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ABSTRACT

The past decade has seen an enormous increase in FcRn-targeted engineering
strategies to generate antibodies with therapeutic and diagnostic implications. The
neonatal Fc receptor, FcRn, is a multifunctional receptor expressed abundantly throughout
the body. The trafficking of engineered antibodies in the body is a multiscale process,
taking place at subcellular, intracellular, and organ/tissue levels. In this study, various
advanced imaging modalities are employed to capitulate the dynamics of Fc-engineered
antibodies at different scales. The study investigates the fate of antibody-opsonized tumor
cells after phagocytosis in macrophages, an intracellular/micrometer-scale process, using
microscopy techniques. Results show a vacuole-like structure associated with the
phagosomes exhibiting distinct characteristics. They are lysosomal in nature and
impermeable to certain solutes, as seen using fluorescence microscopy analyses. The
identification of this vacuole-like compartment has implications for understanding the
subsequent processes involved in the degradation of antibody-opsonized tumor cells.

The use of advanced imaging approaches to study subcellular dynamics provides
mechanistic insight with excellent spatiotemporal resolution. We imaged the 3D dynamics
of two engineered FcRn-inhibitors at the subcellular/nanometer level, using an advanced
imaging platform- rtMUM. rMUM is capable of imaging the dynamics of the single
molecule and the cellular organelles they interact with, in 3D. This enables compensation
of the motion of a single molecule with the organelle's movement, thus giving a real

snapshot of the dynamics. To that end, we utilized this multi-dimensional, nanometer

11



resolution microscopy technique to image two engineered FcRn-inhibitors in endosomes
in cells.

At the macro level, we investigate the effective clearance of antigens by an
engineered Fc-antigen fusion protein (HER2-Seldeg), consequently improving contrast
during whole-body imaging in mice. HER2-Seldeg is designed to selectively capture anti-
HER?2 antibodies, bind to FcRn with enhanced affinity, and direct them to degradative
lysosomes in FcRn-expressing cells. Positron emission tomography (PET) imaging of
HER2-Seldeg revealed rapid clearance of radiolabeled antibodies from the systemic

circulation following tumor localization and consequently improved contrast.
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1. INTRODUCTION

The present work is directed towards studying the dynamics of engineered antibodies using
advanced imaging techniques in vitro and in vivo. The first aim focuses on studying the fate of
antibody-opsonized tumor cells after phagocytosis in macrophages, primarily using microscopy
techniques. To study the biomolecular interactions of engineered antibodies with their cellular
environment, continual development of advanced imaging systems is needed. To that end, the
second aim focuses on the validation of an advanced 3D imaging platform, remote focusing
multifocal plane microscopy (rMUM), for studying the dynamics of an Fc-engineered FcRn
inhibitor. Finally, the third aim focuses on investigating the potential of an Fc-antigen fusion
protein as a clearing agent to improve contrast during whole-body imaging.

This section gives a brief overview of FcRn function, engineering FcRn-IgG interactions
for the modulation of antibody dynamics, phagocytosis in immune cells, and 3D imaging of single
molecules.

1.1 Role of FcRn in antibody dynamics

The role of MHC class I-related receptor or the neonatal Fc receptor FcRn in the transfer
of antibody molecules of the immunoglobulin G (IgG) across the neonatal gut epithelial barrier
and within other cell types is well established (/, 2). Two primary roles of FcRn include
maintenance of [gG homeostasis (3, 4) and transportation of the same across cellular barriers (5—
7). Due to its role as a homeostatic regulator of the ubiquitously expressed immune molecule (IgG),

FcRn is expressed in multiple cells types found throughout the body (3, 6, §—10).



1.1.1. Molecular nature of FcRn-IgG interaction

FcRn is like an MHC class-I receptor comprising a heterodimer of a heavy chain (o) and
B2microglobulin (B2m)(/ /) and interacting with the constant region (Fc) of immunoglobulin IgGs
(3, 12, 13). The Bom association is required for the regular expression and function of FcRn (/4).
Earlier studies have identified the residues at the interface of CH2-CH3 domains of the fragment
crystallizable contant (Fc) region of an IgG responsible for FcRn interaction (12, 15—17) (Figure
1.1). The residues were identified as 11253, His310, His435, His436 (mouse), or Tyr436 (human).
Residues at 253 and 310 are highly conserved compared to the residues at 435 and 436, which
exhibits higher species variability (/8, 79). The histidine residues play an essential role in
conferring the pH dependence to FcRn-IgG interactions (20, 21). Most IgGs bind to FcRn with
relatively high affinity at acidic pH (pH 5.5-6.0), with very low to negligible affinity at near-neutral
pH (pH 7.3-7.4) (21, 22). FcRn-IgG interactions are dependent on the residues at the binding
interface, and they differ across species due to cross-species differences (22—24). Cross-species
differences have limited the use of traditional mouse models and led to the development of
transgenic mice models that express human FcRn for clinical studies involving engineered

antibodies (26-28).



CH2 =
L FcRn
3 ¢
CH3 <
B.m
Membrane ",

Figure 1.1 Schematic representation of FcRn-IgG interaction
The two heavy chains and two light chains are colored blue/yellow and pink/orange, respectively.

The variable fragment (Fv, consisting of VH and VL domains) confers antigen binding activity,
while the constant region (Fc, fragment crystallizable) of the heavy chain (consisting of CH1, CH2,
CH3 domains) interacts with Fc receptors and complement components to mediate effector
functions and in vivo persistence. The domains of the antibody are shown with disulfide bonds
depicted as —S-S linkages. The heavy (a) chain (green) and B2-microglobulin (black) that comprise

FcRn are shown, with the transmembrane region of the o chain inserted into a membrane.

1.1.2. FcRn expression in cells and tissues
Although initial studies believed that FcRn expression was confined to the gestation and
neonatal periods in humans and rodents (28, 29), later results pointed to its presence in multiple

cell types and tissues (/, 30). FcRn expression in the majority of hematopoietic cells, parenchymal



(endothelial cells, epithelial cells), podocytes, at the blood-brain barrier, corneal tissues, retina,
and conjunctiva is well documented (6, 9, 10, 31-33). The ubiquitous presence of FcRn throughout
the body is consistent with its diverse role as a regulator of IgG homeostasis (8, 9) and albumin
levels (34), transporter of antibodies across epithelial barriers (5—7, 35), and function in antigen
presentation and cross-presentation in immune cells (36-39).
1.1.3. Subcellular trafficking of FcRn

To understand the mechanisms involved in maintaining the homeostasis of IgG and gain
insights for designing antibodies that can modulate IgG dynamics in the body, the subcellular
trafficking behavior of FcRn needs to be understood. The trafficking of the FcRn-IgG complex
has been studied by live-cell imaging of FcRn-GFP transfected endothelial and epithelial cells
(40—45). 1gG enters the cells by fluid-phase pinocytosis (due to its negligible binding affinity to
FcRn at pH 7.3). Subsequently, the IgGs enter the endolysosomal pathway and bind to FcRn in
early/sorting endosome (acidic pH 6.0), are sorted into tubularvesicular recycling (or transcytotic)
transport carriers (TCs), and are exocytosed into the extracellular milieu, thus salvaging IgGs from
degradation (40—42). These endosomal sorting processes enable FcRn to regulate IgG levels.
Advanced microscopy imaging studies using multifocal plane microscopy show that after
segregation from sorting endosomes, the FcRn-positive recycling TCs traffick to the cell
membrane and undergo exocytosis (42, 46). Additionally, a subset of the TCs merge with other
sorting endosomes (called interendosomal transfer) or return to the same sorting endosome (called
looping) (46). Under conditions of high IgG concentrations that lead to saturation of FcRn (bound
state), or if IgG fails to bind to FcRn in sorting endosomes, the unbound antibodies enter lysosomes

and are degraded (47).



1.2 Engineering FcRn-IgG interactions

Two decades of research have revealed how FcRn functions as a global regulator of IgG
levels and transport. This knowledge has opened avenues for engineering antibodies to exploit this
interaction to extend in vivo half-lives of IgG, enhance antigen clearance, and generate antibodies
that inhibit the FcRn-IgG interaction (47, 48).

1.2.1. Generation of inhibitors of IgG-FcRn interactions

FcRn maintains IgG levels by salvaging them from degradation, and this can be targeted
for ameliorating diseases in which pathogenic antibodies play a role in pathogenesis. Multiple
inhibitors of FcRn have been designed and used to reduce pathogenic antibodies or autoantibodies
in conditions such as autoimmune disorders (49—54). These FcRn inhibitors are engineered IgGs
or Fc fragments that have enhanced binding affinity to FcRn in the pH range of 6.0-7.4 (49, 51,
53, 55), thus competing with endogenous IgGs and driving unbound pathogenic antibodies to
lysosomes for degradation (49). This has significant clinical relevance in autoimmune conditions
where a greater than 50% decrease in autoantibodies can result in disease amelioration (56, 57).

Several small molecules, peptide-based or antibody-based FcRn inhibitors, have been
generated (49, 51, 53, 55, 58-60), and several of these are in different stages of clinical trials
following preclinical analyses in animal models (54, 6/, 62). One such FcRn inhibitor that has its
constant region engineered is called an Abdeg (antibody that enhances IgG degradation) and binds
to FcRn with increased affinity at both acidic and near-neutral pH, but with retention of the pH
dependence of the interaction, i.e., higher affinity at acidic pH than at pH 7.3-7.4 (49). The Fc
region is engineered to introduce MST-HN mutations (M252Y/S254T/T256E/H433K/N434F). As
a result of this engineering, Abdegs are efficiently internalized by receptor-mediated endocytosis

into FcRn-expressing cells and bind to FcRn with increased affinity in acidic endosomes.
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Consequently, they accumulate to very high levels in cells, reduce the availability of free FcRn in
acidic endosomes and drive endogenous wild type IgGs into lysosomes for degradation (Figure
1.2). In a serum transfer model of arthritis in mice, Abdegs reduced swelling and inflammation in
the joints in both therapeutic and prophylactic disease settings (55). In a passive model of antibody-
mediated experimental autoimmune encephalomyelitis, Abdegs were also shown to ameliorate
disease by mediating both the rapid clearance and reducing the accumulation of encephalitogenic

antibodies in the CNS (63).
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Figure 1.2 Engineering antibodies to inhibit FcRn-IgG interaction
FcRn inhibitors such as Abdegs are engineered to bind to FcRn with an enhanced affinity in the

pH range of 6.0 to 7.4. These inhibitors enter the cell via receptor (FcRn)-mediated endocytosis,
inhibit endogenous IgGs from binding to FcRn in acidic endosomes, and consequently led to the
entry of these competing IgGs into lysosomes (49, 64). Note that Abdegs described here binds via
its Fc region to FcRn. However, there are other subtypes of inhibitors that bind through their Fv
region (53, 59).

1.2.2. Engineering antibodies for targeted clearance of antigen-specific antibodies

FcRn inhibitors binding to FcRn with increased affinity exhibit relatively short in vivo half-
lives (53, 59, 65, 66). due to their entry into the lysosomal pathway (67). One of these engineered
antibodies (Abdeg) has been used in diagnostic or theranostic imaging to clear the radiolabeled
antibody in the systemic circulation, subsequently decreasing background levels and improving
contrast during tumor imaging (68). Inhibition of FcRn also has applications in the reduction of
dose-limiting toxicity after localization of radiolabeled antibodies during radioimmunotherapy
(69). Although FcRn inhibitors have many applications, they decrease IgG levels independent of
the antigen specificity of the IgG. This has motivated the generation of an antibody-based reagent
that can selectively deplete antigen-specific antibodies without affecting the clearance of
endogenous antibodies of other specificities (70). Briefly, engineered antigen-Fc fusion protein
called Seldegs (Selective degradation of antigen-specific antibodies) comprising a target antigen
fused to an engineered Fc fragment of human IgG1, which is heterodimerized with an Fc fragment
(without antigen fusion) to display the antigen in monomeric form (Figure 1.3). Mutations to ablate
FcyR binding and enhance FcRn binding at a pH range of 6.0-7.4 were introduced into the Fc

region. In contrast to Abdegs, Seldegs specifically capture the antigen-specific antibodies and bind
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to FcRn on the cell membrane at pH 7.4. The antigen-specific antibodies bound to Seldeg
subsequently enter lysosomes and are cleared (Figure 1.3). Seldegs have been shown to
specifically target and clear antigen-specific antibodies without affecting the levels of antibodies
of other specificities (non-target). Seldegs can be used at relatively low doses and therefore target
only a small subset of FcRn molecules. Consequently, Seldegs do not result in the reductions of

the levels of antibodies that are not specific for antigen (70).
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Figure 1.3 Engineering Fc-antigen fusion antibodies for selective degradation of antigen-
specific IgG
A class of Fc-antigen fusion protein called Seldegs has one antigen molecule per Fc fragment and

can selectively target antigen-specific antibodies and internalize them via FcRn-mediated
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endocytosis. Seldegs result in lysosomal delivery of antigen-specific antibodies without affecting

the levels of antibodies of irrelevant specificities (47, 70).

1.3. Engineering therapeutic antibodies for cancer therapy

The therapeutic monoclonal antibody market has grown significantly, and these
biopharmaceutical products have become one of the top promising choices to treat cancer and
other disorder (7/-73). Chimeric or humanized therapeutic antibodies have been developed
against CD20 (Rituximab), HER2 (Trastuzumab), and multiple other targets. Rituximab (74) is an
antibody specific for the CD20 receptor and one of the first therapeutic to be approved for cancer
patients, while Trastuzumab (75) is specific for HER2 (a growth factor receptor) and approved for
treatment in breast cancers.

1.3.1. Mechanisms involved in the killing of cancer cells

For therapeutic antibodies, immune-mediated mechanisms have been investigated for
playing a role in killing cancer cells. One such killing process is antibody-dependent cellular
cytotoxicity (ADCC), where natural killer (NK) cells induce killing (76). Fcy receptors expressed
on the surface of NK cells bind to antibody-opsonized cells and kill them using granzymes. Studies
have established an increase in ADCC levels following trastuzumab therapy (77-80). Another
mechanism by which cancer cells are killed is complement-dependent cytotoxicity (CDC) where,
the antibody-opsonized cells recruit a group of soluble proteins called the complement system,
which in turn mediates cell death (87, 8§2). Antibody-dependent cellular phagocytosis (ADCP)
mediates cell death by engulfing entire antibody-opsonized cancer cells and direct them for

degradation (83—-86). Several studies carried out in mouse models delineate the importance of



ADCP in antibody-mediated therapy for cancer (87, 88). These findings have notably garnered
renewed interest in the potential anti-tumorigenic role of macrophages that contrast with their pro-
tumorigenic role in facilitating tumor progression (§9—-91).

Fc receptors are opsonic receptors, which are expressed by a variety of cell types and bind
antibody molecules with different affinities (92). The important classes of Fc receptors are as
follows: 1) Fca receptors which bind the IgA class of immunoglobulin antibodies and regulate
mucosal immunity (93). ii) The Fce receptors which bind the IgE class of immunoglobulins and
responsible for responses against allergens and parasites (94). iii) The Fcy receptors, the primary
class of Fcy receptors involved in phagocytosis, which bind to IgG (92, 95-98). There are six
human Fcy receptors (FcyRI, FcyRIIA, FcyRIIB, FeyRIIC, FcyRIIIA, and FcyRIIIB), with varying
ability to bind the different IgG subclasses in the soluble and immune-complexed forms (98).
While human FcyRI has a high affinity towards IgG molecules, other Fcy receptors have a
substantially lower affinity (92, 98, 99). This selectivity allows the low affinity receptors to
specifically engage targets only when proteins or particles (e.g., viruses, cells, bacteria) are bound
by multiple antibody molecules. Antibody-opsonized particles larger than 0.5 pm can be
phagocytosed by macrophages (/00). FcyRs possess either an immunoreceptor tyrosine-based
activation (ITAM) or inhibitory (ITIM) motif (/01). The clustering of activating FcyRs results in
ITAM phosphorylation and activates a signaling cascade that collectively drives phagocytosis
(102, 103). Macrophages co-express both activatory FcyRs and the inhibitory FcyRIIB, and a
balance between the expression levels and occupancy of these two receptor classes has a significant
impact on phagocytosis (/04).

