubule acetylation itself. If you look closely at the
results from Seetharaman et al., you will see that only on stiff substrates did knocking down the
alpha tubulin acetylase have an effect on the amount of active GEF-H1 in the cytosol. My theory
is that GEF-H1 plays a redundant role for maintaining microtubules stability in the absence of
other microtubules stabilizing agents. As microtubules are important physical links to the
intramembrane mechanosensitive ion channels, GEF-H1 leaves microtubules and activates
RhoA and actomyosin contractility only when microtubules are sufficiently acetylated.

What is missing from both of these results in the timing of these relative changes. Both
paper report end point assay but don’t show the time course of cell decision making and
adaptation to the substrate. Neither consider the fact that GEF-H1 could re-bind to newly
polymerized microtubules after the matrix stiffness has been ‘sensed’ by the cell. Real-time

FRET ratiometric imaging could provide the insight needed to answer the question: is GEF-H1
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active because it fell off the destabilized microtubule or did GEF-H1 activation cause

microtubules destabilization? More about microtubule acetylation in the next chapter!

6.4 Conclusion and Future Work

GEF-H1 has proven to be an important regulator of microtubule stability, RhoA
activation, and mechanotransduction. Extending the roles GEF-H1 plays in cell migration to
phagocytosis has a promising outlook but required further investigation. Whether active GEF-
H1 localizing to the leading edge of the phagocytic cup is purely coincidental of microtubules
disassembly or it is actually playing an important role in coordinating the actin scaffolding
producing the cup remains to be elucidated. Lack of evidence observing RhoA in the leading
edge of the phagocytic cup during FcR-mediated phagocytosis confuses the canonical picture of
GEF-H1 signaling. Just as Azoitei et al., found that GEF-H1 is mediated by Src signaling at the
leading edge, there may be other undiscovered downstream effectors of GEF-H1 at the leading
edge of cup. Exactly what part in the force response sequence GEF-H1 becomes activated in is
still unclear. Is it the part of the initial evaluation of mechanical properties, informing the cell on
how to respond? Is it part of the response? Both? The results from Guilly et al., would suggest
the latter but this has yet to be fully fleshed out. What we know is that when cells encounter

force, GEF-H1 will be there.
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6.5 Methods

6.5.1 Generation and Culture of Raw 264.7 macrophages stably expressing GEF-H1
Biosensor

The generation of RAW 264.7 murine macrophage cells expressing F-tractin-Halo and
the GEF-H1 biosensor was performed according to the protocol in Nelsen et al. [57] Briefly,
RAW 264.7 cells were obtained from ATCC (TIB-71) and maintained in RPMI 1640 medium
(ThermoFisher Scientific, cat# 61870036, MA) supplemented with GlutaMAX and 10% heat-
inactivated fetal bovine serum (Gemini Bio-Product, CA). Cells expressing F-tractin-Halo and
GEF-H1 biosensor were generated using a PiggyBac transposon system via three sequential
transfections. We first produced a stable macrophage cell line expressing reverse tetracycline-
controlled transactivator (rtTA) and then used those cells to produce a stable cell line
expressing F-tractin-Halo and later GEF-H1 biosensor under the control of a tetracycline-
dependent promoter. The transfection was performed using the Viromer Red transfection
reagent (Lipocalyx, Weinbergweg, Germany) according to the manufacturer’s instructions.
Briefly, 2.5 x 1075 cells were seeded into one well of a six-well plate, and the cells were
transfected the following day. For each well, we used 1.2 uL of Viromer Red transfection
reagent, 2.5 ug piggyBac transgene plasmid (PB-rtTA or PB-tre—F-tractin—Halo-Hygro or PB-
tre-GFH1BS10) and 0.5 pg of piggyBac transposase plasmid (ratio at 5:1). After 24 hours, the
medium was replaced with fresh culture medium and the cells were allowed to recover for
24 hours. Stable transfectants were selected by gradually increasing antibiotic concentrations;
geneticin (G418) to a concentration of 500 pg/ml for PB-rtTA, hygromycin to 100 pg/ml for PB-

F-tractin-Halo, and Blasticidin to 50 pg/ml for PB-tre-GFH1BS10. To induce the expression of F-
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tractin-Halo and the GEF-H1 biosensor, the cells were grown in medium containing 50 nM
doxycycline for 48 hours.

On the day of imaging, 4 uL of 107-8 M JaneliaFluor 549 (JF549) HaloTag ligand was
added to the cells for a 30 minute incubation. The dye containing media was replaced with

imaging media three times every 10 minutes to removed unbound dye.

6.5.2 Plasmid construction

pTriEx4-GFH1BS10-yPet-mCerulean3 was a gift from Klaus Hahn. PiggyBac plasmids PB-
rtTA and PB-miRE-tre-Puro were kindly provided by Mauro Calabrese (The University of North
Carolina at Chapel Hill). GEF-H1-BS10 was amplified using the primers (forward primer,
tgaaccgtcagatcgectggaccggtgecaccatgtctcggatcgaatceectcacg; reverse primer,
aggcacagtcgaaacgcattgtcgacttagctctcggaggctacagect), and cloned between Agel and Sall sites of
PB-tre-HygroB, yielding PB-tre-GEF-H1-BS-Hygro. Those plasmids were confirmed by
sequencing before use. The primers were synthesized by Integrated DNA Technologies (CA) and

sequences were performed by Genewiz (NJ).

6.5.3 IgG Functionalization of 6um Microspheres

6um lgG-coated beads were produced according to the previously published protocol.
[125] Briefly, Polybead carboxylate 6um microspheres CAT# 17141 (2.65% solids) were rotated
in a EDAC/NHS solution (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC); 10 mg/mL and
1-Hydroxy-2,5-pyrrolidinedione (NHS); 10 mg/mL) for 15 min, rinsed three times, and

resuspended in a solution of 1.5ug/ml Rabbit 1gG (15006, Sigma) and 15ug/ml AF488 IgG
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(thermofisher) in PBS and rotated in the dark for 60 min. Beads were then rinsed three times

and stored in PBS until ready to use.

6.5.4 IgG Functionalization of coverslips

40mm round coverslips were cleaned in a UV chamber followed by a plasma cleaner and
vapor treated with 0.1% TPMA (Tris(2-pyridylmethyl) amine; Sigma) in toluene at 80 deg for 60
min. A solution of (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC); 10 mg/mL and 1-
Hydroxy-2,5-pyrrolidinedione (NHS); 10 mg/mL) in PBS was then added to the coverslips 15 min
at 37 deg. The PBS/EDAC was then removed, and 10 ug/mL rabbit I1gG (15006, Sigma) in PBS was
added for 60 min at 37 °C. This was replaced by PBS for storage, or media for immediate use

with cells.

6.5.4 Fibronectin Functionalized Polyacrylamide Gels
The polyacrylamide gels functionalized with fibronectin that were used in the side view
imaging and uptake ratio experiments were fabricated according to our previously published

protocol. [57]

6.5.5 Uptake Assay Experiments

Uptake Assay experiments were performed according to a previously publish protocol.
[125] Briefly, macrophages were plated at 2.5x1075 cells per ml and incubated at 37C for one
hour. A concentration of 5x1076 beads per ml was added to each cloning ring and the sample

was put on ice for 30min to allow the beads to all settle. Phagocytosis was then synchronized
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by placing the sample into the 37C incubator for 30 or 60 min depending on the time point.
External beads (those which were not engulfed) were labeled with a secondary antibody on ice
for 30 min. Finally, samples were fixed with 4% paraformaldehyde and imaged in one channel
for actin, one channel for all beads, and one channel for external beads. The uptake ratio, the
number of cells that engulfed at least one bead divided by the total number of cells, was

determined using a FlJI.

6.5.6 Side view FRET Imaging Experiments

Side view imaging experiments were performed as described in Chapter 4. One
difference is the implementation of the W-VIEW GEMINI Image Splitting Optics using CFP (FFO1-
483/32-25) / YFP(FF01-542/27-25) and Dichroic (FF509-FDi01-25x36) filters. Left- and right-

hand sides of the split image were aligned prior to each experiment.

