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The use of monoclonal antibodies represents a rapidly expanding area for cancer therapy. One 

of the main mechanisms of action of these antibodies is Fcγ receptor-mediated engagement of 

macrophages and other immune cells. When macrophages engage tumor cells opsonized with 

antibody molecules, they can perform trogocytosis, the process of internalizing fragments of 

the target cell, or phagocytosis, the internalization of entire cancer cells. This study first 

establishes whether the process of trogocytosis can lead to cancer cell death. A variety of 

microscopy and flow cytometric assays were used to quantify the levels of trogocytosis and 



 

cell death, in co-cultures of macrophages and cancer cells. Using HER2-overexpressing breast 

cancer cell lines and anti-HER2 antibodies, we show that persistent trogocytosis can lead to 

the killing of cancer cells. The mechanism of trogocytosis was also explored using multifocal 

plane microscopy (MUM). Imaging the process of trogocytosis using MUM revealed that it 

proceeds through the macrophage-mediated extrusion of tubular structures of the target cell 

membrane. This membrane-tubulation results in the preferential uptake of the membrane 

components from the target cell. The study also investigated the maturation pathway followed 

by phagosomes containing entire cancer cells. A vacuole-like structure associates with these 

phagosomes, which whilst also lysosomal in nature, displays characteristics distinct from the 

phagosome itself. The interface between the vacuole and the phagosome is impermeable to 

certain solutes as observed through microscopy. Further, the size of the phagosome-associated 

vacuole is affected by inhibition of the mTOR pathway. Use of advanced microscopy 

techniques such as MUM in these and other biological problems provides mechanistic insight 

at the spatiotemporal level. To further develop the algorithms involved in MUM data 

processing, I have therefore also explored various non-parametric methods of estimating the 

axial location of point sources from MUM data. A new non-parametric method is proposed, 

which uses multiple intensities calculated from each image of a point source in MUM data. 

The performance of this approach is compared with other non-parametric methods through 

simulations and Fisher information calculations. The effectiveness of this method on 

experimental data is also evaluated. 
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CHAPTER ONE  

GENERAL INTRODUCTION 

1.1 ANTIBODY THERAPY OF CANCER 

1.1.1 Antibody structure and function 

Antibodies are relatively large protein molecules that are produced by the immune system to 

fight pathogens in the body [1]. These Y-shaped molecules consist of four polypeptide chains: 

two “heavy chains” and two “light chains” both of which have variable regions while the heavy 

chain also contains a constant region. Immunoglobulin G (IgG) is the most abundant class of 

antibody molecules, the other classes being IgA, IgD, IgE and IgM. The variable regions of 

the two chains in IgG molecules (Variable Light, VL and Variable Heavy, VH) bind to the 

antigen recognized by the antibodies (Figure 1-1). The constant regions (Constant Heavy 

chains CH1, CH2, and CH3) serve to engage other receptors which elicit the function of the 

antibody or determine its pharmacokinetic and immunological properties. The variable region 

of the antibody molecule is uniquely generated in each B cell through a process called V(D)J 

recombination. Through a series of cell-cell interactions and signaling, the adaptive arm of the 

immune system orchestrates the selection and proliferation of clones of differentiated B cells 

termed plasma cells that produce antibody molecules with VL & VH region sequences that 

bind a given antigen [1]. The affinity of these antibodies for their antigen is further increased 

through a process called affinity maturation [2]. The constant regions remain unchanged, 

although each species has several antibody isotypes with constant region sequences which have 

different levels of immune system engagement. The glycosylation patterns in the constant 

region may also be modified, further affecting the levels of engagement of various cells of the 
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Figure 1-1 The structure of an antibody molecule 

A, Structure of a typical IgG antibody molecule (Protein data bank ID 1IGT) shown from 
two angles. Atomic bonds depicted in red comprise the glycosylation in the constant 
region. B, a schematic illustration of the domains of the antibody molecule, with chains 
colored similarly as in the protein structure shown above. Disulfide bonds are depicted 
by -S-S- linkages. 
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immune system. The primary functions of the constant region of the antibodies are twofold:  

1. Binding sites in the constant region of the antibodies recruit the immune system to 

bound antigen through Fcγ receptors and complement. Fcγ receptors are found on the 

surface of numerous types of immune and non-immune cells. These receptors can be 

broadly classified first into activatory and inhibitory receptor types, based on whether 

the engagement of the receptor activates or inhibits the inflammatory state of the 

effector cell, and further classified into low affinity and high affinity binders.  

2. The constant region also extends the in vivo half-life of the antibody molecule by 

binding to the recycling Fc receptor FcRn [3], which can salvage the antibody from 

lysosomal degradation when the antibody is nonspecifically taken up by fluid phase in 

various cells. 

1.1.2 Antibody therapy of cancer 

In 1975, Köhler and Milstein created hybridoma technology [4], where plasma cells isolated 

from immunized animals are fused with immortalized cells. This process creates immortalized 

hybridoma cells that can be cloned and produce antibody molecules of the same sequence, also 

known as monoclonal antibodies. Consequently, it became possible to produce large amounts 

of ‘clonal’ antibodies directed against the desired antigen. If tumor-specific antigens could be 

identified, then monoclonal antibodies against these tumors could function as potential 

therapeutic interventions. Initial attempts in using monoclonal antibodies of murine origin as 

therapies faced issues with immunogenicity and short in vivo half-lives [5,6]. However, 

strategies to produce ‘chimeric’ or ‘humanized’ antibodies succeeded in reducing these effects 
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[7-11]. Rituximab, an antibody specific for the B cell-specific receptor CD20, was one of the 

first chimeric monoclonal antibodies to be approved for clinical use and is now used to treat a 

variety of autoimmune diseases in addition to the treatment of hematological cancers [12]. 

Trastuzumab, a humanized antibody specific for the growth receptor HER2, has also become 

the standard of care for breast cancers overexpressing HER2 [13]. More therapeutic antibodies 

have since been developed against HER2, CD20, and multiple other targets. Antibody 

mediated therapy has become one of the most promising methods to treat cancer and several 

other disorders, with more than 70 monoclonal antibodies expected to be approved for clinical 

use by 2020 [14]. 

1.1.3 Mechanism of action of antibody therapies 

While antibody therapies have been successful in treating different cancers, the exact 

mechanisms of action of these therapies have not been established. HER2 positive breast 

cancer cells display enhanced proliferative rates due to the signaling induced by HER2 

overexpression. Hence, inhibition of this pathway can lead to a block in proliferation, resulting 

in tumor regression. Such an inhibition of HER2 signaling is considered to be one of the main 

mechanisms of trastuzumab therapy [15]. However, the trastuzumab molecule can also elicit 

immune mediated functions with its Fc region. Three immune mediated mechanisms are 

commonly considered possible candidates for cancer cell killing: 

1.1.3.1 Antibody-dependent cellular cytotoxicity (ADCC)  

ADCC is the process of cell killing induced by Natural Killer (NK) cells. NK cells have Fcγ 

receptors which can bind to antibody-opsonized cells and kill them through targeted release of 
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enzymes such as perforin and granzyme in the cell-cell synapse. ADCC levels elicited by the 

NK cells of a patient have been shown to correlate with the outcome of trastuzumab therapy, 

strongly indicating that ADCC could play a major role in the mechanism of action of treatment 

with this antibody [16,17].  

1.1.3.2 Complement-dependent cytotoxicity (CDC)  

The complement system consists of a group of soluble proteins found in the serum, which can 

engage antibody-opsonized particles and aid in their clearance. Antibody-opsonized cells can 

recruit components of complement which can cause their cell death through CDC. Rituximab-

mediated therapy is considered to be at least partly mediated through CDC [18,19]. However, 

the role of complement in the mechanism of action of other therapeutic antibodies has not yet 

been established.  

1.1.3.3 Antibody-dependent cellular phagocytosis (ADCP) 

ADCP is the process through which macrophages and other phagocytes engulf entire cells that 

have been opsonized with antibodies and degrade them. In vitro studies have clearly 

established that macrophages of several distinct differentiation states can effectively engulf 

and degrade antibody-opsonized cancer cells [20,21]. In vivo studies have shown the existence 

of ADCP synapses in mice [22], the engulfment of circulating tumor cells by macrophages 

[23] and the critical role of ADCP in the clearance of at least certain tumor types [24]. These 

and other studies have begun to underscore the importance of ADCP for antibody-mediated 

tumor therapy [25]. This interest has gained importance only recently because macrophages 

were traditionally considered to be poor prognosticators of tumor outcomes. In the absence of 



6 

 

opsonizing therapeutic antibodies, macrophages found in the tumor assist in its progression by 

enabling an immunosuppressive environment and facilitating tumor cell extravasation leading 

to metastasis. However, macrophages can also elicit ADCP in the presence of opsonizing 

antibodies. Hence, it can be expected that antibody therapy could reverse the prognostic 

correlation of tumor outcomes and macrophage infiltration levels. Preliminary clinical reports 

support this hypothesis [26], with further support from studies in mouse models [27].  

1.1.4 Engineering therapeutic antibodies for enhanced engagement with the immune 

system 

Given the importance of immune-mediated effector functions for antibody therapeutics, there 

has been considerable effort towards engineering antibodies with enhanced engagement with 

these systems [28,29]. The engineering of antibodies has primarily been focused on 

manipulating their activatory to inhibitory (A/I) ratio, i.e., the ratio of affinities with which the 

molecules bind activatory Fcγ receptors to their affinities towards inhibitory Fcγ receptors. For 

tumor therapy, the goal in these engineering approaches is to increase the affinity of the 

antibodies to activatory Fcγ receptors found on NK cells and macrophages. Two methods are 

predominantly used to increase these affinities: First, engineering the glycosylation in the 

antibody constant regions to enhance Fcγ receptor engagement has been successful, with the 

approval of therapeutic antibodies from two separate glycoengineering platforms for use in the 

treatment of hematological malignancies [30,31]. Second, investigators are also pursuing the 

enhancement of these effector functions through modulation of the amino acid sequences in 

the antibody constant region [32-35]. The most pronounced enhancement in affinity has been 

observed when different combinations of these mutations are used: G236A, S239D, A330L 
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and I332E [32,33,36]. The combination of all these mutations, termed in literature as 

GASDALIE, has been shown to confer enhanced antibody effector function [37,38]. Studies 

have also explored the enhancement of effector functions by removing all glycosylation from 

the constant antibody region followed by addition of further mutations [39,40], although the 

stability and immunogenicity of these antibody variants require further exploration [41]. Thus, 

considerable interest has been dedicated towards modulating the interactions between 

therapeutic antibodies and Fcγ receptors. Such interest further underscores the importance of 

understanding the various processes through which Fcγ receptors interact with these 

antibodies. 
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1.2 PHAGOCYTOSIS  

Cells of most eukaryotic organisms can perform the process of phagocytosis, which involves 

the engulfment and subsequent digestion of large particulate matter. The targets of this 

phagocytic process include debris, invading pathogens, and dying cells. The mechanisms 

underlying phagocytosis has been a subject of study throughout the past century. This process 

was initially identified and examined in detail by Metchnikoff in the 19th century [42,43]. The 

process of phagocytosis is primarily performed by specialized cells categorized as phagocytes. 

Macrophages represent an important class of such phagocytes in the mammalian immune 

system. Phagocytes use a variety of surface receptors to identify varied types of targets. These 

receptors include pattern recognition receptors that detect pathogens, receptors for 

phosphatidylserine that detect apoptotic cells, and receptors for antibody molecules that detect 

particles opsonized with antibodies [44,45]. Once the receptors have identified a target, the 

phagocyte reorients itself and initiates membrane remodeling processes to wrap the particle 

with its outer membrane. Following uptake of the particle into the cell, the phagocyte acidifies 

the “phagosome” through the fusion of degradative compartments called lysosomes  [46]. 

These lysosomes contain enzymes that degrade the main classes of biochemical compounds 

which typically make up living systems [47]. Consequently, the degraded contents from this 

process are released by the cell as nutrients. In most cases, phagocytosis also induces changes 

in the inflammatory state of the phagocytic cell since the engulfment of large particulate matter 

coincides with a requirement for an immunological response [44]. These immune responses 

can be either activatory  (if the target is detected to contain molecular motifs of foreign origin) 

or inhibitory (if the target is detected to arise from regular physiological processes) in nature.  
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1.2.1 Receptors involved in phagocytosis 

The receptors involved in eliciting phagocytosis can be classified based on the type of their 

targets [48]: 

1.2.1.1 Opsonic receptors 

The opsonic receptors primarily include the Fc receptors, which bind antibody molecules with 

different affinities across a wide variety of immune and nonimmune cell types [49]. The 

important classes of opsonizing Fc receptors include the Fcα receptors which bind the IgA 

class of immunoglobulin antibodies and are involved in the regulation of mucosal immunity 

[50] and the Fcε receptors which bind the IgE class of immunoglobulins involved in defenses 

against allergens and parasites [51]. However, the primary class of Fc receptors involved in 

phagocytosis are the Fcγ receptors, which bind the immunoglobulin G (IgG) class of 

antibodies, the most important and diverse class of antibodies in the immune system  [52-54]. 

While FcγRI receptors in humans and FcγRI/FcγRIV receptors in mice have a high affinity 

towards IgG molecules, other Fcγ receptors have a lower affinity. This enables these receptors 

to selectively engage only when a sizeable particle is opsonized with multiple antibody 

molecules, making them highly selective phagocytic receptors. The typical targets that are 

opsonized by antibody molecules are pathogens which have elicited an antibody response from 

the humoral immune system. Targets of a cellular origin have also become an important area 

of study with respect to Fcγ receptor-mediated phagocytosis, due to the recent advent of 

monoclonal antibody therapeutics. Another class of opsonic receptors is the complement 

receptors, which may also opsonize a target in an antibody-dependent or independent manner 

and recruit macrophages to engulf these particles [55-57]. 
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1.2.1.2 Pattern recognition receptors 

Pattern recognition receptors (PRRs) have evolved to detect conserved pathogen-associated 

molecular patterns and cellular stresses [58].  PRRs include multiple families of receptors, 

which recognize different ligands and have different cellular localizations. For example, Toll-

like receptors recognize pathogen-associated proteins, sugars or nucleic acids and are localized 

either on the cell membrane or in the endocytic compartments. The engagement of these 

receptors by their respective ligands results in the activation of the cells expressing these PRRs 

which can directly attack the encountered pathogen or prime other immune cells to coordinate 

the fight against the pathogen. 

1.2.1.3 Apoptotic corpse receptors 

Apoptosis is a programmed process of cell death that is conserved among all multicellular 

organisms [59]. This process is vital for the normal functioning of these organisms and an 

important step in this process is the clearance of apoptotic bodies. Hence, cells undergoing 

apoptosis and the cells that clear apoptotic bodies have evolved a complex repertoire of 

signaling molecules and receptors to coordinate this process. Exposure of phosphatidylserine 

(PS) in the outer leaflet of dying cells is one of the primary signals for phagocytes to engulf 

them, and hence phagocytes have several receptors that directly or indirectly detect PS to 

engulf the corpses. 

1.2.2 Formation of the phagosome 

Once the appropriate receptors in the phagocyte have engaged the target particle, a complex 

yet orchestrated cell biological pathway leads to the engulfment of the particle to form the 
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phagosome [45]. The clustering of phagocytic receptors is considered to be an essential 

prerequisite for the formation of the phagocytic cup. This clustering leads to downstream 

signaling that induces several processes including phosphorylation of the immunoreceptor 

tyrosine-based activation motif (ITAM) by Src-family kinases, followed by the recruitment of 

the kinase Syk, further downstream signaling, and cytoskeletal remodeling [60]. This signaling 

cascade is essential for successful completion of phagocytosis since the phagocytic targets are 

often large enough that the effector phagocyte must actively remodel its plasma membrane to 

completely engulf the target cell. The main signaling steps of this phagosome formation 

process include the active control of the lipid composition of the phagocytic cup and its 

surrounding areas, and the coordinated signaling through the Rho family of GTPases. These 

GTPases consequently coordinate the remodeling of the actin cytoskeleton to assist the 

engulfment of the target.  

1.2.3 Phagosome maturation 

Once the phagosome has formed, its contents are degraded through the sequential merging of 

the endosomal organelles of the cell. The phagocyte eventually delivers enzymes contained in 

its lysosomes, which can degrade the contents of the phagosome to its biochemical constituents 

[61]. At this stage, the phagosome is referred by the term phagolysosome, to indicate its 

similarity in composition and biochemical state to lysosomes. One of the characteristics of this 

maturation process is the gradual acidification of the phagosome through the action of the 

vacuolar (H+)-ATPase [62]. While acidification is observed in most phagocytosis studies, the 

degree of acidification can vary depending on the cell type performing phagocytosis. Dendritic 

cells for example acidify their phagosomes to a lower extent compared with macrophages, 
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which permits the preservation of the antigens from the target and their subsequent presentation 

as peptides on major histocompatibility complex (MHC) class I and II molecules [63].  
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1.3 TROGOCYTOSIS 

The process of trogocytosis derives its name from the ancient Greek word ‘trogo’ which means 

to gnaw or nibble. Accordingly, trogocytosis describes the process by which phagocytes 

internalize small parts of their target instead of completely engulfing them [64]. This process 

was first observed when Griffin and colleagues studied the mechanisms of phagocytosis using 

macrophages as effector cells and antibody-coated lymphocytes as targets [21]. While they 

noted that macrophages completely engulfing the target cells was the primary outcome in these 

interactions, electron micrographs of “synapses” formed between the macrophages and target 

cells revealed that often, small parts of the membrane of the target cells were ingested by the 

macrophages. Antibody-mediated trogocytosis was not studied further until the advent of 

monoclonal antibodies as therapeutics [12,65]. The therapeutic monoclonal antibody rituximab 

targeted the CD20 antigen expressed on lymphoma cells. The success of this antibody 

therapeutic in the treatment of lymphoma and the anti-HER2 antibody therapeutic trastuzumab 

in the treatment of HER2 positive breast cancers heralded the new era of using monoclonal 

antibodies against specific surface targets as therapeutics [66]. However, Taylor and colleagues 

noticed that when rituximab was used in  the treatment of chronic lymphocytic leukemia 

(CLL), another blood cancer, the target receptor CD20 is rapidly removed from the surface of 

leukemia cells through trogocytosis, without affecting their viability [67]. Subsequent studies 

revealed that this reduction was due to the ‘shaving’ or trogocytosis of antibody bound to CD20 

by circulating monocytes [68].  

While it was identified that trogocytosis could occur on several types of antibody-opsonized 

target cells including solid tumor cells [69], the therapeutic consequence of this process was 
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Figure 1-2: Illustration of difference between whole cell phagocytosis and 
trogocytosis 
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only studied in CLL. Further, trogocytosis was identified as a hindrance to favorable outcomes 

in CLL therapy, since the consequence of trogocytosis is that the cells are left unaffected while 

both the therapeutic antibody and the target antigen is removed from their surfaces [70]. 

However, it was noted that the primary reason for this effect could be that CD20 does not play 

any tumor-promoting roles, and hence its removal would not affect tumor cell survival [71]. 

