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ABSTRACT 

THE CONTRIBUTIONS OF FC GAMMA RECEPTORS AND 

MACROPINOCYTOSIS TO THE INTERNALIZATION, SORTING AND 

CLEARANCE OF ANTIBODY COATED NANOVESICLES IN MACROPHAGES 

2018 

Macrophages are tissue-resident phagocytes that play critical roles in immune response and 

tissue homeostasis. They have a tremendous capacity to internalize objects of various sizes 

ranging from nanoscale viral particles to micron sized bacteria and tumor cells. This 

phenomenon, termed phagocytosis for the uptake of large particles, or endocytosis for the 

uptake of small particles, is integral to the immune response in multicellular organisms. 

Macrophages express FcγRs, which are tyrosine kinase receptors that bind IgG on an 

opsonized target. Binding of IgG Fc domain to the extracellular domain of an FcγR triggers 

signaling cascades that coordinate internalization of the opsonized target, generation of 

reactive oxygen species and release of cytokines. 

FcγR mediated phagocytosis of large particles has been characterized in macrophages and 

dendritic cells, but an understanding of FcγR endocytosis of small particles is limited. 

Insight into FcγR endocytosis in macrophages will be useful in the design and targeting of 

therapeutic antibodies for treatment of cancers and viral infections. 

Here, ~100nm fluorescent PEGylated liposomes displaying surface biotin antigen and 

antibiotin IgG2a were used to investigate FcγR trafficking. Internalization of liposomes 

occurred by FcγR dependent endocytosis with no contributions from macropinocytosis. 

GEORGE OPOKU-KUSI JUNIOR



xii 

Rather, liposomes associated with clathrin on the plasma membrane and within the 

cytoplasm at early time points, demonstrating that the endocytic process involved the 

participation of clathrin. Internalized IgG2a-liposome complexes were trafficked to the 

limiting membrane of macropinosomes where IgG was segregated from cargo liposomes 

in a pH dependent manner. Contrary to trafficking of CSF-1 in macrophages, segregated 

IgG and liposomes were excluded from the lumen of macropinosomes and did not undergo 

immediate intraluminal budding, demonstrating that lysosomes did not immediately 

destroy the immune complex. Segregated IgG was recycled back to the cell surface where 

it was capable of phagocytosing new biotinylated SRBCs. Although macropinosomes and 

liposomes formed a multivesicular object, three-color live cell microscopy showed that 

fluid phase marker movement did not predict movement of liposomes to the lysosome. 

Lysosomes rapidly internalized luminal content of macropinosomes via piranhalysis (or 

squidlysis), but interacted with IgG-liposome complexes by kiss-and-run events resulting 

in early transition of fluid phase marker and delayed transition of liposome cargo into 

lysosomal compartments. Thus, we show that the macropinosome has a novel role in 

organizing antigen-antibody segregation in macrophages. 

The contributions of murine FcγRs (I, IIb, and III) and FcRγ to endocytosis of IgG2a-

liposomes were delineated using single and multiple receptor knockouts in macrophages. 

Knockouts were created by means of synthetic gRNAs targeting FcγRs and FcRγ in FLM 

cells harvested from CRISPR/Cas9 transgenic mice. Analysis of particle uptake showed 

that FcγRs drive differential internalization of IgG2a-liposomes with binding and uptake 

of particles heavily dependent on high affinity FcγR I and FcRγ. Knockout of three 

receptors namely FcγR I, IIb, and III abolished binding and uptake of particles. Analysis 



xiii 

of fluid phase uptake in knockout lines showed that FcγR I, III, IIb&III, FcRγ, and TKO 

were defective for macropinosome formation, whilst FcγR IIb knockouts produced more 

than twice the number of macropinosomes compared to parental cells. Together, these 

demonstrate that activating FcγRs may have a novel role in driving constitutive 

macropinosome formation attenuated by inhibitory FcγR IIb. 
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CHAPTER 1 

Introduction 
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1. Introduction and Background 

1.1.  Macrophages are professional phagocytes critical for immunity 

 

Macrophages are phagocytic cells that differentiate from hematopoietic stem cells (Sheng 

et al., 2015) requiring the growth factor colony stimulating factor-1 (CSF-1) for 

development from progenitor stage to matured phagocytic cells (Cypher et al., 2016; Koike 

et al., 1986; Mossadegh-Keller et al., 2013). CSF-1 binds its cognate receptor colony 

stimulating factor-1 receptor (CSF-1R) leading to trans autophosphorylation of tyrosine 

residues in its cytoplasmic tail (Felix et al., 2015; W. Yu et al., 2012).  This generates a 

cascade of signaling events ensure that macrophage signaling, differentiation, growth and 

survival (W. Yu et al., 2012). Aberrant signaling from CSF-1R and members of its 

signaling pathway have been associated with cancers and inflammatory disorders (Sossey-

Alaoui et al., 2017; Tang et al., 2018).  

Macrophages belong to a class of immune cells commonly called professional phagocytes 

(Rabinovitch, 1995) due to their multifaceted roles and central importance in cellular and 

adaptive immunity as well as maintenance of tissue homeostasis (Colucci-Guyon et al., 

2011; Flannagan et al., 2010; Henson & Hume, 2006). Their ubiquitous presence in tissues 

and organs underscores their specialized functions in different tissue microenvironments 

(Gordon & Pluddemann, 2017; Yona et al., 2013). As an important member of the 

mononuclear phagocytic system, macrophages serve as the primary tissue resident 

phagocyte, to clear apoptotic cells, tumor cells and foreign targets ranging from nanoscale 

viral particles to micron sized bacteria and fungi (Bhatia et al., 2011; Chiba et al., 2018; 

Colucci-Guyon et al., 2011; Lang et al., 2010).  



3 

 

 

 

They accomplish this complex task using a combination of different membrane receptors 

expressed on their surfaces and by non-specific internalization of extracellular milieu 

(Bruhns, 2012; Peiser & Gordon, 2001). Macrophages express pattern recognition 

receptors (PRRs) such as SRA1, mannose receptor and dectin1 that bind pathogen 

associated molecular patterns (PAMPs).  Ligation of PRRs can promote transcriptional 

changes in the macrophage that promote anti-microbial activities known as macrophage 

activation.  Macrophage activation in turn promotes the capture, internalization and 

destruction of pathogens (Zhou et al., 2015). PAMPs are specific motifs on non-self 

molecules located on the cell walls of invading pathogens (Janeway, 2013). Moreover, 

macrophages express a class of membrane receptors called Fc gamma receptors (FcγRs), 

which mediate internalization of antibody bound targets (Alexander et al., 1978; Sobota et 

al., 2005). Antibodies are unique molecules that have the ability to bind foreign or 

pathogenic targets thereby directly inactivating their pathogenic capacities; alternatively, 

they link bound targets to phagocytic cells like macrophages for clearance (Forthal, 2014). 

The role of FcγRs and antibodies in mediating the internalization of small antibody bound 

targets in murine macrophages is the focus of this study. The general structure and function 

of antibodies and FcγRs have been discussed in section 1.3.  
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1.2. Functional phenotypes of macrophages influence their phagocytic capacity 

and immune responses 

 

 The phagocytic and non-phagocytic functions of macrophages are influenced by cytokines 

secreted by macrophages and other cells of the immune and stromal systems (Chung et al., 

2006; van der Poel et al., 2010; Zhou et al., 2015). Macrophages are classified into 

classically activated M1 macrophages or alternatively activated M2 macrophages (Mills et 

al., 2000; Tarique et al., 2015).  Macrophages can be promoted to the M1 phenotype by 

proinflammatory cytokines such as interferon gamma (IFN-γ), which is secreted by Th1 

cells and lipopolysaccharide (LPS) from the cell walls of gram-negative bacteria (Mills et 

al., 2000). M1 macrophages secrete the acute inflammatory cytokines tissue necrosis 

factor- (TNF-), interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-12 (IL-12) and 

interleukin-23 (IL-23) (Manderson et al., 2007; Murray et al., 2005; Scull et al., 2010). M1 

macrophages have high phagocytic capacity, which promotes clearance of bacterial 

pathogens and antigen presentation during an acute infection. Additionally, M1 

macrophages have elevated reactive oxygen and nitric oxide species production mediated 

by increased expression of the NADPH oxidase and inducible nitric oxide synthase, which 

promote microbial killing (Mills et al., 2000; Tarique et al., 2015). M2 macrophages (also 

called alternatively activated macrophages), are promoted by various stimuli including 

interleukin-4 (IL-4), interleukin-13 (IL-13), interleukin-10 (IL-10), fungi and helminth 

infections, and exposure to immune complexes (Gerber & Mosser, 2001; Mills et al., 2000; 

Rodríguez-Sosa et al., 2002; Tarique et al., 2015). Signaling and cytokine production of 

M2 macrophages drive proliferation, tissue repair and cell matrix production. Unlike their 
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M1 counterparts, M2 macrophages express low levels of proinflammatory cytokines and 

are associated with tissue healing whilst M1 macrophages are associated with tissue 

damage caused by inflammation (Holt et al., 2008; Kambara et al., 2015; Mirza et al., 

2009; Trujillo et al., 2008). The mouse macrophages used in this study are not polarized; 

therefore, they can be regarded as uncommitted (M0) macrophages (Tarique et al., 2015). 

The rationale behind using M0 macrophages for this study is to understand how immune 

complexes are trafficked in uncommitted macrophages, since functional differentiation 

usually occurs after exposure to a stimuli. Moreover, this effort lays the ground work for a 

more elaborate future study on macrophage immune response and how exposure to various 

stimuli of different densities influence the commitment to a functional class M1 or M2.    

 

1.3. Macropinosomes are important for phagocyte mediated immune functions 

 

An important, yet poorly understood, feature of macrophages is their ability to perform 

macropinocytosis. Macropinocytosis occurs when the plasma membrane folds over unto 

itself, capturing extracellular fluid that in a single membrane bound organelle, called a 

macropinosome.  Macropinosomes are 0.2µm to 5µm in diameter.   In macrophages, 

macropinocytosis is constitutive, but the frequency and size increases in response to 

specific agonists like CSF-1 and phorbol 12-myristate 13-acetate (PMA) (J. Canton et al., 

2016; J. Lou et al., 2014; Wang et al., 2014; Yoshida, Gaeta, et al., 2015).   

Macropinocytosis is important for antigen uptake and presentation in phagocytic cells and 

is thought to be a major route used by immature dendritic cells for bulk uptake of antigen. 
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During maturation of dendritic cells, macropinocytosis is downregulated as the cells 

commit to antigen presentation (Federica Sallusto, 1995a; West et al., 2004). The primary 

role of dendritic cells is to capture antigen and process it for presentation on MHC class II 

molecules. Antigen presentation is essential for activation of T cells with profound 

downstream effects on cytokine levels and production of antibodies by B-cells (Dubois et 

al., 1997; Humeniuk et al., 2017). In macrophages, macropinocytosis enables non-specific 

antigen uptake and lysosome degradation for antigen presentation on MHC class II. 

Consequently, disruption of macropinocytosis has been associated with decreased antigen 

presentation by macrophages (Lim et al., 2012; von Delwig et al., 2006).  

In addition to antigen presentation, macropinocytosis is implicated in promoting cell 

growth and in the case of cancer cells that gain macropinocytic ability, this activity may 

facilitate tumor progression (Palm et al., 2015). Some cancer cells upregulate 

macropinocytosis as one of multiple ways to scavenge extracellular materials from the 

nutrient depleted tumor microenvironment. Internalized protein and lipid degraded in the 

lysosomes are used for the generation of ATP and synthesis of cellular components thereby 

enabling cancer cells to thrive (Commisso et al., 2013; Palm et al., 2015). These 

observations raise the possibility that macrophages use macropinocytosis for similar ends 

in nutrient poor, inflamed or tissue repair microenvironments.  Furthermore, 

macropinocytosis is a route for internalization of extracellular vesicles (EVs). EVs are 

membrane bound vesicles responsible for cell-to-cell transport of biomaterials including 

proteins, RNA and DNA. Beside their physiological functions, EVs have also been 

associated with cancer metastasis via macropinocytosis. For these reasons, 
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macropinocytosis has garnered interest as a therapeutic target for some cancers and 

inflammatory disorders (Costa Verdera et al., 2017; Nakase et al., 2015).  

The roles of macropinosomes in growth and development of immune cells, antigen uptake 

and presentation, and tumor metastasis underscore their significance in immunity. As our 

understanding of macrophage biology evolves, there is potential for discovery of novel 

functions of macropinosomes that would be essential in the treatment of diseases. This 

study is in part, a contribution to the effort of unraveling new roles of macropinosomes in 

macrophage-mediated immune response.  

 

1.4. Antibodies and Fc gamma receptors  

 

Antibodies are proteins secreted by B cells that bind to antigens found on pathogens or 

native antigenic targets. There are five main classes of antibodies namely IgA, IgD, IgE, 

IgG and IgM. They have different functions and enable the immune system to recognize 

and clear a wide range of antigenic targets whiles maintaining a high degree of specificity 

(Schroeder & Cavacini, 2010). This study focuses on the interaction of immunoglobulin G 

(specifically, IgG2a subclass) and how it regulates macrophage-mediated uptake of small 

antibody bound targets via  cognate Fc gamma receptors (FcγRs).  

Once bound to the antigen, antibodies promote destruction of the target by phagocytosis 

(McHeyzer-Williams & McHeyzer-Williams, 2005; Schroeder & Cavacini, 2010). Direct 

target lysis is called antibody dependent cell-mediated cytotoxicity (ADCC) whilst 

antibody mediated internalization of targets by phagocytic cells is termed antibody 
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dependent cell phagocytosis (ADCP) (Gül & van Egmond, 2015; Iannello & Ahmad, 

2005).  

 

1.4.1. Immunoglobulin G structure and function 

 

Immunoglobulin G (IgG) belongs to a class of antibodies consisting of two heavy and two 

light chains (Figure 1.1). Each heavy or light chain contains a variable domain and a 

constant domain that possesses an amino (NH2) terminus and carboxyl (COOH) terminus 

respectively. Generally, antibodies possess an antigen binding region (Fab region) and a 

fragment crystallizable region (Fc region). The Fab region is made up of one variable and 

one constant domain from both heavy (CH1) and light chains (CL) whilst the Fc region 

contains two constant domains (CH2 and CH3) from the heavy chain linked by a hinge 

region to the first constant domain (CH1) in the Fab region. The hinge contains disulfide 

bonds from conserved cysteine residues that stabilize the structure of IgG. Interchain 

disulfide bonds linking heavy chains to light chains as well as intradomain disulfide bonds 

contribute to the overall structural integrity of antibodies. Antigen recognition and binding 

occurs in the Fv region which is comprised of the variable regions of the light chain (VL) 

and heavy chain (VH). The hinge and Fc regions determine effector functions via binding 

to Fc receptors (Schroeder & Cavacini, 2010; Vidarsson et al., 2014).  

Fc gamma receptors (FcγRs) bind the Fc domain of antibodies to mediate endocytosis or 

phagocytosis of small and large antibody opsonized targets. Receptor-antibody binding 
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activates a series of signaling events that result in target engulfment and internalization by 

phagocytes (Bruhns, 2012).  

Antibodies may bind to FcγRs with different affinities; the nature and strength of this 

interaction influences the efficiency of target internalization and production of 

inflammatory mediators (Beutier et al., 2017; Gillis et al., 2017). The affinities of mouse 

IgG isotypes for various FcγRs are show in in the Table 1.  
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Figure 1. 1 Schematic of immunoglobulin G (IgG) structure.  IgG consists of a light chain (L) and a heavy 

chain (H). Both L and H chains possess a variable region VL and VH and one constant region CL and CH1 

within the antigen binding region called Fab domain. Fc domain is the constant binding region is 

responsible for interaction with Fc receptors to mediate effector functions of IgG. Fc region consists two 

constant domains CH1 and CH2 from the heavy chain (H).   
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Receptor IgG1 IgG2a IgG2b IgG3 Reference 

FcγR I ____ 1.0 X 

108 

1.0 X 

105 

(+) (Gavin et al., 1998a; 

Nimmerjahn et al., 2005; 

Saylor et al., 2010) 

FcγR IIb 3.3 X 

106 

4.2 X 

105 

2.2 X 

106 

____ (Nimmerjahn et al., 2005) 

FcγR 

IIII 

3.1 X 

105 

6.8 X 

105 

6.4 X 

105 

____ (Nimmerjahn et al., 2005) 

FcγR IV ____ 2.9 X 

107 

1.7 X 

107 

____ (Nimmerjahn et al., 2005) 

 

 

Receptor IgG1 IgG2a IgG2b IgG3 Reference 

FcγR I ____ 1.0 X 10-8 1.0 X 10-

5 

(+) (Gavin et al., 1998a, 1998b; 

Nimmerjahn et al., 2005) 

FcγR IIb 3.0 X 10-

7 

2.4 X 10-6 4.6 X 10-

7 

____ (Nimmerjahn et al., 2005) 

FcγR 

IIII 

3.2 X 10-

6 

1.47 X 

10-6 

1.6 X 10-

6 

____ (Nimmerjahn et al., 2005) 

FcγR IV ____ 3.5 X 10-8 5.9 X 10-

8 

____ (Nimmerjahn et al., 2005) 

 

  

Table 1. 1 Association constants (Ka) of mouse IgG subclasses for corresponding FcγRs 

Table 1. 2 Dissociation constants (Kd) of mouse IgG subclasses for FcγRs. 
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1.4.2.  Murine Fc gamma receptor structure and function 

 

 Fc gamma receptors (FcγRs) are transmembrane receptor tyrosine kinases that bind the Fc 

domains of immunoglobulin G (IgG). Binding of IgG molecules by FcγRs enables 

integration of the adaptive and innate arms of immunity. This is critical for clearance of 

targets as well as generation of the signals needed for spatiotemporal regulation of immune 

response. There are four murine FcγRs namely FcγRs I (CD 64), IIb (CD 32b), III (CD 16) 

and IV (CD 16-2) (Bruhns, 2012).   

FcγR I consists an alpha chain that has three extracellular immunoglobulin-like (Ig-like) 

domains, a transmembrane region and a small intracellular domain as depicted in the 

schematic diagram in figure 1.2 (Lu et al., 2011). The extracellular domain of the alpha 

chain is responsible for binding antibodies via their CH2 domains near the hinge/Fc 

junction.  Signaling from FcγR I requires an associated dimeric gamma FcRγ, that is 

encoded by the gene Fcer1g and is distinct from the “cytokine common γ-chain” 

(Brandsma et al., 2016). FcRγ contains an immunoreceptor tyrosine-based activation motif 

(ITAM) bearing conserved tyrosine residues that become phosphorylated upon ligand 

binding and receptor clustering by Src-family kinases. The phosphorylated tyrosines serve 

as docking sites for molecules such as Syk that mediate downstream signal transduction 

(John C Cambier, 1995; S A Johnson, 1995). The mechanism of FcγR activation is 

described below (section 1.4.3).   

