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Abstract 

Antibodies are important therapeutic agents that can be elicited by vaccination or 

directly infused. However, the mechanisms by which antibodies achieve protection 

against pathogens are not fully elucidated, in particular since antibodies mediate multiple 

functions, including direct neutralization as well as Fc-mediated effector functions. In this 

dissertation, I focused on one such Fc-mediated effector function, antibody-dependent 

phagocytosis, and examined it in the context of HIV-1. Firstly, with regard to the antibody 

Fv interaction with antigen, I used a novel HIV-1 virion phagocytosis assay to identify 

targets on the HIV-1 virion surface that can be targeted for antibody-mediated 

phagocytosis in the context of monoclonal and polyclonal antibodies from HIV-1 infection 

and vaccination settings, and demonstrated that these include both broadly neutralizing 

and non-neutralizing antibody epitopes. To examine whether antibody-mediated 

phagocytosis of HIV-infected cells can be an additional potential antiviral mechanism, I 

also developed an infected cell phagocytosis assay and demonstrated that in addition to 

virions, HIV-infected cells can also be targeted for antibody-mediated phagocytosis. 

Secondly, with regard to the antibody Fc interaction with FcR, I utilized recombinant 

subclass-switched antibodies and demonstrated that antibody isotypes and subclasses 

differ for antibody-dependent phagocytosis function, with IgG3 being the most potent. 

Furthermore, by examining the phagocytosis responses of humans and non-human 

primates, I demonstrated that there exists sufficient cross-reactivity between humans 

and rhesus macaques to examine human antibody subclass-specific phagocytosis 

activity in the rhesus macaque system despite evolutionary divergence in the Fc-FcR 

systems of the two species.  Thirdly, I examined the downstream effects of antibody-
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mediated HIV-1 virion phagocytosis, and demonstrated that virions phagocytosed by 

antibody-dependent mechanisms likely do not cause enhanced infection, and also do 

not elicit additional inflammatory cytokines including IL-1β, IL-6, and TNFα. Thus, my 

work contributes to the understanding of antibody Fc-mediated phagocytosis function, 

with implications for HIV-1 vaccine and passive immunotherapy strategies, and broader 

relevance also for other infectious diseases as well as antibody-based cancer 

immunotherapy.   
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1. Introduction 

1.1 Antibodies 

1.1.1 Antibodies in the human immune system 

The human immune system comprises innate and adaptive components. The 

innate immune system forms the first line of defense, and is capable of rapid recognition 

and destruction of the majority of pathogens. For pathogens that evade these innate 

defenses, the adaptive immune system is capable of mounting a pathogen-specific 

response, though a longer time is required. The adaptive immune system is also capable 

of immunological memory, where re-exposure to a pathogen results in the development 

of a much quicker and more robust adaptive immune response. Antibodies are a key 

component of the human adaptive immune system, and the elicitation of antibodies has 

been correlated with vaccine efficacy in many diseases (1). Passively infused antibodies 

have been used in anti-toxin and anti-inflammatory treatments, and monoclonal 

recombinant antibodies are also currently being pursued as therapeutics. Antibodies can 

exert their protective functions via a multitude of mechanisms. These may involve both 

the Fv and Fc domains of the antibody. These include direct pathogen capture and 

neutralization, as well as mechanisms such as antibody-dependent cell cytotoxicity 

(ADCC) and antibody-dependent phagocytosis (ADCP) that engage other innate 

immune cells as effectors to clear infected host cells, immune complexes, and 

opsonized virus (2). Apart from direct sequestration and destruction of pathogens, 

engagement of innate immune cells also influences the downstream adaptive immune 

response by stimulating the secretion of inflammatory mediators (3). 
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1.1.2 B cells and antibody development 

Each antibody comprises two heavy chain molecules and two light chain 

molecules, held together by covalent disulphide bonds as well as non-covalent 

interactions (4, 5). The heavy chain molecules are identical, and are encoded by the B 

cell variable heavy (VH) and constant heavy (CH) genes (6). Similarly, the two light chain 

molecules are identical to each other, and are encoded by the B cell variable light (VL) 

and constant light (CL) genes. The light chain genes may come from either the lambda 

(λ) or kappa (κ) gene loci (7, 8). The antibody molecule structure can be divided into 

three regions. The variable (Fv or Fab) region recognizes antigen and is primarily 

encoded for by the VH and VL genes. The constant (Fc) region determines the isotype 

and subclass of the antibody, and is encoded for by the CH genes. The hinge region 

connects the Fv and Fc regions, and is also encoded for by the CH gene (9). 

On average, a human individual makes more than 108 different antibody 

specificities (10). Each of these specificities is the representation of an antibody (or B 

cell receptor) heavy and light chain gene combination in a single B cell. This remarkable 

diversity is generated through multiple means. Firstly, during naïve B cell development, 

V, (D,) and J gene segments are recombined to form a complete variable (V) gene. The 

joining of different gene segments yields tremendous combinatorial possibilities (11). 

Secondly, diversity is further enhanced by imprecision in the joining process as well as 

semi-random deletion and addition of nucleotides at the junctions (12). These first two 

processes occur multiple times in B cell development depending on how many failed V 

gene rearrangements occur (up to twice each in VH gene rearrangement, Vλ gene 

arrangement, and Vκ gene arrangement) (13). A third form of diversity arises through B 
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cells expressing different combinations of heavy and light chain genes. Finally, upon B 

cell activation, somatic hypermutation can occur, giving rise to further mutational 

diversity (14). 

The sheer number of possible antibody specificities requires mechanisms for 

preventing self-reactivity, that is, the engagement of a self-antigen (or autoantigen) by an 

antibody that may lead to aberrant autoimmunity (15). This is achieved by two 

mechanisms: central tolerance and peripheral tolerance (16, 17). In central tolerance, 

during B cell maturation in the bone marrow, B cell receptors that exhibit high avidity for 

self-antigens undergo receptor editing (as do B cells with insufficient avidity for antigens) 

(18, 19). If receptor editing fails, clonal deletion or anergy occurs (20, 21). A small 

fraction of autoreactive B cells escape central tolerance, however. In peripheral 

tolerance, B cells continue to compete for BAFF for survival, reducing the fitness of 

autoreactive B cells (22). 

When a naïve B cell encounters cognate antigen, it internalizes the antigen via 

the B cell receptor, and subsequently presents it on MHC class II molecules (23). If the 

presented peptides are also recognized by helper CD4+ T cells, the B cell undergoes T-

dependent activation (24). Both B and T cells proliferate at the primary focus, and some 

B cells differentiate into plasma cells that secrete antibody, and migrate to the spleen or 

to medullary cords of lymph nodes (25). Other B cells form germinal centers, where their 

expansion is supported by follicular dendritic cells and T follicular helper cells (26, 27). 

Within germinal centers, somatic hypermutation occurs, where mutations are induced at 

high frequency (about 1 in 103 base pairs per cell division within the V-region genes, 

concentrated within hypervariable regions) by the activity of activation-induced cytidine 
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deaminase (AID) in combination with DNA repair enzymes and error-prone DNA 

polymerases (28). These mutations may increase or decrease the affinity of the B cell for 

its cognate antigen. Since the two survival signals (antigen acquisition via the B cell 

receptor and cognate T cell help via presented antigen and CD40-CD40L interaction) 

depend on the ability of a B cell to acquire antigen, B cells with increased affinity for 

cognate antigen gain a fitness advantage, while B cells that fail to compete undergo 

apoptosis and are phagocytosed by tingible body macrophages (29). Over multiple 

rounds of somatic hypermutation and selection, affinity for cognate antigen increases. In 

the context of a response to a pathogen, this typically implies increased antibody affinity 

for the pathogen, and thus greater ability for antibodies to engage the pathogen. At the 

same time, somatic hypermutation may cause acquisition of autoreactivity (30, 31), 

although such autoreactive B cells typically undergo apoptosis. 

In addition to somatic hypermutation, class switching can also occur during B cell 

activation. By default, the heavy gene locus of naïve B cells encodes a transcript with 

the Cμ and Cδ gene loci most proximal to the V genes. This proximity causes the 

production of heavy chains of IgM (or IgD isotypes – in naïve B cells both are expressed 

due to alternative splicing). However, other constant region genes exist downstream of 

these, in the order Cγ3, Cγ1, Cα1, Cγ2, Cγ4, Cε, and Cα2, coding for the IgG3, IgG1, IgA1, 

IgG2, IgG4, IgE, and IgA2 isotypes respectively. During B cell activation, class switch 

recombination can occur via the binding of relevant enzymes to switch sites located 

upstream of each C gene (32). This results in the excising of DNA between the identified 

switch sites, leading to a different constant region gene being closest to the V gene, and 

therefore a different transcript being expressed causing a permanent change in isotype 
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of the B cell. The deletion is irreversible, thus for instance a naïve IgM or IgD-expressing 

B cell can class switch to IgG, IgA, or IgE, and a class-switched IgG3-expressing B cell 

can further switch to another IgG subclass or to other isotypes including IgA and IgE, but 

an IgA class-switched B cell cannot switch back to IgG1. Class switching to a particular 

isotype can be enhanced by stimulation of particular associated transcription factors, 

including TGFβ for IgA (33, 34) and IL-4 and IL-21 for IgG1 and IgG3 (35, 36). However, 

it is not well understood how these factors are controlled in vivo to regulate the 

biodistribution and frequencies of each isotype. For instance, IgG-expressing B cells are 

more prevalent in the bone marrow, where they secrete IgG into the systemic circulation, 

whereas IgA-expressing B cells are more prevalent in the gut and at other mucosal sites 

(37). 

1.1.3 Antibody isotypes and subclasses 

As mentioned above, human antibodies occur in 5 isotypes, with a total of 9 

subclasses (IgM, IgD, IgG1-4, IgA1-2, IgE). IgM occurs largely as a pentameric complex 

of 5 IgM monomers, and is the dominant form of antibody in serum and also in the initial 

phase of a primary immune response, since naïve B cells express IgM with no class 

switching required. The pentameric structure allows for increased avidity even when 

affinity is low. As the immune response develops, IgG (or IgA in some cases, especially 

in the context of mucosal pathogens) increases in abundance and becomes dominant in 

the antigen-specific response as class switching occurs. Among the 4 IgG subclasses, 

IgG1 is the most abundant, followed by IgG2, IgG3, and then IgG4. However, the 

relative abundance of these subclasses in a particular antigen-specific response may 
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differ from this rank order, depending on the nature of the 

pathogen/immunogen/adjuvant. For instance, IgG2 is typically involved in 

polysaccharide-specific responses (38), and specific IgG2 is thus more common in 

bacterial infection, but is present at only low levels in HIV-1 infection (39). IgG3 differs 

notably in structure from the other IgGs in having a much longer hinge region due to 

having a larger copy number of the lower hinge repeats. IgA1 and IgA2 are primarily 

found in mucosal secretions, where they predominantly exist as dimers joined by 

secretory component to form secretory IgA. However, monomeric and dimeric IgA can 

also occur in serum. IgA1 and IgA2 differ in their hinge lengths due to a duplicated 

stretch of amino acids in IgA1, which allows IgA1 more flexibility and higher avidity 

interactions with distantly spaced antigens (40), at the cost of increased proteolysis 

vulnerability. 

It is noteworthy that the rhesus macaque antibody isotypes and subclasses are 

not conserved with human antibody isotypes and subclasses (41-45).  Firstly, while IgG 

in rhesus macaques has 4 subclasses, these do not correspond in structure and 

sequence with the 4 human IgG subclasses. In fact, the rhesus macaque subclasses are 

much more similar to each other in sequence and structure, particularly at the type I FcR 

binding site, in comparison with the diversity found amongst the human IgG subclasses 

(41-43). Also, none of the rhesus macaque IgG subclasses have an extended hinge 

region unlike human IgG3 (44). Secondly, rhesus macaques encode only one form of 

IgA, in comparison with the two human IgA subclasses (45). 
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1.1.4 Antibody functions 

By having unique affinity for foreign antigens, antibodies are capable of binding 

to foreign antigens. The binding of antibody to foreign antigens itself is capable of anti-

pathogenic activity, for instance, the antibody function of neutralization occurs when an 

antibody binds to a site of a pathogen or toxin that is required for function, e.g. 

engagement of a particular host cell protein. However, even if the pathogen is bound at 

a site that is not required for function, the antibody can still exert activity against it. For 

instance, the physical steric presence of the antibody may result in mass action effects 

at the mucosa that retard the motion of the pathogen (46, 47). 

In addition to these above functions, antibodies are capable of functioning as a 

“tag” that allows the innate immune system to recognize pathogens, in effect harnessing 

the potent anti-pathogen functions of the innate immune system while overcoming its 

limited pattern recognition capacity by utilizing the diversity and specificity of the 

adaptive immune response. This activity relies on the antibody Fc region. For instance, 

firstly, in the context of antigen-antibody complexes, the IgG and IgM Fc regions are 

capable of binding to C1q and triggering the classical complement pathway, which 

results in functions including direct anti-pathogen activity via the Membrane Attack 

Complex (MAC), attraction of leukocytes via C3a and C5a, and opsonization of 

pathogens and infected cells via C3b and C4b. Secondly, antibody Fcs are capable of 

engaging Fc receptors on innate immune cells. These include the type I IgG Fc 

receptors (activatory FcγRI, FcγRIIa, FcγRIIc, FcγRIIIa, inhibitory FcγRIIb, and FcγRIIIb 

of unclear function), non-classical (type II) IgG Fc receptors CD209 and CD23, neonatal 

FcR (FcRn) involved in IgG transport and recycling, the IgA Fc receptor FcαRI, the IgE 
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receptor FcεRI involved in rapid allergic responses, the cytosolic Fc receptor TRIM21, as 

well as other receptors that have been described to bind to immunoglobulins but have 

been relatively uncharacterized, including FCA/MR (48), FCMR (49), IgD-R (50), CD71 

(51), secretory component receptors (52), asialoglycoprotein receptors (53), and M cell 

receptors (54). 

1.1.5 Engagement of Fc receptors 

When engaged, most Fc receptors are capable of cytoplasmic signaling. For 

instance, FcγRIIa and FcγRIIc signal via their immunoreceptor tyrosine-based activation 

motif (ITAM) domains, whereas FcγRI and FcγRIIIa lack ITAM domains but associate 

with an FcRγ signaling chain (γ-chain) and signal via its ITAM domain. The inhibitory 

FcγRIIb signals via its immunoreceptor tyrosine-based inhibition motif (ITIM) domain. 

The IgA receptor, FcαRI, also associates with the FcRγ signaling chain, but this seems 

to be dispensable for signaling, and signaling is dependent on dephosphorylation of the 

intracellular domain of FcαRI (55). Downstream signaling pathways are complex and 

dependent on the FcR, cell type, and stimulation mechanism, but generally act via 

increasing intracellular Ca2+ concentration, activation of PKC, or activation of ras (56). 

However, with the ubiquitous presence of antibody in both the systemic and 

mucosal microenvironments, regulatory systems are required to prevent constitutive 

signaling. This is achieved via several mechanisms. Firstly, low-affinity Fc receptors, 

including FcγRIIa, FcγRIIb, FcγRIIc, and FcγRIIIa require multiple coordinated 

interactions for sufficient binding avidity, and thus can only be triggered by multivalent 

antibody-antigen immune complexes. Even for the high-affinity FcγRI which can bind to 
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monomeric IgG, binding does not trigger signaling through its associated γ-chain; 

instead, signaling still requires receptor clustering and cross-linking (57). Secondly, even 

activatory Fc receptors can produce inhibitory signals when engaged at a low level – the 

mechanisms for this phenomenon are not well understood but may involve ITAM 

monophosphorylation which activates the inhibitory SHIP-1 (58) rather than the 

diphosphorylation required for activatory Syk engagement (59). Similarly, FcαRI 

signaling is regulated by inside-out signaling, where FcαRI in its resting state has low 

capacity to interact with IgA immune complexes, but increases drastically after 

stimulation with cytokines including GM-CSF, IL-4, and IL-5 (60, 61). Thirdly, 

immunostimulatory and immunoinhibitory Fc receptors are often co-expressed on the 

same cell, allowing for negative regulation (62). 

Fc-FcR interaction is also regulated at the level of the antibody Fc. Antibody 

isotype limits the Fc receptors that an antibody can bind to. Within the IgG isotype, IgG3 

has the highest affinity for most of the type I FcγRs, followed by IgG1, then IgG4, then 

IgG2 (63). In addition, there exists an additional layer of regulation via glycosylation of 

the antibody Fc. The most well-characterized modification is sialylation: the nonsialylated 

open conformation is preferably engaged by type I IgG Fc receptors, whereas the 

sialylated closed conformation is preferably engaged by the type II Fc receptors CD209 

and CD23 (2), and is associated with immunomodulatory activity. 

1.1.6 Antibody Fc effector functions 

Fc receptor engagement results in a large and incompletely understood number 

of effector functions, with differences in function across Fc receptors and also across cell 
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types. These include mast cell degranulation, antibody-dependent cellular cytotoxicity 

(ADCC) in monocytes and NK cells, phagocytosis and endocytosis in monocytes, 

macrophages and neutrophils, maturation or anergy in B cells, respiratory oxidative burst 

in neutrophils, and mediator release by platelets. This thesis will focus on endocytosis 

and phagocytosis as antibody Fc-dependent effector functions. 

1.1.7 Antibody function – phagocytosis 

In antibody-dependent phagocytosis or endocytosis, a phagocyte (monocyte, 

macrophage, or neutrophil) is engaged by antibody, either directly via FcR or indirectly 

via antibody-fixed complement, to engulf one or more opsonized particles or molecules, 

which are typically foreign molecules including pathogens, infected cells, and their 

derivatives (64, 65). The internalization in most cases leads to the destruction of the 

internalized target by phagolysosomal degradation, though it is important to note that 

several notable human pathogens have evolved to co-opt this process and survive within 

phagocytes (66-69). 

In FcR-mediated phagocytosis, ligated and aggregated FcR become 

phosphorylated via Src family tyrosine kinases (70) on their ITAM domains (either their 

own or from an associated γ-subunit), forming a docking site for Syk (71) triggering a 

signaling cascade involving PKC (72, 73), PI3K (74-76), and synthesis of PI(4,5)P2, 

(3,4,5)-PIP3, and DAG (77). These lead to actin cytoskeleton remodeling (78), allowing 

the advance of the phagocytic cell over the target. The strength of early signaling events 

is proportional to the number of engaged FcRs, whereas late signaling events required 

to complete phagocytosis require a concentration threshold of 3’PI to be satisfied (79). 



 

 

11 

The internalization efficiency of small particles between 0.5-2µm are more strongly 

affected by Fc ligand density than large particles (80). Endocytosis of even smaller 

particles may involve different kinases, such as c-Cbl (81), and may involve clathrin and 

dynamin instead of actin (82). Throughout this thesis, the term phagocytosis will be used 

for consistency, although the kinases involved in antibody-dependent virion 

internalization are not known. 

Fc receptors not only collaborate with other Fc receptors, but also cooperate with 

other kinds of receptors.  In determining what kind of immune response is suitable to 

mount, one would expect that information from other receptors that are able to sense the 

pathogen would be useful. Indeed, information from other pattern recognition receptors 

(PRRs) are integrated in the response to Fc receptor stimuli. For instance, in bacteria, 

co-stimulation of Fc receptors and bacterial pattern recognition receptors trigger cytokine 

transcription and caspase 1 activation causing production of active IL-1β, IL-6, IL-23, 

and TNFα (83). Such responses also include pathogen degradation: phagosome-

localized Toll-like receptor 4 (TLR4) is capable of responding to gram-negative bacteria 

and inducing a phagosome-specific enhanced maturation pathway for increased 

pathogen degradation (84). They also include cytokine production. For instance, TLR2 is 

recruited to macrophage phagosomes, and is responsible for subsequent TNF-α 

production in response to yeast and gram-positive bacteria (85).  Similarly, endosomal 

TLR7 is required for recognition of HIV-1 infected cells by plasmacytoid dendritic cells, 

and for production of type I interferon (86).  

Fc receptors have also been recently shown to interact with the autophagic 

machinery. Engagement of FcγRs during phagocytosis can recruit the autophagy protein 
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LC3 to phagosomes via NOX2-generated reactive oxygen species (87). The process of 

LC3-associated phagocytosis (LAP) generates LC3-positive phagosomes, otherwise 

known as LAPosomes, which can result in a variety of immunostimulatory and 

immunoinhibitory phenotypes including increased pathogen destruction (88-90), efficient 

clearance of apoptotic cells (91, 92), sustained antigen presentation via MHC class II 

(93, 94), and triggering of cytokine secretion (95). 

Apart from direct antiviral activity, antibody-dependent phagocytosis is also 

important in the development of antibody responses themselves, since the immune 

system is primed by pathogen-associated molecular patterns (PAMPs) during the 

phagocytic process that trigger an inflammatory response that leads to stimulation of the 

adaptive immune system. These PAMPs can be derived from antigens presented on the 

surface of pathogens, or antigens that are released upon phagocytosis and digestion of 

pathogens.  For instance, in adenovirus infection of the respiratory tract, alveolar 

macrophages are responsible for internalizing adenovirus and initiating early pro-

inflammatory signaling (96). Further, phagocytosis generates pathogen-derived antigens 

that are used to prime the B cell response. For instance, an approach to induce broad, 

cross-clade protection in influenza using M2 VLPs showed that dendritic cells and 

macrophages were important for achieving cross protection (97).  

1.1.8 Phagocytosis as an effector function against pathogens 

Phagocytosis has traditionally been known for its role in clearance of bacteria 

and fungi, as evidenced by the fact that persons with defects in phagocytosis are 

susceptible to common bacterial and fungal infections (98). The role of antibody-
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dependent phagocytosis in viruses is not as clear, but it has also been shown to play 

important roles in clearing viral infections including influenza (99-105), adenovirus (96), 

SARS coronavirus (SARS-CoV) (106), and foot-and-mouth disease virus (FMDV) (107, 

108). Notably, for both SARS-CoV and FMDV, protection was mediated not by 

neutralization but by ADCP despite the presence of neutralizing antibodies (106-108). 

Further, in FMDV, antibodies mediating ADCP showed greater breadth of activity against 

heterologous strains compared with neutralizing antibodies (108). However, early 

research in flavivirus infection showed that antibodies enhance dengue fever virus 

infection, yellow fever virus, and Japanese encephalitis virus infection (109-113). 

Research into the phenomenon of secondary dengue virus infection, which in contrast to 

other pathogens has a more severe secondary infection relative to primary infection, 

implicated antibody-dependent phagocytosis as a potential mechanism that dengue 

virus utilized to enhance infection (114, 115). These were supported by papers in the 

HIV-1 field reporting that complement and antibody-mediated phagocytosis resulted in 

enhancement of HIV-1 infection in vitro (116-119).  This led to a shift in focus in the HIV-

1 field on finding ways to induce a T cell response instead of a B cell response, since it 

was known at that time that CD8+ T cells had an antiviral effect. A renewed focus on B 

cells came later, upon the lack of efficacy of two T-cell based vaccine trials (STEP and 

Phambili) which enhanced infection among vaccinees (120), and also upon the 

discovery of broadly neutralizing antibodies, which were capable of preventing infection 

when infused passively in rhesus macaque models. These broadly neutralizing 

antibodies would theoretically be exempt from antibody-dependent enhancement since 

any virus internalized via antibody-dependent phagocytosis would also be neutralized 
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and thus unable to infect the phagocyte.  More specifically, one theory for enhancement 

of infection is that enhancement might be due solely to weakly or non-neutralizing 

antibodies that remain capable of engaging but not neutralizing HIV-1 virus (121). 

This thesis will explore phagocytosis in the context of Human Immunodeficiency 

Virus Type 1 (HIV-1). HIV-1 is a pathogen of interest both because of its tremendous 

public health relevance, and also because of the complex interactions between HIV-1 

and immune cells, where HIV-1 is capable of infecting immune cells including CD4+ T 

cells and macrophages. 

1.2 Human Immunodeficiency Virus Type 1 (HIV-1) 

1.2.1 Epidemiology 

Human Immunodeficiency Virus Type 1 (HIV-1) is a retrovirus that is the 

causative agent of Acquired Immunodeficiency Syndrome (AIDS). The virus infects 

immune cells within the body, notably CD4+ T cells, and over a period of years reduces 

the levels of CD4+ T cells in an infected individual (122). Apart from potential mild flu-like 

symptoms during acute infection, infected individuals are largely asymptomatic until 

CD4+ T cell counts drop below critical levels, where opportunistic infections occur, 

including Kaposi’s sarcoma and candidiasis, otherwise known as AIDS-defining 

illnesses(123). However, the infected individual remains infectious throughout all stages 

(as long as viral load is detectable) (124). HIV-1 is a blood-borne pathogen, and major 

routes of horizontal transmission include vaginal sex, anal sex, sharing of contaminated 

needles by injecting drug users (125). Vertical transmission also occurs during 

pregnancy, during delivery, and post-delivery through breastfeeding (126). 
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1.2.2 Structure of Virus 

HIV-1 comprises two copies of non-covalently linked, single-stranded positive-

sense RNA encoding the genome, enclosed by a capsid composed of the viral p24 

protein, surrounded by a lipid bilayer envelope (127). The functional viral envelope 

protein lies on the lipid envelope, and comprises a trimer of 3 gp41 proteins and 3 gp120 

proteins, all of which are coded for by the Env gene (128). This trimer is capable of 

engaging CD4 on a target cell surface, exposing a co-receptor binding site on the trimer 

(129). The co-receptor binding site is then capable of binding to either CCR5 or CXCR4 

on the target cell, and successful co-receptor binding is followed by Env conformational 

change leading to gp41 being thrust through the host cell membrane, allowing for 

membrane fusion and release of the viral capsid into the host cytoplasm (130). 

Subsequently, the capsid unravels and reverse transcriptase begins to act, and the viral 

nucleic acid is reverse-transcribed from RNA into DNA (131). After reverse transcription, 

the viral DNA is incorporated into the host cell genome via the integrase enzyme (132).  

While the functional viral envelope protein is thought to be the trimeric gp41-

gp120 protein, there exist a variety of other proteins on the HIV-1 virion surface. These 

include membrane proteins from the host cell membrane, as well as other forms of 

defective Env proteins, including gp41 trimers without gp120 heads, and monomeric 

gp41-gp120 proteins (133). The proportion of these defective forms to functional trimers 

on the virus surface differs between virus strains (134). 

Given the presence of other antigenic viral proteins on the HIV-1 virion surface, 

antibodies may be capable of engaging HIV-1 virions not only at epitopes on the 

functional trimer, but also epitopes on defective forms. In fact, the initial (acute) antibody 
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response in a HIV-infected person is targeted toward the gp41 principal 

immunodominant domain (PID) (135), which does not appear to be exposed on the 

functional trimer. This thesis explores the origin and functions of neutralizing and non-

neutralizing antibodies that engage the HIV-1 virion. 

HIV-1 has an extraordinarily high mutation rate of 3.4 × 10-5 mutations per base 

pair per cycle, or an average of 0.3 mutations per progeny produced, which leads to a 

tremendous diversity of Env forms (136). However, theory suggests that in order to 

effectively contact the host CD4 receptor and CCR5 or CXCR4 co-receptor, or for other 

essential structural reasons, particular regions of the Env protein have to remain 

conserved. These sites are known as broadly neutralizing epitopes, and antibodies to 

these sites are known as broadly neutralizing antibodies. Broadly neutralizing antibodies 

have been identified that neutralize up to 99% of virus strains (137). These sites include 

the CD4 binding site, the high-mannose patch on the outer domain of gp120, the trimer 

apex, the membrane proximal external region (MPER), and the gp120-gp41 interface. 

Thus, a major strategy of current vaccination regimens is to elicit such broadly 

neutralizing epitopes (reviewed in (138)). However, targeting these epitopes via 

vaccination to elicit broadly neutralizing antibodies (bNAbs) has been difficult because 

these epitopes are often obscured by variable loops and glycans (139). Many of these 

antibodies are also auto-reactive and are deleted by tolerance mechanisms (140-145). 