Indeed, trogocytosis was observed to be therapeutically beneficial when B cell-dependent 

autoimmune diseases were treated with an anti-CD22 antibody [72]. This antibody-mediated 

clearance of CD22 and other receptors from the surface of B cells abrogates their autoimmune 

pathology. Similarly, trogocytosis may be beneficial in therapies where the antibody targets a 

receptor that is required for the etiology of the disease, such as HER2 in HER2 positive breast 

cancers. Whether trogocytosis confers a positive or negative therapeutic effect, it is now 

recognized as an important process that should be carefully considered as an effector function 

for any class of therapeutic monoclonal antibody [73]. 

1.3.1 Clarification of terminology 

The term trogocytosis has been used in the literature to describe several similar but distinct 

processes. This dissertation describes trogocytosis as the process of internalizing the surface 

proteins and membrane of a target cell in an antibody-mediated manner. However, the same 

term has also been used elsewhere to describe the process of membrane transfer among 

immune cells where adjacent immune cells “share” their receptors with each other via 

membrane bridges [74]. Several others have also described trogocytosis performed by T cells, 

internalizing the peptide-MHC complexes they are engaging, which is similar to antibody-

mediated trogocytosis in the directionality of membrane and receptor transfer [64,75]. A recent 
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report has also defined a similar gnawing process that is performed by amoeba [76]. While 

these related processes are referred to by the same name, they appear to have different 

outcomes on the target and effector cells.  

1.4 MULTIFOCAL PLANE MICROSCOPY 

1.4.1 Fluorescence microscopy 

Fluorescence microscopy is a method where fluorescently labeled molecules in a sample are 

visualized through a microscope by exciting the sample with light of a particular excitation 

wavelength and recording the image of the sample using light emitted at a different emission 

wavelength range [77]. Widefield fluorescence microscopy as applied in biology involves the 

imaging of a relatively thin biological sample (e.g., a monolayer of cells attached to an artificial 

substrate or a thin section of tissue embedded in some mounting medium) through a high 

numerical aperture (݊௔) objective lens using a pixelated camera. The optical properties of such 

a microscope configuration result in the formation of an image of the sample structure at a 

particular focal depth from the objective lens [78]. Structures in the sample that are not near 

this focal depth also contribute signal to the image but in a “blurred” manner, the properties of 

this blurring being a function of the point spread function (PSF) of the microscope. The primary 

determinants of the properties of the PSF are the design characteristics of the objective lens 

used, such as its numerical aperture and the wavelength of the light used. 

1.4.2 Fast three-dimensional imaging with multifocal plane microscopy  

The images acquired in a widefield fluorescence microscope are two-dimensional in nature, 

due to the optical properties of the compound microscope. However, biological structures and 
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events can only be meaningfully understood when observed in three dimensions (3D), except 

in specific circumstances. The plasma membrane of eukaryotic cells cultured on glass or plastic 

substrates presents a relatively flat two-dimensional surface that is easily visualized with 

widefield microscopes. Hence, biological processes that occur on or near the plasma membrane 

have been extensively studied using microscopy. On the contrary, biological processes that 

occur within a cell (e.g., endocytic trafficking) have not been studied as extensively with 

similarly high spatiotemporal resolution. To visualize samples in 3D using a widefield 

microscope, multiple images of the sample must be acquired while physically moving the 

microscope objective or the specimen to change the focal plane whose image is being acquired. 

Even with fast acquisition speeds, images acquired in this manner exhibit artifacts due to the 

time differences between the acquisition of the images at each focal plane. 

Multifocal plane microscopy (MUM) was developed to address this necessity to rapidly image 

biological samples in 3D [79]. In MUM, multiple cameras (or special optics that simulate 

multiple detectors in a single camera) are used such that the light from the objective lens is 

divided and redirected towards each camera detector (Figure 1-3). By modifying the optics 

between the tube lens and the detector, each of these detectors can simultaneously image 

different focal positions within the sample [79,80]. This method has been used to study the 

movement of endocytic compartments within a cell in 3D at rapid speeds, capturing novel 

events previously not observed due to restrictions in acquisition speeds [81,82].  
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1.5 THREE-DIMENSIONAL LOCALIZATION OF SINGLE POINT SOURCES 

1.5.1 The biological utility of single molecule/particle imaging 

In the examination of biological samples using microscopy, it is often desirable to design 

experiments such that the acquired images are of isolated point sources of light.   If we acquire 

the image of an isolated point source using a widefield microscope, we can estimate its location 

with high accuracy depending mainly on the following factors: the numerical aperture of the 

objective, the emission wavelength of the fluorophore, the number of photons detected from 

the fluorophore, the pixelation of the detector and various noise sources in the microscope 

system [83]. Using the approach of imaging isolated point sources, we can extract insightful 

spatial information from biological samples by two broadly different methods. In the first 

method, a biological sample may be labeled sparsely such that only a small number of point 

sources are located in the field of view of a microscope detector. This allows us to image and 

estimate their individual locations with high accuracy and track the point sources over time 

[84]. The other method involves stochastically “switching on” a small subset of fluorophores 

in a biological sample at a time, so that their position may be estimated with high accuracy. 

Such estimated information from numerous repetitive acquisitions of different subsets can be 

combined to form a super-resolved reconstruction of the sample [85-87].  

1.5.2 Estimating the 2D location of a point source 

Both the single molecule methods described above depend on our ability to estimate with high 

accuracy the two- or three-dimensional location of a point source from its image. The 

estimation of the 2D or 3D location of a point source is often performed by fitting the data to 

a parametric equation that models the image formation process of the microscope. The Airy 
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Figure 1-3: Schematic illustration of a MUM configuration imaging four focal 
planes. 

The schematic illustration shows a cellular sample being imaged by an objective in a 
MUM microscope. The emitted light from the sample is equally split and focused on four 
detectors. The distance between the tube lens and the detector is changed for each detector 
allowing them to simultaneously image different focal planes. The panels in the right 
show intensity plots of images of a typical point source when it is imaged by such a four-
plane MUM configuration. 
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profile is an established expression that approximates the PSF of an in-focus point source. This 

profile is defined as follows: 

,ݔሺܫ ሻݕ ൌ ܣ	
ଵܬ
ଶ൫ߙඥሺݔ െ ଴ሻଶݔ ൅ ሺݕ െ ଴ሻଶ൯ݕ
ݔሺሺߨ െ ଴ሻଶݔ ൅ ሺݕ െ ଴ሻଶሻݕ

. 

Here ܫ is the intensity at any given position in a detector with coordinates ݔ and ݕ, if the point 

source is located at ሺݔ଴,  are parameters that specify the ߙ and ܣ .଴ሻ in the object spaceݕ

brightness and width of the Airy profile, respectively, and ܬଵ represents the first order Bessel 

function of the first kind (a magnification factor has been assumed to take the value of 1 for 

simplicity).  

A more commonly used simple parametric equation that can approximate the PSF of an in-

focus point source is the 2D Gaussian equation, 

,ݔሺܫ ሻݕ ൌ ݁ܣ
ି൬
ሺ௫ି௫బሻమାሺ௬ି௬బሻమ

ଶఙమ
൰
, 

where ܣ and ߪ are parameters that specify the brightness and width of the 2D Gaussian 

function, respectively. Figure 1-4 shows an illustration of the fitting process and the extraction 

of the higher accuracy location of the point source using the 2D Gaussian estimation method. 

While the 2D Gaussian method provides a simple 2D parametric model of the PSF, the Airy 

function can better recapitulate its properties [88,89].  
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Figure 1-4: Illustration of the estimation of the 2D location of a point source from 
its image formed in a widefield microscope. 

The pixelated grayscale image (a) and the corresponding pixel-intensity plot (b) of a 
simulated point source as imaged by a compound microscope are shown. (c) and (d) show 
two visualizations of a 2D Gaussian function whose parameters have been set so that it 
best fits the raw pixel intensities of the point source shown of (a) and (b). (e) and (f) show 
two visualizations of a 2D histogram of the locations estimated from repeat images of the 
point source of (a) and (b), indicating the accuracy with which the location can be 
estimated. Both panels show the number of localizations that belong to each 2D bin of 
dimensions 6.5 nm × 6.5 nm. (e) shows the localization density using intensity values 
that are proportional to the number of localizations in the bins. (f) shows the histogram 
of localization densities as a smooth 2D surface. Scale bar = 250 nm. 
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1.5.3 Estimating the 3D location of a point source 

While simple parametric equations often provide acceptable estimation results when 

estimating the 2D location of a point source,  similar use of parametric models is complicated 

when the 3D location of the point source needs to be estimated. The extension of the simple 

2D Gaussian equation to the third dimension results in a significant mismatch between model 

and data [90]. However, appropriate functions exist that parametrically model the 3D image 

formation process in a microscope. For example, the “Born and Wolf” model is a relatively 

simple and commonly used function which models the imaging medium as a single layer of 

uniform refractive index [78]. By contrast, the “Gibson and Lanni” model assumes that the 

imaging medium is divided into layers of different refractive indices, providing a more realistic 

representation of the imaging system [91,92].  

Another factor affecting the accurate 3D localization of a point source is that determining the 

axial location of a point source that is near focus is an inherently difficult problem: it has been 

shown that there is almost no information about the axial location of the point source encoded 

in its image when the point source is near focus, at least for some PSF models [93]. Hence, the 

microscope or its PSF has been modified using various approaches to encode more information 

about the axial location of a point source into the PSF [94-96]. MUM solves the near-focus 3D 

localization problem by simultaneously acquiring images of the same point source from two 

or more focal planes. When a point source is near focus on one focal plane of a MUM 

configuration, it is out of focus in other focal planes. Hence, images acquired from different 

focal planes can complement each other and synergistically provide a consistent amount of 

information about the axial location of the point source for point sources located at different 
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axial positions [97]. An optimization algorithm termed the MUM-Localization Algorithm  

(MUMLA) has been proposed and verified, which can apply any of the above-mentioned 

parametric functions to the image data of a point source from a MUM configuration, and 

estimate its 3D location [96,98]. Assuming that the PSF model used is a reasonable 

approximation of the PSF of the microscope, MUMLA has been shown to potentially provide 

the best theoretically possible localization accuracy [96]. 

However, the implementation of such parametric models is non-trivial and may require careful 

optimization of parameters used by the algorithm, given the complex minimization landscape 

presented by these modeling functions. Hence, several groups have used “non-parametric” 

methods to estimate the axial location of the point source with MUM configurations [99,100]. 

These non-parametric methods utilize the observation that the local brightness of the PSF 

changes as the point source moves in and out of focus [79,99]. These methods generate a 

lookup table of normalized intensities and use the lookup table to estimate the 3D location of 

the point source.  
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1.6 INTRODUCTION TO DISSERTATION 

Trogocytosis and whole cell phagocytosis are processes that govern important aspects of 

antibody-based tumor therapy and hence an improved understanding of these processes would 

permit the better design of future antibody therapies. The present work aims to study the effect 

of trogocytosis on target cell viability, the immune cell degradative pathways involved in 

ingested-target cell material and the development of new microscope image processing 

algorithms that will assist such studies. The first aim focuses on answering an important 

question of whether the process of trogocytosis can lead to target cell death and to further 

understand its mechanism. The second aim focuses on studying the fate of whole cell 

phagosomes primarily using microscopy techniques. The microscopy techniques used in these 

aims and other studies depend on the continual development of software and algorithms that 

allow the appropriate processing of advanced microscopy data. To that end, the third aim 

focuses on providing a simple solution for an important problem in 3D single molecule 

microscopy, the rapid estimation of the axial location of a point source.  

Aim 1: Study the effect of macrophage-mediated trogocytosis on antibody-opsonized 

tumor cell numbers and viability 

The effect of trogocytosis on the survival of antibody-opsonized cancer cells was studied using 

microscopic and flow cytometric assays. Flow cytometric analysis was used to measure long-

term cancer cell viability in co-cultures with macrophages as well as to distinguish between 

the levels of phagocytosis and trogocytosis. Long-term microscopy imaging methods were 

used to study the fate of cancer cells undergoing continuous trogocytosis over several days. 
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Macrophage model systems that only performed trogocytosis and no phagocytosis were used 

to study the effect of trogocytosis on long-term target cell viability.  

Aim 2: Study the degradative pathways of phagocytosed target cells  

The fate of whole cell phagosomes was studied using live imaging microscopy, and a novel 

vacuole-like structure was identified to be aiding the degradation of large phagosomes 

containing antibody-opsonized cancer cells. The vacuole structure was characterized using 

various microscopy modalities. 

Aim 3: Develop fast non-parametric 3D tracking algorithms that can assist the tracking 

of trogosome material in microscopy images of macrophages 

The accurate localization of point sources in whole cell 3D microscopy data is a prerequisite 

for the practical use of this modality. Hence, we identified a non-parametric method of 

calculating the axial position of a point source to solve the 3D localization problem. We also 

evaluated its performance in comparison to other parametric methods and advanced 

microscope configurations. The performance of this algorithm was also tested with real data.
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CHAPTER TWO  

MACROPHAGE-MEDIATED TROGOCYTOSIS LEADS TO DEATH 

OF ANTIBODY-OPSONIZED TUMOR CELLS 

This study has been published in the journal Molecular Cancer Therapeutics [Velmurugan R, 

Challa DK, Ram S, Ober RJ, Ward ES. (2016) Macrophage-mediated trogocytosis leads to 

death of therapeutic antibody-opsonized tumor cells. Mol Cancer Ther 15(8):1879-89]. It is 

reprinted here with permission from the American Association for Cancer Research. 

2.1 INTRODUCTION 

Defining the consequences of the interactions of immune effector cells with cancer cells in the 

presence of tumor-specific antibodies has direct relevance to both immunosurveillance and 

cancer therapy. The effects of therapeutic antibodies can include the direct inhibition of cell 

signaling through growth factor receptor binding and the indirect consequences of tumor cell 

opsonization and recruitment of effector cells such as macrophages or natural killer (NK) cells 

[66]. For example, monocytes or macrophages can interact with antibody-opsonized tumor 

cells and engulf whole cells or internalize fragments of the target cell plasma membrane during 

phagocytosis or trogocytosis, respectively [23,101-104]. Although the tumoricidal effects of 

phagocytosis are clear, the effect of trogocytosis is less certain. It has been speculated that 

trogocytosis can have a positive effect during cancer therapy [104]. Conversely, trogocytosis 

can result in escape from antibody-dependent cell-mediated cytotoxicity (ADCC), 

complement-dependent cytotoxicity (CDC) or phagocytic cell death. This mechanism of 

escape has been extensively studied for anti-CD20 antibodies [70,101,102,105] and involves 

the depletion of target antigen from the cell surface combined with the exhaustion of effector 
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pathways. These observations have led to the development of dosing regimens to reduce 

trogocytosis and minimize the pro-tumorigenic effects during CD20 targeting [73]. However, 

in different settings, it remains possible that trogocytosis results in tumor cell death. To date, 

such analyses have been limited by the challenges in distinguishing trogocytosis from 

phagocytosis in effector:target cell co-cultures. In the current study, we have developed an 

assay to distinguish these two processes. This assay has been used to investigate whether 

trogocytosis leads to the attrition of HER2-overexpressing breast cancer cells. Establishment 

of trogocytosis as a pathway for tumor cell death has implications for strategies to optimize 

antibody-based therapies. 

The involvement of FcγR-expressing effector cells in anti-tumor effects has motivated the use 

of antibody engineering approaches directed toward the Fc region to enhance FcγR binding 

affinity [33,34,39,106-108]. However, due to the challenges associated with quantitating 

trogocytosis, how Fc engineering affects this activity is unexplored. Also, despite the 

expansion in the development and use of antibody-based therapeutics during the past decade 

[54,109], the factors leading to the induction of long-lived anti-tumor immunity are ill-defined. 

Consequently, understanding the mechanisms through which macrophages interact with tumor 

cells is not only important for Fc engineering but also has relevance to elucidating the 

subcellular trafficking processes resulting in antigen acquisition and presentation by this 

antigen presenting cell subset [110,111]. 

The process of trogocytosis was first visualized by Griffin and colleagues [21] when they 

observed conjugates between macrophages and antibody-opsonized lymphocytes through 
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electron microscopy. They observed that endosome-like structures were found inside the 

macrophages near the synapse that contained material from the lymphocyte surface. Other 

studies have since attempted to capture the trogocytosis process through live imaging 

[102,104], and while these studies show the gradual appearance of the trogosomes in the 

macrophages containing target cell material, these results did not clarify the exact mechanism 

of trogocytosis. Of interest is the question of how macrophages may “nibble” parts of the target 

cell membrane without compromising its membrane integrity, which may be the reason why 

leukemia therapy with CD20 antibodies is not successful [73]. Further, a study has shown a 

related process of trogocytosis performed by Entamoeba histolytica [76] where the amoeba 

engulfs parts of target cells, but in the process, causes their instantaneous death. It has been 

shown that this trogocytosis process engulfs not just the membrane of the target cell but also 

the cytoplasm of the target cell. While the precise ratio of target cell cytoplasm and target 

membrane engulfed by phagocytes like macrophages has not been established, most studies of 

this trogocytosis process have only observed material from the target cell membrane being 

internalized. Hence it becomes important to establish the precise mechanism through which 

macrophages perform this trogocytosis process to compare it to the trogocytosis performed by 

other species.  

One of the possible reasons for the difficulties in studying this process is the inherent 3D nature 

of it: to follow the formation of an individual trogosome from the target cell membrane; we 

need to image the synapse between the macrophage and the cancer cell. However, such 

macrophages-cancer cell synapses form perpendicular to the imaging plane, increasing the 

complexity of visualizing the process using conventional two-dimensional microscopy. 
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Previous studies have visualized the synapse between an NK cell and its target by precisely 

placing one cell over another [112]. However, they were also limited to studying just the 

membrane dynamics in the synapse in two dimensions and not the formation of any 

internalization structures, which would form in a different focal plane.  

Multifocal plane Microscopy (MUM), where one can image multiple focal planes of a sample 

at the same time, is an ideal tool to study this process. The interactions between the 

macrophages and target cells can be studied in 3D with high temporal resolution as they form 

naturally, and even if the formation of the trogosome occurs in a different focal plane as the 

synapse, its formation can be captured given the precise design of the focal planes in the MUM 

configuration.  