Similarly, FcγR III and IV have FcRγ associated with their α-chains. Their alpha chains 

however contain only two Ig-like domains. FcγR I, III and IV are activating receptors 
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because they generate signals that promote internalization of opsonized targets (Allen, 

1998; Bruhns, 2012; Nimmerjahn et al., 2005). 

FcγR IIb is an inhibitory receptor (Getahun & Cambier, 2015). Like FcγR III and IV, FcγR 

IIb has two Ig-like extracellular domains but unlike activating receptors, it possesses a 

conserved immunoreceptor tyrosine-based inhibitory motif (ITIM) within the cytoplasmic 

tail of the α-chain. As the name implies, ITIM has conserved tyrosine residues that become 

docking sites for signaling proteins such as SHP-1 phosphatase after phosphorylation (Ai 

et al., 2006; Huang et al., 2003).  

FcγRs can be classified as high affinity or low affinity receptors based on binding to IgG 

(F. Nimmerjahn & J. V. Ravetch, 2005). FcγR I is regarded as a high affinity receptor 

because it binds IgG2a with a high affinity Kd of 1x10-8 M but has low affinity for IgG2b 

with a Kd of 1x10-5 M (Allen, 1998; Nimmerjahn et al., 2005). FcγRI does not bind IgG1 

and there is controversy as to whether it binds IgG3 (Gavin et al., 1998b). FcγR IIb has 

undetectable binding for IgG3 but binds IgG1, 2a and 2b with Kd of 3.03x10-7 M, 2.38x10-

6 M,  4.55x10-7 M respectively. FcγR III does not bind IgG3 but has low affinities for IgG1, 

2a and 2b with Kd values of 3.23x10-6M, 1.47x10-6M, 1.56x10-6 M respectively 

(Nimmerjahn et al., 2005). FcγRIV does not bind IgG1 or IgG3 but has strong affinity for 

IgG2a and 2b with Kd of   3.45x10-8 M and 5.88x10-8 M respectively (Nimmerjahn et al., 

2005; Nimmerjahn et al., 2010). The binding affinities of murine FcγRs expressed in Ka 

and Kd are summarized in Table 2. All mouse IgG isotypes bind FcRn with high affinities. 

However, FcRn is not an Fc gamma receptor but an MHC class I molecule that mediates 

recycling of internalized IgG (S. Akilesh et al., 2007; T. Suzuki et al., 2010).  
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Figure 1. 2 Schematic diagram of murine Fc gamma receptors. FcγR I, III and IV are associated with 

dimeric FcRγ (blue and black) containing ITAM for recruitment of syk to generate activation signals for 

endocytosis or phagocytosis of opsonized targets. FcγR IIb is the inhibitory receptor bearing ITIM (red) 

for the recruitment of SHIP. Signaling generated by FcγR IIb down regulates signaling from all three 

activating FcγRs.  
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1.4.3. Mechanism of Fc gamma receptor mediated internalization of 

opsonized targets  

 

Signaling downstream of the FcR includes multiple kinase and phosphatase activities that 

coordinate rearrangements of the actin cytoskeleton to facilitate phagosome formation. Syk 

recruits and activates effector molecules including phospholipase C gamma (PLCγ) and 

phosphoinositide-3-kinase (PI3K) (Crowley et al., 1997; Law et al., 1996). PI3K converts 

phosphoinositol-4,5-bisphosphate (PIP2) to phosphoinositol-3,4,5-trisphosphate (PIP3) at 

the plasma membrane. PIP3 is retained at the plasma membrane by pleckstrin homology 

(PH) domain containing proteins, where it promotes the activities of guanosine nucleotide 

exchange factors (GEFs) (Thapa et al., 2015; Vonkova et al., 2015). GEFs such as T-cell 

lymphoma invasion and metastasis 1 (Tiam), VAV guanine nucleotide exchange factor 1 

(Vav1) and ARF nucleotide binding site opener (ARNO) activates small GTPases via 

binding-induced conformational changes that releases bound GDP in exchange for GTP 

(Takai et al., 2001). Tiam activates Ras-related C3 botulinum toxin substrate 1 (RAC1) 

thereby enabling binding and activation of effector proteins that drive cell movement, 

invasion and actin dynamics during phagocytosis (Bollag et al., 2000). Vav1 activates Rho 

family GTPases with profound effects on actin dynamics (Heo et al., 2005). ARNO 

activates members of the ADP ribosylation factor proteins (ARF) which play roles in actin 

assembly at the site of phagocytosis (Jayaram et al., 2011; Santy & Casanova, 2001).  

PLCγ hydrolyzes phosphoinositol-3,4-bisphosphate (PI-3,4-K) to inositol-1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG) . IP3 diffuses from the plasma membrane to 

the endoplasmic reticulum where it acts as a ligand for IP3 receptor to mediate release of 
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intracellular calcium (Rhee, 2001). Calcium and PKC are important for actin 

polymerization and activation of the NADPH oxidase complex. Activation of the complex 

enables generation of reactive oxygen species to kill internalized microbes (Hempel & 

Trebak, 2017; Nunes & Demaurex, 2010).  

Activation signals must be regulated to prevent tissue damage and pathological conditions 

related to inflammatory disorders. Downregulation of activation signals is orchestrated by 

a system of signaling molecules organized by FcγRIIb. Tyrosine phosphorylation of ITIM 

in FcγIIb enables recruitment of SH2-domain containing inositol 5-phosphatase (SHIP-1) 

which binds phosphorylated tyrosine within the ITIM with high affinity (Daniele 

D'Ambrosio, 1996; Sarah J. Famiglietti, 1999). SHIP hydrolyses PIP3 back to PIP2 causing 

its removal from PH domains of Vav1 and Btk at the plasma membrane. This leads to 

inactivation of GTPases and concomitant inhibition of actin assembly and myosin 

associated contractile activity required for phagosome formation and closure (Salamon & 

Backer, 2013). In B cells, FcγR IIb recruits growth factor receptor bound protein 2 (Grb2) 

and docking protein 3 (Dok-3) (Manno et al., 2016; Pauls & Marshall, 2017). Association 

of Grb2 with SHIP-1 minimizes its availability to activation effectors such as CD19 and 

PI3K. This further reduces the concentration of PIP3 available at the plasma membrane.  

Dok-3 phosphorylation upon recruitment to SHIP-1 drives activation of RasGAP causing 

downstream inhibition of Erk and intracellular calcium flux (Neumann et al., 2011; Stork 

et al., 2007). Thus, combined signaling from FcγR IIb and activating FcγRs regulate 

spatiotemporal signaling to ensure phagocytic cells achieve the necessary threshold 

required for efficient capture, internalization, destruction of opsonized targets, antigen 

presentation and generation of inflammatory cytokines.  



17 

 

 

 

 

2. Research Goal and Objectives 

 

The goal of this study was to investigate the role of murine Fc gamma receptors in 

mediating the clearance of antibody opsonized nanovesicles and the interplay of receptor 

mediated endocytosis and macropinocytosis, intracellular transport and degradation of 

antigen. The achievement of this goal revolved around three main objectives as briefly 

described below. 

 

Objective1: Develop a nanovesicle system for investigating FcγR endocytosis in murine 

macrophages. 

To address the goal of this study, we first developed an appropriate nanovesicle system 

sensitive for only FcγR endocytosis with minimal uptake by other receptors in 

macrophages. Current approaches to studying FcγR-mediated endocytosis in phagocytes 

utilize silica beads or liposomes. Whilst this approach may be beneficial for studies 

involving scavenger receptors, it is challenging for studies involving FcγRs due to uptake 

mediated by other receptors and associated nanotoxicity (Fu et al., 2014; Hsu & Juliano, 

1982). As a result, it is nearly impossible to distinguish between Fc receptor specific uptake 

and scavenger receptor mediated internalization in macrophages. For objective one, the 

following research questions were investigated:  

I. Unopsonized liposomes should have minimal uptake. 

II. Addition of IgG to their surface should promote significant internalization.  
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III. IgG opsonized liposomes should enable modulation of macrophage response by 

changing antigen and antibody concentrations?  

 

Objective 2:  Investigate the contributions of FcγRs (I, IIb and III) and FcRγ to 

endocytosis of IgG2a opsonized nanovesicles, and the influence of FcγR knockout on 

macropinosome formation in macrophages. 

The ideal nanoparticles should be internalized in large quantities by macrophages in the 

presence of an opsonizing antibody and have minimal to no uptake in the absence of the 

antibody. The elimination or drastic reduction of non-specific uptake will pave the way for 

relatively accurate analysis of FcγR endocytosis against a macrophage FcR-receptor-

knockout background. Thus, relative contributions of each FcγR and Fcγ chain will be 

investigated using macrophage cells having one or more of its Fc gamma receptor knockout 

by a gene disruption method.  Furthermore, it will enable investigation of any possible 

relationship between FcγRs and macropinosome formation in macrophages. The 

relationship between FcγRs and macropinosome formation in macrophages or phagocytes 

in general is unknown and there is yet no published work on this study.  For objective two, 

the following research questions will be investigated: 

I. How does single and multiple Fc receptor knockouts influence uptake of IgG2a 

opsonized nanoparticles in macrophages? 

II. Which Fc receptors are most important for binding and clustering of antibody 

opsonized nanoparticles during endocytosis. 
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III. Does antibody opsonized nanopaticles drive macropinosome formation in 

macrophages? 

IV. Do Fc receptors influence differential macropinosome formation in macrophages?  

 

Objective 3: Investigate trafficking of antibody opsonized nanovesicles in macrophages 

The intracellular path of internalized antibody-antigen complexes will be investigated with 

focus on the interplay of receptor mediated endocytosis and macropinocytosis during the 

internalization, intracellular transport, segregation and degradation of antibody opsonized 

nanovesicles.  Specifically, the following research questions will be investigated:  

I. What is the internalization mechanism of antibody opsonized nanovesicles in 

murine macrophages; is it a receptor dependent uptake, fluid phase uptake 

(macropinocytosis) or a combination of both mechanisms? 

II. What is the role of macropinosomes in antigen-antibody segregation?  

III. Do macrophages recycle internalized IgG and can recycled IgG potentiate uptake 

of fresh antigen? 
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3. Research Relevance 

 

1. Elucidate novel mechanisms in antibody-antigen traffic in macrophages 

 

Phagocytosis of large particles has been extensively studied in macrophages. The 

mechanism of internalization, role of phagocytic receptors and effector proteins have 

received great attention in the context of phagocytosis more than endocytosis. 

Understanding the functions of known and novel factors that enable phagocytes to eat or 

not to eat an opsonized large target are under intense investigation and represent some of 

the current research efforts to dissect the complexity of phagocytic signaling under various 

physiological and pathological conditions (Bakalar et al., 2018; Chow & Chen, 2018). 

Despite the tremendous progress made in studying uptake of large particles, corresponding 

study of small particle uptake has not received this level of attention; consequently, many 

of the mechanistic details of FcγR endocytosis in macrophages remain unclear. It is 

particularly important to investigate FcγR-mediated endocytosis in macrophages due to its 

central role in innate and adaptive immunity. This effort holds great potential to unravel 

new pathways of immune complex trafficking, antibody recycling and cargo degradation 

that will deepen our understanding of macrophage biology. The downstream trafficking 

steps in macrophages that determine the fate of small soluble immune complexes remain 

to be investigated. This research is in part, an effort to address the knowledge gap in FcR 

mediated small particle trafficking in macrophages.   
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2. Recycling and availability of IgG by improved antibody design  

 

Increasing the affinity of therapeutic antibodies for FcRn causes a corresponding increase 

in half-life  As a result, efforts to increase antibody circulation time and availability have 

focused on FcRn mediated recycling. FcRn binds IgG with high affinity at low pH and 

recycles internalized IgG back to the cell surface (Shreeram Akilesh et al., 2007; Datta-

Mannan et al., 2012; Kuo & Aveson, 2011). However, this trend is not consistent for all 

therapeutic antibodies, suggesting that some factors in the trafficking pathway influence 

the fate of internalized antibody therapeutics. There has been recommendations for a more 

elaborate examination of antibody trafficking to provide complementary information that 

will improve the design of  therapeutic antibodies (Braster et al., 2017; Gurbaxani et al., 

2013). Moreover, most of the models of FcRn mediated recycling are based on studies in 

epithelial cells whilst information on macrophage antibody traffic and recycling is scanty. 

Macrophages are primary tissue phagocytes responsible for clearance of soluble immune 

complexes, regulation of antibody homeostasis and consequently therapeutic antibody 

half-life (Shreeram Akilesh et al., 2007). Therefore, investigating the trafficking of 

antibody-antigen complexes in macrophages will offer useful insights to improve the 

design, application and targeting of therapeutic antibodies. 
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3. Provide a robust and reproducible method for studying FcγR endocytosis in 

phagocytic cells.  

 

Studying FcγR-mediated small particle uptake in macrophages is challenging due to the 

notorious ability of phagocytes, particularly liver macrophages, to quickly internalize 

particles by non-specific uptake mechanisms (Sadauskas et al., 2007; S. S. Yu et al., 2012). 

This makes it challenging to interpret experiments involving naked silica beads and 

liposomes. Successful design and application of robust and reproducible fluorescent 

nanovesicles system will help to overcome the common challenges encountered in the 

study of small particle endocytosis. Moreover, the ability to adjust antigen and antibody 

concentrations will enable studies on different immune complex densities and how it 

influences macrophage signaling and the immune response.  

 

4. Provide nanovesicles system for testing therapeutic antibody uptake in 

macrophages 

 

Since the nanoparticle system will be fine-tuned for FcR endocytosis, it can be extended to 

analyze the uptake, trafficking and degradation of new therapeutic antibodies. Studying 

clearance of antibody opsonized viral particles in phagocytes is challenging due to 

competition for the viral particle by scavenger receptors. Our nanoparticle platform could 

be used for preliminary studies to investigate the uptake and trafficking of new antibodies 

in phagocytes.  
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Thus, macrophages have indispensable roles in the immune system. They utilize both 

macropinocytosis and FcγR mechanisms for antigen uptake thereby ensuring clearance of 

pathogen and apoptotic cells. However, FcγR mediated trafficking of small particles in 

macrophages is not as extensively characterized as phagocytosis of large particles. The 

interplay of macropinocytosis and FcγRs during uptake of small particles remain to be 

investigated. The following chapters consists data and results aimed at addressing current 

gaps in our knowledge of small particle trafficking in macrophages.  
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Fc gamma receptors mediate uptake of IgG opsonized nanovesicles and promote 

macropinocytosis in murine macrophages 
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1. Introduction 

 

Fc gamma receptor (FcγR) mediated endocytosis of antibody opsonized particles is an 

important immune function performed by macrophages and other cells of the mononuclear 

phagocytic system (Swanson, 2008). It involves engulfment of antibody coated particles in 

response to binding of Fc receptors to Fc domains of antibodies on a target (Sobota et al., 

2005).  

 

Macropinocytosis is the process for non-specific uptake of extracellular fluid. 

Macropinosomes form as membrane bound vacuoles when ruffles from cell membranes 

fold over unto the cell surface capturing and internalizing extracellular milieu. In 

macrophages, macropinocytosis occurs spontaneously but can be upregulated in response 

to binding of membrane receptors to ligands. (Buckley & King, 2017; Jieqiong Lou et al., 

2014). Macropinosomes are relevant to immune functions of phagocytes because they are 

routes for nutrient uptake and fluid phase antigen sampling (Liu & Roche, 2015; Swanson, 

2008). 

 

Many studies have worked to understand the individual roles of the different FcγRs in 

physiological and pathological processes. The four FcγR in mice: FcγRs I, IIb, III and IV, 

have different  affinities for different IgG subclasses and downstream signal transduction 

(Beutier et al., 2017; Bruhns, 2012; Guilliams et al., 2014). Most of these studies focused 

on phagocytosis of large particles (>3 m) and to a lesser extent, the endocytosis of 
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antibodies and soluble immune complexes. Consequently, little is known about their 

differential roles in mediating endocytosis of antibody bound nanovesicles. 

 

Macropinocytosis contributes to the non-specific uptake of fluid-phase antigens and 

subsequent antigen presentation by macrophages and dendritic cells (Christopher C. 

Norbury, 1997; Liu & Roche, 2015). It shares many similarities with phagocytosis 

including the involvement of common gene products such as PI3K, PLCγ, PIP3 and actin. 

Macropinocytosis and phagocytosis differ in that phagocytosis is initiated by receptors 

engaged at the target surface, whereas macropinocytosis occurs both constitutively and in 

response to global receptor activation (Araki et al., 1996; Levin et al., 2015; Swanson, 

2008; Tse et al., 2003). It is unclear if phagocytic receptors, specifically FcγRs, drive 

macropinosome formation in macrophages. Recently, constitutive macropinocytosis in 

macrophages has been shown to be regulated by extracellular calcium and calcium sensing 

receptors (CasR) (Johnathan Canton et al., 2016). This suggests that some membrane 

receptors can drive constitutive macropinocytosis, thereby enabling efficient antigen 

sampling in the absence of an active or strong phagocytic signal.  

  

We investigated the differential role of two murine activating FcγRs (I and III), FcRγ, and 

the inhibitory FcγIIb in the uptake of IgG2a opsonized nanovesicles  and macropinosome 

formation in macrophages derived from mouse liver (Fetal Liver Macrophages or FLMs). 

Moreover, since FcγR mediated internalization and macropinocytosis share many 

regulatory proteins, we investigated whether FcγR knockouts have any impact on the 
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ability of macrophages to perform macropinocytosis. We utilized CRISPR/Cas9 

expressing FLMs and synthetic gRNAs targeting unique sequences to knockout FcγRs and 

Fcγ. The gRNA is a hairpin-like RNA recruited by the CRISPR/Cas9 enzyme enabling the 

enzyme to target specific DNA sequences to mediate gene knockout.  

 

2. Results 

 

FcγRs drive differential internalization of IgG2a opsonized liposomes 

We tested the hypothesis that FcγRs differentially facilitate internalization of antibody-

opsonized nanovesicles. We generated single, double and triple knockouts of FcγR in FLM 

cells using CRISPR/Cas9 and synthetic gRNAs targeting each receptor and the FcRγ. 