The typical targets that are opsonized by antibody molecules are pathogens that have

elicited an antibody response by the humoral immune system. Targets of a cellular origin have
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also become an important area of study with respect to Fcy receptor-mediated phagocytosis due to
the use of monoclonal antibody therapeutics to target cancer. The study of cellular phagosomes is
crucial in understanding the process of ADCP of targets such as tumor cells. Therapeutic
antibodies recognize and opsonize tumor-specific antigens, triggering Fcy receptor-mediated
phagocytosis leading to ADCP (88, 105). Macrophages are the most abundant immune cell type
in the majority of tumors (/06). Thus, macrophage-mediated ADCP may contribute to the anti-
tumor effects of antibodies (§9-91, 107), and understanding the maturation pathway of cellular
phagosomes is crucial to the successful use of therapeutic antibodies.
1.3.2. Formation and maturation of phagosomes

Most eukaryotic cells are capable of phagocytosing pathogens, cellular debris, and
apoptotic cells. Macrophages play a major role as phagocytes and express a variety of surface
receptors to identify target antigens. In addition to FcyRs, the receptors involved can be opsonic
receptors that include pattern recognition receptors responsible for detecting pathogens and
apoptotic corpse receptors that detect the phosphatidylserine on the surface of apoptotic cells
(103). As soon as the macrophages recognize a target, well-orchestrated events of biological
pathways follow(/08). The phagocytic receptors cluster on the cell membrane before the formation
of the phagocytic cup. The molecular machinery responsible for phagosome maturation includes
membrane lipids and the Rho family of GTPases (/09—114). This membrane remodeling is
followed by downstream signals that affect cytoskeletal remodeling (/15-117).

Subsequently, the phagosomes sequentially fuse with lysosomes (termed as
‘phagolysosomes’(/78)) and become acidified (/08). The acidification process is not abrupt but
rather gradual and is carried out by vacuolar (H+)-ATPase (/19). The degree of acidification is a

well-studied process and varies with cell types. The phagosomal contents are either released as
11



nutrients or, via several complex pathways that have been extensively analyzed, presented as
antigen peptides on major histocompatibility complex (MHC) class I and II molecules (/120-122).
1.3.3. Trogocytosis

When macrophages expressing FcyRs interact with the Fc regions of antibodies bound to
a target cell, instead of phagocytosis, a process called ‘trogocytosis,” where only parts of the target
cell membrane are engulfed, can occur (/23). Trogocytosis is derived from the Greek word ‘trogo’
which means to gnaw or nibble. In some cases, trogocytosis (or ‘shaving’) mediates the removal
of target antigen such as CD20 from the cell surface during therapeutic administration of rituximab
during the treatment of chronic lymphocytic leukemia (CLL) (/24). Trogocytosis-mediated
clearance of surface antigen is therapeutically beneficial when anti-CD22 antibodies are used in
the treatment of B cell-dependent autoimmune diseases (/25). By contrast, macrophage-mediated
trogocytosis can lead to the death of tumor cells opsonized with anti-HER2 monoclonal antibodies
(89). Thus, the therapeutic consequence of trogocytosis could be positive or negative depending
on the therapeutic setting (target antigen and/or tumor cell in question) and is now recognized as
an important effector function for any class of therapeutic monoclonal antibody (726).

1.4. Imaging of single molecules

The imaging of biological systems with light microscopes has been the gold standard in
studying the dynamics in living cells. The first microscope was invented almost three centuries
ago, and since then, optical microscopy has evolved and expanded to become a powerful technique
with excellent resolution. Advances in the capabilities of detectors (highly sensitive photon-
recording devices), the advent of high-speed data acquisition, the automation of image processing,

significant improvements in the quality of sophisticated optical components and aberration-
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correcting devices, and the discovery and development of fluorescent proteins, which allow the
tagging of specific proteins inside cells, have revolutionized the field of bioimaging (/27-129).

For many decades fluorescence imaging experiments revolved around bulk studies using
fluorescently labeled proteins. The results obtained were sub-par because they were merely an
average over the ensemble of molecules that masked the dynamics of the individual molecules.
Key information is lost if the imaging environment is heterogeneous in nature. Live cellular
systems are heterogeneous, and therefore investigation of their dynamics at the single molecule
level is warranted. Single molecule imaging overcomes the bulk averaging effects and provides
detailed information on the dynamics of single molecules (127, 129).

1.4.1. Techniques involved in single molecule microscopy

The characteristics of fluorophores play a major role in defining the efficiency of single
molecule experiments(/30). Fluorophores should be bright, have an emission wavelength in the
visible spectrum, and be easily tagged to the molecule of interest without hampering the molecule’s
function. They should also be small in size, highly photostable, and nontoxic to the cells. Most
fluorescent dyes are susceptible to photobleaching and thus allow the molecules tagged to it to be
imaged for only a short period (typically a few seconds). Quantum dots are a class of fluorophore
dyes that were developed to overcome this limitation (/3/7, 132). They are highly photostable and
brighter compared to conventional fluorescent dyes (/32) and are chemically coupled to proteins
of interest. However, problems such as the multivalency of the avidin-biotin or chemical labeling
approach, the blinking behavior whereby a quantum dot fluoresces in an intermittent fashion over
time, and non-specific binding, require careful experimental design.

Confocal and widefield methods are employed for single molecule imaging. In confocal

imaging, a diffraction-limited spot of small volume (107'°-107'2 cm?®) is sequentially scanned to
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illuminate the sample, and a photomultiplier tube is used to record the collected fluorescence.
Widefield fluorescence microscopy is typically used to image biological samples (e.g., a
monolayer of cells on a treated substrate or a thin tissue section) through a high numerical aperture
(n,) objective lens, and a using a highly sensitive CCD or CMOS camera is used to detect the
often low fluorophore signals from the molecules of interest. This microscope configuration
produces an image of the sample as observed from a particular focal depth (/33). The signal from
the plane of focus corresponding to this focal depth contributes to the image, but in a way that
“blurs” the image. This blurring is a consequence of the point spread function (PSF) of the
microscope, which depends on the particular characteristics of the objective lens. Advanced
techniques such as total internal reflection fluorescence microscopy (TIRFM) (/34) and highly
inclined and laminated optical sheet (HILO) have been widely used to selectively illuminate parts
of'alive cell using a beam of light. By adopting such selective illumination, the fluorophore-tagged
molecules in the sample are not excited all at once, thus reducing the background. This improves
the signal-to-noise ratio (SNR). TIRFM has been the technique of choice to study dynamic cellular
events on the plasma membrane, especially exocytic events (/335).
1.4.2. 3D single molecule microscopy

Advances in single molecule imaging capabilities have revolutionized how eukaryotic
biological systems are visualized. Cellular biological processes are complex and three-
dimensional, and the details of how they occur are not fully explored. To gain any meaningful
insight into the complex cellular machinery, 3D single molecule imaging systems are required.
The classical approach is to physically move the sample (using a piezo stage) or the objective lens
in order to image and therefore visualize a cell in three dimensions. Despite using ultra-fast

scanners or galvanometers for rapid scanning, images exhibit artifacts due to the time differences
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between the acquisitions at the different focal planes. Confocal systems have been used for
detecting single molecules in three dimensions by circling the confocal beam around the single
molecule using very complex optical systems (/36). Another approach for 3D single molecule
imaging utilizes engineered PSFs. By appropriately engineering the shape of the PSF, different
images of a point source are generated in a depth-dependent manner, thereby allowing the accurate
estimation of the axial position of the point source even when it is near-focus. There are different
types of engineered PSFs in use (/37, 138). For example, in the astigmatic method, the PSF is
elongated in one direction as a function of defocus. In the double helix method, the PSF is
engineered in the shape of two lobes by introducing a phase plate in the optical light path. In this
case, the defocus information is encoded by the rotation of the pair of lobes around their center of
gravity. These techniques have limited axial coverage of ~ 3 um, but living cells are 10-20 pm
thick.

It is essential to study the interactions between various biomolecules in cells to better
understand fundamental biological pathways. This became possible with the advent of techniques
to track single molecules with high temporal resolution (/39). Single particle tracking (SPT) is
widely carried out using widefield microscopy methods in two dimensions. However, it becomes
significantly more challenging when the particle has to be tracked in three dimensions, as the
conventional widefield technique captures images only in one focal plane. The single molecule
being tracked will move in and out of the focal plane being imaged, and the inadequate depth
information afforded by the conventional setup will make it difficult to estimate the axial location
of the single molecule accurately (/40). Techniques that employ scanning of the sample (/41/), and
engineering the point spread function as a function of defocus (737, 138, 142—144) have been in

practice for determining the location of single molecule in 3D space.
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Multifocal plane microscopy (MUM) was developed to address these challenges (/45—
147). In MUM, light from the sample is partitioned and directed to different cameras (Figure 1.4).
By customizing the distance between the tube lens and each camera using special optics, the
cameras can simultaneously image distinct focal planes within the sample. This technique
overcomes the depth discrimination problem, a well-known shortcoming of the conventional
widefield techniques (/48). An important aspect of MUM on the analysis side is the use of an
algorithm called MUM localization algorithm (MUMLA) to accurately estimate the 3D positions
of molecules of interest from the collected multifocal plane image data (/45). 3D single molecule
imaging, using MUM, of transcytosis and endocytosis, respectively, in epithelial and endothelial

cells of 10pum thickness, has been demonstrated (146, 147).
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Figure 1.4 Schematic of MUM, configured to image four focal planes
The illustration shows a cell sample imaged using a multifocal plane microscopy (MUM) setup.

After passing through the objective, the emitted signal is divided equally using beam splitters and
focused onto four detectors. Different focal planes are imaged simultaneously by customizing the

distances between the tube lenses and the detectors.
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1.4.3. Three-Dimensional localization of single point sources

In the examination of biological samples using microscopy, experiments designed to yield
images of isolated point sources of light are often desirable because we can more easily and
accurately estimate the location of an isolated point source. The accuracy of estimation is
dependent on the numerical aperture of the objective lens used, the emission wavelength, the
number of detected photons, the pixel size of the detector, and noise sources in the microscope and
detector (/49). Two broadly different methods that utilize this approach of imaging point sources
can be employed to extract spatial information from biological systems. One method involves the
sample being sparsely labeled, such that only a few point sources are detected, thereby allowing
us to estimate their locations with high certainty (/50). The other method involves stochastically
“switching on” only a subset of the fluorophores at a time, thereby also providing us with well-
isolated point sources for accurate localization. This is performed repetitively using different
subsets of the fluorophores, and the localization results are combined to form a high-resolution
reconstruction of the biological sample (/5/—153). These methods rely on the ability to estimate
the two- and three-dimensional location of a point source with high accuracy. This is often done
by fitting the data to a parametric equation that models the image formation process of the
microscope. The image of an in-focus point source is often approximated by an Airy profile, given

by
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where (x,, o) is the location of the point source in the object space, and [ is defined as the intensity

at a point (x,y) on the detector. The parameter A represents the brightness of the point source,
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while a denotes the width of the Airy profile, and J; denotes the first order Bessel function of the

first kind (unit magnification is assumed for simplicity).

Another simple parametric equation that is commonly used for approximating the image of an in-

focus point source is the 2D Gaussian profile, given by

_((x—x0)2+(y—y0)2)
I1(x,y) = Ae 202 ,

where A and o are parameters that denote the brightness of the point source and the width of the
2D Gaussian function, respectively. The 2D Gaussian profile provides a simple 2D parametric
model of the PSF, while the Airy function better recapitulates its properties (154, 155). Various
approaches have been developed to detect and localize point sources effectively. A non-iterative
state space-based localization method combines these steps and is capable of distinguishing very

closely spaced molecules (/56).

Parametric models are sufficient for estimating 2D locations, but may not be so for 3D localization.
For example, the 2D Gaussian equation, when extended to the third dimension, results in a
mismatch between the model and the data (/57). Appropriate functions exist such that the 3D
image can be parametrically modeled. The “Born and Wolf” model is a commonly used function
where the imaging medium is modeled as a single layer of uniform refractive index (/33), whereas
the “Gibson and Lanni” model is a more realistic representation of the imaging system that models

the imaging medium as multiple layers of different refractive indices (/58, 159).

The axial location of a point source near the focal plane is difficult to determine because very little

information about it is encoded in the image, in this case, at least for some PSF models(/40).
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Various approaches have been developed to encode more information about a point source’s axial
location into the PSF (737, 143, 145). The MUM technique, described in Section 1.4.2 and Figure
1.4, solves the near-focus 3D localization problem as it simultaneously acquires the image of a
point source from different focal planes. The advantage conferred by a MUM configuration is such
that when a point source is near-focus with respect to one focal plane, it is out of focus with respect
to the other focal planes. These images can be analyzed together to synergistically provide
information for the estimation of the axial location of point sources (/60). The aforementioned
algorithm MUMLA is an optimization algorithm that can apply any of the parametric functions
described above to estimate a point source's 3D location from images acquired using a MUM
configuration (/45, 146). MUMLA has been shown to potentially provide the best theoretically
possible localization accuracy if the applied PSF model reasonably approximates the PSF of the

microscope (145).

1.4.4. Recent advances in 3D volumetric imaging

Recent advances in multi-resolution 3D imaging have enabled fast and efficient volumetric
imaging of subcellular systems (/61/). In one particular study, the group demonstrates a design that
utilizes three light-sheets to perform parallel 3D volumetric imaging of cytoskeletal dynamics at
600nm axial resolution and a high speed of up to 14 Hz (/62). Multifocal approaches involving
light sheets are well demonstrated in optically clear samples (e.g., larval zebrafish (/63)) with
isotropic resolution and in samples that are not clear, such as freely moving mice (/64). Extended
depth of focus (EDOF) imaging of systems with wavefront modulators for modulating the
amplitude or phase of fluorescence has been applied to light sheet microscopy to produce lattice

light sheets (/65). Scanning-based strategies that result in quasi-volumetric imaging adopt PSF
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engineering to increase the acquisition speed. Several examples of rapid volumetric imaging using
scanning-based approaches in multi-photon microscopy are well documented (/66—168). The laser
focus is stretched from a Gaussian beam to a Bessel beam by inserting a spatial light modulator
and a mask to generate an annular illumination in the pupil plane of a two-photon microscope
(169). With the advent of fast acquisition using improved detection technologies, near-
instantaneous multi-plane imaging in multi-photon microscopy is achieved by splitting the
excitation light into time-delayed wavelets that can be focused onto the sample at different depths
(170). This multi-photon multiplexing has been implemented to study neuronal activity in the
mammalian brain (/71), and a modified design of the same approach has been used to study Ca**
signaling in the mouse brain (/72).
1.4.5. Remote focusing multifocal plane microscopy (rMUM)

Our group recently introduced a new advanced imaging technology called remote-focusing
multifocal plane microscopy (rMUM), which enables the imaging of single molecules in deep
cellular samples at a high temporal and spatial resolution together with the visualization of the
surrounding 3D cellular structures (/73). The microscope setup comprises a MUM configuration
(as detailed in Section 1.4.2, Figure 1.4) and a remote focusing configuration (Figure 1.5). MUM
images single molecule trajectories in 3D space with high precision using MUMLA (145, 147),
while the remote focusing configuration images the 3D cellular structures to provide context for
the recorded single molecule dynamics (/74—177). The remote focusing configuration acquires a
series of z-stack images rapidly independent of the MUM module.

A standard microscope is custom-fitted with the MUM module and the remote focusing

microscopy module (r-module). The r-module is designed as proposed by Wilson et al. (/75).
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Figure 1.5 shows a schematic of the r-module. The primary objective lens (O1) of the
standard microscope collects the emission of the sample, and the image is formed at the image
plane using a tube lens (TL1). The r-module, which consists of two concatenated microscopy
systems, is coupled after the image plane. Two objective lenses (O2 and O3) are placed opposing
each other, such that a replica of the sample is formed at the intermediate focal plane between
them. The second objective lens (O3) is placed on a piezo nanopositioner to allow the imaging of

multiple intermediate focal planes. The z-stack images are captured using a camera (C1).
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Figure 1.5 Schematic of the remote focusing microscopy module

The overall magnification Mr of the r-module is given by(/75)

_ (nzeMz
R nyFy My

> X Ms,

Here, M and M represent the magnifications of the objective lenses O1 and O2, F; and
F> denote the focal lengths of the tube lenses TL1 and TL2, and n, and n, are refractive indices
of the media corresponding to objective lenses O1 and O2, respectively. The total magnification

of the subsystem is denoted by M. This ’IMUM system is also capable of multi-color volume

imaging via the r-module.
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1.5 Multimodality Imaging

Non-invasive in vivo imaging techniques, such as positron emission tomography (PET),
computed tomography (CT), magnetic resonance imaging (MRI), and single-photon emission
computed tomography (SPECT), are widely used adjunct to medical and surgical therapies or in
diagnostic/theranostic settings (/78). In general, these techniques are divided into two categories:
anatomical and functional imaging. Based on the application, they can be utilized as single or
hybrid modalities (i.e., PET/CT, PET/MRI, SPECT/CT). Anatomic imaging (CT and MR) provide
great structural detail, while functional imaging (PET and SPECT) provides information about
biological behavior (179, 180).