In the current study, we have used a novel approach to investigate the ability of macrophages 

of different sources to carry out trogocytosis and phagocytosis of antibody-opsonized HER2-

overexpressing breast cancer cells. The RAW264.7 macrophage cell line very rarely 

phagocytoses complete cells but has trogocytic activity similar to that of other macrophage 

types. Combined with analyses of apoptotic markers on opsonized target cells in the presence 

of both human and mouse macrophages, this behavior has allowed us to demonstrate that 

trogocytosis can lead to tumor cell death. Of direct relevance to Fc engineering, the 

enhancement of antibody affinity for FcγRs results in increased trogocytosis and target cell 

death. Importantly, this higher activity is only manifested in the presence of physiological 

levels of intravenous gammaglobulin (IVIG). Collectively, these studies indicate that 

trogocytosis can have tumoricidal effects that are further enhanced by antibody engineering.
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2.2 RESULTS 

2.2.1 Quantitation of cancer cell killing by macrophages 

We initially analyzed the effects of different macrophage cells on the viability of opsonized, 

HER2-overexpressing breast cancer cells. The co-culture of J774A.1 or RAW264.7 

macrophages with MDA-MB-453 or SK-BR-3 cells in the presence of the anti-HER2 antibody, 

trastuzumab, resulted in ~90% and ~50% decreases in target cell numbers, respectively 

(Figure 2-1A,B). The efficiency of tumor cell recovery was similar for all co-culture 

conditions, excluding the possibility that variability in cell harvesting efficiency contributes to 

the differences in cell numbers (Figure 2-2). Incubation of target cells with trastuzumab alone 

resulted in ~ 10-20% reduction in cell numbers within 72 hours, consistent with earlier studies 

[113] (Figure 2-1C), although larger decreases (~50%) were observed following longer 

incubation times [114]. The significant reductions in cell numbers within 72 hours 

(Figure 2-1A,B) are therefore due to the presence of macrophages rather than the cytostatic 

effects of trastuzumab. Similar results were obtained for co-cultures maintained in growth 

media recommended for either the macrophage or tumor cell lines (Figure 2-1, Figure 2-3). To 

investigate whether the death of opsonized target cells in the presence of macrophages was due 

to the release of soluble mediators, cancer cells were cultured for 72 hours in the lower 

chambers of transwell plates containing macrophage:target cell co-cultures plus trastuzumab 

in the upper chambers (Figure 2-4). The results demonstrate that macrophage:cancer cell 

contact is necessary for cell number attrition. Also, treatment of cultures with an inhibitor of 

oxygen radical generation, edaravone, did not reduce cell death (Figure 2-5).  
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Figure 2-1: Macrophages reduce breast cancer cell viability in the presence of 
trastuzumab 

J774A.1 (A) or RAW264.7 (B) macrophages were plated in 48 well plates with MDA-
MB-453 or SK-BR-3 breast cancer cells at a 4:1 effector:target cell ratio 
(2.5×104:6.25×103 cells) and 1 µg/ml trastuzumab (Ab) or PBS vehicle (-ve) was added 
24 hours later. Following 72 hours, cells were harvested and the remaining number of 
cancer cells quantitated by flow cytometry. The number of live cancer cells in each sample 
is shown as a fraction of the corresponding vehicle control. C, cell numbers following 
incubation of cancer cells as in A,B but without macrophages. Error bars represent 
standard errors. Student’s t-test was performed to indicate statistical significance (denoted 
by *; p< 0.05). 
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Figure 2-2: Harvesting efficiency of cancer cells in macrophage:cancer cell co-
cultures 

To label MDA-MB-453, SK-BR-3 or HCC1954 cells, the cancer cells were incubated 
with 50 µg/ml Alexa 647-labeled dextran overnight (dextran accumulates by fluid phase 
uptake within the endolysosomal pathway). Labeled cells were harvested, counted in 
duplicates using a hemocytometer and mixed with macrophages at a 4:1 ratio and plated 
in 48 well plates, in the presence or absence of 1 µg/ml trastuzumab. Following a 4-hour 
incubation at 37°C, the cells were harvested into flow cytometry tubes, and 50 µl of a 
solution containing a defined number of Flow Check beads (counted using a 
hemocytometer) added to each tube. The samples were analyzed by flow cytometry and 
the total number of cancer cells harvested from each well was calculated by dividing the 
number of dextran-positive events by the fraction of added beads counted in each sample. 
This cell count corresponds to all cancer cells, including those present in 
macrophage:cancer cell conjugates and in phagosomes inside macrophages. The number 
of cancer cell events collected was plotted as a fraction of the number of cancer cells 
plated in the 48 well plates (M = macrophage). Statistically significant differences 
between samples were determined using one-way ANOVA analysis followed by a 
Tukey’s multiple comparisons test between all the indicated sample pairs. n.s., no 
significant difference (95% confidence interval). 

 



33 

 

 

Figure 2-3: Macrophage-mediated reduction of opsonized target cell numbers 
occurs in media optimized for cancer cell growth 

J774A.1 or RAW264.7 macrophages were plated in 48 well plates with CFSE-labeled 
MDA-MB-453 or SK-BR-3 cancer cells at a 4:1 effector:target ratio (2.5×104:6×103 cells) 
with 1 g/ml trastuzumab (Ab) or PBS vehicle (-ve) and incubated at 37°C in either 
RPMI-based or McCoy’s-based medium for 72 hours. The cells were then harvested and 
the remaining number of cancer cells quantitated by flow cytometry. The number of live 
cancer cells in each sample is shown as a fraction of the control. Error bars represent 
standard errors. Statistically significant differences between samples were determined 
using Student’s t-test. * indicates significant differences between samples (p < 0.05). 
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Figure 2-4: Macrophage-mediated killing of opsonized target cells is contact-
dependent 

Different combinations of 1×105 RAW264.7 cells, 2.5x104 MDA-MB-453 cells and 1 
µg/ml trastuzumab were mixed in the inserts of transwell plates (0.4 µm pores; Corning) 
and 1x105 MDA-MB-453 cells were cultured in the lower chambers. Following 
incubation at 37°C for 72 hours, the cancer cells in the lower chambers were harvested 
and live cells quantitated by flow cytometry. Error bars represent standard errors. 
Statistically significant differences between samples were determined using Student’s t-
test. n.s., no significant difference (p > 0.05). 
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Figure 2-5: Macrophage-mediated killing of opsonized target cells occurs in the 
presence of the reactive oxygen species scavenger, edaravone 

RAW264.7 macrophages were co-cultured with CFSE-labeled MDA-MB-453 cancer 
cells at 4:1 effector:target ratio (2.5×104:6×103 cells) and incubated at 37°C for 72 hours 
in the presence of 1 g/ml trastuzumab (Ab) or PBS vehicle (-ve). Edaravone (1 µM) or 
vehicle (DMSO) were added to the cultures. Live cancer cell numbers were determined 
using flow cytometry and expressed as % cancer cell levels in control. Statistically 
significant differences between samples were determined using Student’s t-test. n.s., no 
significant difference (p > 0.05). 
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The different levels of cell killing induced by incubation of trastuzumab-opsonized cancer cells 

with J774A.1 or RAW264.7 macrophages prompted us to use fluorescence microscopy to 

investigate the interactions between these effector:target cell combinations. Co-incubation of 

J774A.1 macrophages and MDA-MB-453 cells in the presence of trastuzumab led to the 

appearance of both phagocytosed cancer cells (whole cell phagocytosis, WCP) and cancer cell 

fragments, or trogosomes, within the CD45-positive macrophages (Figure 2-6A, Movie S1). 

Permeabilization of the cells before staining with anti-mouse CD45 antibody demonstrated 

that the phagosomes and trogosomes had associated CD45, indicating that they were 

encapsulated by the macrophage plasma membrane (Figure 2-6B). Similar observations were 

made using SK-BR-3 and HCC1954 cells as targets (Figure 2-7A). By marked contrast, 

although RAW264.7 cells were active in trogocytosis, phagocytic events involving complete 

cells were not observed when these macrophages and trastuzumab-opsonized breast cancer 

cells (MDA-MB-453, SK-BR-3 or HCC1954) were co-cultured (no WCP events were 

observed in 21 fields of view for RAW264.7 cells whereas 12/31 fields of view contained WCP 

events for J774A.1 macrophages; Figure 2-7B). Consistent with the earlier observations of 

others [20,33,115], the use of human monocyte-derived macrophages as effectors with 

trastuzumab-opsonized tumor cells resulted in both trogocytosis and phagocytosis, combined 

with a decrease in cancer cell numbers (Figure 2-8).  
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Figure 2-6: J774A.1 and RAW264.7 macrophages exhibit different phagocytic 
activities 

A, MDA-MB-453 cells were harvested and opsonized by incubation with 10 µg/ml Alexa 
555-labeled trastuzumab at room temperature for ten minutes followed by washing. The 
opsonized cancer cells (2.5×104 cells/imaging dish) were added to adhered, IFNγ-
activated J774A.1 macrophages (4×104 cells) for 30 minutes and the samples fixed and 
stained. Trogosomes and a completely engulfed cancer cell are indicated by white and 
yellow arrows, respectively. B, J774A.1 macrophages, and MDA-MB-453 cells were 
incubated as in A, fixed, permeabilized and mouse CD45 detected using FITC-labeled 
mouse CD45-specific antibody. C, representative flow cytometry plots to show the 
identification of the whole cell phagocytosis (WCP) population. Macrophages were plated 
for 18 hours, followed by addition of EdU-treated cancer cells at a 10:1 effector:target cell 
ratio in the presence of 1 µg/ml trastuzumab or PBS vehicle for 6 hours. The samples were 
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then harvested and stained for mouse CD45 (macrophages), and cancer cells accessible to 
the medium were detected using labeled pertuzumab. The following cell populations can 
be identified: macrophage only (1); cancer cell only (2); macrophage:cancer cell conjugate 
(3); macrophage that has performed WCP (4). D, fluorescence microscopy images of cells 
representative of the populations numbered 1, 2, 3 and 4 in panel C. E, time-course of 
WCP using J774A.1 macrophages and MDA-MB-453 cancer cells. F, comparison of WCP 
activity using different macrophage cells with MDA-MB-453 cells after co-incubation for 
6 hours. G, the plot of percentage WCP against percentage HER2 reduction for the data 
shown in Fig. 2F. The percentage of HER2 reduction from the cell surface was calculated 
from the ratio of the surface pertuzumab (MFI) remaining in the non-phagocytosed cancer 
cell population to surface pertuzumab (MFI) in samples without antibody treatment. H,I, 
comparison of WCP activity using J774A.1 (H) or RAW264.7 (I) macrophages with 
different breast cancer cell lines after co-incubation for 6 hours. Control in panels C, E-I, 
represent co-cultures incubated without trastuzumab. Error bars represent standard errors. 
Student’s t-test was performed to indicate statistical significance (denoted by *; p < 0.05). 
n.s., no significant difference (p>0.05). For panels A, B and D, scale bars = 5 µm. 
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Figure 2-7: Representative images of conjugates formed between two macrophage 
cell lines and three cancer cell lines 

SK-BR-3, HCC1954 or MDA-MB-453 cells were harvested and opsonized by incubation 
with 10 µg/ml Alexa 555-labeled trastuzumab at room temperature for ten minutes 
followed by washing. The opsonized cancer cells (2.5x104 cells/imaging dish) were added 
to adhered, IFNγ-activated J774A.1 macrophages for 30 minutes and the samples fixed 
and stained for CD45 using a mouse CD45-specific antibody (pseudocolored green). 
Nuclei were stained with Hoechst dye (pseudocolored blue). The upper row shows 
examples of WCP for J774A.1 macrophages, and the second and third rows show 
examples of trogocytosis for J774A.1 and RAW264.7 macrophages as indicated. Scale 
bar = 20 µm.  
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Figure 2-8: Human macrophages perform both phagocytosis and trogocytosis of 
antibody-opsonized target cells and reduce cancer cell numbers 

A, 4×104 human monocyte-derived macrophages were cultured in MatTek dishes for six 
days and treated with 25 ng/ml IFN-γ for six hours, followed by the addition of 2.5×104 
MDA-MB-453 cells opsonized with Alexa 555-labeled trastuzumab. The samples were 
incubated for 30 minutes, fixed and stained with a human CD45-specific antibody and 
Hoechst dye to detect macrophages and nuclei, respectively. Representative images show 
examples of WCP and trogocytosis performed by the human macrophages. B, CFSE-
labeled MDA-MB-453 cells were added to monocyte-derived macrophages cultured in 
48-well plates at a 4:1 effector:target cell ratio, with 1 µg/ml trastuzumab (Ab) or PBS 
vehicle (-ve) for 72 hours. The cells were harvested, and the remaining CFSE-positive 
live cancer cell fraction was quantitated by flow cytometry. C, EdU-labeled MDA-MB-
453 cells were added to monocyte-derived macrophages cultured in 48-well plates at a 
10:1 effector:target cell ratio with 1 µg/ml trastuzumab (Ab) or PBS vehicle (-ve) for 6 
hours. The cells were harvested and stained for human CD45. Cancer cells accessible to 
the medium (i.e., not phagocytosed) were detected using fluorescently labeled 
pertuzumab, followed by fixation and staining for EdU. Stained samples were analyzed 
by flow cytometry. % WCP was calculated as the fraction of EdU-positive cells that were 
CD45-positive and pertuzumab-negative. Error bars represent standard errors. All 
experiments were performed using macrophages differentiated from monocytes isolated 
from fresh PBMCs, and similar results were obtained using purified monocytes from 
frozen stocks. Statistically significant differences between samples were determined using 
Student’s t-test. * indicates a significant difference between samples (p < 0.05). 
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2.2.2 Trogocytosis leads to tumor cell death 

To quantitate trogocytosis and WCP in a high-throughput manner, we developed a flow 

cytometric assay involving the labeling of the DNA of tumor cells with EdU (Figure 2-6C,D). 

To distinguish macrophage-associated tumor cells that were phagocytosed from those that 

formed macrophage:cancer cell couples, we reasoned that phagocytosed cells would be 

inaccessible to the anti-HER2 antibody, pertuzumab [116]. Importantly, we and others have 

demonstrated that pertuzumab does not compete with trastuzumab for binding and can, 

therefore, be used to detect HER2 in the presence of trastuzumab [98,117,118]. To quantitate 

cancer cells that had not been phagocytosed, co-cultures were harvested and stained with 

labeled pertuzumab, whereas EdU staining was used to identify all cancer cells. WCP activity 

was quantitated by determining the fraction of EdU-positive cells that were mouse CD45- 

positive and pertuzumab-negative, whereas cell couples were positive for all three markers. In 

the absence of trastuzumab, for J774.1 macrophages the number of cell couples was higher 

than in the presence of this antibody (Figure 2-6C), most likely because cell couples formed 

with antibody-opsonized cancer cells are expected to lead to efficient target cell phagocytosis. 

The CD45-negative, pertuzumab-low population represents cancer cells that have substantially 

reduced surface HER2 levels due to trogocytosis. 

We first used the flow cytometric assay to characterize the dynamics of WCP in 

J774A.1:MDA-MB-453 co-cultures. Using an effector:target cell ratio of 10:1, approximately 

25% of the target cells were phagocytosed within 3 hours. This number increased over time, 

reaching a plateau level of 40-50% following 8 hours (Figure 2-6E). WCP events are detectable 

even when the numbers of macrophages and cancer cells are equivalent or cancer cells 
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outnumber the macrophages (effector:target ratios of 1:1 or 1:5), although the fraction of 

cancer cells that undergo WCP decreases (Figure 2-9).  

Thioglycollate-elicited primary peritoneal mouse macrophages and human monocyte-derived 

macrophages exhibited similar phagocytic activity to that observed for J774A.1 cells 

(Figure 2-6F, Figure 2-8). Concordant with the microscopy data, RAW264.7 cells rarely 

performed WCP (Figure 2-6F), whereas trogocytic activity was similar for all macrophage cell 

types (Figure 2-6G). Analogous results were obtained for phagocytosis using SK-BR-3, 

HCC1954 or MDA-MB-453 cells as targets, demonstrating that the low phagocytic activity of 

RAW264.7 macrophages is not target cell-dependent (Figure 2-6H,I). The percentage recovery 

of cancer cells for cell co-cultures with mouse and human macrophages were similar (70 – 

80%; Figure 2-2), excluding the possibility that differential recovery contributes to the 

observed differences in phagocytic activity between macrophage:cancer cell combinations. 

The relatively high level of tumor cell death in the presence of RAW264.7 cells (Figure 2-1B) 

combined with the very low levels of WCP activity indicated that trogocytosis can lead to 

tumor cell killing. To further investigate this, we performed long-term imaging of J774A.1:SK-

BR-3 or RAW264.7:SK-BR-3 co-cultures (at a 4:1 effector:target ratio) in the presence of 

trastuzumab for approximately 3 days. In agreement with the fixed cell and flow cytometry 

data, multiple phagocytic events involving whole cells were observed for J774A.1 

macrophages, whereas WCP rarely occurred for RAW264.7 macrophages. Individual cancer 

cells undergoing trogocytosis by both J774A.1 and RAW264.7 macrophages could be 

observed, and in multiple cases cancer cell death was observed following several days of 
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intermittent trogocytic attack (Movie S2 for J774A.1, Figure 2-10A and Movie S3 for 

RAW264.7 macrophages; data shown are representative of at least 14 events observed for each 

macrophage type). Similar trogocytic attack followed by cell death was observed when human 

macrophages were used as effectors (Movie S4).  

Live cell fluorescence microscopy also demonstrated that the non-phagocytic interactions 

between macrophages and cancer cells involved the transfer of trastuzumab from cancer cells 

to macrophages via trogocytosis (Movie S5). CellEvent Caspase 3/7 Green Detection Reagent 

was not detectable in the opsonized target cells during the early stages of trogocytic attack 

(within 3 hours of co-culture set up; Movie S5), indicating that the macrophages accumulate 

trogosomes from live cells during this time frame. However, following 36 hours of co-culture 

incubation of opsonized tumor cells with J774A.1, RAW264.7 and human monocyte-derived 

macrophages, ~10% of target cells were positive for propidium iodide (PI) and fluorescently 

labeled annexin V (Figure 2-10B,C,D, Figure 2-11A,B ). The annexin V-positive cells also 

accumulated CellEvent Caspase-3/7 Green Detection Reagent, indicating the induction of 

apoptosis (Figure 2-11A). The percentages of PI/annexin V-positive cells are lower than those 

for the cumulative cell death following 72 hours incubation (Figure 2-1) since PI/annexin V 

staining identifies a specific phase of the cell death pathway. Also, surface HER2 levels were 

reduced on all the opsonized cancer cells in the presence of macrophages Figure 2-10B,E,F). 