Liposomes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline (POPC, 90 mol 

%), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-[Methoxy(Polyethylene glycol)-

2000] ammonium salt (DSPE-PEG-2000, 9 mol %) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethylene glycol)2000] ammonium salt (DSPE-

PEG2000-Biotin, 1 mol %) opsonized with anti-biotin monoclonal IgG2a were added to 

FLM macrophages bearing FcγRIKO, FcγRIIbKO, FcγRIIIKO, FcγRIIb&IIIKO (DKO), FcγKO 

and FcγR I, IIb & IIIKO (TKO). for 1 hour. After thorough washing in PBS to remove 

excess IgG2a opsonized nanoparticles, cells were harvested and analyzed on a BD Accuri 

flow cytometer to measure the amount of DiD-liposomes internalized across knockout cell 

lines. Analysis of opsonized liposome uptake showed that FcγRI and FcRγKO cells were 

defective for uptake, demonstrating that the high affinity FcγRI and associated FcRγ are 
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critical for uptake of IgG2a opsonized nanoparticles. Triple knockouts (TKOs or 

FcγRI/IIb/IIIKO cells) were indistinguishable from untreated parental cells, demonstrating 

that all three receptors (I, IIb and III) contributed at varying degrees to endocytosis of 

IgG2a-nanovesicles (Figure 2.1 A). FcγRIIIKO had only a minor deficiency in uptake of 

IgG2a-liposomes, consistent with a low affinity of FcγRIII for IgG2a (Figure 2.1 A). 

Double FcγRIIb/IIIKO showed a stronger defect than either  FcγRIIIKO or FcγRIIbKO, 

indicating that both FcRs contributed to uptake of IgG2a-liposomes.   
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Figure 2.1 FcγRs drive uptake of IgG2a opsonized liposomes in macrophages. Flow cytometry analysis 

of igG2a-liposome uptake in FcγRKO FLMs after 1-hour exposure. (a) Internalization of IgG2a opsonized 

liposomes in knockout lines. High affinity receptor FcγR I (orange) and associated Fcγ- (violet) are most 

critical for uptake, however, triple knockout cells (brown) have highest defect in uptake of liposomes 

whilst low affinity FcγR IIIKO has the least defect compared to FcγR IIb/III double knockout (green). (b) 

Internalization of non-opsonized liposomes in knockout lines. all populations are almost perfectly 

superimposed demonstrating that the phenotypic differences observed in IgG2a-treated cells are as a result 

of uptake of antibody bound nanoparticles mediated by fc receptors, and not some non-specific uptake 

mechanism.   
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FcγRI and FcRγ mediate binding and clustering of IgG2a-opsonized liposomes 

An important step in potentiating phagocytic signal is clustering of FcγRs and aggregation 

of bound immune complexes (Sobota et al., 2005). To investigate impact of receptor 

knockout on immune complex binding and cluster size, we exposed cells to IgG2a-

liposomes for 5 minutes in the presence of 40 kDa dextran and imaged them on a spinning 

disk confocal microscope. The area of IgG2a-liposome endosome, integrated intensity, and 

the number of bound and internalized endosomes were analyzed by applying a Cell Profiler 

pipeline to the confocal microscopy data. Consistent with our earlier observations in flow 

cytometry uptake assay (Figure 2.1 A), FcγRIKO and FcRγKO had the lowest intensity of 

bound/internalized vesicles, accordingly, they produced smaller endosomes than parental 

cells (Figure 2.2 A-C and Figure 2.10). FcγRIIIKO had decreased binding and reduced 

endosome sizes compared to parental FLM cells, however, these defects were not as strong 

as that observed in FcγRIKO and FcRγKO (Figure 2.2 A-C and Figure 2.11). It is noteworthy 

that triple knockout cells (TKOs or FcγRI/IIb/IIIKO) had completely lost the ability to bind 

and internalize antibody opsonized liposomes, supporting our earlier assertion that removal 

of the three receptors (I, IIb, III) completely blocks binding and internalization of antibody 

opsonized nanoparticles (Figure 2.2 A-C and Figure 2.11 C).  

 

FcγRIIb KO cells have a reduced endosome area of IgG2a-liposome complexes  

Analysis of IgG2a-liposome complexes in FcγRIIbKO cells showed a reduced endosome 

area compared to parental control (Figure 2C). They had more bound/internalized 

endosome count compared to parental cells (Figure 2B). However, compared to parental 
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control, FcγRIIbKO cells had similar average intensities for bound IgG2a-liposome 

complexes (Figure 2.2 A and Figure 2.10).  

Similar integrated intensity relative to parental cells suggests that FcγR IIb is not critical 

for binding compared to FcγRI and FcRγ. However, higher number of bound endosomes 

suggest that FcγRIIb may be required for the formation of large endosomes as observed in 

controls. Thus, FcγR IIbKO cells are not defective for binding of IgG2a opsonized 

liposomes due to the presence of high affinity FcγRI, FcRγ, and low affinity FcγR III but 

may require FcγR IIb for efficient formation of large endosomes similar to those observed 

in controls.  
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Figure 2.2 FcγRs regulate binding of IgG2a opsonized liposomes to macrophages. (A) Integrated 

intensity of IgG2a-liposomes in 120 cells sampled across all receptor knockouts. FcγRI, FcγRI/IIb/III 

and FcRγ knockout cells have the lowest intensity indicative of defective binding or uptake. (B) 

Number of IgG2a-liposome endosomes counted across FcγRKO cells. FcγRIKO and FcRγKO cells have 

the least amount of bound/internalized IgG2a-liposomes whilst TKO is almost completely devoid of 

them. FcγRIIb KO has the highest number of bound endosomes but are not defective for binding. (C) 

Average area of bound/internalized endosomes. FcγRIKO, FcγRIIbKO, TKO and FcRγKO have the 

smallest endosomes consistent with defective binding and aggregation associated with high affinity 

receptor knockout and requirement of all three receptors for uptake of antibody opsonized targets in 

macrophages. IgG2a-liposome endosomes in FcγRIIbKO has reduced area compared to parental cells 

demonstrating that FcγRIIb plays an important role in aggregation.   

A B 

C 
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FcγR I, FcγR III and FcRγ drive micropinocytosis attenuated by FcγRIIb  

To delineate the contributions of FcγRs to macropinosome formation, we tested the 

hypothesis that activating FcγRs I and III as well as the FcRγ, drive constitutive 

macropinocytosis. We used FLM cells consisting single, double and triple knockouts of Fc 

gamma receptors to analyze uptake of dextran upon stimulation of cells with IgG2a-

liposomes. Cells were exposed to IgG2a opsonized DiD labelled liposomes in the presence 

of dylight-594-conjugated dextran for 5 minutes, washed in PBS and imaged on a spinning 

disk confocal microscope. Analysis of macropinosome formation in parental FLM cells 

showed normal levels of macropinosome formation but markedly reduced levels in FcRKO 

cells (Figure 2.3, Figure 2.10 and Figure 2.11).  

 

We repeated dextran uptake in FcR knockouts on a high content microscope, this time by 

including a dextran control in which cells were exposed to only dextran, and compared to 

dextran uptake in the presence of IgG2a opsonized liposomes. Consistent with our earlier 

findings, dextran uptake in the absence or presence of Fc receptor ligand IgG2a opsonized 

liposomes did not increase macropinosome formation in FcγR knockout cells (Figure 2.5). 

Thus, we observed a drop in constitutive and ligand-induced macropinocytosis in 

activating FcR knockout cells demonstrating that knockout of activating FcγRs causes a 

drop in macropinosome formation in macrophages (Figure 2.7). However, knockout of 

inhibitory FcγR IIb resulted in more than twice the number of macropinosomes compared 

to parental cells (Figure 2.6, Figure 2.7A-B and Figure 2.10C). Thus, knockout of 

activating Fcγ receptors downregulate macropinosome formation whilst knockout of the 

inhibitory FcγR IIb upregulates macropinosome formation in macrophages.  
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Figure 2. 3 Size distribution of macropinosomes in 120 cells each in FcγRKO FLMs. Comparison 

of macropinosome areas in pixels in activating FcγRKO cells and parental cells show a reduction in 

the number of macropinosomes formed in knockout cells compared to the parental.  
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Figure 2.4 Comparison of macropinosome size distribution in FcγRIIbKO FLMs compared to parental cells. 

FcγRIIbKO cells generate almost three times the number of macropinosomes compared to parental cells 

demonstrating that FcγRIIb may have a novel role in regulating formation of macropinosomes. 
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Figure 2.5 Activating FcγRs drive constitutive macropinosome formation. (A) Integrated intensities of 

dextran measured under two conditions namely IgG2a-liposome exposure in the presence of dextran 

(striped bar) and dextran only control (solid bar). Knockout of activating FcγRs result in drop in 

macropinosome formation in conditions (B) Average number of macropinosomes per cell counted 

across parental and FcγR knockouts. The lower number of macropinosomes supports data in A showing 

reduced ability of cells to perform macropinocytosis. 

 

A B 

Knockout line 
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Figure 2.6 Comparison of macropinosome formation in FcγRIIb and parental cells treated with dylight-

594 conjugated dextran. Upregulated macropinosome formation in FcγRIIb exists persists in the absence 

of IgG2a opsonized liposomes indicating that FcγRIIb attenuates constitutive macropinosome formation.    

 



50 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Activating FcγRs drive macropinosome 

formation attenuated by Fcγ IIb in macrophages. 

(A) Uptake of 40kDa dylight-594-dextran 

measured as integrated intensity per cell. (B) 

Number of macropinosomes per cell (C) Average 

size of macropinosomes per cell.  
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FcγRs drive macropinosome formation independent of ligand IgG2a-opsonized-liposomes 

Since exposure of IgG2a-liposomes to FcγR knockouts did not increase macropinosome 

formation beyond dextran controls, we sought to investigate the effect of FcγR ligand-

induced macropinocytosis in parental cells. First, bone marrow derived macrophages 

(BMDM) and fetal liver macrophages (FLMs) were cultured in bone marrow media 

overnight and exposed to IgG2a opsonized DiD labelled liposomes in the presence of 

40kDa-dylight-594 dextran for 5 minutes. We observed similar levels of dextran uptake in 

FLM cells both in IgG2a-liposome test samples, and corresponding dextran controls 

(Figure 2.8). Next, we compared dextran uptake in CSF-1 starved primary macrophages 

upon stimulation with IgG2a-liposomes, free IgG2a and CSF-1 growth factor. We observed 

increased levels of macropinocytosis in cells stimulated with CSF-1 but levels remained 

low in IgG2a-liposome, free IgG2a and dextran controls (Figure 2.9). Thus, demonstrating 

that the ligand for Fc gamma receptors, whether bound to liposome cargo or not, does not 

drive significant increase in macropinosome formation in macrophages. This supports our 

earlier observations that FcRg receptors control a basal signaling circuit that drives a 

signaling of macropinosome formation independent of the ligand.   
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Figure 2.8 Exposure of IgG2a liposomes to FLM cells does not drive increased macropinosome formation 

in primary macrophages and FLMs. Twelve (12) fields of view each from FLM cells imaged under BMM 

condition and CSF-1 starved condition in DMEM/FBS.   

BMM DMEM/F

BS 
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Figure 2.9 IgG2a-Liposome exposure to CSF-1 starved primary macrophages does not increase 

macropinosome formation.  Primary macrophages starved in DMEM/FB and exposed to CSF-1, IgG2a-

liposomes, liposome-only and IgG2a-only show marked increase in macropinosome formation in CSF-1 

treated cells and reduction IgG2a-liposome, liposome-only and IgG2a-only cells. 
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Figure 2.10 Confocal microscopy images (showing 10 fields of view each) of (A) parental, (B) FcγRIKO 

and (C) FcγRIIbKO FLMs at 5  minutes post exposure to IgG2a  opsonized DiD-liposomes (red) in the 

presence of 40kDa-dylight-594 dextran (green). 

 

A 
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Figure 2.11 Confocal microscopy images (10 fields of view each) of (A) FcγRIIIKO (B) FcγRIIb/IIIKO (C) 

Triple knockout or FcγRI/IIb/IIIKO and (D) FcRγKO cells at 5 minute post exposure to IgG2a opsonized 

DiD-liposomes (red) and 40kDa dextran (green). 

 

A 

B 

C 
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IgG2a opsonized liposomes are internalized by CME 

Since uptake of antibody opsonized liposomes was receptor dependent and fluid phase 

independent. We investigated the hypothesis that internalization of IgG2a opsonized 

liposome nanovesicles occurs by clathrin mediated endocytosis (CME). FLMs expressing 

yellow fluorescent protein (YFP) fusion of clathrin light chain (clc-YFP) were made by 

retroviral transduction of PIB2-clc-YFP plasmid. Enriched population of clathrin 

expressing cells were obtained via flow sorting on a BD FacsJazz, and cultured in bone 

marrow media for ~1 week. Exposure of IgG2a-liposomes to these cells resulted in 

enhanced recruitment of clathrin to the membrane of the cells where it co-localized with 

IgG2a-liposomes on the membrane. Live cell movies also showed recruitment of IgG2a-

liposomes to clathrin positive endosomes and their subsequent traffic to the 

macropinosome. Thus, we demonstrate that IgG2a-liposome endocytosis in macrophages 

involve clathrin mediated endocytosis, an observation consistent with other studies on 

uptake of immune complexes in phagocytic and non-phagocytic cells (Tse et al., 2003).  
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Figure 2.12 IgG2a-liposome endosomes are internalized by CME. FLM cells precooled on ice and exposed 

to IgG2a opsonized DiD-liposomes for 10 minutes on ice were washed in PBS and incubated in warm 

media for specific time from 3 through 15 minutes post exposure. Cells were fixed with PFA and imaged 

on confocal microscope. Co-localization of IgG2a-liposomes (red) with clc-YFP (green) is observed from 

3 minutes through 15 minutes chase. Moreover, uptake of liposomes is blocked at zero minutes upon 

cooling on ice demonstrating that endocytosis is sensitive to CME and requires a receptor mediated uptake 

mechanism. 
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3. Discussion 

 

We found that FcγRs I, IIb, III and FcRγ are all important in mediating uptake of IgG2a 

bound nanoparticles. This differential contribution of FcγRs underscores the significance 

of all three receptors in the spatiotemporal regulation of phagocytic signaling. This is 

supported by the observation that knockout of all three receptors completely abrogated 

binding. High affinity receptor FcγRI and associated FcRγ are the most significant factors 

required for binding, aggregation and internalization of opsonized nanoparticles. 

Moreover, our study highlights a new role for FcγRIIb as important for aggregation of 

bound nanoparticles. FcγRIIbKO cells did not have a defect for binding due to expression 

of FcγRI but were defective for aggregation of liposomes similar to FcγRIKO cells 

suggesting that binding is highly dependent on FcγRI but clustering requires FcγRI, and 

FcγRIIb and FcγR. Thus, both activating and inhibitory signals are required for aggregation 

of bound nanoparticles, which may have a direct impact on receptor clustering and 

downstream phagocytic signaling. This is consistent with the findings of Nimmerjahn and 

colleagues who showed that in vivo differences of IgG subclass activity were as a result of 

formation of different ratios of activating to inhibitory receptor complexes (Falk 

Nimmerjahn & Jeffrey V. Ravetch, 2005). Our findings on deficient aggregation of 

immune complexes in FcγR IIbKO cells show a potentially important role in generation of 

phagocytic signals. Gallo and colleagues showed that the density of immune complexes 

had a direct effect on signal amplitude via increased phosphorylation of ERK, production 

of IL-10 and inhibition of IL-12 (Gallo et al., 2010). Moreover, a critical step to generation 

of phagocytic signal is receptor binding and clustering (Sobota et al., 2005); our data 
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identify FcR IIb as playing an important role in aggregation of IgG2a opsonized liposomes 

to form FcR-ligand complexes with possible implications for signals downstream of FcγRs. 

Furthermore, our studies show that FcγRs drive constitutive macropinocytosis in 

macrophages independent of antibody opsonized ligand. CSF-1 starvation of primary 

macrophages before exposure to IgG2a-liposomes did not increase macropinosome 

formation above levels in untreated control cells but a drastic increase in macropinosome 

number upon treatment with CSF-1 was observed, showing that the ligand IgG2a-liposome 

did not drive increase macropinocytosis. This is a previously undescribed relationship 

between FcγRs and fluid phase uptake. Furthermore, analysis of dextran uptake in FcγRKO 

cells show that knockout of activating receptors and FcRγ reduce fluid phase uptake levels 

below that observed in control cells. This implies the existence of an uncharacterized basal 

signaling network orchestrated by FcγRs that drive constitutive macropinosome formation 

in macrophages.  

Src family kinases phosphorylate tyrosine residues within the ITAM of FcRγ leading to 

recruitment of syk on phosphorylated tyrosines for downstream signaling (J C Cambier, 

1995; Takeshi Suzuki et al., 2000). In dendritic cells, Lyn and Fyn are constitutively 

activated and associated with Toll-like receptors (TLRs) (Dallari et al., 2017). A link 

between FcγR signaling and the actin cytoskeleton has been found to involve the formation 

of SLP-76 complex consisting Nck, VASP and WASP, enabling transmission of signals 

from Fc receptors to the actin cytoskeleton. Whilst this mechanism mediates phagocytosis, 

it is possible that the formation of this complex also regulates constitutive 

macropinocytosis, a process highly dependent on actin remodeling. Moreover, the role of 

src family kinases in constitutive macropinocytosis in myeloid cells has been described 
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(Kasahara et al., 2007), however, no connection has been made as yet to signaling from 

FcγRs in macrophages. FcγR signaling is coupled to actin dynamics, and utilizes effector 

proteins like Ras, PIP3, PLCγ and Arp2/3 complex to drive actin mediated internalization 

of large particles (Swanson & Hoppe, 2004). Many of these proteins are also involved in 

macropinocytosis and therefore suggests the possible existence of a macropinosome 

signaling axis regulated by FcγRs.   

 

4. Materials and Methods 

 

Cell lines 

Fetal liver macrophages were differentiated from fetus liver of Cas9 transgenic mice by 

culturing in bone marrow media enriched with CSF-1 growth factor for 6 weeks. Bone 

marrow derived macrophages (BMDMs), were differentiated from the femur of mice and 

cultured in bone marrow media for 10 days before experiments. Details of bone marrow 

macrophage differentiation has been previously described (Jieqiong Lou et al., 2014).  

 

Preparation of PEGylated liposome nanovesicles 

The following lipids were obtained from Avanti Polar Lipids Incorporated: 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocoline (POPC, #850457), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-[Methoxy(Polyethylene glycol)-2000] ammonium salt (DSPE-

PEG-2000, #880120)  and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
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[biotinyl(polyethylene glycol)2000] ammonium salt (DSPE-PEG2000-Biotin, #880129). 

Stock solutions of lipids were prepared by dissolving solid samples in chloroform to make 

25mg/mL POPC, 10mg/mL DSPE-PEG2000 and 1mg/mL DSPE-PEG2000-Biotin. 

Solubilization of solid fluorescent dyes were performed in DMSO to make 1mg/mL 

solution of 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate (DiD; Life Technologies) or 1,1'-Dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine-5,5'-disulfonic acid (DiI; molecular probes). The liposome 

formulation was made by mixing POPC, DSPE-PEG-2000, DSPE-PEG-2000-Biotin and 

DiD or DiI in the molar ratio 89:9:1:1 respectively. Liposomes were either air-dried 

overnight or dried in a speedvac and reconstituted in 1mL DPBS (Hyclone, GE Healthcare 

Life Sciences). The solution was sonicated in JSP ultrasonic bath sonicator for 10 minutes 

and extruded 45 times through a 100nm Whatman nuclepore track-etch membrane (Sigma-

Aldrich) using manual extruder (Avanti Polar Lipids) to make small unilamellar vesicles 

(SUVs). Vesicle size was confirmed to be ~119 nm using a DLS particle analyzer (__). 