6.5.7 Phagocytic Spreading FRET Experiments

Experiments were performed using an Olympus IX-80 inverted microscope with a 60x
1.3NA oil objective. Samples were illuminated with a white LED and excitation filters 445/30
and 572/35 for mCerulean3 and JF549, respectively. Images were collected sequentially at
200ms exposure at 1 fps. FRET image processing was performed using 2dfretimgproc-master-v1

courtesy of the Hahn Lab (http://hahnlab.com/tools/software.html).
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Chapter 7: Microtubule Acetylation Broadly Controls Mechanosensation and Regulates the
Rigidity of Drosophila S2 cells
The mechanical properties of the cell are known to depend on the cytoskeleton. It is well

studied that interventions preventing the proper assembly of the actin cytoskeleton have
altered the mechanical stiffness of cells. The components of the cell’s cytoskeleton are formed
and disassembled into load bearing polymerous filaments with the aid of regulator proteins.
These regulator proteins depend on the high specificity of interaction between components,
disruptions to which can have downstream consequences to the mechanical stability of the
filament as a whole. In 2019, we explored how mutating the K40 acetylation site on a -tubulin
to prevent acetylation caused the entire cell to increase in stiffness. Microtubules depend on
acetylation to allow for a more flexible and compliant filament that can withstand cell shape
changes. Without this flexibility, we speculate that preventing acetylation caused each
microtubule to become more brittle leading to an increase in the elastic modulus of the entire

microtubule cytoskeleton.

7.1 Mechanosensation and Microtubule Acetylation

Mechanical stimuli applied to cells within the peripheral nervous system terminate in
the electrochemical signals that mediate hearing, balance, vibrations, gravity, body movements,
touch, and pain in a signal transduction process known as mechanosensation. [126] This signal

conversion is a consequence of direct activation of mechanically gated ion channels, catalyzing
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the transition between an inactive and active protein

Binding site

conformation. [127] [128] [129] The mechanism of

this activation has been separated into two principal
contributions; ‘force-from-lipid’ [130] [131] [132] or
‘force-from-filament.’ [133] The ‘force-from-lipid’
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protein filaments that provide a mechanical link to
the extracellular matrix or the greater cellular
cytoskeleton. [134] [135] [136] [137] In this model,
the compliant tether connecting the membrane-bound ion channel to the immobile greater
structure acts as a gating spring which opens the channel under sufficient tension. These
proteins that relay extracellular stimuli to intracellular components resulting in signal
transduction via a compliant element known as a gating spring are termed mechanoreceptors.
Figure 7.1 shows several conformation changes of mechanoreceptors under force: Fig 7.1A-C
illustrate the ‘force-from-filament’ principal and Fig 7.1D-E illustrate the ‘force-from-lipid’

principal.
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Much of the current understanding surrounding mechanoreceptors and their interaction
with the cellular cytoskeleton comes from the study of a group of ion channels found in the
plasma membrane of numerous animal cell types known as transient receptor potential (TRP)
channels. In particular, mammalian transient receptor potential vanilloid type-1 (TRPV1) and
Drosophila TRPM/No mechanoreceptor potential C (NOMPC) have garnered widespread
attention for their role as the mechanotransduction channel for osmosensory [138] and gentle
touch [139], and their direct interact with microtubules. [140] [138] Using superresolution
microscopy, Prager-Khoutorsky et al. found that in mammalian osmosensory neurons, an
interwoven scaffold of microtubules bind to the C-terminus of TRPV1 channels. As the cell
undergoes shrinking, the cell membrane applies a pushing force on the microtubules, in turn
compressing and activating the channels. This activation leads to induced depolarization and
increased neuron electrical activity. [138] Conversely, microtubules bind to the cytoplasmic N-
terminus of NOMPC which is made up of 29 tandem ankyrin repeats (AR). [140] [141] Using a
resolved cryo-EM structure and molecular dynamic simulations, Wang et al. reported that
NOMPC could be opened by compression of the intracellular AR domain but not by stretch. The
helical AR domain behaves like a spring compressing by ~13 pN/nm and transmits the
compression to the TRP domain causing it to rotate clockwise and thus open the channel. [142]
NOMPC has been shown to mediate mechanotransduction of touch sensation, requiring both
the AR domains and binding of microtubules and thus the helical AR domain is considered a
putative gating spring of NOMPC. [143] [135] [136] [141] Both TRPV1 and NOMPC have been

shown to require direct interaction with microtubules in order to function as
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mechanoreceptors, therefore, these channels may be sensitive to changes in the mechanical
properties of microtubules.

Post-translational modifications (PTM) are the covalent modification of proteins after
protein synthesis, allowing cells to alter existing proteins in response to various stimuli. PTMs
effectively extend the functional multiplicity of the extant proteome by modifying functional
groups or introducing new ones to proteins. [144] Acetylation, the introduction of an acetyl
group (CH3CO) onto a molecule, is a powerful PTM that can affect the hydrophobicity, solubility,
and surface properties of a protein and thus impact a protein’s conformation and ability to
interact with other binding agents. [145] The effect of the microtubule modification on
mechanosensation has been studied in many model systems including muscle tissue [146], C.
elegans [147], zebrafish [148], and mice. [149] [150] [151] Coleman et al. showed that
upregulation of acetylated a-tubulin in cardiomyocytes and skeletal myofibers slowed the rates
of contraction and relaxation. [146] Chalfie and Au examined an array of mutations affecting
the development and function of six touch receptor neurons in C. elegans and identified 18
genes responsible for touch sensation, including MEC-17. [147] MEC-17 is a gene that encodes
the major a -tubulin acetylase, ATatl, and possesses conserved homologs found in all ciliated
cells. When Akella et al. generated a MEC-17 depleted zebrafish, they found reduced touch
responses and a variety of defects in the developing embryos. [148] Similarly, Morley et al.
found that mice lacking ATatl were insensitive to touch and pain. [150] This evidence strongly
suggests that microtubule acetylation is a conserved process across species and key regulator of

mechanosensation.
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Figure 7.2 AFM images Reveal Defects in the Microtubule Lattice. A-B show two
small holes in the MT wall. C shows a lateral offset in one or more protofilaments
or a ‘crack’ in the lattice. D shows a split between two protofilaments. The split is
likely related to the unusually strong bend in this MT (radius of curvature 650 nm).
[154] E shows the alpha and beta tubulin dimer and the location of the K40
residue, the target for acetylation. F shows how ATat1 is only able to enter the
lumen of flawless microtubules through open extremities but when there are
defects in the lattice, such as a ‘crack,” Atatl can also enter the lumen. [152]

Unlike most PTMs of microtubules which take place on the outer surface of the hollow
tubulin lattice, microtubule acetylation occurs on lysine 40 (K40) of a -tubulin, a residue only
exposed on the inner lumen of the microtubule. [152] Piperno et al. reported that the catalytic
activity of ATatl is more than 100 times higher towards tubulin in its polymerized state, when
the binding site is obscured, compared to its unpolymerized state. [153] This presents a spatial
puzzle for how ATat1 can reach their modification sites within the microtubule lumen. As
shown in Figure 7.2A-D, microtubules routinely develop defects in their lattice structure [154],
leading to the theory ATat1 is able to acetylate the K40 residues on the inner lumen of the

microtubules by entering through these ‘cracks.” [155] These lattice defects are most likely due
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Figure 7.3. K40 acetylation protects microtubules from mechanical stress. A In the
absence of aTAT1 and K40 acetylation, cracks in the microtubule lattice can lead to
microtubules breakage and depolymerization. B In the presence of aTAT1, the
acetylase is able to enter the lumen via the cracks in the lattice and acetylate the
K40 in the o-tubulin subunits. This acetylation stabilizes the microtubule allowing
for more time for self-repair. [152]

to the intracellular mechanical stress that bends microtubules. To understand the material
properties of microtubules, several studies have performed repeated cycles of microtubule
bending and reported a decrease in microtubule stiffness consistent with material fatigue. [156]
[157] By introducing K40 acetylation and therefore altering the lattice structure, microtubules
experience increased flexibility and resilience, making them more compliable to forces and
preventing breakage. [158] Microtubule acetylation has generally been associated with stable
and long-lived microtubules [152] and these recent mechanical studies suggest that a -tubulin
acetylation regulates the mechanical resilience of microtubules. Figure 7.3A-B depict the fate of

microtubules upon bending and cracking with and without K40 acetylation. K40 acetylation
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reinforces the microtubule lattice and allows the microtubule to heal thus increasing its
longevity. Since the function of K40 acetylation is to alter microtubules mechanical properties,
and K40 acetylation is required for mechanosensation, how do the material properties of
microtubules contribute to mechanosensation?