Many of these antibodies also require long HCDR3 lengths, which is difficult to achieve 

in natural somatic hypermutation (138). Even in individuals that do develop these 

broadly neutralizing antibodies, the process takes years of natural constant antigenic 

stimulation (146, 147), and by the time these antibodies are made, the autologous virus 
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has escaped even from that broadly neutralizing antibody (148, 149). Thus, an 

alternative strategy is to engage non-broadly-neutralizing epitopes on the virus surface. 

While neutralizing epitopes on the HIV-1 virion surface have been well-

characterized by mapping the target sites of broadly-neutralizing antibodies, few non-

neutralizing antibodies have been isolated and characterized, thus leaving large gaps in 

our knowledge of the diversity and function of non-neutralizing epitopes on the HIV-1 

virion surface. Such non-neutralizing epitopes include the gp41 immunodominant region 

(135), and the CD4-induced C1-C2 conformational site (150, 151) which is important in 

mediating antibody-dependent cellular cytotoxicity (152). Non-neutralizing epitopes likely 

include epitopes on the functional Env trimer that do not affect the ability of Env to bind 

to and infect target cells, as well as epitopes on non-functional forms of Env, including 

gp120/gp41 monomers and gp41 stumps that are found on the surfaces of most HIV-1 

virions (133). 

1.2.3 Public health significance of HIV, and potential impact of 
vaccine 

More than 35 million people globally are currently infected with Human 

Immunodeficiency Virus Type 1 (HIV-1) (153). In 1987, the first anti-retroviral drug, 

zidovudine, was identified (154-156). Rapid progress in drug development has lead to 

multiple drugs divided into a number of classes by mechanism of action – nucleotide 

reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors 

(NNRTIs), protease inhibitors, integrase inhibitors, fusion inhibitors, and co-receptor 

antagonists (157). These drugs have been used in multi-drug regimens, otherwise 

known as highly active anti-retroviral therapy (HAART), and in most cases adherence to 
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a HAART regimen can prolong life up to the life expectancy of a non-HIV-infected 

person (158). Antiretrovirals have also been used as prevention agents via pre-exposure 

prophylaxis and post-exposure prophylaxis (124, 159). Despite the effectiveness of anti-

retroviral drugs, there remain obstacles to their widespread usage. Firstly, there are 

barriers to initiation of and retention in anti-retroviral treatment. These include being 

unaware of one’s HIV status, fear of disclosure due to stigma, and lack of access to 

affordable anti-retroviral drugs (160, 161). Secondly, there are barriers to sustenance of 

anti-retroviral treatment. These include side-effects of the anti-retroviral drugs, lack of 

drug supply, and lack of affordability (162, 163). 

Other modes of intervention not involving antiretroviral drugs include 

encouragement of condom use, needle-exchange programs to prevent needle-sharing 

and transmission of HIV-1 by contaminated needles, circumcision, which reduces the 

per-incident risk of HIV-1 sexual transmission, and behavior interventions including 

sexual abstinence programs to reduce multi-partner transmission (164). 

1.2.4 Need for a HIV-1 vaccine and efforts toward a HIV-1 vaccine  

Despite the significant progress in curbing infection via prevention and treatment 

strategies, prediction analysis with optimum scale-up of current prevention strategies 

shows that the HIV-1 epidemic will not abate, with 24 million new infections and an 

overall increase of more than 5 million persons living with HIV-1 over the next 20 years 

(165). Thus, a vaccine remains necessary to achieve a sustained end to the HIV 

pandemic (166).Modeling shows that even a vaccine with 30% effectiveness, with 70% 

coverage, would be sufficient to avert an additional 12.3 million new cases of HIV in the 
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next 20 years, and result in an overall reduction of the total number of persons living with 

HIV-1 (165). 

 Numerous HIV-1 vaccine candidates have been tested to date. Live attenuated 

vaccines have not been tested in humans due to safety concerns, but in non-human 

primate models can provide potent protection or virus control (167). Other routes of 

vaccines that have been tested are recombinant protein vaccines utilizing one or more 

viral proteins, notably Env and Gag, as well as viral vector vaccines including adenovirus 

and poxvirus. 6 HIV-1 vaccine efficacy trials have been held so far: VAX003 and 

VAX004 (Env protein) (168, 169), Step and Phambili (Ad5 vectored vaccine) (170, 171), 

RV144 (canarypox vector prime, protein boost) (172), and HVTN505 (DNA prime, Ad5 

vectored vaccine boost) (173). Five of these showed no efficacy (VAX003, VAX004, 

HVTN505) or enhanced infection (STEP, Phambili) in the vaccine arm, and one (RV144) 

showed partial efficacy of 31.2%. However, this modest efficacy was not sufficient for 

licensure. 

1.2.5 Monoclonal antibody therapy  

Another avenue of antibody usage that is currently being pursued is passive 

infusion of monoclonal antibodies for treatment or prevention. Pre-exposure passive 

infusion of broadly-neutralizing monoclonal antibodies have been shown to be capable 

of complete protection against SIV and SHIV challenge in non-human primate models 

(174-183), suggesting that they would also be protective in humans – two current phase 

IIb efficacy trials are underway in humans testing the efficacy of such an approach (184). 

Usage of monoclonal antibodies for treatment of existing infection has not yet been 
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successful, as trials in non-human primates and humans have shown an initial decline in 

viral load, but then a rapid rebound due to virus mutation to become resistant to the 

antibody (176, 181, 185-188). Further study incorporating multiple broadly neutralizing 

antibodies may eventually overcome the resistance barrier in a manner analogous to 

multi-drug HAART. Antibodies are advantageous over antiretroviral drugs due to their 

longer half-life, which is due to recycling via FcRn. Infused antibody can be sustained in 

the body at therapeutic levels for up to 6 months (189). Thus, antibodies offer the 

potential to be therapeutics that would not need to be taken frequently, thus being a 

regimen that may be easier to adhere to. 

1.3 Mechanisms of immune engagement with HIV 

To improve on current efforts in developing a HIV-1 vaccine and antibody 

therapies, investigation into the mechanisms by which the immune system acts to 

prevent HIV are necessary. 

1.3.1 Models for learning about HIV-1 immunity 

Is the immune system capable of acting effectively against HIV-1? While there 

has been no known case of immune clearance of HIV-1 infection, there is evidence that 

the immune system is capable of exerting pressure on the HIV-1 virus to at least partially 

prevent infection. First, the low per-incident rate of HIV-1 transmission, in particular via 

vaginal sex and breastfeeding, suggests that immune factors at the mucosal barrier are 

capable of preventing infection (190). This is further bolstered by the fact that passive 

infusion of broadly neutralizing antibodies in non-human primates is capable of 

completely blocking transmission (174-183). Second, there exists a population of 
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individuals who do not contract HIV-1 despite repeated exposure (highly-exposed 

seronegative persons) despite lacking the CCR5Δ32 resistance allele, suggesting that 

these individuals have other genetic barriers or have developed immune factors that 

prevent HIV-1 transmission (191-196). Third, the RV144 vaccine trial showed vaccine 

efficacy of 31.2% at study endpoint (197), and the reduced risk of infection was 

correlated with immune responses suggesting that the vaccine regimen was capable of 

eliciting protective immune responses (172). These responses included V1/V2 IgG (172, 

198-200), and were supported by virus sieve analyses where particular virus sequences 

in the V1/V2 region were disproportionately absent in the vaccine arm relative to the 

placebo arm, suggesting immune pressure against those sequences (201). Even in 

vaccine trials that did not show protection, immune correlates and signatures of a virus 

sieve effect were observed, suggesting low level immune pressure (202-204). Similarly, 

non-human primate vaccine studies have also found immune correlates of risk of 

infection (205-208). Fourth, even after transmission, there exists a subpopulation of HIV-

1 infected persons who are capable of maintaining low viral loads without antiretroviral 

treatment (also known as long-term non-progressors, virus controllers, or elite 

controllers), suggesting either genetic barriers or that their immune systems are capable 

of suppressing endogenous virus despite being unable to complete eradicate it (209). 

Fifth, when examining the virus and antibody populations within a single individual over a 

length of time, the virus population can be observed to shift in sequence, developing 

mutations that cause it to be resistant to contemporaneous antibody populations in the 

individual, thus showing that the endogenous antibody is exerting immune pressure on 
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the virus (149). All of these are examples whereby the immune system acts against HIV-

1, and provide model systems for identifying the specific causative immune factors. 

1.3.2 T cells 

The identification of CD8+ T cells with control of viremia (210-213) and 

resistance to HIV-1 acquisition (214, 215) led to a series of vaccine tests aimed at 

stimulating CD8+ cytotoxic T cells for prevention of infection (216-225). These vaccine 

candidates culminated in the STEP and Phambili phase IIb clinical trials (170, 171). 

Despite the elicitation of T cell responses in 75-89% of the vaccinees, protective 

immunity was not observed. Instead, both vaccine trials showed enhancement of 

infection in the some vaccine subgroups (170, 171, 226, 227). This caused a shift in 

vaccine efforts toward the elicitation of antiviral antibodies (120). More recently, it was 

found that rhesus macaques vaccinated with a CMV-vectored vaccine were capable of 

eliminating SIV viremia, with effects mediated primarily by non-canonical MHC-E-specific 

CD8+ T cells (228-231). Another approach is the targeting of conserved peptide 

sequences, including peptides expressed from the HIV-1 RNA leader (Shaw et al., Duke 

CHAVI-ID Annual Retreat, 2016). 

1.3.3 Antibodies – Broad neutralization 

In analysis of chronically infected individuals, it was noticed that some individuals 

developed sera that displayed broad neutralization activity. Interrogation of the antibody 

repertoire from such individuals led to the identification of monoclonal antibodies with 

capacity for broad neutralization (137, 232-247). While these antibodies were not 

capable of suppressing viremia within the same individual due to virus escape, passive 
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infusion of such antibodies was capable of protection in animal challenge models (174-

183), as well as transient control of viremia in humans, rhesus macaque, and humanized 

mouse infection models (176, 181, 185-188). Thus, one major goal of antibody-based 

vaccine efforts is the elicitation of broadly neutralizing antibodies. However, such efforts 

have been hampered by the fact that many such broadly neutralizing antibodies are 

difficult to elicit due to being autoreactive (and hence susceptible to multiple tolerance 

mechanisms) (140-145), require high numbers of mutations and/or unusually long 

HCDR3 regions, and can be far-removed from germline sequences such that antigens 

that bind to such antibodies may not also bind to and activate the original germline 

antibodies (248-252). 

1.3.4 Antibodies – Fc effector functions 

A complementary approach is to elicit functional non-neutralizing antibody 

responses, which have less stringent epitope specificity requirements. In fact, recent 

data highlight that protection against HIV-1 infection as well as inhibition of HIV-1 

replication after establishment of infection may be mediated not only by direct 

neutralization, but also by Fc-mediated antibody effector functions (172, 198, 205-207, 

253-257). An immune correlates analysis of the partially efficacious RV144 vaccine trial 

identified that V1-V2 IgG antibodies correlated with decreased risk of HIV-1 infection 

(172, 197, 198, 254). These V1-V2 antibodies were not broadly neutralizing but were 

capable of multiple antiviral functions, such as ADCC, virion capture, and tier-1 

neutralization (258-260). Notably, the RV144 vaccine regimen elicited antibodies that 

were non-broadly neutralizing but that exhibited coordinated Fc-mediated effector 
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responses (253, 254). FcR polymorphisms also influenced RV144 vaccine efficacy 

(261). Other HIV-1 vaccine efficacy trials that showed no efficacy either lacked a 

coordinated Fc-mediated effector response (253) or lacked evidence of strong Fc-

mediated antibody functions (173, 262). In rhesus macaque challenge models, non-

broadly neutralizing antibody functions, including phagocytosis, correlated with vaccine 

protection (205-207). Thus, the results from human and non-human primate HIV-1 

vaccine clinical trials raise the hypothesis that Fc-mediated antibody effector functions 

are an achievable and potentially protective antiviral immune response to induce by 

preventative vaccines. 

Fc effector functions are important not only for vaccination, but also for cure and 

passive immunotherapy strategies revolving around the delivery of broadly neutralizing 

antibodies (bnAbs). Although broadly neutralizing antibodies (bnAbs) are defined based 

on their ability to neutralize a broad range of viruses, recent passive immunization trials 

show that their protective activity is not solely due to neutralization, but also in part due 

to Fc-mediated function. In non-human primate (NHP) passive immunization studies, 

with both high and low dose vaginal challenge of rhesus macaques with SHIV162p3, 

protection decreased by about 50% when the administered passive antibody was 

incapable of binding Fc receptors (263, 264). Similarly, in murine passive immunization 

studies, antibodies with enhanced ability to bind activating Fc receptors gave greater 

protection than their epitope-matched counterparts (180, 187). These findings have also 

been demonstrated for other viral pathogens. For instance, broadly neutralizing 

antibodies against influenza demonstrate a dependence on Fc-FcR interaction to 
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mediate protection in vivo (265). A nonfucosylated glycovariant of the anti-RSV IgG, 

Palivizumab also showed significantly improved protection in vivo (266). 

1.3.5 Fc effector functions of different antibody isotypes and 
subclasses 

Different antibody isotypes and subclasses appear to vary in their ability to 

protect against HIV-1 infection, and one key question in HIV-1 vaccine design is which 

antibody isotypes/ subclasses should be induced by vaccines to maximize protection. 

For instance, in the RV144 vaccine trial, serum Env IgA correlated with increased risk of 

HIV-1 infection (172). This was potentially due to monomeric circulating IgA blocking IgG 

mediated ADCC by Natural Killer (NK) cells (267, 268). Also, V1-V2 IgG3 antibodies 

correlated with decreased risk of HIV-1 infection. These IgG3 antibodies were 

associated with Fc mediated antiviral activity by ADCC (198) and phagocytic activity 

(253), though it is unclear whether the IgG3 profile directly contributed to antiviral activity 

(254). Differences between IgG1, IgA1 and IgA2 have also been found for various other 

effector functions including neutralization, virus capture, and transcytosis inhibition (269, 

270). Differences in antibody physiological localization may also play a role – HIV-1 

infection occurs primarily via the mucosal routes, where IgA can be present in higher 

concentrations than IgG, in particular for the gut mucosa. Thus, the mechanisms behind 

how antibody isotypes/subclasses affect protective efficacy remain unclear, and require 

further study. Given that each FcR has varying affinities for each immunoglobulin sub-

class Fc domain (63, 271), and that Fc-FcR affinity has been found to correlate with 

phagocytic activity (272), phagocytic activity is likely to vary depending on the FcR and 

antibody subclass involved. Detailed evaluation of the Fc-mediated antibody function of 
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different specificities and forms of vaccine-induced antibodies and passively 

administered broadly neutralizing antibodies will improve strategies aimed to prevent 

and/or control HIV-1 infection in vivo. Although the potential protection of antibody 

mediated phagocytosis in HIV-1 infection has been discussed previously in several 

studies, the impact of antibody structure, including both paratope and isotype/subclass, 

on phagocytosis potency has not been directly assessed. Further, these studies used 

model systems comprising HIV-1 antigen conjugated beads and monocytic cell lines 

instead of infectious virions and primary human phagocytes (205-208, 253, 254, 257, 

272-274). In this study, we assessed the role of antibody in mediating phagocytosis of 

infectious HIV-1 virions in primary monocytes. We found that antibody-mediated 

internalization of HIV-1 virions does not require neutralization but is a function of both 

antibody paratope and isotype/subclass. These findings raise the hypothesis that 

antibody isotype/subclass profiles may differ in their protective efficacy due to differing 

potencies in antibody-mediated phagocytosis, which has implications for current 

vaccination and passive immunization strategies. 

1.3.5 Antibody-dependent phagocytosis against HIV-1 

Antibody-dependent phagocytosis (ADCP) is one such Fc effector function. In 

ADCP, after an antibody binds to a target virus, its Fc region interacts with Fc receptors 

(FcRs) on monocytes, macrophages, or neutrophils, which phagocytose the target virus. 

In the HIV field, while there is much evidence that Fc-dependent non-neutralizing 

responses as a whole are important for protection (172, 198, 205-207, 253-257), these 

responses have not been dissected to determine whether ADCP mediates protection. 
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However, ADCP has been correlated with reduced risk of infection in multiple rhesus 

macaque studies (205, 207, 275). Further, ADCP was a part of the antibody multi-

effector functional profile found in RV144 (253), and was associated with an IgG3 

response that correlated with decreased risk of infection (205, 207, 253). Since 

phagocytes are present at the mucosal surfaces that are the sites of transmission for 

HIV (274, 276), antibody-dependent phagocytosis may play a role in preventing mucosal 

HIV-1 transmission. A role for phagocytosis in influencing disease progression has also 

been demonstrated. Polymorphisms in FcγRIIa, which is one of the major receptors 

responsible for IgG-mediated ADCP (272, 277), correlated with HIV-1 progression and 

susceptibility (278). In addition, impaired phagocytosis is one of the hallmarks of chronic 

HIV-1 infection (279-281).  

Thus, this thesis explores the targets of HIV-1 that are engaged for phagocytosis, 

the characteristics of antibody Fc and host cell FcR that enable phagocytosis, and the 

downstream effects of antibody-mediated phagocytosis of HIV-1. Parts of this thesis are 

published (282-284) or in submission (Tay et al., Rare Detection of Antiviral Functions of 

Polyclonal IgA Isolated from Plasma and Breast Milk Compartments in HIV-1 Chronically 

Infected Women, submitted, April 2018) in journals which grant authors the right to post 

accepted manuscripts in appropriate institutional repositories. 
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2. Methods 

2.1 Ethics Statement 

Human peripheral blood mononuclear cells from HIV-1 negative individuals, 

vaginal wecks from HIV-1 positive women, and breast milk and plasma samples from 

HIV-1 positive women were collected with IRB approval by the Duke Medicine 

Institutional Review Board for Clinical Investigations. All subjects were consented 

following 45 CFR 46 and written informed consent was obtained by all participants. No 

minors were recruited into this study. 

2.2 Primary monocytes 

Human peripheral blood mononuclear cells from HIV-1 negative individuals were 

collected and mucosal wecks were collected from HIV-1 seropositive individuals. 

Additionally, monocytes were purified from blood packs purchased from the blood bank 

(Red Cross). Blood derived monocytes were isolated from peripheral blood mononuclear 

cells (PBMCs) of HIV-1 negative healthy donors using the Human Monocytes Isolation 

Kit II by autoMACs magnetic negative selection beads (Miltenyi Biotech), or via 

elutriation (Ambrosia Garcia, Thomas Denny).  

2.3 Cell lines 

THP-1 monocytic cells were purchased from ATCC and grown in supplemented 

RPMI-1640 (10% FBS, 1% Penicillin/Streptomycin).  

2.4 Study cohorts 

To examine milk and plasma IgG and IgA responses (section 4.4), maternal 

breast milk (n = 20) and plasma (n = 20) samples were obtained from a cohort of 
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pregnant women that tested HIV positive during pregnancy as part of the CHAVI 009 

protocol that recruited from two rural health clinics outside Blantyre, Malawi, between 

2007 and 2009 at delivery, as previously described (285). Women were enrolled if 

breastfeeding was initiated. Approximately half of women were started on ARVs in 

pregnancy according to local policies at the time of initiating ARVs if the peripheral CD4+ 

T cell count was below 350. A single dose of nevirapine was also administered to all 

mothers and infants at delivery. 20 patients were chosen based on high magnitude of 

Env-specific IgA responses measured in IgG-depleted breast milk from a total of 78 

subjects. Women with Env binding IgA magnitude in a binding antibody multiplex assay 

(BAMA) above 5000 Mean Fluorescence Intensity (MFI) against gp120 or gp41 were 

selected for IgA purification (Table 1), of which 16 participants yielded sufficient IgA for 

binding and phagocytosis analyses. Of these 16, 1 participant had insufficient sample for 

plasma IgG, and 1 participant had insufficient sample for milk IgG, for binding analyses. 

This study was approved by the College of Medicine Research and Ethics Committee in 

Malawi and institutional review boards at Duke University Medical School where 

samples were received and processed for immune analysis. Breast milk and plasma 

viral load, peripheral CD4+ T cell count, and preliminary milk Env-specific IgA binding 

responses of the selected cohort are displayed in Table 1.  
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Table 1. Plasma and milk viral load, peripheral CD4+ T cell count, transmission 
status, and HIV-Env-specific IgA responses in unfractionated plasma and breast 
milk of CHAVI009 cohort. 

 

a Plasma viral load and peripheral CD4 T cell count were determined upon enrollment in 
third trimester 
b MFI = mean fluorescence intensity 
c Viral load was not detectable at a dilution of 1:5 (breast milk) 
d Not available 
e Viral load was detectable but too low to quantitate (<48 copies/mL) at a dilution of 1:5 
(breast milk) 
f Sufficient yield in IgA and IgG milk and plasma only for neutralization analysis 
g Gray rows indicate transmitting mother (6703, 0507: in utero; 1209: postnatal) 
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For investigation of vaginal mucosal antibodies (section 4.3), we previously 

reported the capacity of mucosal IgG from vaginal wecks to bind infectious virions (i.e. 

virus capture) (260) and here we selected clinical samples with evidence of virion 

recognition to test for internalization by phagocytes. Thus, we isolated IgG from vaginal 

wecks from 14 HIV-1+ women.  

For investigation of development of antibody-mediated phagocytosis function in 

HIV-1 infection (section 3.2.2), we examined two participants from the RV217 cohort with 

positive binding responses to HIV-1 antigens. 

To evaluate the phagocytosis function of IgG3 in the RV144 trial (section 5.2.1), 

we examined a randomly chosen subset of 32 uninfected RV144 participants who also 

participated in the RV305 trial, where two follow-up vaccinations of ALVAC + AIDSVAX 

(Group I) (n=12), AIDSVAX only (Group II) (n=8), or ALVAC only (Group III) (n=12) were 

administered. 

To compare phagocytosis functions of humans and rhesus macaques (section 6), 

blood samples were taken from 24 HIV-1 uninfected individuals from Durham, North 

Carolina and 23 uninfected Indian rhesus macaques from Alpha Genesis, Inc. 

(Yemassee, SC). 

2.5 Phenotyping FcR on THP-1 cells and primary monocytes 

1 x106 THP-1 cells were incubated with Aqua-dye and surface stained with 

titrated amounts of CD16-FITC, CD89-PE, CD14-PE Cy5, CD64-PE Cy7, CD32-APC, 

and CD3-Alexa Fluor 700 (BD Biosciences and Invitrogen). Following wash, cells were 

fixed with 1% formaldehyde. Flow data were acquired on a LSRII flow cytometer (BD 

Immunocytometry Systems) and the data were analysed using FlowJo software 

(TreeStar).  
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2.6 Fluorescently Labelled HIV-1 Virions 

HIV-1 strains (BaL, 92Th023, CM235, 427299, 1086.C, B.63521) were 

fluorescently labeled (Tomato, mCherry, 670) were generated as described in (286, 

287). Briefly, labelled virus was generated by co-transfecting 293T cells with a HIV-1 

proviral plasmid with a plasmid encoding Gag protein fused with a C-terminal fluorescent 

molecule and virus stocks were purified from cell supernatant. All viruses were fully 

infectious, and contained the relevant Env coding sequences cloned into an NL4-3 

backbone (BaL, 427299, 1086.C, B.63521) or CRF01_AE backbone (92Th023, CM235). 

Virus plasmids were generated by Agnes Laurence-Chenine, US Military HIV Program, 

and Christina Ochsenbauer, University of Alabama at Birmingham, and fluorescent virus 

preparations were generated by Edgar Matias and Michael McRaven, Thomas Hope 

laboratory, Northwestern University. 

For experiments where aldrithiol-2 inactivation was used, virions were inactivated 

with 500µM aldrithiol-2 (AT-2) at 37°C for 1 hour, or mock-inactivated by placing at 37°C 

for 1 hour without AT-2. For both conditions, virions were then buffer-exchanged to 

remove AT-2 by sequential addition of PBS to a 100kDa Amicon Ultra 0.5ml Centrifugal 

Filter (EMD Millipore) before using the virions in phagocytosis assays. 

2.7 Fluorescently Labelled HIV-1 Envelope Antigen Coated Beads 

Biotinylated HIV-1 Envelope antigen was conjugated to Neutravidin fluorescent 

beads (Invitrogen) as described (273). Briefly, 10 μl of 0.1% BSA/PBS-washed beads 

were incubated with 20 μg biotinylated antigen overnight at 4°C on a rotator. Unbound 

antigen was removed by washing twice with 1 ml 0.1% BSA/PBS.  
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2.8 Monoclonal Antibodies 

To generate monoclonal antibodies used, HIV-1-specific immunoglobulin variable 

heavy-chain (VH) and light-chain (VL) gene segments were de novo synthesized 

(GenScript) and cloned into a pcDNA3.1 vector containing full length IgG1, IgG3, IgA1, 

or IgA2 constant region genes or light chain constant region genes and transiently 

transfected into 293F cells using polyethyleneimine (PEI, Polysciences Inc.). 

Supernatants were harvested after 4-5 days of incubation at 37°C and 8% CO2, 

concentrated, and affinity purified by protein G or peptide M chromatography per 

manufacturer’s instructions (Pierce, ThermoFisher Scientific). Antibody purity was 

evaluated by SDS/PAGE and Coomassie Blue staining for heavy and light chain bands 

of the appropriate size. Epitope-matched subclass-specific recombinant monoclonal 

antibodies targeting multiple regions of the HIV-1 Envelope (CD4 binding site (CD4bs) 

(CH31) (288), V1V2 (HG107 (258), ), gp41 immunodominant region (7B2) (255), the 

gp120 CD4 binding site core (CH27, CH28 (289)), gp120 (Ab8367),  and to influenza 

hemagglutinin (HA) (CH65) (290) were generated from IgG1 and IgG3 gene expression 

constructs. Two forms of recombinant IgG1 mAbs were produced:  wild-type IgG1 

antibodies designated IgG_SEK and the other termed IgG1_AAA or IgG1_4A antibodies, 

optimized for human FcγRIII binding via introduction of alanine mutations in the IgG1 Fc 

region at positions 298, 333, 334, and 429 (AAA – S298A/E333A/K334A; 4A – 

S298A/E333A/K334A/N429A) (291, 292). Wild-type IgG3 antibodies were produced 

based on the IgG3 heavy chain constant region coding sequence M12958_X03604. 
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2.9 Mucosal and plasma IgG and IgA 

Purified genital mucosal IgG from HIV-1+ women was prepared as described 

(260). 

To purify IgG from breast milk and plasma samples, a total of 10 mL of breast 

milk per patient was delipidized before IgA purification by centrifugation at 25,000 × g for 

30 minutes at 4C and then filtered with Spin-X filter columns (Fisher) as described 

previously (293). Delipidized milk was then concentrated using Amicon Ultra-4 filters 

(Millipore) to a final volume between 400-600 μl. Delipidized, filtered, and concentrated 

breast milk and 250 μl of corresponding plasma were IgG-depleted using Protein G resin 

pre-packed into 96-well depletion plates (GE Healthcare), as previously described (294). 

Briefly, plasma samples were centrifuged at 10,000 × g for 10 minutes, then diluted 2-

fold with TBS, pH 7.5. 300 μl of the diluted sample was added in each well. Plates were 

incubated at room temperature for 1 hr while shaking. Unbound fractions were removed 

by centrifugation at 700 × g for three minutes. Wells were then washed three times with 

400 μl of TBS to remove loosely bound material. Bound IgG was eluted with 200 μl of 

2.5% glacial acetic acid, pH 2.53, and then neutralized with 120 μl of 1M Tris-HCL pH 

9.0. IgG fractions were collected, concentrated using Amicon Ultra-4 filters, and used as 

comparisons in select functional assays. 

IgA was purified from IgG-depleted breast milk and plasma using peptide M resin 

(Invivogen) as previously described (294). Briefly, 200 μl of peptide M gel slurry was 

added to spin columns (Thermo Scientific). Following two washes with 500 μl of PBS, 

IgG-depleted milk and plasma was added to the columns and incubated for 45 minutes 

at room temperature. Columns were spun, washed, and flow through was collected. 