Vesicle number was estimated by quantifying absorbance of DiI on Synergy H1 microplate 

reader (BioTek).  

 

Opsonization of liposomes  

To make antibody opsonized vesicles, 5uL of IgG2a (clone ID4-C5, Biolegend) or 

fluorescently conjugated version (containing dylight 594) was added to an Eppendorf tube 

containing 85uL of PBS, the solution was mixed thoroughly using a pipette and 10uL of 

stock liposomes was added, mixed thoroughly and incubated at room temperature for 

1hour.  
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Flow cytometry uptake of IgG2a-liposomes in FcγRKO cells 

Parental and FcγRKO cells FLMs were plated at a density of 32 000 cells per knockout line 

in a 24 well plate and incubated in bone marrow media (BMM) overnight. For each well 

3uL of opsonized liposome mix was added to 300uL of DMEM (pre-equilibrated in CO2 

incubator overnight) and added to the cells after removal of bone marrow media (BMM). 

Cells were incubated at 37°C in a CO2 incubator for 1 hour, washed three times in cold 

PBS, re-suspended in cold PBS and kept kept on ice at 4°C before analysis. Data on 

approximately 5000 cells was acquisition for each cell line on C6 BD Accuri flow 

cytometer (BD Biosciences) and data analysis was carried out in FlowJo (version10). See 

figure 2.13 for schematic representation of this procedure. 
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Figure 2.13 Schematic diagram of flow cytometry analysis of IgG2a-liposome uptake in FcγR knockouts 

(image of BD Accuri was adapted from www.bdbiosciences.com). 
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Dual color imaging on confocal microscope 

All cell lines were seeded on a 25mm cover glass at a density of 300, 000 cells per well 

and incubated in bone marrow media (BMM) overnight. For each time point, cells were 

pulsed for 5 minutes with a mixture of IgG2a opsonized DiD-liposomes and 0.1mg/mL 

dylight-594 conjugated dextran (40kDa). The solution used consisted 700uL of BMM, 

25uL of IgG2a-liposomes and 0.1mg/mL dextran. Cells were quickly washed with PBS 

and incubated for a fixed time, fixed with ~2% PFA , mounted in leiden chambers and 

imaged on a spinning disk confocal microscope. See schematic diagram of experimental 

procedure in figure 2.14.  
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Figure 2.14 Schematic diagram of confocal microscopy image acquisition on simultaneous uptake of 

IgG2a opsonized DiD-liposomes and dylight-594 conjugated dextran in FcγRKO FLMs 



66 

 

 

 

5. References 

 

Ai, J., Maturu, A., Johnson, W., Wang, Y., Marsh, C. B., & Tridandapani, S. (2006). The 

inositol phosphatase SHIP-2 down-regulates FcgammaR-mediated phagocytosis in murine 

macrophages independently of SHIP-1. Blood, 107(2), 813-820. doi:10.1182/blood-2005-

05-1841 

Akilesh, S., Christianson, G. J., Roopenian, D. C., & Shaw, A. S. (2007). Neonatal FcR 

Expression in Bone Marrow-Derived Cells Functions to Protect Serum IgG from 

Catabolism. The Journal of Immunology, 179(7), 4580-4588. 

doi:10.4049/jimmunol.179.7.4580 

Akilesh, S., Christianson, G. J., Roopenian, D. C., & Shaw, A. S. (2007). Neonatal FcR 

Expression in Bone Marrow-Derived Cells Functions to Protect Serum IgG from 

Catabolism. 179(7), 4580-4588. doi:10.4049/jimmunol.179.7.4580 %J The Journal of 

Immunology 

Alexander, M. D., Andrews, J. A., Leslie, R. G., & Wood, N. J. (1978). The binding of 

human and guinea-pig IgG subclasses to homologous macrophage and monocyte Fc 

receptors. Immunology, 35(1), 115-123.  

Allen, P. T. H. a. J. M. (1998). High Affinity IgG binding by Fc gamma receptor 1 (CD64) 

is modulated by two distinct IgSF domains and the transmembrane domain of the receptor. 

Protein Engineering, 11, 225-232.  

Araki, N., Johnson, M. T., & Swanson, J. A. (1996). A role for phosphoinositide 3-kinase 

in the completion of macropinocytosis and phagocytosis by macrophages. 135(5), 1249-

1260. doi:10.1083/jcb.135.5.1249 %J The Journal of Cell Biology 

Bakalar, M. H., Joffe, A. M., Schmid, E. M., Son, S., Podolski, M., & Fletcher, D. A. 

(2018). Size-Dependent Segregation Controls Macrophage Phagocytosis of Antibody-

Opsonized Targets. Cell, 174(1), 131-142.e113. 

doi:https://doi.org/10.1016/j.cell.2018.05.059 

Banerjee, A., Berezhkovskii, A., & Nossal, R. (2013). On the Size Dependence of Cellular 

Uptake of Nanoparticle via Clathrin-Mediated Endocytosis. Biophysical Journal, 104(2, 

Supplement 1), 622a. doi:https://doi.org/10.1016/j.bpj.2012.11.3441 

Beutier, H., Gillis, C. M., Iannascoli, B., Godon, O., England, P., Sibilano, R., . . . Jonsson, 

F. (2017). IgG subclasses determine pathways of anaphylaxis in mice. J Allergy Clin 

Immunol, 139(1), 269-280 e267. doi:10.1016/j.jaci.2016.03.028 

Bhatia, S., Fei, M., Yarlagadda, M., Qi, Z., Akira, S., Saijo, S., . . . Ray, P. (2011). Rapid 

host defense against Aspergillus fumigatus involves alveolar macrophages with a 

predominance of alternatively activated phenotype. PLoS One, 6(1), e15943. 

doi:10.1371/journal.pone.0015943 

https://doi.org/10.1016/j.cell.2018.05.059
https://doi.org/10.1016/j.bpj.2012.11.3441


67 

 

 

 

Bollag, G., Crompton, A. M., Peverly-Mitchell, D., Habets, G. G. M., & Symons, M. 

(2000). Activation of Rac1 by human Tiam 1. In W. E. Balch, C. J. Der, & A. Hall (Eds.), 

Methods in Enzymology (Vol. 325, pp. 51-61): Academic Press. 

Borrok, M. J., Wu, Y., Beyaz, N., Yu, X. Q., Oganesyan, V., Dall'Acqua, W. F., & Tsui, 

P. (2015). pH-dependent binding engineering reveals an FcRn affinity threshold that 

governs IgG recycling. J Biol Chem, 290(7), 4282-4290. doi:10.1074/jbc.M114.603712 

Brandsma, A. M., Hogarth, P. M., Nimmerjahn, F., & Leusen, J. H. W. (2016). Clarifying 

the Confusion between Cytokine and Fc Receptor “Common Gamma Chain”. Immunity, 

45(2), 225-226. doi:https://doi.org/10.1016/j.immuni.2016.07.006 

Braster, R., Grewal, S., Visser, R., Einarsdottir, H. K., van Egmond, M., Vidarsson, G., & 

Bögels, M. (2017). Human IgG3 with extended half-life does not improve Fc-gamma 

receptor-mediated cancer antibody therapies in mice. PLoS One, 12(5), e0177736. 

doi:10.1371/journal.pone.0177736 

Bruhns, P. (2012). Properties of mouse and human IgG receptors and their contribution to 

disease models. Blood, 119(24), 5640-5649. doi:10.1182/blood-2012-01-380121 

Buckley, C. M., Gopaldass, N., Bosmani, C., Johnston, S. A., Soldati, T., Insall, R. H., & 

King, J. S. (2016). WASH drives early recycling from macropinosomes and phagosomes 

to maintain surface phagocytic receptors. Proc Natl Acad Sci U S A, 113(40), E5906-

E5915. doi:10.1073/pnas.1524532113 

Buckley, C. M., & King, J. S. (2017). Drinking problems: mechanisms of macropinosome 

formation and maturation. FEBS J, 284(22), 3778-3790. doi:10.1111/febs.14115 

Cambier, J. C. (1995). Antigen and Fc receptor signaling. The awesome power of the 

immunoreceptor tyrosine-based activation motif (ITAM). 155(7), 3281-3285.  

Cambier, J. C. (1995). Antigen and FcR signaling. The awesome power of the 

immunoreceptor tyrosine-based activation motif (ITAM). Journal of Immunology, 155, 

3281-3285.  

Canton, J., Schlam, D., Breuer, C., Gutschow, M., Glogauer, M., & Grinstein, S. (2016). 

Calcium-sensing receptors signal constitutive macropinocytosis and facilitate the uptake 

of NOD2 ligands in macrophages. Nat Commun, 7, 11284. doi:10.1038/ncomms11284 

Canton, J., Schlam, D., Breuer, C., Gütschow, M., Glogauer, M., & Grinstein, S. (2016). 

Calcium-sensing receptors signal constitutive macropinocytosis and facilitate the uptake 

of NOD2 ligands in macrophages. Nature Communications, 7, 11284. 

doi:10.1038/ncomms11284 

https://www.nature.com/articles/ncomms11284#supplementary-information 

Chiba, Y., Mizoguchi, I., Furusawa, J., Hasegawa, H., Ohashi, M., Xu, M., . . . Yoshimoto, 

T. (2018). Interleukin-27 Exerts Its Antitumor Effects by Promoting Differentiation of 

Hematopoietic Stem Cells to M1 Macrophages. Cancer Res, 78(1), 182-194. 

doi:10.1158/0008-5472.CAN-17-0960 

https://doi.org/10.1016/j.immuni.2016.07.006
https://www.nature.com/articles/ncomms11284#supplementary-information


68 

 

 

 

Chow, R. D., & Chen, S. (2018). Cancer CRISPR Screens In Vivo. Trends in Cancer, 4(5), 

349-358. doi:https://doi.org/10.1016/j.trecan.2018.03.002 

Christopher C. Norbury, B. J. C., Alan R. Prescott, Hans-Gustaf Ljunggren and Colin 

Watts. (1997). Constitutive macropinocytosis allows TAP-dependent major 

histocompatibility complex class I presentation of exogenous soluble antigen by bone 

marrow derived dendritic cells. Eur J Immunol, 27, 280-288.  

Chung, E. Y., Kim, S. J., & Ma, X. J. (2006). Regulation of cytokine production during 

phagocytosis of apoptotic cells. Cell Res, 16(2), 154-161. doi:10.1038/sj.cr.7310021 

Colucci-Guyon, E., Tinevez, J. Y., Renshaw, S. A., & Herbomel, P. (2011). Strategies of 

professional phagocytes in vivo: unlike macrophages, neutrophils engulf only surface-

associated microbes. J Cell Sci, 124(Pt 18), 3053-3059. doi:10.1242/jcs.082792 

Commisso, C., Davidson, S. M., Soydaner-Azeloglu, R. G., Parker, S. J., Kamphorst, J. J., 

Hackett, S., . . . Bar-Sagi, D. (2013). Macropinocytosis of protein is an amino acid supply 

route in Ras-transformed cells. Nature, 497(7451), 633-637. doi:10.1038/nature12138 

Costa Verdera, H., Gitz-Francois, J. J., Schiffelers, R. M., & Vader, P. (2017). Cellular 

uptake of extracellular vesicles is mediated by clathrin-independent endocytosis and 

macropinocytosis. J Control Release, 266, 100-108. doi:10.1016/j.jconrel.2017.09.019 

Crowley, M. T., Costello, P. S., Fitzer-Attas, C. J., Turner, M., Meng, F., Lowell, C., . . . 

DeFranco, A. L. (1997). A Critical Role for Syk in Signal Transduction and Phagocytosis 

Mediated by Fcγ Receptors on Macrophages. The Journal of Experimental Medicine, 

186(7), 1027-1039.  

Cypher, L. R., Bielecki, T. A., Adepegba, O., Huang, L., An, W., Iseka, F., . . . Band, H. 

(2016). CSF-1 receptor signalling is governed by pre-requisite EHD1 mediated receptor 

display on the macrophage cell surface. Cell Signal, 28(9), 1325-1335. 

doi:10.1016/j.cellsig.2016.05.013 

Dahan, R., Barnhart, B. C., Li, F., Yamniuk, A. P., Korman, A. J., & Ravetch, J. V. (2016). 

Therapeutic Activity of Agonistic, Human Anti-CD40 Monoclonal Antibodies Requires 

Selective FcγR Engagement. Cancer Cell, 29(6), 820-831. 

doi:https://doi.org/10.1016/j.ccell.2016.05.001 

Dallari, S., Macal, M., Loureiro, M. E., Jo, Y., Swanson, L., Hesser, C., . . . Zuniga, E. I. 

(2017). Src family kinases Fyn and Lyn are constitutively activated and mediate 

plasmacytoid dendritic cell responses. Nat Commun, 8, 14830. doi:10.1038/ncomms14830 

Daniele D'Ambrosio, D. C. F. a. J. C. C. (1996). The SHIP phosphatase becomes associated 

with Fc gamma receptor 2b and is tyrosine phosphorylated during 'negative' signaling. 

Immunology Letters, 54, 77-82.  

Datta-Mannan, A., Chow, C. K., Dickinson, C., Driver, D., Lu, J., Witcher, D. R., & 

Wroblewski, V. J. (2012). FcRn affinity-pharmacokinetic relationship of five human IgG4 

antibodies engineered for improved in vitro FcRn binding properties in cynomolgus 

monkeys. Drug Metab Dispos, 40(8), 1545-1555. doi:10.1124/dmd.112.045864 

https://doi.org/10.1016/j.trecan.2018.03.002
https://doi.org/10.1016/j.ccell.2016.05.001


69 

 

 

 

Devanaboyina, S. C., Lynch, S. M., Ober, R. J., Ram, S., Kim, D., Puig-Canto, A., . . . Gao, 

C. (2013). The effect of pH dependence of antibody-antigen interactions on subcellular 

trafficking dynamics. MAbs, 5(6), 851-859. doi:10.4161/mabs.26389 

DiLillo, D. J., & Ravetch, J. V. (2015). Differential Fc-Receptor Engagement Drives an 

Anti-tumor Vaccinal Effect. Cell, 161(5), 1035-1045. doi:10.1016/j.cell.2015.04.016 

Dos Santos, N., Allen, C., Doppen, A.-M., Anantha, M., Cox, K. A. K., Gallagher, R. C., . 

. . Bally, M. B. (2007). Influence of poly(ethylene glycol) grafting density and polymer 

length on liposomes: Relating plasma circulation lifetimes to protein binding. Biochimica 

et Biophysica Acta (BBA) - Biomembranes, 1768(6), 1367-1377. 

doi:https://doi.org/10.1016/j.bbamem.2006.12.013 

Dubois, B., Vanbervliet, B., Fayette, J., Massacrier, C., Kooten, C. V., Brière, F., . . . Caux, 

C. (1997). Dendritic Cells Enhance Growth and Differentiation of CD40-activated B 

Lymphocytes. The Journal of Experimental Medicine, 185(5), 941-952.  

Federica Sallusto, M. C., Carlo Danieli and Antonio Lanzavecchia. (1995a). Dendritic 

Cells Use Macropinocytosis and the Mannose Receptor to Concentrate macromolecules in 

the Major Histocompatibility Complex Class II Compartment: Downregulation by 

Cytokines and Bacterial Products. Journal of Experimental Medicine, 182, 389-400.  

Federica Sallusto, M. C., Carlo Danieli and Antonio Lanzavecchia. (1995b). Dendritic cells 

use macropinocytosis and the mannose receptor to concentrate macromolecules in the 

major histocompatibility complex class II compartment: downregulation by cytokines and 

bacterial products. The Journal of Experimental Medicine, 182(2), 389-400.  

Felix, J., De Munck, S., Verstraete, K., Meuris, L., Callewaert, N., Elegheert, J., & 

Savvides, S. N. (2015). Structure and Assembly Mechanism of the Signaling Complex 

Mediated by Human CSF-1. Structure, 23(9), 1621-1631. doi:10.1016/j.str.2015.06.019 

Flannagan, R. S., Harrison, R. E., Yip, C. M., Jaqaman, K., & Grinstein, S. (2010). 

Dynamic macrophage "probing" is required for the efficient capture of phagocytic targets. 

J Cell Biol, 191(6), 1205-1218. doi:10.1083/jcb.201007056 

Forthal, D. N. (2014). Functions of Antibodies. Microbiology spectrum, 2(4), 1-17.  

Fratini, M., Wiegand, T., Funaya, C., Jiang, Z., Shah, P. N. M., Spatz, J. P., . . . Boulant, 

S. (2018). Surface Immobilization of Viruses and Nanoparticles Elucidates Early Events 

in Clathrin-Mediated Endocytosis. ACS Infectious Diseases. 

doi:10.1021/acsinfecdis.8b00134 

Freeman, S. A., & Grinstein, S. Resolution of macropinosomes, phagosomes and 

autolysosomes: Osmotically driven shrinkage enables tubulation and vesiculation. 0(0). 

doi:doi:10.1111/tra.12614 

Fu, P. P., Xia, Q., Hwang, H.-M., Ray, P. C., & Yu, H. (2014). Mechanisms of 

nanotoxicity: Generation of reactive oxygen species. Journal of Food and Drug Analysis, 

22(1), 64-75. doi:https://doi.org/10.1016/j.jfda.2014.01.005 

https://doi.org/10.1016/j.bbamem.2006.12.013
https://doi.org/10.1016/j.jfda.2014.01.005


70 

 

 

 

Gallo, P., Goncalves, R., & Mosser, D. M. (2010). The influence of IgG density and 

macrophage Fc (gamma) receptor cross-linking on phagocytosis and IL-10 production. 

Immunol Lett, 133(2), 70-77. doi:10.1016/j.imlet.2010.07.004 

Gavin, A. L., Barnes, N., Dijstelbloem, H. M., & Hogarth, P. M. (1998a). Cutting edge: 

Identification of the mouse IgG3 receptor: Implications for antibody effector function at 

the interface between innate and adaptive immunity. Journal of Immunology, 160(1), 20-

23.  

Gavin, A. L., Barnes, N., Dijstelbloem, H. M., & Hogarth, P. M. (1998b). Identification of 

the mouse IgG3 receptor: implications for antibody effector function at the interface 

between innate and adaptive immunity. J Immunol, 160(1), 20-23.  