1.5.1. Integrated PET/CT imaging

PET utilizes molecular probes that are labeled with positron emitting radioisotopes to
image and quantify functional processes in vivo. These probes are called radiotracers and are used
to visualize and measure physiological, metabolic, biochemical, and tumorigenic processes.
Depending on the application and target within the body, different tracers are used for different
purposes. A PET scanner can image positron emitting radionucleotides such as Fluorine-18,
Carbon-11, lIodine-124, and Oxygen-15 at a spatial resolution of 2-5mm (/87). The emitted
positron encounters an electron, which leads to an annihilation reaction resulting in two photons
of 511 keV, each with trajectories 180 degrees opposing each other. The PET/Gamma detectors
accept coincident photons that hit the opposite sides of the rings within nanoseconds, thus
improving the sensitivity of detection. By knowing the specific activity of the radiotracer (mCi/ug),
the concentration of the delivered radiolabel to the tissue can be determined (179, 180).

Advances in the processing power of computers along with volumetric x-ray imaging led

to the development of CT imaging. CT generates 3D reconstructions of high resolution multiplane
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x-ray images using advanced computationally expensive image reconstruction algorithms.
Incorporating advanced camera technologies such as multi-detector CT (MDCT) yields even
higher spatial resolution with shorter scan times (/82, 183). Each imaging modality has its own
benefits and limitations. Hence, a combinatorial approach will be more powerful. PET imaging is
limited by its relatively low spatial resolution and a lack of a clear anatomical reference which
makes it difficult to accurately localize anatomic structures or accumulation of radiolabel. This is
particularly important in oncological studies, which require the differentiation of radiolabel
accumulation between healthy and pathological anatomical substrates. This can be achieved by
combining this analytical imaging modality with an anatomical imaging technique such as CT that
can give information about the structures. The development of software fusion algorithms permits
the registration and merging of images acquired independently with high accuracy (/84).
Development of in-line CT and PET by integrating PET-CT systems in which the scanners are
placed in tandem, allowing for sequential imaging, has led to absolute quantification of the
radiolabel within a given intrinsic visceral organ (/85).
1.6 Dissertation overview

The organization of the dissertation is as follows. Targets of cellular origin have become
an important area of study with respect to antibody-dependent cellular phagocytosis (ADCP) due
to the recent advent of monoclonal antibody therapeutics. Therapeutic antibodies opsonize the
target and mediate the killing of tumor cells. However, the process involved after these antibodies
opsonizing the tumor cells leading to degradation is not well established. In Section 2, the fate of
antibody-opsonized tumor cells after undergoing whole-cell phagocytosis was studied using live-

cell imaging microscopy. A vacuole-like structure was identified using various imaging modalities
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and was found to be facilitating the degradation of large phagosomes with antibody-opsonized
cancer cells.

In Section 3, a detailed analysis pipeline for imaging the trafficking behavior of single
molecules interacting with its immediate cellular structures (here sorting endosomes) using remote
focusing multifocal plane microscopy (rMUM) was studied. Remote focusing multifocal plane
microscopy (rMUM) is an advanced imaging approach capable of three dimensional single
molecule tracking and imaging of its cellular context at the same time. Two FcRn-inhibitors were
imaged, and their interaction with sorting endosomes were studied in HMEC-1 cells. The actual
single molecule trajectory of the single molecule interacting with the endosome was estimated for
the FcRn-inhibitors. This is made possible only when the trajectories are compensated for the
organelle's motion. This approach can be used to study different cellular contexts in biological
systems.

Section 4 describes an approach that enables the selective capture of radiolabeled-target
antibodies from the systemic circulation by engineered Fc-antigen protein and directing them to
degradation. PET (positron emission tomography) was used to image the clearance and distribution
of radiolabeled antibody in tumor-bearing mice. The contrast measures obtained from PET images

was used as a variable to quantify the effectiveness of the target antibody's clearance.
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2. PHAGOCYTOSIS OF ANTIBODY-OPSONIZED TUMOR CELLS LEADS TO THE

FORMATION OF A DISCRETE VACUOLAR COMPARTMENT IN MACROPHAGE™

2.1. Introduction

The process by which eukaryotic cells engulf and degrade particulate matter is known as
phagocytosis (97). Specialized phagocytes such as macrophages are particularly active in this
process. Fusion of endolysosomal compartments with the maturing phagosome as it acidifies
results in the delivery of degradative enzymes followed by the destruction of phagosomal contents
(103). Phagocytosed targets, such as mammalian cells, that approach the size of the phagocyte
comprise a large proportion of the cellular content of a phagocyte, and as such, present unique
challenges for degradation due to their relatively large size. By contrast with beads, which are
typically used as models for the study of phagocytic processes, phagocytosed cells contain
degradable content. Consequently, the release of metabolites such as amino acids during the
degradation process could induce osmotic stress within the phagosome, causing it to increase in
volume (/86). Hence, effector cells may employ specific mechanisms during the degradative
processing of cells within phagosomes in order to limit cellular stress.

The mechanistic target of rapamycin (mTOR) is a component of the mTOR complex 1 that
localizes to lysosomes and acts as a sensor of nutrient availability and growth factor signaling

(187, 188). Specifically, this pathway is responsive to the accumulation of amino acids in the

* Reprinted with minor modifications, with permission from “Phagocytosis of antibody-opsonized tumor
cells leads to the formation of a discrete vacuolar compartment in macrophages” by R. Velmurugan, S. Ramakrishnan,
M. Kim, RJ Ober, ES Ward, 2018. Traffic, vol. 19, no. 4, pp. 273-284, Copyright 2018 by The Authors (86).

T Part of this data reported in this Section is reprinted with permission from “Using Advanced Microscopy
Techniques for the Study of Macrophage-Cancer Cell Interactions in the Presence of Therapeutic Antibodies” by R.
Velmurugan, 2017. (Doctoral Dissertation) (275)
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lysosomal lumen (/89). This suggests that the degradation of cells within phagosomes, or in entotic
vacuoles that arise from live cell engulfment by neighboring cells (‘entosis’)(/90), may be
coordinated by the mTOR pathway, particularly in cases where the degradation process leads to
amino acid release (/97). Nevertheless, recent studies have revealed the complexity of the
pathways, including mTOR-independent processes,that play a role in entotic vacuole or
phagosome maturation and fission to generate lysosomes (/92—195).

The study of cellular phagosomes is directly relevant to antibody-dependent cellular
phagocytosis (ADCP) of targets such as tumor cells. Antibodies represent a rapidly expanding
class of therapeutics for the treatment of cancer (/96). The recognition of tumor-specific antigens
by therapeutic antibodies results in coating, or opsonization, of the cancer cells which can lead to
ADCP (88, 105). The presence of macrophages as the most abundant immune cell type in the
majority of tumors (/06), suggests that macrophage-mediated ADCP may contribute to the anti-
tumor effects of antibodies. Although macrophages can have pro-tumorigenic consequences,
results from multiple studies are consistent with a contribution of macrophage-mediated effector
activity to tumor cell death (83, 89, 197-201). Further, antigen can be processed from these
phagosomes and presented in the context of major histocompatibility complex class I or II
molecules to cognate T cells (202, 203). Hence, studying the maturation pathway of cellular
phagosomes is expected to be of direct relevance to the successful use of therapeutic antibodies
and induction of anti-tumor immunity.

In the current study, we have analyzed the fate of phagosomes containing antibody-
opsonized cancer cells within macrophages. Interestingly, we observe the formation of a distinct
phagosome-associated vacuole during phagosome maturation. This phagosome-associated

vacuole is separated from the phagosome by a barrier that selectively restricts diffusion of solutes
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between the two compartments based on their size. Further, vacuoles are not detected following
the phagocytosis of antibody-opsonized beads, indicating that cellular components within the
phagosome may regulate vacuole formation. In addition, vacuole enlargement was observed in the
presence of the mTOR inhibitor, torin 1. Collectively, our results suggest that this vacuole is a
common feature associated with the degradation of cellular targets by phagocytes.
2.2. Materials and methods
2.2.1. Cell lines and primary cells

The cell lines J774A.1 (Cat# TIB-67, RRID: CVCL _0358), SK-BR-3 (Cat# HTB-30,
RRID: CVCL_0033), Raji (Cat# CCL-86, RRID: CVCL_0511) and MDA-MB-453 (Cat# HTB-
131, RRID: CVCL _0418) were purchased from the American Type Culture Collection. The cell
lines were maintained in the following media supplemented with 10% fetal calf serum (FCS;
Catalog no. 100-106, Gemini Bioproducts): macrophages and Raji cells, phenol red-free
Dulbecco’s Modified Eagle Medium (11965-092); MDA-MB-453, RPMI-1640 (11875-093); SK-
BR-3, McCoy’s (16600082). All experiments were conducted in medium containing FCS depleted
of immunoglobulin G (47). Long-term live imaging of macrophages was performed in Leibovitz’s
L-15 medium (11415-064) containing 10% FCS. Media were purchased from Thermo Fisher
Scientific. Identities of the cancer cell lines were authenticated by short tandem repeat analysis
(University of Arizona Genetics Core). Human monocytes were purchased frozen (Catalog no.
1008, Astarte Biologics) or were purified from peripheral blood mononuclear cells (kindly
provided by Darrell Pilling, Texas A&M University) using the EasySep Human Monocyte
Enrichment Kit (Catalog no. 19059, Stemcell Technologies). The monocytes were cultured in
DMEM containing 10% FCS supplemented with 50 ng/ml macrophage-colony stimulating factor

(Catalog no. 300-25, Peprotech) in MatTek glass bottom dishes (Catalog no. P35G-1.5-10-C).
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Bone marrow-derived macrophages were isolated from C57BL/6J mice (purchased from The
Jackson Laboratory) as described previously (204).
2.2.2. Antibodies and other reagents

Clinical-grade trastuzumab, rituximab and IVIG (Gammunex) were obtained from the UT
Southwestern Pharmacy. Trastuzumab and rituximab were labeled using Alexa 488 or 555 labeling
kits (Thermo Fisher Scientific). The antibodies were labeled with 3-5 fluorophores per protein
molecule. Trastuzumab was biotinylated as described previously (25). Lysotracker Red (L7528),
LysoSensor Blue DND-192, Alexa 488, 555, 647 and pHrodo Red-labeled dextran (10 kDa
molecular weight; D-22910, D34679, D-22914 and P10361, respectively), FM 4-64FX (F34653),
Alexa 555-labeled human transferrin (T35352), Alexa 647-labeled Annexin V (A23204), Alexa
488, 555 and 647-labeled goat anti-rabbit IgG (H+L) secondary antibody (A-11034; RRID:
AB 2576217, A-21429; RRID: AB 141761 and A-21245; RRID: AB 2535813, respectively),
Alexa 647-labeled goat anti-mouse IgG (H+L) secondary antibody (A-21236; RRID: AB_141725)
and F(ab')>-goat anti-human IgG (H+L) secondary antibody conjugated Qdot 655 nanoparticles
(Q-11221MP; RRID: AB 2556468) were purchased from Thermo Fisher Scientific. Rabbit
monoclonal antibodies specific for phosphorylated S6 ribosomal protein (D68F8; Cat#5364,
RRID: AB 10694233), specific for phosphorylation at Ser240 and Ser244 residues and mTOR
(Clone 7C10; Cat# 2983, RRID:AB_2105622) were purchased from Cell Signaling Technology.
Rat anti-mouse LAMP-1 (Cat#1D4B; RRID: AB 2134500) was purchased from the
Developmental Studies Hybridoma Bank. FITC-labeled rat anti-mouse CD45 (Clone 30-F11,Cat#
553079; RRID: AB 394609) was purchased from BD Biosciences. Tetramethylrhodamine
isothiocyanate-labeled dextran with average molecular weights of 155 kDa (T1287) or 65-85 kDa

(represented as 75 kDa; T1162) were purchased from Sigma-Aldrich. Torin 1 (235-t-7887) was
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purchased from LC Labs. 10 pm-diameter streptavidin-coated beads (CPOI1N) were purchased
from Bangs Laboratories. All experiments were performed in cells plated in MatTek glass bottom
dishes.
2.2.3. Sample pretreatment

For imaging phagosomes containing engulfed cancer cells, macrophages were first plated
in MatTek glass bottom dishes. J774A.1 macrophages were plated overnight in the presence of 25
ng/ml murine interferon-y (Catalog no. 315-05, Peprotech). Mouse bone marrow-derived
macrophages were similarly activated overnight with interferon-y. Purified human monocytes
were directly plated in MatTek glass bottom dishes 6 days prior to the experiment. Human
macrophages were activated with human interferon-y overnight. To label the lysosomes of
macrophages with dextran, the macrophages were incubated with medium containing 100 pg/ml
labeled dextran for 1 hour, washed and incubated with medium for 2-4 hours prior to the addition
of target cells. To label cancer cell lysosomes with dextran, cells were either pulse-chased (2 hours
pulse, 4 hours chase) or incubated for 12 hours with 100 pug/ml dextran, followed by incubation
with medium for 4 hours prior to addition to the macrophages.

2.2.4. Phagocytosis of cancer cells by macrophages

The cancer cells were harvested from flasks by mild trypsinization, washed and incubated
with 10 pg/ml labeled opsonizing antibody for 10 minutes at room temperature. The cells were
then washed twice with phosphate-buffered saline (PBS) followed by re-suspension in medium.
Cancer cells were added to macrophages at 1:0.875 effector:target ratios (35,000 target cells were
added to 40,000 plated macrophages in 10 mm MatTek glass bottom dishes) and incubated for
various time points before imaging. When indicated in the Figure legends, the medium in the

dishes was replaced with medium containing 10 mg/ml IVIG to block further phagocytosis
30



following one hour of co-culture. In a subset of experiments, Lysotracker Red (2 nM) and
Lysosensor Blue (50 nM) were added to the medium and incubated at room temperature for 5
minutes to label the acidic compartments. For immunofluorescence using J774A.1 macrophages,
cells were fixed in 1:1 methanol:acetone at -20 'C for 5 minutes.
2.2.5. Flow cytometry analyses

For flow cytometry analyses, co-cultures of macrophages and cancer cells were prepared
as described above. One hour later, 10 mg/ml IVIG was added to block further phagocytosis and
cells were treated with 100 nM torin 1 or vehicle (DMSO) for an additional 6 hours. As controls,
MDA-MB-453 cells treated with rituximab (anti-CD20) and MDA-MB-453 cells without antibody
were used. Following the incubation, cells were harvested, fixed with 2% paraformaldehyde for
10 minutes at 37 °C, permeabilized with methanol for 30 minutes at -20 °C, and stained with FITC-
labeled mouse CD45-specific antibody and rabbit monoclonal antibody specific for pS6. Alexa
647-labeled anti-rabbit antibody was used to detect the pS6-specific antibody. Following staining
and washing, stained cells were analyzed using flow cytometry (Accuri). Flow cytometry data
were processed using FlowJo software (FlowJo, RRID: SCR_008520).