Combined with the survival of a proportion of cancer cells following 72 hours co-culture with 

macrophages (Figure 2-1), this indicates that not all trogocytosed cells undergo cell death 

within this time frame. Nevertheless, in combination with our live cell imaging experiments 

and the observation that soluble mediators do not contribute to macrophage (RAW264.7).  
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Figure 2-9: Effect of effector:target ratio on WCP activity 

J774A.1 macrophages were plated for 18 hours, followed by addition of EdU-treated 
MDA-MB-453 cancer cells at different effector:target cell ratios in the presence of 1 
µg/ml trastuzumab or PBS vehicle for 6 hours (3×105:6×104 cells for 5:1, 
1.5×105:1.5×105 cells for 1:1 and 6×104:3×105 cells for 1:5 ratios, respectively). The 
samples were then harvested and stained for mouse CD45, and cancer cells accessible to 
the medium detected using labeled-pertuzumab, followed by fixation and staining for 
EdU. The samples were then analyzed by flow cytometry and % WCP was calculated as 
the fraction of EdU-positive cells that were CD45-positive and pertuzumab-negative. 
Error bars represent standard errors. 
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Figure 2-10: RAW264.7, J774A.1 and human monocyte-derived macrophages 
induce similar levels of apoptosis in opsonized cancer cells 

Macrophages and cancer cells were plated at an effector:target cell ratio of 4:1 in a T25 
culture flask (3×106:7.5×105 cells), 1 µg/ml trastuzumab was added 18-24 hours later and 
the cells were imaged. A, individual frames showing an SK-BR-3 cell undergoing cell 
death in a long-term light microscopy imaging experiment for a co-culture of SK-BR-3 
and RAW264.7 cells in the presence of 1 µg/ml trastuzumab. Times of acquisition of each 
image are indicated. B,C,D, MDA-MB-453 cells were plated alone or co-incubated with 
RAW264.7, J774A.1 or human monocyte-derived macrophages at a 4:1 effector:target 
cell ratio in the presence of 1 g/ml trastuzumab (Ab) or PBS vehicle (-ve) for 36 hours. 
B, representative dot-plots for pertuzumab fluorescence vs. PI fluoresence for cancer cells 
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from co-cultures of RAW264.7 or human macrophages with cancer cells in the presence 
(trastuzumab) and absence of antibody (control). C,D, fraction of annexin V, PI double-
positive cancer cells in co-cultures determined by flow cytometry. E,F, samples shown in 
C and D, respectively, were stained with fluorescently labeled pertuzumab after harvesting 
and the mean fluorescent intensity (MFI) of pertuzumab on the cancer cell populations 
determined. Error bars represent standard errors. Student’s t-test was performed to 
indicate statistical significance (denoted by *; p < 0.05). 
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Figure 2-11: Macrophages induce apoptosis in opsonized cancer cells 

MDA-MB-453 cells were co-incubated with human monocyte-derived macrophages or 
RAW264.7 macrophages at a 4:1 effector:target cell ratio in the presence of 1 µg/ml 
trastuzumab or PBS vehicle (control). Following 36 hours, cells were harvested and 
stained with fluorescently labeled annexin V and propidium iodide as indicated. 
CellEvent caspase-3/7 Green Detection Reagent was   added to human 
macrophage:cancer cell co-cultures for the last 4 hours of culture prior to harvesting. 
Representative dot-plots for cancer cell populations following co-incubation with human 
macrophages (A) or RAW264.7 macrophages (B) are shown. Cell populations that are 
positive for cell death/apoptotic markers and their percentage (of total cancer cells) are 
indicated. 
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mediated death of opsonized targets, these data demonstrate that trogocytosis can lead to tumor 

cell attrition. 

2.2.3 Trogocytosis involves tubular extensions of opsonized cancer cells  

We employed live cell imaging to study the uptake of labeled trastuzumab from the cancer cell 

surface into the macrophage. Macrophages accumulate punctate, trastuzumab-positive 

trogocytic compartments, resulting in depletion of trastuzumab from the cancer cell surface in 

the region adjacent to the macrophage (Figure 2-12A). Following trastuzumab depletion, 

antibody levels in the region between the apposed cells recover within about 10 minutes, 

indicating that HER2/trastuzumab complexes are mobile on the cell surface. We next used 

MUM [79,81] combined with live cell imaging to analyze the dynamics of trogocytosis in three 

dimensions (Figure 2-12B,C). MUM enables the simultaneous visualization of cellular 

trafficking processes in multiple different focal planes [81,98]. Using MUM, we observed that 

trogocytosis involves the extension of tubular structures from the tumor cells into invaginations 

in the macrophage that are subsequently pinched off to form trogosomes within the effector 

cells (Figure 2-12B,C, Movie S6). Flow cytometry analyses indicated that although the levels 

of surface HER2 decrease on the target cells (Figure 2-12D), the CFSE fluorescence level does 

not change following two days of co-incubation with macrophages in the presence of 

trastuzumab (Figure 2-12E), indicating the engulfment of tubular extensions with high surface 

area:volume ratios. Also, following two hours of incubation of macrophages with tumor cells, 

many trastuzumab-positive trogosomes are located in lysosomes (Figure 2-13).  
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Figure 2-12: Fluorescence microscopy analyses using MUM reveals that 
trogocytosis involves tubular extensions of the cancer cells 

A, individual frames from a live imaging experiment of MDA-MB-453: RAW264.7 cell 
conjugates. The cancer cells were opsonized by incubation with 10 µg/ml Alexa 555-
labeled trastuzumab at room temperature for ten minutes followed by washing. These 
cells were added to IFN-γ-activated RAW264.7 macrophages expressing MEM-GFP (to 
label the plasma membrane; pseudocolored green) plated in dishes 30 minutes prior to 
imaging at a 1:1 effector:target cell ratio (2.5×104 cells). Grayscale images represent 
individual frames of the trastuzumab signal for the boxed region in the pseudo-colored 
image showing trastuzumab (red) and MEM-GFP (green) signals. Yellow arrows indicate 
punctate structures accumulating inside the macrophage. B, schematic diagram of the 
MUM configuration and representative images from multiple focal planes of a 
macrophage:cancer cell conjugate formed between IFN-γ-activated MEM-GFP 
expressing RAW264.7 macrophages and MDA-MB-453 cancer cells opsonized with 
Alexa 555-labeled trastuzumab as above. C, individual frames showing the trastuzumab 
signal (black and white panels) of live cell imaging from two focal planes displaying a 
trogocytic event involving tubulation. Yellow arrows indicate intermediates in the 
tubulation process. Numbers in the lower part of each panel represent the acquisition time 
(seconds) for each image pair. The left panel shows an overlay of the MEM-GFP 
(pseudocolored green) and trastuzumab (pseudocolored red) at 1020 sec in the 1.8 µm 
focal plane. The boxed region is expanded in the grayscale images. D, E, flow cytometry 
analyses of pertuzumab and CFSE staining levels in MDA-MB-453 cells co-incubated 
with RAW264.7 macrophages as described in Fig. 1B. Scale bars = 5 µm. 
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Figure 2-13: Trogosomes are rapidly targeted to lysosomes 

MDA-MB-453 cells were harvested and opsonized by incubation with 10 µg/ml Alexa 
555-labeled trastuzumab for ten minutes at room temperature followed by washing. 
J774A.1 macrophages (4×104 cells/dish) were incubated with the opsonized cancer cells 
(2.5×104 cells) for 30 minutes or 110 minutes, stained for mouse CD45 at room 
temperature (without fixation) followed by imaging. Before the addition of the cancer 
cells, lysosomes in J774A.1 macrophages were labeled by incubating cells with 100 
µg/ml Alexa 488-labeled dextran for 1 hour followed by washing and incubating the cells 
in medium containing 25 ng/ml IFN-γ for 6 hours. Cells were imaged as live cells without 
fixation. Boxed regions are enlarged in the upper right-hand corners of each panel. Scale 
bars = 5 µm.  
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Although RAW264.7 cells rarely performed WCP, fluorescence microscopy indicated that the 

cell contacts with opsonized tumor cells were similar for both J774A.1 and RAW264.7 cells 

with respect to membrane ruffling and accumulation of actin and mouse CD45 (Figure 2-14). 

Also, both cell lines express all of the mouse FcγRs (Figure 2-15). Interestingly, we did not 

observe capping of HER2 at the interface between cancer cells and macrophages or in cancer 

cells incubated with antibody only (Figure 2-14, Figure 2-16A). By contrast, in the presence 

of the anti-CD20 antibody, rituximab, capping of CD20 occurred on the surface of B cells 

isolated from human peripheral blood mononuclear cells (PBMCs; Figure 2-16B), consistent 

with earlier observations [21,119]. Further, following 30 or 60 minutes incubation, rituximab 

was more rapidly depleted from B cells compared with the reduction of trastuzumab-associated 

with MDA-MB-453 breast cancer cells (Figure 2-16C).  

2.2.4 FcγR affinity enhancement modulates the levels of trastuzumab-mediated 

trogocytosis 

The engineering of antibodies to selectively enhance their affinity for binding to activating 

FcγRs over inhibitory FcγRs provides a pathway for improving antibody efficacy in vivo 

[33,34,39,106-108]. However, it is unknown whether this enhancement affects trogocytosis. 

We, therefore, analyzed the effects of two sets of mutations, G236A/I332E (AE) and 

G236A/S239D/I332E (ADE), on trogocytic activity. These mutations selectively increase the 

affinity of IgG1 for FcγRIIa or FcγRIIIa over the inhibitory receptor, FcγRIIb, resulting in 

higher ‘Activatory/Inhibitory ratios’ [33,120]. Also, the ADE mutations result in higher 

affinity interactions with FcγRs than the AE mutations [33]. Thioglycollate-elicited peritoneal 

macrophages isolated from transgenic mice that express human FcγRs, but not mouse FcγRs  
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Figure 2-14: The macrophage:cancer cell synapse is similar for both RAW264.7 
and J774A.1 macrophages 

MDA-MB-453 cells were harvested and opsonized by incubation with 10 µg/ml Alexa 
555-labeled trastuzumab for ten minutes at room temperature followed by washing. The 
opsonized cancer cells were then added to RAW264.7 or J774A.1 macrophages plated in 
a dish (2.5×104 cancer cells and 4×104 macrophages) and allowed to settle at room 
temperature for ten minutes. The dishes were subsequently transferred to 37°C for 2 
minutes, fixed and stained for mouse CD45 and actin (using fluorescently labeled 
phalloidin). Scale bar = 5 µm.  

 



53 

 

 

Figure 2-15: J774A.1 and RAW264.7 macrophages express all the mouse FcγRs 

The FcγR expression profile of J774A.1 and RAW264.7 macrophages were analyzed by 
incubation with phycoerythrin-labeled antibodies (1 µg/ml) specific for mouse FcγRs for 
1 hour at 37°C. Cells were then harvested and analyzed by flow cytometry. Isotype 
controls for the respective FcγR-specific antibodies are shown in each histogram plot.  
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Figure 2-16: Breast cancer cell lines and B cells exhibit different capping behavior 
in response to antibody opsonization 

A, HCC1954, MDA-MB-453 or SK-BR-3 cells were plated in glass-bottomed dishes 
overnight, followed by treatment with medium containing 10 µg/ml Alexa 555-labeled 
trastuzumab for 30 minutes at 37°C. Unbound trastuzumab was washed out and cells were 
fixed directly, or induced to round up by treatment with trypsin for 5 minutes at 37°C and 
then fixed, followed by microscopy analyses. B, primary B cells were opsonized with 10 
µg/ml Alexa 555-labeled rituximab at room temperature for ten minutes, followed by 
washing and incubation at 37°C for 30 minutes. The cells were then transferred to MatTek 
dishes and analyzed as live cells by microscopy. C, primary B cells or MDA-MB-453 
cells were opsonized with 10 µg/ml Alexa 555-labeled rituximab or 10 g/ml Alexa 555-
labeled trastuzumab, respectively. The cells were then added to RAW264.7 macrophages 
in a 48-well plate for 30 minutes or 1 hour at a 4:1 effector:target cell ratio, harvested and 
the fluorescent antibody levels associated with the cancer cell populations quantitated 
using flow cytometry. Scale bars = 10 m. Statistically significant differences between 
samples were determined using Student’s t-test. * indicates significant differences 
between samples (p < 0.05). 
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[121], were used for these experiments. Trogocytosis of cancer cells opsonized with wild-type 

trastuzumab or FcγR-enhanced variants of this antibody was analyzed using a flow cytometric 

assay that quantitates the amount of labeled pertuzumab-Fab fragment associated with 

macrophages. To distinguish cancer cell:macrophage conjugates from macrophages that had 

trogocytosed material derived from cancer cells, we used an antibody specific for the cancer 

cell marker EpCAM in the absence of cell permeabilization. 

Although the AE mutant displayed higher trogocytic efficiency than the WT antibody, the 

ADE mutant did not lead to an enhancement of trogocytosis over WT trastuzumab 

(Figure 2-17A). Further, quantitation of WCP demonstrated that the addition of trastuzumab 

harboring AE or ADE mutations did not result in increased WCP activity following 3-6 hours’ 

incubation (Figure 2-17B, Figure 2-18). These results prompted us to explore the effects of the 

mutations in the presence of high concentrations of endogenous IgG to mimic in vivo 

conditions. In the presence of 10 mg/ml IVIG, the addition of trastuzumab harboring AE and 

ADE mutations resulted in substantially increased trogocytic activity over the almost 

background levels observed with WT trastuzumab (Figure 2-17C). These low levels of 

trogocytic activity of WT antibodies in the presence of competing IgG are consistent with the 

observations of others [68]. Interestingly, the WCP activities were significantly decreased by 

the addition of IVIG for both WT trastuzumab and the mutated variants (Figure 2-17B,D). 

Similar inhibitory effects were observed when polyclonal, non-aggregated IgGs were purified 

from IVIG (Figure 2-19), indicating that aggregated IgG does not contribute to this activity of 

IVIG. To investigate the consequences of IVIG addition on tumor cell death, cancer cell 
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numbers were quantitated following 5 days co-incubation with WT trastuzumab or AE/ADE 

variants in the presence of  
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Figure 2-17: Antibodies with enhanced affinity for activating FcγRs have increased 
trogocytic and cell-killing activity 

A, thioglycollate-elicited macrophages isolated from C57BL/6 mice transgenically 
expressing human FcγRs (hFcγR macrophages; 26) were plated with MDA-MB-453 cells 
at an effector:target ratio of 0.4:1 (4×104:1×105 cells). 18 hours later, 1 µg/ml wild type 
(WT) trastuzumab or engineered trastuzumab variants with enhanced affinity for FcγRIIa 
and FcγRIIIa (AE and ADE), combined with 0.5 µg/ml Alexa 488-labeled Fab fragments 
derived from pertuzumab, were added to the co-cultures for 60 minutes. As controls, cells 
were also co-cultured without trastuzumab (-ve). The mean fluorescence intensity (MFI) 
values for pertuzumab Fab staining in the macrophage population are shown. B, WCP 
assay was performed as before using hFcγR macrophages plated for 18 hours, followed 
by addition of 10-fold lower numbers of cancer cells and 10 g/ml WT, AE or ADE 
trastuzumab variants for 6 hours. Trogocytosis (C) and WCP (D) assays were performed 
as in A,B, but in the presence of 10 mg/ml IVIG. Under the conditions of the trogocytosis 
assays (60 minutes incubation), phagocytosis of cancer cells was at background, control 
levels (data not shown). E, hFcγR macrophages were plated with cancer cells at an 
effector:target cell ratio of 2:1 (5×104:2.5×104 cells) or cancer cells alone for 24 hours, 
followed by addition of 10 mg/ml IVIG and 10 µg/ml WT, AE or ADE variants of 
trastuzumab. The medium was replaced by new medium containing the same additions 
after 3 days. Cells were harvested after 5 days and the remaining numbers of cancer cells 
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quantitated. Error bars represent standard errors. For A-E, one-way ANOVA analyses 
were carried out followed by a Tukey’s multiple comparisons test between all sample 
pairs with a confidence interval of 95%. Horizontal lines indicate significant differences 
between sample pairs. 
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macrophages and 10 mg/ml IVIG (Figure 2-17E). The results demonstrate that the ADE variant 

is significantly more active than WT trastuzumab in reducing cancer cell numbers in the 

presence of macrophages, whereas the cytostatic effects of the antibodies alone on the cancer 

cells were similar for WT trastuzumab and the AE/ADE variants (Figure 2-17E). Comparison 

of the effects of WT trastuzumab and the ADE variant in the presence of human monocyte-

derived macrophages and IVIG on target cell death also demonstrated increased tumoricidal 

activity of the FcγR-enhanced mutant (Figure 2-20). Consistent with the low level of trogocytic 

and phagocytic activity of WT trastuzumab in the presence of competing IVIG, our 

observations indicate that the cytostatic effect of trastuzumab is the major contributor to the 

target cell death induced by this antibody (Figure 2-17E, Figure 2-20). Collectively, these 

observations demonstrate that although the effector mechanisms of the macrophages have been 

significantly impaired by IVIG, their tumoricidal effects in the presence of trastuzumab can be 

increased by FcγR-enhancement.  
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Figure 2-18: Engineered antibodies with enhanced FcγR binding affinities do not 
increase WCP activity during a 3-hour incubation 

The WCP assay was performed as in Fig. 5B using thioglycollate-elicited macrophages 
from mice expressing human FcγRs and opsonized MDA-MB-453 cells as targets 
following a 3 hour incubation period. Samples were treated with PBS vehicle (-ve) or 10 
g/ml WT, AE or ADE variants of trastuzumab as indicated. 
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Figure 2-19: The inhibitory effect of IVIG on trogocytosis is not due to the effect of 
aggregated IgG or IgM 

Size exclusion chromatography (HiLoad 16/600 Superdex 200 pg column) was used to 
separate the IgG monomers (150 kDa), IgG dimers, aggregates, and IgM in IVIG. A, 
elution profile of IVIG from the size exclusion column showing monomeric and dimeric 
IgG peaks. B, the effect of the monomeric IgG fraction on trogocytosis was compared 
with that of IVIG. Thioglycollate-elicited macrophages isolated from C57BL/6 mice 
transgenically expressing human FcγRs (4) were plated with MDA-MB-453 cells at an 
effector:target ratio of 0.4:1 (4×104:1×105cells). 18 hours later, 1 µg/ml wild type (WT) 
trastuzumab, together with 0.5 µg/ml Alexa 488-labeled Fab fragments derived from 
pertuzumab, were added to the co-cultures for 60 minutes with monomeric IVIG or 
unfractionated IVIG at a final concentration of 10 mg/ml. As controls, cells were co-
cultured without trastuzumab (-ve). The mean fluorescence intensity (MFI) values for 
pertuzumab Fab staining in the macrophage population are shown. Statistically significant 
differences between samples were determined using Student’s t-test. n.s., no significant 
difference (p > 0.05). 
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Figure 2-20: Human macrophage (Mφ) effectors can deplete cancer cells in the 
presence of IVIG and antibodies with enhanced binding affinities for FcγRs 

2×105 purified human monocytes were plated in 48 well plates with M-CSF for six days, 
followed by the addition of 5×104 MDA-MB-453 cancer cells. 24 hours later, mixtures of 
10 µg/ml WT or ADE variants of trastuzumab were added with 10 mg/ml IVIG. PBS 
vehicle (-ve) and cancer cells plated without macrophages were used as controls. The 
medium was replaced with fresh medium containing the same additions after 3 days. Cells 
were harvested after 5 days and the remaining numbers of cancer cells quantitated. Error 
bars represent standard errors. Statistically significant differences between samples were 
determined using Student’s t-test. * indicates significant difference between samples (p < 
0.05). 
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2.3 DISCUSSION 

In the current study, we demonstrate that macrophage-mediated trogocytosis can lead to 

relatively efficient death of antibody-opsonized breast cancer cells, with around 50% reduction 

in target cell numbers over a period of three days. Consequently, cancer cells can sustain 

limited membrane damage, but they are not resistant to persistent trogocytosis over extended 

periods. A possibility that is not mutually exclusive is that the depletion of HER2 from the 

plasma membrane ablates growth factor-mediated signaling in HER2-addicted cells, resulting 

in cell death [104]. Interestingly, in earlier studies trogocytosis has been shown to efficiently 

remove target receptors such as CD20 from the plasma membrane, leading to amelioration of 

the tumoricidal effects of NK cells and macrophages in the presence of antibodies such as 

rituximab [70,105].Macrophages can have both tumor promoting or inhibitory effects [27,122] 

and our observations extend this dichotomous behavior to trogocytosis. 