Gerber, J. S., & Mosser, D. M. (2001). Reversing Lipopolysaccharide Toxicity by Ligating 

the Macrophage Fc  Receptors. The Journal of Immunology, 166(11), 6861-6868. 

doi:10.4049/jimmunol.166.11.6861 

Getahun, A., & Cambier, J. C. (2015). Of ITIMs, ITAMs, and ITAMis: revisiting 

immunoglobulin Fc receptor signaling. Immunol Rev, 268(1), 66-73. 

doi:10.1111/imr.12336 

Gillis, C. M., Zenatti, P. P., Mancardi, D. A., Beutier, H., Fiette, L., Macdonald, L. E., . . . 

Bruhns, P. (2017). In vivo effector functions of high-affinity mouse IgG receptor 

FcgammaRI in disease and therapy models. J Autoimmun, 80, 95-102. 

doi:10.1016/j.jaut.2016.09.009 

Gordon, S., & Pluddemann, A. (2017). Tissue macrophages: heterogeneity and functions. 

BMC Biol, 15(1), 53. doi:10.1186/s12915-017-0392-4 

Guilliams, M., Bruhns, P., Saeys, Y., Hammad, H., & Lambrecht, B. N. (2014). The 

function of Fcγ receptors in dendritic cells and macrophages. Nature Reviews Immunology, 

14, 94. doi:10.1038/nri3582 

https://www.nature.com/articles/nri3582#supplementary-information 

Gül, N., & van Egmond, M. (2015). Antibody-Dependent Phagocytosis of Tumor Cells by 

Macrophages: A Potent Effector Mechanism of Monoclonal Antibody Therapy of Cancer. 

Cancer Research, 75(23), 5008.  

Gurbaxani, B., Dostalek, M., & Gardner, I. (2013). Are endosomal trafficking parameters 

better targets for improving mAb pharmacokinetics than FcRn binding affinity? Molecular 

Immunology, 56(4), 660-674. doi:https://doi.org/10.1016/j.molimm.2013.05.008 

Hempel, N., & Trebak, M. (2017). Crosstalk between calcium and reactive oxygen species 

signaling in cancer. Cell Calcium, 63, 70-96. 

doi:https://doi.org/10.1016/j.ceca.2017.01.007 

Henson, P. M., & Hume, D. A. (2006). Apoptotic cell removal in development and tissue 

homeostasis. Trends Immunol, 27(5), 244-250. doi:10.1016/j.it.2006.03.005 

https://www.nature.com/articles/nri3582#supplementary-information
https://doi.org/10.1016/j.molimm.2013.05.008
https://doi.org/10.1016/j.ceca.2017.01.007


71 

 

 

 

Heo, J., Thapar, R., & Campbell, S. L. (2005). Recognition and Activation of Rho GTPases 

by Vav1 and Vav2 Guanine Nucleotide Exchange Factors. Biochemistry, 44(17), 6573-

6585. doi:10.1021/bi047443q 

Holt, M. P., Cheng, L., & Ju, C. (2008). Identification and characterization of infiltrating 

macrophages in acetaminophen-induced liver injury. Journal of Leukocyte Biology, 84(6), 

1410-1421. doi:10.1189/jlb.0308173 

Hsu, M. J., & Juliano, R. L. (1982). Interactions of liposomes with the reticuloendothelial 

system: II. Nonspecific and receptor-mediated uptake of liposomes by mouse peritoneal 

macrophages. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 720(4), 

411-419. doi:https://doi.org/10.1016/0167-4889(82)90120-3 

Huang, Z.-Y., Hunter, S., Kim, M.-K., Indik, Z. K., & Schreiber, A. D. (2003). The effect 

of phosphatases SHP-1 and SHIP-1 on signaling by the ITIM- and ITAM-containing Fcγ 

receptors FcγRIIB and FcγRIIA. Journal of Leukocyte Biology, 73(6), 823-829. 

doi:10.1189/jlb.0902454 

Humeniuk, P., Dubiela, P., & Hoffmann-Sommergruber, K. (2017). Dendritic Cells and 

Their Role in Allergy: Uptake, Proteolytic Processing and Presentation of Allergens. Int J 

Mol Sci, 18(7). doi:10.3390/ijms18071491 

Huynh, J., Kwa, M. Q., Cook, A. D., Hamilton, J. A., & Scholz, G. M. (2012). CSF-1 

receptor signalling from endosomes mediates the sustained activation of Erk1/2 and Akt in 

macrophages. Cellular Signalling, 24(9), 1753-1761. 

doi:https://doi.org/10.1016/j.cellsig.2012.04.022 

Iannello, A., & Ahmad, A. (2005). Role of antibody-dependent cell-mediated cytotoxicity 

in the efficacy of therapeutic anti-cancer monoclonal antibodies. Cancer and Metastasis 

Reviews, 24(4), 487-499. doi:10.1007/s10555-005-6192-2 

Janeway, C. A. (2013). Pillars Article: Approaching the Asymptote? Evolution and 

Revolution in Immunology. &lt;em&gt;Cold Spring Harb Symp Quant Biol&lt;/em&gt;. 

1989. 54: 1–13. The Journal of Immunology, 191(9), 4475.  

Jayaram, B., Syed, I., Kyathanahalli, C. N., Rhodes, C. J., & Kowluru, A. (2011). Arf 

nucleotide binding site opener [ARNO] promotes sequential activation of Arf6, Cdc42 and 

Rac1 and insulin secretion in INS 832/13 beta-cells and rat islets. Biochem Pharmacol, 

81(8), 1016-1027. doi:10.1016/j.bcp.2011.01.006 

Johnstone, S. A., Masin, D., Mayer, L., & Bally, M. B. (2001). Surface-associated serum 

proteins inhibit the uptake of phosphatidylserine and poly(ethylene glycol) liposomes by 

mouse macrophages. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1513(1), 25-

37. doi:https://doi.org/10.1016/S0005-2736(01)00292-9 

Kambara, K., Ohashi, W., Tomita, K., Takashina, M., Fujisaka, S., Hayashi, R., . . . Hattori, 

Y. (2015). In vivo depletion of CD206+ M2 macrophages exaggerates lung injury in 

endotoxemic mice. Am J Pathol, 185(1), 162-171. doi:10.1016/j.ajpath.2014.09.005 

https://doi.org/10.1016/0167-4889(82)90120-3
https://doi.org/10.1016/j.cellsig.2012.04.022
https://doi.org/10.1016/S0005-2736(01)00292-9


72 

 

 

 

Kasahara, K., Nakayama, Y., Sato, I., Ikeda, K., Hoshino, M., Endo, T., & Yamaguchi, N. 

(2007). Role of Src-family kinases in formation and trafficking of macropinosomes. 

211(1), 220-232. doi:doi:10.1002/jcp.20931 

Kiyoshi, M., Caaveiro, J. M., Kawai, T., Tashiro, S., Ide, T., Asaoka, Y., . . . Tsumoto, K. 

(2015). Structural basis for binding of human IgG1 to its high-affinity human receptor 

FcgammaRI. Nat Commun, 6, 6866. doi:10.1038/ncomms7866 

Koike, K., Stanley, E. R., Ihle, J. N., & Ogawa, M. (1986). Macrophage colony formation 

supported by purified CSF-1 and/or interleukin 3 in serum-free culture: evidence for 

hierarchical difference in macrophage colony-forming cells. Blood, 67(4), 859-864.  

Kuhn, D. A., Vanhecke, D., Michen, B., Blank, F., Gehr, P., Petri-Fink, A., & Rothen-

Rutishauser, B. (2014). Different endocytotic uptake mechanisms for nanoparticles in 

epithelial cells and macrophages. Beilstein J Nanotechnol, 5, 1625-1636. 

doi:10.3762/bjnano.5.174 

Kuo, T. T., & Aveson, V. G. (2011). Neonatal Fc receptor and IgG-based therapeutics. 

MAbs, 3(5), 422-430. doi:10.4161/mabs.3.5.16983 

Lang, P. A., Recher, M., Honke, N., Scheu, S., Borkens, S., Gailus, N., . . . Lang, K. S. 

(2010). Tissue macrophages suppress viral replication and prevent severe 

immunopathology in an interferon-I-dependent manner in mice. Hepatology, 52(1), 25-32. 

doi:10.1002/hep.23640 

Law, C. L., Chandran, K. A., Sidorenko, S. P., & Clark, E. A. (1996). Phospholipase C-

gamma1 interacts with conserved phosphotyrosyl residues in the linker region of Syk and 

is a substrate for Syk. Molecular and Cellular Biology, 16(4), 1305-1315.  

Lee, J. S., Hwang, S. Y., & Lee, E. K. (2015). Imaging-based analysis of liposome 

internalization to macrophage cells: Effects of liposome size and surface modification with 

PEG moiety. Colloids and Surfaces B: Biointerfaces, 136, 786-790. 

doi:https://doi.org/10.1016/j.colsurfb.2015.10.029 

Lencer, W. I., & Blumberg, R. S. (2005). A passionate kiss, then run: exocytosis and 

recycling of IgG by FcRn. Trends in Cell Biology, 15(1), 5-9. 

doi:https://doi.org/10.1016/j.tcb.2004.11.004 

Levin, R., Grinstein, S., & Schlam, D. (2015). Phosphoinositides in phagocytosis and 

macropinocytosis. Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of 

Lipids, 1851(6), 805-823. doi:https://doi.org/10.1016/j.bbalip.2014.09.005 

Lim, J. P., Teasdale, R. D., & Gleeson, P. A. (2012). SNX5 is essential for efficient 

macropinocytosis and antigen processing in primary macrophages. Biol Open, 1(9), 904-

914. doi:10.1242/bio.20122204 

Liu, Z., & Roche, P. A. (2015). Macropinocytosis in phagocytes: regulation of MHC class-

II-restricted antigen presentation in dendritic cells. Front Physiol, 6, 1. 

doi:10.3389/fphys.2015.00001 

https://doi.org/10.1016/j.colsurfb.2015.10.029
https://doi.org/10.1016/j.tcb.2004.11.004
https://doi.org/10.1016/j.bbalip.2014.09.005


73 

 

 

 

Lou, J., Low-Nam, S. T., Kerkvliet, J. G., & Hoppe, A. D. (2014). Delivery of CSF-1R to 

the lumen of macropinosomes promotes its destruction in macrophages. 127(24), 5228-

5239. doi:10.1242/jcs.154393 %J Journal of Cell Science 

Lou, J., Low-Nam, S. T., Kerkvliet, J. G., & Hoppe, A. D. (2014). Delivery of CSF-1R to 

the lumen of macropinosomes promotes its destruction in macrophages. J Cell Sci, 127(Pt 

24), 5228-5239. doi:10.1242/jcs.154393 

Lu, J., Ellsworth, J. L., Hamacher, N., Oak, S. W., & Sun, P. D. (2011). Crystal structure 

of Fcgamma receptor I and its implication in high affinity gamma-immunoglobulin 

binding. J Biol Chem, 286(47), 40608-40613. doi:10.1074/jbc.M111.257550 

Manderson, A. P., Kay, J. G., Hammond, L. A., Brown, D. L., & Stow, J. L. (2007). 

Subcompartments of the macrophage recycling endosome direct the differential secretion 

of IL-6 and TNFalpha. J Cell Biol, 178(1), 57-69. doi:10.1083/jcb.200612131 

Manno, B., Oellerich, T., Schnyder, T., Corso, J., Lösing, M., Neumann, K., . . . Wienands, 

J. (2016). The Dok-3/Grb2 adaptor module promotes inducible association of the lipid 

phosphatase SHIP with the BCR in a coreceptor-independent manner. 46(11), 2520-2530. 

doi:doi:10.1002/eji.201646431 

Maresco, D. L., Osborne, J. M., Cooney, D., Coggeshall, K. M., & Anderson, C. L. (1999). 

The SH2-Containing 5′-Inositol Phosphatase (SHIP) Is Tyrosine Phosphorylated after Fcγ 

Receptor Clustering in Monocytes. 162(11), 6458-6465.  

Marques, P. E., Grinstein, S., & Freeman, S. A. (2017). SnapShot:Macropinocytosis. Cell, 

169(4), 766-766 e761. doi:10.1016/j.cell.2017.04.031 

McHeyzer-Williams, L. J., & McHeyzer-Williams, M. G. (2005). Antigen-specific 

memory B cell development. Annu Rev Immunol, 23, 487-513. 

doi:10.1146/annurev.immunol.23.021704.115732 

Mercanti, V., Charette, S. J., Bennett, N., Ryckewaert, J. J., Letourneur, F., & Cosson, P. 

(2006). Selective membrane exclusion in phagocytic and macropinocytic cups. J Cell Sci, 

119(Pt 19), 4079-4087. doi:10.1242/jcs.03190 

Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J., & Hill, A. M. (2000). M-1/M-2 

Macrophages and the Th1/Th2 Paradigm. The Journal of Immunology, 164(12), 6166-

6173. doi:10.4049/jimmunol.164.12.6166 

Mirza, R., DiPietro, L. A., & Koh, T. J. (2009). Selective and Specific Macrophage 

Ablation Is Detrimental to Wound Healing in Mice. The American Journal of Pathology, 

175(6), 2454-2462. doi:10.2353/ajpath.2009.090248 

Mossadegh-Keller, N., Sarrazin, S., Kandalla, P. K., Espinosa, L., Stanley, E. R., Nutt, S. 

L., . . . Sieweke, M. H. (2013). M-CSF instructs myeloid lineage fate in single 

haematopoietic stem cells. Nature, 497(7448), 239-243. doi:10.1038/nature12026 

Murray, R. Z., Kay, J. G., Sangermani, D. G., & Stow, J. L. (2005). A Role for the 

Phagosome in Cytokine Secretion. Science, 310(5753), 1492.  



74 

 

 

 

Nakase, I., Kobayashi, N. B., Takatani-Nakase, T., & Yoshida, T. (2015). Active 

macropinocytosis induction by stimulation of epidermal growth factor receptor and 

oncogenic Ras expression potentiates cellular uptake efficacy of exosomes. Scientific 

Reports, 5, 10300. doi:10.1038/srep10300 

https://www.nature.com/articles/srep10300#supplementary-information 

Neumann, K., Oellerich, T., Heine, I., Urlaub, H., & Engelke, M. (2011). Fc gamma 

receptor IIb modulates the molecular Grb2 interaction network in activated B cells. 

Cellular Signalling, 23(5), 893-900. doi:https://doi.org/10.1016/j.cellsig.2011.01.015 

Nimmerjahn, F., Bruhns, P., Horiuchi, K., & Ravetch, J. V. (2005). FcgammaRIV: a novel 

FcR with distinct IgG subclass specificity. Immunity, 23(1), 41-51. 

doi:10.1016/j.immuni.2005.05.010 

Nimmerjahn, F., Lux, A., Albert, H., Woigk, M., Lehmann, C., Dudziak, D., . . . Ravetch, 

J. V. (2010). FcgammaRIV deletion reveals its central role for IgG2a and IgG2b activity 

in vivo. Proc Natl Acad Sci U S A, 107(45), 19396-19401. doi:10.1073/pnas.1014515107 

Nimmerjahn, F., & Ravetch, J. V. (2005). Divergent immunoglobulin g subclass activity 

through selective Fc receptor binding. Science, 310(5753), 1510-1512. 

doi:10.1126/science.1118948 

Nimmerjahn, F., & Ravetch, J. V. (2005). Divergent Immunoglobulin G Subclass Activity 

Through Selective Fc Receptor Binding. Science, 310(5753), 1510.  

Nunes, P., & Demaurex, N. (2010). The role of calcium signaling in phagocytosis. J Leukoc 

Biol, 88(1), 57-68. doi:10.1189/jlb.0110028 

Palm, W., Park, Y., Wright, K., Pavlova, N. N., Tuveson, D. A., & Thompson, C. B. (2015). 

The Utilization of Extracellular Proteins as Nutrients Is Suppressed by mTORC1. Cell, 

162(2), 259-270. doi:10.1016/j.cell.2015.06.017 

Park, R.-K., Erdreich-Epstein, A., Liu, M., Izadi, K. D., & Durden, D. L. (1999). High 

Affinity IgG Receptor Activation of Src Family Kinases Is Required for Modulation of the 

Shc-Grb2-Sos Complex and the Downstream Activation of the Nicotinamide Adenine 

Dinucleotide Phosphate (Reduced) Oxidase. 163(11), 6023-6034.  

Pauls, S. D., & Marshall, A. J. (2017). Regulation of immune cell signaling by SHIP1: A 

phosphatase, scaffold protein, and potential therapeutic target. Eur J Immunol, 47(6), 932-

945. doi:10.1002/eji.201646795 

Peiser, L., & Gordon, S. (2001). The function of scavenger receptorsexpressed by 

macrophages and their rolein the regulation of inflammation. Microbes and Infection, 3(2), 

149-159. doi:https://doi.org/10.1016/S1286-4579(00)01362-9 

Ptak, Paliwal, Bryniarski, Ptak, & Askenase. (1998). Aggregated Immunoglobulin Protects 

Immune T Cells from Suppression: Dependence on Isotype, Fc Portion, and Macrophage 

FcγR. 47(2), 136-145. doi:doi:10.1046/j.1365-3083.1998.00264.x 

Pyzik, M., Rath, T., Lencer, W. I., Baker, K., & Blumberg, R. S. (2015). FcRn: The 

architect behind the immune and non-immune functions of IgG and albumin. Journal of 

https://www.nature.com/articles/srep10300#supplementary-information
https://doi.org/10.1016/j.cellsig.2011.01.015
https://doi.org/10.1016/S1286-4579(00)01362-9


75 

 

 

 

immunology (Baltimore, Md. : 1950), 194(10), 4595-4603. 

doi:10.4049/jimmunol.1403014 

Rabinovitch, M. (1995). Professional and non-professinal phagocytes. Trends in Cell 

Biology, 5, 85-87.  

Rhee, S. G. (2001). Regulation of phosphoinositide-specific phospholipase C. Ann. Rev. 

Biochem, 70, 281-312.  

Rodríguez-Sosa, M., Satoskar, A. R., Calderón, R., Gomez-Garcia, L., Saavedra, R., 

Bojalil, R., & Terrazas, L. I. (2002). Chronic Helminth Infection Induces Alternatively 

Activated Macrophages Expressing High Levels of CCR5 with Low Interleukin-12 

Production and Th2-Biasing Ability. Infection and Immunity, 70(7), 3656.  

S A Johnson, C. M. P., L Pao, J Schneringer, K Hippen and J C Cambier (1995). 

Phosphorylated immunoreceptor signaling motifs (ITAMs) exhibit unique abilities to bind 

and activate Lyn and Syk tyrosine kinases. Journal of Immunology, 155, 4596-4603.  

Sadauskas, E., Wallin, H., Stoltenberg, M., Vogel, U., Doering, P., Larsen, A., & Danscher, 

G. (2007). Kupffer cells are central in the removal of nanoparticles from the organism. 

Particle and Fibre Toxicology, 4(1), 10. doi:10.1186/1743-8977-4-10 

Salamon, R. S., & Backer, J. M. (2013). PIP3: Tool of Choice for the Class I PI 3-kinases. 