Bound IgA was eluted with elution buffer (Thermo Scientific) and then neutralized with 
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120 μl of 1M Tris-HCL pH 9.0 (Thermo Scientific). Columns were washed, incubated 

overnight with PBS at 4C, and eluted samples were run through the columns a second 

time. Eluted IgA fractions from both processes were combined, buffer exchanged, and 

then concentrated with Amicon Ultra-4 filters (Millipore). IgA concentration was 

determined via spectrophotometry at A280 using a NanoDrop 1000 spectrophotometer 

(Thermo Fisher Scientific). To confirm IgG depletion, samples were tested by human IgG 

ELISA according to manufacturer’s instructions (Immunology Consultants, Inc). IgA 

preparations with IgG concentrations below 0.07 mg/mL were considered successfully 

depleted. The cutoff of 0.07 mg/mL was selected as the corresponding concentration of 

3 × blank OD of the total IgG ELISA. 

2.10 THP-1 and Monocyte Phagocytosis Assay of HIV-specific 
Antibodies 

The antibody mediated phagocytosis assay was performed as described (273, 

283). Briefly, 9×105 beads (equivalent of 0.1 µl of supplied suspension) or 10 µl diluted 

fluorescence labelled HIV-1 (containing 4.4 ng to 495 ng p24) were mixed with 10 µl (5-

25 µg/ml final concentration) monoclonal antibodies in a 96 well round bottom plate. 

Each experiment, with positive and negative controls, was performed with the same 

stock concentration of virus. After incubation at 37°C for 2 hours, 1-5 x104 (THP-1) or 1-6 

x104 (primary monocytes) of CD4-blocked cells were added to each well with final 

volume 40 to 200 µl each, then spinoculated at 1200 g for 1 hour at 4°C (this 

spinoculation step was omitted in experiments examining the effect of spinoculation). 

CD4 blocking was performed in order to reduce background levels of virus internalization 

due to Env-CD4 interactions, and blocking was achieved by pre-treating the cells at 10 

x106 cells/ml with 20 µg/ml anti-human CD4 antibody (clone SK3) (Biolegend) for 15 
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minutes at 4°C before adding them to the antibody-beads/virus mixture. Nevertheless, 

similar patterns of antibody-dependent signals were observed when anti-human CD4 

blocking was omitted from the experimental setup. Following spinoculation, 

antigens/viruses and cells were incubated at 37°C for 1 hour for phagocytosis/virion 

internalization. After incubation, supernatant was removed and cells were washed with 

PBS. Cells were then fixed in 2% paraformaldehyde. Phagocytosis was quantified either 

by MFI (sample) – MFI (no-antibody control) or by calculating phagocytosis score which 

normalizes MFI to account for flow cytometer settings and for viruses of different 

brightness. To calculate phagocytosis scores for both the bead based phagocytosis 

assay and the virion internalization assay, a cutoff was first assigned based on the 95th 

percentile of the no-antibody control. For each sample, the % of cells above this cutoff 

was multiplied by their mean fluorescence intensity (MFI), and then normalized to the 

corresponding result for the no-antibody control to give the final score. A background 

level of phagocytosis was determined based on the mean + 3 standard deviations (SD) 

of non-HIV-specific antibodies. To confirm the robustness of the calculated scores, 

alternative methods of calculation were also used, including dividing the sample MFI by 

the no-antibody control MFI without assigning a positivity cutoff, as well as subtracting 

the sample MFI by the no-antibody control MFI. These alternate methods of calculation 

gave similar results. Robustness of the assay was confirmed by multiple scientists 

obtaining similar results with control antibodies and also replicating key phagocytosis 

experiments. We have obtained a range of phagocytosis scores between 2 to 20, giving 

a 10-fold assay dynamic range. Where relevant, fold differences in phagocytosis score 

are calculated by a division of the antibody-dependent internalization components of 

each phagocytosis score (baseline-subtracted), using the formula (Phagocytosis Score 
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A - 1) / (Phagocytosis Score B - 1). This calculation is used only when both conditions 

have an antibody-dependent component. 

2.11 ImageStream cytometry 

For ImageStream cytometry analysis of virion internalization, the phagocytosis 

assay was run as described above, except that a larger pool of cells (5 x105 cells) at a 

final concentration of 10 million cells/ml was used. After fixation, cells were washed and 

resuspended in 1% BSA/PBS. Antibody mediated virion internalization by monocytes 

was analysed using an ImageStreamX Mark II Imaging Flow Cytometer (EMD Millipore). 

Fluorescent virus images were collected in channel 4 (595-642 nm) at 40x magnification. 

Focused, single cells (based on gating on Gradient RMS, Area, and Aspect Ratio of the 

brightfield image) were chosen for analysis. 

2.12 Infected cell phagocytosis assay 

To examine whether antibodies are capable of engaging infected cells for 

phagocytosis, human primary monocytes were plated at 25,000 cells/well in 96-well 

tissue-culture treated plates and differentiated into macrophages by incubation with 

20ng/ml macrophage colony stimulating factor (M-CSF) for 2 weeks, and used as 

phagocytes in the assay. To generate infected cell targets, CEM.NKR cells (human T 

cell line) were infected with BaL virus. Briefly, Dextran-DEAE was added to each virus 

aliquot at 7.5 µg/ml, mixed and incubated at room temperature for 5 minutes. Next, 1 × 

106 CEM.NKR cells were added to the virus, and incubated for 1 hour at 37°C, with 

gentle mixing after the first 30 minutes. Cells were then transferred to a 12-well plate and 

cultured in RPMI + 10% FBS + 1% penicillin/streptomycin for 48 hours. Cells were then 

harvested and frozen. Frozen infected CEM.NKR cells were thawed 3 hours before 
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infected cell phagocytosis assays. HIV-1BaL-infected cells were pre-incubated with 5 

µg/ml antibody or without antibody for 1 hour, then added to monocyte-derived 

macrophages. After 2 hours of incubation, cells were washed thrice with PBS, fixed in 

4% formaldehyde for 15 minutes at room temperature, permeabilized in 0.1% Triton-X 

for 1 hour at room temperature, and stained for Gag (KC57-RD1, Beckman Coulter), 

CD3 (OKT3-AF488, Biolegend), and nuclei (DAPI). For fluorescence microscopy, 

images were centered in the middle of each well, and taken with a 4x lens using the BZ-

X710 fluorescence microscope system using autofocusing. For confocal microscopy, 

images were taken on a Zeiss 880 Inverted Confocal microscope using the 10x 

objective. 

2.13 Protein G-based Infectious and Total Virion Capture Assay 
(Column) 

The virus capture assay utilizes a Protein G column based capture of Ig-virion immune 

complexes with two readouts for quantifying total virus particles (RT-PCR) or the 

infectious virions (TZM-bl infectivity assay) as previously described (260). Briefly, IgG 

was mixed with HIV-1 stock at final concentration of 10 µg/ml (200 µl volume) to form 

Ab-virion immune complexes (IC), which were passed through a protein G column. The 

infectivity of the flow-through was measured by a TZM-bl infection assay. The total virus 

particles in the flow-through and the column-captured fraction were measured by HIV-1 

gag real-time RT-PCR. The percentage of captured infectious virions (iVirion) or total 

virions captured (rVirion) were calculated independently with different denominators as 

follows: iVirion= [(100- flow-through infectivity) / (virus no-Ab infectivity)] x 100% and 

rVirion = [captured viral RNA copies / (captured viral RNA + flow-through viral RNA) x 

100%. 
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2.14 Fc Receptor Blocking Experiments 

Receptor blocking antibody mouse anti-human CD89 monoclonal antibody 

(MIP8a) (Abcam) was pre-incubated with primary monocytes at 0, 1, 5, or 25 µg/ml at 

4°C for at least 1.5 hours prior to being mixed with opsonized beads. Percentage 

blocking is calculated based on a division of the antibody-dependent internalization 

components of each phagocytosis score (baseline-subtracted), using the formula [1 - 

(Phagocytosis Score with blocking - 1) / (Phagocytosis Score without blocking - 1)] * 

100. 

2.15 Biolayer Interferometry (BLI)  

The binding kinetics of CH31 IgG1 and IgG3 were measured on an Octet 

RED384 (Fortébio). The instrument was controlled by Data Acquisition 9.0 software 

(Fortébio). Two sets of 8 biosensors were regenerated in glycine buffer pH 2.0 (GE 

Healthcare Science) for a total of 30 seconds. Then, sample antibody (or negative 

control antibody) at 10 µg/mL were separately loaded on a set of 8 Anti-Human IgG Fc 

Capture (AHC) Biosensors (Fortébio), with termination of loading upon reaching a 1.2nm 

shift for each antibody. Matched sets of antibody-loaded biosensors were then dipped 

simultaneously in PBS buffer for 60 seconds to equilibrate the biosensors, followed by 

60 seconds in PBS to establish a baseline, followed by 600 seconds in the analyte 

containing HIV Env protein (e.g. HIV-192Th023 gDneg gp120, purified by high performance 

liquid chromatography (HPLC) to obtain monomers) for association, and finally 600 

seconds in the baseline PBS for dissociation. Association and dissociation was 

measured for a range of HIV Env analyte concentrations, from 3.125 to 200 µg/mL in 2-

fold increments, as well as blank (PBS). The temperature, agitation speed, distance of 
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the tip and acquisition rate of the instrument was set at 29°C, 1000 rpm, 4mm, and 5.0 

Hz (averaging by 20), respectively. Data fitting with the 1:1 Langmuir fitting model was 

performed by Data Analysis 9.0 (CFR11) software (Fortébio). Reported association and 

dissociation values were calculated from curves fitted with subtraction of subclass-

matched negative control antibody respectively to exclude non-specific binding 

interactions. Similar results were obtained for association and dissociation without 

negative control subtraction.  

2.16 HIV-1-specific binding antibody assay 

For examining the specificities of vaginal mucosal IgG (section 4.3), binding of 

mucosal antibodies to HIV-1 Env proteins were measured by a custom HIV-1 binding 

antibody multiplex assay as described (135, 172, 198, 295-297). Env proteins used 

included gp41, gp120 (clade B BaL), gp140 (consensus M ConS), V1/V2 loop (clade B 

CaseA V1/V2), and resurfaced core (RSC) proteins revealing the CD4bs (RSC3, and 

mutants RSC3Δ371, RSC3G367R, RSC3Δ371P363N abolishing CD4bs antibody 

binding (298)). RSC proteins were a kind gift from Dr. John Mascola. Total IgG and IgA 

Ab measurements for calculating specific activity were performed using Bio-Plex Pro 

human isotyping 7-plex panel (Bio-Rad) according to the manufacturer’s instructions. 

For examining the specificities of milk and plasma IgG and IgA (section 4.4), the 

HIV-1 binding antibody multiplex assay was performed as previously described (295, 

299-303). Briefly, HIV-1 antigens were conjugated to polystyrene beads (Bio-Rad) and 

binding of Ig to the bead-conjugated HIV-1 antigens was measured in matched milk and 

plasma IgA and IgG preparations from 16 HIV+ women. 11 seronegative milk and 8 

seronegative plasma samples were also tested. IgA was detected by goat anti-human 

IgA-PE (Jackson Immunoresearch), sIgA was detected by mouse monoclonal anti-
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human secretory component (Sigma Clone GA-1), and IgG was detected by mouse anti-

human IgG-PE (Southern Biotech). Milk and plasma IgA were diluted 1:10 in tests 

against Env proteins, and 1:100 in tests against linear peptides. Milk IgG was diluted 

1:10, 1:250, or 1:500 depending on antigen reactivity, and plasma IgG was diluted 1:50 

or 1:5000 depending on antigen reactivity. After incubation of beads and sample, bound 

IgA or IgG was detected with the appropriate secondary antibody, then the beads were 

washed and acquired on a Bio-Plex 200 instrument (Bio-Rad). HIV-1-specific binding 

antibody responses against each antigen were measured as Mean Fluorescence 

Intensity (MFI). To control for nonspecific sample binding, the MFI of sample binding to 

unconjugated beads was subtracted from the MFI of each antigen. For antigens utilizing 

a gp70 scaffold, MFI of sample binding to an empty scaffold (MulVgp70_His6) was 

subtracted from the MFI of each antigen. Positive controls included pooled purified HIV+ 

Ig (HIVIG; NIH), CH58 IgG (anti-V1V2 mAb), and 7B2 sIgA (anti-gp41 mAb). Normal 

human serum was utilized as a negative binding control, and 7B2 mIgA and dIgA were 

utilized as negative sIgA detection controls. The data were normalized to total IgA or IgG 

concentration as specific activity (MFI*dilution/(mg/mL) purified Ig). Samples with MFI 

values above 100 were considered positive. Overall gp41, gp120, gp140, and V1/V2 

binding scores were determined by taking the mean of panels of 6, 8, and 14 antigens 

with non-redundant antigenicity respectively.  Specifically, gp41 binding score 

represented the average of binding to 2 gp41 antigens (gp41 clade C, gp41 clade B 

MN), gp120 binding score represented the average of binding to 6 gp120 antigens 

(BORI_D11gp120, CNE20_D11gp120, TT31P.2792_D11gp120, A244 D11gp120, 

254008_D11gp120, and B.6240_D11gp120), gp140 binding score represented the 

average of binding to 8 gp140 antigens (RHPA4259_C7.gp140C, 1086C gp140C, 
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BF1266_gp140C, 9004S.gp140C, AE.01.con_env03 gp140CF, SC42261_gp140, 

C.CH505TF_gp140, and WITO4160.gp140C), and V1/V2 binding score represented the 

average of binding to 10 gp70 V1/V2 antigens (gp70-CM244.ec1 V1V2, gp70-

BF1266_431a_V1V2, gp70-BJOX002000.03.2 V1V2, gp70-7060101641 V1V2, gp70-

96ZM651.02 V1V2, gp70-001428.2.42 V1V2, gp70_B.CaseA_V1_V2, gp70-191084_B7 

V1V2, gp70-700010058 V1V2, gp70-C2101.c01_V1V2, gp70-CAP210.2.00.E8 V1V2, 

gp70-TT31P.2F10.2792 V1V2, gp70-TV1.21 V1V2, and gp70-Ce1086_B2 V1V2) (285). 

Positivity to an antigen panel was defined by a readout of >100 MFI (background-

subtracted) to at least half of the antigens tested. 

2.17 Neutralization assays 

The ability of purified IgA and IgG milk and plasma fractions to neutralize the 

clade C primary isolate HIV-1 IMC MW965 was measured in TZM-bl cells, as previously 

described (304, 305). The original protocol for recombinant HIV virus production has 

been previously described (306). Briefly, HIV infectious molecular clone (IMC) variants 

were prepared by transfecting exponentially dividing 293T/17 cells with 4 μg of rev/env 

expression plasmid, using FuGENE 6 reagent (Promega) in growth medium, as 

described by the manufacturer. Virus stocks were titrated by performing serial 5-fold 

dilutions in quadruplicate in growth medium in 96-well culture plates (11 dilution steps 

total)  and the tissue concentration dose 50% (TCID50) was calculated per the method of 

Reed and Muench (307). 

To account for non-specific activation of each sample, neutralization was also 

measured against murine leukemia virus SVA.MLV (23). Neutralization was measured 

after 48 hr as a reduction in luciferase reporter gene expression (expressed in Relative 

luminescence units (RLU)) compared with the virus-only control. The 50% inhibitory 
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concentration (IC50) titer was calculated as the milk or plasma IgA or IgG concentration 

that caused a 50% reduction in RLU compared to the virus control wells after subtraction 

of cell control RLU. Neutralization was considered detectable if the IC50 against MW965 

was at least three times higher than the IC50 against SVA.MLV. 

2.18 Data analysis 

For comparing the potency of phagocytosis between monoclonal antibodies of 

IgG1, IgG3, or IgA subclasses (section 4.1, 5.1), statistical analyses were performed in 

SAS 9.4 (SAS Institute, Cary NC). Control for False Discovery Rate (FDR) was 

performed using the Benjamini and Hochberg method (308). Where applicable, results 

from separate assays using the same primary monocyte donor were averaged and 

treated as a single data point. Box plots and dot plots were graphed using GraphPad 

Prism (GraphPad Software Inc., San Diego CA). 

For analyzing milk and plasma IgA and IgG from HIV-infected women (section 

4.4), the IgA, sIgA, and IgG related specific activity (SA) magnitudes were compared by 

using a non-parametric method, the Wilcoxon Signed Rank Test. The correlations of 

paired SAs, functional responses and their 95% confidence intervals were calculated 

using Kendall’s tau method, and Steiger’s Z test was applied for comparing correlations. 

In order to control Type I error of multiple comparison tests, all p-values were adjusted 

with the false discovery rate (FDR) controlled Benjamini-Hochberg method (308). 

Whenever there were missing datapoints for either partner of a pairwise comparison, the 

other partner was excluded from that analysis as well. Analyses were performed in R 

3.4.2 (309) using the stats and cocor packages (310). 

These statistical analyses was performed by the DHVI statistics core (Sheetal 

Sawant, Lu Zhang, John Bainbridge, Wes Rountree, and Nathan Vandergrift).
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3. HIV-1 targets of antibody-mediated phagocytosis in 
infection and vaccination 

In this section, we aim to determine the range of epitopes that allow antibodies to 

engage HIV-1 targets for phagocytosis. 

3.1 Development of an assay to measure virion phagocytosis 

To investigate antibody-mediated phagocytosis of HIV-1 virions, we developed 

an in vitro flow cytometric assay utilizing fluorescent HIV-1 virions as targets, and either 

the human monocytic cell line THP-1 or human primary monocytes as phagocytes 

(described in detail in Materials and Methods). Phagocytosis of HIV-1 virions was 

quantified by the strength of fluorescence in phagocytes after incubation.  

3.1.1 Virion phagocytosis assay is specific for antibody Fc-dependent 
activity 

To examine the specificity of this assay for antibody-mediated phagocytosis, we 

verified whether this assay reflected an Fc-dependent process. We hypothesized that if 

the assay was Fc-dependent, then a positive assay result should not occur with an 

antibody that engages virions but does not effectively engage Fc receptors. Thus, we 

engineered a CD4 binding site broadly neutralizing antibody, CH31, into IgG1 and IgG4 

subclass backbones. CH31 is capable of engaging virus, as previously shown in virus 

capture assays (260), and IgG1 is known to engage Fc receptors for phagocytosis 

whereas IgG4 does not effectively engage Fc receptors (63). While some virus was 

taken up even in conditions where no antibody was added (antibody-independent virus 

internalization), CH31 IgG1 showed enhanced virus fluorescence uptake relative to a 

negative control and to a no-antibody control, suggesting that it mediated antibody-
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dependent virion phagocytosis (Figure 1). In contrast, CH31 IgG4 did not show 

enhanced virus fluorescence. Thus, the in vitro antibody-mediated virion phagocytosis 

assay is capable of identifying an antibody-specific effect that is dependent on Fc-FcR 

engagement. 

 

Figure 1. Virion phagocytosis assay is specific for antibody Fc-dependent activity.  
Representative flow cytometry traces from virion phagocytosis setups with the anti-
influenza HA antibody CH65 IgG1 and the HIV-1 broadly neutralizing CD4 binding site 
antibody CH31 in IgG1 and IgG4 subclasses are shown for a single experiment. Red 
lines indicate phagocyte fluorescence in the presence of the respective antibody, 
whereas the black lines indicate phagocyte fluorescence in a condition without antibody 
(antibody-independent virus internalization), and the grey lines indicate fluorescence in 
the absence of a fluorescent virus target (autofluoresence). CH31 IgG1 shows increased 
fluorescence relative to CH65 IgG1 and CH31 IgG4, indicating an antibody-specific, Fc-
dependent phagocytosis activity. 

3.1.2 Virion phagocytosis assay is not affected by viral fusion 

To identify the stage of virus interaction with the cell that was being measured by 

the phagocytosis assay, we examined whether the fluorescence output for the assay 

was dependent only on the rate of virus internalization, or whether it was also affected 

by virus fusion. This was important in particular because the fluorescent virions utilized 

are tagged on the Gag or Vpr proteins, which upon virus fusion are exposed to the 

cellular environment, which may affect fluorescence levels. Thus, we chemically 

inactivated HIV-1 virions using aldrithiol-2 (AT-2). AT-2 is a mild oxidizing agent that 
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covalently modifies the free sulhydryl groups of cysteine residues, thus preferentially 

disabling the zinc fingers of the nucleocapsid proteins involved in fusion, while 

preserving the function and antibody reactivity of Env glycoproteins since their cysteine 

residues are disulphide-bonded (311). AT-2 inactivated virions showed a similar result in 

the phagocytosis assay as mock-inactivated virions (median phagocytosis score with 

CH31 IgG3 was 6.9 and 7.5 respectively) (Figure 2). These results showed that the 

virion phagocytosis assay measures primarily the rate of virus internalization, with little 

or no effect from virus fusion, and the increased virion fluorescence observed in the 

presence of antibody reflected increased internalization rather than a delay in virus 

degradation. 
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Figure 2. Virion fusion does not affect virion phagocytosis assay.  
HIV-1BaL-Tomato virions were inactivated with 500µM aldrithiol-2 (AT-2) at 37°C for 1 
hour, or mock-inactivated by placing at 37°C for 1 hour without AT-2. For both 
conditions, virions were then buffer-exchanged to remove AT-2 before using the virions 
in a phagocytosis assay with CH31 IgG3. Phagocytosis scores show paired results from 
5 human primary monocyte donors over 3 independent experiments. Results are similar 
between AT2-inactivated virions and mock-inactivated virions, suggesting that viral 
fusion does not affect the phagocytosis assay readout. 
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3.1.3 Virion phagocytosis occurs with and without spinoculation 

Within the virion phagocytosis assay, a spinoculation step was used to increase 

the amount of virus in contact with phagocytes. Spinoculation has been historically used 

as a mechanism to enhance cell infection via increased virus-cell binding (312, 313). 

Spinoculation acts primarily by causing larger numbers of viruses to be deposited on cell 

surfaces in a partially CD4-dependent manner, since diffusion is rate-limiting in vitro, and 

does not enhance cellular susceptibility or viral fusion (314). To verify that virion 

phagocytosis was not dependent on spinoculation, we examined virion phagocytosis 

both with and without the spinoculation step. 3 viruses of different clades (A/E, C, and B) 

were chosen, and paired with an antibody each that mediated virion phagocytosis in the 

presence of spinoculation. These pairs were HIV-192Th023-Tomato/HG107 IgG3, HIV-

11086C-Tomato/7B2 IgG1, and HIV-1BaL-Tomato/CH31 IgG3. Parallel setups with and 

without spinoculation were set up. For all 3 virus-antibody combinations, positive virion 

phagocytosis was seen both with and without spinoculation, albeit with lower specific 

and non-specific virion phagocytosis when spinoculation was omitted (Figure 3). To 

further determine whether these results were dependent on the concentration of 

antibody or virus used, parallel setups with reduced antibody concentration (0.1µg/ml), 

reduced virus concentration (8-fold lower), or both reduced antibody and virus 

concentrations were examined. Again, positive virion phagocytosis was seen both with 

and without spinoculation. Thus, virion phagocytosis can occur with or without 

spinoculation, but gives a more sensitive assay when spinoculation is utilized. It remains 

unclear which condition is more representative of HIV-1 infection in vivo. Obviously, such 

strong g-forces are not naturally present. However, if one considers the number of 

viruses in contact with each target cell, then since diffusion is rate-limiting (at least in 
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vitro), then the crucial parameter is the distance between the virus and the target cell. In 

vivo, a productively infected cell and the nearest target cell may be often much closer 

(for instance, in lymph nodes) than in vitro. In this light, spinoculation decreases the 

average distance between virus and cell, and may represent a closer approximation of in 

vivo conditions.  

 

Figure 3. Virion phagocytosis is not dependent on spinoculation, and requires 
specific Fc-FcR interaction.  

To assess whether virion phagocytosis was dependent on the spinoculation procedure in 
the experimental setup, parallel conditions were set up with and without the 
spinoculation step (see Materials and Methods). Red traces represent conditions where 
spinoculation was included (1200g for 1 hour at 4°C), while blue traces represent 
conditions where spinoculation was omitted. Outlines represent conditions with the 
respective antibodies, and filled traces represent the corresponding no-antibody control 
setups. The grey fill represents a control condition without target fluorescent virus. 
Antibodies were added at 12.5µg/ml unless otherwise specified. Three pairs of antibody 
and virus were chosen based on their known properties for virion phagocytosis in the 
presence of spinoculation (top row). All three pairs retained virion phagocytosis signal 
even when spinoculation was omitted, though overall specific and non-specific virion 
phagocytosis was decreased relative to the setups with spinoculation. This remained 
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true despite decreasing the concentration of antibody (bottom left), virus (bottom-
middle), or both antibody and virus (bottom right). 

3.2 Epitopes on HIV-1 virions engaged for phagocytosis 

3.2.1 Monoclonal antibodies with diverse epitope specificities 
mediate virion phagocytosis 

To identify the range of potential epitope specificities that can engage virion 

phagocytosis, we examined a panel of monoclonal antibodies across a range of epitope 

specificities for their virion phagocytosis activity against three virus strains, HIV-1BaL-

Tomato, HIV-192Th023-Tomato, and HIV-1CM235-Tomato. Diverse epitope specificities were 

capable of mediating virion phagocytosis, including the CD4 binding site, the 2G12 

glycan, the gp41 membrane proximal external region (MPER) and principal 

immunodominant domain (PID), and the V3 loop (Figure 4). Notably, the C1-C2 

conformational epitope, known to be expressed on HIV-infected cells and revealed by 

CD4 binding but not on unbound trimeric Env proteins (150-152, 315), did not mediate 

virion phagocytosis, suggesting that it is not present on virions. 
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Figure 4. Monoclonal antibodies with diverse epitope specificities mediate virion 
phagocytosis.  
A panel of broadly and non-broadly neutralizing monoclonal antibodies were tested for 
virion phagocytosis activity against HIV-1BaL-Tomato, HIV-192Th023-Tomato, and HIV-
1CM235-Tomato. Results represent a single experiment. All antibodies were in the IgG1 
subclass, except for 447-52D in IgG3 subclass. The respective dotted lines indicate 
phagocytosis positivity cutoffs for the respective viruses based on the mean + 3 standard 
deviations of their negative controls in the assay.  

Interestingly, antibody potency for virion phagocytosis was often strain-specific, 

even for broadly neutralizing antibodies. In addition, broadly neutralizing antibodies of 

the same epitope specificity differed in phagocytosis potency (e.g. CH31 and b12). 

These results suggest that the biophysical interactions required for neutralization may 

differ from those required for phagocytosis. Alternatively, immune complex formation 

influenced Fc availability and Fc receptor engagement in a manner that differs based on 

virion strain and/or mAb.  
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3.2.2 Specificities of virus capture and virion phagocytosis function 
in natural infection 

To further identify the antigen specificities that can engage virions (virus capture) 

and mediate phagocytosis, we also looked at the model of natural infection. The 

advantages of natural infection are twofold – firstly, natural infection gives the strongest 

source of antigenic stimulation and thus typically the greatest signal, and secondly, by 

following the immune response of an infected person longitudinally, we could identify the 

kinetics of the development of the virus capture and phagocytosis antibody functions and 

link that with the developing antigen specificity profile to identify candidate specificities 

responsible for function. 

Thus, we studied samples from an acute HIV-1 study, RV217, which was 

conducted in Thailand (197). In this study, samples were collected from uninfected high-

risk persons, and regular HIV-1 testing was performed in order to identify the time of 

infection. This allowed for inclusion of timepoints before infection and at the time of 

infection. Infected participants were followed for up to more than 2 years post-infection, 

allowing a longitudinal assessment of the developing immune response to HIV-1 

infection. We selected two participants from the cohort for study. For PTID 40353, who 

was infected with a clade B virus, we examined 26 timepoints from 6 weeks prior to the 

date of first positive, to 180 weeks after the date of first positive. For PTID 40363, who 

was infected with a clade AE virus, we examined 24 timepoints from 21 weeks prior to 

the date of first positive, to 166 weeks after the date of first positive, including 5 

timepoints after initiation of antiretroviral therapy (at 113 weeks after the date of first 

positive). For each timepoint, virus capture was assessed against a tier 1 clade A/E 

strain isolated from an individual from Thailand, HIV-192Th023. Phagocytosis of a HIV-
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192Th023 tagged with a fluorescent Tomato tag (HIV-192Th023-Tomato) was also assessed. 

To identify the developing antigen specificities in the participant, antibody binding 

responses were also assessed against a gp41 protein and gp120 proteins across 

multiple HIV-1 clades.  