By contrast with the induction of clustering of lymphocyte receptors at the effector:target cell 

interface in the presence of opsonizing antibodies such as rituximab [21,119,123,124], we do 

not observe trastuzumab capping on cancer cells. In addition, during live cell imaging, 

following the trogocytic removal of fluorescently-labeled trastuzumab from the closely 

apposed target cell membrane, trastuzumab redistributes to the interface within around 10 

minutes. This indicates that trastuzumab-HER2 complexes are mobile in the plasma 

membrane. The difference in receptor clustering suggests that the proportion of targeted 

receptor over other membrane constituents is lower in trogosomes derived from breast cancer 

cells. In addition, capping of receptors followed by their rapid removal from rituximab-

opsonized lymphocytes is expected to not only reduce NK cell- and complement-mediated 
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target cell death, but also limit the duration of trogocytosis [68]. This is consistent with the 

observation that trogocytosis of rituximab-CD20 complexes on CD20-expressing EL4 cells 

does not lead to therapeutic effects in tumor-bearing mice (9) and can result in tumor escape 

during CD20-targeted therapy [125]. Consequently, the dynamic behavior of the opsonized 

antigen on the target cell surface is expected to modulate tumor cell killing by trogocytosis.  

Recent studies in mouse models have demonstrated that Kupffer cells phagocytose antibody-

opsonized circulating tumor cells (CTCs), leading to reductions in metastatic lesions [23]. By 

contrast, in the absence of tumor-specific antibody, trogocytosis rather than WCP of CTCs was 

observed which did not lead to tumor cell death. The apparent discrepancy between our study 

and these earlier analyses is most likely due to the limited contact time between CTCs and 

macrophages in the absence of antibody, although we cannot exclude a contribution of the 

difference in target [23]. In the current study, tumor cell death is observed when the target cells 

are adhered to the substratum and remain in contact with trogocytic macrophages for prolonged 

periods. This setting might more closely resemble macrophage-mediated attack on solid 

tumors rather than CTCs. Specifically, the physical constraints of surrounding cells in solid 

tumors are expected to favor trogocytosis over phagocytosis. 

The contribution of trogocytosis to tumor cell death in the current study has been elucidated 

through our observation that WCP of several different cancer cells is very rarely observed 

when using RAW264.7 macrophages as effector cells. The behavior of RAW264.7 cells is 

consistent with the observations of others [104], and has been suggested to be due to the large 

size of the target cells. However, our observations that RAW264.7 cells rarely phagocytose 
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three different breast tumor cell lines, combined with the relatively efficient phagocytic 

engulfment of these cell lines by J774A.1 macrophages, indicates that there are intrinsic 

properties of RAW264.7 cells restricting their ability to perform WCP. This could relate to 

differences in cytoskeletal organization or differentiation state. In this context, actin and CD45 

accumulation at the macrophage:cancer cell interface did not indicate differences between 

RAW264.7 and J774A.1 macrophages when analyzed by fluorescence microscopy. However, 

by contrast with our observations and those of others [104], it was recently reported that 

RAW264.7 cells phagocytose trastuzumab-opsonized BT-474 cells [126]. Further studies are 

required to determine the reasons for this apparent discrepancy. 

Our microscopy studies of the spatiotemporal aspects of trogocytosis indicate that this process 

involves the engulfment of tubules extending from the target cell membrane rather than 

vesicular structures. These tubules are subsequently pinched off to form trogosomes within the 

macrophage. The involvement of tubular extensions, which can in multiple cases only be 

visualized using MUM due to their three-dimensional, highly dynamic nature, is consistent 

with the accumulation of high levels of plasma membrane relative to the cytosolic contents of 

the target cell. This tubulation also has implications for antigen presentation by trogocytic 

macrophages, since it would bias toward the delivery of plasma membrane-associated proteins 

over cytosolic proteins to the intracellular, degradative compartments that represent the sites 

of antigen loading onto MHC class II molecules [127]. 

Our studies also have direct relevance to the affinity enhancement of antibodies for FcγRs 

[33,34,39,106-108]. In the absence of competing IgG, we observe that the AE mutations, but 
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not the ADE mutations, confer increased trogocytic activity. Further, WCP was not affected 

by either of the mutation sets. In the absence of IVIG, it is possible that increased activity due 

to affinity/avidity enhancement is obscured through the WT antibody/FcγR interactions 

already being at maximal levels under the conditions of these assays. By contrast, in the 

presence of competing IVIG both AE and ADE mutations significantly increase macrophage-

mediated trogocytosis, and to a lesser extent, phagocytosis. This translates to greater reductions 

in cancer cell viability for cells opsonized with trastuzumab-ADE compared with WT 

trastuzumab. In agreement with the observations of others [107], this reinforces the importance 

of performing such assays in the presence of endogenous antibody to ensure that the 

observations are physiologically relevant. 

Several functions have been proposed for trogocytosis [64]. For example, it can lead to the 

acquisition of antigen in the form of peptide-MHC complexes by T cells followed by their 

fratricide [128]. Also, trogocytosis has been suggested to provide a conduit for cell-cell transfer 

of materials [75,129,130]. These studies and our current observations indicate that cells are 

tolerant to limited amounts of trogocytosis. This leads to the speculation that this process 

represents a tolerizing mechanism for self-antigens that is important for normal physiology. 

Consequently, the binding of autoreactive antibodies to cells may lead to trogocytic uptake by 

antigen presenting cells and immunological tolerance. Under these conditions, target cell death 

would be detrimental. By contrast, for tumor targeting with therapeutic antibodies, the 

relatively high antibody load could convert low level ‘background’ trogocytosis into an active 

tumoricidal effect.  
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Collectively, our studies have resulted in novel insight into the spatiotemporal dynamics and 

consequences of macrophage-mediated trogocytosis. Importantly, we demonstrate that this 

process involves the engulfment of tubular extensions and can lead to substantial attrition of 

tumor cells. Further, FcγR affinity enhancement results in significant increases in trogocytic 

activity. These observations extend the anti-tumor effects of macrophages to trogocytosis and 

have implications for the design of efficacious therapeutic antibodies.  
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2.4 MATERIALS AND METHODS 

2.4.1 Cell lines and primary cells  

The murine macrophage cell lines RAW264.7 (TIB-71) and J774A.1 (TIB-67), the human 

breast cancer cell lines MDA-MB-453 (HTB-131), SK-BR-3 (HTB-30) were purchased from 

the American Type Culture Collection (ATCC). The HCC1954 cell line was a gift from Drs. 

Adi Gazdar, John Minna and Kenneth Huffman, UT Southwestern Medical Center, Dallas. 

The cell lines were maintained in the following media supplemented with 10% fetal calf serum 

(FCS; Gemini Bio-products): macrophages, phenol red-free Dulbecco’s Modified Eagle 

Medium (DMEM 11965-092); MDA-MB-453, RPMI-1640 (11875-093); SK-BR-3, McCoy’s 

(16600082). HCC1954 cells were maintained in RPMI-1640 with 5% FCS. All experiments 

were conducted in medium containing FCS depleted of IgG [131], except experiments using 

Fc-engineered antibodies. Identities of all cancer cell lines were authenticated by short tandem 

repeat analysis on October 9, 2015 (University of Arizona Genetics Core). Murine macrophage 

cell lines purchased from the ATCC were maintained for less than 6 months in the laboratory. 

Purified human monocytes were purchased as frozen cells (Catalog no. 1008, Astarte 

Biologics) or purified from peripheral blood mononuclear cells (PBMCs, 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% FBS supplemented with 50 ng/ml M-CSF (Catalog no. 300-25, Peprotech) in 

48 well plates, MatTek dishes or T25 flasks for six days before use in assays. Purified primary 

human B cells were purchased as frozen cells (Astarte Biologics), thawed according to the 

manufacturer’s protocols and used in experiments within 24 hours. 
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2.4.2 Antibodies 

Clinical-grade trastuzumab, pertuzumab, rituximab and intravenous gammaglobulin (IVIG; 

Gamunex) were obtained from the UT Southwestern Pharmacy. Monovalent Fab fragments 

derived from pertuzumab were generated using a Pierce Fab Preparation Kit (Thermo 

Scientific). Trastuzumab, rituximab, pertuzumab and pertuzumab Fab fragments were labeled 

using Alexa 488 or 555 labeling kits (Life Technologies). The construction of trastuzumab 

heavy and light chain expression constructs was performed as described previously [114]. 

Mutations to enhance the binding of trastuzumab (human IgG1) to FcγRs, G236A/I332E (AE) 

and G236A/S239D/I332E (ADE) [33] were introduced into the trastuzumab expression 

construct by splicing by overlap extension [132]. Sequences of expression constructs are 

available upon request. Wild-type (WT) and mutated trastuzumab were expressed in 

transfected CHO cells using previously described methods [114]. Pharmacy grade trastuzumab 

was used in all assays except the comparison of WT trastuzumab and AE/ADE variants. 

Antibodies specific for mouse FcγRs (clone X54-5/7.1 for FcγRI, 93 for FcγRII/III and 9E9 

for FcγRIV) and the corresponding isotype controls were purchased from Biolegend. 

2.4.3 Isolation of thioglycollate-elicited macrophages 

C57BL/6J mice (purchased from The Jackson Laboratory) or human FcγR-transgenic 

C57BL/6J mice (gift from Dr. Jeffrey Ravetch, The Rockefeller University) [121] were housed 

in a pathogen-free animal facility at UT Southwestern Medical Center or the Texas A&M 

Health Science Center and handled according to protocols approved by the Institutional 

Animal Care and Use Committees. 8-12 week old male mice were intraperitoneally injected 

with 3 ml aged thioglycollate (gift from Dr. Chandrashekar Pasare, UT Southwestern Medical 
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Center). After 72 hours, the mice were sacrificed and peritoneal macrophages isolated by 

peritoneal lavage. The macrophages were plated in the assay plates in complete DMEM 

containing 10% FCS, and assays were performed 1-3 days later using the same conditions as 

for the macrophage cell lines.  

2.4.4 Analyses of macrophage effects on tumor cell numbers 

Target cells were harvested, labeled with carboxyfluorescein succinimidyl ester (CFSE; Life 

Technologies) and mixed with effector cells at the indicated effector:target ratios in wells of 

48-well plates, centrifuged to obtain an even distribution in the wells and allowed to attach 

overnight. Cells were treated with 1 µg/ml trastuzumab and incubated at 37°C for 72 hours. 

The cells were harvested by trypsinization, incubated with PerCP-labeled anti-mouse CD45 

antibody (clone 30-F11, BD Biosciences) and Alexa 488-labeled pertuzumab, washed and 

fixed with formalin. For human macrophage effectors, anti-human CD45 antibody (HI30, 

Biolegend) was used to identify macrophages. A constant number of Flow Check 6 µm high-

intensity yellow-green beads (PolySciences, Inc.) were added to each tube and the samples 

analyzed by flow cytometry (BD FACSCalibur or LSR Fortessa). The number of cancer cells 

in each sample was calculated by counting the CFSE-positive events, followed by 

normalization with the bead counts. 

For the analysis of staining of tumor cells by annexin V and propidium iodide (PI), co-cultures 

were incubated as above for 36 hours. Harvested cells were stained with Alexa 647-labeled 

annexin V and PI (Life Technologies) or BV421-labeled annexin V (BD Biosciences), 

followed by quantitation of the fraction of annexin V-positive, PI-positive, CD45-negative 
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cells using flow cytometry. For the analysis of caspase activity in the tumor cells, the co-

cultures were treated with 2 µM CellEvent Caspase-3/7 Green Detection Reagent (Life 

Technologies) for the last four hours of incubation. 

2.4.5 Whole cell phagocytosis assay  

Effector cells were plated in 24 well plates, centrifuged to ensure an even distribution and 

incubated for 18 hours. Six hours prior to addition of target cells and opsonizing antibody, cells 

were treated with 25 ng/ml IFN-γ. Target cells were incubated with 5 µM 5-ethynyl-2’-

deoxyuridine (EdU) provided with the Click iT EdU Flow Cytometry Kit (Life Technologies) 

for 48 hours prior to the assay, harvested by trypsinization, added at the appropriate 

effector:target ratios and incubated at 37°C for 3-6 hours in the presence of 1 µg/ml 

trastuzumab. The cells were harvested, treated with 10 µg/ml human IgG1 to block non-

specific binding and incubated with 3 µg/ml PerCP-labeled anti-mouse CD45 antibody and 10 

µg/ml Alexa 488-labeled pertuzumab for ten minutes on ice. The cells were subsequently 

washed, resuspended in 50% formalin in PBS and stained for EdU using the EdU flow 

cytometry kit protocol. Samples were analyzed using flow cytometry (BD FACSCalibur or 

LSR Fortessa). Percentage whole cell phagocytosis (WCP) was calculated as the fraction of 

EdU+ cells that were also CD45-positive and pertuzumab-negative.  

2.4.6 Statistics 

Tests for statistical significance between groups were carried out using Student’s t-test or one-

way ANOVA with Tukey’s multiple comparisons test in GraphPad Prism (GraphPad 

Software). p-values of less than 0.05 were considered significant. 
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2.4.7 Sample preparation for fixed cell microscopy 

Cells were plated in glass-bottomed dishes (MatTek Corporation) overnight and treated as 

indicated in the figure legends. Fixation was carried out using 3.4% paraformaldehyde 

(Electron Microscopy Sciences) for 10 minutes at 37°C. When necessary, samples were 

permeabilized with 0.5 mg/ml saponin (Sigma Aldrich). Mouse CD45 was detected by 

incubating the sample with biotinylated anti-CD45 antibody (BD Biosciences), followed by 

detection with streptavidin-conjugated quantum dot (QD) 655 (Life Technologies). FITC-

labeled anti-mouse CD45 antibody (BD Biosciences) was used in Fig. 2B for CD45 detection 

in permeabilized cells. Treatment of cells with DiD (Vybrant DiD Cell-Labeling Solution; Life 

Technologies), Alexa 647-labeled phalloidin (Life Technologies) and Hoechst 33528 

(AnaSpec, Inc.) was carried out using protocols recommended by the manufacturer. 

Macrophages were treated with 25 ng/ml recombinant mouse interferon-γ (IFN-γ; BD 

Biosciences) for 6 hours prior to use in fixed cell microscopy experiments. 

2.4.8 Sample preparation for live cell microscopy  

For imaging WCP events, J774A.1 macrophages were plated overnight and activated with 25 

ng/ml IFN-γ six hours prior to addition of target cells. Macrophages were labeled with 

biotinylated anti-mouse CD45 antibody followed by streptavidin-coated QD655 as described 

above and Alexa 555-labeled, trastuzumab-opsonized MDA-MB-453 cells added. The cells 

were imaged using single plane microscopy. 

For the long-term imaging of macrophage-cancer cell interactions, macrophages and cancer 

cells were plated at appropriate ratios in non-vented T25 flasks. The cells were labeled 
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following 24 hours with Alexa 555-labeled trastuzumab and FITC-labeled anti-mouse CD45 

antibody. Alexa 488-labeled anti-human CD45 antibody was used when human macrophages 

were imaged. A pre-marked region of the flask was imaged using the Axiovert 200M 

fluorescent microscope and a Zeiss 20X Plan Apochromat objective to identify the cancer cells 

and macrophages. The flask was then gassed by injecting a sterile 95% air /5% CO2 mixture 

and subsequently sealed. The same pre-marked region was then imaged at 37°C in the long-

term imaging setup.  

2.4.9 Sample preparation for trogocytosis live imaging 

For live cell imaging of trogocytosis using single plane microscopy or MUM, MDA-MB-453 

cells were plated in MatTek dishes and labeled with 10 µg/ml Alexa 555-labeled trastuzumab 

for ten minutes at room temperature. Six hours prior to the experiment, MEM-GFP expressing 

RAW264.7 macrophages or J774A.1 macrophages labeled with FITC-labeled anti-mouse 

CD45 antibody were treated with 25 ng/ml IFN-γ. 30 minutes prior to imaging, opsonized 

cancer cells were added to the macrophages at a 1:1 effector:target cell ratio. CellEvent 

Caspase-3/7 Green Detection Reagent (Life Technologies) was added to the medium at a 

concentration of 2 µM throughout assays in which target cell viability was assessed for up to 

three hours. RAW264.7 macrophages were transfected with MEM-GFP (Clonetech) using the 

Amaxa Nucleofection device and Cell Line Nucleofecter Kit V (Lonza). 

2.4.10 Microscopy imaging configurations 

For fixed cell microscopy, images were acquired using a Zeiss Axiovert 200M inverted 

fluorescence microscope with a Zeiss 63×/1.4NA Plan Apochromat objective as described 
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previously [133]. Single plane imaging of trogocytosis in live cells was performed with the 

Deltavision epifluorescence microscope (Applied Precision) at the UT Southwestern Live Cell 

Imaging Core Facility.  

To image phagocytic events in live cells, the same configuration as above was used but with a 

Zeiss 40x/1.4NA Plan Apochromat objective and a triband emission filter. The fluorescence 

signal from excitation at 543 nm was split between two cameras using a 630 DCLP filter, with 

both cameras positioned at the design focal plane. Images were acquired in two colors 

simultaneously at 0.9 Hz, registered and processed using MIATool.  

The long-term imaging experiments using transmitted light were performed using phase 

contrast on an Olympus IX70 microscope through an LCPlanFl 20x/0.40 objective. The images 

were acquired every 30 seconds through an 8.0 Mega Pixel Autofocus Camera module 

(See3CAM_80, e-con Systems, Inc) that was attached to the eyepiece of the microscope. The 

configuration was housed in a 37°C warm room to maintain the temperature. The images were 

processed with MIATool software. 

The MUM configuration used to image trogocytosis was based on a Zeiss Axio Observer.A1 

body and a Zeiss 100x/1.4NA Plan Apochromat objective. The sample was illuminated with a 

488 nm solid state laser (Coherent) for GFP 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 beamsplitter/emission filter combination (488/543/633 RPC 

and 488/543 M; Chroma Technology Corporation). The emission was split equally between 

four Andor iXon EM-CCD cameras (Andor Technology Ltd.) using 50:50 beamsplitters 
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(Chroma Technology Corporation). The focal plane imaged by each camera was calibrated and 

light splitting performed as described previously [98]. The cameras were run on conventional 

gain mode and images were acquired in two colors at a frame rate of 0.67 Hz. Camera 

acquisition and shuttering of excitation lasers were controlled using custom acquisition 

software written in LabWindows/CVI (National Instruments Corporation). The acquired 

images were registered and processed using the Microscopy Image Analysis Tool (MIATool, 

http://wardoberlab.com/software/miatool) [134] written in MATLAB (MathWorks, Inc).  
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CHAPTER THREE  

STUDYING THE FATE OF WHOLE CELL PHAGOSOMES  

3.1 INTRODUCTION 

The process by which eukaryotic cells engulf and degrade particulate matter is known as 

phagocytosis [48]. Specialized phagocytes such as macrophages are known to be 

particularly active in this process. Fusion of endolysosomal compartments with the 

maturing phagosome as it acidifies results in delivery of degradative enzymes followed by 

the destruction of the phagosomal contents [45]. 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 

[135]. 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 [136,137].  Specifically, this pathway is responsive to the accumulation of amino 

acids in the lysosomal lumen [138]. This suggests that the degradation of cells within 

phagosomes may be coordinated by the mTOR pathway, particularly in cases where the 

degradation process leads to amino acid release [139]. By contrast, the phagocytosis of 
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beads or other targets such as red blood cells for which the generation of amino acids does 

not occur or is relatively limited would not be expected to affect mTOR signaling. 