BioEssays : news and reviews in molecular, cellular and developmental biology, 35(7), 

10.1002/bies.201200176. doi:10.1002/bies.201200176 

Santy, L. C., & Casanova, J. E. (2001). Activation of ARF6 by ARNO stimulates epithelial 

cell migration through downstream activation of both Rac1 and phospholipase D. The 

Journal of Cell Biology, 154(3), 599.  

Sarah J. Famiglietti, K. N., and John C. Cambier (1999). Unique features of SHIP, SHP-1 

and SHP-2 binding to Fc gamma receptor 2b revealed by surface plasmon resonance 

analysis. Immunology Letters, 68, 35-40.  

Saylor, C. A., Dadachova, E., & Casadevall, A. (2010). Murine IgG1 and IgG3 isotype 

switch variants promote phagocytosis of Cryptococcus neoformans through different 

receptors. J Immunol, 184(1), 336-343. doi:10.4049/jimmunol.0902752 

Schroeder, H. W., Jr., & Cavacini, L. (2010). Structure and function of immunoglobulins. 

J Allergy Clin Immunol, 125(2 Suppl 2), S41-52. doi:10.1016/j.jaci.2009.09.046 

Scull, C. M., Hays, W. D., & Fischer, T. H. (2010). Macrophage pro-inflammatory 

cytokine secretion is enhanced following interaction with autologous platelets. Journal of 

Inflammation (London, England), 7, 53-53. doi:10.1186/1476-9255-7-53 

Sheng, J., Ruedl, C., & Karjalainen, K. (2015). Most Tissue-Resident Macrophages Except 

Microglia Are Derived from Fetal Hematopoietic Stem Cells. Immunity, 43(2), 382-393. 

doi:10.1016/j.immuni.2015.07.016 

Simister, N. E., & Mostov, K. E. (1989). An Fc receptor structurally related to MHC class 

I antigens. Nature, 337, 184. doi:10.1038/337184a0 



76 

 

 

 

Sobota, A., Strzelecka-Kiliszek, A., G adkowska, E., Yoshida, K., Mrozinska, K., & 

Kwiatkowska, K. (2005). Binding of IgG-Opsonized Particles to Fc R Is an Active Stage 

of Phagocytosis That Involves Receptor Clustering and Phosphorylation. The Journal of 

Immunology, 175(7), 4450-4457. doi:10.4049/jimmunol.175.7.4450 

Sossey-Alaoui, K., Pluskota, E., Bialkowska, K., Szpak, D., Parker, Y., Morrison, C. D., . 

. . Plow, E. F. (2017). Kindlin-2 Regulates the Growth of Breast Cancer Tumors by 

Activating CSF-1-Mediated Macrophage Infiltration. Cancer Res, 77(18), 5129-5141. 

doi:10.1158/0008-5472.CAN-16-2337 

St. Clair, J. B., Detanico, T., Aviszus, K., Kirchenbaum, G. A., Christie, M., Carpenter, J. 

F., & Wysocki, L. J. (2017). Immunogenicity of Isogenic IgG in Aggregates and Immune 

Complexes. PLoS One, 12(1), e0170556. doi:10.1371/journal.pone.0170556 

Stork, B., Neumann, K., Goldbeck, I., Alers, S., Kähne, T., Naumann, M., . . . Wienands, 

J. (2007). Subcellular localization of Grb2 by the adaptor protein Dok-3 restricts the 

intensity of Ca(2+) signaling in B cells. The EMBO Journal, 26(4), 1140-1149. 

doi:10.1038/sj.emboj.7601557 

Suzuki, T., Ishii-Watabe, A., Tada, M., Kobayashi, T., Kanayasu-Toyoda, T., Kawanishi, 

T., & Yamaguchi, T. (2010). Importance of neonatal FcR in regulating the serum half-life 

of therapeutic proteins containing the Fc domain of human IgG1: a comparative study of 

the affinity of monoclonal antibodies and Fc-fusion proteins to human neonatal FcR. J 

Immunol, 184(4), 1968-1976. doi:10.4049/jimmunol.0903296 

Suzuki, T., Kono, H., Hirose, N., Okada, M., Yamamoto, T., Yamamoto, K., & Honda, Z.-

i. (2000). Differential Involvement of Src Family Kinases in Fcγ Receptor-Mediated 

Phagocytosis. The Journal of Immunology, 165(1), 473.  

Swanson, J. A. (2008). Shaping cups into phagosomes and macropinosomes. Nat Rev Mol 

Cell Biol, 9(8), 639-649. doi:10.1038/nrm2447 

Swanson, J. A., & Hoppe, A. D. (2004). The coordination of signaling during Fc receptor-

mediated phagocytosis. J Leukoc Biol, 76(6), 1093-1103. doi:10.1189/jlb.0804439 

Takai, Y., Sasaki, T., & Matozaki, T. (2001). Small GTP-Binding Proteins. 81(1), 153-

208. doi:10.1152/physrev.2001.81.1.153 

Tang, J., Frey, J. M., Wilson, C. L., Moncada-Pazos, A., Levet, C., Freeman, M., . . . 

Bornfeldt, K. E. (2018). Neutrophil and macrophage cell surface CSF-1 shed by ADAM17 

drives mouse macrophage proliferation in acute and chronic inflammation. Mol Cell Biol. 

doi:10.1128/MCB.00103-18 

Tarique, A. A., Logan, J., Thomas, E., Holt, P. G., Sly, P. D., & Fantino, E. (2015). 

Phenotypic, functional, and plasticity features of classical and alternatively activated 

human macrophages. Am J Respir Cell Mol Biol, 53(5), 676-688. doi:10.1165/rcmb.2015-

0012OC 

Thapa, N., Choi, S., Tan, X., Wise, T., & Anderson, R. A. (2015). Phosphatidylinositol 

Phosphate 5-Kinase Igamma and Phosphoinositide 3-Kinase/Akt Signaling Couple to 



77 

 

 

 

Promote Oncogenic Growth. J Biol Chem, 290(30), 18843-18854. 

doi:10.1074/jbc.M114.596742 

Trujillo, G., O’Connor, E. C., Kunkel, S. L., & Hogaboam, C. M. (2008). A Novel 

Mechanism for CCR4 in the Regulation of Macrophage Activation in Bleomycin-Induced 

Pulmonary Fibrosis. The American Journal of Pathology, 172(5), 1209-1221. 

doi:10.2353/ajpath.2008.070832 

Tse, S. M., Furuya, W., Gold, E., Schreiber, A. D., Sandvig, K., Inman, R. D., & Grinstein, 

S. (2003). Differential role of actin, clathrin, and dynamin in Fc gamma receptor-mediated 

endocytosis and phagocytosis. J Biol Chem, 278(5), 3331-3338. 

doi:10.1074/jbc.M207966200 

Tzaban, S., Massol, R. H., Yen, E., Hamman, W., Frank, S. R., Lapierre, L. A., . . . Lencer, 

W. I. (2009). The recycling and transcytotic pathways for IgG transport by FcRn are 

distinct and display an inherent polarity. J Cell Biol, 185(4), 673-684. 

doi:10.1083/jcb.200809122 

van der Poel, C. E., Karssemeijer, R. A., Boross, P., van der Linden, J. A., Blokland, M., 

van de Winkel, J. G., & Leusen, J. H. (2010). Cytokine-induced immune complex binding 

to the high-affinity IgG receptor, FcgammaRI, in the presence of monomeric IgG. Blood, 

116(24), 5327-5333. doi:10.1182/blood-2010-04-280214 

Vidarsson, G., Dekkers, G., & Rispens, T. (2014). IgG subclasses and allotypes: from 

structure to effector functions. Front Immunol, 5, 520. doi:10.3389/fimmu.2014.00520 

von Delwig, A., Hilkens, C. M., Altmann, D. M., Holmdahl, R., Isaacs, J. D., Harding, C. 

V., . . . Robinson, J. H. (2006). Inhibition of macropinocytosis blocks antigen presentation 

of type II collagen in vitro and in vivo in HLA-DR1 transgenic mice. Arthritis Res Ther, 

8(4), R93. doi:10.1186/ar1964 

Vonkova, I., Saliba, A. E., Deghou, S., Anand, K., Ceschia, S., Doerks, T., . . . Gavin, A. 

C. (2015). Lipid Cooperativity as a General Membrane-Recruitment Principle for PH 

Domains. Cell Rep, 12(9), 1519-1530. doi:10.1016/j.celrep.2015.07.054 

Wang, J. T., Teasdale, R. D., & Liebl, D. (2014). Macropinosome quantitation assay. 

MethodsX, 1, 36-41. doi:10.1016/j.mex.2014.05.002 

West, M. A., Wallin, R. P. A., Matthews, S. P., Svensson, H. G., Zaru, R., Ljunggren, H.-

G., . . . Watts, C. (2004). Enhanced Dendritic Cell Antigen Capture via Toll-Like Receptor-

Induced Actin Remodeling. Science, 305(5687), 1153.  

Willingham, M. C., & Yamada, S. S. (1978). A mechanism for the destruction of 

pinosomes in cultured fibroblasts. Piranhalysis. 78(2), 480-487. doi:10.1083/jcb.78.2.480 

%J The Journal of Cell Biology 

Yona, S., Kim, K. W., Wolf, Y., Mildner, A., Varol, D., Breker, M., . . . Jung, S. (2013). 

Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under 

homeostasis. Immunity, 38(1), 79-91. doi:10.1016/j.immuni.2012.12.001 



78 

 

 

 

Yoshida, S., Gaeta, I., Pacitto, R., Krienke, L., Alge, O., Gregorka, B., & Swanson, J. A. 

(2015). Differential signaling during macropinocytosis in response to M-CSF and PMA in 

macrophages. Front Physiol, 6, 8. doi:10.3389/fphys.2015.00008 

Yoshida, S., Pacitto, R., Yao, Y., Inoki, K., & Swanson, J. A. (2015). Growth factor 

signaling to mTORC1 by amino acid-laden macropinosomes. J Cell Biol, 211(1), 159-172. 

doi:10.1083/jcb.201504097 

Yu, S. S., Lau, C. M., Thomas, S. N., Jerome, W. G., Maron, D. J., Dickerson, J. H., . . . 

Giorgio, T. D. (2012). Size- and charge-dependent non-specific uptake of PEGylated 

nanoparticles by macrophages. Int J Nanomedicine, 7, 799-813. doi:10.2147/IJN.S28531 

Yu, W., Chen, J., Xiong, Y., Pixley, F. J., Yeung, Y. G., & Stanley, E. R. (2012). 

Macrophage proliferation is regulated through CSF-1 receptor tyrosines 544, 559, and 807. 

J Biol Chem, 287(17), 13694-13704. doi:10.1074/jbc.M112.355610 

Zhou, L., Cao, X., Fang, J., Li, Y., & Fan, M. (2015). Macrophages polarization is mediated 

by the combination of PRR ligands and distinct inflammatory cytokines. International 

Journal of Clinical and Experimental Pathology, 8(9), 10964-10974.  

Zhu, X., Meng, G., Dickinson, B. L., Li, X., Mizoguchi, E., Miao, L., . . . Blumberg, R. S. 

(2001). MHC Class I-Related Neonatal Fc Receptor for IgG Is Functionally Expressed in 

Monocytes, Intestinal Macrophages, and Dendritic Cells. Journal of immunology 

(Baltimore, Md. : 1950), 166(5), 3266-3276.  



79 

 

 

 

 

 

CHAPTER 3 

 

The macropinosome organizes sorting and recycling of IgG opsonized nanoparticles 

in macrophages 

 

 

 

 

 

George J. Opoku-Kusi1,2, Nanda Kafle Gitanjali1,2, Jason G. Kerkvliet1,2, and Adam D. 

Hoppe1,2 

1Department of Chemistry and Biochemistry, Avera Health and Sciences Building, RM 

131 South Dakota State University (SDSU), Brookings, SD 57007, USA. 2 BioSNTR 

SDSU, Brookings, SD 57007, USA. 

  



80 

 

 

 

1. Abstract 

 

IgG transport and antigen processing is an important step in the clearance of targets such 

as viruses and tumor cells.  Macrophages are the principal tissue-resident cells that mediate 

clearance of antibody-antigen complexes. Therefore, understanding the fate of antibodies 

in macrophages is important for improving antibody and vaccine design. Here, we show 

that macrophages are able to recycle IgG2a from internalized liposomes and present them 

at the cell surface on Fc receptors allowing them to phagocytose new targets including 

erythrocytes. Initial internalization of IgG opsonized liposomes occurs by Fc receptor 

mediated uptake, with little contribution from macropinocytosis. Following endocytosis, 

IgG-liposomes are trafficked to the limiting membrane of macropinosomes where low pH 

triggers sorting of IgG off of the liposomes.  Subsequently, a portion of the IgG2a is sorted 

back to the cell surface whereas liposomes are targeted to the lysosome for degradation. 

These results indicate that a sorting compartment associated with the macropinosome, 

serves as an antibody-antigen sorting nexus.  This idea was reinforced by experiments that 

demonstrated that traffic of liposomes is not predicted by fluid phase movement. Together, 

these show that the macropinosome may have a novel function in controlling antibody 

antigen sorting.   
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2. Introduction 

 

Antibodies of immunoglobulin class G (IgG) activate Fc gamma receptors (FcγRs) and are 

attractive therapeutic agents because of their ability to promote phagocytosis  and killing 

of tumor cells, capture and presentation of associated antigens and cytokine responses 

(Dahan et al., 2016; DiLillo & Ravetch, 2015). FcγRs bind the Fc domain of antibodies 

which, in macrophages initiates a signaling cascade that coordinates the uptake of 

opsonized targets. Murine Fc gamma receptors consist of activating FcγRI, FcγRIII and 

FcγRIV, and the inhibitory FcγRIIb; similar receptors exist in human macrophages with 

the addition of the activating receptor FcγRIIa and lack of FcγRIV (Bruhns, 2012). Murine 

FcγRI has the highest affinity for the Fc domain of immunoglobulin 2a (IgG2a) and 

FcγRIIb and III have moderate to low affinities for IgG2a.  This is similar to humans with 

the exception that IgG2a’s functional homologue is human IgG1. FcγRI and III are 

transmembrane proteins associated with dimeric FcRγ required for signal transduction 

(Gavin et al., 1998a; Nimmerjahn et al., 2005). Binding to the Fc domain of particle-

associated IgG results in receptor clustering and phosphorylation of tyrosine residues in a 

conserved immunoreceptor tyrosine activation motif (ITAM) by Src family kinases (J C 

Cambier, 1995; Sobota et al., 2005). Phosphorylated ITAMs serve as docking sites for 

spleen tyrosine kinase (Syk) to propagate downstream signals that drive actin remodeling, 

particle internalization and secondary inflammatory responses such as generation of 

reactive oxygen species and cytokine secretion (Gallo et al., 2010; Park et al., 1999).  

A prominent feature of macrophages is their ability for macropinocytosis. 

Macropinocytosis is a nonspecific endocytic mechanism that involves actin-dependent 
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uptake of bulk extracellular fluid (Johnathan Canton et al., 2016). In macrophages and 

dendritic cells, macropinocytosis is an important route for antigen uptake and antigen 

presentation on major histocompatibility complex class II (MHC II)  (Johnathan Canton et 

al., 2016; Federica Sallusto, 1995b; Lim et al., 2012). In macrophages, macropinosomes 

mediate mTORC1 dependent uptake of amino acids as nutrients for growth and 

differentiation (Yoshida, Pacitto, et al., 2015). We previously showed that 

macropinosomes are important for signaling and down-modulation of CSF-1R in 

macrophages. Here, ligand-bound CSF-1R is internalized by micropinocytosis independent 

mechanisms and trafficked to the lumen of macropinosomes where its signals are amplified 

prior to its degradation in the macropinosome lumen (Huynh et al., 2012; Jieqiong Lou et 

al., 2014).  

Recent efforts in the field of antibody therapeutics have focused heavily on the design of 

antibodies with pH dependent antibody-antigen dissociation properties with high affinity 

for neonatal Fc receptor (FcRn) (Borrok et al., 2015; Datta-Mannan et al., 2012; 

Devanaboyina et al., 2013; Kuo & Aveson, 2011). FcRn is an  MHC class I molecule that 

binds IgG with high affinity at acidic pH (~6.5) and low affinity at neutral pH (~7.4). 

Acidification of endosomes leads to dissociation of IgG from FcγRs and favors binding of 

IgG to FcRn, which mediates recycling of IgG back to the cell surface (Lencer & 

Blumberg, 2005; Simister & Mostov, 1989; Tzaban et al., 2009). However, increasing 

binding affinity of IgG for FcRn does not always correlate with prolonged serum half-life 

and improved efficacy of therapeutic antibodies, suggesting that other factors influencing 

endosomal trafficking may be critical to understanding the fate of internalized IgG (Braster 

et al., 2017; Gurbaxani et al., 2013).  
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Macrophages are the principal tissue resident phagocytes that mediate clearance of 

antibody-antigen complexes. Consequently, they are critical for IgG recycling and 

maintenance of IgG homeostasis. Despite this importance, trafficking of IgG in 

macrophages is poorly understood (Shreeram Akilesh et al., 2007; Zhu et al., 2001). 

Rather, current understanding of IgG trafficking and recycling is predominantly based on 

studies in epithelial cells due to their presence in tissue vasculature. Epithelial cells lining 

tissue vasculature are in direct contact with serum IgG and regulate its recycling (Lencer 

& Blumberg, 2005; Pyzik et al., 2015). Notwithstanding, there is a need to investigate IgG 

recycling in macrophages because it is important for improving therapeutic antibody design 

to prime macrophages to sustain phagocytic response. This is necessary to ensure efficient 

clearance of tumor and pathogen infected cells during a pathological condition or pathogen 

invasion (DiLillo & Ravetch, 2015; Gül & van Egmond, 2015).  

Antigen can be taken up by phagocytes via both receptor-dependent uptake mechanisms 

and macropinocytosis (Liu & Roche, 2015; Mercanti et al., 2006; Swanson, 2008). 