In a collaboration with Dr. Stephen Rogers at the University of North Carolina at Chapel
hill, I investigated how K40 acetylation affects the mechanical properties of Drosophila S2 cells.
Leading up to this study, Yan et al. identified Drosophila a -tubulin acetylase (dTAT), a
Drosophila homolog to the known mammalian acetylase, ATat1, as the major Drosophila
acetylase and characterized its role in mechanosensation. [159] In larval Drosophila, dTat
mutants, a phenotype lacking dTat, were tested for gentle and harsh touch sensitivity defects,
vibration response and gravitaxis. They report that gentle touch responses decreased by 67% as
a result of the mutation. This defect was correlated to microtubule acetylation by mutating the
K40 residue on a -tubulin to prevent acetylation leading to a comparable loss of gentle touch
responses. [159] Furthermore, they found that dTAT is required for NOMPC-dependent
mechanically induced membrane depolarization, but surprisingly, dTAT does not regulate
NOMPC-mediated gentle touch responses. Instead, dTAT was found to control gentle touch
responses and other forms of mechanosensation via modulations in microtubule stability. First,
hyperacetylation or taxol-induced microtubule stabilization sensitized larvae to gentle touch.
Second, taxol treatment rescues mechanosensory behavior defects of dTat and non-
acetylatable mutants. Finally, in response to mechanical stimuli and during development as a
whole, sensory dendrites lacking dTAT contained more microtubules plus ends than control

cells. The prevalence of microtubule plus ends implies a higher degree of mechanically induced
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breakages or increased microtubule dynamics. Taken together, these results establish that
modulations of microtubule stability are a key regulator of mechanosensation. [159] Consistent
with Morely et al., | found that Drosophila S2 cells lacking dTAT have an increased elastic
modulus, though the role cellular stiffness plays in the overall mechanosensation of the animal

remains to be revealed. [151]

7.2 Methods to Measure the Elastic Modulus of dTat depleted Drosophila S2 cells

7.2.1 S2 cells Culture and Sample Preparation

Culture and RNAI of Drosophila S2 cells were performed as previously described. [160]
S2 cells (Drosophila Genomics Resource Center, Bloomington, IN) were cultured in SF900II
medium supplemented with 100x antibiotic-antimycotic (Invitrogen, Carlsbad, CA). After seven
days of RNAI, S2 cells were treated with dsRNA every other day to maintain protein depletion.
On the day of an experiment, confluent cells from each population (control or dTat RNAI) were
plated on cleaned glass poly L-lysine-coated coverslips such that adherent cells were spaced
about 2-3 cell diameters apart once attached. Stiffness measurements were acquired 45 min to
120 min after plating at room temperature. Parallel samples of control or dTat RNAi cells were
plated and an approximately equivalent number of data points were acquired during each trial.

The order of data acquisition was varied for each experiment.

7.2.2 Atomic Force Microscopy Measurements
The elastic moduli of control- and dTat RNAi-treated cells were measured using an MFP-

3D Bio AFM (Asylum Research, Santa Barbra, CA). The AFM head was mounted on an Olympus

94



Force vs. Indentation Curve

35 Elastic Moduli 214.48 Pa
Experimental Data
3 O Contact Point
750nm Hertz Fit
2.5
z
£ 2
€ 15 ,,
. A
1 /
,'/
0.5 /
O fere=ers -/
0.5
1 0 1 2 3

Indentation (;:m)

Figure 7.4. AFM Indentation Experiments. A Brightfield image of the triangular
cantilever positioned over a sample of plated S2 cells. B Representative Force vs.
Indentation curve used to determine the elastic modulus of each cell by fitting to the
Hertz model. The plot shows the entire force-indentation curve in blue, a red circle for
the contact point, and the Hertz model fit for 750 nm indent in red. Within the Hertz
model, force increases as the 3/2 power of indentation. Here this fitting resulted in a
cell modulus of 214 Pa. Copyright © 2018 Yan et al. Published by Elsevier Inc. All rights
reserved.

IX71 inverted optical microscope to aid in accurately positioning the cantilever probe directly
above a single cell (Fig 7.4A). Cells were probed using a Novascan silicon nitride AFM cantilever
of nominal spring constant 0.03N/m with a 4.5um polystyrene bead attached. Before force
measurements were made on each sample, the cantilever spring constant (0.039-0.042N/m)
was calibrated using the built-in thermal tune method in the IGOR/Asylum Software.

For force versus indentation measurements the cantilever was moved at a velocity of 5
mm/s toward the cell until a force of 3 nN was reached. The cantilever was then retracted at
the same rate. For most cells, this was equivalent to an indentation of 3-4 mm. For each cell,
two force curves were collected and one was chosen, based on clearly defined points of contact

and flat baseline approaches. The first curve was picked in approximately 80% of all cells. Force
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measurements were acquired for 300 cells of each type over a period of three days of
experiments. Calibrated cantilever deflection and piezo displacement data collected were
converted to produce force versus indentation curves (Fig 7.4B). Using a custom MATLAB code,
force-indentation data were fit to the Hertzian contact mechanics model to determine elastic
moduli (stiffness) for each cell [55] [161]. The force versus indentation data were fit up to
indentations of 750nm which corresponded to less than 10% of the cell height. The entire
dataset was screened for relative RMS fitting errors greater than two sigma above the mean.
Then, elastic moduli values that were above or below two sigma of the mean were excluded

within each trial. [162]

7.3 Results of AFM stiffness measurements on dTat depleted S2 cells

7.3.1 The effect of acetylation on S2 cell microtubules

The microtubules of healthy S2 cells were labeled for all tubulin (Fig 7.5A) and

acetylated tubulin (Fig 7.5B) in order to observe the morphological differences between these

Total a-tubulin (cyan) Acetylated a-tubulin (red) Overlay

Figure 7.5. Morphology of microtubules with acetylated o-tubulin. S2 cells double
stained for acetylated o -tubulin (left, red) and total a-tubulin (right, cyan).
Microtubules with acetylated o -tubulin show a higher curvature and lower persistence
length. (Experiment by S. Rogers, 2018)
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two states of the microtubules as well as the respective localization of each type of microtubule
within the cell. The acetylated phenotype exhibits higher curvature consistent with K40
acetylation increasing the flexibility of microtubules, while the non-acetylated phenotypes
appear to have a higher persistence length. The acetylated microtubules also appear to be
clustered in the center of the cell as opposed to ‘framing’ the perimeter of the cell as seen in
the non-acetylated case. (Fig 7.5C)

To ensure that RNAI treatment against

dTAT did not affect the amount of tubulin —52kD
. . L 42k
transcribed by the cell, an immunoblot was D
dTAT | - —34kD
performed to test for the amount of dTAT, — 26 kD
acetylated a-tubulin, and total a -tubulin. From
Figure 7.6, we can see that the RNAi was Acetylated a-tubulin | -

a-tubulin | . -~

effective in depleting dTAT from the dTat

control dTat

mutants (empty band at ~34kD for the dTat Figure 7.6. Immunoblot of RNAi against dTAT
performed on S2 cells. RNAi on S2 cells
column). As expected, without dTat, the dramatically depleted the major o-tubulin

acetylase (dTAT), thereby preventing the
amount of acetylated a-tubulin was essentially  acetylation of o-tubulin. However, the total
a-tubulin level when compared to the
zero for the dTat mutants. However, the controls were unaffected. (Experiment by S.
Rogers)

amount of total tubulin (acetylated or not)
remained unaffected by RNAI treatment. Therefore, both the control and dTat cells have

sufficient a-tubulin to polymerize microtubules, but the dTat mutants are not able to acetylate

them.
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7.3.2 dTat depleted S2 cells exhibit higher cortical stiffness