The study of cellular phagosomes is directly relevant to ADCP of targets such as tumor 

cells. Antibodies represent a rapidly expanding class of therapeutics for the treatment of 

cancer [66]. The recognition of tumor-specific antigens by therapeutic antibodies results in 

coating, or opsonization, of the cancer cells which can lead to ADCP [25,140]. The 

presence of macrophages as the most abundant immune cell type in the majority of tumors 

[141], 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 [20,23,24,27,103,126,142]. 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 [111,143]. 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 between the two compartments based on their size. Further, vacuoles 

are not detected with phagocytosed beads, indicating that amino acid levels regulate their 
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formation. Consistent with the involvement of amino acid release, vacuole formation was 

found to be under the control of the mTOR pathway. Collectively, our results suggest that 

this vacuole is a common feature associated with the degradation of cellular targets by 

phagocytes. 
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3.2 RESULTS  

3.2.1 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 3-1A, Movie S7). Time-lapse images showed the gradual increase in 

the size of this vacuole over 2-6 hours (Figure 3-1A). We observed that the vacuole and 

phagosome were positive for both Alexa 555 and Alexa 647 fluorophores (Figure 3-1B, 

Movie S7), indicating that the vacuole contains both lysosomal components and opsonizing 

antibody (fragments) derived from the macrophages and cancer cells, respectively. 

Interestingly, by contrast with phagocytosed cancer cells, vacuoles were not detected in 

macrophages that had phagocytosed antibody-opsonized latex beads (10 µm diameter; n = 

128 phagocytosed beads; Figure 3-1C).  

3.2.2 The contents of the phagosome and the vacuole are redistributed into 

lysosomes 

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 Fcγ receptor binding [142]). The numbers of phagosomes containing an 
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Figure 3-1 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 four 
indicated time points. Yellow arrows indicate the position of the vacuole adjacent to 
the phagosome. B, Image 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 shown 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, Streptavidin-coated beads (10 µm 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 6 hours and imaged. Scale bars = 
5 µm.  
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associated vacuole following a 2, 4, 6 or 8-hour incubation period were quantitated by 

microscopy. This quantitation showed that the percentage of phagocytosed cells with 

associated vacuoles is maximal at ~75% at 7 hours following phagocytosis, and this 

percentage decreases to ~50% at 9 hours (Figure 3-2A).  

To further characterize the fate of the vacuole, similarly prepared samples 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) 

[69,104,142]. 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 3-2B, Movie S8). This indicates that the phagosome-associated vacuole is a 

temporary structure formed during the maturation of large-cell phagosomes and that the 

contents of the vacuole are subsequently redistributed into the lysosomal network.  
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Figure 3-2 The contents of the phagosome and the vacuole are redistributed 
throughout the lysosomal network of the macrophage 

A, 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. Images of the phagosomes were then taken at different time points, 
and the phagosomes with an associated vacuole were counted. Data from three 
independent experiments are plotted. Error bars represent standard errors. B, 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 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. Scale bars = 5 µm.  
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3.2.3 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 [144]. Interestingly, although the phagosome was, as expected from 

earlier studies [139], positive for LysoTracker, the dye was undetectable in the phagosome-

associated vacuole (Figure 3-3A). 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 [145]. As expected, the phagosome was also 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 3-3B). Collectively, these data suggest that the pH of the vacuole is higher 

than that of the phagosome, and/or that the vacuolar membrane is not permeable to these 

dyes. 

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 (Figure 3-3A, inset). Hence, to further understand the ultrastructural properties 

of the vacuole, we prepared specimens of phagocytosed target cells for analysis using 

transmitted electron microscopy (EM). EM images showed that the vacuoles had very low 
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Figure 3-3 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. 
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. Scale bar = 5 µm. 
B, MDA-MB-453 cells were opsonized with trastuzumab and co-incubated with 
J774A.1 macrophages, and incubated for 6 hours. LysoSensor Blue (pseudocolored 
red) and LysoTracker Red (pseudocolored green) were then added to the medium, 
and the cells were imaged. Scale bar = 5 µm. 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). Scale bar = 1 µm. 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. Scale bar = 5 
µm. Yellow arrows in A, B and D indicate the location of the vacuole.  
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density compared with the surrounding cytoplasm, whilst the target cell corpse had 

morphology analogous to that observed by others for cellular phagosomes (Figure 3-3C) 

[146]. The EM images of the vacuole also displayed membrane-limited subcompartments 

within this structure. To identify if these membrane sub-divisions 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 3-4D).  

The differential accumulation of pH-sensitive dyes 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 [147]. Vacuoles associated with phagosomes containing 

target cells did not contain any quantum dots, indicating that the barrier is impermeant to 

these nanoparticles (Figure 3-4A).  
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Figure 3-4 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 DMSO vehicle control or Torin 1 (100 nM) 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. Images 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 and counting the number of pixels 
covered by these segmentations. The groups were compared using Student’s t-test, and 
* indicates a statistically significant difference (P < 0.01). Scale bar = 5 µm.  
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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) [148,149]. 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 to similar levels (Figure 3-4B; 40/40 

phagosomes). 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 dot 

nanoparticles indicate that the barrier between the phagosome and the vacuole can exclude 

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

3.2.4 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 3-5A,B). The 

vacuole was also observed when trastuzumab-opsonized SK-BR-3 breast cancer cells or 
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Figure 3-5 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. B, MDA-MB-453 cells opsonized with Alexa 647-labeled 
trastuzumab (pseudocolored red) were co-incubated with human monocyte-derived 
macrophages for 6 hours. Lysotracker Red (pseudocolored green) was then added to 
the medium, followed by imaging. 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, followed by addition of Lysotracker Red (pseudocolored green) 
and imaging. Yellow arrows indicate the position of the vacuole. Scale bars = 5 µm. 
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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 3-5C).  

3.2.5 The mTOR pathway regulates the size of phagosome-associated vacuoles 

The presence of vacuoles adjacent to phagosomes containing live target cells, but not latex 

beads, suggested that vacuole formation is dependent on the generation of amino acids 

and/or other cellular metabolites by phagosomal degradation. The generation of amino 

acids in lysosomes is related to the mTOR signaling pathway [136]. This pathway affects 

lysosomal biogenesis and regeneration, with high levels of amino acids leading to the 

inhibition of transcription of genes associated with lysosome formation [137]. We therefore 

investigated whether treatment with Torin 1, an inhibitor of the mTOR pathway, altered 

the size of the vacuoles. Phagosome-associated vacuoles were observed in the presence of 

Torin 1 (Figure 3-6A), but their size increased (Figure 3-6B). These observations suggest 

that the formation of the phagosome-associated vacuole is related to the degradation and 

release of nutrients from the phagosome.  
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Figure 3-6 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 DMSO vehicle control or Torin 1 (100 nM) 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. Images 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 and counting the number of pixels 
covered by these segmentations. The groups were compared using Student’s t-test, and 
* indicates a statistically significant difference (P < 0.01). Scale bar = 5 µm.  
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3.3 DISCUSSION  

In the current study, we describe a novel 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 is contiguous with the phagosome [135,146,150]. 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 3-7).  

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 [151]. Two 

possibilities could explain this observation: first, the pH in the phagosome-associated 

vacuole may be higher than the pH in the phagosomal lumen. Second, the entry of these 

dyes into the vacuolar and phagosomal compartments 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 the vacuole. This possibility is supported 

by the detection of Lysotracker fluorescence surrounding the vacuole. Nevertheless, the 
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higher fluorescent signal for LysoSensor relative to Lysotracker is likely to be due to the 

sensitivity of fluorescence of this dye to pH. Additional studies are required to establish 

the pH of the phagosome-associated vacuole and its permeability to such dyes.  

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 [149] and between lysosomes and phagosomes 

[148,152]. 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 [153]. 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. 

The phagosome-associated vacuole appears to be specific for cellular targets since it was 

not observed for opsonized beads. A primary factor that differentiates cancer cells from 

other phagocytic targets is their composition: a typical mammalian cell has a protein 

concentration of 200 g/L [154]. Previous studies have indicated that signals produced by 

the release of amino acids from phagosomes feedback through the mTOR pathway to 

control the fate of the phagosome and its subsequent fission to generate lysosomal 

compartments [139]. We observe that phagosomes containing beads do not form associated 

vacuoles, indicating that the release of amino acids and activation of the mTOR pathway 

may be involved in their formation. Unexpectedly, we observe that the vacuole is enlarged 

when the mTOR pathway is inhibited, leading to the possibility that the inhibition of this 
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Figure 3-7 Schematic representation of the formation of the phagosome-
associated vacuole 

Following internalization of the 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. 
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pathway triggers lysosomal biogenesis through the translocation of transcription factor EB 

(TFEB) [155]. This could result in increased lysosomal fusion with the maturing 

phagosome. Alternatively, the mTOR pathway is also known to play a role in the 

reformation of the lysosomal network from the phagosome [139,156,157]. Inhibition of the 

mTOR pathway could, therefore, inhibit the fission of the vacuole, resulting in 

enlargement.  

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 [135]. 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 [158,159]. 

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, indicating that lower degradative rates are important for this process [63,160,161]. 

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. 
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Although macrophages are typically regarded to be inefficient in this process, cross-

presentation of antigen from target cells following ADCP has been reported [111]. 

Collectively, these observations suggest that the phagosome-associated vacuole may, 

therefore, be important for this pathway.  

Collectively, our study has identified a novel vacuole-like compartment that is associated 

with maturing phagosomes that contain antibody-opsonized cells. Importantly, we 

demonstrate that this vacuole is distinct from the phagosome and is dependent on the 

release of nutrients such as amino acids. 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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3.4 MATERIALS AND METHODS 

3.4.1 Cell lines and primary cells 

The cell lines J774A.1 (TIB-67), SK-BR-3 (HTB-30), Raji (CCL-86) and MDA-MB-453 

(HTB-131) 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 (DMEM; 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 [131]. 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 (PBMCs, 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). Bone-marrow derived macrophages were isolated from C57BL/6J mice (purchased 

from The Jackson Laboratory) as described previously [162].  
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3.4.2 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 [163]. 

Lysotracker Red (L7528), LysoSensor Blue DND-192, Alexa 488, 555 and 647-labeled 

dextran (10 kDa molecular weight; D-22910, D34679 and D-22914 respectively), FM 4-

64FX (F34653), and F(ab')2-Goat anti-human IgG (H+L) secondary antibody conjugated 

Qdot 655 nanoparticles (Q-11221MP) were purchased from Thermo Fisher Scientific. 

Tetramethylrhodamine isothiocyanate-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 purchased from LC Labs. 10 µm-diameter Streptavidin-

coated beads (CP01N) were purchased from Bangs Laboratories. All experiments were 

performed in cells plated in MatTek glass bottom dishes.  

3.4.3 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-γ (Catalog no. 315-05, Peprotech). Mouse bone 

marrow-derived macrophages were similarly activated overnight with Interferon-γ. 

Purified human monocytes were directly plated in MatTek glass bottom dishes 6 days prior 

to the experiment. Human macrophages were activated with human Interferon-γ overnight. 

To label the lysosomes of  macrophages with dextran, the macrophages were incubated 
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with medium containing 100 µg/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, they were incubated with 100 µg/ml dextran overnight, washed and incubated 

with medium for 4 hours prior to addition to the macrophages.  

3.4.4 Phagocytosis of cancer cells by macrophages 

The cancer cells were harvested from flasks by mild trypsinization, washed and incubated 

with 10 µg/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. If necessary, the 

medium in the dishes was replaced with medium containing 10 mg/ml IVIG to block 

further phagocytosis after one hour. Prior to imaging, Lysotracker Red (2 nm final 

concentration) and Lysosensor Blue (50 nm final concentration) were added to the medium 

and incubated at room temperature for 5 minutes to label the acidic compartments.  

3.4.5 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 
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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 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 on a Tecnai 

G2 Spirit transmission electron microscope (FEI) equipped with a LaB6 source using a 

voltage of 120 kV. 

3.4.6 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 [133]. Long-term live imaging of the formation of the vacuole was imaged using 

a Zeiss Axio Observer.A1 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 

beamsplitter/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 per minute. Camera acquisition and shuttering of excitation lasers were 

controlled using custom acquisition software written in LabWindows/CVI (National 

Instruments Corporation). The acquired images were registered and processed using the 
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Microscopy Image Analysis Tool (http://wardoberlab.com/software/miatool) [134] 

implemented in MATLAB (MathWorks, Inc). 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 staining 

and the imaging of the different molecular weight dextrans were performed using a Nikon 

A1R confocal microscope equipped with 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.  
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CHAPTER FOUR  

INTENSITY-BASED AXIAL LOCALIZATION APPROACHES FOR 

MULTIFOCAL PLANE MICROSCOPY 

This study has been published in the journal Optics Express [Velmurugan R, Chao J, Ram 

S, Ward ES, and Ober RJ. (2017) Intensity-based axial localization approaches for 

multifocal plane microscopy. Optics Exp 25(4): 3394-3410]. It has been reprinted here 

with permission from the Optics Society of America. 

4.1 INTRODUCTION 

The ability to accurately estimate the three-dimensional (3D) location of a point source can 

now be achieved through several techniques such as multifocal plane microscopy (MUM) 

[79,96,100,164], the induction of astigmatism in the Point-Spread Function (PSF) [95], the 

engineering of the PSF to encode axial information [94,165] and interferometry-based 

approaches [166]. While all these methods achieve comparable levels of axial localization 

accuracy, the range of axial locations imaged by a MUM configuration can be increased 

just by adding more cameras to the setup. While other 3D imaging modalities can typically 

cover axial depths of up to 3 µm [165], MUM configurations with four focal planes can, 

for example, be used to image through axial depths greater than 8 µm, an imaging window 

that can cover the full thickness of a typical mammalian cell [98]. To estimate the axial 

location of a point source using MUM, images of the point source from different detectors 

(or different regions in the same detector), each capturing a different focal plane within the 

sample, can be fitted to a model that recapitulates the PSF of the microscope configuration. 

Such a parametric fitting algorithm, named the MUM Localization Algorithm (MUMLA), 
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was first described for the case of MUM with two focal planes [96,167], but has also been 

extended to MUM with more focal planes [98]. 

We have also previously developed a Practical Localization Accuracy Measure (PLAM) 

[88], a quantity based on Fisher information that gives the best possible accuracy, in terms 

of the standard deviation, with which a positional coordinate of an object can be estimated 

given the exact properties of the optical configuration. MUMLA has previously been 

shown to provide estimates whose standard deviation approaches the PLAM [96], and 

hence would be the method of choice if estimates of the highest accuracy are desired. 

However, a non-parametric algorithm that can rapidly provide an estimate of the axial 

location of a point source can complement MUMLA. A primary reason is that the fitting 

of a PSF model to MUM data requires complex PSF fitting algorithms, computational 

power to perform the fitting, and an appropriate choice of the PSF model. The ability to 

quickly calculate an estimate of the axial location of a point source can hence allow faster 

initial analyses of experimental data. Should more accurate results be required, non-

parametric estimates can serve as initial conditions for more rigorous fitting algorithms like 

MUMLA. 

Watanabe and colleagues [99] have previously published such a non-parametric method 

based on intensity ratios (the ratiometric method) that can be used to quickly calculate the 

axial location of a point source using data from a two-plane MUM setup. In this method, 

the peak intensities of a point source in the images from the two focal planes are used to 

calculate a ratio as described before [79]. Using a pre-determined lookup table of such 
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ratios for known axial positions of a calibration point source, the axial location of a given 

point source can be estimated based on its calculated ratio. 

A similar method that utilizes a sharpness value has been characterized by Dalgarno and 

colleagues [100], where data from MUM configurations with more than two focal planes 

can also be utilized. These and earlier methods [79] estimate the axial location of a point 

source using a single intensity value calculated per focal-plane image of the point source. 

This motivates the question of how accurately the axial location of a point source can be 

estimated from such single-intensity calculations, and whether the accuracy of these 

methods can be improved by modifying these calculations. 

 We analyze this question by investigating the Fisher information and the associated PLAM 

that can potentially be attained by using intensity values from different regions of the 

detectors in a MUM setup. These analyses show that at least in some cases, using a single 

integrated intensity value per detector can provide an axial localization accuracy that is 

comparable to the accuracy obtained by applying MUMLA on the pixelated image as is. 

However, the PLAM calculations also show that such single-intensity-value methods 

cannot provide consistently good accuracy over large axial ranges. To address this 

important drawback, we propose a new axial location estimation approach, Multi-Intensity 

Lookup Algorithm (MILA), that is based on utilizing intensity values from several different 

parts of the point source's image. We show that this approach significantly improves on the 

associated PLAM over the use of a single intensity per detector. We establish that MILA 

provides good axial localization accuracy over a much wider axial range compared to 
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single-intensity localization methods. We also identify a bias encountered in MILA due to 

sub-pixel location differences between point sources, and demonstrate the use of multiple 

calibration point sources to overcome this problem. We evaluate the performance of MILA 

using both simulated and experimental data. We believe that the versatility and simplicity 

of our new method will prove useful in the analysis of MUM data. 
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4.2 RESULTS 

4.2.1 Comparison of axial localization accuracy between single-intensity methods 

and MUMLA 

Both the ratiometric [99] and the sharpness [168] methods estimate the axial location of a 

point source by utilizing just a single intensity value from the image of the point source 

captured by each detector. In order to understand whether a single integrated intensity value 

per detector can represent meaningful axial location information, we calculated the PLAM 

for the axial location when the axial location of the point source is estimated using one 

“summed-pixel” from each detector, obtained by adding all the pixels comprising the given 

sub-ROI. This Summed-Pixel Based PLAM (SPB-PLAM) represents the best axial 

localization accuracy that can potentially be attained by a method that utilizes only the 

single intensity value from each detector. Figure 4-1 shows plots of such SPB-PLAM 

values as a function of the axial position of a simulated point source when it is imaged by 

two-plane MUM configurations with increasing focal plane separations. For reference, the 

standard axial localization PLAM value for the same point source, when it is simulated as 

being captured in a pair of 13 ൈ 13-pixel ROIs, is also plotted. This standard PLAM value 

[88] represents the best accuracy that can potentially be achieved with an estimation  

algorithm like MUMLA that uses all pixel intensities as they are in both ROIs. 

We observe that for the 0.4-µm and 0.6-µm plane separations, the SPB-PLAM curves for 

summed-pixels of sizes 16 µm and 48 µm stay close to the standard PLAM curve over a 

large axial range of 1.5 µm, indicating that for small plane separations a single-intensity-

based axial localization method may suffice for some applications. However, the same is 
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Figure 4-1: Plots of the standard PLAM and SPB-PLAMs for the axial location 
of a simulated point source as a function of its axial location 

The standard deviation of 1000 axial location estimates obtained using the ratiometric 
method is also shown. Sub-panels show plots of these values in simulations with 
different focal plane spacings in a two-plane MUM configuration. PLAM calculations 
were performed with the following numerical values: magnification ܯ	 ൌ 	100, 
numerical aperture ݊௔ 	ൌ 	1.45, pixel size: 16	μ݉	 ൈ 	16	μ݉, ROI size: 13	 ൈ 	13 
pixels. Here, the 16-µm, 48-µm and 80-µm sizes of the summed-pixels correspond to 
areas that cover sub-ROIs of 1	 ൈ 	1, 3	 ൈ 	3 and 5	 ൈ 	5 pixels, respectively, that are 
centered in the 13	 ൈ 	13-pixel ROI. The point source was simulated such that a mean 
of 4000 photons were detected per image. The ratiometric method utilizes the entire 
13	 ൈ 	13-pixel ROI for its Gaussian fitting and its calibration data was generated 
using data from one simulated point source with all the same parameters except that 
a mean of 10000 photons were detected per image. Standard deviation values for the 
ratiometric method are only plotted for axial positions where the mean of the 
estimates does not deviate more than 50 nm from the simulated axial position. 
Vertical lines mark the positions of the focal planes in the object space. 
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not observed for a focal plane separation of 1 µm or higher, in which case no single SPB-

PLAM curve stays consistently close to the standard PLAM over the same large axial 

range. 