However, trafficking of antibody opsonized nanovesicles once internalized by IgG-FcγR 

mediated endocytosis is unclear. Furthermore, the interplay of macropinocytosis and FcγR 

endocytosis during the uptake, intracellular traffic, antibody segregation and degradation 

of antigen remains to be investigated. Here, we utilized IgG2a opsonized fluorescent 

nanovesicles to delineate the roles of FcγR endocytosis and macropinocytosis during traffic 

of antibody opsonized nanovesicles in fetal liver macrophages (FLMs).  
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3. Results 

 

Antibody recycling primes macrophages for phagocytosis of new antigen 

In addition to their role in mediating IgG-dependent functions, macrophages contribute to 

maintaining soluble IgG homeostasis by FcRn mediated recycling of IgG (Shreeram 

Akilesh et al., 2007). We tested the hypothesis that IgG2a could be recycled from soluble 

antigen bearing nanoparticles. To address this hypothesis, FLMs were exposed to ~120nm 

PEGylated liposomes opsonized with monoclonal anti-biotin IgG2a (mIgG2a) for 5 

minutes. Cells were washed with PBS to remove unbound IgG2a-liposomes. After chasing 

for 15, 60 and 120 minutes post wash, they were exposed to biotinylated sheep red blood 

cells (SRBCs) labeled with pHrodoRed, and followed by another 30-minute chase. High 

content microscopy images of the pHrodoRed (bright at low pH) revealed that the FLMs 

gained phagocytic ability as a function of time after initial liposome uptake, demonstrating 

that recycled IgG2a mediated phagocytosis of biotinylated SRBCs (Figure1.A and C). To 

determine if this recycling was pH dependent as would be expected for an FcRn 

mechanism, a 30-minute pre-treatment with bafilomycin, the vATPase inhibitor, before 

exposure to IgG2a-liposomes abolished phagocytic activity (Figure 3.1.B-C). Thus, low 

endosomal pH was critical for release of antibody from antigen/nanoparticles and recycling 

back to the cell surface where it can enable phagocytosis of new antigen.  
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Figure 3. 1 IgG2a recycling can potentiate phagocytosis of SRBCs. (A) FLM cells pretreated with IgG2a 

opsonized liposomes phagocytose biotinylated sheep red blood cells (SRBCs) at 60 and 120 minutes chase 

following a 5-minute pulse and wash with the opsonized nanoparticles. Internalized SRBCs displace GFP 

in the cytoplasm of FLMs and can be observed as ‘dark holes’ in GFP channel as shown by blue arrow 

heads. (B) Bafilomycin treatment impairs recycled IgG2a dependent phagocytosis. Unlike control cells in 

(A), FLM cells pretreated with bafilomycin for 30 minutes followed by exposure to IgG2a-liposomes are 

unable to internalize biotinylated. (C) Quantification of phagocytic cells under control and bafilomycin 

treatment conditions. Hundred cells were counted in each condition and the number of phagocytosing cells 

expressed as a percentage. Error bar is standard deviation for two independent experiments. 



86 

 

 

 

Internalized antibody opsonized nanovesicles traffic to the macropinosome 

membrane 

To track the fate of IgG-liposomes after FcγR mediated endocytosis, we produced 

liposomes that were selectively internalized by FcγRs. Liposomes can be internalized by 

non-specific interactions with the macrophage cell surface, however, ~10 mol percent 

polyethylene glycol (PEG) prevents this uptake route (Johnstone et al., 2001). Liposomes 

containing 1 mol % PE-PEG-biotin and 10 mol % PE-PEG were selectively internalized 

by IgG-FcγR dependent uptake (Figures S1.1, S1.2 and S1.3). To determine endocytic 

uptake relative to fluid-phase uptake, fetal liver macrophages (FLMs) were exposed for 5 

minutes to dylight-594 conjugated 70kDa dextran and DiD-labelled PEGylated liposomes 

(DiD-liposomes) opsonized with mIgG2a. The DiD signal was distinct from the fluorescent 

dextran containing macropinosomes (Figure 3.2A). We observed that IgG2a opsonized 

DiD-liposomes were not internalized by macropinosomes. Rather, DiD-liposomes were 

observed to traffic to the limiting membranes of macropinosomes observed as a ring-like 

appearance (Figure 3.2B). Line profile analysis of macropinosomes showed that mIgG2a 

opsonized liposomes were predominantly associated with the limiting membrane of 

macropinosomes and not in the intraluminal milieu (Figure 3.2.B-C). Accumulation of 

DiD-liposomes on macropinosome membranes increased rapidly reaching a peak at 10 

minutes chase (Figure 3.3.B-C). Thus, we show that in macrophages, uptake of mIgG2a-

opsonized nanovesicles is predominantly receptor dependent but occurs concurrently with 

macropinocytosis, and involves trafficking of internalized complexes to the 

macropinosome membrane.  
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Figure 3. 2 Antibody opsonized nanovesicles traffic to the macropinosome membrane. (A) Simultaneous 

uptake of 70kDa dextran and IgG2a opsonized liposomes in FLM cells show that antibody opsonized 

liposomes are internalized predominantly by a receptor mediated or non-fluid phase uptake pathway. Scale 

bar is 10µm. (B) Inserts from panel A; opsonized liposomes traffic to the macropinosome membrane at 5 

through 10 minutes chase with limited intraluminal budding. Scale bar is 5µm. (C) Line profiles along 

white arrows across macropinosomes in B show no accumulation of antibody-opsonized liposomes at 0 

minutes chase and increasing accumulation on macropinosome membranes from 5 through 10 minutes. 

Note the exclusion of opsonized liposome signal from the lumen of macropinosomes at 5 and 10 minutes 

chase.  



88 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 3. 3 Antibody opsonized nanovesicles accumulate on the macropinosome membrane. (A) Cells 

were pulsed with solution containing immune complex (IC or IgG2a-liposome) and 40kDa dextran for 5 

minutes and fixed with PFA. The number of macropinosomes in 20 cells having their lumen filled with 

IC or without IC were counted manually and scored as a percentage. Over 99% of the macropinosomes 

counted at 0 minutes chase did not have IgG2a-liposomes in their lumen, demonstrating that 

macropinosomes formed during FcγR endocytosis are not used for direct uptake of antigen. (B) Integrated 

intensity of IgG2a opsonized liposomes on macropinosome membranes increases from 0 through 10 

minutes chase, showing accumulation of ICs on macropinosome membranes. Error bar is SEM for two 

independent experiments consisting 60 macropinosomes at each time point. (C) Percentage 

macropinosomes per cell with opsonized liposomes on their membranes were observed to increase steadily 

from 0 through 10 minutes chase. Twenty (20) cells at each time point were counted and scored as a 

percentage. Error bar is SEM for two independent experiments.  
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The macropinosome membrane is a nexus for accumulation and segregation of IgG2a 

from opsonized nanovesicles 

The unique interaction of opsonized nanovesicles with macropinosome membranes raised 

a fundamental question about the fate of the antibody: does IgG2a remain bound to 

nanovesicles as they traffic to macropinosomes or it segregates from the cargo before 

reaching the macropinosome membrane? To understand the traffic of IgG relative to 

antigen DiD labelled liposomes were opsonized with dylight594-IgG2a. FLMs were 

incubated for 5 minutes, washed and imaged live movies were recorded on a spinning disc 

confocal microscope.  IgG2a-liposomes trafficked to the macropinosome membrane as an 

intact complex appearing as punctate structures on macropinosome membranes at 5 

minutes chase (Figure 3.4.A-B). However, upon reaching the macropinosome membrane, 

segregation of IgG2a from the cargo occurred, leading to the formation of IgG2a containing 

compartments that were separate from the liposome containing compartments at ~12 

minutes chase; segregated IgG2a only and liposome containing vesicles were organized 

around the limiting membrane of the macropinosome (Figure 3.4.A-B). Unlike our 

previous observations of the rapid delivery of the CSF-1R into the macropinosome 

(Jieqiong Lou et al., 2014), we did not observe directed transport of IgG2a into the 

macropinosome lumen, indicating that the macropinosome does not mediate the immediate 

destruction of the IgG in the same fashion as the CSF-1R. As accumulation of liposomes 

on macropinosome membranes increased (Figure 3.3. B-C), limited intraluminal delivery 

liposomes was observed in some cases resulting in macropinosomes with a hazy lumen 

containing liposomes (Figure S1.4.mov1).  
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To determine if the observed IgG2a sorting event was pH dependent, FLM cells were 

pretreated with bafilomycin for 30 minutes prior to a 5-minute pulse with dylight-594-

IgG2a opsonized DiD-liposomes. Blocking of endosome acidification prevented the 

dissociation of IgG2a from the antigen. Analysis of dylight-594-IgG2a and DiD-liposomes 

showed persistent antibody bound liposome complexes within the cell even after complete 

clearance of macropinosomes at 25 minutes chase, demonstrating that antibody-antigen 

separation from the surface of nanoparticles is pH dependent (Figure 3.5A-C).  

Quantification of antibody-liposome co-localization showed that at 25 minutes chase, 

mIgG2a remained associated with liposome endosomes in control cells with co-

localization coefficient of 0.41 whilst the antibody remained associated with liposome 

endosomes in bafilomycin treated cells with a co-localization coefficient of 0.87 (Figure 

3.5.C). Thus, in macrophages, segregation of antibodies from antigen can occur in a pH 

dependent fashion at a sorting compartment organized by the macropinosome . 
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Figure 3. 4 Antibody-Antigen complexes traffic to the macropinosome membrane before segregation. (A) 

FLMs pulsed with dylight-594-IgG2a opsonized DiD labelled liposomes for 5 minutes show that antibody-

bound-liposomes traffic to macropinosome membranes as intact complexes (white endosomes) at 5 

minutes chase, afterwards, antibody-antigen complexes become segregated at the macropinosome 

membrane into IgG2a-only (magenta) and liposome-only (green) endosomes as observed at 12 minutes 

chase. Scale bar is 5µm. (B) Line profiles along white arrows shown in A: at 5 minutes chase, DiD-

liposomes remain associated with Dylight-594-IgG2a on the macropinosome membrane but become 

separated at 12 minutes chase. Data is representative of three independent experiments. (C) Manders’ 

coefficient of co-localization measuring association of DiD-Liposomes with Dylight-594-IgG2a show 

increasing segregation of antibody and liposomes from 0 through 10 minutes chase. Error bar is standard 

deviation for five macropinosomes measured across five cells at each time point. Data is representative of 

three independent experiments.  
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Figure 3. 5 Antibody-antigen segregration occurs on macropinosome membranes in a pH dependent 

manner. (A) Treatment of FLMs with bafilomycin to block acidification of endosomes and 

macropinosomes abrogates segregation of Dylight-594-IgG2a (magenta) from DiD-liposomes (green) 

which persists even after clearance of macropinosomes at 25 minutes chase. Scale bar is 5µm (B) Line 

profiles of Dylight-594-IgG2a and DiD-liposomes along white arrows shown in D. (C) Manders’ co-

localization coefficient of Dylight594-IgG2a and DiD-Liposomes at 25 minutes chase show a low co-

localization indicative of segregation in control cells and a high co-localization indicative of abrogated 

segregation in bafilomycin treated cells. Error bar is standard deviation for 4 cells at each condition. 
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Trafficking of nanovesicles to lysosomal compartment is delayed relative to contents 

of macropinosome lumen 

Multicolor imaging of liposome endosomes and fluid phase marker (40kDa dextran) in 

FLM and primary bone marrow macrophages showed that clearance of macropinosomes 

resulted in transition of the fluid phase marker into tubulovesicular compartments 

reminiscent of lysosomes. However, transition of liposome endosomes to these 

compartments was delayed until ~40 minutes chase. Although, opsonized nanovesicles 

trafficked to the macropinosome membrane to form a multivesicular structure, the 

clearance of fluid phase marker in macropinosomes appeared to precede clearance of 

liposomes. 

 

Macropinosomes have been shown to interact with the lysosome to mediate delivery of 

their contents to the lysosome via a process known as squidlysis or piranhalysis (Yoshida, 

Pacitto, et al., 2015). Given that recruitment of the antigen onto the macropinosome 

membrane did not appear to drive delivery into the macropinosome lumen, we used high 

resolution microscopy to interrogate the interaction between the lysosome and the 

macropinosome proximal sorting compartment (see schematic diagram in Figure S1.6). 

Consistent with the work of Swanson and collogues, we observed rapid interactions 

between the tubular lysosome and the macropinosome. FLM cells were preloaded with 

dylight594-40kDa dextran overnight, washed in PBS and incubated in bone marrow media 

for ~1 hour at 37°C. This provided enough time for loading of dextran into lysosomal 

compartments as performed in other studies. After 5 minute-pulse with IgG2a opsonized 

DiD-liposomes in the presence of Lucifer yellow, cells were washed and imaged in HBSS 
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media on a spinning disk confocal microscope. We observed two modes of interaction of 

lysosomes with nascent macropinosomes; first, small lysosomal vesicles budded from 

tubulovesicular compartments of lysosomes and fused with nascent macropinosomes 

leading to quick acquisition of lysosomal contents by macropinosomes. Secondly, 

momentary fusion of tubular extensions of lysosomes with macropinosomes led to 

‘drinking’ of fluid phase marker from macropinosome lumen by lysosomes. Direct and 

immediate ‘drinking’ of Lucifer yellow by tubular lysosomes supports earlier observations 

that the fluid phase marker transitioned to tubulovesicular compartments much earlier than 

liposome endosomes.  

 

Three-color imaging of nanovesicles (DiD-liposomes), macropinosomes (Lucifer yellow) 

and lysosomes (dylight-594 40kDa dextran) showed that lysosomes did not directly 

internalize opsonized nanovesicles on the surfaces of macropinosomes during piranhalysis, 

rather, lysosomes contacted liposome endosomes through ‘kissing’ events leading to 

acquisition of lysosomal contents by liposome endosomes. Line profile and co-localization 

analyses showed that liposome endosomes, macropinosomes and lysosomes interacted 

with each other but remained predominantly separate compartments through 10 minutes 

chase. Co-localization of Lucifer yellow in macropinosomes and dylight594-dextran in 

lysosomal compartments increased from 0.25 at 7 minutes chase to 0.69 and 0.89 at 15 

minutes and 55 minutes chase respectively. However, co-localization of DiD in liposome 

endosomes and dylight-594-dextran in lysosomes remained low at 0.1 and 0.2 at 7 minutes 

and 15 minutes chase respectively. At 55 minutes chase, co-localization of liposome 

endosomes and lysosomes had increased to a high of 0.79. These observations demonstrate 
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that, during FcγR trafficking of antibody-opsonized nanovesicles, lysosomes interact 

simultaneously with macropinosomes and cargo nanovesicles on macropinosome 

membranes by piranhalysis and ‘kiss-run’ events respectively leading to early transition of 

macropinosome contents into tubular lysosomes and a delay in the clearance of liposome 

endosomes. 
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Figure 3. 6 Trafficking of liposome endosomes to the lysosome is delayed relative to fluid phase marker 

in macropinosomes. (A) FLMs preloaded with dylight-594-dextran to label lysosomes were pulsed with 

IgG2a opsonized with DiD labelled liposomes in the presence of Lucifer yellow. At early time points (~7 

minutes chase), the lysosomal compartment interacts with both IgG2a opsonized liposomes and 

macropinosomes but all three components remain in distinct compartments. (B) Line profiles from inserts 

1 and 2 in A showing distinct localization of liposomes (DiD signal), macropinosomes (Lucifer yellow 

signal) and lysosomes (dylight-594 signal). (C) Increased co-localization of Lucifer yellow (from 

macropinosomes) and dylight-594-dextran (from lysosomes) is observed at 15 minutes chase. However, 

co-localization of DiD labelled liposome endosomes (red) with lysosomes (blue) remain low and 

comparable to 7 minutes chase. (D) Line profiles of inserts 1 and 2 in D showing enhanced association of 

Lucifer yellow in macropinosomes (green) with dylight-594-dextran in lysosomes (red); however, 

association of lysosomes with liposomes have only increased slightly by this time.. 
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Figure 3. 7 Transition of liposome endosomes to lysosomes occur at late time point following a delay. (A) 

After mid time point as described in Figure 3.6 C and D, both fluid phase marker (Lucifer yellow) and 

DiD labelled liposomes transition to the lysosomes at ~55 minutes chase. (B) Line profile analyses from 

both inserts 1 and 2 show increased association of lysosomes (blue), fluid phase marker Lucifer yellow 

(green) and DiD-liposomes (red). (C) Quantification of Manders’ coefficient at three time points show 

increasing co-localization of Lucifer yellow and dylight-594-dextran (in lysosomes) at 15 and 55 minutes 

chase, whilst there is a delayed increase in co-localization of DiD-liposomes with lysosomes at 15 minutes, 

followed by an increased association of liposomes with the lysosome at 55 minutes chase. Error bar is SD 

for measurements on four cells.    

A B 

C 
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4. Discussion 

 

FcγR/IgG-mediated internalization of small particles shares some similarities with uptake 

of large particles as many gene products ranging from phagocytic receptors, non-receptor 

tyrosine kinases and modulators of actin cytoskeleton dynamics have been found to be 

involved in both processes (Araki et al., 1996; Kuhn et al., 2014; Levin et al., 2015; 

Swanson, 2008; Tse et al., 2003).  

 

However, the mechanism of uptake and downstream processing of internalized cargo have 

some unique differences; whilst  uptake of large particles is regarded as largely dependent 

on actin, small particle uptake is more clathrin dependent and less sensitive to disruption 

of the actin cytoskeleton (Tse et al., 2003). Consistent with these findings, we found that 

antibody opsonized nanovesicles were internalized predominantly by a receptor dependent 

pathway instead of macropinosomes in FLM cells (Figure 3.2). Moreover, antibody bound 

complexes co-localized with clathrin light chain fused to yellow fluorescent protein in co-

localization experiments (Figure S1.5), demonstrating that the endosomes are most likely 

internalized by clathrin mediated endocytosis (CME) or a process involving clathrin 

(Banerjee et al., 2013; Tse et al., 2003).   

 

In macrophages and dendritic cells, macropinocytosis is a route for non-specific uptake of 

antigen (Christopher C. Norbury, 1997; Federica Sallusto, 1995b). The prevailing idea is 

that the antigen or pathogen is captured in the lumen of the macropinosome during its 
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formation. Here, we present a new insight into how macrophages respond to nanoparticles 

internalized exclusively by FcγR mediated endocytosis. Instead of direct uptake of 

antibody bound nanoparticles by macropinosomes, opsonized complexes are rather almost 

exclusively, internalized by a receptor dependent pathway and trafficked to the 

macropinosome membrane without intraluminal budding (Figure 3.2 and Figure S1.5). 

Moreover, restriction of antibody-antigen complexes from budding into the lumen of 

macropinosomes is in contrast to the behavior of receptor-ligand complexes on the 

macropinosome during internalization of CSF-1 receptor-ligand complexes where 

intraluminal budding occurs soon after complexes reach the macropinosome surface 

(Jieqiong Lou et al., 2014). Thus, the macropinosome surface can mediate different sorting 

mechanisms depending on the nature of the cargo, mode of internalization and type of 

membrane receptors involved.  