2.2.6. EM sample preparation

Cells were fixed on gridded MatTek dishes (Catalog no. P35G-1.5-14-CGRD-D) with
2.5% (v/v) glutaraldehyde in 0.1M sodium cacodylate buffer. After three rinses in 0.1 M sodium
cacodylate buffer, they were post-fixed in 1% osmium tetroxide and 0.8 % K3[Fe(CN6)] in 0.1 M
sodium cacodylate buffer for 1 h at room temperature. Cells were rinsed with water and en bloc
stained with 2% aqueous uranyl acetate overnight. After three rinses with water, specimens were
dehydrated with increasing concentrations of ethanol, infiltrated with Embed-812 resin and

polymerized in a 60°C oven overnight. Blocks were sectioned with a diamond knife (Diatome) on
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a Leica Ultracut UC7 ultramicrotome (Leica Microsystems) and collected on copper grids,
followed by post-staining with 2% uranyl acetate in water and lead citrate. Images were acquired
using a Tecnai G2 Spirit transmission electron microscope (FEI) equipped with a LaB6 source
using a voltage of 120 k'V.
2.2.7. Microscope configurations

For single time-point imaging, images were acquired using a Zeiss Axiovert 200M inverted
fluorescence microscope with a Zeiss 63x/1.4NA Plan Apochromat objective as described
previously (67). Long-term live imaging of the formation of the vacuole was imaged using a Zeiss
Axio Observer.Al body and a Zeiss 63x/1.4NA Plan Apochromat objective. The sample was
illuminated with a 488-nm solid-state laser (Coherent) for Alexa 488 excitation and a 543-nm
diode laser (Opto Engine LLC) for Alexa 555 excitation. The illumination was directed to the
sample and fluorescence filtered back using a polychroic beam splitter/emission filter combination
(488/543/633 RPC and 488/543 M; Chroma Technology Corporation). The fluorescence emission
was detected using an Andor iXon EMCCD camera (Andor Technologies). The cameras were run
on conventional gain mode and images were acquired in two colors along with a transmitted light
image at an acquisition rate of 1 block per minute. Camera acquisition and shuttering of excitation
lasers were controlled using custom acquisition software written in LabWindows/CV1 (National
Instruments Corporation). The acquired images were registered and processed using the
Microscopy Image Analysis Tool (http://wardoberlab.com/software/miatool)(205) implemented
in MATLAB (MathWorks, Inc; RRID: SCR 001622). The temperature and humidity in the
microscope system were maintained by a caged temperature-control system (OKOlabs). Long-
term imaging of the degradation of the vacuoles, the imaging of LysoSensor and of the different

molecular weight dextrans were performed using a Nikon A1R confocal microscope equipped with
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a 60X 1.4 NA Plan Apo objective and a temperature-control system. The acquired images were
exported to TIFF format and processed with Microscopy Image Analysis Tool as described above.
2.2.8. Statistical analyses

Tests for statistical significance between groups were carried out using student’s z-test or
one-way ANOVA with Tukey's multiple comparison test in GraphPad Prism software, V6.0
(http://www.graphpad.com, RRID: SCR_002798). p values of less than 0.05 were considered to
be significant.

2.3. Results
2.3.1. Identification of a phagosome-associated vacuole

Initially, we used live cell microscopy to analyze the phagocytic process involving J774A.1
macrophages as effectors and MDA-MB-453 breast cancer cells as targets. MDA-MB-453 cells
were opsonized with Alexa 555-labeled HER2-specific antibody (trastuzumab) and co-incubated
with macrophages that had been preloaded with Alexa 647-labeled dextran to identify lysosomes.
At approximately three hours following phagocytosis, we observed the formation of a vacuole-
like structure with a clear phase-contrast profile adjacent to the phagosome (Figure 2.1 A). Time-
lapse images showed a gradual increase in the size of this vacuole over 2-6 hours (Figure 2.1 A).
We observed that the vacuole and phagosome were positive for both Alexa 647 and Alexa 555
fluorophores (Figure 2.1 B), indicating that the vacuole contains both lysosomal components and
opsonizing antibody (fragments) derived from the macrophages and cancer cells, respectively. In
addition, the proportion of labeled dextran derived from macrophage lysosomes that is associated
with phagosome/vacuole compartments relative to that in ‘free’ lysosomes in macrophages was
quantitated and ranged from 20-60% (n=9), suggesting a high frequency of lysosomal fusion with

the phagosome and/or vacuole (Figure 2.1 C).
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We next investigated the time-course of the formation of the vacuole. Antibody-opsonized
target cells were mixed with macrophages, and intravenous immunoglobulin (IVIG) was added to
the conjugates following 1 hour to prevent further phagocytosis (by competitive inhibition of Fcy
receptor binding(89)). The numbers of phagosomes containing an associated vacuole following a
2,4, 6 or 8-hour incubation period following the addition of IVIG were quantitated by microscopy.
This quantitation showed that the percentage of phagocytosed cells with associated vacuoles is
maximal at ~75% (n = 150) at 6 hours following the addition of IVIG to block further phagocytosis,

and this percentage decreases to ~50% (n = 148) at 9 hours (Figure 2.1 D).
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Figure 2.1 Phagosomes containing cancer cells have associated vacuoles
A, MDA-MB-453 cancer cells were opsonized with Alexa 555-labeled trastuzumab and co-

incubated with J774A.1 macrophages for 1 hour. The macrophages were preloaded with Alexa
647-labeled 10 kDa dextran. A macrophage containing a phagocytosed target cell was identified
and imaged live for 12 hours. The images show transmitted light and dextran fluorescence for this

macrophage at the indicated time points following the start of imaging. B, Fluorescent and DIC

35



images of a phagosome from a sample prepared as in A following a 4.5-hour incubation. Alexa
555 (trastuzumab) is pseudocolored red, and Alexa 647 (dextran) is pseudocolored green. The
right-hand panel shows a schematic diagram of the approximate location of the phagosome-
associated vacuole (green), the phagosome containing the corpse of the target cell (orange) and the
boundary of the macrophage (gray). C, J774A.1 macrophages were preloaded with Alexa 488-
labeled 10 kDa dextran and co-incubated with MDA-MB-453 cancer cells opsonized with
trastuzumab for 6 hours. z-stack images of cells (n = 9 phagosomes) were taken and the proportion
of labeled dextran associated with the phagosome/vacuole compartments relative to that in ‘free’
lysosomes in macrophages was quantitated. Error bars represent standard errors. D, MDA-MB-
453 cells were opsonized with Alexa 488-labeled trastuzumab and co-incubated with J774A.1
macrophages preloaded with Alexa 647-labeled 10 kDa dextran. After co-incubation for 1 hour,
10 mg/ml IVIG was added to prevent further phagocytic activity. Fluorescent and DIC images of
the phagosomes were then taken at the indicated time points following IVIG addition, and the
phagosomes with an associated vacuole were counted. Error bars represent standard errors. E,
MDA-MB-453 cancer cells were preloaded with FITC-labeled CFSE, UV-irradiated for 3 hours
to induce apoptosis and subsequently co-incubated with J774A.1 macrophages for 1 hour followed
by the addition of 10 mg/ml IVIG and incubation for a further 6 hours followed by imaging.
Fluorescent and DIC images are shown. F, Streptavidin-coated beads (10 pm diameter) were
opsonized with biotinylated trastuzumab, washed and added to J774A.1 macrophages. The
macrophages were preloaded with Alexa 647-labeled 10 kDa dextran. The cells were subsequently
incubated for 1 hour followed by the addition of 10 mg/ml IVIG and incubation for a further 6
hours followed by imaging. Fluorescent and DIC images are shown. Yellow arrows in A and E
indicate the position of the vacuole. For panels A, B, E and F, images of representative cells from
at least 12 cells are shown. Data for all panels are representative of at least two independent

experiments. Scale bars =5 um.

We also analyzed whether vacuoles form following the engulfment of apoptotic bodies by
macrophages. Target cells were exposed to UV irradiation to induce apoptosis, and the resulting

apoptotic bodies were incubated with macrophages for 7 hours followed by microscopy analyses
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(n = 68 apoptotic vacuoles; Figure 2.1 E). Flow cytometric analyses using fluorescently labeled

annexin V confirmed the induction of apoptosis (Figure 2.2).
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Figure 2.2 Flow cytometric analyses of induction of apoptosis in MDA-MB-453 cancer cells
MDA-MB-453 cancer cells were plated overnight and UV-irradiated for 3 hours, followed by

harvesting of non-adherent cells/apoptotic bodies. As a control, cells were not exposed to UV
irradiation and harvested by trypsinization. Cells/apoptotic bodies were stained with Alexa 647-
labeled Annexin V. Histogram plot shows flow cytometry analyses for control and apoptotic cells.

Data shown are representative of two independent experiments.

These studies revealed that vacuoles form adjacent to phagosomes containing apoptotic

bodies. Interestingly, by contrast with phagocytosed cancer cells or apoptotic bodies, vacuoles
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were not detected in macrophages that had phagocytosed streptavidin coated, 10 pm diameter latex
beads coupled to biotinylated trastuzumab (n = 128 phagocytosed beads; Figure 2.1F).
2.3.2. The phagosome and vacuole are LAMP-1+ and their contents are redistributed
into lysosomes

Consistent with the fusion of lysosomes with maturing phagosomes and associated
vacuoles, staining of macrophages following phagocytosis of cancer cells with a LAMP-1-specific
antibody demonstrated that the limiting membranes of both phagosomes and vacuoles have
associated LAMP-1 (Figure 2.3 A). By contrast with the analyses of lysosomal markers, pulsing
of J774A.1 macrophage: MDA-MB-453 co-cultures with Alexa 555-labeled transferrin indicated
that phagosomes and associated vacuoles do not have detectable levels of this early/recycling
endosomal marker (Figure 2.3 B).

To further characterize the fate of the vacuole, co-cultures of macrophages and opsonized
cancer cells were incubated for 6 hours and phagosome-associated vacuoles in these samples were
analyzed by long-term live cell imaging. In this experiment, the lysosomes of the target cells were
labeled instead of trastuzumab, to distinguish phagocytosis from trogocytosis (‘nibbling,' in which

membrane fragments, but not lysosomes of the target cell accumulate in macrophages)(89, 124,

206).
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Figure 2.3 The phagosome and vacuole are LAMP-1+ and their contents are redistributed
throughout the lysosomal network of the macrophage
A, MDA-MB-453 cancer cells were opsonized with Alexa 488-labeled trastuzumab and co-

incubated with J774A.1 macrophages for 1 hour followed by addition of 10 mg/ml IVIG and
incubation for a further 6 hours. Cells were fixed, permeabilized, and LAMP-1 was detected using
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a LAMP-1 specific antibody followed by an Alexa 647-labeled secondary antibody. Fluorescent
and DIC images are shown, with Alexa 488 (trastuzumab) pseudocolored red, and Alexa 647
(LAMP-1) pseudocolored green. B, MDA-MB-453 cancer cells were opsonized with Alexa 488-
labeled trastuzumab and co-incubated with J774A.1 macrophages for 1 hour followed by addition
of 10 mg/ml IVIG and incubation for a further 6 hours. Cells were pulsed with 10 pg/ml Alexa
555-labeled human transferrin at 37 °C for the last 10 minutes of the incubation and then cells were
washed and imaged as live cells. Fluorescent and DIC images are shown, with Alexa 488
(trastuzumab) pseudocolored red and Alexa 555 (transferrin) pseudocolored green. C, MDA-MB-
453 cancer cells opsonized with trastuzumab were co-incubated with J774A.1 macrophages. The
cancer cells were preloaded with Alexa 555-labeled 10 kDa dextran (pseudocolored green), and
the macrophages were preloaded with Alexa 488-labeled 10 kDa dextran (pseudocolored red).
Imaging (fluorescence and DIC) was initiated 6 hours following the start of the co-incubation. The
panels show 4 frames from the time series, with times corresponding to each frame indicated.
Yellow arrows in A and B indicate the position of the vacuole. Images of representative cells from

at least 14 cells and 2 independent experiments are shown. Scale bar =5 pm.

Time-lapse images from long-term imaging reveal that as the phagosome-associated
vacuoles begin to decrease in size around 8 hours, the dextran originating from the target cell,
which was initially present in both the phagosome and the vacuole, redistributes throughout the
lysosomal network of the macrophage during the following 14 hours (Figure 2.3 C). Similar results
were obtained when the lysosomes in cancer cells, but not in macrophages, were labeled with
Alexa 488-labeled dextran (Figure 2.4). These analyses indicate that the phagosome-associated
vacuole is a temporary structure formed during the maturation of phagosomes and that the contents

of the vacuole are subsequently redistributed into the lysosomal network.
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Figure 2.4 Redistribution of cancer cell content into the lysosomal network of macrophages
MDA-MB-453 cells were pulse-chased (2 hours pulse, 4 hours chase) with 100 pg/ml Alexa 647-

labeled 10 kDa dextran (pseudocolored green) to label lysosomes, followed by opsonization with
Alexa 555-labeled trastuzumab (pseudocolored red) and co-incubation with J774A.1 macrophages
for 24 hours. Fluorescent and DIC images of a representative cell from at least 16 cells and 2

independent experiments are shown. Scale bar =5 pm.

2.3.3. The phagosome and vacuole are discrete compartments

To investigate whether the vacuole is lysosomal in nature, we treated samples containing
phagosome-associated vacuoles with the dye LysoTracker Red, which is membrane permeant and
accumulates through trapping by protonation in acidic compartments, including lysosomes(207).
Interestingly, although the phagosome was, as expected from earlier studies(/91/), positive for
LysoTracker, the dye was undetectable in the phagosome-associated vacuole (Figure 2.5 A). To
further explore the properties of the vacuole, we treated the samples with LysoSensor Blue DND-
192, that is also membrane permeant and protonated in acidic compartments(208). As expected,
the phagosome was positive for LysoSensor Blue fluorescence. Although the intensity of the
LysoSensor staining in the vacuole was lower relative to that in the phagosome, LysoSensor signal
could be detected in the vacuolar region, by contrast with very low to undetectable levels of

LysoTracker signal (Figure 2.5 B).
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Figure 2.5 The vacuole contains membranous subcompartments
A, MDA-MB-453 cells were opsonized with Alexa 488-labeled trastuzumab (pseudocolored red),

added to J774A.1 macrophages preloaded with Alexa 647-labeled 10 kDa dextran (pseudocolored
blue), and incubated for 13 hours. Lysotracker Red (pseudocolored green) was then added to the
medium, and the cells were imaged (transmitted light and fluorescence). The inset in the center
panel corresponds to an enlargement of the cropped area (dotted lines) to show the region of
interest with enhanced contrast. B, MDA-MB-453 cells were opsonized with trastuzumab and co-

incubated with J774A.1 macrophages, and incubated for 6 hours. LysoSensor Blue (pseudocolored
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red) and LysoTracker Red (pseudocolored green) were then added to the medium, and the cells
were imaged (fluorescence and DIC). C, MDA-MB-453 cells opsonized with trastuzumab were
added to J774A.1 macrophages, incubated for 6 hours, fixed and processed for EM. An EM image
of a phagosome with associated vacuoles is shown (representative of 9 phagosomes). D, MDA-
MB-453 cells were harvested, labeled with the FM 4-64FX dye (pseudocolored green), opsonized
with Alexa 488-labeled trastuzumab (pseudocolored red) and co-incubated with J774A.1
macrophages. Co-cultures were then incubated for 6 hours and imaged (fluorescence). E, MDA-
MB-453 cancer cells opsonized with trastuzumab were co-incubated with J774A.1 macrophages
that were preloaded with an equimolar mixture of pH-insensitive Alexa 488- and pH-sensitive
pHrodo Red-labeled 10 kDa dextran (50 pg/ml each) for 1 hour followed by addition of 10 mg/ml
IVIG and incubation for a further 6 hours. Fluorescent and DIC images are shown, with a line
drawn across the phagosome/vacuole. Line intensity plot represents the normalized intensity
between the two fluorescent signals (Alexa 488 and pHrodo Red, shown in blue and red,
respectively) detected along the yellow line. Data for each fluorophore are normalized against the
maximum signal level. The ratio of fluorescent intensities in the phagosomes and vacuoles were
quantitated and 60% (n = 110) of vacuoles were found to have lower pHrodo Red:Alexa 488
intensity ratios compared with adjacent phagosomes. Yellow arrows in A, B, D and E indicate the
location of the vacuole, and images of representative cells from at least 39 cells and 2 independent

experiments are shown. Scale bars =5 um (A, B, D and E) or 1 um (C).

Although the vacuole had very low to undetectable levels of fluorescent signal from
LysoTracker, we detected higher levels of fluorescence around the limiting membrane of the
vacuole, suggesting that this membrane might be multilamellar (Figure 2.5 A, inset). Hence, to
further understand the ultrastructural properties of the vacuole, we prepared specimens of
phagocytosed target cells for analysis using transmitted electron microscopy (TEM). EM images
showed that the vacuoles had very low density compared with the surrounding cytoplasm, whilst

the target cell corpse had a morphology analogous to that observed by others for cellular
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phagosomes (Figure 2.5 C) (209). The EM images of the vacuole also displayed membrane-limited
subcompartments within this structure. To determine whether these membrane subdivisions are
also found inside phagosome-associated vacuoles in live specimens, the target cells were labeled
with the membrane dye FM 4-64FX before co-incubation with the macrophages. Analyses of
phagosome-associated vacuoles with these FM dye-labeled targets revealed that this dye labeled
the limiting membranes of subcompartments within the vacuolar region (Figure 2.5 D).