Watanabe and colleagues [99] described the ratiometric method that uses intensity 

estimates obtained by fitting 2D Gaussian profiles to images of the point source from two 

focal planes. The performance of this method was also tested for the same conditions using 

simulated images, and the standard deviation of the obtained axial location estimates is 

shown in Figure 4-1. The standard deviation is only plotted for axial locations where the 

mean estimated value does not differ from the simulated axial location by more than 50 

nm. While the ratiometric method, which uses the entire 13 × 13-pixel ROI for the 2D 

Gaussian fitting, performs better than the SPB-PLAM values in some cases, the utility of 

this method is limited by the small axial region within which it is able to give estimates 

that are reasonably close to the true axial location. 

Note that compared to all the SPB-PLAM curves, in all scenarios the standard PLAM 

always represents the best attainable accuracy. This is consistent with expectation because 

by taking into account the individual intensity values of all the pixels that comprise the 

ROI, the standard PLAM is based on the Fisher information content of the most fine-

grained spatial representation of the PSF.  
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4.2.2 Performance of MILA as a non-parametric axial location estimator for MUM 

data 

Since the SPB-PLAM values corresponding to a single summed-pixel per detector do not 

remain consistently close to the standard PLAM when large focal plane spacings are used, 

we hypothesized that a combination of multiple summed pixels per detector might provide 

more axial localization information throughout the axial range of a wide-spaced MUM 

configuration. Hence, we propose a new method, the Multi-Intensity Lookup Algorithm 

(MILA), which calculates the intensity values of multiple summed pixels from the ROI in 

each detector. A schematic representation of the method is shown in Figure 4-2A. If 

intensities are extracted from ROIs around the point source location as shown, we can 

generate a set of calibration curves (Figure 4-2B) which can then be used as a lookup table. 

The ݎ sequence specifies the number and sizes of the sub-ROIs that are chosen to be used 

in this method (see Appendix 4-5 for the definition and an illustration of the ݎ sequence). 

To test the performance of MILA, we simulated images of a point source located at various 

axial positions as acquired using a two-plane MUM configuration. We then estimated the 

axial location of the point source using this method with two different ݎ sequences. For 

comparison, we also estimated the axial location using the ratiometric method. From the 

upper panel of A, we observe that MILA (ݎ ൌ 1,2) (red line) is able to give us estimates 
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Figure 4-2: Schematic representation of the MILA method 

A: Schematic representation of the method of extracting multiple summed intensity 
values from MUM images of a point source. B: Plot of normalized intensities for a 
typical point source as a function of its axial position. Vertical dotted lines indicate 
the position of the focal planes in the object space (focal plane 1 is the dotted line on 
the left). 
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with relatively low standard deviation over a wide range of axial locations that even 

extends to regions outside the two focal planes. While the ratiometric method (green line) 

also gives accurate estimation results for point sources situated between the two focal 

planes, the estimates from this method are not reliable when the point source is outside the 

focal planes due to bias in the estimated values (Figure 4-3A, lower panel). Thus, MILA 

can produce consistently good localization accuracy with relatively little bias over a wider 

axial range than the ratiometric method. Note that when only one sub-ROI (e.g., ݎ ൌ 1, 

Figure 4-3A, blue line) is used for intensity calculation, the results of MILA become 

comparable to the ratiometric method, giving high accuracies between the focal planes but 

being unusable outside that axial region due to unacceptably large bias. 

In order to further understand the performance of MILA, we calculated an SPB-PLAM 

curve that gives the best accuracy attainable given the sub-ROIs used with this method. 

The top panel in Figure 4-3B shows that the SPB-PLAM curve calculated with two sub-

ROIs (ݎ ൌ 1,2) trails the standard PLAM curve by less than 10 nm over a wide axial range. 

Further, we also observe that the standard deviation of estimates obtained using MILA 

ݎ) ൌ 1,2) trails the SPB-PLAM curve between the focal planes. However, this standard 

deviation diverges from the SPB-PLAM curve outside the focal planes, demonstrating that 

while MILA provides accurate axial location estimates over the entire axial range, the 

simple lookup method does not behave as a perfect estimation algorithm, whose accuracy 

would be expected to come close to the corresponding SPB-PLAM across all axial 

positions. From the bottom panel of Figure 4-3B, we observe that the SPB-PLAM curve 

for	ݎ ൌ 1 rapidly increases beyond 50 nm when the axial position of the point source comes 
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Figure 4-3: Performance of MILA as compared to other non-parametric axial 
localization methods 

A: The top panel shows the standard deviation of axial location estimates, obtained 
from 3 non-parametric algorithms when applied to 1000 pairs of simulated two-plane 
MUM images of a point source from which a mean of 4000 photons were detected 
per image, as a function of the axial position of the point source. The bottom panel 
shows the deviation of the mean of the same estimates from the true axial position of 
the simulated point source. The red line shows the values obtained using MILA (ݎ	 ൌ
	1, 2) and the green line represents values obtained using the ratiometric method. The 
blue line shows values obtained using MILA (ݎ	 ൌ 	1), which uses only one sub-ROI. 
B: Plots of the SPB-PLAM and the standard deviation of MILA estimates for the axial 
location of a simulated point source calculated for ݎ	 ൌ 	1, 2 (top) and ݎ	 ൌ 	1 
(bottom). C: Plots of SPB-PLAM curves for different sub-ROI combinations as 
indicated in the legend. D: Plots of the standard deviation of MILA estimates for the 
axial location of a simulated point source for different sub-ROI combinations as 
indicated in the legend. The dashed black line in B, C and D indicates the standard 
PLAM for axial localization from the full ROI. The simulations were performed with 
the following numerical values: magnification M = 100, numerical aperture ݊௔ 	ൌ
	1.45, pixel size: 16	μ݉	 ൈ 	16	μ݉, ROI size: 15	 ൈ 	15 pixels. The calibration data 
was generated using data from one simulated point source with all the same 
parameters except that a mean of 10000 photons were detected per image. Vertical 
dotted lines mark the positions of the focal planes in the object space. 
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close to either focal plane. The standard deviation of the corresponding MILA estimates 

also trails the SPB-PLAM curve between the two focal planes, but the two curves begin to 

diverge near the focal planes. Around the points of divergence, the SPB-PLAM continues 

to increase in magnitude as the MILA estimates become unusable due to excessive bias. 

To investigate the effect of using more sub-ROIs with MILA, SPB-PLAM curves were 

calculated with increasing numbers of sub-ROIs. Figure 4-3C shows that with increasing 

numbers of sub-ROIs, the SPB-PLAM curves gradually approach the standard PLAM 

curve, a pattern that is expected because the addition of sub-ROIs should increase the total 

Fisher information content of the data. However, Figure 4-3D shows that the standard 

deviations obtained from MILA estimations with the corresponding larger numbers of sub-  

ROIs did not improve concomitantly. This is possibly due to the estimation task being 

made more challenging by the inclusion of pixels with lower signal-to-noise ratios in the 

larger sub-ROIs. These are pixels that contain the same levels of background and read-out 

noise as the other pixels in the ROI, but detect significantly smaller levels of signal from 

the point source. 

4.2.3 MILA can also be used in MUM configurations with more than two focal 

planes 

Next, we characterized the performance of MILA when applied to data from MUM 

configurations having more than two focal planes. One of the primary applications of 

MUM is to study the dynamics of single particles that traverse the entire volume of 

mammalian cells, which are typically 6 to 8 µm thick. A four-camera MUM configuration 

with focal plane separations of about 1.5 to 2 µm between the detectors can cover such an 
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axial range [98]. Such wide plane spacings become particularly challenging for non-

parametric methods due to the nature of the Fisher information landscape for axial location 

estimation in these configurations. Hence, we tested the performance of MILA in a four-

plane configuration with the smallest plane spacings that can cover the axial thickness of a 

mammalian cell. The schematic of such a wide-spaced MUM configuration with four focal 

planes and the extracted ROIs and sub-ROIs are shown in Figure 4-4A. We performed 

estimations on simulated data arising from such a configuration, where the optical 

parameters were kept the same as in previous cases but the number of focal planes and the 

inter-plane spacing alone were increased. 

As shown in the top panel of Figure 4-4B, even with an inter-plane spacing of 1.5 µm, 

MILA can provide axial location estimates with a standard deviation of less than 60 nm 

over an axial range of 6.5 µm when four detectors are simulated. However, given the larger 

focal-plane separation, more sub-ROIs (ݎ ൌ 0,1,2,3,4,5) are required for MILA to perform 

optimally and the standard deviation is consistently worse than the standard PLAM by 20 

to 40 nm. Furthermore, the corresponding SPB-PLAM curve is observed to closely trail 

the standard PLAM, predicting that an estimator that uses the six-sub-ROI combination 

can potentially produce accurate axial location estimates comparable to the standard 

PLAM. In contrast to what was observed with the previous 1-µm plane spacing 

configuration (Figure 4-4C), SPB-PLAM curves with fewer sub-ROIs can significantly 

diverge from the standard PLAM near the focal planes, and this is illustrated in the bottom 
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Figure 4-4: Performance of MILA in a four-plane MUM configuration 

A: Schematic representation of a MUM configuration that simultaneously images 
four focal planes using independent detectors. Sample ROIs of a typical point source 
are also shown, along with a representation of the sub-ROIs that are used for intensity 
calculations. B: The top panel shows a plot of the accuracy reached by MILA (ݎ	 ൌ
0, 1, 2, 3, 4, 5) in the estimation of the axial location of a point source using four-plane 
MUM data. 1000 sets of four images corresponding to the four focal planes of a point 
source from which a mean of 2000 photons were detected per image were simulated 
and the point source’s axial location was estimated using MILA. The standard 
deviation of these estimates is plotted as a function of the axial position of the 
simulated point source. The corresponding SPB-PLAM and standard PLAM for the 
axial location of the point source are also plotted. The bottom panel shows a plot of 
the SPB-PLAM calculated for different sub-ROI sequences for the same data as a 
function of the point source’s axial location. The axial location range shown is 
restricted to one-half of the simulation range and the y-axis is depicted in log10 scale 
for display purposes. The simulations were performed using the following numerical 
values: magnification ܯ	 ൌ 	100, numerical aperture ݊௔ 	ൌ 	1.45, pixel size: 
16	μ݉	 ൈ 	16	μ݉, ROI size: 15	 ൈ 	15 pixels. The calibration data was generated 
using data from one simulated point source with all the same parameters except that 
a mean of 10000 photons were detected per image. Vertical lines mark the positions 
of the focal planes in the object space 
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panel of Figure 4-4B.  

Based on what is seen in the top panel of Figure 4-4B, the simple lookup approach used in 

MILA appears to be unable to perform comparably to its corresponding SPB-PLAM in 

such a demanding MUM configuration with wide focal plane spacings. This shows again 

that although from an information-theoretic perspective, the addition of more sub-ROIs 

should only increase the amount of information available to an estimator, simple lookup 

methods like MILA may not be able to fully leverage the entirety of this information in 

certain scenarios. Hence, with demanding wide-spaced MUM configurations, parametric 

estimation methods that can come close to the standard PLAM may be preferred if 

estimating the axial location with very high accuracy levels is of importance. 

4.2.4 Differences in the location of the point source within the center pixel can bias 

non-parametric axial location estimates 

In the previous figures, the calibration data was obtained from only one point source whose 

position was the same as that of the test point source. However, point sources located at 

various positions within a single pixel will produce different images due to changes in the 

position of the pixel borders relative to the point source position (Figure 4-5A). Hence, the 

intensities calculated using a non-parametric method will not be the same even for similar 

point sources that differ only in their sub-pixel location. When the point source generating 

the calibration data is not located in the same sub-pixel location as the point source for 

which the location is being estimated, this discrepancy can lead to bias in the estimated 

axial location. 
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Figure 4-5: Effect of sub-pixel localization differences on the estimation of the 
axial location of the point source 

A: Example images of four simulated point sources that differ only in their locations 
within the center pixel of the ROI. B: Histogram of 10000 axial location estimates of 
a point source obtained using MILA when the calibration point source used to 
generate the lookup table is located at a different sub-pixel location. Red line indicates 
the true axial position. C: Plot of the bias in the axial location estimates of four 
different point sources as a function axial location. The lateral positions of these point 
sources are shown in A. Each colored line represents bias in the estimates of one of 
the point sources. Bias is calculated as the difference between the mean of 1000 axial 
location estimates and the true axial location. The axial location was estimated using 
MILA from simulated four-plane MUM data. The point sources were simulated such 
that a mean of 2000 photons were detected per image. Simulations and estimations 
were performed using the following numerical values: magnification ܯ	 ൌ 	40, 
numerical aperture ݊௔ 	ൌ 	1.45, pixel size: 13	μ݉	 ൈ 	13	μ݉, ROI size: 11	 ൈ 	11 
pixels, sub-ROI sequence ݎ	 ൌ 	0, 1, 2. The calibration data was generated as a series 
of images of a fifth point source located at another random position within the center 
pixel of the ROI, from which a mean of 10000 photons were detected per image. 
Vertical dotted lines mark the positions of the focal planes in the object space. 
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In order to demonstrate the extent of this potential bias, we simulated test images of four 

different point sources that only differ in their location within the center pixel of the ROI. 

Their axial locations were then estimated using calibration data generated using a single 

point source which was also located within the center pixel of the ROI. A histogram of 

such MILA estimates for one point source at one axial location shows a clear offset in the 

distribution of estimates from the simulated axial position, indicating that the deviation of 

the mean of these estimates might arise from systematic bias in the lookup method 

(Figure 4-5B). When the means of such estimations are calculated at different axial 

positions for each of the four test point sources, we observe that there are significant 

deviations of these mean values from their respective simulated axial positions 

(Figure 4-5C). We also observe that the bias is more pronounced for some point sources 

than others, indicating that the bias appears to depend on the particular position of the point 

source within the pixel with respect to the sub-pixel location of the calibration point source. 

4.2.5 Including calibration data from several point sources in MILA reduces the 

sub-pixel localization bias 

The bias caused in MILA by sub-pixel location differences can be reduced by using 

calibration data from several point sources instead of just one, as this increases the 

probability that we have calibration data from a point source that is similar in sub-pixel 

position to a given point source. In order to identify the axial location of a test point source 

using data from several calibration point sources, we perform a global least squares 

minimization (Appendix 4-5). Figure 4-6A shows a plot similar to Figure 4-5C, but where 

we utilize calibration data from 50 different point sources. One can see that the bias in the 
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Figure 4-6: Correction of sub-pixel localization bias in MILA 

A: Plots of the difference between the mean of 1000 axial location estimates and the 
true axial location as a function of the axial location for five simulated point sources 
that are imaged using a four-plane MUM setup. Calibration data from 50 different 
point sources were used. Each colored line represents bias in the estimates of one of 
the five test point sources. Simulations and estimations were performed using the 
following numerical values: focal-plane separation: 1.5 µm, magnification ܯ	 ൌ 	40, 
numerical aperture	݊௔ 	ൌ 	1.45, pixel size: 13	μ݉	 ൈ 	13	μ݉, ROI size: 11	 ൈ 	11 
pixels, sub-ROI sequence ݎ	 ൌ 	0, 1, 2. The five test point sources were positioned in 
various locations within the center pixel of the ROI and the calibration data was 
generated as a series of images of 50 different point sources located in random 
locations within the same center pixel. A mean of 2000 photons were detected per 
image from each of the five test point sources, and a mean of 10000 photons were 
detected per image from each calibration point source. B: Plot of the mean modulus 
bias in the obtained axial location estimates as a function of the number of calibration 
point sources used. Test and calibration data were simulated similar to A, but 
calibration curves were generated with different numbers of point sources whose 
positions within the center pixel were randomized every time. For each test point 
source, datasets were simulated that differ by the axial location of the point source. 
The mean modulus bias is the average of themodulus bias of the axial estimates 
obtained for each dataset. All simulation parameters were maintained as above, 
except the magnification and pixel size were varied as indicated in the legend. 
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estimates has been significantly reduced at all the axial positions. One factor that affects 

the quality of this bias-correction method is the number of calibration point sources to use. 

To study this, axial location estimations similar to those carried out for Figure 4-6A were 

performed for two magnification-pixel size combinations using varying numbers of 

calibration point sources. For each test point source considered, datasets corresponding to 

multiple axial positions of the point source were subjected to MILA estimation, and an 

average was taken of the modulus bias of the axial location estimates obtained for each 

dataset. Plotting this mean modulus bias in the axial estimates against the number of 

calibration point sources shows that the average bias decreases rapidly as the number of 

calibration point sources used increases, but does not change significantly as long as more 

than five calibration point sources are used (Figure 4-6B). 

4.2.6 Evaluation of MILA using experimental data 

We tested the efficacy of MILA on bead data acquired from a four-plane MUM 

configuration. As shown in Figure 4-7A, the standard deviation for the axial location 

estimation of a typical bead is consistently maintained below 40 nm over a range of 4 µm 

between the four focal planes. This demonstrates that the method can also be successfully 

used with experimental data. The bias, as given by the deviation of the mean of the 

estimates from the expected axial location based on the step size used for the piezo 

nanopositioner between image acquisitions, is also kept low in these estimations 

(Figure 4-7B).  
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Figure 4-7: Performance of MILA in real data 

A: Standard deviation of z estimates, obtained using MILA from 50 sets of four 
images (each corresponding to a distinct focal plane) per axial position of a typical 
100-nm TetraSpeck fluorescent bead, as a function of the relative axial position of 
the bead. B: Deviation of the mean estimated z value from the expected z value for 
the same bead as a function of its relative axial position. The expected z value is 
determined based on the step size used for the piezo nanopositioner. The following 
estimation parameter values were used: ROI size: 13	 ൈ 	13 pixels, sub-ROI sequence 
	ݎ ൌ 	2, 3, 4. Calibration data and test data were both generated using beads from the 
same sample but in different fields of view. For calibration data, 10 images of the 
beads were acquired per detector, followed by moving the piezo nanopositioner 25 
nm and repeating the process over a wide axial range. Data from six beads was used 
for calibration. For the test data, 50 images of the beads were acquired per detector, 
followed by moving the piezo nanopositioner 100 nm similarly. Per acquisition, a 
combined total of at least 4000 photons were detected from each calibration bead, and 
approximately 6000 photons were detected from the test bead, within the ROIs from 
the four detector images. Vertical dotted lines indicate the calculated positions of the 
focal planes. 
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4.3 DISCUSSION 

The accurate estimation of the 3D location of a point source represents a fundamental 

problem in single molecule microscopy with significant implications for single particle 

tracking applications and super-resolution microscopy. MUM has provided a solution to 

this 3D localization problem with the use of multiple detectors that simultaneously image 

different focal planes and rigorous estimation algorithms like MUMLA. However, because 

of the relatively long processing times required by algorithms like MUMLA, a faster, 

easier-to-implement method may be desired. Others have implemented several related non-

parametric axial localization methods which roughly abstract to comparing the relative 

intensities of the point source image within a small region in each detector of the MUM 

configuration to a lookup table. 