 

Antibody-antigen punctae on macropinosome membranes were similar to the distribution 

of WASH complexes on macropinosome membranes in Dictyostelium. In Dictyostelium, 

WASH and its associated proteins mediate sorting and recycling of plasma membrane 

proteins from macropinosomes back to the cell surface (Buckley et al., 2016). We 

anticipate that in macrophages and other phagocytic cells, localization of internalized 

opsonized vesicles to the macropinosome membrane will coincide with accumulation of 

WASH complex and sorting nexins on the macropinosome outer membrane and not within 

the macropinosome lumen as segregated antibody complexes appear to be concentrated 

outside the macropinosome. This will potentially enhance antibody-antigen sorting, Fc 

receptor and antibody recycling, cargo degradation and resolution of the macropinosome 
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(Freeman & Grinstein; Lim et al., 2012). Furthermore, we demonstrate visually, that 

antibody-antigen segregation occurs in a pH dependent fashion on the macropinosome 

surface and this is consistent with the interaction of lysosomes with the macropinosome 

surface during trafficking of internalized complexes (Figures 6 and 7).  

 

Our observations underscore the central importance of macropinosomes in multiple 

trafficking and signaling processes in the cell. Multiple studies show that the 

macropinosome is required for nutrient uptake, growth factor receptor signal attenuation, 

pathogen entry, antigen internalization and presentation. Our studies provide additional 

insight into how the macropinosome surface functions as a platform for accumulation, 

aggregation, sorting and clearance of antibody-opsonized vesicles during FcγR 

endocytosis. We report a novel interaction of internalized antibody opsonized vesicles with 

macrophages and show that whether IgG is located in the lumen of the macropinosome or 

docked on its surface will have implications for its fate for recycling or degradation.   
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Figure 3. 8 Model for FcγR mediated endocytosis of antibody opsonized nanoparticles 
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5. Materials and Methods 

Cell lines 

Fetal liver macrophages were differentiated from liver of BALB/c mice fetus by culturing 

in bone marrow media enriched with CSF-1 growth factor for 6 weeks. Bone marrow 

macrophages were differentiated from the femur of BALB/c mice as previously described 

(Jieqiong Lou et al., 2014). Cells were cultured in bone marrow media for 10 days before 

being used for experiments.  

 

Preparation of PEGylated liposome nanovesicles 

The following lipids were obtained from Avanti Polar Lipids Incorporated: 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocoline (POPC, #850457), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-[Methoxy(Polyethylene glycol)-2000] ammonium salt (DSPE-

PEG-2000, #880120)  and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[biotinyl(polyethylene glycol)2000] ammonium salt (DSPE-PEG2000-Biotin, #880129). 

Stock solutions of lipids were prepared by dissolving solid samples in chloroform to make 

25mg/mL POPC, 10mg/mL DSPE-PEG2000 and 1mg/mL DSPE-PEG2000-Biotin. 

Solubilization of solid fluorescent dyes were performed in DMSO to make 1mg/mL 

solution of 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate (DiD; Life Technologies) or 1,1'-Dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine-5,5'-disulfonic acid (DiI; molecular probes). The liposome 

formulation was made by mixing POPC, DSPE-PEG-2000, DSPE-PEG-2000-Biotin and 

DiD or DiI in the molar ratio 89:9:1:1 respectively. Liposomes were either air-dried 
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overnight or dried in a speedvac and reconstituted in 1mL DPBS (Hyclone, GE Healthcare 

Life Sciences). The solution was sonicated in JSP ultrasonic bath sonicator for 10 minutes 

and extruded 45 times through a 100nm Whatman nuclepore track-etch membrane (Sigma-

Aldrich) using manual extruder (Avanti Polar Lipids) to make small unilamellar vesicles 

(SUVs). Vesicle size was confirmed to be ~119 nm using a DLS particle analyzer (Malvern 

Panalytical). Vesicle number was estimated by quantifying absorbance of DiI on Synergy 

H1 microplate reader (BioTek). 

  

Opsonization of liposomes  

To make antibody opsonized vesicles, 5uL of IgG2a (clone ID4-C5, Biolegend) or 

fluorescently conjugated version (containing dylight 594) was added to an Eppendorf tube 

containing 85uL of PBS, the solution was mixed thoroughly using a pipette and 10uL of 

stock liposomes was added, mixed thoroughly and incubated at room temperature for 

1hour.  

 

Uptake of opsonized nanovesicles in murine macrophages 

Fetal liver macrophages were plated on a 25mm cover glass at density of ~300 000 cells 

per well and cultured in 2mL of bone marrow media overnight or for approximately 4 

hours. 700uL of bone marrow media from the cultured cells was pipetted into an Eppendorf 

tube and 25uL of the antibody-opsonized vesicles was added and mixed thoroughly. The 

rest of the media on the cells was harvested from the dish, transferred to an Eppendorf tube 

and incubated at 37°C. Opsonized solution in bone marrow media was added to the cells 
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and incubated at 37°C for 5 minutes. This solution was washed off and bone marrow media 

was added to cells and incubated at 37°C for a set time as shown in the time point 

experiments. Cells were fixed with 1% PFA for ~7 to 10 minutes. For simultaneous 

simultaneous uptake of opsonized vesicles with dextran, 0.1mg/mL 40kDa dextran was 

added to  

 

Microscopy and Flow cytometry 

Images were acquired using a spinning disk confocal microscope (Till Photonics, 

Germany) and analyzed in FIJI. For flow cytometry, approximately 5000 cells were 

analyzed on BD Accuri and flow histograms were made in FlowJo (version 10). Cells were 

either kept on ice in preparation for the analysis or were fixed with 1% PFA.  
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Supplemental Data 

 

 

 

 

 

 

 

 

 

 

Figure S1. 1 Nonspecific uptake of non-PEGylated liposomes in macrophages (A) Schematic of liposome 

extrusion through ~100nm pores of polycarbonate membrane. (B) Schematic of non-PEGylated liposome 

(C) Uptake of IgG1 and IgG2a opsonized liposomes in FLM cells. Non-opsonized liposomes are 

internalized by non-specific endocytosis. (D) Quantification of liposome uptake in C.  
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Figure S1. 2 Uptake of PEGylated liposomes in macrophages. (A) Schematic of PEGylated liposome 

PEG-2000 is shown in green (B) Mean liposome uptake per cell obtained from flow cytometry data in C 

and D. (C) Uptake of IgG2a PEGylated liposomes is well resolved from uptake of non-opsonized PEG-

liposomes enabling relatively accurate measurement of antibody opsonized endocytosis in macrophages. 

(D) Uptake of free non-PEGylated liposomes (without IgG2a) overlaps with uptake of IgG2a opsonized 

non-PEG liposome demonstrating strong non-specific uptake. 
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Figure S1. 3 PEGylated liposomes enable modulation of macrophage response. (A) Increasing biotin and 

corresponding antibody concentration on PEG liposomes increases uptake by macrophages but does not 

permit uptake in the absence of IgG. (B) Increasing number multiplicity of infection (MOI per cell) of 

IgG2a opsonized liposomes results in near saturation of  receptors at ~120 000 particles per cell whilst 

non-opsonized PEG-liposomes does not record any significant uptake. (C) At 30 000 MOI, increasing 

antibody concentration through 0.12mg/mL causes a corresponding increase in cellular uptake of 

nanoparticles in a linear fashion. Thus, within the limits of the concentrations used for our experiments, 

biotin antigen was not saturated demonstrating that there were no excess IgG in the solution. 

A B 

C 

 



108 

 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

  

Figure S1. 4 Trafficking of IgG2a opsonized liposomes to the membrane of a macropinosome in bone 

marrow derived macrophage cell.  
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Figure S1. 5 Clathrin co-localizes with IgG2a opsonized liposomes at onset of nanoparticle internalization 

and on macropinosomes. (A) An FLM cell expressing clathrin light chain-yfp fusion protein was incubated 

with IgG2a opsonized liposome on ice, fixed in PFA and imaged on a confocal microscope.Patches of 

clathrin (green) were seen to associate with patches of IgG2a-liposomes (red). (B) Clathrin and IgG2a-

liposomes traffic to the membrane of the macropinosome. Images taken from a time lapse movie shows 

patches of clathrin only endosomes (green), IgG2a-liposome only endosomes (red) and both 

clathrin+IgG2a-liposome endosomes (yellow) on the membranes of two macropinosomes. The 

macropinosomes appear in the clathrin channel (green) and the merge channel as two dark holes.   

 

A 

B 
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Figure S1. 6 Schematic of 3-color experiment involving live imaging of lysosomes, macropinosomes and 

IgG2a-liposomes. Lysosomal were preloaded with dylight-594-dextran, washed in PBS and incubated in 

bone marrow media before exposure to a solution containing IgG2a labelled liposome and Lucifer yellow. 
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New insights into trafficking of antibody opsonized nanoparticles in macrophages 
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Trafficking of antibody opsonized nanoparticles following uptake by FcγRs follows a 

novel trafficking path in macrophages. Here, I discuss new insights in small particle 

trafficking gained through this research effort.  

Efficient investigation of antibody opsonized nanoparticle uptake by FcγRs require that 

particles do not adsorb to the cell surface non-specifically or be internalized by scavenger 

receptors. Addition of PEG to liposome formulations enable nanoparticles to evade non-

specific uptake and promote antibody dependent internalization. Following uptake by high 

affinity FcγRI, immune complexes are trafficked to the macropinosome membrane where 

IgG segregates from liposomes in a pH dependent manner, and recycles back to the cell 

surface. Interestingly, fluid-phase-marker degradation precedes liposome degradation as 

lysosomes interact with macropinosomes and immune complexes differently. Together, 

these lines of evidence support a novel role for macropinosomes in antibody-antigen 

segregation.  

 

PEG blocks non-specific uptake and enhances antibody dependent internalization of 

IgG2a opsonized liposomes  

Investigation of small particle uptake in macrophages has been challenging due to non-

specific internalization associated with use of naked silica beads and liposomes (Dos 

Santos et al., 2007; Lee et al., 2015). Other studies on small particle uptake have utilized 

heat aggregated IgG (Ptak et al., 1998; St. Clair et al., 2017). While this approach is ideal 

for understanding trafficking of antibodies, it does not give any insight on the influence of 

antigen on trafficking of intact antibody-antigen complexes in phagocytic cells. 
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Consequently, an understanding of antigen-antibody trafficking of small particles in 

macrophages and phagocytes has remained unclear.  

Here, we successfully used PEGylated liposomes to investigate the trafficking of immune 

complexes enabling analysis of FcR-IgG endocytosis independent of other modulating 

factors such as non-specific adsorption to the cell surface and uptake by scavenger 

receptors. Addition of DiI and DiD in the formulation process enables quantitative and 

visual analysis of subcellular trafficking of immune complexes on high resolution 

microscopes and flow cytometers. Thus, the development of this method has paved the 

way for investigation of a previously uncharacterized trafficking path in macrophages that 

is important in immune response.   

Binding of antibiotin mIgG2a to FcγRs enables rapid internalization of liposomes in a 

receptor dependent manner. Based on estimation of nanoparticle number, uptake of IgG2a 

opsonized nanoparticles nears saturation at approximately ~120,000 vesicles per cell. 

However, maintaining particle MOI at 30,000 and adjusting the concentration of IgG does 

not result in saturation of uptake but rather produces a linear relationship within the limits 

of IgG concentration tested. Thus, endocytosis of antibody opsonized nanoparticles 

demonstrates saturation kinetics, supporting uptake by a receptor dependent mechanism 

rather than a fluid phase non-specific uptake pathway.  
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Differential FcR internalization of antibody opsonized nanovesicles is dependent on 

high affinity FcγRI and associated Fcγ. 

Objective 2 sought to investigate the differential role of three FcγRs (I, IIb and III) as well 

as FcRγ in mediating uptake of IgG2a opsonized liposomes in fetal liver macrophages. The 

results demonstrate that high affinity FcγRI and  associated FcRγ drive binding and 

clustering of IgG2a opsonized nanovesicles.  

Furthermore, we show that FcγRIIb may aid clustering of immune complexes as knockout 

of this inhibitory receptor does not affect binding and internalization, but results in 

formation of smaller endosomes similar to FcγRI and Fcγ knockouts. This underscores the 

importance of both activating and inhibitory receptors in generating phagocytic signals. 

The role of FcγRI in driving clustering and internalization of soluble complexes has been 

characterized (Gillis et al., 2017; Kiyoshi et al., 2015; Maresco et al., 1999). Nimmerjahn 

and colleagues showed that binding of IgG drives clustering of activating and inhibitory 

receptors in a ratio that is IgG subclass dependent (Falk Nimmerjahn & Jeffrey V. Ravetch, 

2005). They show that this ratio successfully predicts in vivo functions of IgG subclasses. 

Moreover, Gallo and colleagues show that the density of immune complex has a direct 

effect on phagocytic signal and downstream activation of ERK (Gallo et al., 2010).  

Our findings show that in macrophages, inhibitory FcγRIIb may aid FcγRI in forming large 

endosomes of soluble antibody-antigen complexes in a way that may have consequences 

for downstream regulation of phagocytic signals. However, internalization of clustered 

immune complexes requires FcγRI and the associated Fcγ.  
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In macrophages, internalized antibody-antigen complexes traffic to the 

macropinosome membrane. 

The trafficking of antibody opsonized vesicles was investigated based on research 

questions outlined in objective 3. We show that clusters of IgG2a opsonized liposomes are 

most likely internalized by clathrin mediated endocytosis as strong association of immune 

complexes and clathrin light chain occur on the plasma membrane and within the cell 

through 15 minutes post exposure to immune complexes. Moreover, we observed 

trafficking of clathrin-liposome complexes to the membranes of macropinosomes in live 

cell experiments. This results is corroborated by other studies demonstrating that FcγR 

endocytosis of small particles is dependent on clathrin whilst uptake of large particles is 

more dependent on actin (Banerjee et al., 2013; Fratini et al., 2018; Tse et al., 2003).  

Following internalization, IgG2a opsonized nanovesicles are trafficked to the membranes 

of macropinosomes that form simultaneously. Accumulation of immune complexes on the 

macropinosome membrane occurs through 15 minutes post exposure without budding of 

antibodies into the macropinosome lumen. This novel interaction suggests that 

accumulation of sorting complexes may be enriched on the outer membrane of 

macropinosomes compared to the luminal membrane, since antibody-antigen segregation 

occurs on the outer membrane. In fact, a study on plasma membrane protein recycling from 

macropinosomes in Dictyostelium discoideum showed that a recycling complex organized 

by WASH (Wiscott Aldrich protein and scar homolog) accumulated on the macropinosome 

membrane in a fashion similar to the distribution of immune complexes on 

macropinosomes observed in our experiments (Buckley et al., 2016). Since WASH 

complex is involved in macropinosome and endosome recycling, we speculate that a 
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sorting complex organized by WASH complex will drive segregation and recycling of 

antibodies from the surfaces of macropinosomes in macrophages (Marques et al., 2017). 

The mechanism by which sorting complexes drive segregation of antibody-antigen 

complexes whilst restricting intraluminal budding of segregated IgG remains to be 

investigated.  

 

Fc gamma receptors may drive ligand independent macropinocytosis in macrophages  

The exclusive internalization of IgG2a opsonized liposomes by receptor dependent 

pathway and subsequent trafficking of opsonized complexes to the macropinosome 

membrane, prompted an investigation into the role of FcγRs in mediating macropinosome 

formation. We observed that macropinosome formation was independent of the ligand 

IgG2a-opsonized-liposomes irrespective of CSF-1 growth factor starvation. However, 

knockout of activating FcRs caused a drop in macropinosome formation in a manner that 

appeared to match corresponding defects in phagocytic activities. Accordingly, knockout 

of inhibitory FcγR IIb resulted in more than two fold increase in the number of 

macropinosomes formed in macrophages. Therefore, we propose for the first time, that 

FcγRs orchestrate a basal signaling network that drive constitutive macropinosome 

formation in macrophages and possibly other members of the mononuclear phagocytic 

systems.  

Differential interaction of lysosomes with immune complexes and macropinosomes drive 

early transition of fluid phase molecules to the lysosomal compartment whilst delaying 

lysosomal uptake of immune complexes  
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Investigation of lysosome mediated degradation of liposomes showed that delivery of fluid 

phase molecules to the lysosomal compartment precedes delivery of liposomes. As 

previously described by Swanson and co, we identify the mechanism of squidlysis or 

piranhalysis as the means by which lysosomes rapidly internalize luminal content from 

macropinosomes (Willingham & Yamada, 1978; Yoshida, Pacitto, et al., 2015). Although 

IgG2a-liposomes accumulate on the macropinosome membrane, lysosomes appear not to 

directly internalize these complexes but rather engage in a kiss-run interaction resulting in 

acquisition of lysosomal contents by liposome containing endosomes. This interaction 

most likely promotes pH drop in liposome endosomes, which is important for IgG 

segregation from its cargo. Consequently, we found that inhibiting vATPase mediated 

acidification via pretreatment of cells with bafilomycin blocks segregation of IgG from 

liposomes. In control cells, segregated IgG is recycled back to the cell surface possibly 

mediated by high affinity FcγRI or FcRn. The recycled IgG is capable of potentiating 

phagocytosis of fresh antigen demonstrating that it was competent and not immediately 

digested by lysosomal enzymes.  

 

Conclusion and Recommendations 

In conclusion, we show that uptake of IgG2a opsonized liposomes is heavily dependent on 

high affinity FcγRI and Fcγ leading to trafficking of antibody-antigen complexes via a 

novel pathway in macrophages. We demonstrate that the macropinosome plays a role in 

mediating segregation of antibody from antigen, by organizing the accumulation and 

sorting of antibody-antigen complexes on a macropinosome membrane limited proximal 

compartment. Moreover, we describe a new phenomenon in which fluid phase molecules 
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within the lumen of macropinosomes reach lysosomal compartments by the mechanism of 

piranhalysis or squidlysis, whilst transition of antibody bound complexes to the lysosomes 

are delayed, until segregation of antibodies from cargo liposomes. Liposome cargo is 

eventually transported to the lysosome, leaving a portion of antibody complexes within the 

cytoplasm where they are recycled back to the cell surface to potentiate endocytosis or 

phagocytosis of new antigen. Thus, in addition to the known functions of macropinosomes, 

we identify a novel function that related to antibody-antigen segregation and IgG recycling. 

This implies that future modulation of the macropinosome or its associated sorting 

components could have consequences for therapeutic antibody half-life. 

Characterization of macropinosome formation in FcR knockouts reveal a potential novel 

role for activating and inhibitory FcγRs in mediating differential formation or attenuation 

of macropinosomes in macrophages. The mechanism of this phenomenon should be 

investigated to identify the molecular players involved. Furthermore, investigation of the 

effect of FcγRs on trafficking of immune complexes to the macropinosome surface will 

provide insight on the roles of various FcRs in mediating intracellular trafficking. Sorting 

of antibody-antigen complexes on the macropinosome surface will most likely be 

organized by the WASH complex and this requires investigation to elucidate the 

mechanism of vesiculation on the macropinosome surface during sorting of immune 

complexes. The method development aspect of this study paves the way for an 

investigation of the impact of macrophage polarization on uptake, intracellular traffic and 

recycling of antibody-antigen complexes as well as detailed analysis of the mechanism of 

uptake by CME.  
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