Our studies thus far support a model in which microtubule acetylation by dTat broadly
regulates mechanosensation via effects on microtubule stability. We next examined whether
dTAT regulates cellular rigidity, which could contribute to dTat mutant mechanosensation

defects. Loss of the microtubule acetylase a-tubulin N-acetyltransferase 1 (ATAT1) results in

A Pair-wise Elastic Moduli Comparison B Overall Elastic Moduli Comparison
* %k %k %k * % % %k %k
1 ) IS | 1
o
o [«]
600 — & 600 o
o o
o o
e} -
o o
500 500 °
o
° Qoo
—_— o & o
& &
a ® 0
» 400 & . 400 s —
=) & ° )
=~ o = 8 g
3 2 ¥ )
= 3
L 300 ° S 300 A :I’%’ R
] =
£ (3]
w B
©
w

200 200 -

100 - 100

%
—
o
171 183 29 30 93 85
T T T T T l o
control dTat control dTat control dTat
| |
A B G

Figure 7.7. dTAT regulates cellular rigidity in S2 cells. A Plots show the pattern of stiffness data
for a combined 3 days of experiments, with the median (central bar) and mean (+sign) shown.
Means of 172 Pa for control and 211 Pa for dTat RNAI are significantly different to p < 0.0001.
The medians of each were control: 158.5 Pa; dTat RNAi: 187.9 Pa, and the Mann Whitney
comparison was also significant > 0.0001. B The paired comparisons of the cellular stiffness
data shown in A. The waist of the boxplots indicates the median and the height of the notches
represents the 95% confidence interval of the median. The mean is denoted by the plus sign
and the grey box represents the 95% confidence interval of the mean. The whiskers extend
from the 5th to the 95 percentile. Statistical significance is marked as follows: “***” for a p-
value < 0.001, “**” for a p-value between 0.001 and 0.005, and “*” for a p-value < 0.05.
Significance levels for each pair, based on the student’s t-test, assuming unequal variance, are
indicated in Table 7.1. Each pair was derived from cells separately grown and maintained; no
wells were re-used. Copyright © 2018 Yan et al. Published by Elsevier Inc. All rights reserved.
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Pair A Pair B Pair C
Mean [Pa] 176.8 203.0 123.2 215.3 180.7 226.1
Median [Pa] 163.8 179.3 111.5 201.6 168.4 207.7
p (same mean) 0.016 1.08E-05 9,88E-04
* * ¥k * %

Table 7.1. Means, medians and significance values for AFM measurements. Significance levels
for each pair were calculated with the Student’s t-test assuming unequal variance. Statistical
significance is marked as follows: “***” for a p-value < 0.001, “**” for a p-value between 0.001
and 0.005, and “*” for a p-value < 0.05. Copyright © 2018 Yan et al. Published by Elsevier Inc.
All rights reserved.

increased cellular rigidity of cultured mouse DRG neurons. [151] To test whether this
biophysical function was conserved in Drosophila, we used atomic force microscopy (AFM) to
examine the elastic moduli of dTAT-depleted S2 cells and compared them to control-treated
cells. We found that dTat RNAi-treated cells exhibited a statistically significant increase in
cortical stiffness, with dTat RNAI cells exhibiting a 22% increase in stiffness (Figure 7.7; Table
7.1). Means of 172 Pa for control and 211 Pa for dTat are significantly different to p < 0.0001.
The medians of each were control: 158.5 Pa; dTat: 187.9 Pa, and the Mann Whitney
comparison was also significant > 0.0001. These results indicate that the role of dTAT/ATAT1 in
regulating the mechanical properties of cells is conserved; whether this activity contributes to

its role in mechanosensation remains to be determined.

7.4 Discussion on Microtubule Acetylation and Cellular Stiffness

We have shown that the regulation of cellular stiffness by is a conserved function for
microtubule acetylases. These results have since been reproduced in cardiomyocytes and flexor
digitorum brevis (FDB) fibers. [146] Coleman et al. showed, via nanoindentation, that

microtubules enriched in acetylated a-tubulin increase cytoskeletal young’s modulus and
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viscoelastic resistance. [146] In mice, acetylated microtubules of the peripheral sensory
neurons are enriched in a submembranous band in the soma that is distinct from the
cytoplasmic microtubule network. [151] This submembranous band appears to confer rigidity
to the plasma membrane, and cultured DRG neurons from Atat1 knockout mice exhibited
increased membrane stiffness. [151] The localization of acetylated microtubules is similar to
what we have observed in our S2 cells. (Fig 7.5) The authors proposed that in this system,
microtubule acetylation tunes the mechanical properties of the membrane and, in its absence,

cells are less elastic and require more force to trigger mechanosensitive channels.

Our results support a model in which

Wild Type dTat mutant

unacetylated microtubules are brittle and

prone to breakages without repair.

Mechanosensitive ion channels tethered to
) . TOUCH TOUCH
the cytoskeletal network via microtubules are

then unable to stretch into their active

conformations and transmit electrical signals

in response to mechanical stimulations.

Figure 7.8. Proposed model for decreased
mechanosensation in the absence of dTat
and microtubule acetylation. Copyright ©
2018 Yan et al. Published by Elsevier Inc. All
rights reserved. [159]

(Figure 7.8) The lack of acetylation reduces
the flexibility and curvature of microtubules,
leading to microtubules that brittle and prone
to breakages without repair. This difference in morphology may contribute to an overall
increased cellular rigidity where in the dTat mutant cells, the force probes encounter a stiff

matrix of linear microtubules which crack under compression later leading to disassembly and
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preventing the gating-spring of the TRP channel from stretching. In the healthy case, the force
probes encounter a curly meshwork of flexible microtubules whose defects after compression
are self-repaired, preserving the mechanical link to transmit mechanical signals via ion
channels.

However, the molecular mechanism linking microtubule acetylation to cellular stiffness
and the extent to which this alteration of cellular stiffness contributes to mechanosensation are
unknown. To address these important outstanding issues, it will be necessary to identify the
molecular components that link microtubules to the mechanical properties of the cell cortex
and examine their contribution to mechanosensation independently of microtubule function.
Although we have found no evidence for a specialized submembranous network of acetylated
microtubules in Drosophila PNS neurons, it will be interesting to determine whether dTat
regulates cellular elasticity in these cells as well. It is therefore possible that microtubule
acetylation regulates mechanosensitivity through multiple mechanisms: by regulating

microtubule structure and by tuning the mechanical properties of neurons.

7.5 Conclusions and Future Work

The results of the AFM force measurements on S2 cells indicate that the regulation of
overall cell stiffness is a conserved function for microtubule acetylases. Further investigation is
required to determine how this change in cell stiffness contributes to mechanosenstion. It
would be interesting to study if changes in cellular stiffness alone cause changes in perceived
mechanosensation. This could be further investigated by measuring the cellular stiffness of

different cells of the PNS which have distinct roles in mechanosensation.
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Chapter 8: Conclusion

In this project, | used an advanced AFM-LS system to simultaneously image and record
sensitive force data on single, living cells. The system was applied to three projects;
phagocytosis, GEF-H1, and microtubules acetylation. In the phagocytosis experiment, |
developed a new protocol which allowed for full bead internalization as well as an image
processing pipeline to track the leading edge of the phagcoytic cup while simultaneously
recording force data. | used these outputs to identify three distinct scaling relationships
between the force and the cup height based on the underlying biochemistry of the dynamic
actin cytoskeleton. Furthermore, | correlated force and cup height to investigate their casual
behavior. Both analyisis techniques are able to draw conclusions despite cell to cell variablily. In
the GEF-H1 project, generated a stable macrophage cell line expressing both a GEF-H1
biosensor and an actin label for studies correlating actin cytoskeletal dynammics with one of its
mechanosensitive regulalors, GEF-H1. | showed GEF-H1 activation at the leading edge of the
cellular protrusions and the phagocytic cup in macrophages. | also recorded the first ratiometric
FRET imaging on our AFM-LS system. In the microtubules acetyaltion project, | found that S2
that are not able to acetylate their microtubules result in an overall increase in the whole cell
elastic modulus. This suggests that the microtubules become stiff and less compliant to forces,
resulting in their ultimate breakage and therefore loss of mechanotransduction.