In line with other results published on the kinetics of antibody specificities in 

natural infection (135), gp41 responses arose first, reaching half-maximal binding in 2 

weeks post first positive for both PTID 40353 and 40363 (Figure 5). gp120 responses 

arose later – for instance, against A244 gp120 (clade A/E), responses reached half-

maximal binding at 85 weeks for PTID 40353, and 36 weeks for PTID 40363.  
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Figure 5. Antibody-mediated phagocytosis is present in HIV infection and matures 
over time concordant with the gp120 binding response, while virus capture arises 
early in acute infection concordant with the gp41 response.  
In HIV-1-infected PTIDs 40353 and 40363 (RV217 cohort), antibody-mediated 
phagocytosis against HIV-192Th023-Tomato (red, average of 2 experiments) was not 
detectable until after Fiebig stage VI (black arrows). Antibody-mediated phagocytosis 
continued to mature, peaking at week 72 (PTID 40353) or week 96 (PTID 40363) 
(vertical red dotted lines) despite the plateau in infectious HIV-192Th023 virus capture 
(blue, 1 experiment) by week 24 (PTID 40353) or week 8 (PTID 40363) (vertical blue 
dotted lines); timing calculated from first APTIMA RNA-positive timepoint. Binding 
responses to gp120, V1/V2, and gp41 are plotted on the same timescale, with different 
colored curves representing various strains. gp41 responses were first detected on day 
17 and day 10 in PTIDs 40353 and 40363 respectively, and gp120 responses were 
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detected subsequently on day 21 for both PTIDs. In both PTIDs, the kinetics of gp41 IgG 
binding was similar to the IgG virus capture responses. In contrast, the IgG phagocytosis 
responses appeared at a similar timing to the later gp120 IgG binding response. Binding 
antibody data was generated by Aaron Deal, Jessica Peel, Jack Heptinstall, David 
Beaumont, and Kelly Seaton, Duke University Tomaras lab. 

We found that virus capture responses against HIV-192Th023 arose after the gp41 

response but before the gp120 response, reaching half-maximal capture at 12 weeks for 

PTID 40353 and 4 weeks for PTID 40363. In contrast, phagocytosis responses against 

HIV-192Th023-Tomato arose later, with similar kinetics as the gp120 response, reaching 

half-maximal phagocytosis at 24 weeks for PTID 40353 and 36 weeks for PTID 40363. 

Thus, it appears that the initial gp41 response is incapable of engaging virions and 

mediating phagocytosis, but that subsequent maturation either of the fine specificity of 

the gp41 response or with addition of a gp120 response allows engagement of virions. 

Furthermore, phagocytosis occurs contemporaneously with increasing gp120 titers, 

suggesting that in natural infection, antibodies against gp120 rather than gp41 are 

responsible for virion phagocytosis. Since monoclonal gp41 and gp120 antibodies can 

mediate virus capture and phagocytosis, this disparity in function in early acute infection 

suggests that there may also be antibody features related to antibody maturation (i.e. 

avidity, subclass, and glycosylation) in addition to antibody specificity that modulate 

phagocytosis and virus capture capacity. 

3.2.3 gp41 and gp120 antibodies in a DNA-Ad5 vaccine regimen 

To investigate whether gp120 antibodies have a greater ability to engage virions 

than gp41, we examined the virus capture potency of 17 anti-gp41 and 12 anti-gp120 

monoclonal antibodies from different clonal lineages isolated from a DNA prime-

recombinant Adenovirus Type 5 (Ad5) boost regimen. 2/12 anti-gp120 antibodies were 

positive for infectious virus capture, while 1/17 anti-gp41 antibodies were positive for 
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infectious virus capture (Figure 6). These results, in concert with parallel data showing a 

greater neutralization % positive for HIVBaL and HIVMN for gp120 antibodies (4/12) 

relative to gp41 antibodies (0/12) (282), suggest that anti-gp120 antibodies may have a 

greater capability for engagement of virions than anti-gp41 antibodies. Notably, the 

antibodies mediating neutralization and virus capture were targeted toward linear V3 

sequences (as characterized by binding to multiclade linear overlapping peptides in 

triplicate arrays) (282), suggesting a functional role for this specificity elicited by this 

vaccine regimen. In contrast, 0/12 anti-gp120 antibodies were positive for total virus 

capture (infectious and non-infectious virions), while 5/17 anti-gp41 antibodies were 

positive for total virus capture. This suggests that these gp41 monoclonal antibodies 

may be capturing non-infectious virions, suggesting that the gp41 response in these 

participants may be targeted toward non-functional gp41 Env. 
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Figure 6. Potency of anti-gp41 and anti-gp120 antibodies from a DNA prime-Ad5 
boost regimen for virus capture.  
A protein-G based method was used to examine the virus capture potency of 17 anti-
gp41 (A) and 12 anti-gp120 (B) monoclonal antibodies from different clonal lineages was 
examined. Positivity cutoffs are based on historical negative controls, where black dotted 
lines indicate the positivity cutoff for infectious virus capture as assayed by TZM-bl 
assay, while grey dotted lines indicate the positivity cutoff for total virus capture as 
assayed by RT-PCR. The average of 2 experiments is shown. Antibodies were identified 
as in Williams et al. (282). 
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3.2.4 V1/V2 antibodies isolated from the RV144 semi-efficacious 
vaccine trial mediate virion phagocytosis 

To further investigate the epitopes within gp120 that mediate phagocytosis, we 

probed the functions of antibodies targeted toward the V1/V2 region. In the partially 

efficacious phase IIb RV144 Thai trial, primary and secondary correlates analysis 

revealed that V1/V2 specificities correlated with decreased risk of infection (172, 198-

200). These antibodies comprised both conformational and linear V2 antibodies (316). 

These findings were supported by viral sieve analyses showing a sieve signature at two 

amino acids (169 and 181) in the V2 region (201, 317). To investigate if virion 

phagocytosis was a potential mechanism by which V1/V2 antibodies in RV144 mediated 

antiviral activity, we examined 25 V1/V2 monoclonal antibodies, expressed in an IgG1 

backbone, for their ability to mediate virion phagocytosis (antibodies identified by David 

Easterhoff). These V1/V2 antibodies were isolated from 3 participants from RV144 and 6 

participants from RV305 (RV305 was a follow-up vaccination study that recruited 

uninfected vaccinated participants from RV144 and gave them two further boosts of the 

original RV144 vaccines divided into three arms: ALVAC only, AIDSVAX only, or ALVAC 

+ AIDSVAX). The fine specificities of these V1/V2 antibodies were further characterized 

by ELISA (Easterhoff et al., in prep). Based on analysis of binding patterns to linear V2 

peptides and conformational V1/V2 scaffolds with or without mutations abrogating glycan 

sites, 12/25 of the V1/V2 monoclonal antibodies targeted linear sequences, 3/25 

targeted glycan-dependent conformational regions, and 13/25 targeted glycan-

independent conformational regions.  Phagocytosis activity was examined against four 

strains: HIV-192Th023 (clade A/E strain from Thailand), HIV-1CM235 (clade AE strain from 
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Thailand), HIV-1427299 (clade A/E transmitted/founder strain isolated from an RV144 

participant who received placebo and was infected), and HIV-11086.C (clade C). 

V1/V2 antibodies were capable of mediating virion phagocytosis (Table 2). 5/25 

antibodies were positive for virion phagocytosis of at least one virus strain, including at 

least one antibody from each of the three V2 sub-specificities (linear, conformational 

glycan-dependent, conformational glycan-dependent). Thus, V1/V2 antibodies elicited by 

the canarypox prime-protein boost regimen were capable of virion phagocytosis, and this 

activity was not limited to a single V2 sub-specificity.  At least 1 antibody showed virion 

phagocytosis of each clade AE virus strain tested (92Th023, CM235, transmitted-

founder virus 427299), whereas none of the antibodies showed virion phagocytosis 

against the clade C 1086 strain. Thus, the phagocytosis activity elicited may not be 

active against heterologous virus clades. 

Table 2: V1/V2 antibodies isolated from the RV144 semi-efficacious clinical trial 
and follow-up RV305 vaccine trial mediate virion phagocytosis.  

25 V1/V2 antibodies from RV144 (left) or RV305 (right) vaccinees were examined for 
virion phagocytosis activity against HIV-192Th023-Tomato, HIV-1CM235-Tomato, HIV-1427299-
Tomato, or HIV-11086.C-Tomato. Numbers of antibodies positive against each virus (as 
defined by the mean + 3 standard deviations of historical negative controls) are shown, 
grouped by V1/V2 sub-specificity, with parentheses indicating percentages of total. 
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We further analyzed the immunogenetics of the 25 V1/V2 antibodies to identify 

characteristics that might predict phagocytosis function (Table 3).  Each antibody 

mediating virion phagocytosis arose from a unique combination of heavy and light VDJ 

sequences, indicating that multiple germline antibody segments can lead to 

phagocytosis activity targeted toward the V1/V2 region.  Antibodies with phagocytosis 

activity had CDR3 regions with varying lengths, ranging between 12 and 24, and did not 

appear to be longer or shorter on average than antibodies that did not have 

phagocytosis activity.  Similarly, there was a wide range of mutation frequency from 

germline (1.03-7.29%), which also did not appear different from antibodies that did not 

mediate phagocytosis (0.00-9.28%). Thus, phagocytosis is unlike broad neutralization, 

which tends to require long HCDR3 lengths and high mutation frequencies, suggesting 

that phagocytosis activity may be easier to induce. 

Table 3. Immunogenetic profile of RV144 and RV305 V1/V2 antibodies. 

Immunogenetic profile is shown for the 25 V1/V2 antibodies from RV144 (left) or RV305 
(right) vaccinees, as well as several control V1/V2 antibodies that were examined 
(personal communication from David Easterhoff and colleagues, Duke Human Vaccine 
Institute). Positivity for virion phagocytosis as determined above is shown on the right 
column and also bolded. 
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3.3 Epitopes on HIV-1 infected cells engaged for phagocytosis 

In addition to virions, phagocytes are also capable of phagocytosis of infected 

cells. Destruction of HIV-1 infected cells may be important for protection against HIV-1 

infection. For instance, antibody binding to infected cells was a correlate of reduced risk 

of infection in a rhesus macaque vaccine study (275). Also, in rhesus macaques that 

were protected from infection by passive infusion of broadly neutralizing antibodies, 

distal foci of SHIV infection were observed early after challenge that were eventually 

cleared, suggesting that clearance of these cells may have been a potential mechanism 

for the protective activity of these broadly neutralizing antibodies (318). Clearance of 

infected cells by phagocytosis may be a mechanism that is quickly engaged – infected 

cells have been shown to be phagocytosed in vivo as early as 2 days post-infection 

(319, 320).  
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Thus, to investigate if the phagocytosis of HIV-1 infected cells can also be 

enhanced by antibodies as a potential mechanism of Fc-mediated antiviral activity, we 

developed an antibody-mediated HIV-1 infected cell phagocytosis assay. Human 

primary monocyte-derived macrophages were incubated with infected CEM.NKR cells 

(human T cell line) in the presence or absence of CH31 IgG3 antibody.  Subsequently, 

macrophages were fixed, and excess infected cells were washed off. Macrophages were 

permeabilized, stained, and imaged by fluorescence microscopy. Increased numbers of 

Gag+ macrophages were seen in the presence of CH31 IgG3 antibody than in the no-

antibody control – in representative images centered in the middle of each well and 

capturing 31% of the well area each (as calculated by the size of the image field divided 

by the total growth area of the well), the CH31 IgG3 condition showed 83 Gag+ 

macrophages, whereas the PBS condition showed only 28 Gag+ macrophages (Figure 

7). 

 

Figure 7: Antibodies are capable of mediating infected cell phagocytosis by 
macrophages.  
HIV-1BaL-infected cells were pre-incubated with 5 µg/ml CH31 IgG3 antibody (left) or 
without antibody (right) for 1 hour, then added to monocyte-derived macrophages that 
had been differentiated in RPMI with 10% FBS and 20 ng/ml M-CSF for 14 days. After 2 
hours of incubation, cells were washed thrice with PBS, fixed in 4% formaldehyde, 
permeabilized in Triton-X, and stained for Gag protein with the fluorescent anti-Gag 
antibody KC57-RD1. Images representative of five independent experiments are shown. 
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Images were centered in the middle of each well, and taken with a 4x lens using the BZ-
X710 fluorescence microscope system and autofocusing. Each image captured 31% of 
the total well area. 

Increased magnification with confocal microscopy revealed that multiple nuclei 

were present within a single macrophage, suggesting the phagocytosis of cells. 

However, the intracellular Gag fluorescence showed a diffuse cytoplasmic pattern 

instead of localized Gag+ foci that might be expected for internalized infected cells 

(Figure 8A). Thus, we hypothesized that the target cells may have been lysed during 

phagocytosis, causing the spread of Gag protein across the macrophage. To test this 

hypothesis, we added a phagolysosomal inhibitor, ammonium chloride, to each setup. 

Subsequent imaging revealed localized CD3+, Gag+ foci surrounding nuclei within 

macrophages in accordance with the expected phenotype of internalized target cells 

(Figure 8B). Thus, HIV-infected cells can be phagocytosed by macrophages, and this 

process can be enhanced in an antibody-dependent manner.  

 

Figure 8. Phagolysosomal inhibition prevents target cell lysis during antibody-
dependent infected cell phagocytosis by macrophages.  
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HIV-1BaL-infected cells were pre-incubated with 5 µg/ml CH31 IgG3 antibody (A) as well 
as 30mM NH4Cl (B) for 1 hour, then added to monocyte-derived macrophages that had 
been differentiated in RPMI with 10% FBS and 20 ng/ml M-CSF for 14 days. After 2 
hours of incubation, cells were washed thrice with PBS, fixed in 4% formaldehyde, 
permeabilized in Triton-X, and stained for CD3 (OKT3-AF488), nuclei (DAPI), and gag 
(KC57-RD1). A representative cell of at least 50 cells examined is shown for each 
condition.  

 

3.4 Discussion 

We have shown that a range of HIV-1 epitopes can be targeted for virion 

phagocytosis, including broadly neutralizing epitopes such as the gp41 MPER, CD4 

binding site, V2 glycan, trimer apex, as well as non-broadly neutralizing epitopes such as 

the gp41 PID, V1/V2 loop and V3 loop. The CD4-induced epitopes found on HIV-

infected cells are not engaged alone for phagocytosis, but can be engaged 

synergistically, at least with V2 epitopes, for virus engagement (259). These results help 

to define the epitopes present on a HIV-1 virion. The ability of these epitopes to be 

engaged for phagocytosis varies by strain, indicating the substantial heterogeneity 

between viruses. Furthermore, antibodies targeting the same epitope varied in their 

phagocytosis potency, emphasizing the fact that we do not yet understand the rules of 

antibody-epitope engagement that allow for antibody-mediated phagocytosis. These 

may include antibody Fc availability which can be affected by antigen binding valency 

and angle of approach (321)(DeVico et al., in prep), and will be discussed further in 

sections 4 and 5. 

In the RV305 follow-up trial to the partially efficacious RV144 trial, V1/V2 

antibodies did not correlate with virion phagocytosis as strongly as gp140 or gp120 

antibodies (see section 5.2.2). However, at the monoclonal antibody level, they were 

capable of mediating virion phagocytosis, at least for a number of clade A/E virus strains 
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including a relevant circulating strain, the transmitted founder virus HIV-1427299, which 

was isolated from an infected placebo participant in RV144. Thus, virion phagocytosis is 

a possible mechanism for the antiviral activity of V1/V2 antibodies associated with 

reduced risk of infection in the RV144 trial (172, 201) (in particular V1/V2 IgG3 

antibodies correlated with reduced risk of infection (198) – see section 5). 

In natural infection, it appears that gp120 antibodies were the predominant 

antibodies that mediate virion phagocytosis (see also results in section 4.4.8 where 

phagocytosis correlates with gp140 binding for mucosal and plasma IgG and IgA). The 

epitopes within gp120 that are engaged for phagocytosis remain unclear, especially 

since we have now tested a number of epitopes and seen either low titers (CD4 binding 

site, V1/V2) or low correlation with virion phagocytosis (V2 linear, V3 linear, C5 linear), 

and antibodies to remaining known broadly neutralizing epitopes (e.g. V2 glycan, trimer 

apex) likely do not account for the majority of activity since they are typically not highly 

antigenic, and also because the corresponding plasma does not have broadly 

neutralizing activity. Given these findings, there are two potential possibilities for the 

antigenic targets of the antibodies that mediate virion phagocytosis activity in natural 

infection. The first possibility is that the antigenic targets are only unmasked by 

synergistic engagement by antibodies of multiple specificities, similar to the V2/C1 

synergy that has been reported (259). The second possibility is that there may be non-

neutralizing antigenic targets on the virion surface that have not been discovered. Our 

understanding of the HIV-1 Env surface is strongly biased toward neutralizing epitopes, 

since the search for anti-HIV-1 antibodies typically involves the selection and 

characterization antibodies positive for neutralization. However, these typically make up 

a small fraction of the antibodies capable of binding to the hook Env protein – non-
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neutralizing specificities capable of binding and engaging Env are typically ignored, and 

these could represent conformational antigen specificities engaged for virion 

phagocytosis. Furthermore, monomeric gp140 or gp120 proteins, and even the current 

generation of stabilized trimeric proteins that are typically used as hooks for antibody 

selection likely do not fully recapitulate the diversity of natural Env forms on the virion 

envelope, which may include both functional trimers and non-functional Env forms (133). 

If so, large-scale unbiased antibody screening may identify additional crucial antibody 

specificities for Fc-mediated effector function against virions that may be targeted by 

vaccines or passive immunotherapy. 
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4. Antibody isotypes/subclasses involved in antibody-
mediated phagocytosis – IgA and IgG-mediated 
phagocytosis in plasma and mucosa 

Investigating the humoral responses against HIV-1 at mucosal surfaces is 

important for HIV prevention, as approximately 90% of HIV transmissions occur at 

mucosal sites (322). We recently described an association between the magnitude of 

breast milk total and sIgA responses against HIV-1 gp140 and reduced risk of postnatal 

HIV transmission in the Malawian Breastfeeding, Antiretrovirals, and Nutrition (BAN) 

study (190). Moreover, some studies have reported an association between HIV-specific 

mucosal IgA and HIV resistance in highly-exposed, uninfected sex workers (294, 323, 

324). Yet, HIV Env-specific IgA responses are generally low in mucosal compartments of 

HIV-infected individuals (302, 323, 325-327).  Importantly, Ruprecht et al. have 

demonstrated that mucosally-applied Env-specific dimeric IgA1 (269) or mucosally-

applied dimeric IgA2 in combination with systemic IgG1 (270) can provide protection 

against high-dose intrarectal SHIV challenge. In contrast, in the adult RV144 vaccine 

trial, which showed moderate efficacy in prevention of mucosal HIV acquisition, certain 

specificities of plasma HIV envelope (Env)-specific IgA responses correlated with 

increased HIV risk (i.e. decreased vaccine efficacy) (172). These results suggest 

differences in the ability of mucosal and systemic HIV Env-specific IgA and IgG 

antibodies to modulate HIV acquisition. Understanding the relationships between HIV 

Env-specific mucosal and systemic IgA and IgG in terms of both specificity and function 

will aid the discovery of mechanistic correlates of HIV-1 protection. 
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4.1 Human monoclonal IgG and IgA differ in potency for 
antibody-mediated phagocytosis 

Antibody-mediated phagocytosis is mediated by the interaction between antibody 

Fc and Fc receptors on the cell surface. These interactions differ across human antibody 

isotypes and subclasses due to structural differences in their Fc region leading to 

differences in their affinity with various Fc receptors (63), as well as structural 

differences in their hinge region which could modulate size and valency of immune 

complexes and flexibility of the antibody to engage FcR while remaining bound to target. 

Thus, we hypothesized that these would lead to differences in antibody-mediated 

phagocytosis function across antibody isotypes/subclasses.  

4.1.1 HIV-1 IgA mediated phagocytosis by primary monocytes via 
FcαRI 

Antibody-mediated phagocytosis of infected cells, and antibody-mediated 

internalization of virions exert important antiviral activity for a number of pathogens (96, 

99-107, 328, 329). For HIV-1, much is unknown about antibody-Fc mediated 

phagocytosis. Since HIV-1 infection occurs predominantly via the mucosal route, and 

since IgA plays an important role in mucosal immunity, we examined the ability of HIV-1 

specific IgA to mediate phagocytosis of HIV-1 Env ConSgp140-conjugated beads. 

However, using the monocytic THP-1 cell line in which this phagocytosis assay was 

developed for HIV-1 (273), we observed very low levels of phagocytic activity, as shown 

by low levels of phagocytic activity mediated by a HIV-1 specific broadly neutralizing, 

CD4 binding site (CD4bs) antibody CH31 in a monomeric IgA2 (mIgA2) backbone 

(Figure 9A) (288).  
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Figure 9: HIV-1 IgA mediates phagocytosis of beads and virions in primary 
monocytes through FcαRI (CD89).  
A. To investigate the ability of IgA to mediate phagocytosis in THP-1 cells, immune 
complexes were prepared in vitro by mixing IgA with ConSgp140-conjugated 1 µm 
fluorescent beads. Immune complexes were then added to THP-1 cells, and the uptake 
of IgA-ConSgp140 immune complexes was analysed by flow cytometry. Representative 
histograms of bead uptake by THP-1 cells for CD4bs bNAb CH31 mIgA2 and negative 
control anti-influenza mAb CH65 mIgA2 phagocytosis activity are shown. Red traces 
represent antibody-mediated internalization of beads, while the black trace represents 
background internalization of beads in the absence of antibody, and the grey solid area 
is the negative control without inclusion of beads. B. THP-1 cells and primary monocytes 
were phenotyped for expression of FcαRI, FcγRI, FcγRII, and FcγRIII by fluorescent 
antibody staining and flow cytometry. Compensated MFI values are reported (N=2 
independent experiments for THP-1 cells, N=5 independent experiments for primary 
monocytes representing 5 different primary monocyte donors). FcR phenotyping was 
done by Alexis Sponaugle and Thaddeus Gurley, M. Anthony Moody Laboratory, Duke 
Human Vaccine Institute. C-D. Phagocytosis of IgA/ConSgp140 1μm bead immune 
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complexes by primary monocytes is shown by a representative histogram of bead 
uptake for CD4bs bNAb CH31 mIgA2 and anti-influenza mAb CH65 mIgA2 phagocytosis 
activity (C). Bead phagocytosis was quantified using a phagocytosis score (see 
Methods) (D). The dashed line indicates background phagocytosis levels, measured by 
the mean + 3 SD of relevant negative controls. Results from 2 independent experiments 
are shown. E-F. To identify whether blocking of FcαRI reduces IgA-mediated 
phagocytosis, primary monocytes were incubated with various concentrations of anti-
FcαRI (CD89) antibody for at least 1.5 hours at 4°C before addition to immune 
complexes made from 1 µm or 0.2 µm ConSgp140-conjugated fluorescent beads. 
Representative histograms of 1 µm bead uptake by monocytes in the presence of CH31 
dIgA2 at 0, 1, 5, and 25 µg/ml anti-CD89 are shown (E). Anti-CD89-mediated blocking of 
antibody-mediated phagocytosis was quantified by taking the difference in phagocytosis 
score between experiments conducted in the presence of 5 μg/ml and 0 μg/ml anti-CD89 
(F). Results from 3 independent experiments are shown. Phagocytosis with blocking of 
CD89 was done by Pinghuang Liu, Duke University Tomaras Lab.  

 

Since antibody-dependent phagocytosis is dependent on engagement of Fc 

receptors, we hypothesized that THP-1 cells might express a different Fc receptor profile 

compared to primary monocytes, and that aberrant expression of the IgA Fc receptor, 

FcαRI (CD89), on THP-1 cells might have caused the lack of IgA-mediated phagocytic 

activity. Indeed, phenotyping the Fc receptor (FcR) expression of monocytic THP-1 cells 

as well as freshly isolated blood derived monocytes from HIV-1 negative healthy donors, 

we observed that monocytes and THP-1 exhibited a different FcR profile (Figure 9B). 

For the IgA receptor FcαRI (CD89), lower expression was found on THP-1 cells 

compared to primary monocytes (median MFI 1.40 x103 and 2.8 x104, respectively). 

THP-1 and primary monocytes expressed similar high levels of FcγRI (CD64) (median 

MFI 2.9 x104 and 2.4 x104 respectively). In contrast, THP-1 cells expressed 2.5-fold 

higher levels of FcγRII (CD32) than primary monocytes (median MFI 1.6 x104 and 6.2 

x103, respectively). Both THP-1 cells and primary monocytes expressed very low levels 

of the IgG receptor CD16 (FcγRIII) (median MFI of 0.7 x103 and 0.4 x103 respectively), 

similar to previous reports for classical monocytes (330). These results suggest that 
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using infectious HIV-1 virions in primary phagocytes instead of HIV-1 envelope-

conjugated beads in THP-1 may better mimic in vivo conditions and thus provide more 

precise information about antibody mediated virion internalization.  

As expected, IgA-mediated phagocytosis activity was much higher when primary 

monocytes were the phagocytes in the assay instead of THP-1 cells. The HIV-1 specific, 

CD4bs antibody CH31 (288) mIgA2 demonstrated higher HIV-1 envelope 

(ConSgp140CFI) conjugated bead uptake in primary monocytes (median phagocytosis 

score of 13.5) compared to THP-1 cells (median phagocytosis score of 2.3) (Figure 9C, 

D), likely due to the lower expression of FcαRI in THP-1 cells (Figure 9B). As expected, 

the non-HIV-1 antibody, CH65 mIgA2 (290), did not mediate phagocytosis of HIV-1 Env-

coated beads (Figure 9C, D). Thus, a broadly neutralizing antibody with CD4bs 

specificity, CH31 (288), when in the IgA isotype, is capable of mediating phagocytosis. 

In order to further verify that HIV-1 specific IgA-mediated phagocytosis is 

achieved via an FcαRI-dependent mechanism, we blocked FcαRI (CD89) by pre-

incubating monocytes for at least 1.5 hr with anti-human CD89 prior to initiating 

phagocytosis. CD89 blocking abrogated HIV-1 specific IgA-mediated phagocytosis in 

monocytes. For ConSgp140CFI-conjugated 1 μm beads, a dose-dependent response 

was observed, with blocking of 78%, 74%, and 70% of phagocytosis by 25 μg/ml, 5 

μg/ml, and 1 μg/ml of anti-CD89 mAb respectively (Figure 9E). When bead size was 

reduced to 0.2 μm, a size closer to that of HIV virions, 91.5% blocking of phagocytosis 

was observed with 5 μg/ml of anti-CD89 mAb (Figure 9F). Thus, HIV-1 IgA-mediated 

phagocytosis in primary monocytes is largely mediated by FcαRI. 
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4.1.2 Monoclonal IgG1 antibodies are more potent than IgA1 and IgA2 
for internalization of infectious HIV-1 virions 

Watkins et al. reported that HIV-1 dIgA1 provides better protection in SHIV 

mucosal challenge model compared to IgG1 and dIgA2 (269) and this protection was 

likely due to recognition of infectious virus particles. Subsequently, Sholukh et al. 

presented that IgG1+ dIgA2 conferred protection in a mucosal challenge model (270). In 

order to determine the ability of different isotypes and subclasses of HIV-1 specific 

antibody to mediate phagocytosis, we expressed the CH31 CD4bs antibody (288) in an 

IgG1, mIgA1, or mIgA2 Fc expression construct (331) and examined their capacity for 

mediating phagocytosis of HIV Env-conjugated beads. All three forms of CH31 mAb 

mediated similar levels of phagocytosis of ConSgp140CFI-conjugated fluorescent beads 

in primary monocytes (Figure 10A).  