To further investigate whether the phagosome and vacuole have distinct properties, we
preloaded macrophages with an equimolar mixture of Alexa 488- and pHrodo Red-labeled 10 kDa
dextran prior to co-incubation with antibody-opsonized tumor cells. The fluorescent signal of
pHrodo Red increases as the pH becomes more acidic, whereas that of Alexa 488 is constant across
a broad pH range of 4-10 (270). The ratios of fluorescent intensities of pHrodo Red:Alexa 488 in
the phagosomes and vacuoles were determined, and for 60% (n = 110) of vacuoles were found to
be lower than those of adjacent phagosomes, whereas for the remaining 40%, the ratio was similar
in both compartments (Figure 2.5 E, Figure 2.6). Collectively, these data suggest that the pH of

the vacuole can be higher than that of the phagosome.
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Figure 2.6 Status of pH in the phagosome and associated vacuole using pH-sensitive and
insensitive dye conjugated dextran
J774A.1 macrophages preloaded with dextran were co-incubated with MDA-MB-453 cancer cells

opsonized with trastuzumab as described in the legend for Fig. 2.5E. Fluorescent and DIC images
are shown, with a line drawn across the phagosome/vacuole. Line intensity plot represents the
normalized intensity for the two fluorescent signals (Alexa 488 and pHrodo Red, shown in blue
and red, respectively) detected along the yellow line. Data for each fluorophore are normalized
against the maximum signal level. The ratio of fluorescent intensities in the phagosomes and
vacuoles were quantitated and 40% (n = 110) of vacuoles were found to have similar pHrodo
Red:Alexa 488 intensity ratios in both the vacuole and adjacent phagosome. Yellow arrows
indicate the location of the vacuole, and images of a representative cell from 110 cells and 3

independent experiments are shown. Scale bar =5 pm.
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2.3.4. The vacuole and phagosome are separated by a semi-permeable membrane

In combination with the EM data, the differential accumulation of LysoTracker and
LysoSensor in the vacuole suggested that the phagosome and vacuole are discrete compartments.
However, the accumulation of Alexa Fluor dye following phagocytosis of cancer cells opsonized
with Alexa 555-labeled trastuzumab indicated that some macromolecules could transfer between
the compartments. To investigate whether the barrier between these two compartments limits
movement of solutes above a particular size threshold, we labeled the surface of target cells with
QDot 655-labeled trastuzumab. These quantum dot nanoparticles have an approximate diameter
of 20 nm (271). Vacuoles associated with phagosomes containing target cells did not contain any
quantum dots, indicating that the barrier is impermeant to these nanoparticles (Figure 2.7 A).

Previous studies have used fluorescently labeled dextrans of different molecular weights
to investigate the effect of size on subcellular transport processes (e.g. phagosomal-lysosomal and
lysosomal fusion) (212, 213). We therefore labeled the lysosomes of the macrophage with
fluorescent dextrans of different molecular weights (65-85 kDa, referred to as 75 kDa, and 155
kDa) and subsequently co-incubated these cells with trastuzumab-opsonized cancer cells. As a
control, lysosomes of the macrophage were also labeled with 10 kDa dextran. When 75 kDa and
10 kDa dextrans were preloaded together in macrophage lysosomes, both dextrans accumulated in
the vacuoles (n =40) to similar levels (Figure 2.7 B). However, when 155 kDa and 10 kDa dextrans
were preloaded together in macrophage lysosomes, the accumulation of 155 kDa dextran was
substantially lower compared with 10 kDa dextran in the majority (81%, n = 71 phagosomes) of

the vacuole compartments. The differential vacuolar localization of these dextrans and quantum
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dot nanoparticles indicates that the barrier between the phagosome and the vacuole can exclude

the transfer of molecules/particles above a particular size threshold.

A

Figure 2.7 The vacuole is separated from the phagosome by a semi-permeable barrier
A, MDA-MB-453 cells were opsonized with Alexa 488-labeled trastuzumab (pseudocolored red)

and counterstained with anti-human Fab-conjugated QDot 655 quantum dot nanoparticles
(pseudocolored green). The cells were co-incubated with J774A.1 macrophages for 6 hours,
followed by imaging (fluorescence). Yellow arrows indicate the location of the vacuole. B, MDA-
MB-453 cells were opsonized with trastuzumab and co-incubated with J774A.1 macrophages for
6 hours followed by imaging (fluorescence and DIC). The macrophages were preloaded with
Alexa 647-labeled 10 kDa dextran (pseudocolored red) and TRITC-labeled dextran of 75 or 155
kDa molecular weight (pseudocolored green) as indicated. Images of representative cells from at

least 22 cells and 2 independent experiments are shown. Scale bars =5 um.
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2.3.5. Formation of the phagosome-associated vacuole is independent of the effector or
target cell-type
Using LysoTracker to differentiate the phagosome-associated vacuole from the
phagosome, we investigated whether the phagosome-associated vacuole is observed for other
macrophage:cancer cell couples. Target cells were co-incubated with bone marrow-derived
macrophages and human monocyte-derived macrophages. Similar vacuole structures were
associated with phagosomes for all macrophage types (Figure 2.8 A,B). The vacuole was also
observed when trastuzumab-opsonized SK-BR-3 breast cancer cells or anti-CD20 (rituximab)-
opsonized Raji B cells were used as targets, indicating that the formation of this structure is not

dependent on the target cell type or the specificity of the opsonizing antibody (Figure 2.8 C).
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Figure 2.8 Phagosome-associated vacuoles are observed with multiple effector and target cell

types
A, MDA-MB-453 cells opsonized with Alexa 488-labeled trastuzumab (pseudocolored red) were

co-incubated with mouse bone marrow-derived macrophages for 6 hours, followed by addition of
Lysotracker Red (pseudocolored green) and imaging (fluorescence and DIC). B, MDA-MB-453
cells opsonized with Alexa 647-labeled trastuzumab (pseudocolored red) were co-incubated with
human monocyte-derived macrophages for 6 hours and treated/analyzed in for panel A. C, Raji B
cells opsonized with Alexa 647-labeled rituximab or SK-BR-3 cells opsonized with Alexa 488-
labeled trastuzumab (pseudocolored red) were co-incubated with J774A.1 macrophages for 4.5

hours or 6 hours, respectively, and treated/analyzed as in panel A. Yellow arrows in A-C indicate
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the location of the vacuole. Images of representative cells from at least 34 cells and 2 independent

experiments are shown. Scale bars =5 um.

2.3.6. The mTOR pathway regulates the size of phagosome-associated vacuoles

The mTOR pathway affects lysosomal biogenesis, with high levels of amino acids leading
to the inhibition of transcription of genes associated with lysosome formation (188, 214, 215). In
addition, mTOR inhibition has been shown to reduce fission of the entotic vacuole, a structure that
is observed following engulfment of live (non-opsonized) cells by adjacent cells during
carcinogenesis or development. We therefore investigated whether treatment with the mTOR
inhibitor, torin 1, affected the size of the vacuoles. Phagosome-associated vacuoles were observed
in the presence of torin 1 (Figure 2.9 A), and their size was greater in torin 1-treated cells relative
to control cells (Figure 2.9 B). Fluorescence microscopy analyses also demonstrated that mTOR
was present on the limiting LAMP-1+ membranes of the phagosome and associated vacuole for
phagocytosed cancer cells (Figure 2.9 C), consistent with mTOR activation (2/6). By contrast, the
levels of mTOR surrounding phagocytosed beads were substantially lower (Figure 2.9 C). In
addition, the intracellular levels of phosphorylated S6 ribosomal protein (pS6), an indicator of
mTOR activation, were analyzed in macrophages using an antibody specific for mouse/human
pS6. Co-incubation of macrophages with antibody-opsonized tumor cells for 7 hours resulted in
increased pS6 levels in macrophages compared with those in control samples or samples treated
with torin 1 (Figure 2.9 D). Taken together, these data suggest that although mTOR signaling

occurs during phagosome/vacuole maturation following phagocytosis of cancer cells, inhibition of
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this pathway with torin 1 appears to affect phagosome/vacuole fission but does not prevent vacuole

generation.
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Figure 2.9 Inhibition of the mTOR pathway results in increased vacuole size
A, MDA-MB-453 cells opsonized with Alexa 488-labeled trastuzumab (pseudocolored red) were

co-incubated with J774A.1 macrophages for 1 hour. The cells were then treated with 100 nM torin
1 or vehicle (DMSO) in the presence of 10 mg/ml IVIG and incubated for 6 hours. LysoTracker
Red (pseudocolored green) was then added to the medium and cells were imaged. Fluorescent and
DIC mages show representative vacuoles observed for each treatment condition. B, the size of the
vacuoles was quantitated by manually segmenting the areas positive for trastuzumab and negative
for LysoTracker Red surrounding each phagosome (n = 50 vacuoles) and counting the number of
pixels covered by these segmentations. Error bars represent standard errors. The groups were
compared using student’s t-test, and ** indicates a statistically significant difference (p <0.01). C,
MDA-MB-453 cancer cells opsonized with Alexa 488-labeled trastuzumab (pseudocolored green)
or streptavidin-coated beads (10 pm diameter) opsonized with biotinylated trastuzumab were co-

incubated with J774A.1 macrophages for 1 hour followed by addition of 10 mg/ml IVIG and
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incubation for a further 6 hours. Cells were fixed, permeabilized and incubated with LAMP-1- and
mTOR-specific antibodies followed by Alexa 647- and Alexa 555-labeled secondary antibodies,
respectively. Fluorescent and DIC images are shown. D, MDA-MB-453 cells treated with
trastuzumab, rituximab (anti-CD20) or no antibody (as indicated) were co-incubated with J774A.1
macrophages for 1 hour. The cells were then treated with 100 nM torin 1 or vehicle (DMSO) in
the presence of 10 mg/ml IVIG and incubated for 6 hours, fixed, permeabilized, and incubated
with FITC-labeled mouse CD45-specific antibody and rabbit antibody specific for pS6 followed
by Alexa 647-labeled anti-rabbit (H+L) antibody. Averages of mean fluorescence intensities
(MFIs) are shown for triplicate or quadruplicate samples with error bars indicating SD. One-way
ANOVA analyses was carried out followed by a Tukey’s multiple comparisons test between all
sample pairs with a confidence interval of 95%. Horizontal lines indicate the groups compared,
and * indicates statistically significant differences (p <0.05). Data shown are representative of two
independent experiments. Yellow arrows in A and C indicate the location of the vacuole, and
images of representative cells from at least 35 cells and 2 independent experiments are shown.

Scale bars =5 pm.

2.4. Discussion

In the current study, we describe a vacuolar structure that is formed during phagosomal
maturation following macrophage-mediated phagocytosis of antibody-opsonized cancer cells.
This vacuole is observed for three different macrophage:cancer cell combinations, suggesting that
it is a universal structure associated with the phagocytic degradation of cellular targets. Although
luminal space can be seen between the phagosomal ‘body’ and the limiting membrane of the
phagosome in earlier electron micrographs, the space appears to be contiguous with the phagosome
(186, 209, 217). By contrast, using EM and analyses of the differential accumulation of lysosomal
tracers we demonstrate that the phagosome-associated vacuole described here is a discrete
membrane-limited compartment (Figure 2.10).

52



Formation of Lysosome- Vacuole formation istributi
the phagosome phagosome fusion Eeeci;?stggg%%nl Egt(\)ryc?rrll

Figure 2.10 Schematic representation of the formation of the phagosome-associated vacuole
Following internalization of an antibody-opsonized cell, the lysosomes of the macrophage fuse

with the phagosome. A distinct vacuole begins to form adjacent to the phagosome. Subsequently
the phagosome and the vacuole shrink and their constituents are redistributed throughout the

lysosomal network of the macrophage.

Interestingly, Lysosensor Blue (DND-192) but not LysoTracker Red can be detected in the
vacuole when these dyes are added shortly before microscopy analyses. However, fluorescence
from both of these dyes, which are membrane permeant and localize to acidic compartments, is
lower in the vacuole compared with the adjacent phagosome (278). Two possibilities could explain
this observation: first, the pH in the phagosome-associated vacuole may be higher than the pH in
the phagosomal lumen. Our ratiometric analyses of the intensities of dextrans labeled with pH-
sensitive and pH- insensitive fluors provide support for pH differences between the two
compartments. Second, the entry of LysoTracker and LysoSensor into the vacuolar and
phagosomal compartments may differ. For example, if the phagosome-associated vacuole is
encapsulated by multiple membrane layers, acidic pH in the lumen between these membrane layers

could result in accumulation of the acidotropic probes in this space and limit their diffusion into
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the vacuole. This possibility is supported by the detection of LysoTracker fluorescence
surrounding the vacuole. Nevertheless, the higher fluorescent signal for LysoSensor relative to
LysoTracker is likely to be due to the pH sensitivity of fluorescence of this dye.

We show that dextrans of distinct sizes are selectively excluded from the phagosome-
associated vacuole. Differential sorting of molecules in macrophages has been previously observed
to occur between lysosomes (2//7) and between lysosomes and phagosomes (212, 2719). These
studies led to the suggestion that such sorting might be caused by the diameter of the pores/tubules
formed during potential kiss-and-run events that transfer solutes from one compartment to another
(220). Our data indicates that similar interconnections may exist between the phagosome and the
associated vacuole. This is further supported by the exclusion of quantum dot nanoparticles from
the vacuole.

While the function of the phagosome-associated vacuole appears to be primarily related to
the controlled release of metabolites, additional functions may exist for this compartment. Early
studies have suggested that the size of the phagosome may correlate with the quantity of
metabolites it releases, due to excess osmotic pressure. Similarly, the phagosome-associated
vacuole could relieve such a buildup of osmotic pressure in a controlled manner. The differential
accumulation of various solutes between the phagosome and the vacuole suggest that the vacuole
may also act as a filter for the non-degradable or slowly degrading components of a large
phagosome, separating and sequestering them from the degradable components. This possibility
is supported by earlier reports suggesting that specialized lysosomal populations sequester such
components (122, 221).

Antigen presenting cells that are active in cross-presentation have been shown to maintain

a higher pH in the antigen-loading compartments than cells that do not cross-present their antigen,
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indicating that lower degradative rates are important for this process (121, 222, 223). Interestingly,
our data are consistent with a higher pH in the vacuole compared with the phagosome, suggesting
that this compartment could play a role in cross-presentation. Although macrophages are typically
regarded to be inefficient in this process, cross-presentation of antigen from target cells following
ADCP has been reported (202). Collectively, these observations suggest that the phagosome-
associated vacuole may, therefore, be important for this pathway.

Analyses of mTOR and its downstream effector, pS6, demonstrate both mTOR association
with the vacuole and increased pS6 levels in macrophages that contain antibody-opsonized tumor
cells. This raises the question as to how the transcription factor, TFEB, which regulates the
expression of a network of proteins involved in lysosomal biogenesis and function (214, 215),
retains sufficient activity to support lyso-some:phagosome formation, given that mTOR inhibits
TFEB activation (224, 225). Several recent studies demon-strate that mTOR-independent
pathways such as those involving Ca?*-mediated signaling and the Ca®" channel, transient receptor
potential mucolipin 1 (TRPMLI, also known as MCOLNI1), can play important roles in TFEB
activation and lysosome:phagosome fusion (/92—-194). Thus, the observation that phago-
some/vacuole formation occurs despite mTOR activation suggests that alternative pathways
leading to the enhancement of TFEB and lysosomal activity can override the counteracting effects
of mTOR activation (193, 194, 226).

In the current study, treatment of macrophage:cancer cell cultures with the mTOR inhibitor
torin 1 does not inhibit vacuole formation, consistent with earlier studies demonstrating that torin
1 does not affect the formation of the entotic vacuole (/917). Instead, incubation of macrophages
containing antibody-opsonized cancer cells with torin 1 results in the generation of larger vacuoles.