The field of mechanobiology is rich with overlap between the actin cytoskeleton and the

microtubule cytoskeleton. My biggest regret is not using this multifacetted system for more
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intentional studies on the crosstalk between the actin cytoskeleton and microtubules during
phagocytosis. However, | believe | am leaving the project in a position primed to be pick up by
an impassioned individual ready to investigate. Jim Fan has made great strides towards a QGel
traction force substrate for cup closure experiments (Fig 8). Using TIRFM (Total Internal
Reflection Fluorescence Microscopy) combined with TFM (Traction Force Microscopy), one can
observe the changes in protein distribution and the traction forces applied to the surface. In

2018, | propsed (but never completed) a project combining TIRFM, TFM, and FRET ratio imaging

A Traction force setup Cell media
Z lgG spots

T—» X 2um Bead ﬁfld

Silicone gel

Glass coverslip

Oil
Objectiv

B Plan-view C Vector Field D GrrF activity

Figure 8. Proposed Future Experiment Combining TIRFM, TFM, FRET, and MP. A XZ Cross-
section of the unique QGel-TFM-MP substrate. B XY plane view cartoon of the cell in A. C Mock
vector field calculated from the displacements of the TFM beads. D Mock ratiometric FRET
activity.

103



on micropatterned (MP) IgG substrates. Figure 8A shows the cross section of the specimen
components and Figure 8B-D show the intended outputs; the local of the patterns and traction
force beads, strain field for calculating the traction force, and the ratiometric FRET activation. |
bbelieve a project like this combined with side view would be very powerful. Actin,
Microtubules, and Mechanosensation are all tied to gether with GEF-H1. | am excited for where

this project will go and future discoveries using this unique system.
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APPENDIX A: ALTERNATIVE STRATEGIES FOR FUTURE PHAGOCYTOSIS ASSAYS

A.l1 Live Cell and Bead Cantilever Attachment

<
<
<
>

Figure A.1. New Target Attachment Protocol for Complete Engulfment. a Diagram of the
sample space with cells and beads plated on a coverslip and the AFM cantilever treated with (3-
Aminopropyl) triethoxysilane (APTES), an aminosilane, as shown in the inset. b Shows the cell
attaching to the cantilever, then later engaging a bead in c-d. The coverslip surface and the
cantilever position are noted by the white dotted line for reference in the fluorescence images.
e-f Show the treated cantilever is also able to pick up IgG-coated beads. f Shows the cantilever
picking up the bead in side view (left) and in brightfield (right). Once the bead is picked off the
surface, it appears out of focus in the brightfield image along with the cantilever tip.

We have developed a new protocol for attaching IgG-functionalized polystyrene beads
as well as cells to the AFM cantilever. Commercial, tipless, single-crystal silicon cantilevers with
triangular free ends are first plasma cleaned to remove surface residues and then treated with

1% APTES in toluene via vapor deposition. The treated cantilevers are then calibrated for their
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spring constants in air and submerged into the sample containing the cells of interest and a low
dilution of 1gG functionalized polystyrene beads, Fig A.1a. As shown in Fig A.1b-d, cells will
readily attach to the cantilever surface and can then engage a nearby IgG-coated bead for
inverted engulfment studies. This technique also opens the door for introducing the attached
macrophage cell to cancer cells on the substrate or other targets. Our current application takes
advantage of the intermediate bond strength between the bead and the cantilever for
phagocytosis studies. As FigA.le-f show, after contact with the APTES-treated cantilever, the
IgG-functionalized bead is easily removed from the substrate. The bond between the bead and
cantilever is strong enough to allow for lateral motion in the sample media as the user searches
for a suitable cell to engage, but weak enough that the macrophage cells are able to fully engulf

and remove the beads from the cantilever.

A.2  Lateral Bead Attachment and Engulfment

We have demonstrated the introduction of a target to a macrophage and its subsequent
complete engulfment. Attaching the bead onto the cantilever laterally allows us flexibility in
terms of where on the cell the target gets introduced, such as the lamellipodia shown in
FigA.2a-b. In this case, the bead moves about 0.5um in y and 4um in x during engulfment,
which can also be seen in the fluorescence images, FigA.2c-d. We can see an increasing
displacement in the beginning of engulfment that eventually levels off in the net displacement

plot, FigA.2e. Likewise, the maximum velocity of the bead reaches 0.08um/s in the beginning
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Figure A.2. Lateral Bead Engulfment and Quantifying Bead Detachment. a Diagram of a bead
attached laterally to the cantilever engaging a cell. b Fluorescence images of a with the
coverslip and cantilever noted by the white dotted lines for reference. ¢ Timelapse of the
engulfment in b. The cantilever is fixed and original location of the bead is overlayed in yellow
on each frame to show total displacement. d Plot of bead displacement in y versus
displacement in x. The orange line is the result of a moving average filter to the data points
shown in blue. e Net displacement of the bead over time. f Velocity of the bead over time. g

Acceleration of the bead over time.

and then decreases to zero, while the acceleration remains relatively constant around zero,

FigA.2f-g.
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APPENDIX B: BEAD TRACKING SOFTWARE FOR DYNAMIC INTENSITY ANALYSIS
B.1 Software to Extract Bead Position and Generate Circular Kymographs

In order to quantify the actin intensity forming the phagocytic cup, we created a series
of image processing tools to dynamically track the bead location for each frame and then
measure the actin intensity around the bead. To find the bead ‘origin’ for each frame, the bead
channel was blurred with a 2 pixel gaussian blur, intensity thresholded, convert to a mask,
dilated by 2pixels, hole filled, eroded by 2pixels, and the maximum inscribed circle was fit to the
mask. As you can see from FigB.1a, the polystyrene bead distorts the illumination creating a
teardrop shape instead of a circle. This makes the maximum inscribed circle a critical step in
locating the true bead ‘origin.” This ‘origin’ is used to update the location of the line profile. Due
to small variations in the bead sizes, it is also important to measure the diameter of the bead
for each experiment. In order to do this, we took the gradient of the line profiles through the
bead and identified the maximum and minimum locations corresponding to the steepest slopes
in the line profile, or in our case, the edges of the bead, FigB.1b. This diameter fluctuates with
the distorted bead illumination, as shown in Figure B.1c, so for each bead, the maximum bead
diameter was chosen. With the bead ‘origin’ and diameter calculated for each frame, we then
designed a radial line profile tool to measure the intensity through the bead ‘origin’ from 0 to
360 degrees. Figure B.1d shows the first four frames of an experiment where the yellow line
profile rotates through 180 degrees, measuring the intensity at each angle and plotting each
line profile as a vertical line as shown in Figure B.1e and B.1f with intensity represented by the
color bar. The left side of the line records angles 0-180 degrees and the right side of the line

record angles 181-360 degrees. With this, we have designed a robust tool to study the actin
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intensity surrounding the bead during engulfment and detachment from the cantilever.