 

Figure 10: IgG1 mediates greater phagocytosis than mIgA1 and mIgA2 for virions 
but not for beads.  
A-B. To compare phagocytosis efficiencies of different immunoglobulin isotypes, mIgA1, 
mIgA2 and IgG1 was incubated with ConSgp140-conjugated 1 µm fluorescent beads 
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(N=4 independent experiments representing 2 different donors) (A) or with HIV-1BaL-
Tomato virus (N=10 independent experiments representing 8 different donors) (B), and 
the uptake of immune complexes by primary monocytes was analysed by flow 
cytometry. Box plots represent the range of phagocytosis scores, while box-and-whisker 
plots indicate 25th and 75th percentiles by box and minimum and maximum scores by 
whisker. Horizontal black dashed lines indicate limit of detection, as calculated using the 
mean + 3 SD of negative controls in the corresponding assays. C. The differences in 
phagocytosis score among immunoglobulin isotypes mIgA1, mIgA2, and IgG1 were 
compared pairwise using a Sign test. Isotype-switched monoclonal antibodies were 
generated by LaTonya Williams, Duke University Tomaras Lab, and statistical analysis 
was done by Sheetal Sawant, Duke University Statistics Core. 

Antibody-dependent internalization processes vary depending on the target’s 

properties (75, 76, 80-82, 332-334). Given the differences in size, rigidity, and antigen 

density between HIV-1 virions and HIV-1 Env-conjugated 1μm beads, we hypothesized 

that differences in phagocytic potency between IgG and IgA might only be apparent 

using virions. To date, the ability of HIV-1 specific antibodies to mediate internalization of 

infectious HIV-1 virions has not been characterized. Thus, to investigate this effector 

function, we developed a flow cytometric assay capable of demonstrating direct 

internalization of infectious HIV-1 virions. To allow visualization of internalized HIV-1 

virions, they were labelled with the fluorescent proteins mcherry or Tomato (286). Both 

THP-1 cells and primary monocytes were capable of internalizing HIV-1 virions in an 

antibody-specific manner (Figure 11A-B). Internalization was evident despite treatment 

of cells with 0.05% trypsin for 10 minutes after phagocytosis incubation to lyse surface-

bound, uninternalized virus (Figure 11C).  
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Figure 11: HIV-1 IgG mediates internalization of HIV-1 virus.  
A-B. Internalization of infectious HIV virus was tested by incubating PG9 IgG/HIV-1CM235-
mcherry immune complexes with THP-1 cells (A) or by incubating CH31 IgG/HIV-1BaL-
Tomato immune complexes with human primary monocytes (B). Representative flow 
cytometry histograms of independent experiments (N=2 and N=8 respectively) are 
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shown. Red traces represent antibody-mediated internalization of virions, while the black 
trace represents background internalization of virions in the absence of antibody, and 
the grey solid area is the negative control without inclusion of virus. C. To exclude the 
effects of surface-bound virus, after incubation with virus, THP-1 cells were additionally 
incubated with 0.05% trypsin for 10 minutes at 37°C just before fixation. Flow cytometry 
histograms are shown of parallel setups with and without trypsin, using CH31 IgG/HIV-
1BaL-Tomato immune complexes or negative control anti-RSV Palivizumab/HIV-1BaL-
Tomato immune complexes. 

All three forms of CH31 mAb mediated uptake of HIV-1 virions. In contrast to our 

previous results with Env-conjugated beads, when using infectious HIV-1 virions as the 

target antigen, IgG1 showed higher phagocytosis potency than IgA. This was shown by 

the 1.6-fold higher phagocytosis score for CH31 IgG1 (median phagocytosis score 5.3) 

than CH31 IgA1 (median phagocytosis score 3.6) (FDR_p = 0.018), and 2.1-fold higher 

phagocytosis score for CH31 IgG1 than CH31 IgA2 (median phagocytosis score 3.0) 

(FDR_p = 0.028) (Figure 10B-C). CH31 IgA1 showed a non-significant trend toward 

higher phagocytosis potency than IgA2 (FDR_p = 0.246). Thus, IgG1 is more potent 

than IgA in mediating virion internalization. 

4.2 IgA derived from RV144 is capable of mediating 
phagocytosis of HIV-1 Env-coated beads and infectious HIV-1 
virions 

IgA engages in FcαRI-receptor (CD89) mediated phagocytosis of pathogens by 

human primary monocytes and neutrophils especially in mucosal site where IgA is the 

primary antibody isotype (335, 336). We hypothesized that HIV-1 Env-specific IgA 

antibodies may have exert antiviral function in the semi-efficacious RV144 trial by 

engaging Fc-receptor mediated phagocytosis by monocytes. We examined antibody-

mediated phagocytosis of dimeric and polymeric forms of the V3 specific cross-reactive 

HG129 mIgA and the HIV-1 envelope gp120 HG130 mIgA that were purified from the 

unfractionated IgA of an RV144 vaccinee by fast protein liquid chromatography. Immune 
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complexes comprising antibodies and either fluorescent virion (HIV-1CM235) or bead 

(ConS gp140 Env-conjugated) targets were incubated with human primary monocytes to 

allow phagocytosis to occur.  We observed that dimeric and polymeric HG129 IgA could 

mediate phagocytosis of HIV-1CM235 virions (median phagocytosis score = 2.5), while 

dimeric and polymeric HG130 IgA did not mediate phagocytosis of HIV-1CM235 virions 

(median phagocytosis score = 1.65) (Figure 12A). In contrast, dimeric and polymeric 

HG130 IgA could mediate phagocytosis of ConS gp140 Env-coated beads (median 

phagocytosis score = 2.1), while dimeric and polymeric HG129 IgA did not mediate 

phagocytosis of ConS gp140 Env-coated beads (median phagocytosis score = 1.0) 

(Figure 12B). There were no significant differences in the median phagocytosis score 

between the dimeric and polymeric IgA. These results indicate that both HG129 and 

HG130 IgA antibodies are capable of inducing antibody-mediated phagocytosis, albeit 

with differences in recognition of antigen coated beads and virus particles. 
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Figure 12. RV144-derived HG129 and HG130 IgA induce phagocytosis of virions or 
beads in primary monocytes.  
Phagocytosis of IgA immune-complexed (A) infectious fluorescent HIV-1 CM235-Tomato 
viruses and (B) ConS gp140 Env-conjugated 1μm fluorescent beads. Dimeric and 
polymeric fractions of HG129 and HG130 IgA antibodies were assayed in 3 independent 
experiments. For HG129 and HG130 IgA, each symbol corresponds to results from one 
antibody lot, with up to 2 replicates per antibody lot. For positive and negative controls, 
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each symbol represents results from an independent experiment. The symbol shapes for 
HG129 and HG130 represent different forms of IgA (Dimer: circle; Polymer: triangle). 
Black lines indicate median results. Grey dashed line indicates the positive cutoff 
(average plus three standard deviations of the phagocytosis score of negative control 
antibodies). Antibodies identified as in Wills et al. (284) 

4.3 IgG from the female genital mucosa can mediate HIV-1 virion 
phagocytosis  

To extend these findings to human clinical samples relevant for mucosal 

protection, we next tested whether HIV-1 specific mucosal IgG from the female genital 

tract could mediate virion internalization. We previously reported the capacity of mucosal 

IgG from vaginal wecks to bind infectious virions (i.e. virus capture) (260) and here we 

selected clinical samples with evidence of virion recognition to test for internalization by 

phagocytes. Thus, we isolated IgG from vaginal wecks from 14 HIV-1+ women to test for 

infectious virion capture and binding to different parts of the HIV-1 envelope, including 

gp41, gp120, gp140, the V1/V2 loop, and the CD4 binding site. Mucosal IgA was not 

tested, due to low yields of HIV-1 specific IgA in these samples, confirming previous 

reports (198, 337, 338). 4/14 samples (total IgG concentration range: 50.2 g/ml - 129.2 

g/ml) showed both infectious and non-infectious virus capture. All four samples had 

high levels of gp41, gp120 and gp140-binding antibodies (Figure 13A). Two of the four 

participants (PTID16 and PTID34) had V1/V2 loop binding. Two (PTID16 and PTID01) 

showed CD4bs binding specificity, as represented by differential binding to resurfaced 

core protein (RSC3) compared to mutants that decrease VRC01-like CD4bs binding 

specificity (RSC3Δ371, RSC3G367R, RSC3Δ371P363N) (298). Purified IgG from these 

four participants captured 47-61% of total HIV-1BaL virus particles. Purified IgG from 

these four participants were then evaluated for their ability to mediate virion 

internalization. Indeed, HIV-1+ mucosal IgG mediated HIV-1BaL virion internalization in 
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monocytes, with median phagocytosis scores of 2.1 to 2.7 (Figure 13B, C). Thus, 

human mucosal IgG from HIV-1+ individuals are capable of mediating both virion 

capture and IgG-mediated internalization of infectious HIV-1, demonstrating proof of 

concept that easily elicited antibodies can mediate these potential antiviral effector 

functions at the portal of HIV-1 entry. 

 

Figure 13. Mucosal HIV-1 specific polyclonal IgG from vaginal wecks from HIV-1+ 
women can capture virions and mediate internalization of infectious HIV-1BaL.  
A. HIV-1 envelope binding profile is shown for purified IgG of 4 HIV-1+ women (PTID16, 
PTID32, PTID34, PTID01) positive for infectious and non-infectious virus capture. 
Binding responses to gp41 and ConSgp140 reached saturation. Specific activity for BaL 
gp120, gp70_B.CaseA_V1_V2, and RSC3 is shown, and samples with FI-
background<100 were classified negative. Classification of VRC01 like CD4bs binding 
antibodies is indicated by the ratio of binding MFI of the CD4bs-exposed RSC3 to 
CD4bs mutants RSC3Δ371, RSC3G367R, and RSC3Δ371P363N, and classification of 
CD4i antibodies is indicated by CD4i differential, the ratio of binding MFI of HxB2 core to 
HxB2 core I420R. B. The ability of the mucosal HIV-1+ purified IgG samples to mediate 
uptake of HIV-1BaL-Tomato by THP-1 cells was analysed by flow cytometry. A 
representative flow cytometry diagram of virion internalization mediated by mucosal IgG 
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isolated from a vaginal weck from a HIV-1+ woman (PTID16) is shown alongside a 
representative diagram for a negative control (RSV-specific Palivizumab). C. The ability 
of mucosal IgG in chronically infected women to mediate virus capture and virion 
internalization was quantified. Blue circles represent phagocytosis scores for HIV-1BaL-
Tomato virions in THP-1 cells (N=2 independent experiments), while green squares 
represent virus capture percentages as measured by RT-qPCR (N=3 independent 
experiments). Virus capture was done by Pinghuang Liu, Duke University Tomaras Lab. 

4.4 Rare IgA phagocytosis function in breast milk and plasma  

The challenges of examining antibody responses in external mucosal secretions 

include variable amounts of fluid and immunoglobulin able to be collected, differing 

methods of collection, varying hormone levels, and/or menstrual cycle timing in study 

subjects. Additionally, protease sensitivity has hindered investigations of the ability of 

mucosal antibodies to mediate antimicrobial functions (305). These challenges, coupled 

with low Env-specific mucosal IgA levels during HIV infection and after vaccination, have 

led to a poorly understood role of mucosal antibodies in defense against HIV-1, 

impeding our ability to determine whether mucosal responses need to be targeted by 

HIV vaccine candidates.  

Breast milk offers a unique opportunity to study virus-specific mucosal 

antibodies, in contrast to tears, saliva, and genital secretions, as large amounts of this 

high antibody-containing secretion can be easily collected in lactating women. The IgA 

response in breast milk may reflect that of distant mucosal sites due to the homing of 

IgA-expressing memory B cells and plasma cells from the gastrointestinal tract to the 

mammary tissue via the gut-mammary axis (270, 307, 339, 340). Breast milk is also 

advantageous for the study of sIgA because the concentration of sIgA remains high 

throughout lactation (341), unlike total sIgA levels in the female genital tract, which differ 

greatly throughout the menstrual cycle (300, 305, 342, 343). 
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Investigating the specificity and functions of HIV Env-specific antibodies from 

breast milk is also critical to further define its potential protective mechanisms in breast 

milk HIV transmission and improve our ability to target these responses in the 

development of a vaccine to prevent postnatal HIV transmission. Vaccines to eliminate 

postnatal HIV transmission are necessary in developing areas of high HIV prevalence in 

particular, where breastfeeding is responsible for one-third to one-half of vertical HIV 

infections (326, 344). Additionally, formula feeding in these regions is generally not 

recommended due to the high incidence of respiratory and diarrheal diseases in non-

breastfed infants (270, 345).  

 To define the relationship between the specificity and function mucosal and 

systemic IgG and IgA compartments in the context of HIV-1 infection, we isolated and 

purified polyclonal IgA and IgG from breast milk and plasma of a cohort of 20 HIV-

infected lactating Malawian women, and investigated their HIV-1 Env antigen specificity, 

as well as anti-HIV-1 antibody functions including neutralization, inhibition of epithelial 

cell binding, and phagocytosis. Defining the IgG and IgA specificities that are associated 

with antiviral functions in mucosal and systemic compartments is key to rationally 

targeting specific responses at the portal of HIV-1 entry. 

4.4.1 Heterogeneity between HIV-1 Env antigen specificities of milk 
and plasma IgA. 

We first compared the antigen specificity of breast milk and plasma IgA. IgA was purified 

from corresponding breast milk and plasma samples of 20 HIV infected Malawian 

women from the CHAVI 009 cohort. IgA purification from breast milk yielded a median of 

1.49 mg IgA/mL of breast milk (range: 0.05-5.87 mg/mL), whereas IgA purification from 

plasma yielded a median of 0.65 mg IgA/mL of plasma (range: 0.23-1.09 mg/mL), similar 
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to a previous study (293).  Similar to previous studies of natural HIV-1 infection (296), 

gp41 responses (conformational and linear) represented the dominant IgA Env antigen 

specificity (gp41 binding in milk: 100% positive, median SA = 4.4×104; in plasma: 100% 

positive, median SA = 6.7×104), followed by gp140 (milk: 86% positive, median SA = 

4.8×103; plasma: 100% response, median SA = 8.6×104) and gp120 (milk: 75% 

response, median SA = 2.5×103; plasma: 63% response, median SA = 2.6×103) 

responses (Figure 14A). To map the antigen specificity of the IgA HIV-specific response 

in more detail, IgA binding was tested to other conformational (V1/V2) and linear (V2, 

V3, C5) antigens. Other studies have not reported IgA responses to these antigens 

elicited by natural HIV-1 infection; in contrast, we observed several responses to all 

antigens tested, albeit with low positivity rates. In fact, in the IgA compartments of a few 

participants, subdominant responses (i.e. V1/V2 relative to gp120 or gp41 antigens, or 

gp120 relative to gp140) were elevated above ratios seen in the IgG compartment 

(described below). Thus, the IgA response is not narrower in antigen specificity than the 

IgG response. 
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Figure 14. Env antigen-specificity of milk IgG and IgA and plasma and milk IgA do 
not correlate, while milk and plasma IgG Env antigen-specificity is strongly 
correlated.  
A,C,E,G. For 16 HIV-1+ lactating women, milk and plasma samples were obtained, and 
IgA and IgG were purified from both sample types. Binding scores (see Materials and 
Methods for antigens and calculation) are shown for IgA (A) and sIgA (C) to gp41, gp41 
PID, gp140, and gp120 antigens, and IgG binding scores to gp41, gp41 PID, gp140, 
gp120 (E), as well as sub-specificities gp70 V1/V2, linear V2, gp70 V3, linear C5, and 
Gag p24 antigens (G). B,D,F,H,I,J. Correlations between compartments for each antigen 
specificity or antigen specificity ratio. Kendall’s tau values and corresponding corrected p 
values (see Materials and Methods) are reported. Bolded p values indicate significant 
correlations at p<0.05, with corresponding tau values color-coded on a scale of 0-1. 
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Binding data generated by Jack Heptinstall, Aaron Deal, Ryan Mathura, and Kelly 
Seaton, Duke University Tomaras Lab. 

 

In spite of these trends in antigen specificity profile, heterogeneity in antigen specificity 

dominance of IgA in both breast milk and plasma was observed between individuals. For 

instance, among participants with positive responses to both gp120 and gp140 antigens, 

the ratio of milk gp120:gp140 activity ranged from 0.18 to 6.88, and plasma 

gp120:gp140 ratio ranged from 0.04 to 2.45 (Figure 15). In support of such 

heterogeneity, few significant correlations were observed between gp120, gp140, and 

gp41 IgA activity across individuals (Figure 16A,C). Thus, while mostly gp41 and gp140-

dominant responses are observed, inter-individual heterogeneity in the anti-Env IgA 

response occurs in both systemic and mucosal compartments including breast milk of 

HIV-1 infected individuals. 

 

Figure 15. Heterogeneity of the Env antigen specificity of milk and plasma IgG and 
IgA between individuals.  
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For each of 16 HIV-1+ individuals, the relationship between selected pairwise binding 
scores are displayed as percentages. ND. indicates that either one of the pair of values 
was below the limit of quantitation (100 MFI). Color-coding was performed on a four-
category scale from 0(white)-100(yellow)-maximum(red). 

 

 

Figure 16. Env antigen-specific IgA and IgG responses in milk and plasma seldom 
correlate with other Env antigen-specific responses in HIV-infected lactating 
women.  
To determine whether immune responses to the various HIV-1 antigens were associated 
with each other, correlations between binding scores for selected antigen specificities 
were tested for plasma IgA (A), plasma IgG (B), milk IgA (C), and milk IgG (D). Kendall’s 
tau values and corresponding corrected p values (see Materials and Methods) are 
reported. Bolded p values indicate significant correlations at p<0.05, with corresponding 
tau values color-coded on a scale of 0-1. Statistical analysis done by Lu Zhang and Wes 
Rountree, Duke Human Vaccine Institute Statistics Core. 
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We next compared the IgA response specificity in milk and plasma of each participant. 

Most women had slightly lower milk IgA specific activity to specific antigens than in 

plasma, with milk:plasma IgA ratio lower than 1 (gp41: ratio = 0.65, p = 0.016; gp41 PID: 

ratio = 0.39, p = 0.022; gp140: ratio = 0.56, p = 0.013; gp120: ratio = 0.96, p = 0.22), 

although total IgA activity remains higher in milk than plasma since total IgA 

concentration is 0.5-1 log higher in milk (293). To further understand the potential 

antigen specificity differences between mucosal and systemic IgA, we investigated if 

there was a correlation between Env-specific IgA activity in milk and plasma. Modest 

correlations were observed for gp140 (τ = 0.49, p = 0.048) and gp41 antigens (τ = 0.65, 

p = 0.0043); however, there was no correlation between compartments for gp120 IgA (τ 

= 0.00, p = 1.00) (Figure 14B). These results suggest that there is differential regulation 

of certain specificities of HIV-1 Env IgA responses between milk and plasma. 

4.4.2 Env-specific sIgA is significantly correlated to total IgA 
response in breast milk. 

The antigen specificity of the breast milk sIgA responses were also assessed against the 

multiclade HIV-1 Env antigen panel (Figure 14C). In support of the similarities between 

milk IgA and sIgA compartments, the milk IgA and sIgA responses were strongly 

correlated (gp41: τ = 0.93, p = 0.00011; gp41 PID: τ = 0.80, p = 0.00092; gp140: τ = 

0.96, p = 0.00023; gp120: τ = 0.67, p = 0.013) (Figure 14D). Very few positive sIgA 

responses were seen for plasma IgA. These results suggest that milk sIgA antigen 

specificity profile is highly related to the total milk IgA antigen specificity within an 

individual. 
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4.4.3 Correlation of HIV-1 Env antigen specificity between breast milk 
and plasma IgG. 

To further understand the antibody composition within mucosal secretions, IgG 

was also isolated from milk and plasma in parallel from the same participants.  The 

antigen specificity of the breast milk and plasma IgG preparations were assessed 

against the same multi-clade panel of HIV-1 antigens (Figure 14E). As with IgA, gp41 

responses represented the dominant IgG Env antigen specificity (gp41 binding in milk 

IgG: 100% positive, median SA = 1.6×106; in plasma IgG: 100% positive, median SA = 

2.1×106), followed by gp140 (milk IgG: 100% positive, median SA = 4.1×105; plasma 

IgG: 100% positive, median SA = 3.2×105) and gp120 responses (milk IgG: 100% 

positive, median SA = 5.5×104; plasma IgG: 100% positive, median SA = 4.1×104). 

However, IgG responses to other conformational and linear Env antigens were more 

prevalent than those in IgA (conformational V1/V2 binding in milk IgG: 80% positive, 

median SA = 7.8×103; in plasma IgG: 93% positive, median SA = 5.1×103; linear V2 

peptide binding in milk IgG: 73% positive, median SA = 6.6×102; in plasma IgG: 100% 

positive, median SA = 1.1×103; V3 binding in milk IgG: 73% positive, median SA = 

1.4×103; in plasma IgG: 87% positive, median SA = 2.9×103; linear C5.2 peptide binding 

in milk IgG: 93% positive, median SA = 1.1×105; in plasma IgG: 100% positive, median 

SA = 1.2×105) (Figure 14G).   

Similar to what was seen with IgA, heterogeneity in antigen specificity dominance in IgG 

responses was observed between individuals. For instance, among participants with 

positive responses to all antigen categories, milk IgG V1/V2:gp140 activity percentage 

had a ~2-log range from 0.5% to 53% (Figure 15). To further examine the heterogeneity 

in antigen specificity dominance across individuals, we examined the pairwise 
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correlation between IgG response magnitude to each antigen specificity (gp41, gp41 

PID, gp140, gp120, gp70 V1/V2, V2 linear, gp70 V3, C5 linear, p24). Few correlations 

were consistently observed across antigen specificities: with the exceptions of pairwise 

correlations found between gp120/gp140, gp140/gp41 PID, and gp41/gp41 PID 

responses, no other linear or conformational antigen specificities consistently showed 

pairwise correlation (Figure 16B,D). Thus, as with IgA, inter-individual heterogeneity in 

the anti-Env IgG response occurs in both systemic and mucosal compartments including 

breast milk of HIV-1 infected individuals in this cohort. 

To compare the mucosal and systemic IgG compartments, we compared the specificity 

of the IgG responses in milk and plasma of each participant. IgG specific activity against 

most Env glycoproteins was similar between milk and plasma, with milk:plasma IgG ratio 

close to 1 (gp41: ratio = 0.74, p = 0.0032; gp41 PID: ratio = 0.99, p = 0.57;  gp140: ratio 

= 1.26, p = 0.086;  gp120: ratio = 1.34, p = 0.18;  gp70 V1/V2: ratio = 1.53, p = 0.60;  V2 

linear: ratio = 0.60, p = 0.049;  gp70 V3: ratio = 0.46, p = 0.018;  C5 linear: ratio = 0.94, p 

= 0.27) (Figure 14E,G), although it should be noted that total IgG activity is higher in 

plasma across all antigens since plasma contains a 2-log higher concentration of IgG 

compared to breast milk (293). To further understand the potential antigen specificity 

differences between mucosal and systemic IgG, we investigated if there was a 

correlation between Env-specific IgG activity in milk and plasma. In fact, there were 

strong correlations for each antigen specificity across milk and plasma IgG 

compartments (gp41: τ = 0.76, p = 0.0024; gp41 PID: τ = 0.65, p = 0.0078; gp140: τ = 

0.82, p = 0.0011; gp120: τ = 0.85, p = 0.0011; V1/V2: τ = 0.79, p = 0.0038; linear V2: τ = 

0.51, p = 0.0061; V3: τ = 0.73, p = 0.0024; linear C5: τ = 0.89, p = 0.00074) (Figure 

14F,H). These results suggest that IgG antigen specificity profile within individuals is 
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strongly conserved across mucosal and systemic compartments, which is distinct from 

the only marginal correlations in specificities between plasma and breast milk IgA 

responses. 

4.4.4 HIV-1 Env antigen specificity differs between plasma and milk 
IgG and IgA.  

To understand the relationship between IgG and IgA antigen specificity profile, we 

investigated if the IgG antigen specificity profile was correlated with the IgA antigen 

specificity profile. There was no correlation between milk IgA and milk IgG specific 

activity (gp41: τ = 0.07, p = 0.83; gp41 PID: τ = -0.07, p = 0.83; gp140: τ = 0.23, p = 0.44; 

gp120: τ = 0.13, p = 0.73); neither was there correlation between plasma IgA and IgG 

(gp41: τ = 0.26, p = 0.33; gp41 PID: τ = -0.05, p = 0.87; gp140: τ = 0.45, p = 0.063; 

gp120: τ = -0.17, p = 0.68) (Figure 14I). We further tested if the fraction of activity 

directed toward each antigen was conserved across isotype, by examining whether the 

ratio of antigen specificities was correlated between isotypes (Figure 14J). In milk, no 

correlations were found between IgA and IgG for gp41:gp140 ratio (τ = 0.33, p = 0.23), 

gp41:gp120 ratio (τ = -0.27, p = 0.41), and gp120:gp140 ratio (τ = -0.17, p = 0.68). In 

plasma, no correlations were found for gp41:gp120 (τ = -0.11, p = 0.82) ratio and 

gp120:gp140 ratio (τ = -0.06, p = 0.89). While a correlation between plasma IgA and IgG 

was found for gp41:gp140 ratio (τ = 0.70, p = 0.0034), further investigation demonstrated 

that the magnitude of the gp41:gp140 ratio was significantly different between IgG and 

IgA, with IgG response having a lower gp41:gp140 ratio than IgA (3.1 and 7.3 

respectively, p = 0.0061). Thus, the antigen specificity profile of milk and plasma IgG and 

IgA, measured either in terms of specific activity of each antigen or in terms of the 

fraction of total activity directed toward each antigen, is not conserved across isotype. 
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This suggests that antibody isotypes are differentially regulated with regard to antigen 

specificity. 

4.4.5 Breast milk and plasma IgG, but not IgA, mediate HIV-1 
neutralization function.   

Functionality of milk and plasma HIV Env-specific IgA and IgG in neutralization was 

assessed via a TZM-bl cell-based assay against a clade C primary isolate, HIV-1MW965. 

No HIV-specific neutralization above background levels was detected in milk IgA: while 

86% of milk IgA samples tested showed detectable neutralization of HIV-1MW965, 93% of 

these samples also showed detectable MLV neutralization with similar (within 3-fold) 

IC50 (Figure 17), thus denoting non-specific neutralizing activity which we have 

previously reported (346). In plasma IgA, 20% of plasma IgA samples showed HIV-

specific neutralization. Therefore, IgA does not appear to have strong HIV-specific 

functional activity for neutralization in either mucosal or plasma compartments, although 

IgA-mediated neutralization may occur rarely in the plasma compartment. In contrast, all 

milk and plasma IgG preparations tested had detectable neutralization activity, 

consistent with our previous report (293). HIV-1MW965 neutralization IC50 was similar 

(within 3-fold) for each milk and plasma sample from the same participant. Thus, in this 

cohort, IgG appears to be more potent than IgA in neutralization activity, yet neutralizing 

function is conserved across mucosal and systemic compartments. 
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Figure 17. Milk and plasma IgG, but not IgA, mediate tier 1 HIVMW965 neutralization.  
To identify HIV-1 neutralization function in antibody fractions of milk and plasma, we 
determined the neutralization IC50 in TZM-bl cells for IgA and IgG antibodies isolated 
from milk and plasma samples of 20 participants. HIV-specific neutralization activity 
against the clade C tier 1 HIV variant MW965 is shown, as well as non-specific antiviral 
neutralization activity against murine leukemia virus (MLV). Antibody-mediated HIV-
specific neutralization activity is defined as HIV-1MW965 IC50 being three-fold below MLV 
IC50. 8 HIV-negative controls are also shown, as well as a positive control recombinant 
monoclonal antibody (b12: CD4 binding site broadly neutralizing antibody) in IgA and 
IgG backbones. No milk IgA samples neutralized HIV-1MW965, whereas three plasma IgA 
samples had detectable neutralization. Neutralizing IgG is common in milk, whereas 
nonspecific neutralization is common for IgA. Neutralization assays were done by 
Joshua Eudailey, Sallie Permar Laboratory, Duke Human Vaccine Institute. 
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To examine if the expression of FcαRI on the target cells would improve IgA-mediated 

neutralization, the IgA isolated from 5 plasma samples and 1 milk sample were tested for 

neutralization potency in TZM-bl/FcαRI cells (347) (Figure 18) . Samples with 

undetectable neutralization potency in TZM-bl cells also had undetectable neutralization 

potency in TZM-bl/FcαRI cells, while samples with detectable neutralization potency in 

TZM-bl cells had neutralization activity with similar IC50 (within 3-fold) in TZM-bl/FcαRI 

cells. Thus, in this cohort, presence of the FcαRI receptor does not enhance neutralizing 

function of Env-specific IgA. 