By analogy with the behavior of entotic vacuoles (/97), this indicates that vacuole fission to reform
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lysosomes is inhibited by mTOR blockade. Based on our current analyses, however, we cannot
exclude the possibility that mTOR inhibition also contributes to increased lysosome:phagosome
fusion due to elevated TFEB activation. In this context, the identification of an mTOR-independent
pathway for entotic vacuole fission involving PtdIns(3)P 5-kinase (PIK)fyve, a lipid kinase and its
downstream effector, the Ca** channel TRPMLI, indicate that this cation channel can play dual
roles in both the regulation of lysosomal activity and vacuole resolution (792, 193, 195).
Nevertheless, the increase in vacuole size that we observe in the presence of torin 1 suggests that
the PIKfyve pathway cannot fully compensate for the negative effect of mTOR inhibition on
vacuole fission.

The phagosome-associated vacuole appears to be specific for cellular targets since it was
not observed for antibody-opsonized beads. A primary factor that differentiates cancer cells from
other phagocytic targets such as beads is their composition, including the presence of
phospholipids and high concentrations (200 g/L(227)) of proteins. The role of phospholipid inter-
mediates in endosomal/lysosomal trafficking pathways (228, 229), combined with our data
demonstrating that mTOR activation in response to released amino acids is not a prerequisite for
vacuole generation, suggest that the presence of (phospho)lipids on the phagocytosed entity may
be necessary for vacuole formation. It is also possible that the rigidity of the phagocytosed particle
or cell affects vacuole development.

In summary, our study has identified a vacuole-like compartment that is associated with
maturing phagosomes containing antibody-opsonized cells. Importantly, we demonstrate that this
vacuole is separated by a semi-permeable membrane from the phagosome. Future studies will be
directed towards defining the role of this vacuole in antigen presentation and other cellular

processes related to phagocytosis.
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3. 3D SINGLE MOLECULE TRACKING OF ANTI-FCRN ANTIBODIES WITH ITS

CELLULAR CONTEXT USING AN ADVANCED IMAGING PLATFORM

3.1 Introduction

The neonatal Fc receptor (FcRn) plays an essential role in maintaining serum IgG
levels throughout the body (3, 72). IgG is internalized into cells by fluid-phase
endocytosis, binds to FcRn in early endosomes in a pH-dependent manner, followed by
the recycling/exocytic release of FcRn-bound IgG (Figure 3.1) (5, 40, 41). Consequently,
FcRn salvages internalized IgGs from degradation and maintains IgG homeostasis. FcRn
exhibits relatively high affinity binding to IgG at acidic, endosomal pH (pH~6.0), but
binds very poorly at near neutral pH ~7 (15, 21, 22). This pH-dependence is important for

the in vivo persistence of antibodies (25, 230).
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Figure 3.1: Model for FcRn mediated recycling of IgG

Multiple human autoimmune diseases, such as myasthenia gravis (MG) or immune
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thrombocytopenia purpura (ITP), are mediated by high levels of pathogenic IgGs. This
indicates that approaches to reduce IgG levels could have therapeutic benefit (237). These
IgG-mediated autoimmune diseases can be treated by B cell-depleting therapies or IVIg,
but such treatments are expensive and often have undesirable side effects (232). In
addition, B cell depleting antibodies such as rituximab that bind to CD20 do not deplete

long-lived CD20-negative plasmablasts (233, 234). Therefore, over recent years the



inhibition of FcRn has become an attractive therapeutic approach for autoimmune diseases
(49, 55, 58, 66). This approach has been accomplished by engineering antibodies to have
a higher affinity for binding to FcRn than endogenous, wild type IgGs at both near neutral
and acidic pH (49, 52, 53, 59, 235, 236). Consequently, the engineered antibodies enter
the cells by receptor-mediated uptake (through binding to FcRn at near neutral pH) and
competitively inhibit endogenous IgGs from binding to FcRn (49). Consequently,
unbound IgGs enter degradative lysosomes to lead to decreases in systemic levels of IgG

(Figure 3.2)
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Figure 3.2: Engineering antibodies to inhibit FcRn
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Several antibody-based FcRn inhibitors are currently in preclinical and clinical
development (50, 53, 54, 61, 62, 237). Although all of these antibodies reduce systemic
IgG levels by inhibiting FcRn and blocking the salvage pathway (49, 238), they differ in
their molecular structure and binding properties (49, 52, 53, 236, 239). Efgartigimod
(developed from the Abdeg technology) is an engineered Fc fragment that binds to FcRn
through the natural interaction site of IgG for FcRn with pH-dependence (lower affinity
at pH 7.4 vs. pH 6.0)(49), whereas other antibody-based FcRn inhibitors bind through the
variable domains of the antibodies with very high affinity at near neutral and acidic pH
(239). Studies of the cell biological behavior of an Fc-engineered antibody (Abdeg) with
that of an antibody that binds through the variable domains (59) indicates differences in
recycling rates and retention in FcRn-expressing cells (50). However, to date, details of
trafficking behavior at the levels of behavior of single molecules in subcellular
compartments such as endosomes have not been analyzed in detail due to the difficulties
in simultaneously imaging both 3D single-molecule trajectories and their cellular context.

Therefore, in this study, using remote focusing multifocal plane microscopy
(rMUM) previously described by our group (/73), we have shown that this system can be
used to analyze of the trafficking behavior of single molecules interacting with cellular
structures or compartments that are also non-stationary (here sorting endosomes). Here
we demonstrate that this system can be used to image the 3D subcellular trafficking of two
FcRn inhibitors, MST-HN mutant (‘Abdeg’)(49) and Rozanolixizumab (UCB7665)(53),
(described as Abdeg and UCB7665) using rMUM. UCB7665 binds to FcRn with high

affinity across the pH range 6.0-7.4 through its V-regions (53). In these studies, FcRn
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tagged with GFP is expressed in endothelial cells and is present in early/sorting endosomes
and tubulovesicular transport carriers (TCs). Our results show that the rMUM technology
allows the simultaneous imaging of single-molecules dynamics with small and non-
stationary organelles such as sorting endosomes.
3.2 Sample preparation
3.2.1 Plasmid constructs

Human FcRn tagged at the C terminus of enhanced GFP (in pEGFP-N1; Clontech,
Mountain View, CA; FcRn-GFP) and human 2- microglobulin (B2m) were expressed as
described previously (41, 42, 46). Standard molecular biology methods were used to make
the constructs and were sequenced before use in these studies.

3.2.2 Antibodies and reagents

Quantum dots (QDs) 705 coated with streptavidin, and 0.1 pm TetraSpeck™
microspheres were purchased from Invitrogen (Carlsbad, CA). Paraformaldehyde and
glutaraldehyde used for the fixation of cells were purchased from Electron Microscopy
Sciences (Hatfield, PA).

3.2.3 Cells and transfections

The human endothelial cell line HMEC-1, a generous gift by F. Candal at the
Centers for Disease Control (Atlanta, GA) was maintained in MCDB 131 medium. Before
transfection, the cells were maintained in phenol red-free Ham’s F-12K medium
supplemented with 10% FCS (HyClone) that had been depleted of immunoglobulin G

(IgG) as described previously (47). Cells were transiently transfected with a combination
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of expression plasmids encoding human FcRn-GFP (1.5 pg) and B2 microglobulin (0.75
pg) using Amaxa Nucleofector Technology.
3.2.4 Expression and site-specific biotinylation of FcRn-specific antibody and quantum
dot labeling

We expressed two anti-FcRn antibodies, namely MST-HN mutant
(‘Abdeg’) and UCB7665 (1519.g57 1gG4P). To express the MST-HN mutant (human
IgG1-derived (49)) as an antibody with a site-specific biotinylation peptide at the C
terminus, we adopted a previously described protocol (40). The recombinant protein was
purified using lysozyme-Sepharose. We expressed anti-FcRn antibody UCB7665, as
previously described (238). To express UCB7665 as an antibody with a site-specific
biotinylation peptide at the C terminus, codon optimized gene fragments of humanized V-
region heavy (VH) and light (kappa, VK) chain of UCB1519.g57 IgG4P were synthesized
by Twist Bioscience and cloned into pcDNA3.4 expression vectors containing DNA
encoding the human k-chain constant, the human IgG1 heavy chain constant regions, and
biotinylation signal peptide (Bsp) appended to the C-terminal of the CH3 domain,
respectively. The plasmid constructs were transiently transfected with the Expi293
expression system kit (Life Technologies) into Expi293F cells and purified from culture
supernatants using protein G-Sepharose (GE Healthcare) (240). To site-specifically
biotinylate both the anti-FcRn antibodies, the proteins (~2 mg/ml) were individually
dialyzed into 20 mM Tris-HCI, 50 mM NaCl, pH 8.0. Purified Abdegs were then incubated
with BirA, ATP, magnesium and biotin (18 units per mg of antibody; Avidity, Denver,

CO) for 16 h at room temperature (247). UCB7665 was incubated with BirA, ATP,
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magnesium and biotin (Avidity, Denver, CO) according to manufacturers’
recommendations at 4° C for 24 hours. The proteins were then dialyzed into PBS, pH 7.2.
Biotinylation of the anti-FcRn antibodies was analyzed using ELISA by immobilizing
them on Nunc Maxisorp plates, incubating with Streptavidin-HRP conjugate and
developing with TMB substrate. The biotinylated antibodies were also analyzed to ensure
that no detectable aggregates were present using HPLC (Superdex 200 or Yarra 3 pm SEC
3000).

For single-molecule live-cell imaging of the anti-FcRn antibodies, QD-antibody
complexes were made. QD-anti-FcRn antibody (QD-aFcRn 1 and 2 are Abdeg and
UCB7665, respectively) complexes were prepared by mixing the site specifically
biotinylated anti-FcRn antibodies with streptavidin-coated QD705 at a 1:0.5 molar ratio
of QD to an antibody (42). The mixture was incubated at room temperature for 10 minutes
and then diluted with an imaging medium. The cells were incubated in an imaging medium
(~pH 7.3) with QD conjugated anti-FcRn (11 nM with respect to antibody) at 37-C with
5% CO2 and 95% humidity for 5 minutes, washed thoroughly with room temperature PBS
(~pH 7.3), incubated with warm pH adjusted Ham’s F-12K medium and imaged for about
10 minutes. Controls for non-specific antibody uptake by construct, non-specific
accumulation of QD, and optical setup controls were also performed accordingly.

3.2.5 Live-cell imaging using rMUM
Live-cell imaging experiments were carried out using the rMUM setup. To keep the
cell alive during live-cell single molecule imaging experiment, we installed a microscope

incubation system (Okolab; Pozzuoli NA, Italy) to maintain the temperature at 37°C with
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5% CO2 and 95% humidity. Before performing the live-cell imaging experiments, a
calibration data set was acquired using Nanogrid calibration slide (Miraloma Tech, LLC).
The acquired calibration data is used to determine essential information to analyze the
live-cell imaging data, such as spatial transformation matrices, conversion factor a for the
focal shift correction, and experimental PSF data for MUMLA. The live-cell samples for
the anti-FcRn antibody (Abdeg or UCB7665) were then prepared as previously described.
The cells were washed twice with a warm (37°C) imaging medium and subsequently
placed on the objective lens and left undisturbed for a few minutes to attain thermal
stability before imaging.
3.3 Results
3.3.1 Acquisition settings in rMUM setup

The remote focusing multifocal plane microscopy (rMUM) setup comprises of an
excitation module, a standard microscope, and two emission modules: a multifocal plane
microscopy module (MUM-module) and a remote focusing microscopy module (r-
module). The MUM-module images trajectories of single molecules in 3D, and the r-
module performs 3D volumetric imaging of the cellular context. Volumetric contextual
imaging is achieved by sequentially scanning the specimen along the optical axis without
having to move the specimen physically. A commercially-available standard NanoGrid
slide (Miraloma Tech, LLC) is used to acquire calibration data which is used to perform
2D and 3D spatial registration and estimation. We configured the MUM-module with four
distinct focal planes, and the adjacent planes are separated by a spacing of 1.21 um, 1.24

um, and 1.27 pm. The MUM-module was set to acquire 25 images for every 51 R-images,
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which constitutes one full R-volume (i.e., a z-stack). In other words, the acquisition rate
of the MUM-module is ten frames per second for four focal planes simultaneously
acquired. We configured the r-module to obtain z-stacks at a 300 nm step size with 51
frames per stack, covering a depth of ~15 um inside the cell. The acquisition rate of the r-
module was set to 20 frames per second, i.e., one entire volume (a z-stack) was acquired
in about 2.5 seconds. To maximize the speed of axial scanning, we use a bi-directional
scanning mode (Figure 3.3) in which the r-piezo nanopositioner first moves in one
direction for the acquisition of z-stack images and then moves back to the original position
in the opposite direction for the acquisition of the next z-stack images (Figure 3.3). The
live-cell samples were imaged using the same acquisition settings and configurations used

to acquire the calibration data set.
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Figure 3.3 Acquisition settings in rMUM setup
A, Bi-directional mode of r-module B, Time-lapse images of the sample (QD-UCB7665

and hFcRn-GFP pseudocolored as red and green, respectively) using rMUM. The bottom

panel shows the time-lapse overlay images (maximum z-projection) of the selected ROI.

3.3.2 Data analysis and processing

We perform live-cell imaging of hFcRn transfected HMEC-1 cells, as
described in the methods section. The rIMUM data is collected using two imaging modules,
r- and MUM-module, operating at different acquisition rates and coordinate systems. As
described in the methods, the acquisition rate of the r-module is twice as fast as the rate of
the MUM-module. Therefore, the acquired rMUM data must first be registered both
spatially and temporally to mine and analyze the rMUM data. To spatially transform
different sets of data into one reference coordinate system (i.e., camera 1 in the MUM-
module), we applied the corresponding spatial transformation matrices generated using
the calibration data to the imaging data (Figure 3.4). To temporally register data between
the r- and MUM-module, the data acquired in the r-module was temporally interpolated

to match the time points of the single-molecule data obtained in the MUM-module.
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Figure 3.4 Spatial transformation of rMUM images
HMEC-1 cells expressing hFcRn-GFP were pulsed with QD 705 conjugated antibody

(Abdeg or UCB7665) for 5 minutes, washed twice with room temperature PBS, and
imaged live using the rMUM setup. GFP and QD 705 are pseudocolored green and red,
respectively. Overlay of rMUM image before and after image registration is shown. Here
cam 1 represents plane 1 of the MUM-module, and cam 5 denotes the z-stack acquired

using r-module.

Once the rtMUM data is processed, the data is visualized using visualization
software to gain additional insights to interpret the data further. Therefore, we visualized
the processed rMUM data with Lumio (Astero Technologies LLC), a software application
designed to view and process complex and large sets of imaging data such as our tMUM
data. To find interesting biological events (a step called datamining), displaying the data
as a montage for each corresponding focal plane image between MUM- and r-images
(Figure 3.5) is convenient. The identification and segmentation of single molecules and

the associated endosomes were performed manually using the segmentation tool in Lumio.
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For the molecule of interest, the region of interest (ROI) was defined using the display
interface of Lumio, and the coordinates of the imaged molecule in the ROI were

determined using the MUMLA algorithm, as described previously (/73).
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Figure 3.5 A snapshot of rMUM data as seen using the image processing software

3.3.3 3D visualization of single-molecule trajectory with the cellular context
Three-dimensional visualization of a single molecule of interest along with the cellular
context at any time point along the trajectory can provide intuitive insights into

understanding subcellular trafficking. Visualizing detailed structural dynamics of the
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cellular context and the corresponding trajectory of a single molecule warrants a volume
rendering of the same in 3D. The series of z-stacks acquired using the r-module are
preprocessed by deconvolution (Section 3.3.3.1, Figure 3.6) and temporal interpolation
(Section 3.3.3.2), sequentially. The main visualization approach is through isosurfaces as
obtained using the MATLAB isosurface command. We also use 3D voxel-based approach
to render the volumetric data. The code used for the volume rendering is from Oliver
Woodford's Matlab code (242). This code uses the orthogonal plane 2D texture mapping
technique for volume rending 3D data in OpenGL. The trajectory of a single molecule of
interest is then reconstructed with pseudo-colors corresponding to the time point and
superimposed on the isosurface-rendered images at every time point.
3.3.3.1 3D deconvolution

The optical properties of a microscope, especially a widefield fluorescence
microscope, can lead to significant out-of-focus blurring of the acquired images. To obtain
higher quality 3D rendered images from the r-module, we, therefore, use the
deconvolution approach, which can effectively reduce the influence of out-of-focus
excitation noise. We use a computational approach, the iterative Richardson-Lucy
deconvolution algorithm (243), to remove the blurring of the z-stack images acquired
using the r-module.