00 00 400 500 600
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100
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Figure B.1. Bead Tracking and Radial Line Profiles to Measure Actin Intensity in the Phagocytic
Cup. a Example fluorescence images of bead detachment, bead segmentation, and the result of
the bead segmentation overlayed onto the bead channel. b A representative line intensity
profile across a bead, the left edge (magenta), and the right edge (green). ¢ Fluctuations in the
calculated diameter due to nonuniform bead illumination (blue) and the sinusoidal fit (red). d
First four frames of a phagocytosis experiment where the cantilever and bead are lowered
down to the cell. The bead channel is shown in cyan and the actin channel is shown in magenta.
The original bead location is shown as a white overlay in both channels for reference. An
example line profile for each bead position is shown as a yellow line which rotates through 180
degrees centered on the bead location. The origin of this line is updated for each frame to be
centered at the bead. e Result of the line profile for the first four frames of the bead channel in
d. The calculated diameter boundaries for this bead are shown as white horizontal lines. The
color bar represents Alexa Fluor 488 IgG intensity on the bead. f Results of the line profile for
the first four frames of the actin channel in d. A five-pixel width area outside of the bead
diameter is shown as two yellow lines on the top and the bottom of the plot to measure the
actin in the phagocytic cup. The direction of the intensity data from 0 to 360 degrees around
the bead is explained by the blue arrows. The color bar indicates Janelia Fluor 549 intensity in
the cell.
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Rightsholder
Rockefeller University Press
Publication Type
e-Journal

Start Page

3077

End Page

3097

Issue

9

Volume

218

URL
http://www.jcb.org/

REQUEST DETAILS

Portion Type
Image/photo/illustration
Number of Images / Photos / lllustrations
1

Format (select all that apply)
Print, Electronic

Who Will Republish the Content?
Academic institution

Duration of Use

Life of current edition

Lifetime Unit Quantity

Up to 499

Rights Requested

Main product

Distribution

United States

Translation

Original language of publication
Copies for the Disabled?

No

Minor Editing Privileges?

No

Incidental Promotional Use?
No

Currency

usD
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NEW WORK DETAILS

Title

COMBINED ATOMIC FORCE MICROSCOPY AND LIGHT SHEET MICROSCOPY CHARACTERIZE THE
MECHANOBIOLOGY OF PHAGOCYTOSIS

Instructor Name

Richard Superfine

Institution Name

University of North Carolina at Chapel Hill

Expected Presentation Date

2023-07-24

ADDITIONAL DETAILS

Order Reference Number

Figure 6.4B

The Requesting Person/Organization to Appear on the License
Megan Kern

REQUESTED CONTENT DETAILS

Title, Description or Numeric Reference of the Portion(s)

1

Editor of Portion(s)

Azoitei, Mihai L.; Noh, Jungsik; Marston, Daniel J.; Roudot, Philippe; Marshall, Christopher B.;
Daugird, Timothy A.; Lisanza, Sidney L.; Sandi, Maria-José; Ikura, Mitsu; Sondek, John; Rottapel,
Robert; Hahn, Klaus M.; Danuser, Gaudenz

Volume / Edition

218

Page or Page Range of Portion

3077-3097

Title of the Article/Chapter the Portion Is From

Spatiotemporal dynamics of GEF-H1 activation controlled by microtubule- and Src-mediated
pathways.

Author of Portion(s)

Azoitei, Mihai L.; Noh, Jungsik; Marston, Daniel J.; Roudot, Philippe; Marshall, Christopher B.;
Daugird, Timothy A.; Lisanza, Sidney L.; Sandi, Maria-José; Ikura, Mitsu; Sondek, John; Rottapel,
Robert; Hahn, Klaus M.; Danuser, Gaudenz

Issue, if Republishing an Article From a Serial

9

Publication Date of Portion

2019-09-02

Marketplace Permissions General Terms and Conditions
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The following terms and conditions (“General Terms”), together with any applicable Publisher
Terms and Conditions, govern User’s use of Works pursuant to the Licenses granted by Copyright
Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such Works through
CCC’s applicable Marketplace transactional licensing services (each, a “Service”).

e 1)Definitions.For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular
licensing transaction, as set forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of
each Marketplace transaction. “Order Confirmation Terms” are additional terms set forth
on specific Order Confirmations not set forth in the General Terms that can include terms
applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains
licenses via the Marketplace platform, which are displayed on specific Order
Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any
additional Order Confirmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License.
Where the person accepting the Terms on behalf of a User is a freelancer or other third
party who the User authorized to accept the General Terms on the User’s behalf, such
person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Confirmations.

o 2)Description of Service.CCC’'s Marketplace enables Users to obtain Licenses to use one
or more Works in accordance with all relevant Terms. CCC grants Licenses as an agent on
behalf of the copyright rightsholder identified in the relevant Order Confirmation.

o 3)Applicability of Terms.The Terms govern User’s use of Works in connection with the
relevant License. In the event of any conflict between General Terms and Order
Confirmation Terms, the latter shall govern. User acknowledges that Rightsholders have
complete discretion whether to grant any permission, and whether to place any
limitations on any grant, and that CCC has no right to supersede or to modify any such
discretionary act by a Rightsholder.

e 4)Representations; Acceptance.By using the Service, User represents and warrants that
User has been duly authorized by the User to accept, and hereby does accept, all Terms.

e 5)Scope of License; Limitations and Obligations.All Works and all rights therein, including
copyright rights, remain the sole and exclusive property of the Rightsholder. The License
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provides only those rights expressly set forth in the terms and conveys no other rights in
any Works

6)General Payment Terms.User may pay at time of checkout by credit card or choose to
be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the
manner identified on specific invoices, (ii) unless otherwise specifically stated in an Order
Confirmation or separate written agreement, Users shall remit payments upon receipt of
the relevant invoice from CCC, either by delivery or notification of availability of the
invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within
30 days of receipt, the User may incur a service charge of 1.5% per month or the maximum
rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is
automatically revoked and is null and void, as if it had never been issued, if CCC does not
receive complete payment on a timely basis.

7)General Limits on Use.Unless otherwise provided in the Order Confirmation, any grant
of rights to User (i) involves only the rights set forth in the Terms and does not include
subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is
subject to any and all limitations and restrictions (such as, but not limited to, limitations
on duration of use or circulation) included in the Terms. Upon completion of the licensed
use as set forth in the Order Confirmation, User shall either secure a new permission for
further use of the Work(s) or immediately cease any new use of the Work(s) and shall
render inaccessible (such as by deleting or by removing or severing links or other locators)
any further copies of the Work. User may only make alterations to the Work if and as
expressly set forth in the Order Confirmation. No Work may be used in any way that is
unlawful, including without limitation if such use would violate applicable sanctions laws
or regulations, would be defamatory, violate the rights of third parties (including such
third parties' rights of copyright, privacy, publicity, or other tangible or intangible
property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may not
conjoin a Work with any other material that may result in damage to the reputation of
the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User
agrees to inform CCC if it becomes aware of any infringement of any rights in a Work and
to cooperate with any reasonable request of CCC or the Rightsholder in connection
therewith.

8)Third Party Materials.In the event that the material for which a License is sought
includes third party materials (such as photographs, illustrations, graphs, inserts and
similar materials) that are identified in such material as having been used by permission
(or a similar indicator), User is responsible for identifying, and seeking separate licenses
(under this Service, if available, or otherwise) for any of such third party materials;
without a separate license, User may not use such third party materials via the License.
9)Copyright Notice.Use of proper copyright notice for a Work is required as a condition
of any License granted under the Service. Unless otherwise provided in the Order
Confirmation, a proper copyright notice will read substantially as follows: "Used with
permission of [Rightsholder's name], from [Work's title, author, volume, edition number
and year of copyright]; permission conveyed through Copyright Clearance Center, Inc."
Such notice must be provided in a reasonably legible font size and must be placed either
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on a cover page or in another location that any person, upon gaining access to the
material which is the subject of a permission, shall see, or in the case of republication
Licenses, immediately adjacent to the Work as used (for example, as part of a by-line or
footnote) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results
in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages
for each such failure equal to twice the use fee specified in the Order Confirmation, in
addition to the use fee itself and any other fees and charges specified.
10)Indemnity.User hereby indemnifies and agrees to defend the Rightsholder and CCC,
and their respective employees and directors, against all claims, liability, damages, costs,
and expenses, including legal fees and expenses, arising out of any use of a Work beyond
the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation
or infringement of rights of copyright, publicity, privacy, or other tangible or intangible
property.