 

Figure 18. IgA-mediated tier 1 HIV-1 neutralization is not enhanced in FcαRI-
expressing cells or peripheral blood mononuclear cells (PBMCs).  
To determine whether neutralization activity is enhanced in the presence of Fc alpha 
receptor 1 (FcαRI), we examined the neutralization IC50 using TZM-bl cells transduced 
with FcαRI, and also in human peripheral blood mononuclear cells (PBMCs). Milk and 
plasma IgA were tested for 6 participants with a variety of neutralization phenotypes in 
TZM-bl cells. The positive controls HIVIG (clade C) and b12 IgA mAb and the negative 
control 2F5 mAb (broadly neutralizing, but does not neutralize MW965) were also tested. 
ND indicates that the assay was not done for that sample. Neutralization was not 
enhanced in either FcαRI-transduced TZM-bl cells, nor in PBMCs. Neutralization assays 
were done by Lautaro G. Perez, David Montefiori Laboratory, Duke University Medical 
Center. 
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4.4.6 Breast milk and plasma IgG but not IgA mediate HIV-1 
phagocytosis function.   

We next assessed the ability of milk and plasma IgA and IgG antibodies to mediate 

phagocytosis.  Phagocytosis of a consensus target (ConS gp140) as well as a clade-

matched target (1086.C gp140) was measured by coating the respective Env proteins on 

labeled beads, then measuring the uptake of labeled beads by human primary 

monocytes in the presence or absence of sample antibody (Figure 19). Against 

ConSgp140-coated beads, 0% of milk IgA and 19% of plasma IgA samples showed 

detectable phagocytosis activity, while 86% of milk IgG and 86% of plasma IgG samples 

showed detectable phagocytosis activity (Figure 19A). Results in 1086.C gp140-coated 

beads were similar (Figure 19B). Thus, the IgG compartment is more potent than the 

IgA compartment in phagocytosis activity in this cohort. While functionality is conserved 

across mucosal and systemic compartments for IgG, phagocytosis activity is rarely 

detected in plasma IgA and absent in milk IgA. 
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Figure 19. Breast milk and plasma IgG, but not IgA, mediate phagocytosis of HIV-1 
virions and Env-coated beads.  
To determine the phagocytosis function in antibody fractions of milk and plasma, we 
tested IgA and IgG from milk and plasma of 16 HIV+ women for phagocytosis of beads 
coated with HIV-1 Env ConSgp140 (A), beads coated with HIV-1 Env 1086.C gp140 (B), 
and fully infectious fluorescent HIV-1 virions (HIV-192Th023-Tomato) (C). The average of 
two independent experiments is shown. Antibodies from an additional 5 HIV- women 
were also tested as negative controls, as well as anti-respiratory syncytial virus 
Palivizumab. The black dotted line indicates the positivity cutoff, determined using the 
mean + 3 standard deviations of negative controls used in the assay.  

 

To see if these results extended to antibody-mediated phagocytosis of infectious 

fluorescent HIV-192TH023-Tomato virions (clade A/E) was also tested (Figure 19C). 0% of 

milk and 13% of plasma IgA samples showed detectable phagocytosis activity, while 
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100% of milk and plasma IgG samples showed detectable phagocytosis activity. Thus, in 

this cohort, the plasma and milk IgG was also more potent than the IgA for virion 

phagocytosis.  

In the above phagocytosis assays, all antibodies were tested at 50 μg/ml total 

antibody concentration regardless of HIV-1 specific activity. To confirm that the observed 

results were not due to lower HIV-1 specific activity in the IgA assays, titrated HIV+ BM 

IgA and IgG were tested for phagocytosis activity against ConSgp140-coated beads 

(Figure 20). HIV+ BM IgA did not mediate phagocytic activity against ConSgp140-

coated beads even at 250 µg/ml, while HIV+ BM IgG mediated phagocytic activity 

against ConSgp140-coated beads down to 2 µg/ml. Thus, the reduced IgA phagocytic 

function observed was not due to lower IgA HIV-specific activity. 

 

Figure 20. Lack of detectable IgA-mediated phagocytosis despite increasing IgA 
concentration.  
To determine if lack of IgA phagocytosis activity was due to lower HIV-1 specific activity 
in IgA relative to IgG, higher concentrations of IgA and IgG were purified from the milk of 
a HIV-positive lactating woman recruited in the USA. IgA and IgG were tested for 
phagocytosis of HIV ConSgp140-coated beads at 5-fold dilutions as indicated, and flow 
cytometry diagrams from a single experiment indicative of the phagocytosis results are 
shown. The red traces indicate sample antibody setup, while black traces indicate the 
no-antibody control setup, and grey fill indicates the no-target control setup. Antibody-
mediated phagocytosis is indicated by a greater area under the curve for the red trace 
relative to the black trace. Milk IgG showed antibody-mediated phagocytosis activity 
down to 2μg/ml, while IgA showed no antibody-mediated phagocytosis activity even at 
250μg/ml. Antibody purification was done by Lisa Stamper, Sallie Permar Laboratory, 
Duke Human Vaccine Institute. 
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4.4.7 IgG neutralization and phagocytosis functions are moderately 
correlated 

To assess if antibody functions are related, neutralization and antibody-mediated 

phagocytosis activity were tested for correlation. IgA was excluded from this analysis 

due to the low IgA response rate for both neutralization and phagocytosis. Milk IgG-

mediated neutralization and phagocytosis functions were modestly related (lower IC50 is 

more potent neutralization) (-0.55 < τ < -0.48, 0.015 < p < 0.033), and phagocytosis 

functions were correlated across both virus and bead targets (0.60 < τ < 0.70, 0.0024 < 

p < 0.0077) (Figure 21A). Similar correlations were found between plasma IgG functions 

(Figure 22A). In addition, milk and plasma functional activity was correlated for each 

function (0.48 < τ < 0.77, 0.0011 < p < 0.033) (Figure 21C). Thus, IgG functional activity 

in both plasma and mucosal compartments are conserved. 
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Figure 21. Functional activity in milk and plasma are correlated, and linked to 
antibodies targeting gp140 and gp120.  
A. To determine if the functional activity of anti-HIV-1 antibodies in milk were associated 
with each other, correlations were tested (Kendall’s tau test) between neutralization 
(HIVMW965) and phagocytosis (ConSgp140 beads, 1086.C beads, 92Th023 virions) for 
milk IgG. Kendall’s tau values and corresponding corrected p values (see Materials and 
Methods) are reported. Bolded p values indicate significant correlations at p<0.05, with 
corresponding absolute tau values color-coded on a scale of 0-1. B. To determine 
candidate antigen specificities that could be targeted for functional activity by milk IgG 
antibodies, correlations were tested between antigen-specific binding and functional 
activity. C. To identify whether functional activity was conserved across milk and plasma 
antibodies, correlations were tested between milk and plasma IgG for each antibody 
function (neutralization; phagocytosis). Statistical analysis was done by Lu Zhang and 
Wes Rountree, Duke Human Vaccine Institute Statistics Core. 
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Figure 22. Correlations between antibody functions and epitope specificity in 
plasma IgG.  
A. To determine if the functional activity of anti-HIV-1 antibodies in milk were associated 
with each other, correlations were tested (Kendall’s tau test) between neutralization 
(HIVMW965) and phagocytosis (ConSgp140 beads, 1086.C beads, 92Th023 virions) for 
plasma IgG. Kendall’s tau values and corresponding corrected p values (see Materials 
and Methods) are reported. Bolded p values indicate significant correlations at p<0.05, 
with corresponding absolute tau values color-coded on a scale of 0-1. B. To determine 
candidate antigen specificities that could be targeted for functional activity by plasma 
IgG antibodies, correlations were tested between antigen-specific binding and functional 
activity. Statistical analysis was done by Lu Zhang and Wes Rountree, Duke Human 
Vaccine Institute Statistics Core. 

 

4.4.8 IgG gp140 and gp120 antigen specificities are associated with 
neutralization and phagocytosis functions 

We sought to investigate the antigen specificities that contribute to functional activity 

against virions (i.e. virion phagocytosis and neutralization) in plasma and mucosal 

compartments. To do so, milk and plasma IgG binding responses to Env gp120, gp140, 

gp41, V1/V2, V3, and C5 antigens and Gag p24 antigen were examined for correlation 

with milk and plasma IgG phagocytosis and neutralization functions respectively (Figure 
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21B, Figure 22B). For milk IgG, neutralization IC50 of HIV-1MW965 significantly correlated 

with gp140 (τ = -0.79, p = 0.0011), gp120 (τ = -0.66, p = 0.0048), and gp41 PID (τ = -

0.50, p = 0.033), but not with gp41, V1/V2, V2 linear, V3, C5.2 linear, and p24 antigen 

specificities. Similar antigen specificities correlated with phagocytosis of HIV-192Th023-

Tomato virions: gp140 (τ = 0.60, p = 0.010) and gp120 (τ = 0.66, p = 0.0048), but not 

gp41, V1/V2, V2 linear, V3, C5.2 linear, and p24 responses. Phagocytosis of gp140-

coated beads most strongly correlated with gp140 binding, as might be expected given 

the antigen similarity. The antigen specificities associated with plasma IgG function were 

similar to those found in milk (Figure 22B). Thus, regardless of compartment, IgG 

antibodies to conformational Env gp140 and gp120 are associated with and may be 

responsible for neutralization and phagocytosis functions, while antibodies to Env V2 

linear, V3, C5 linear, and Gag p24 appear not to contribute to these functions 

investigated. 

4.5 Discussion 

Substantial evidence suggests a role of Fc-receptor mediated antibody functions 

in protection against HIV-1 infection (172, 198, 205-207, 253-257). Here, we evaluated 

Fc-mediated HIV-1 virion internalization by primary monocytes. We demonstrated that 

HIV-1 envelope specific IgG and IgA can complex with infectious HIV-1 virions leading to 

phagocytosis by primary monocytes. Such antibodies capable of mediating phagocytosis 

were present in mucosal IgG (milk, vaginal mucosa) and to a lesser extent in mucosal 

IgA (milk). The potency of virion internalization was firstly modulated by antibody Fc, 

where IgG1 was more potent for virion phagocytosis than IgA when examined in the 

context of monoclonal antibodies, and secondly modulated by antibody Fv, such as the 



 

99 

epitope differences found between IgA and IgG compartments of the same individual. 

This provides proof of concept that these types of antibodies easily elicited by 

vaccination can provide partial blocking HIV-1 acquisition at mucosal surfaces and within 

the context of mother-to-child transmission. Further studies are needed to evaluate the 

potential protective and/or detrimental roles of this Fc-mediated antibody function at 

mucosal sites. 

Given the importance of antibody isotype/subclass profile in HIV-1 vaccine 

efficacy (198, 253, 254, 267) and protection in mucosal challenge models (269, 270), we 

sought to determine differences in effector function among isotypes/subclasses. Here, 

we identified substantial differences in IgA and IgG1 in mediating virion internalization. 

We propose three explanations for these differences. 

Firstly, at the monoclonal antibody level, differences in virion internalization 

activity among antibody isotypes were present despite maintaining the same Fv 

sequence, suggesting that the hinge or Fc regions are at least partially responsible for 

differences in phagocytosis between the IgA and IgG compartments of an individual. The 

mechanisms behind the differences among antibody subclasses/isotypes to mediate 

virion internalization remain to be determined. Potential mechanisms can be divided into 

effects from antigen engagement and effects from Fc receptor engagement by the 

antibody Fc region. Regarding paratope binding, antibody isotypes/subclasses differ in 

hinge length, flexibility, and the angle of their Fab arms, and these differences may result 

in avidity effects that lead to increased virion engagement and internalization, especially 

in light of the relatively few number of Env spikes on the HIV-1 virion surface. For 

example, dimeric IgA1 better mediates virus capture compared to IgG1 and dimeric IgA2 

(269), although IgG1 and monomeric IgA are equally capable of mediating virion 
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aggregation (348). Regarding differences in Fc receptor engagement, IgG and IgA 

engage different Fc receptors, which may differ both in cell surface expression and in 

downstream signaling, and it is not known how the different signals contribute to 

internalization. Further studies of the relationship between FcR signalling and antibody-

dependent internalization are needed to understand the differences in effector functions 

between antibody isotypes.  

Secondly, at the polyclonal antibody level, in addition to differences from 

Fc/hinge, there may also be differences in Fv that contribute to differences in 

phagocytosis function between IgG and IgA. For instance, at the monoclonal antibody 

level, mIgA1 and mIgA2-backbone versions of the CD4-binding site antibody CH31 

mediated phagocytosis of ConSgp140-conjugated beads, and were not inferior to the 

IgG1 backbone (283). However, we rarely found phagocytosis function against 

ConSgp140-conjugated beads in both systemic and mucosal HIV-specific IgA despite 

the large quantity of mucosal HIV-specific IgA isolated, whereas bead phagocytosis 

activity was found for both systemic and mucosal HIV-specific IgG. This was not due to 

absence of the FcαRI receptor, since expression of FcαRI did not enhance neutralization 

(Figure 18), and since FcαRI is present on the human primary monocytes used for 

phagocytosis (283). Also, lack of phagocytosis activity in mucosal IgA cannot be 

attributed entirely to the steric hindrance between secretory component in sIgA (which 

comprises the majority of milk IgA) and FcR (349), since similar lack of phagocytosis 

activity was observed in plasma IgA where sIgA is uncommon. These results support 

other studies of IgA from HIV-1 infected persons, which have also found poorer IgA 

neutralization function relative to IgG (327, 350).  
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One potential explanation for the above phenomenon is a difference in Fv 

between the IgG and IgA compartments. We observed little correlation between the 

specificity and function of IgA and IgG isotypes (regardless of mucosal or systemic), 

indicating that these compartments have important differences in regulation and 

induction. Such differences have been described in other studies – for instance, in acute 

HIV infection, gp41-specific IgA increases and then declines, whereas gp41-specific IgG 

continues to increase in magnitude across the same timepoints (296). Differences 

between isotypes have also been reported in the context of highly exposed seronegative 

persons, where IgA but not IgG is induced (191-196). Given the differences in IgA and 

IgG antigen specificity profiles, one potential explanation for this phenomenon is that the 

dominant antigen specificities in infection-induced IgA are non-functional for the above-

listed functions, whereas IgG has dominant specificities that are functional. Indeed, the 

neutralizing IgA that is found in highly exposed persistently seronegative women (191-

195) occurs with a different antigen specificity profile, with dominant gp120 and gp140 

activity (351), as opposed to the dominant gp41 activity in infected individuals (351). 

Similarly, in our cohort, antigen specificity may have contributed to difference in function 

between isotypes – we observed lower gp140:gp41 ratio in IgA than in IgG, and binding 

to gp140 but not gp41 was correlated with function. Interestingly, the participant with the 

highest virion internalization score (PTID16) in mucosal vaginal IgG also had the highest 

CD4bs binding score among all 14 participants evaluated, suggesting that the CD4 

binding site may be an important target for virion internalization at the mucosal surface. 

However, in milk and plasma IgG and IgA, CD4 binding site activity was not easily 

detectable, and phagocytosis correlated most strongly with binding to gp140, rather than 
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any of the smaller epitopes tested (gp41, V2, V3, C5). A larger study is required to 

examine the relationship between antibody epitope specificity and virion internalization. 

Three scenarios may explain the antigen specificity differences between isotype 

compartments. Firstly, these differences may arise stochastically. Class switch fates are 

strongly correlated among closely related B cells (352) – if cells with similar VDJ 

sequence and therefore antigen specificity switched in a coordinated manner to a 

particular isotype (either IgA or IgG), this would result in antigen specificity differences 

between isotypes. Secondly, these differences may arise from interactions between HIV 

and the B cell class switching process. Such interactions might involve direct action on 

the class switching pathway, an example being the Nef-induced suppression of class 

switching leading to selective bias against IgA and IgG2 (353). Alternatively, they may 

involve action on the promoters of the constant region genes – it is known that the 

different isotype-defining constant region genes are controlled by different promoters, 

which respond to different cytokine and microbial product stimuli. For instance, the IgA 

constant region gene, Cα, has a promoter responsive to TGFβ, whereas the IgG1 

constant region gene, Cγ1, has a Stat6 promoter responsive to IL-4 (354).  Thirdly, these 

differences may arise from distinctions in B cell homing to mucosal surfaces (355), which 

may then lead to effects on antibody repertoire and/or class switching due to differential 

tissue microenvironment signals. 

Thirdly, even with the same specificity, it is still possible for IgA and IgG to differ 

in activity due to Fab-Fc interactions (315, 356-358). For instance, when isotype-

switched IgA and IgG versions of the broadly neutralizing CD4bs antibodies b12 (359) 

and CH31 (276) antibodies were compared for neutralization, IgA was less potent than 

IgG for neutralization activity. In contrast, when isotype-switched IgA and IgG versions of 
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the CD4i antibody F425A1g8 were compared for neutralization, IgA was superior to IgG 

for neutralization activity (360).  Further investigation into the reasons for functional 

impairment of IgA from HIV-infected individuals as seen in these assays, including 

effects of differential antigen specificity profiles and allosteric Fab-Fc interaction 

(including interactions that emerge upon immune complex formation), is necessary. 

Nevertheless, given the rarity of neutralization and virion/bead phagocytosis 

functions in mucosal IgA especially relative to IgG, it is unlikely that these functions 

mediate the specific mucosal IgA (and not IgG) protection that has been found in some 

studies (190). Further investigation into other functions of IgA and sIgA, potentially 

including infected cell phagocytosis, as well as known functions of immune exclusion 

(361, 362) and intracellular neutralization (363, 364), is required to understand the role 

of IgA in mucosal immune defense. In addition, in the context of HIV-1, determining the 

antigen specificities that correlate with such functions will inform vaccine design and 

passive immunotherapy approaches if these functions are crucial for protection.  

Infected cells and virion particles are two biological targets of antibody-mediated 

internalization, but the role of each of these processes in HIV-1 infection is unclear. 

Advances are needed in characterizing each of these to inform strategies of HIV-1 

prevention and cure. One potential method of separating these internalization processes 

is to utilize the difference in target size, which has been associated with different 

mechanisms of internalization, where smaller particles are taken up by endocytosis 

dependent on clathrin, Cbl activation, ubiquitinylation, and proteasome function, while 

larger particles are taken up by phagocytosis dependent on actin as well as activation of 

Src, Syk, and PI3K (75, 76, 81, 82, 332). We found a similar dichotomy between smaller 

and larger particles, where smaller particles including 0.2 μm beads, 40 nm beads, and 
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HIV-1 virions (~0.1 μm) had higher phagocytosis scores in primary monocytes compared 

to THP-1 cells, while larger particles (1 μm beads) had higher phagocytosis scores in 

THP-1 cells compared to primary monocytes (Figure 23). These differing phenotypes 

may point toward different internalization mechanisms for viruses, HIV-1 Env-coated 

beads, and infected cells, raising the hypothesis that the virus-based, bead-based, and 

infected cell assays represent phagocytosis of different kinds of targets in vivo. Given 

that when beads were used as internalization targets instead of virions, we observed no 

differences between IgG1 and IgA (Figure 10A), antibody isotypes and subclasses may 

have differing effects in mediating cell and virion phagocytosis. Further work comparing 

the mechanisms of bead and virion uptake is needed to better understand the HIV-1 

correlates of risk that have been identified in non-human primate models using the 1 μm 

bead-based phagocytosis assay (205, 207) to determine whether this represents 

phagocytosis of infected cells or virus particles. Further work is also needed to utilize the 

infected cell phagocytosis assay developed here to interrogate antigen specificities and 

isotypes that mediate infected cell phagocytosis, in particular the CD4-induced epitopes 

that have been shown to mediate ADCC function (365). 
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Figure 23. Differing internalization phenotypes of THP-1 cells and primary 
monocytes.  
A. To understand the effect of immune complex size on phagocytosis efficiency in THP-
1 cells and primary monocytes, the uptake of ConSgp140-conjugated 1 μm, 0.2 μm, or 
40 nm fluorescent beads was analyzed by flow cytometry. Resulting phagocytosis 
scores from 2 independent experiments are reported. Dashed lines indicate background 
phagocytosis levels, measured by the mean + 3 standard deviations of relevant negative 
controls. B. To compare the efficiencies of THP-1 cells and primary monocytes for IgG-
mediated HIV-1 antigen-conjugated bead phagocytosis, the uptake of immune 
complexes comprising IgG and ConSgp140-conjugated 1μm fluorescent beads was 
examined by flow cytometry (N=3-5 independent experiments). For experiments with 
primary monocytes, 3 donors were used, with at least 2 replicates for all donors except 
1. Negative antibody controls used were non-HIV-1-specific antibodies CH65 IgG1 or 
Palivizumab IgG1. C. To compare the efficiencies of THP-1 cells and primary monocytes 
for IgG-mediated HIV-1 virion internalization, the uptake of IgG/HIV-1BaL-Tomato immune 
complexes by THP-1 cells or primary monocytes (5 donors, at least 2 replicates for all 
donors except 1) was examined by flow cytometry (N=7-9 independent experiments).  
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In addition to differences between isotypes, we also observed differences 

between mucosal (milk) and plasma IgA responses, whereas mucosal (milk) and plasma 

IgG responses were very similar to each other. The tight relationship between mucosal 

and serum IgG, but not between mucosal and serum IgA, has also been found in the 

context of other mucosal pathogens including H. pylori infection (366) and measles 

vaccination (dependent on route of inoculation) (367), and even in mucosal autoimmune 

diseases such as pemphigus vulgaris (368), but is not universal. In the context of 

mucosal vaccination, elicited mucosal IgA responses can be independent of or 

moderately correlated with systemic immunity (367, 369). One theory may be that 

systemic inoculation results in a systemic IgG response that transudates in a 

concentration-dependent manner into the breast milk compartment resulting in a 

correlated mucosal IgG response. Continuity between mucosal and systemic IgG in 

general may explain why various mucosal pathogens have good correlates of risk with 

systemic antibodies in the context of systemic vaccination.  

There are several implications of the finding of antigen specificity difference 

between breast milk and systemic IgA responses. Firstly, this suggests an additional 

layer of control for mucosal IgA. The mechanism remains unknown, and may involve 

either selective transfer of IgA into the milk compartment, or local production of IgA by 

plasma cells adjacent to the ductal epithelium (370), although it is notable that most 

memory B cells present in milk are IgG isotype (371). Secondly, certain specificities of 

plasma IgA correlated with increased HIV-1 risk (i.e. decreased vaccine efficacy) in the 

RV144 trial (172), whereas mucosal IgA has been associated with a beneficial 

decreased risk of transmission in the BAN study (190), and also with protection from 

challenge in a non-human primate passive immunization model (269, 270).  Our findings 
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support that these differences in protective effects may be due to differences in antigen 

specificity, in addition to the differences in abundance of each form of IgA in each 

compartment (monomeric vs dimeric/secretory) and differences in local interactions with 

effector cells. 

Since monocytes/macrophages and neutrophils are the predominant Fc receptor 

bearing cells in the cervico-vaginal mucosa (274, 276), we focused our evaluation of the 

antiviral potential of HIV-1 specific antibodies with primary monocytes. We have 

obtained similar results with neutrophils (detailed below in section 6.3). Further studies 

are needed to test tissue macrophages (e.g. mucosal vaginal macrophages or tonsil 

macrophages) to further understand the potential for engaging mucosal effector cells by 

vaccine-elicited antibody responses. 

In summary, we evaluated IgG and IgA antibodies at the monoclonal and 

polyclonal level and determined that IgG is more potent for HIV-1 virion phagocytosis 

function for a variety of reasons including the antibody Fc and Fv. Additional functional 

assays, including infected cell phagocytosis, are required to determine the mechanism of 

IgA anti-HIV function. Understanding the ontogeny of antiviral mucosal and systemic IgA 

and IgG repertoires will inform vaccination approaches targeted toward mucosal 

pathogens. 
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5. Antibody isotypes/subclasses involved in antibody-
mediated phagocytosis – role of IgG3 

In this section, we explore the hypothesis that antibody-dependent phagocytosis 

is a mechanism by which IgG3 mediates antiviral activity. In the context of HIV-1, 

different antibody isotypes and subclasses appear to vary in their ability to protect 

against HIV-1 infection, and one key question in HIV-1 vaccine design is which antibody 

isotypes/subclasses should be induced by vaccines to maximize protection. In the 

RV144 vaccine trial, V1-V2 IgG3 antibodies correlated with decreased risk of HIV-1 

infection. These IgG3 antibodies were associated with Fc mediated antiviral activity by 

ADCC (198) and phagocytic activity (253), though it is unclear whether the IgG3 profile 

directly contributed to antiviral activity (254). Using both monoclonal HIV-1 antibodies as 

well as polyclonal antibodies derived from the RV144 trial and its follow-up vaccine trial, 

RV305, we examine the phagocytosis effector function of IgG3 against HIV-1. 

5.1 Monoclonal IgG3 is more potent than IgG1 and IgA for HIV-1 
phagocytosis function 

5.1.1 IgG3 is more potent than IgG1 for HIV-1 bead and virion 
internalization 

To determine the impact of IgG subclass on capacity to mediate antibody-

dependent virion internalization, the broadly neutralizing CD4bs antibody CH31 (288) 

was generated in different Fc backbones as recombinant IgG1 (wild-type SEK) or IgG3 

(wild-type), and the resulting antibodies were compared for potency in internalization of 

ConSgp140-conjugated 1μm beads (Figure 24A), HIV-1BaL-Tomato virions (Figure 

24B), and HIV-192TH023-Tomato virions (Figure 24C). CH31 IgG3 showed a non-

significant trend (FDR_p = 0.080) toward higher phagocytosis of ConSgp140-conjugated 
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1 μm beads (median phagocytosis score 14.1) compared CH31 IgG1 (median 10.2) 

(Figure 24A, D). CH31 IgG3 showed significantly higher phagocytosis of HIV-1BaL-

Tomato virions (median phagocytosis score 13.6), with 3.8-fold higher phagocytosis 

score than CH31 IgG1 (median 4.3) (FDR_p = 0.006) (Figure 24B, D). The same 

pattern was observed for internalization of HIV-192Th023-Tomato virions, where CH31 

IgG3 showed significantly higher phagocytosis of HIV-192Th023-Tomato virions (median 

phagocytosis score 4.6), with 7.8-fold higher phagocytosis score than CH31 IgG1 

(median 1.5) (FDR_p = 0.047) (Figure 24C, D). Thus, IgG3 is more potent than IgG1 for 

HIV-1 bead and virion internalization (Figure 24D). 
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Figure 24: IgG3 shows greater HIV-1 virion internalization than IgG1, independent 
of Env protein binding.  
A-D. Wild type CH31 IgG3 and IgG1 were tested for internalization of ConSgp140-
conjugated 1 μm fluorescent beads (N=8 independent experiments representing 6 
different donors) (A), HIV-1BaL-Tomato virions (N=19 independent experiments 
representing 11 different donors) (B) and HIV-192TH023-Tomato virions (N=12 independent 
experiments representing 6 different donors) (C) in human primary monocytes. Anti-
influenza mAb CH65 in each subclass backbone were also tested as negative controls. 
Box-and-whisker plots indicate 25th and 75th percentiles by box, and minimum and 
maximum scores by whisker. Horizontal black dashed line indicates limit of detection, as 
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calculated using the mean + 3 SD of negative controls in the corresponding assays. The 
differences in phagocytosis score were compared between IgG1 and IgG3 using a Sign 
test (D). E-H. To examine if differences in phagocytosis were due to different binding to 
HIV-1 Env, antibody binding to HIV-1 Env protein was tested using biolayer 
interferometry. Antibodies (CH31 and CH65 IgG1 and IgG3) were loaded on a Human 
IgG Capture sensor, and binding to HIV-192Th023 gDneg gp120 monomer protein in 
solution was tested (E). Specific binding curves of  gp120 binding to CH31 IgG1 and 
IgG3 (light blue and dark blue lines respectively) are shown along with 1:1 Langmuir 
model fitted curves (red lines) (F). Dissociation constant (KD), association rate (kon), and 
dissociation rate (koff) are shown for 3 independent experiments (G), and their respective 
median values are also shown (H). Tong Xu and Moses Sekaran, Duke University 
Tomaras Lab, provided technical assistance with BLI assays.  