Firstly, a set of z-stack images are simulated using the Born and Wolf PSF model
(244) with the experimental parameters of the microscope system. The parameters used
are the numerical aperture of the objective lens, the wavelength of the detected photons,

and the refractive index of the immersion oil. The data acquired using the r-module are
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then deblurred by the deconvolution process using the simulated PSF z-stack, over an

appropriately chosen number of iterations.
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Figure 3.6 The simulated sphere data after deconvolution
The top panel shows the projection images of simulated PSF used for the deconvolution.

The middle panel shows the projection images of sphere data after deconvolution. The
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bottom panel shows the 3D visualization of the simulated sphere before (left) and after

deconvolution (right).

3.3.3.2 Temporal interpolation

Unlike the MUM-module, the r-module needs to scan the volume of interest along the
optical axis sequentially. Therefore, the acquisition rate per volume of the r-module is
slower than the rate of the MUM module. A temporal interpolation approach using B-
splines (245) is adopted to render the cellular context completely (Figure 3.7). This
provides the interpolated images of r-module corresponding to the time point in a single
molecule trajectory. To elaborate, for each z focus level, the r-module images at the same
time point as the MUM-module image is generated by interpolating the pixel values of

images acquired at different times with a specific choice of the B-spline degree d.
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Figure 3.7 Illustration of the time interpolation using the z-stack images from the r-
module (bi-directional mode)
The yellow rectangles represent the images acquired by the r-module, and the blue

rectangles represent the images that need to be interpolated.

72



To visualize the r-data with improved resolution, we subsequently deconvolved
the temporally registered r-module data using the Richardson-Lucy algorithm (detailed

above in Section 3.3.3.1) and see an improved z-stack images (Figure 3.8).
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Figure 3.8 Deconvolvution of z-stack images acquired using rMUM setup
HMEC-1 cells expressing hFcRn-GFP were pulsed with QD 705 conjugated antibody for

5 minutes, washed twice with room temperature PBS, and imaged live using the rMUM
setup. Z-stack images acquired using r-module are deconvolved as described in Section

3.3.3.1. Z-stack images before and after deconvolution are shown here.
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3.3.4 3D behavior of QD conjugated Abdeg in a sorting endosome

The two anti-FcRn antibodies conjugated to QD705 were imaged using the tMUM
setup, and the data was processed as described above. HMEC-1 cells expressing hFcRn-
GFP were pulsed with QD 705 conjugated Abdeg for 5 minutes, washed and imaged live
using the rMUM setup. Panel A of Figure 3.9 shows a maximum intensity projection of
a cell. Maximume-intensity projected images are used for preliminary data mining to find
suitable cells and areas of interest. Here we see a QD-Abdeg molecule localized on the
ring-like sorting endosome. One small ROI is then enlarged and visualized as a montage
in panel B. Each row in the montage corresponds to images acquired at each MUM focal
plane and its corresponding (approximate) z-stack plane acquired using the r-module.
Visualizing the data in this fashion provides more insight into the event of interest. At
t=2.8 s, the QD-Abdeg molecule, which is found interacting with the sorting endosome in
Plane 1, moves up to Plane 2 at t=47.2 s, which is 1.2 pm apart from the reference plane.

This shows that the sorting endosomes are also non-stationary and move inside the cell.
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Figure 3.9 3D behavior of QD conjugated Abdeg in a sorting endosome
HMEC-1 cells expressing hFcRn-GFP were pulsed with QD 705 conjugated Abdeg for 5

minutes, washed twice with room temperature PBS, and imaged live using the rMUM
setup. A, A snapshot of maximum-intensity projected image of a representative hFcRn-
transfected HMEC-1 cell. The white box represents the region in the cell that is shown in
the montages. GFP and QD 705 are pseudocolored green and red, respectively. Scale bars:
3 um. B, Montages for FcRn and Abdeg channels along with the overlay displaying areas
of interest of a transfected HMEC-1 cell with the time (in seconds) at which each image

was acquired. Each row in the montage corresponds to images acquired at each MUM
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focal plane and its corresponding (approximate) z-stack plane acquired using the r-
module. Plane 2 and plane 3 are 1.2 um and 2.4 um away from Plane 1, respectively.
Individual frames at t= 2.8 s (left panel) and t=47.2 s (right panel) are shown as examples.
Yellow arrow indicates the QD-Abdeg molecule that is tracked, and it moves from plane
1 (left panel) to plane 2 (right panel). Scale bars: 1 um C, 3D trajectory of the QD-Abdeg
molecule as acquired by MUM-module. D, 3D trajectory of the sorting endosome as
acquired by r-module. E, 3D visualization of the QD-Abdeg molecule (color-coded track)
and the interacting sorting endosome (green) for t=56 s. The trajectory showed here is
compensated for the sorting endosome’s motion, thus giving the actual motion of the QD-
Abdeg complex. The trajectory shown in panels C, D, and E is color-coded to indicate

time. The color change from blue to green to red indicates increasing time.

The estimated 3D single molecule trajectory of QD-Abdeg and the interacting
endosomal trajectory is shown individually in panels C and D, respectively. We then
compensate the single molecule trajectory for the sorting endosomes’ motion and estimate
a true 3D trajectory (Figure 3.9, Figure 3.10). 3D rendering of the z-stacks of sorting
endosomes acquired using the r-module is visualized together with the compensated QD-
Abdeg trajectory in panel E. The final visualization shows that the QD-Abdeg molecule
interacts with the sorting endosome membrane and appears to co-localize with the ring-
like structure.

3.3.4.1 Endosome localization and approximation
Molecular dynamic studies of individual molecules and their interactions with
subcellular organelles, such as early endosomes, late endosomes, and lysosomes, are of

significant biological interest in understanding the subcellular trafficking pathway (2,
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246-249). To obtain detailed information of the individual proteins within the sorting
endosomes, the 3D positions of the single-molecule needs to be estimated with high
accuracy and subtracted from the 3D centroid of the sorting endosomes that the molecule
interacts with, in each frame of the recorded time sequence of images.

The 3D centroid of a sorting endosome is estimated as follows. We first generate
maximum intensity projection (MIP) images of the endosome images (i.e., a z-stack) from
three angles: from the top (z-projection) and two sides (x- and y-projection). The center
of mass of each projection image is then calculated, i.e., x and y coordinates from the z-
projection image, y and z coordinates from the x-projection image, x and z coordinates
from the y-projection image. The final x, y, and z positions of the endosome are

determined by averaging the measures of each axis.
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Figure 3.10 xy-, xz-, and yz-projection of the simulated sphere data

Most of the sorting endosomes are approximately spherical, and the diameter of the

endosomes is about 100—500 nm (250). To verify the endosome localization approach, we
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first simulated z-stack images of the sphere with a diameter of 140 nm (257), as shown in
figure above. The pixel size of the simulated images is 100 nm x 100 nm, and the z-stack
range is 2000 nm to -2000 nm with a step size of 100 nm, the center of the simulated
sphere (X, y, z) is (16, 15.6, 19.5) um. The estimated X, y, and z using our approach is
(16.0828, 15.6836, 19.5706) um, which has an error less than 10 nm. We require both
spatial and structural information (such as radii) of the endosomes in order to compensate
the single molecule trajectory. Here, the radius of a sorting endosome (i.e., a sphere) is
determined by applying Hough transform (using the MATLAB function “imfindcircles”)
to xy-maximum intensity projections of the 3D z-stack of the endosome. Applying this
approach to the simulated data above, the estimated diameter of the sphere is 135 nm. By
using this approach to the experimental data, we find in average the diameter of the
endosomes were 0.3-1.2 um.
3.3.5 3D behavior of QD conjugated UCB7665 in a sorting endosome

We analyzed the 3D behavior of QD conjugated UCB7665 interacting with sorting
endosomes. HMEC-1 cells expressing hFcRn-GFP were pulsed with QD 705 conjugated
UCB7665 for 5 minutes, washed and imaged live using the rMUM setup. Panel A of
Figure 3.11 shows a maximum intensity projection of a cell. Maximum-intensity projected
images are used for preliminary data mining to find suitable cells and areas of interest.
Here we see a QD-UCB7665 molecule localized on the ring-like sorting endosome. One
small ROI is then enlarged and visualized as a montage in panel B. Similar to Figure 3.9,
each row in the montage corresponds to images acquired at each MUM focal plane and its

corresponding (approximate) z-stack plane acquired using the r-module.
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Figure 3.11 3D behavior of QD conjugated UCB766S5 in a sorting endosome
HMEC-1 cells expressing hFcRn-GFP were pulsed with QD 705 conjugated UCB7665

for 5 minutes, washed twice with room temperature PBS, and imaged live using the rMUM
setup. A, A snapshot of maximum-intensity projected image of a representative hFcRn-
transfected HMEC-1 cell. The white box represents the region in the cell that is shown in
the montages. GFP and QD 705 are pseudocolored green and red, respectively. Scale bars:
3 um. B, Montages for FcRn and UCB7665 channels along with the overlay displaying
areas of interest of a transfected HMEC-1 cell with the time (in seconds) at which each
image was acquired. Each row in the montage corresponds to images acquired at each

MUM focal plane and its corresponding (approximate) z-stack plane acquired using the r-
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module. Plane 2, plane 3, and plane 4 are 1.2 um, 2.4 um, and 3.6 um away from Plane 1,
respectively. Individual frames at t= 1.4 s (left panel) and t= 52.8 s (right panel) are shown
as examples. Yellow arrow indicates the QD- UCB7665 molecule that is tracked, and it
moves from plane 3 (left panel) to plane 2 (right panel). Scale bars: 1 um C, 3D trajectory
of the QD- UCB7665 molecule as acquired by MUM-module. D, 3D trajectory of the
sorting endosome as acquired by r-module. E, 3D visualization of the QD- UCB7665
molecule (color-coded track) and the interacting sorting endosome (green) for t=66 s. The
trajectory showed here is compensated for the sorting endosome’s motion, thus giving the
actual motion of the QD- UCB7665 complex. The trajectory shown in panels C, D, and E
is color-coded to indicate time. The color change from blue to green to red indicates

increasing time.

Att=1.4 s, the QD-UCB7665 molecule, which is found interacting with the sorting
endosome in Plane 3, moves down to Plane 2 at t=52.8 s (from 3.4 um to 1.2 um). The
structure of the sorting endosome also changes and is non-stationary. The estimated 3D
single molecule trajectory of QD-UCB7665 and the interacting endosomal trajectory is
shown individually in panels C and D, respectively. We then compensate the single
molecule trajectory for the sorting endosomes’ motion and estimate a true 3D trajectory
similar to Figure 3.9. 3D rendering of the z-stacks of sorting endosomes acquired using r-
module is visualized along with the compensated QD-UCB7665 trajectory in panel E. The
final visualization shows that the QD-UCB7665 molecule interacts with the sorting
endosome membrane and appears to co-localize with the ring-like structure.

It should be pointed out that in Figure 3.9 and Figure 3.11, we observed blinking

of the QD throughout its trajectory. To reliably track QDs and the blinking behavior to not
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interfere with the tracking, QDs that were sufficiently isolated were used for estimation.
Hence they were unambiguously and reliably identified when they reappeared in the
image.
3.4 Discussion

The rMUM technology is a novel advanced imaging technique offering an
aberration-free imaging platform for 3D imaging of single molecule together with its
cellular context. The r-module is modular and can be implemented in combination with a
standard commercial microscope. This technique is superior compared to other classical
sectioning approaches because the biological sample is not moved. Even though light
sheet microscopy is used for imaging much deeper into the biological samples, the rMUM
system facilitates imaging the 3D trajectories in combination with the cellular context.
Recent advances in 3D single molecule imaging include tracking of single molecules in
3D combined with two-photon scanning or light sheet microscopy (252-255).
Simultaneous tracking and contextual imaging has been studied by several groups (256,
257). In particular, a recent study shows simultaneous motion and pH-sensing of
nanoparticles in its targeted lysosomes (257). However, they fail to capture real-time
images of the cellular context continuously. A study by Welsher and colleagues also
described 3D tracking of internalizing viral particle and contextual imaging of the
intracellular organelles asynchronously (256). By this method, the interacting
compartments can be identified, however, they cannot be imaged continuously together

with the single molecule.
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The ability to track single molecules and their cellular contexts synchronously, is
highly preferred in trafficking studies where the processes involved frequently occur
rapidly. By adopting the rMUM imaging platform to image fast dynamic processes, 3D
tracks of the single molecules in combination with their cellular context can be obtained
after compensating for the organelle motion. We have designed an advanced imaging
system to study the single molecule behavior of engineered antibodies together with their
global cellular context. Our study focused on obtaining a snapshot of the immediate
cellular context (i.e., the sorting endosomes) of these antibodies and studying their 3D
behavior within sorting endosomes. However, this imaging system could be utilized to
study the cellular behavior of a plethora of other proteins or macromolecules and their
interactions with subcellular organelles such as endosomes, lysosomes, Golgi or the

endoplasmic reticulum.
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4. SELECTIVE DEPLETION OF RADIOLABELLED HER2-SPECIFIC ANTIBODY

FOR PET CONTRAST IMPROVEMENT

4.1. Introduction

The use of engineering approaches to generate antibodies of high affinity and
specificity for target has led to an expansion of interest in using these agents as diagnostic
and theranostic imaging agents. However, antibodies of the IgG class are endowed with
long in vivo persistence due to their ability to bind to the receptor, FcRn (30). This
longevity results in high background, poor contrast and, if radiolabeled for detection using
positron emission tomography (PET), potential radiation damage to normal tissue (258—
260). The current study is directed towards overcoming these limitations by using a novel
approach to selectively clear target-specific antibody that is not tumor-bound during PET.

We have recently developed engineered antigen-Fc fusion proteins that selectively
clear antigen (target)-specific antibodies without affecting the levels of endogenous
antibodies of other specificities (70). These engineered fusion proteins, named Seldegs
(for selective degradation), comprise an antigen component that is fused to an Fc-based
targeting component. The targeting component is engineered to bind to the internalizing
receptor, FcRn, with substantially increased affinity at near neutral and acidic pH (47, 70).
This binding behavior leads to rapid internalization of antibody-Seldeg complexes into
FcRn-expressing cells followed by lysosomal degradation. Consequently, Seldeg delivery

results in the selective depletion of antigen-specific antibodies (70).
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Our recent studies have demonstrated that specifically designed Seldegs can be
used to deplete antibodies specific for the autoantigen, myelin oligodendrocyte
glycoprotein (MOG), and the tumor target HER2 (70, 261). In addition, we have shown
that the depletion of MOG-specific antibodies results in the amelioration of antibody-
mediated disease in mice (2617). However, the efficacy of Seldegs in reducing background
and enhancing contrast during PET analyses in tumor-bearing mice has not been
investigated. In the current study, we describe a strategy using a Seldeg that targets HER2-
specific antibodies such as pertuzumab (262) to substantially improve contrast during
PET.

4.2. Materials and methods
4.2.1. Antibodies and radiolabeling

Pertuzumab(262) was obtained from the UT Southwestern Medical Center
Pharmacy (University of Texas Southwestern) and was labeled with '**I (PerkinElmer)
using the Iodogen reagent in pre-coated tubes (Pierce)(49). The Na'?*I (369 nuCi) solution
was firstly mixed with Na™1 (667 pmol, 0.1 pg, 10 pl) solution and then added to each
Iodogen tube containing (~246 ng pertuzumab in phosphate buffered saline (PBS). The
iodination reaction was carried out for 15 min at room temperature. At the end of the
reaction, the product solution was mixed with 10 pl of 10 mg/ml L-ascorbic acid solution
in a 5 ml tube, and radiolabeled pertuzumab was isolated using a 10 kDa Amicon Ultra-4
centrifugal filter unit (Millipore Sigma). Radiolabeled pertuzumab was analyzed using
instant thin layer chromatography medium (iTLC) and PBS as the developing solution,

and the radiochemical purity of the 1241-labeled pertuzumab was over 95%.
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4.2.2. Expression and purification of Seldegs

Expression constructs encoding heterodimeric HER2-Seldeg or MOG-Seldeg(70)
were transiently transfected into HEK-293F (Life Technologies) cells using Gibco
Expi293 expression system kits (Life Technologies). Recombinant proteins were purified
from culture supernatants using protein A-Sepharose followed by anion exchange
chromatography (SOURCE-15Q column, GE Healthcare) at pH 8.0 as described
previously (70). Before use in experiments, the recombinant proteins were further purified
using size exclusion chromatography (Hiload 16/600 Superdex 200 gel filtration column;
GE Healthcare). Purified proteins were analyzed using a Phenomenex Yarra 3 pm SEC-
3000 column (Phenomenex, 00H-4513-KO0).