11)Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER
BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES
(INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR
INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR
INABILITY TO USE A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and
CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the
actions and omissions of its principals, employees, agents, affiliates, successors, and
assigns.

12)Limited Warranties.THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE
RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION
DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING
TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS,
PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED
TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS
AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

13)Effect of Breach.Any failure by User to pay any amount when due, or any use by User
of a Work beyond the scope of the License set forth in the Order Confirmation and/or the
Terms, shall be a material breach of such License. Any breach not cured within 10 days of
written notice thereof shall result in immediate termination of such License without
further notice. Any unauthorized (but licensable) use of a Work that is terminated
immediately upon notice thereof may be liquidated by payment of the Rightsholder's
ordinary license price therefor; any unauthorized (and unlicensable) use that is not
terminated immediately for any reason (including, for example, because materials
containing the Work cannot reasonably be recalled) will be subject to all remedies
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available at law or in equity, but in no event to a payment of less than three times the
Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
14)Additional Terms for Specific Products and Services.If a User is making one of the uses
described in this Section 14, the additional terms and conditions apply:

o a)Print Uses of Academic Course Content and Materials (photocopies for
academic coursepacks or classroom handouts).For photocopies for academic
coursepacks or classroom handouts the following additional terms apply:

= i) The copies and anthologies created under this License may be made and
assembled by faculty members individually or at their request by on-
campus bookstores or copy centers, or by off-campus copy shops and
other similar entities.

* ii) No License granted shall in any way: (i) include any right by User to
create a substantively non-identical copy of the Work or to edit or in any
other way modify the Work (except by means of deleting material
immediately preceding or following the entire portion of the Work copied)
(ii) permit "publishing ventures" where any particular anthology would be
systematically marketed at multiple institutions.

* iii) Subject to any Publisher Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by
User), any use authorized under the academic pay-per-use service is
limited as follows:

= A) any License granted shall apply to only one class (bearing a
unique identifier as assigned by the institution, and thereby
including all sections or other subparts of the class) at one
institution;

= B) use is limited to not more than 25% of the text of a book or of
the items in a published collection of essays, poems or articles;

= () use is limited to no more than the greater of (a) 25% of the text
of an issue of a journal or other periodical or (b) two articles from
such an issue;

= D) no User may sell or distribute any particular anthology, whether
photocopied or electronic, at more than one institution of learning;

= E) in the case of a photocopy permission, no materials may be
entered into electronic memory by User except in order to produce
an identical copy of a Work before or during the academic term (or
analogous period) as to which any particular permission is granted.
In the event that User shall choose to retain materials that are the
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@)

subject of a photocopy permission in electronic memory for
purposes of producing identical copies more than one day after
such retention (but still within the scope of any permission
granted), User must notify CCC of such fact in the applicable
permission request and such retention shall constitute one copy
actually sold for purposes of calculating permission fees due; and

= F) any permission granted shall expire at the end of the class. No
permission granted shall in any way include any right by User to
create a substantively non-identical copy of the Work or to edit or
in any other way modify the Work (except by means of deleting
material immediately preceding or following the entire portion of
the Work copied).

= iv) Books and Records; Right to Audit. As to each permission granted under
the academic pay-per-use Service, User shall maintain for at least four full
calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any
representatives it may designate shall have the right to audit such books
and records at any time during User's ordinary business hours, upon two
days' prior notice. If any such audit shall determine that User shall have
underpaid for, or underreported, any photocopies sold or by three percent
(3%) or more, then User shall bear all the costs of any such audit;
otherwise, CCC shall bear the costs of any such audit. Any amount
determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the
rate of 10% per annum from the date such amount was originally due. The
provisions of this paragraph shall survive the termination of this License
for any reason.

b)Digital Pay-Per-Uses of Academic Course Content and Materials (e-
coursepacks, electronic reserves, learning management systems, academic
institution intranets).For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the
following additional terms apply:

= i) The pay-per-uses subject to this Section 14(b) include:

= A)Posting e-reserves, course management systems, e-
coursepacks for text-based content,which grants authorizations to
import requested material in electronic format, and allows
electronic access to this material to members of a designated
college or university class, under the direction of an instructor
designated by the college or university, accessible only under
appropriate electronic controls (e.g., password);
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B)Posting e-reserves, course management systems, e-
coursepacks for material consisting of photographs or other still
images not embedded in text,which grants not only the
authorizations described in Section 14(b)(i)(A) above, but also the
following authorization: to include the requested material in
course materials for use consistent with Section 14(b)(i)(A) above,
including any necessary resizing, reformatting or modification of
the resolution of such requested material (provided that such
modification does not alter the underlying editorial content or
meaning of the requested material, and provided that the resulting
modified content is used solely within the scope of, and in a
manner consistent with, the particular authorization described in
the Order Confirmation and the Terms), but not including any other
form of manipulation, alteration or editing of the requested
material;

C)Posting e-reserves, course management systems, e-
coursepacks or other academic distribution for audiovisual
content,which grants not only the authorizations described in
Section 14(b)(i)(A) above, but also the following authorizations: (i)
to include the requested material in course materials for use
consistent with Section 14(b)(i)(A) above; (ii) to display and
perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media
or other video formats; and (iii) to "clip" or reformat the requested
material for purposes of time or content management or ease of
delivery, provided that such “clipping” or reformatting does not
alter the underlying editorial content or meaning of the requested
material and that the resulting material is used solely within the
scope of, and in a manner consistent with, the particular
authorization described in the Order Confirmation and the Terms.
Unless expressly set forth in the relevant Order Conformation, the
License does not authorize any other form of manipulation,
alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License
granted shall in any way: (i) include any right by User to create a
substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied or, in the case
of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such
Sections) (ii) permit "publishing ventures" where any particular course
materials would be systematically marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms
(and notwithstanding any apparent contradiction in the Order
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Confirmation arising from data provided by User), any use authorized
under the electronic course content pay-per-use service is limited as
follows:

= A) any License granted shall apply to only one class (bearing a
unique identifier as assigned by the institution, and thereby
including all sections or other subparts of the class) at one
institution;

= B) use is limited to not more than 25% of the text of a book or of
the items in a published collection of essays, poems or articles;

» C)useis limited to not more than the greater of (a) 25% of the text
of an issue of a journal or other periodical or (b) two articles from
such an issue;

* D) no User may sell or distribute any particular materials, whether
photocopied or electronic, at more than one institution of learning;

= E) electronic access to material which is the subject of an
electronic-use permission must be limited by means of electronic
password, student identification or other control permitting access
solely to students and instructors in the class;

* F) User must ensure (through use of an electronic cover page or
other appropriate means) that any person, upon gaining electronic
access to the material, which is the subject of a permission, shall
see:

o a proper copyright notice, identifying the Rightsholder in
whose name CCC has granted permission,

o astatementto the effect that such copy was made pursuant
to permission,

o a statement identifying the class to which the material
applies and notifying the reader that the material has been
made available electronically solely for use in the class, and

o a statement to the effect that the material may not be
further distributed to any person outside the class, whether
by copying or by transmission and whether electronically or
in paper form, and User must also ensure that such cover
page or other means will print out in the event that the
person accessing the material chooses to print out the
material or any part thereof.
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= () any permission granted shall expire at the end of the class and,
absent some other form of authorization, User is thereupon
required to delete the applicable material from any electronic
storage or to block electronic access to the applicable material.

= iv) Uses of separate portions of a Work, even if they are to be included in
the same course material or the same university or college class, require
separate permissions under the electronic course content pay-per-use
Service. Unless otherwise provided in the Order Confirmation, any grant of
rights to User is limited to use completed no later than the end of the
academic term (or analogous period) as to which any particular permission
is granted.