Here we explore how much axial location information can be obtained with such intensity 

comparison methods by using SPB-PLAM calculations. Our observations indicate that for 

MUM configurations with closely-spaced focal planes (e.g., plane spacing of around 0.5 

µm), a single intensity calculated with the correct sub-ROI size can indeed provide accurate 

axial location estimates. However, this phenomenon becomes less reliable with wider focal 

plane spacings, wherein a particular sub-ROI size may provide only accurate estimates for 

a more limited set of axial locations of the point source (Figure 4-4). Given the practical 

importance of using wide-spaced MUM configurations, an ideal non-parametric axial 

localization method needs to provide consistently accurate axial location estimates for 

point sources over a wide axial range. 
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Here we introduce a simple yet robust non-parametric axial location estimation method, 

MILA, that satisfies this important criterion. MILA also calculates the axial location from 

intensity estimates, but uses more than one intensity value from each focal plane image of 

the point source. Using simulations, we show that the accuracy attainable with this method 

can be expected to be reasonably close to the standard PLAM over a relatively large axial 

range (Figure 4-3).  

One of the primary benefits of this method is its simplicity: the implementation of this 

method does not require any a priori information about the PSF of the microscope 

configuration and involves only arithmetic manipulation of the raw data that can be 

implemented using most software frameworks. This enables both easier implementation of 

the algorithm and faster computation times, which are often difficult to achieve when using 

parametric fitting algorithms like MUMLA. The computational cost is of particular interest 

in certain practical applications (e.g., real-time processing). Algorithms like MUMLA 

which have to perform complex calculations using constructs such as Bessel functions can 

take a significantly longer time to run than non-parametric lookup-based methods such as 

MILA. Even without optimization of our software implementation, we have observed 

MILA-based estimation to generally complete in less than a millisecond per point source 

on regular desktop PCs. This acceleration of processing time makes MILA an attractive 

choice for preliminary analyses of the data despite its lower accuracy. 

MILA should also work with data from configurations implementing various PSF 

engineering methods, though for systems with highly asymmetric PSFs, better accuracies 
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might be attained if we use sub-ROIs with shapes that take advantage of the intensity 

characteristics of those PSFs. For example, asymmetric ROIs covering the different skew 

areas of an asymmetric PSF may provide more information than concentric rings.  

Further, we often observe that with a sufficient number of sub-ROI combinations, the 

MILA estimation accuracy is reasonably close to the standard PLAM (Figure 4-3) 

indicating that the accuracy attained by this method might be sufficient for studies where 

a small compromise in axial localization accuracy is permissible. However, it is also clear 

that the performance of MILA and other non-parametric methods does not fully reach the 

practical accuracy limits, unlike that of parametric axial location estimation methods like 

MUMLA [96]. The standard deviation of MILA estimates also does not necessarily 

improve with the addition of more sub-ROIs (Figure 4-3D). This is in contrast to what is 

predicted by SPB-PLAM calculations (Figure 4-3C), but is not unexpected for a relatively 

simple estimator like MILA that does not make use of mathematical descriptions of the 

image data that accurately model the PSF of the microscope system, the noise 

characteristics of the detectors, etc. PLAM values are calculated using such mathematical 

descriptions, and it is thus reasonable to expect that they are more likely to be attained by 

more sophisticated methods like MUMLA, which uses a maximum-likelihood estimator 

that fully utilizes the same or similar mathematical descriptions. 

When MILA was applied to data from a four-plane MUM configuration with focal planes 

1.5 µm apart (Figure 4-4), we observed that using just two or three sub-ROIs was not 

sufficient to obtain good estimates throughout the axial range (as predicted by SPB-PLAM 
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calculations shown in the bottom panel of Figure 4-4B). This is in contrast to what is seen 

in Figure 4-3C for a MUM configuration with a 1-µm focal plane spacing, where the SPB-

PLAM calculations predict relatively small differences in accuracy when small and large 

numbers of sub-ROIs are used. Hence, the ideal number of sub-ROIs for a particular optical 

configuration needs to be optimized either empirically or through Fisher information 

calculations to obtain the best possible MILA results. 

In this study, we have used beads deposited on a coverslip as an experimental model system 

for both lookup table and test data generation. In biological applications, however, the test 

point sources may often be found several microns deeper into the sample. While beads on 

the coverslip may give a reasonable estimate of the PSF, this estimate nevertheless might 

not reflect the PSF of point sources found deeper in an aqueous sample. The calibration 

data for MILA may be generated using 3D bead sample preparation protocols, however, to 

obtain PSF estimates that more closely reflect the PSF profiles of point sources deeper in 

the sample. 

One issue that affects non-parametric methods is the bias resulting from the differences in 

the sub-pixel locations of point sources in the calibration and test data. We were able to 

address this problem by using lookup data from multiple calibration point sources 

(Figure 4-6). This solution should be implementable practically, since the calibration data 

is often obtained using fluorescent beads and utilizing data from images of many beads in 

a single field of view should suffice to address this sub-pixel localization bias. 
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The photon budget at which an estimator is expected to perform is also of importance. 

Here, we tested MILA on simulated and experimental data where thousands of photons 

were detected from the point source per acquisition over all the detectors, as such numbers 

are consistent with the typical photon counts that can be expected from single dye 

molecules in super-resolution experiments [169]. In the case of much lower photon budgets 

such as what might be expected from the use of a weak fluorescent dye, the performance 

of MILA and other non-parametric methods may be negatively impacted by the higher 

levels of noise relative to the point source signal in the image pixels. 

Finally, we have tested the applicability of MILA to experimental data and shown that it 

can accurately recapitulate the axial location of fluorescent beads. Using a four-plane 

MUM configuration, we were able to calculate the axial position of the beads over a range 

of several microns (Figure 4-7). We hope that the simplicity and versatility of this method 

will make it a useful tool in applications requiring the determination of the 3D location of 

objects of interest from MUM data. 
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4.4 METHODS 

4.4.1 Data simulation 

For simulations, images of a point source were modeled as arising from a series of pixelated 

detectors collecting photons from the point source through a MUM setup. In all cases the 

Region Of Interest (ROI) was assumed to be a sub-region in the detector with the point 

source situated such that its location in the image is within the center pixel of the sub-

region. Unless specified otherwise, the point source location is also centered within this 

pixel. The number of point source photons detected in each pixel of an ROI is then 

simulated as Poisson realizations of mean intensity values given by the Born and Wolf 

model for a 3D PSF [78]. A Gaussian random variable with a mean of 80 electrons and a 

standard deviation of 6 electrons was added to each pixel to simulate the offset and read-

out noise associated with real detectors. A Poisson-distributed background noise 

component with a mean of 70 photons/pixel was also added to all simulations. Simulation 

of images for a given detector, which captures a distinct focal plane, was carried out with 

the axial location parameter of the point source offset by the distance of the detector's focal 

plane from the design location. The mean number of photons detected from the point source 

was partitioned equally between the detectors (e.g., if we simulate data as arising from a 

four-plane MUM setup, a point source from which 8000 photons are on average detected 

per exposure would be simulated such that 2000 photons are on average detected by each 

of the four cameras). The mean number of photons detected per focal plane image is given 

in the caption of each figure. All data were simulated with a wavelength of 655 nm. For 

each dataset, an accuracy benchmark given by the standard PLAM for the z position of the 
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point source was calculated. The standard PLAM is calculated based on the Fisher 

information content of each image as is, meaning all the intensity values in the pixels of an 

ROI are taken into account as they are. It is the PLAM that has been observed to be 

approached by the standard deviation of the parametric fitting algorithm MUMLA. In 

contrast, a Summed-Pixel-Based PLAM (SPB-PLAM) was also calculated for each dataset 

that is based on the Fisher information content of a combination of subsets of the ROI, or 

"sub-ROIs", each represented by a single intensity value obtained as the sum of the 

intensities of its component pixels. An SPB-PLAM is therefore applicable to intensity-

based estimation algorithms such as the sharpness method [168] and MILA. 

All simulations, PLAM calculations and estimations were performed using code written in 

MATLAB (MathWorks, Natick, MA) that forms the core of the FandPLimitTool (http:// 

http://wardoberlab.com/software/fandplimittool) and the EstimationTool 

(http://wardoberlab.com/software/estimationtool) software packages. 

4.4.2 Generation of MUM images from fluorescent beads 

To test MILA on experimental data, 100-nm Tetraspeck fluorescent beads (Invitrogen, 

Carlsbad, CA) were imaged using a four-plane MUM setup. The beads were deposited on 

MatTek dishes (MatTek, Ashland, MA) pretreated with poly-L-Lysine (Sigma Aldrich) by 

adding a solution containing the beads for 10 minutes and then washing with water. The 

dish was then filled with water and imaged using a Zeiss 63× 1.4 NA Plan-Apochromat 

objective mounted on a piezo nanopositioner (Physik Instrumente, Auburn, MA). 
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Excitation light from a 150-mW, 635-nm solid state laser (OptoEngine, Midvale, UT) was 

reflected to the objective and the emission light filtered using a quad-band 

dichroic/emission filter combination (Di01-R405/488/543/635 and FF01-

446/515/588/700-25, Semrock, Rochester, NY). The configuration was housed on an Axio 

Observer.A1 microscope body (Carl Zeiss MicroImaging, Germany). The four-plane 

MUM configuration was assembled as described previously [79,96] using two Zeiss dual 

camera adapters attached on the output ports of another dual camera adapter that is attached 

to the output port of the microscope body. Four Andor iXon electron-multiplying charge-

coupled device (EMCCD) cameras (three iXon DV887 and one iXon DU897, Andor 

Technology, South Windsor, CT) were attached to the four output ports. The cameras were 

used to image different focal planes by modifying the length of the spacer between the 

output port and each camera. Beamsplitters (50/50; Chroma Technology, Bellows Falls, 

VT) were used to equally partition the incoming emission light between the four cameras. 

Data was acquired using the conventional read-out mode in all four EMCCD cameras. The 

cameras were synchronously controlled via TTL pulses with custom software written using 

LabWindows CVI (National Instruments, Austin, TX). A field of view containing a sparse 

distribution of beads was selected and z-stack images of this field of view were acquired 

using the piezo nanopositioner. The images from the different cameras were registered as 

follows: the lateral coordinates of three or more beads were estimated from the in-focus 

images of the beads from all four detectors. The coordinates from the first detector and 

each of the other three detectors were used to generate affine transformation matrices. The 
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transformation matrices were then used to register the images from the three other detectors 

to the coordinates of the pixels in the first detector. 

ROIs of selected beads were extracted from each image as small sub-regions such that the 

center of the bead coincided with the center pixel of the extracted ROI. Such extracted 

ROIs from all four images per z-slice acquisition of each bead were processed for MILA 

lookup table generation and axial location estimation. 

4.4.3 Identification of the pixel containing the point source location in a given ROI 

For the MILA approach, we identify the pixel where the point source is located and 

calculate the sum intensities of different sub-ROIs around this pixel. In order to efficiently 

estimate the point source's axial location using this method, the identification of this pixel 

needs to be performed accurately. For our bead data, this was achieved by fitting a 2D 

Gaussian profile to the image of the bead and identifying the pixel that contains the peak 

of the fitted Gaussian profile. In data where the image of the bead is identifiable in multiple 

detectors, the image from the detector where the bead was closest to being in focus (which 

was determined by choosing the image where the most number of photons were detected 

within the ROI) was used for this estimation. For our simulation data, this step was skipped 

as the center pixel of the ROI was simulated to contain the point source. 

4.4.4 Estimation of the axial location by MILA 

MILA is implemented as follows: the pixel that contains the point source of interest is 

identified using the image from the detector in the MUM configuration where the point 

source is closest to being in focus. Pixels corresponding to concentric square-shaped 
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regions around this center pixel are then taken from each focal plane image (Figure 4-2A), 

and the intensities of the component pixels of each region are summed after background 

subtraction. Hence, if we choose to extract summed intensities from 3 concentric regions 

in images from a two-plane MUM configuration, we will have 6 intensity values. These 

intensity values are then normalized by dividing with the highest intensity value among 

them. Typical normalized intensities from such simulated data are shown as a function of 

axial position of the point source in Figure 4-2B. A lookup table of such normalized 

intensity-values is calculated from images of one or several point sources at a series of 

known axial positions. The number of lookup positions within the axial range is then 

further increased using local regression-based smoothing and interpolation methods. 

Normalized intensities are then similarly calculated for an unknown point source and 

compared to the lookup table using a least squares method to estimate the axial location of 

the point source (a formal description of the method is provided in Appendix 4-5). For 

comparison with MILA, the ratiometric method was implemented as described previously 

[99]. 

Note that in this thesis, the term "axial localization accuracy" is used synonymously with 

the standard deviation of the axial location estimates obtained with a method such as 

MILA. In plots that give a comparison of the standard deviation of estimates and the 

associated PLAM, it is also used as an umbrella term that encompasses both types of 

quantities. This more general use of the term is justifiable as the PLAM is a lower bound 

on the standard deviation with which the axial location of a point source can be estimated.
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4.5 APPENDIX: ESTIMATING THE AXIAL LOCATION OF A POINT SOURCE 

USING MILA 

Let us consider data collected by ܦ pixelated detectors represented by ݀ ൌ 1, . . . ,  each ,ܦ

capturing the image of a different focal plane in the object space. The images from all ܦ 

detectors are assumed to be aligned so that the lateral positions of each pixel correspond 

between all the images. 

The image obtained from each detector is cropped to a small ROI so that the point source 

of interest is situated in the center pixel of the image. The size of the ROI is chosen such 

that it includes all the pixels that receive the majority of the photons from the point source. 

For each detector ݀ ൌ 1, . . . ,  ௗ can be calculated through anܤ a background estimate ,ܦ

appropriate method, such as taking the median of the edge pixels of the ROI or by using 

adjacent time-series images in super-resolution datasets. 

We then calculate a series of intensity values from each ROI by summing the background-

subtracted double-precision intensities from pixels belonging to various sub-ROIs. The 

shapes of the sub-ROIs chosen in this report are concentric square regions as shown in 

Figure 4-8. However, the shapes can be customized so that the regions of the PSF that 

exhibit maximal changes in intensity as a function of the point source's axial position are 

optimally represented in the sub-ROIs. The concentric sub-ROIs used here are represented 

with the sequence ݎ ൌ ,ଵݎ … ,௣ݎ ௉, where the sub-ROIݎ ݌ ൌ 1, . . . , ܲ, comprises all the pixels 

that are located within ݎ௉ pixels of the center pixel in both the ݔ and ݕ dimensions and are 

not included as part of any smaller sub-ROI in the sequence. For 



132 

 

 

Figure 4-8: Example illustrations of different sub-ROI shapes used in MILA 
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example, the sequence ݎ ൌ 1,2 represents two sub-ROIs, the 3 × 3 square region around 

the center pixel and the next line of pixels around the 3 × 3 square region as depicted in 

Figure 4-8.  

If ܣ′ௗ,௥೛ denotes the sum of pixel intensities for sub-ROI ݎ௉ from the image of detector ݀, 

we normalize it as, 

ௗ,௥ುܣ ൌ
ௗ,௥ು′ܣ

ݔܽ݉ ቄܣ′ௗభ௥೛భቚ݀ଵ ൌ 1,… , ,ܦ ଵ݌ ൌ 1,… , ܲቅ
, ݀ ൌ 1,… , ,ܦ ݌ ൌ 1,… , ܲ. 

In order to calculate the axial location of the point source using the normalized intensity 

values, we establish a lookup table by utilizing data acquired from a calibration experiment. 

A calibration experiment can be defined as one where we know the axial position of the 

point source whose images are acquired. In the case of simulations, we can simply simulate 

the images of point sources at various axial locations. In the case of practical experiments, 

the data can be acquired by recording images of a point source while linearly changing the 

focus of the microscope objective using a piezo nanopositioner. Thus, we acquire ܬ sets of 

images per detector ݀, each set corresponding to a unique axial position ݖ of the piezo 

nanopositioner. 

The images for a point source in this calibration data can then be represented by 

௭,ௗܫ
௟௢௢௞௨௣, ݖ ൌ ,ଵݖ … , ,௃ݖ ݀ ൌ 1,… ,  We then calculate the sets of normalized intensity .ܦ

values for each lookup position to yield ܣ௭,ௗ,௥೛
௟௢௢௞௨௣, ݖ ൌ ,ଵݖ … ,௃ݖ ݀ ൌ ,1… , ,ܦ ݌ ൌ 1,… , ܲ.  
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Now, given a set of images ܫௗ, ݀ ൌ 1,… ,  for an unknown point source, we can calculate ܦ

an estimate ̂ݖ of the point source's axial location by calculating the corresponding 

 for which ݖ ௗ,௥೛values and evaluating them against the lookup table to identify the value ofܣ

the ܣௗ,௥೛ values are most similar to the ܣ௭,ௗ,௥೛
௟௢௢௞௨௣ values: 

ݖ̂ ൌ argmin
௭∈ሺ௭భ,…,௭಻ሻ

ቐ෍෍ቀܣ௭,ௗ,௥೛
௟௢௢௞௨௣ െ ௗ,௥೛ቁܣ

ଶ
஽

ௗୀଵ

௉

௣ୀଵ

ቑ . 

The accuracy attainable with this lookup method is, however, limited by the number of ݖ 

values in the lookup table (for example, if we only have a lookup value every 25 nm, then 

the estimated axial positions can only be calculated in relatively coarse 25-nm increments). 

This can be addressed by calculating the ܣ௭,ௗ,௥೛
௟௢௢௞௨௣ values for more ݖ positions between ݖ௝ 

and ݖ௝ାଵ, ݆ ൌ 1,… ܬ െ 1, using (linear) interpolation methods. Depending on the quality of 

the calibration data, smoothing methods may also be used to remove deviations in the 

calibration curve due to local variations. 

In order to address sub-pixel localization bias issues, we can utilize calibration data from 

multiple point sources. If we have calibration data from ܥ point sources, then we can 

represent lookup tables from all these point sources as ܣ௭,ௗ,௥೛
௟௢௢௞௨௣, ݖ ൌ ,ଵݖ … ,௃ݖ ݀ ൌ

,1… , ,ܦ ݌ ൌ 1,… , ܲ, ܿ ൌ 1,… ,  Using each lookup table, we first obtain an axial location .ܥ

estimate as described above. Hence, when given intensities ܣௗ,௥೛ from an unknown point 

source, we compute ܥ axial location estimates: 
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௖ݖ ൌ argmin
௭∈ሺ௭భ,…,௭಻ሻ

ቐ෍෍ቀܣ௭,ௗ,௥೛.௖
௟௢௢௞௨௣ െ ௗ,௥೛ቁܣ

ଶ
஽

ௗୀଵ

௉

௣ୀଵ

ቑ , ܿ ൌ  .ܥ…,1

Of all the ܥ estimates ݖ௖, the ݖ௖ estimate corresponding to the smallest summation value 

from this equation is then taken as the best estimate ̂ݖ for the axial location of our unknown 

point source. 
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