4.2.3. Mice and Tumor Implantation

All animal experiments described in this study were approved by the Texas A&M
University and UT Southwestern Medical Center Institutional Animal Care and Use
Committees. Experiments were carried out in 8-10 wk-old SCID BALB/c female mice
(Jackson Laboratory) that were bred in a pathogen-free facility at Texas A&M University.
To implant tumor xenografts, HCC1954 cells (0.5 x 10° cells/mouse) suspended in 0.1 mL
of RPMI-1640/Matrigel (Corning Inc.) (1:1 ratio of medium:Matrigel) were injected into
the fat pad of mammary gland number 3 of each mouse using a 22-gauge needle as
described previously(68). Tumor-implanted mice were shipped to UT Southwestern
Medical Center for use in PET experiments.

4.2.4. PET imaging study
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Seven days following tumor implantation, when tumors were approximately ~175-
300 mm? in volume, mice were divided into three equivalent groups (3 mice per treatment
group) and injected intravenously with '?*I labeled pertuzumab. Thyroid uptake of
radiolabeled iodine was reduced by adding Lugol solution to drinking water 48 h before
the injection of radiolabeled proteins. To block stomach uptake of radiolabeled iodine,
mice underwent gastric lavage using 1.5 mg of potassium perchlorate in 0.2 ml PBS.
Thirty minutes before injection of radiolabeled (!?*I-labeled) antibody (2.96-3.33 MBgq,
60 pg antibody/mouse in a volume of 100 ul via tail vein injection). Twenty four hours
after injection of radiolabeled pertuzumab, mice were injected intravenously with 51 pg
HER2-Seldeg, 31 pg MOG-Seldeg, or vehicle (PBS). These Seldeg doses are equimolar
with the injected dose of pertuzumab. PET and CT images were acquired at the indicated
times, with acquisition of CT images immediately before PET imaging.

4.2.5. Image Acquisition

Small animal PET/CT imaging was performed with a Siemens Inveon PET-CT
Multimodality System (Siemens Medical Solutions, Inc., Knoxville, TN). The CT images
were acquired at 180 projections over a full rotation at 80 kV and 500 pA for 15 minutes
with an exposure time of 140ms. PET images were acquired immediately after CT data
acquisition for 15 minutes with an acquisition energy window of 350-650 keV for '*/I.
During imaging acquisition, mice were sedated on the imaging bed using 2% isoflurane.
A 3D Ordered-Subset Expectation Maximization followed by Maximum a Posteriori

(OSEM3D/MAP) algorithm at 1.5mm intrinsic spatial target resolution, was used to
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reconstruct the PET images. The Siemens Inveon Acquisition Workplace (Siemens

Medical Solutions, Inc., Knoxville, TN) was made use for this purpose.

4.2.6. Image Analysis
PET and CT images were registered in the AMIDE software package (263). Linear
intensity adjustments with a zero-minimum threshold were applied to display the PET
images. The maximum thresholds were adjusted equally across all three groups and time
points. The CT images were down sampled by a factor of 2 and set to interpolate bilinearly
using a Shepp-Logan filter. For measuring the contrast, two ellipsoidal regions of interest
(ROIs) were defined manually. One ROI encompassed the tumor in all planes. A second
ROI was defined in the thorax area to measure the background intensity. The mean
background intensity and the mean tumor intensity were calculated by taking the average
of the intensity of the voxels within both the ROIs. This was carried out for each mouse.
The dimensionless Contrast Measure (CM) is defined as:
CM =(Ir-Ip)/ Ib
where It and I, denote the mean tumor intensity and the mean background
intensity, respectively. 3D animal images were generated using the 3D volume rendering
tool available in the AMIDE software.
4.2.7. Statistics
Tests for statistical significance between treatment groups were performed using

one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test and
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plotted in GraphPad Prism, V6.0 (GraphPad Software). p values less than 0.05 were
considered to be significant.
4.3. Results
4.3.1. Design and size exclusion analyses of Seldegs.

The Fc-antigen fusion protein, HER2-Seldeg, used for these studies is designed to rapidly
and selectively capture anti-HER2 antibodies and direct them to degradative
endolysosomal pathways by binding to FcRn expressing cells at neutral pH with enhanced
affinity(70). This results in a more targeted clearance than seen in other engineered
antibodies with increased binding to FcRn at near-neutral pH(25). The design of Seldegs
and their analysis following purification are shown in Figure 4.1. For use as a control for
the Seldeg targeting HER2-specific antibodies (HER2-Seldeg), a Seldeg in which
extracellular domains I-IV of HER2 were replaced with the extracellular domain of myelin
oligodendrocyte glycoprotein (MOG-Seldeg) was produced. In earlier studies, both
HER2- and MOG-Seldegs have been shown to deplete antigen-specific antibody levels,

whilst not affecting the levels of endogenous IgGs, in mice (70).
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Figure 4.1 Design and size exclusion analyses of Seldegs
A, Schematic representation of the design of the Fc fusion proteins. HER2-Seldeg and

MOG-Seldeg consist of domains I-IV of HER2 and the extracellular domain of MOG,
respectively, fused to a heterodimeric Fc fragment that is engineered to bind with
increased affinity to FcRn. B, Analyses of the purified Seldegs using a Phenomenex Yarra

3 um SEC-3000 column (Phenomenex, 00H-4513-KO0).

4.3.2. Selective clearance of anti-HER?2 antibody by HER2-Seldeg improves
contrast during PET
To analyze the ability of the HER2-Seldeg to improve contrast during diagnostic
imaging, mice were implanted with the HER2-overexpressing tumor cell line, HCC1954.
When tumors reached a size of ~175-300 mm?>, mice were injected with 124-1 pertuzumab
(HER2-specific). The mice were imaged using PET at 4-6 hours post-injection. HER2-
Seldeg or controls (MOG-Seldeg or PBS vehicle) were delivered at 24 hours post-
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pertuzumab injection. Radioactivity levels of whole body were taken before HER2-Seldeg
(and control) injections and finally at 44 h time point. Delivery of the HER2-Seldeg
resulted in a substantial decrease in whole body levels of radiolabel compared with that in
control groups (Figure 4.2 A). Mice were analyzed using PET at 6 or 20 hours post-Seldeg

injection (Figure 4.2 B).
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Figure 4.2 Effect of delivery of HER2-Seldeg following injection of radiolabeled
pertuzumab into tumor-bearing mice
Twenty four hours following intravenous injection of '**I-pertuzumab, mice (n = 3

mice/group) were intravenously injected with 51 pg of HER2-Seldeg, 31 pg of MOG-
Seldeg or PBS vehicle. Seldeg amounts were equimolar with the amount of injected
pertuzumab. A, Whole body counts immediately following radiolabeled pertuzumab
injection and 44 h later (20 hours post-Seldeg delivery) are shown, with data normalized
to the injected dose. Error bars indicate SD and significant differences are indicated for
HER2-Seldeg-treatment groups vs. control groups by one-way ANOVA with Tukey's
multiple comparison test. B, PET/CT images acquired at 4-6, 30, and 44 h after injection
of radiolabeled pertuzumab. The time points correspond to 20 hours prior to, and 6 and 20
following, delivery of Seldeg, respectively. Data for one representative mouse per
treatment group is shown, with linear scale bars. Data are representative of two

independent experiments (n = 3 mice per treatment group).

The effect of HER2-Seldeg delivery on PET contrast was measured as described
in Section 4.2.6. Two ellipsoidal ROIs- one encompassing the tumor and another defining
the thorax area, was segmented manually. Figure 4.3 shows the different views (coronal,

sagittal, and transverse) of the tumor and thorax ROlIs.
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Figure 4.3 Different views of the region of interest (ROI)
Tumor ROI A, and the thorax ROI B, were overlaid with PET and CT images to determine

contrast measures (ROIs for a PBS-treated mouse from the experiment described in Figure

4.2 1s shown as an example). The intensity in the displays is linearly adjusted.
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Contrast measures at 30 h, and 44 h after injection of radiolabeled pertuzumab for
HER2-Seldeg treatment group was significantly higher relative to control (MOG-Seldeg
and PBS, Figure 4.4). The delivery of HER2-Seldeg resulted in 2.5-3 fold higher contrast
for the radiolabeled pertuzumab compared with that in control groups. In addition, and
consistent with our earlier biodistribution studies (2617), Seldeg injection resulted in the
delivery of targeted antibody to the liver. We also observed that although imaging mice
at 6 or 8 hours post-Seldeg delivery resulted in similar contrast measures, analyses at 3

hours resulted in ~2 fold lower contrast (n = 4 mice).
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Figure 4.4 Effect of delivery of Seldeg on PET contrast
Tumor-bearing mice were treated as in Figure 2. Contrast measures were determined at 4-

6, 30, and 44 h after injection of radiolabeled pertuzumab. These time points correspond
to 20 h prior to, and 6 and 20 h following, Seldeg delivery, respectively. Error bars indicate
SD and significant differences are indicated for HER2-Seldeg-treatment groups vs. control

groups by one-way ANOVA with Tukey's multiple comparison test. Data shown are
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representative of two independent experiments (n = 3 mice per treatment group in each

experiment).

4.4. Discussion

In the current study we have demonstrated that engineered antigen-Fc fusions with
the ability to selectively degrade antigen-specific antibodies can be used to improve
contrast during the use of radiolabeled HER2-specific antibody, pertuzumab, to image
HER2-positive tumors. This novel approach is expected to be broadly applicable, using
appropriately engineered antigen-Fc fusions, to imaging with antibodies or other
molecular agents specific for different (tumor) targets. Importantly, through their ability
to bind and internalize antibodies with a particular specificity into lysosomes in cells,
Seldegs do not affect the levels of endogenous, protective antibodies (70).

When used as imaging agents, the prolonged in vivo persistence of antibodies
necessitates intervals of 4-7 days between the delivery of radiolabeled antibody and PET
(or other imaging modality) (264, 265). This wait time can lead to undesirable exposure
of normal tissue to radiation. Pretargeting, involving the delivery of unlabeled, derivatized
antibody followed by injection of radiolabeled PET probe that is designed to conjugate to
the antibody, has been developed as an approach to overcome this problem (266, 267).
Shortcomings of pretargeting are the need for wait times for unbound, long-lived antibody
to clear and the use of high levels of radiolabel. The application of Seldegs is expected to
enable the exposure time to radiolabel to be substantially shortened due to the ability of

these Fc fusions to deplete targeted antibody levels in the circulation within several hours
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of delivery(70). In this context, although the use of antibody fragments with considerably
reduced in vivo half-lives can be used to reduce radiation exposure times (268, 269), the
short half-life of the imaging agent can limit the levels that accumulate in the tumor.
Alternatively, high dose intravenous gammaglobulin (IVIG), which acts as a competitor
with endogenous IgG for binding to the salvage receptor, FcRn, has been used to clear
background during imaging with labeled antibodies (259, 264). In addition to reducing
radiolabeled antibody levels, this results in decreases in endogenous antibody (IgG) levels
for up to several weeks due to the pharmacokinetic behavior of IVIG (270, 271). Although
the limitations of using high doses of IVIG can be overcome by using an engineered, high
affinity antagonist of FcRn with relatively short in vivo persistence to enhance PET
contrast, this approach also results in the lowering of IgGs independent of their specificity
(50, 68). Consequently, Seldegs have the potential to provide an alternative, highly
specific strategy to improve contrast and reduce background during diagnostic imaging.
Further, the utility of Seldegs not only has relevance to the effective use of antibodies in
imaging, but also to other classes of molecular diagnostics for which the regulated

clearance of circulating agent is desirable.
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5. CONCLUSIONS AND FUTURE DIRECTIONS

The MHC class I-related receptor, FcRn, is a multifunctional protein with
responsibilities ranging from regulation of IgG and albumin levels in the body to antigen
presentation. The past decade has seen an enormous increase in engineering strategies to
modulate the dynamics of antibodies and antigens with FcRn. FcRn-targeted engineering
approaches have given rise to engineered antibodies with therapeutical and diagnostic
implications. The trafficking of engineered antibodies in the body is a multiscale process,
taking place at subcellular, intracellular, and organ levels. It is essential to employ
techniques capable of capturing the dynamics at these various scales, to gain detailed
mechanistic insights of engineered antibodies. Advanced imaging techniques are powerful
tools for studying biological systems. Advances in the field of imaging have enabled
imaging of biological systems at nano-, meso- and macro-scale possible. Many imaging
approaches like fluorescence microscopy, electron microscopy, and single molecule
microscopy have been routinely utilized for studying fundamental biomolecular
interactions. We utilize advanced imaging modalities to capitulate the dynamics of Fc-
engineered antibodies at different scales.

In this study, we investigated the fate of antibody-opsonized tumor cells after
phagocytosis in macrophages, an intracellular or micrometer-scale process, using
microscopy techniques. Results show a vacuole-like structure associated with the
phagosomes exhibiting distinct characteristics. The vacuoles were lysosomal, but

interestingly, ratiometric analyses revealed a higher pH in the vacuole compartment
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compared to the phagosome. They are separated by a semi-permeable membrane from the
phagosomes, as demonstrated by EM studies. Inhibition of the mTOR pathway increased
the size of the phagosome-associated vacuole-like structure. The identification of this
vacuole-like compartment has implications for understanding the subsequent processes
involved in the degradation of antibody-opsonized tumor cells. Antigen-loading
compartments in APCs have been shown to maintain high pH favorable for lower
degradation (121, 222). The vacuoles have higher pH than the phagosomes, suggesting
that they could play a role in antigen-presentation. Future directions will focus on
exploring the functions of this vacuole in cross-presentation related to phagocytosis.

The use of high-resolution imaging approaches to study subcellular dynamics
provides mechanistic insight with excellent spatiotemporal resolution. Studies focusing
on understanding the subcellular dynamics of Fc-engineered antibodies at the subcellular
and single molecular levels are essential in predicting its in vivo behavior and
consequently its therapeutic potential. Currently, many advanced imaging methods are
available for studying the dynamics of single molecule at the nanometer-scale. However,
it is important to image the single molecule along with its interacting cellular context to
make meaningful implications for the trafficking events. We imaged the 3D dynamics of
two engineered FcRn-inhibitors at the subcellular level, using an advanced imaging
platform- rMUM. The prototype of rMUM setup was previously described by our group
(1/73). The multifocal plane microscopy module (MUM-module) of the rMUM setup
images the dynamics of single molecules completely, while the remote focusing module

(r-module) does a z-scan of the interacting cellular organelles. This enables compensation
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of the motion of a single molecule with the organelle's movement, thus giving a real
snapshot of the dynamics.

In this current study, we used this multi-dimensional, nanometer resolution
microscopy technique to image the dynamics of the two engineered FcRn-inhibitors. We
successfully tracked and visualized the engineered FcRn-inhibitors localize on the inner
leaflet of sorting endosomes. This has opened avenues for future studies directed towards
utilizing quantitative measures to study the engineered antibodies in detail. Our study
focused on imaging the immediate cellular context, sorting endosomes. However, the
rMUM setup is very powerful and is capable of imaging even the global cellular context
of the single molecules. By modifying the depth of z-stacks captured by the r-module and
other imaging parameters, different subcellular organelles and processes can be imaged
with high-resolution.

In our third study, at the macro or millimeter level, PET imaging of tumor-bearing
mice revealed that delivery of the HER2-Seldeg resulted in a substantial decrease in whole
body levels of radiolabel and a 2.5-3 fold higher contrast for the radiolabeled pertuzumab
compared with that in control groups. Seldeg injection also resulted in the delivery of
targeted antibody to the liver, consistent with our previous study. It is to be noted that the
liver harbors a large population of tissue-resident macrophages in the body (272, 273).
Macrophages are highly pinocytic in nature and expresses high levels of very active FcRn
and acts as a degradative sink in the absence of FcRn activity (274). We also observed that
although imaging mice at 6 or 8 hours post-Seldeg delivery resulted in similar contrast

measures, analyses at 3 hours resulted in 2 fold lower contrast.
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