5.1.2 Phagocytic activity by antibody isotypes/subclasses is a 
distinct immune measurement from binding to soluble envelope 
proteins 

To determine whether the variance in the virion internalization by different 

antibody isotypes/subclasses was caused by the ability to bind HIV-1 envelope, CH31 

IgG1 and IgG3 were tested for their binding to HIV-192Th023 gp120 protein by biolayer 

interferometry (Figure 24E, F). In contrast to the results observed for virion 

internalization, we observed that the KD values for CH31 IgG3 (mean KD = 8.1 x 10-9 M) 

and CH31 IgG1 (mean KD = 10.3 x 10-9 M) were similar (less than two-fold difference) 

(Figure 24G, H). Thus, CH31 IgG3 did not mediate increased binding to HIV-1 Env 

compared with CH31 mIgG1. Similar results were obtained with and without subtraction 

of negative control CH65 IgG3 and IgG1 non-specific binding respectively, since non-

specific binding levels of CH65 to HIV-192Th023 gp120 antigen were low. These results 

indicate that the HIV-1 virion internalization assay distinguishes differences between 

antibody isotypes and subclasses in mediating phagocytosis distinct from HIV-1 

envelope binding. 
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5.1.3 Phagocytic activity of antibody isotypes/subclasses confirmed 
by ImageStream cytometry  

To confirm IgG1, IgG3 and IgA-mediated internalization of infectious HIV-1 

virions by primary monocytes, we examined virion internalization by ImageStream 

cytometry, a technique combining flow cytometry and fluorescence microscopy. The 

phagocytosis assay was set up similar to previous experiments, except that fixed cells 

were visualized on an ImageStream cytometer to obtain more than 10,000 cell images 

per condition. We observed internalization of virus within monocytes, seen as distinct 

intracellular fluorescent puncta (Figure 25A). Consistent with the results obtained by 

flow cytometry, CH31 IgG3 showed greater virion internalization than CH31 IgG1 and 

CH31 mIgA1, with higher mean intensity in the virus fluorescence channel (10.5 x 103, 

6.8 x 103 , and 5.1 x 103  MFI, respectively) (Figure 25B). Values for all CH31 antibodies 

remained above all negative controls. 
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Figure 25: ImageStream imaging of IgG and IgA-mediated virion internalization 
shows distinct internalized virus puncta.  
A. Fluorescent infectious HIV-1BaL-Tomato virions were spinoculated and incubated with 
freshly isolated monocytes and antibodies for antibody-mediated virion internalization to 
occur. Virion internalization was visualized with ImageStreamX Mark II (EMD Millipore), 
collecting more than 10,000 images per setup. Representative images are shown for the 
CH31 CD4bs bNAb antibody engineered in IgG3, IgG1, and mIgA1 backbones, control 
anti-influenza CH65 antibodies, and two control conditions without antibody and without 
virus/antibody respectively. B. Total virus fluorescence was quantified for each antibody. 
Virus fluorescence was quantified using the mean fluorescence intensity of all single, 
focused cell images for each antibody (~5,000 images each). C. To exclude surface-
bound virions, a mask was applied to demarcate the internal portion of the cell, as 
defined by the erosion of 5 pixels into the bright-field perimeter of the cell. Two 
representative cells are shown, the upper row showing a cell with mostly excluded 
surface-localized virus, and the lower row showing a cell with both surface and deep 
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internalized virus (left, bright-field; middle, virus fluorescence; right, virus fluorescence 
with blue mask demarcating internal portion of the cell). D. Internal virus fluorescence 
was quantified for each antibody condition. Virus fluorescence was quantified using the 
mean fluorescence intensity of all single, focused cell images for each antibody (~5,000 
images each). E. The percentage of fluorescence intensity comparing the 5-pixel-eroded 
image to the original image is shown for each CH31 antibody form. F. To count viral foci, 
a mask determined by the ImageStream IDEAS Spot Wizard algorithm was applied, 
representing the areas with peak brightness defined by a spot-to-background ratio of 
2.0. Spots within this mask were counted. Two representative cells are shown, the upper 
row showing a cell with 1 virus foci, and the bottom row showing a cell with 14 virus foci 
(left, bright-field; middle, virus fluorescence; right, virus fluorescence with blue mask 
demarcating the applied mask for peak brightness). G. The distribution of spot counts is 
shown for the cells in each CH31 antibody condition. H. The mean number of viral foci is 
shown for each condition. 

To examine whether these differences were due to surface binding of virions, we 

calculated the intensity of fluorescence within only the internal portion of the cell, as 

defined by the area remaining after eroding 5 pixels into the perimeter of the bright-field 

mask (Figure 25C). The erosion of pixels from cell images to identify the internal area of 

the cell is a part of the standard data analysis software (“Internalization Wizard”) for the 

ImageStream instrument (372-374). Since the acquired cells are gated on image focus, 

analyzed cells fall within a particular depth range at which the acquired image represents 

a cross-section of the cell with consistent membrane thickness (375). We additionally 

confirmed this technique by showing that surface-binding fluorescent probes have less 

fluorescence excluded after erosion compared to internal probes (Figure 26A). After the 

5-pixel erosion, some fluorescence was lost in all conditions, since intensity is the sum of 

all fluorescence observed within the measured area, which decreased. However, the 

pattern observed between antibody isotypes and subclasses remained unchanged, with 

CH31 IgG3 having the highest mean virus fluorescence intensity (7.5 x 103 MFI), 

followed by CH31 IgG1 (5.1 x 103 MFI), then CH31 mIgA1 (3.8 x 103 MFI), and these 

remained higher than the negative controls (Figure 25D). Furthermore, the percentage 
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of fluorescence lost as the image was eroded was consistent across antibody 

isotypes/subclasses, indicating that average depth of internalization was similar (Figure 

25E, Figure 26B). Thus, ImageStream analysis confirms the antibody mediated 

internalization of virus particles. 

 

Figure 26: Erosion of pixels on the brightfield image distinguishes depth of 
internalization.  
A. THP-1 cells were incubated with CH31 IgG1 and HIV-1BaL-Tomato to allow virion 
internalization. Prior to fixation, the cells were also stained with the surface stain CD14-
PE-Cy7 and the nuclear stain DAPI. More than 1400 single, focused cells were acquired 
using an ImageStreamX Mark II (EMD Millipore). AMNIS IDEAS software (v6.1) was 
used to analyze the images. The intensity of HIV-1BaL-Tomato, CD14-PE-Cy7, and DAPI 
fluorescence was calculated across a defined cell area. At 0 pixels eroded, this area is 
defined by the entire brightfield image of the cell. The peripheral areas of the cell are 
excluded from calculation as pixels are eroded from the perimeter of the brightfield 
image, up to an erosion of 12 pixels. Thus, fluorescence that is on the periphery of the 
cell is lost as the outer pixels are eroded. The surface stain CD14-PE-Cy7 is 
preferentially lost compared to the nuclear stain DAPI as pixels are eroded, as shown by 
a more rapid loss in percent fluorescence intensity compared to the uneroded image. 
This indicates that erosion of pixels distinguishes internal from surface fluorescence. 
HIV-1BaL-Tomato virion fluorescence is lost at an intermediate rate between the surface 
and nuclear stains, in line with its assumed endosomal localization, which is intermediate 
between the nucleus and plasma membrane. B. The percentage loss in fluorescence 
intensity with increasing pixel erosion was graphed for CH31 IgG1, CH31 IgG3, and 
CH31 mIgA1-associated HIV-1BaL-Tomato immune complexes internalized by primary 
monocytes. Similar fluorescence intensity loss occurs as erosion is increased, indicating 
that the depth of internalization of immune complexes is similar across antibody 
isotype/subclass. 
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 As an additional quantitative measure of virion phagocytosis, the number of viral 

foci per cell was counted using the Spot Wizard. To define the stringency criteria for the 

mask used for spot counting, the ImageStream IDEAS Spot Wizard algorithm was 

trained using two groups of at least 25 focused, single cells that were manually classified 

– one with low spot numbers and one with high spot numbers. Images of varying spot 

sizes, shapes, intensities, and backgrounds were used in each category. This yielded a 

mask that comprised the Peak areas (defined by a spot-to-background ratio of 2.0) of 

the Bright mask in the virion fluorescence channel (Figure 25F). This yielded different 

distributions of spots for CH31 IgG3, CH31 IgG1, and CH31 mIgA1 (Figure 25G). CH31 

IgG3 had the highest mean spot count of 4.35, followed by CH31 IgG1 with a mean spot 

count of 2.64, followed by CH31 mIgA1 with a mean spot count of 1.95 (Figure 25H). All 

CH31 antibody conditions showed higher spot counts than the negative controls. Thus, 

antibody isotypes/subclasses display differences in number of viral foci per cell in 

addition to differences in total virion internalization.  

5.1.4 IgG3 mediates enhanced phagocytosis across multiple HIV-1 
epitopes 

In order to identify whether the observed phenomenon of enhanced IgG3 

phagocytosis potency was applicable to epitopes other than the CD4 binding site 

epitope, we generated epitope-matched IgG1 and IgG3 antibodies for multiple HIV-1 

epitope specificities, including the gp41 principal immunodominant domain (gp41 PID), a 

gp41 conformational epitope, the V1/V2 loop, the CD4 binding site core, and the C1 

conformational epitope. Additionally, two IgG1 antibody forms were produced for each 

epitope – a wild type (SEK) and an ADCC-optimized (AAA/4A) form (291, 292). We 

tested these antibodies for phagocytosis of HIV-192Th023-Tomato virions. No differences 
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were found between the two IgG1 forms, so results from IgG1_SEK and IgG1_AAA/4A 

were aggregated. All antibodies that were positive for phagocytosis in the IgG1 

backbone showed higher phagocytosis scores in the IgG3 backbone (Figure 27A-B). 

Specifically, for broadly neutralizing antibodies CH27, CH28 (gp120 CD4-binding site 

core-specific) (289), non-broadly neutralizing antibodies HG107 (V1/V2-specific, isolated 

from an RV144 vaccinee) (258) and 7B2 (gp41 PID-specific) (255), IgG3 showed 

enhanced internalization of infectious HIV-192TH023-Tomato virions (median phagocytosis 

scores 2.0 to 3.1) compared to their IgG1 counterparts (phagocytosis score 1.2 to 1.7), 

with an overall 3.2-fold higher phagocytosis score for IgG3 compared to IgG1. For mAbs 

targeting epitopes not present on virions, such as the C1-conformational epitope and the 

gp41-conformational epitope, neither IgG3 nor IgG1 internalized virions. Aggregating the 

paratopes that were positive for virion internalization (CH27, CH28, HG107, 7B2, CH31) 

allowed statistical comparison of IgG3 and IgG1_SEK subclasses for HIV-192TH023-

Tomato virion internalization using a linear mixed effects model, which showed that IgG3 

has significantly higher phagocytosis potency than IgG1_SEK across multiple epitopes 

(p<0.0001) (Figure 27C).  
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Figure 27: IgG3 has enhanced phagocytosis potency across multiple HIV-1 
epitopes.  
A. Epitope-matched IgG3 and IgG1 mAbs were tested for HIV-192TH023-Tomato virion 
phagocytosis in human primary monocytes. Phagocytosis-positive antibodies are shown 
(N=4 independent experiments). Box plots represent the range of phagocytosis scores. 
Horizontal black dashed line indicates limit of detection, as calculated using the mean + 
3 SD of negative controls in the corresponding assays. B. Data from antibody paratopes 
positive for phagocytosis (CH27, CH28, HG107, 7B2, CH31) were aggregated by 
subclass. Box-and-whisker plots indicate 25th and 75th percentiles by box and minimum 
and maximum scores by whisker. C. The differences in phagocytosis score were 
compared between IgG1_SEK and IgG3 using a linear mixed effects model. Statistical 
analysis was done by Sheetal Sawant, Duke Human Vaccine Institute Statistics Core. 

 

5.2 Human polyclonal IgG subclass profile correlates with 
phagocytosis function in HIV-1 vaccination 

To evaluate the phagocytosis function of IgG3 in the RV144 trial, where V1-V2 

IgG3 antibodies correlated with decreased risk of HIV-1 infection (198), we examined a 

subset of 32 uninfected RV144 participants. These participants were followed into the 

RV305 trial, where two follow-up vaccinations of ALVAC + AIDSVAX (Group I), 

AIDSVAX only (Group II), or ALVAC only (Group III) were administered. Utilization of 
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RV305 samples, which had generally higher antibody titers, allowed for more sensitive 

detection of phagocytosis function, as well as evaluation of whether such phagocytosis 

function could be maintained with further vaccine boosting.  

5.2.1 Polyclonal antibodies from RV144 vaccinees mediate 
phagocytosis 

RV144-RV305 PTIDs were tested for antibody-mediated phagocytosis at RV305 

visits 2, 3, and 5 (Figure 28). Antibody-mediated phagocytosis HIV Env-coated beads 

(ConSgp140 1μm beads) was examined in a human monocytic cell line (THP-1 cells), 

using a flow cytometry-based technique. Phagocytosis scores were calculated as the (% 

pos x MFI pos) of sample divided by (% pos x MFI pos) of a no-antibody control 

condition. Dose-response curves from 50µg/ml to 0.08µg/ml in 5-fold dilutions were 

constructed, and the area under the curve (AUC) for phagocytosis score at each 

concentration was calculated to quantify the phagocytosis response at a higher 

resolution. Antibody-mediated phagocytosis were highest at visit 3 (100% response rate 

among RV305 groups I and II, median AUC 56.6), and waned at visit 5 (100% response 

rate among RV305 groups I and II, median AUC 32.9).  RV305 group III did not show 

phagocytosis of ConSgp140 beads, in line with the low immunogenicity observed in 

general within this group. 
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Figure 28. Polyclonal antibodies in RV305 vaccinees are capable of mediating 
phagocytosis.  
A subset of 32 RV144-RV305 PTIDs were tested for antibody-mediated phagocytosis of 
ConSgp140-conjugated beads at RV305 visits 2, 3, and 5.  The plot shows AUC 
calculated from the phagocytosis scores from a single experiment using a five-point, 5-
fold dose-response curve from 50µg/ml to 0.08µg/ml, separated by Visit and Group. 

5.2.2 Human polyclonal IgG subclass profile correlates with 
phagocytosis function in HIV-1 vaccination 

To identify the antibody epitopes/subclasses that mediate phagocytosis function, we 

used statistical models that predict virion and bead phagocytosis function from epitope 

and subclass-specific binding data. ConSgp140 bead phagocytosis AUC at visits 3 and 

5 for RV305 groups I and II were aggregated, and correlated with antigen-specific total, 
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IgG1, IgG2, IgG3, and IgG4 binding (Figure 29). Across antigens, total IgG and IgG1 

showed positive correlations with phagocytosis, whereas IgG4 showed no correlation 

with phagocytosis. Binding levels of antigen-specific IgG2 and IgG3 were too low for 

most antigens to perform the correlation analysis. Antigen-specific IgG1 showed the 

strongest correlation with phagocytosis, and was better correlated with phagocytosis 

than antigen-specific total IgG for 16 out of 22 antigens tested. Thus, IgG1 but not IgG4 

is associated with phagocytosis function in RV305.  

 

Figure 29. Human polyclonal IgG subclass profile correlates with phagocytosis 
function in HIV-1 vaccination.  
Pearson r correlations between binding and phagocytosis scores are shown. For 
correlations, data from visits 3 and 5, RV305 groups I and II were aggregated. Binding 
data was generated by LaTonya D. Williams, Duke University Tomaras Lab. 
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In general, ConSgp140 bead phagocytosis was more strongly correlated with 

gp140, gp120, than with V3 and V1/V2 antigens.  For instance, for IgG1, the highest 

correlations observed per category were r=0.90 for gp140 (ConS) and r=0.84 for gp120 

(C.1086), but only r=0.63 for V3 (B.MN) and r=0.56 for V1/V2 (gp70 C2101 c01). This 

pattern was not surprising given that the gp120 and gp140 proteins are more similar to 

the gp140 antigen used for testing phagocytosis. To determine what epitope specificities 

elicited in RV305 are capable of mediating phagocytosis of virions, further work needs to 

be done using infectious virions as the phagocytosis target. 

5.2.3 A monoclonal IgG3 antibody from an RV144-RV305 participant 
mediates more potent phagocytosis than corresponding IgG1 
antibody 

Since IgG3 is known to engage activatory Fc receptors, but IgG3 binding levels were too 

low to perform correlation analyses, we also sought to compare IgG1 and IgG3 to 

determine if IgG1 was more potent than IgG3 for phagocytosis in the RV305 cohort. A B-

cell sort from PTID 3043 identified HIV-specific, natural IgG3 antibody clones, of which 

Ab8367 showed phagocytosis activity. Ab8367 was expressed in wild-type IgG1 and 

IgG3 Fc backbones and compared for phagocytosis activity against HIV-1CM235-Tomato 

infectious fluorescent virions. Ab8367 IgG1 (median phagocytosis score 2.2) was not 

more potent than Ab8367 IgG3 (median phagocytosis score 3.2) for phagocytosis 

(Figure 4). Thus, while IgG3 binding was too low to demonstrate correlation with 

phagocytosis at the bulk antibody level, natural IgG3 antibodies are elicited by RV305 

vaccination that are capable of mediating phagocytosis. 
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Figure 30. A monoclonal IgG3 antibody from an RV144-RV305 participant mediates 
more potent phagocytosis than corresponding IgG1 antibody.  
Flow cytometry plots for Ab8367, a natural IgG3 clone from RV305 PTID 3043 showing 
phagocytosis activity. Ab8367 was cloned into wild type IgG3 and IgG1 Fc backbones 
and expressed as a monoclonal antibody, then tested for phagocytosis activity against 
HIV-1CM235-Tomato infectious virions in human primary monocytes. Representative plots 
from one experiment (of n=2 experiments done) shown. Data contributed by LaTonya 
Williams, Duke University Tomaras Lab. 

5.3 The hinge region of IgG3 is crucial for its increased 
phagocytosis activity 

IgG3 differs from IgG1 both in hinge length and Fc region. To determine which of these 

components are responsible for increased IgG3 virion phagocytosis, we evaluated 

recombinant monoclonal VRC01 IgG3 antibodies with engineered variations in hinge 

lengths. We found increased virion phagocytosis activity with increased hinge length 

(Figure 31). Also, when the IgG3 hinge length was reduced to the same length as IgG1, 

virion phagocytosis activity was also reduced to a level similar to that of IgG1. These 

data suggest that the increased hinge length of IgG3 is responsible for the increased 

phagocytosis activity of IgG3 relative to IgG1.  



 

124 

 

Figure 31. IgG3 hinge region crucial for increased phagocytosis activity.  
The phagocytosis of fluorescent HIVBaL-Tomato BaL virus by human monocytes is 
reported on the y-axis, quantified as phagocytosis score (% pos x MFI (sample) / % pos 
x MFI (no-antibody control)). Phagocytosis scores were compared for VRC01 mAbs 
synthesized to represent human IgG1 and IgG3, including IgG3 backbones of different 
lower hinge repeat numbers (hinge length). The anti-influenza HA CH65 human mAb 
was utilized as a negative control. Antibodies were generated by Thach Chu, Margaret 
Ackerman Laboratory, Dartmouth College. 

 

5.4 Discussion 

Given the importance of antibody isotype/subclass profile in HIV-1 vaccine 

efficacy (198, 253, 254, 267) and protection in mucosal challenge models (269, 270), 
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notably the association of IgG3 with reduced risk of infection in the semi-efficacious 

RV144 phase IIb clinical trial (198, 253, 254), we sought to determine differences in 

effector function between IgG subclasses.  

Using both flow cytometry and ImageStream cytometry, we demonstrated 

enhanced virion internalization by IgG3 compared to IgG1, and reduced virion 

internalization by IgA1 and IgA2 compared to IgG1. We further generated additional 

monoclonal antibodies to test a broader panel of epitope specificities to determine 

whether these effects observed are specific to a particular epitope. IgG3 was more 

potent than IgG1 for all epitope specificities in mediating virion internalization, indicating 

that the observed effects were not epitope-dependent. Our identification of enhanced 

IgG3 mediated phagocytic function supports findings in both virus controllers (257) and 

in RV144 vaccinees (198, 253) that this antibody response is associated with a more 

functional antibody profile. However, unlike Chung et al. who concluded that IgG3 may 

only be a surrogate of a functional IgG1 response (254), our data present an additional 

potential role for direct IgG3 effector function via enhanced antibody-mediated 

phagocytosis activity, and raise the hypothesis that the correlation of Env IgG3 with 

reduced HIV-1 risk may be in part due to this improved Fc mediated antiviral function.  

To extend these results to participants from the RV144 trial, we examined the 

relationship between IgG subclasses and phagocytosis in RV305, a follow-up vaccine 

trial with RV144 participants where increased HIV-specific antibody titers and breadth 

were achieved. Phagocytosis function was boosted upon follow-up vaccination, and was 

correlated with IgG1 and not IgG4, in line with previous studies in RV144 using a 

systems serology approach (254). While IgG3 was not present at levels high enough to 

allow correlation analysis, IgG3 memory B cells were present in the RV144-305 
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participants, and expression of one such antibody showed that the IgG3 form mediated 

greater phagocytosis than IgG1. Thus, at the monoclonal antibody level, IgG3 elicited in 

RV144/RV305 can be functional for phagocytosis.  

Why is IgG3 more potent than IgG1 for virion phagocytosis? We found that the 

differences in virion internalization activity between IgG1 and IgG3 were not associated 

with HIV-1 Env antigen binding, indicating that the observed differences in virion 

internalization were not simply due to differences in affinity for the target. Instead, it 

appeared that the enhanced virion internalization activity mediated by IgG3 is due to the 

increased length of the IgG3 hinge region. By comparing hinge mutants of VRC01 IgG3 

antibody, virion internalization activity increased with increasing hinge length. 

Furthermore, when the VRC01 IgG3 hinge length was reduced to the same length as 

IgG1, virion phagocytosis activity was also reduced to a level similar to that of IgG1, 

suggesting that the differences between IgG3 and IgG1 in FcR affinity (63) may not be 

important for their different phenotypes for virion internalization. At the same time, it 

should be noted that this does not hold true in all cases: antibody Fc mutants with 

increased FcγRIIa affinity (often relative to FcγRIIb) showed increased phagocytosis in a 

number of different contexts (376-378). In the context of HIV-1, enhanced phagocytic 

activity correlates with antibodies with skewed affinity for FcγRIIa and FcγRIIb (272). 
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6. Relationship between human and non-human primate 
Fc and FcR for phagocytosis function 

Non-human primates (NHP), and especially rhesus macaques, are an important animal 

model used in HIV-1 vaccine and passive immunotherapy studies. However, rhesus 

macaque Fc and FcR are structurally divergent from human Fc and FcR. In order to be 

able to understand how observations in the rhesus macaque system apply to humans, it 

is important to evaluate the Fc functions of rhesus macaque Ig and effector cells relative 

to those in humans. 

To determine the extent of functional homology for phagocytosis across rhesus 

macaques and humans, we recruited a cohort of 24 uninfected humans and 23 rhesus 

macaques, and evaluated the phagocytosis activity of their effector cells (monocytes and 

neutrophils) using a panel of CD4 binding site neutralizing mAbs (CH31 and VRC01) in 

recombinant human IgG1, IgG3, IgA1, and IgA2 subclasses, as well as rhesus macaque 

IgG1. 

6.1 Non-human primate monocytes engage human antibodies 
for antibody-dependent virion phagocytosis 

Results from the 24 human primary monocyte donors were in line with our previous 

observations (Figure 10, Figure 27): for each donor, monocytes engaged IgG3 for the 

highest phagocytosis activity, followed by IgG1, followed by IgA1 and IgA2 (Figure 32). 

However, for each mAb, heterogeneous phagocytosis responses were observed across 

individuals, highlighting the importance of profiling effector function both at the antibody 

and the effector cell level to achieve a more accurate picture of an individual’s immune 

response. Nevertheless, these results indicate that there exists a level of functional 
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homology across rhesus macaques and humans that may be exploited in passive 

immunotherapy pre-clinical studies utilizing human antibodies in rhesus macaques. 

 

Figure 32. Comparison of phagocytosis mediated by non-human primate and 
human monocytes.  
The phagocytosis of fluorescent HIVBaL-Tomato virus by NHP (red) and human (blue) 
monocytes are quantified by ΔMFI (MFI (sample) – MFI (no-antibody control)). 
Phagocytosis ΔMFI are reported for a panel of broadly neutralizing CD4 binding site 
mAbs (CH31 and VRC01) synthesized to represent different human Ig 
subclasses/isotypes (IgA1, IgA2, IgG3, IgG1) and rhesus IgG. The anti-influenza HA 
CH65 and anti-HIV-1 but non-HIVBaL-targeting HG107 human mAbs were utilized as 
negative controls. Each donor was tested once. The black line indicates the positivity 
cutoff as determined by the mean + 3 standard deviations of negative controls in the 
assay. 

 

6.2 Human and non-human primate monocytes engage rhesus 
macaque IgG1 for antibody-dependent virion phagocytosis 

The CD4 binding site broadly neutralizing antibody was expressed in the rhesus 

macaque IgG1 (VRC01_Rh) backbone. VRC01_Rh was able to engage both human and 
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rhesus macaque monocytes for antibody-mediated phagocytosis of HIV-1 virions 

(Figure 32). Furthermore, its activity was similar to that of VRC01 in the human IgG1 

subclass (VRC01_IgG1). Thus, despite differences in FcR structure, cross-species 

interaction for antibody Fc function is possible. 

6.3 Human and non-human primate neutrophils engage 
antibodies for antibody-dependent virion phagocytosis 

Neutrophils are known to be capable of phagocytosis, but direct antibody-mediated 

neutrophil-mediated phagocytosis of HIV-1 virions has not yet been demonstrated. Thus, 

we examined freshly isolated neutrophils from the 24 humans and 23 rhesus macaques 

for their ability to engage antibodies for phagocytosis of HIV-1 virions. 

Human and rhesus macaque neutrophils were capable of antibody-mediated 

phagocytosis of HIV-1, and displayed similar antibody rank-order patterns relative to 

monocytes (Figure 33). Thus, both neutrophils and monocytes are potential phagocytes 

that can be engaged by antibodies against HIV-1. 
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Figure 33. Comparison of phagocytosis mediated by non-human primate and 
human neutrophils.  
The phagocytosis of fluorescent HIVBaL-Tomato BaL virus by NHP (red) and human 
(blue) freshly isolated neutrophils are quantified by ΔMFI (MFI (sample) – MFI (no-
antibody control)). Phagocytosis ΔMFI are reported for a panel of broadly neutralizing 
CD4 binding site mAbs (CH31 and VRC01) synthesized to represent different human Ig 
subclasses/isotypes (IgA1, IgA2, IgG3, IgG1) and rhesus IgG. The anti-influenza HA 
CH65 and anti-HIV-1 but non-HIVBaL-targeting HG107 human mAbs were utilized as 
negative controls. Each donor was tested once. The black line indicates the positivity 
cutoff as determined by the mean + 3 standard deviations of negative controls in the 
assay. Neutrophil phagocytosis data was generated in collaboration with Whitney 
Edwards and Justin Pollara, Guido Ferrari Laboratory, Duke Human Vaccine Institute. 

 

The mean fluorescence intensity per neutrophil was lower than that for monocytes, 

indicating that monocytes may be capable of taking up larger quantities of virions per cell 

relative to neutrophils, though it should be noted that neutrophils outnumber monocytes 

at least in the circulatory system. 
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6.4 Monocytes and neutrophils do not correlate within the same 
individual in their response for antibody-dependent virion 
phagocytosis 

To determine if similar regulatory systems govern the phagocytosis activity of monocytes 

and neutrophils, we compared the phagocytosis activity of autologous monocytes and 

neutrophils from each donor. Phagocytosis activity of monocytes and neutrophils 

showed little correlation with each other (human monocytes and neutrophils: Spearman 

rho = -0.21-0.45; rhesus monocytes and neutrophils: Spearman rho = 0.45-0.52), 

suggesting that the mechanisms regulating phagocytosis activity may differ across these 

two cell types (Figure 34).  