= v) Books and Records; Right to Audit. As to each permission granted under
the electronic course content Service, User shall maintain for at least four
full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any
representatives it may designate shall have the right to audit such books
and records at any time during User's ordinary business hours, upon two
days' prior notice. If any such audit shall determine that User shall have
underpaid for, or underreported, any electronic copies used by three
percent (3%) or more, then User shall bear all the costs of any such audit;
otherwise, CCC shall bear the costs of any such audit. Any amount
determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the
rate of 10% per annum from the date such amount was originally due. The
provisions of this paragraph shall survive the termination of this license for
any reason.

c)Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for
library reserves and interlibrary loan reporting) (Non-academic
internal/external business uses and commercial document delivery).The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject
to separate license from the applicable Rightsholder) for: academic photocopies
for library reserves and interlibrary loan reporting; and non-academic
internal/external business uses and commercial document delivery.

= i) electronic storage of any reproduction (whether in plain-text, PDF, or any

other format) other than on a transitory basis;

= i) the input of Works or reproductions thereof into any computerized
database;

* iii) reproduction of an entire Work (cover-to-cover copying) except where
the Work is a single article;
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* iv) reproduction for resale to anyone other than a specific customer of
User;

= V) republication in any different form. Please obtain authorizations for
these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in
the Order Confirmation and/or in these Terms.

d)Electronic Reproductions in Online Environments (Non-Academic-email,
intranet, internet and extranet).For "electronic reproductions"”, which generally
includes e-mail use (including instant messaging or other electronic transmission
to a defined group of recipients) or posting on an intranet, extranet or Intranet
site (including any display or performance incidental thereto), the following
additional terms apply:
= i) Unless otherwise set forth in the Order Confirmation, the License is
limited to use completed within 30 days for any use on the Internet, 60
days for any use on an intranet or extranet and one year for any other use,
all as measured from the "republication date" as identified in the Order
Confirmation, if any, and otherwise from the date of the Order
Confirmation.

= i) User may not make or permit any alterations to the Work, unless
expressly set forth in the Order Confirmation (after request by User and
approval by Rightsholder); provided, however, that a Work consisting of
photographs or other still images not embedded in text may, if necessary,
be resized, reformatted or have its resolution modified without additional
express permission, and a Work consisting of audiovisual content may, if
necessary, be "clipped" or reformatted for purposes of time or content
management or ease of delivery (provided that any such resizing,
reformatting, resolution modification or “clipping” does not alter the
underlying editorial content or meaning of the Work used, and that the
resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation
and the Terms.

e 15)Miscellaneous.

o

a) User acknowledges that CCC may, from time to time, make changes or additions
to the Service or to the Terms, and that Rightsholder may make changes or
additions to the Rightsholder Terms. Such updated Terms will replace the prior
terms and conditions in the order workflow and shall be effective as to any
subsequent Licenses but shall not apply to Licenses already granted and paid for
under a prior set of terms.
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o b) Use of User-related information collected through the Service is governed by
CCC's privacy policy, available online at www.copyright.com/about/privacy-

policy/.

o ¢) The License is personal to User. Therefore, User may not assign or transfer to
any other person (whether a natural person or an organization of any kind) the
License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCCin
the event of a transfer of all or substantially all of User's rights in any new material
which includes the Work(s) licensed under this Service.

o d) Noamendment or waiver of any Terms is binding unless set forth in writing and
signed by the appropriate parties, including, where applicable, the Rightsholder.
The Rightsholder and CCC hereby object to any terms contained in any writing
prepared by or on behalf of the User or its principals, employees, agents or
affiliates and purporting to govern or otherwise relate to the License described in
the Order Confirmation, which terms are in any way inconsistent with any Terms
set forth in the Order Confirmation, and/or in CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or
subsequent to the Order Confirmation, and whether such writing appears on a
copy of the Order Confirmation or in a separate instrument.

o e) The License described in the Order Confirmation shall be governed by and
construed under the law of the State of New York, USA, without regard to the
principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be
brought, at CCC's sole discretion, in any federal or state court located in the
County of New York, State of New York, USA, or in any federal or state court whose
geographical jurisdiction covers the location of the Rightsholder set forth in the
Order Confirmation. The parties expressly submit to the personal jurisdiction and
venue of each such federal or state court.

Last updated October 2022
Figure 7.2A-D
SPRINGER NATURE LICENSE

TERMS AND CONDITIONS
Jul 24, 2023

This Agreement between Ms. Megan Kern ("You") and Springer Nature ("Springer Nature")
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consists of your license details and the terms and conditions provided by Springer Nature and
Copyright Clearance Center.

License Number

5595481483703

License date

Jul 24, 2023

Licensed Content Publisher

Springer Nature

Licensed Content Publication

European Biophysics Journal

Licensed Content Title

Resolving the molecular structure of microtubules under physiological conditions with scanning
force microscopy

Licensed Content Author

Iwan A. T. Schaap et al

Licensed Content Date

Feb 5, 2004

Type of Use

Thesis/Dissertation

Requestor type

academic/university or research institute
Format

print and electronic

Portion

figures/tables/illustrations

Number of figures/tables/illustrations

1

Will you be translating?

no

Circulation/distribution

1-29

Author of this Springer Nature content
no

Title

Combined Atomic Force Microscopy and Light sheet Microscopy Characterize the
Mechanobiology of Phagocytosis
Institution name

University of North Carolina at Chapel Hill
Expected presentation date

Jul 2023

Order reference number

Figure 7.2A-D

Portions

Figure 5A-D
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Requestor Location
Ms. Megan Kern
120 E Cameron Ave
Phillips Hall

CHAPEL HILL, NC 27599

United States

Attn: Ms. Megan Kern

Total

0.00 USD

Terms and Conditions

Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the terms specified
in your [RightsLink] constitute the License ("License") between you as Licensee and Springer
Nature Customer Service Centre GmbH as Licensor. By clicking 'accept' and completing the
transaction for your use of the material ("Licensed Material"), you confirm your acceptance of
and obligation to be bound by these Terms and Conditions.

1. Grant and Scope of License

1. The Licensor grants you a personal, non-exclusive, non-transferable, non-
sublicensable, revocable, world-wide License to reproduce, distribute,
communicate to the public, make available, broadcast, electronically transmit or
create derivative works using the Licensed Material for the purpose(s) specified
in your RightsLink Licence Details only. Licenses are granted for the specific use
requested in the order and for no other use, subject to these Terms and
Conditions. You acknowledge and agree that the rights granted to you under this
License do not include the right to modify, edit, translate, include in collective
works, or create derivative works of the Licensed Material in whole or in part
unless expressly stated in your RightsLink Licence Details. You may use the
Licensed Material only as permitted under this Agreement and will not
reproduce, distribute, display, perform, or otherwise use or exploit any Licensed
Material in any way, in whole or in part, except as expressly permitted by this
License.

2. You may only use the Licensed Content in the manner and to the extent
permitted by these Terms and Conditions, by your RightsLink Licence Details and
by any applicable laws.

3. Aseparate license may be required for any additional use of the Licensed
Material, e.g. where a license has been purchased for print use only, separate
permission must be obtained for electronic re-use. Similarly, a License is only
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valid in the language selected and does not apply for editions in other languages
unless additional translation rights have been granted separately in the License.

4. Any content within the Licensed Material that is owned by third parties is
expressly excluded from the License.

5. Rights for additional reuses such as custom editions, computer/mobile
applications, film or TV reuses and/or any other derivative rights requests
require additional permission and may be subject to an additional fee. Please
apply
to journalpermissions@springernature.com or bookpermissions@springernature
.com for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License. You
acknowledge and agree that nothing in this License limits or restricts Licensor's rights in
or use of the Licensed Material in any way. Neither this License, nor any act, omission,
or statement by Licensor or you, conveys any ownership right to you in any Licensed
Material, or to any element or portion thereof. As between Licensor and you, Licensor
owns and retains all right, title, and interest in and to the Licensed Material subject to
the license granted in Section 1.1. Your permission to use the Licensed Material is
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