 

Figure 34. Correlations between monocyte and neutrophil phagocytosis.  
The correlations between monocyte and neutrophil phagocytosis scores within 24 
humans (A) and 23 non-human primates (B) are shown as Spearman rho values. 
Phagocytosis scores were used from the CH31 and VRC01 mAbs that had more than 
half of their values above the positivity cutoff (mean + 3 standard deviations of negative 
controls). 

 

6.5 Phagocytosis response is correlated within antibody isotype 

In contrast, within a single cell type, activity mediated by different antibody subclasses 

tended to correlate with each other despite their differing magnitudes (Figure 35). For 
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example, the Spearman rho correlation between phagocytosis activity mediated by 

CH31 IgA1 and CH31 IgA2 in human monocytes was 0.94, and the Spearman rho 

correlations between phagocytosis activity mediated by CH31 IgG3, CH31 IgG1, VRC01 

IgG1, and VRC01_Rh was between 0.91-0.96. These patterns were similar for human 

neutrophils, as well as rhesus macaque monocytes and neutrophils. Lower correlation 

values were observed across isotypes. This suggests co-regulation of the mechanisms 

regulating the interaction of phagocytes at the level of antibody isotype. 

 

Figure 35. Correlations across antibody isotype/subclass for phagocytosis.  
The correlations between CH31 mIgA1, CH31 mIgA2, CH31 IgG3, CH31 IgG1, VRC01 
IgG1, and VRC01 rhesus IgG1 for antibody-mediated phagocytosis are shown as 
Spearman rho values. Phagocytosis scores were used from mAbs that had more than 
half of their values above the positivity cutoff (mean + 3 standard deviations of negative 
controls). Correlations were done separately for human monocytes (top left), human 
neutrophils (bottom left), rhesus macaque monocytes (top right), and rhesus macaque 
neutrophils (bottom right).  

6.6 Discussion  

The human and rhesus Fc and Fc receptor systems are divergent. While rhesus 

macaques have 4 IgG subclasses similar to humans, these are not structurally or 
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functionally analogous to the human IgG1-4. For instance, rhesus IgG2 and IgG4 retain 

strong binding to Fc receptors (41), whereas human IgG2 and IgG4 have strongly 

attenuated binding to Fc receptors. Rhesus macaques have only one IgA gene, whereas 

humans have two IgA genes, IgA1 and IgA2. The diversity in the germline 

immunoglobulin genes is also higher in rhesus macaques than in humans (43, 379). 

For Fc receptors, rhesus macaques also differ from humans. While human Fc 

receptors are relatively similar in their binding sites to antibodies, rhesus macaque Fc 

receptors diverge, and have large diversity between individuals (380, 381). Notably, 

while rhesus and human Fc and FcR can cross-react in binding, antibody binding to 

FcγRIIa is different between humans and rhesus macaques when comparing antibody 

Fc mutants, suggesting that antibodies may not behave similarly against human and 

rhesus macaque FcγRIIa (382), which is one of the two main Fc receptors engaged for 

phagocytosis (the other being FcγRI (273)).  

In line with the ability for human and rhesus IgG to cross-react with FcγRs from 

the other species (380, 382), we showed that such binding can also engage function. 

Despite the above-mentioned differences, the subclass/isotype rank orders for 

phagocytosis were preserved from humans to rhesus macaques. This is encouraging for 

passive immunization trials in rhesus macaques, since it indicates that phagocytosis 

function is preserved. In particular, since rhesus macaques do not have a structural or 

functional equivalent of IgG3, examining human IgG3 in rhesus macaques may be one 

way to examine mechanisms of protection of IgG3, given its correlations with reduced 

risk of infection.  

While we have only examined rhesus IgG1 here, we expect rhesus IgG2 to IgG4 

to also mediate phagocytosis, given that all four rhesus macaque subclasses are 
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capable of binding to the same Fc receptors at least to some degree (380). 

Nevertheless, further exploration of the relative functions of rhesus macaque IgG2, IgG3, 

and IgG4, as well as the different rhesus macaque Fc allotypes, will provide a fuller 

characterization of the relative functions of each rhesus macaque subclass, and provide 

a better understanding of the subclass-function relationship in rhesus macaque vaccine 

studies. 

While similar patterns are observed across subclasses and isotypes, there was a 

notable spread of responses across individuals, with a median 7.2-fold difference 

between the highest and lowest phagocytosis responses. The reason for this variation 

remains to be explored, and could include differences in FcR allotype, as well as 

differences in Fc receptor expression. Sequencing studies are underway to determine 

FcR allotype of the humans and macaques used, and Fc receptor expression is also 

being quantified in monocytes and neutrophils.  

In the same way, subtle inter-species differences in the magnitude of 

phagocytosis were also observed, and may be due either to structural differences in FcR 

binding and engagement, or due to inter-species differences in Fc receptor expression. 

For instance, it is known that human neutrophils but not rhesus macaque neutrophils 

express FcγRIIIb (383), which is inefficient for phagocytosis (384), and this may explain 

the generally higher rhesus macaque neutrophil phagocytosis responses relative to 

human neutrophils.  

The finding that neutrophils are capable of antibody-mediated virion phagocytosis 

strengthens the potential role of virion phagocytosis for antiviral function. Neutrophils are 

resistant to HIV-1 infection (385), and are thus likely to be capable of destroying HIV-1 

virions after phagocytosis. While neutrophils are present at low numbers in the female 
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genital tract at steady state, inflammation can rapidly recruit neutrophils to participate in 

the anti-pathogen response. Given that neutrophils and monocytes appeared not to 

correlate in their phagocytosis response magnitude, it is possible that enhanced function 

in one cell type can compensate for a lower response in the other cell type to decrease 

the overall susceptibility of the individual. 

The mechanisms by which phagocytosis magnitude are regulated are not well 

understood, thus it is difficult to determine the reasons for heterogeneity of phagocytosis 

responses between individuals, between cell types, and between antibody isotypes. 

Potential sources of differences include FcR allotype (such as the human FcγRIIa 

131H/R polymorphism, with 131R having lower binding and phagocytosis capability (41, 

63, 386, 387)), regulation of FcR expression and surface aggregation (required for FcR 

engagement), and downstream signaling pathways after FcR engagement. 

Nevertheless, the correlations observed in this study give us some clues. Firstly, the 

tight correlation for phagocytosis activity within each antibody isotype indicates that 

these mechanisms are likely not related to differential affinity of the Fc receptors to a 

particular antibody subclass. Secondly, the lack of correlation of phagocytosis function 

across monocytes and neutrophils indicates that there is at least some role for regulatory 

mechanisms apart from FcR allotype, since the same allotype is likely to be present in 

both cell types and thus would not contribute to differences between monocyte and 

neutrophil phagocytosis. This could be due to different expression levels of each Fc 

receptor across cell types, including positive and negative cooperation of Fc receptors in 

cell types that co-express more than one Fc receptor.  More in-depth studies are 

required to fully understand the rhesus macaque and human FcR-phagocytosis system. 
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7. Downstream outcomes of antibody-mediated 
phagocytosis 

Thus far, we have examined the Fv and Fc characteristics that allow for antibody-

mediated phagocytosis of HIV-1. In this section, we will explore the downstream 

outcomes of antibody-mediated phagocytosis. We will explore the fate of phagocytosed 

virions, and also the cellular reactions triggered by antibody-mediated phagocytosis. 

These findings are relevant to the understanding of the role of antibody-mediated 

phagocytosis both as a direct mechanism of pathogen destruction, as well as a sentinel 

event for the mounting of an appropriate immune response. 

7.1 Virus viability after phagocytosis 

7.1.1 Antibody-mediated phagocytosis of HIV-1 virions in human 
monocytes does not enhance infection 

Monocytes and macrophages are targets of HIV-1 infection, and have been 

implicated as reservoirs of HIV-1 in chronic infection with and without antiretroviral 

treatment in multiple tissue compartments. Furthermore, early studies of antibody and 

complement interactions with PBMCs showed increased viral replication at particular 

dilutions of antibody and complement, and this process was dubbed antibody-mediated 

enhancement of HIV-1 infection. To enhance our understanding of whether antibody-

mediated phagocytosis of HIV-1 virions is proviral in enabling additional infection of 

monocytes and macrophages, or whether it is antiviral in causing direct destruction of 

HIV-1 virions, we aimed to determine whether HIV-1 virions that had been taken up by 

antibody-mediated phagocytosis could proceed to cause infection, or whether they were 

destroyed.  
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To examine this, human primary monocytes were allowed to phagocytose HIV-1 

virions in the presence or absence of antibodies. Subsequently, excess virus was 

washed off using PBS (Figure 36A, B) or trypsin (Figure 36C, D), and the monocytes 

were left in culture, and culture supernatant was taken at intervals and tested for 

infectious virus to examine infection levels over time. In conditions without antibody, 

infection levels increased over time, as seen by increasing RLU units produced by TZM-

bl cells on which the culture supernatants had been plated. However, in conditions 

where broadly neutralizing antibody CH31 IgG1 was present, no or little infection was 

seen over time despite the increased initial quantity of phagocytosed virions, suggesting 

that the phagocytosed virions did not progress to infection, and had been destroyed. In 

the case of non-neutralizing antibodies capable of mediating phagocytosis, such as 7B2 

or F240, similar levels of infection were seen over time relative to the no-antibody 

conditions despite the increased initial quantity of phagocytosed virions, suggesting that 

the additional virions internalized by antibody-mediated phagocytosis did not contribute 

to the resulting infection . This was not because virions engaged by the non-neutralizing 

antibodies were defective virions and incapable of infection: 7B2 IgG1 was capable of 

capturing 38% of infectious HIV-1BaL virus by a protein G-based virus capture assay 

(Figure 36E). This suggests that in human primary monocytes, antibody-mediated 

phagocytosis of HIV-1 virions does not directly lead to infection. 
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Figure 36. Antibody-mediated phagocytosis of HIV-1 virions by broadly and non-
broadly neutralizing antibodies in human primary monocytes and macrophages 
does not enhance infection.  
A-B. Broadly neutralizing CD4 binding site antibody CH31 IgG1, non-neutralizing gp41 
PID antibodies 7B2 IgG1 and F240 IgG1, and negative control antibody Palivizumab 
IgG1 were incubated with human primary monocytes and HIV-1BaL-Tomato virions for 
phagocytosis. Following incubation, cells were washed twice in PBS, and a portion of 
cells were fixed for quantification of virion phagocytosis (A). Virion phagocytosis was 
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quantified by the mean fluorescence of phagocytes in the presence of antibody minus 
mean fluorescence in the absence of antibody. The remaining cells were plated in a 96-
well tissue culture plate to monitor infection over time. (B) 100µl of the 200µl supernatant 
in each well was harvested and replaced with fresh media at days 1, 3, 5, 7, 10, and 14 
after phagocytosis. Supernatants were tested for infectious virus by plating 25µl of 
supernatant in triplicate wells with 16,000 TZM-bl cells each. Relative light units (RLUs) 
normalized to the RLU for the no-antibody control wells at the last day are reported as 
percentages. Results from a single experiment are shown. C-D. CH31 IgG1, 7B2 IgG3, 
and negative control anti-influenza HA antibody CH65 IgG1 were incubated as above for 
virion phagocytosis. Following incubation, cells were washed and resuspended in 0.05% 
trypsin and incubated at 37°C for 10 minutes. Trypsin was washed off, and a portion of 
cells were fixed for quantification of virion phagocytosis as above (C). The remaining 
cells were plated in a 96-well tissue culture plate to monitor infection over time (D). 
Results from a single experiment are shown. 100µl of the 200µl supernatant in each well 
was harvested and replaced with fresh media with 20ng/ml M-CSF at days 2, 5, 8, 12, 
and 17 after phagocytosis. Supernatants were tested for infectious virus as above. E. 
Antibodies were tested for infectious virus capture by co-incubation of antibody and virus 
on a protein G column. Flow-through virus was assessed for infectious virus content and 
compared to the infectious flow-through virus of the no-antibody control to determine the 
percentage of infectious virus captured by each antibody. F-G. Blood-derived monocytes 
were differentiated into macrophages by incubation with 20ng/ml M-CSF for 2 weeks. 
CH31 IgG3 and negative control CH65 IgG1 were incubated as above for virion 
phagocytosis (F) and monitoring for infection over time (G). Results from a single 
experiment are shown. 

7.1.2 Antibody-mediated phagocytosis of HIV-1 virions in human 
monocyte-derived macrophages does not enhance infection 

Since macrophages are more susceptible than monocytes to HIV-1 infection, we 

also aimed to determine whether antibody-mediated viron phagocytosis leads to 

destruction of HIV-1 virions in macrophages. Human primary macrophages were 

differentiated from blood-derived monocytes by culturing in macrophage colony 

stimulating factor (M-CSF) for 2 weeks. Similar to primary monocytes, broadly 

neutralizing antibody CH31 IgG3 mediated antibody-dependent phagocytosis of HIV-

1BaL-Tomato virions, but afterward no sustained infection was observed (Figure 36F,G). 

This suggests that in both human primary macrophages and monocytes, antibody-

mediated phagocytosis of HIV-1 virions does not directly lead to infection. 
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7.1.3 Antibody-mediated and non-antibody-mediated phagocytosis of 
HIV-1 virions in human monocytes does not recruit LC3 

Since it appeared that non-antibody-dependent phagocytosis was capable of 

causing infection, whereas antibody-dependent phagocytosis did not cause infection, we 

sought to understand the reason for these differences between antibody-dependent and 

non-antibody-dependent phagocytosis. It was reported that engagement of FcγRs during 

phagocytosis could recruit the autophagy protein LC3 to phagosomes (87), and also that 

LC3-associated phagocytosis can result in a variety of phenotypes including increased 

pathogen destruction (88-90). Thus, we hypothesized that a similar process might occur 

for the destruction of HIV-1 virions undergoing antibody-mediated phagocytosis.  

To investigate if LC3 is recruited to phagosomes in the context of antibody-

mediated HIV-1 virion phagocytosis, we examined the colocalization of LC3 and 

phagocytosed virions via fluorescence microscopy. While LC3 was localized to 

phagocytosed zymosan bioparticles in accordance with previous reports (388), LC3 was 

not colocalized with virions in either antibody-independent HIV-1 virion phagocytosis or 

antibody-dependent HIV-1 virion phagocytosis (CH31 mIgA1, CH31 IgG1, CH31 IgG3) 

(Figure 37). Thus, LC3 did not appear to be recruited during the process of HIV-1 virion 

phagocytosis. 
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Figure 37. LC3 does not appear to be recruited upon antibody-independent or 
antibody-dependent HIV-1 virion phagocytosis.  
HIV-1BaL-Tomato virions were incubated with CH31 IgG3, CH31 IgG1, CH31 mIgA1, or 
PBS for 2 hours to form immune complexes. Immune complexes, AF488-conjugated 
3µm zymosan bioparticles (ThermoFisher), 0.25µm blank latex beads (Spherotech), or 
1µm ConSgp140 FluoSpheres yellow-green NeutrAvidin beads (ThermoFisher) were 
spinoculated with human primary monocytes for 1 hour at 4°C, then transferred to a 
glass-bottom 96-well plate and incubated for 1 hour at 37°C. Cells were washed, 
permeabilized, and fixed, and stained for LC3 (green) and nuclei (blue). Target 
fluorescence (HIV-1BaL-Tomato, AF488, Fluospheres yellow-green) are pseudocolored 
in red. Representative cells from a single experiment are shown. 

7.2 Cellular responses to antibody-mediated phagocytosis 

7.2.1 Secretion of cytokines after antibody-mediated virion 
phagocytosis 

In addition to direct pathogen destruction, monocytes and macrophages also play 

an important role in cytokine secretion for the development of the immune response and 

the recruitment of other effector cell populations. Thus, we aimed to determine whether 

antibody-mediated phagocytosis of HIV-1 virions triggers cytokine production and 

release in monocytes. After phagocytosis of HIV-1BaL-Tomato virions in the presence or 

absence of antibody, monocytes were washed to remove excess antibody and virions, 

and incubated overnight. Subsequently, the levels of cytokines in the supernatant was 

assessed using a Milliplex MAP Human Cytokine Magnetic Bead Panel (Millipore Sigma) 
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assessing the levels of TNFα, IFN-γ, MIP-1α, IL-1b, IL-2, IL-4, IL-6, IL-10, IL-12 (p70), 

and IL-15. Increased levels of TNFα, MIP-1α, IL-6, and IL-10 were observed after HIV-1 

virion phagocytosis, but these levels were similar between antibody-dependent and 

antibody-independent phagocytosis (Figure 38). None of the other cytokines tested 

were present at detectable levels. Thus, HIV-1 virion phagocytosis may be capable of 

triggering monocyte cytokine secretion, and antibody-dependent virion phagocytosis 

does not enhance cytokine secretion despite increasing the amount of phagocytosed 

virions.
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Figure 38. Cytokines secreted after antibody-dependent and non-antibody-
dependent HIV-1 virion phagocytosis.  
After phagocytosis of HIV-1BaL-Tomato virions in the presence or absence of antibody, 
monocytes were washed to remove excess antibody and virions, and incubated 
overnight. Subsequently, the levels of cytokines in the supernatant was assessed using 
a Milliplex MAP Human Cytokine Magnetic Bead Panel (Millipore Sigma) assessing the 
levels of TNFα, IFN-γ, MIP-1α, IL-1b, IL-2, IL-4, IL-6, IL-10, IL-12 (p70), and IL-15. 
Levels of TNFα (top left), IL-6 (top right), MIP-1α (bottom left), and IL-10 (bottom right) 
are shown in pg/ml. Results from two independent experiments are plotted. 

7.3 Discussion 

Monocytes and macrophages express both the CD4 receptor and the CCR5 and 

CXCR4 coreceptors for HIV-1, and are natural targets of HIV-1 infection (389). Since 

opsonins increase the interaction between these cellular populations and HIV-1, one 

pertinent question is whether such interaction leads to destruction of HIV-1 similar to 

most other foreign microorganisms, or whether such interaction can lead to 

enhancement of HIV-1 infection. Notably, several papers have shown that high serum or 

antibody dilutions can cause enhancement of infection (116, 117, 390). These effects 

were large in the context of serum or complement, but small in the context of purified 

antibody (116, 117, 391). Nevertheless, it was suggested that infection was a result of a 

balance between the enhancing effects of non-neutralizing antibodies and the antiviral 

effects of neutralizing antibodies, and that sufficient dilution caused virus to be in excess 

of neutralizing antibody and so tipped the balance toward enhancement of infection 

(392).  

Here, we have used monoclonal antibodies, and shown that for both broadly 

neutralizing and non-neutralizing antibodies, antibody-dependent phagocytosis of HIV-1 

virions does not lead to enhancement of infection. We further examined whether this 

was due to recruitment of autophagy-related protein LC3, but did not observe evidence 

for such recruitment. One caveat to our conclusion is that the non-neutralizing antibodies 
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used here, 7B2 and F240, have been shown to have some viral inhibitory activity in 

monocytes (393). Thus, the lack of enhancement seen here might also be due to a 

balance between mild FcγR-related neutralization activity and enhancement. Further 

work with HIV-1 strains engineered to express a protein irrelevant for infection, but 

capable of being engaged for phagocytosis (394), is needed to confirm that these results 

are independent of neutralization effects.  

One reason why our results may have differed from those of other papers (116, 

117, 390, 391) is that instead of antibody dilution, we have used a non-neutralizing 

antibody. One potential reason that antibody dilution may have produced antibody-

dependent enhancement of infection is the sensitivity of phagocytes to the physical 

properties of the immune complexes (see section 1.1.5). Sufficiently dilute Ig may not 

have been able to properly form immune complexes for FcR aggregation and activation, 

but may have instead caused low-level binding that resulted in monophasic occupancy 

on the FcR ITAMs which can lead to inhibitory signaling instead (58, 59). If the active 

recruitment of additional antiviral factors by activatory FcR signaling is required for virus 

destruction, then such inhibitory signaling may have resulted in increased virus 

susceptibility. Indeed, ligation of an inhibitory receptor, LILRB1, was required for 

antibody-dependent enhancement of dengue virus infection (395). 

We examined whether cytokine production was a downstream effect of antibody-

mediated virion phagocytosis. FcγR-mediated activation of monocytes is associated with 

STAT1 activation and corresponding activation of interferon-stimulated genes, including 

cytokine production (396). In bacteria, it is known that co-stimulation of Fc receptors and 

bacterial pattern recognition receptors triggers cytokine transcription as well as caspase 

1 activation to result in production of active IL-1β, IL-6, IL-23, and TNFα, resulting in a 
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Th17 phenotype (83). In viruses, co-stimulation of Fc receptors and viral pattern 

recognition receptors TLR3 and TLR7/8 can produce IL-6, IL-10, and potentially TNFα 

and IFNα/β (397-399). HIV-1 is also recognized by TLR3 and TLR7 (400) – in fact, some 

individuals with a polymorphism in TLR3 are naturally resistant to HIV-1 infection (401). 

In contrast, while we detected some level of cytokine response to HIV-1 viruses, we did 

not detect additional cytokine production in conditions with antibody, indicating a lack of 

additional cytokine production with costimulation of Fc receptors. This may indicate that 

the signals following FcR recognition of HIV-1 differ from those of other viruses (at least 

from dengue virus). More detailed study needs to be done in order to verify this finding. 

This includes expansion of the cytokine panel used, in particular to include IFNα/β, 

which may be important in resistance against HIV-1 infection (402). Also, analysis of 

different immune complex formation conditions will be important, given the high 

variability of phagocyte responses to the physical properties (including size and valency) 

of the target (81, 83, 403). 

A number of other potential downstream effects of phagocytosis have not yet 

been explored. One such potential effect is antigen presentation. FcγR-mediated 

phagocytosis can enhance antigen presentation in vitro (404) and in vivo (405), and 

stimulation of ITAMs on FcγRs can trigger calcium signaling including PKC activation, 

which can lead to stimulation of class II antigen presentation (406). Antigen presentation 

can be altered depending on whether the antigen is bound within immune complexes 

(407-415), and immune complex-enhanced antigen presentation has been shown for 

SIV gag (416). However, it is not known in the context of antibody-mediated HIV-1 

phagocytosis whether this process also leads to efficient antigen presentation, and 

whether there are alterations in antigen presentation pathways.  
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Another potential effect is recruitment or activation of other effector cell 

populations. Given reports of cross-talk between monocytes and NK cells for ADCC 

(417-420), we attempted preliminary experiments co-culturing monocytes with NK cells 

to determine if this would enhance ADCC. However, we observed no differences in 

ADCC activity (data not shown). Further work in this direction may shed light on 

intercellular interactions crucial toward anti-HIV-1 activity, in particular comparing the 

effector cell populations at foci of infection in vivo when challenged with free virus versus 

immune complexes. 
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8. Conclusions 

HIV-1 is a global health problem, and a vaccine is urgently needed to curb the 

HIV-1 epidemic (165, 166). Among current antibody-based HIV-1 vaccine strategies, two 

broad approaches are being developed: the first is the elicitation of broadly neutralizing 

antibodies, and the second is elicitation of non-broadly neutralizing antibodies with Fc-

mediated functions that are capable of exerting antiviral activity and preventing HIV-1 

infection. This thesis focuses on the latter strategy. 

What are the appropriate Fc-mediated functions to elicit against HIV-1? These 

functions can be identified by as those which correlate with reduced risk of infection in 

human and non-human primate vaccine studies. ADCC is one such effector function – in 

the primary correlates analysis for the semi-efficacious RV144 human clinical trial, 

ADCC was correlated with reduced risk of infection (172). Another Fc-mediated function 

that has correlated with reduced risk of infection in non-human primate vaccine studies 

is antibody-dependent phagocytosis. Antibody-dependent phagocytosis has correlated 

with reduced risk of protection in several non-human primate vaccine trials (205, 207, 

275), and it has not yet been directly tested for correlation with risk of infection in any 

phase II human clinical trial. In addition, while immune correlates analyses in human 

vaccine studies have thus far examined antibody-dependent phagocytosis by using HIV 

Env-coated beads for targets (204, 253), we also introduce two novel approaches 

representing potentially distinct biological functions, antibody-mediated virion 

phagocytosis and antibody-mediated infected cell phagocytosis. These may occupy 

different immunological space and are additional potential immune correlates of HIV-1 
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protection. Usage of these high-throughput assays in vaccine studies may yield further 

insights as to the mechanism and targets of the protective anti-HIV response. 

However, antibody-dependent phagocytosis is mediated by monocytes and 

macrophages which are known targets of HIV-1 infection, calling into question its utility 

as an antiviral function given the potential risk of enhancement of infection (116-119). 

Here, we demonstrated that neutrophils, which are resistant to HIV-1 infection, can also 

engage antibodies for phagocytosis. Furthermore, we have shown that antibody-

mediated phagocytosis does not enhance infection in both monocytes and 

macrophages, even for non-neutralizing antibodies. The mechanisms by which antibody-

mediated virion phagocytosis resulted in virion destruction, whereas non-antibody-

mediated phagocytosis resulted in infection, remain unclear. Do such mechanisms 

operate at the level of the individual endosome, perhaps stimulating phagolysosomal 

acidification and maturation for virion destruction? Such differences may be explored via 

co-localization experiments of phagolysosomal markers of various phagolysosome 

maturation stages (e.g. EEA-1, LAMP-1) with virions that have been phagocytosed via 

antibody-mediated and non-antibody-mediated routes. Alternatively, do such 

mechanisms operate at the level of the cell, where antibody-mediated phagocytosis 

increases the overall cellular resistance to infection, for instance via upregulation of HIV-

1 resistance factors including IFN-α/β, SAMHD1, APOBEC3G, TRIM5α? Notably, HIV-

antibody immune complexes can enhance production of type I IFN by plasmacytoid 

dendritic cells (421). The existence of such mechanisms may be tested by probing 

differential monocyte/macrophage gene expression after antibody-mediated and non-

antibody-mediated phagocytosis. Regardless of mechanism, our results suggest that 

antibody-mediated virion phagocytosis is an antiviral function, and support the continued 
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evaluation of antibody-dependent phagocytosis as an antiviral function in vaccine 

development. 

What are the antigenic targets for Fc-mediated functions? The targets for ADCC 

have been relatively well-defined, though results may vary depending on the assay used 

(perhaps reflecting viral epitopes present upon viral entry versus viral exit). One notable 

epitope is the CD4-induced C1 conformational epitope, which is non-neutralizing but can 

represent the dominant antigen engaged for ADCC. Other epitopes present include 

broadly neutralizing epitopes including the CD4 binding site. In contrast, the antigenic 

targets for antibody-dependent phagocytosis have not been well-defined. Multiple 

vaccine studies evaluating antibody-dependent phagocytosis have utilized HIV-1 Env-

coated beads, which does not evaluate all native virion Env conformations. Here, we 

have defined antigenic targets for antibody-dependent phagocytosis of HIV-1 virions. 

These comprised both neutralizing and non-neutralizing epitopes, including the CD4 

binding site, trimer apex glycan, V3 loop, V2 loop, gp41 PID, and gp41 MPER. This list 

may be incomplete since it is restricted to a subset of the currently known epitopes – a 

larger screen, perhaps using virion capture or virion phagocytosis as a primary 

screening assay, may capture a broader range of non-neutralizing antibodies may 

identify new conformational epitopes, in particular on gp120, that can be engaged for 

antibody-mediated virion phagocytosis function. Nevertheless, it is notable that these 

epitopes only partially overlap with those engaged for ADCC. Virion phagocytosis does 

not engage the C1 conformational epitope that is engaged for ADCC. There is a similar 

example in the converse direction: the gp41 PID is engaged by F240 for virion 

phagocytosis but not for ADCC (422). Thus, different epitopes need to be targeted 

depending on which Fc-mediated function is being targeted.  
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In addition, we have demonstrated that antibodies can also mediate 

phagocytosis of infected cells. While we have shown that at least the CD4 binding site is 

capable of mediating phagocytosis, further work utilizing both monoclonal and polyclonal 

antibodies is required to determine the antigenic targets engaged for phagocytosis of 

infected cells. These may or may not coincide with those required for ADCC – although 

the antigenic target is a HIV-1 infected cell in both cases, there may be particular 

requirements for affinity/avidity, as well as constraints on antibody angle of approach 

and Fv-Fc conformational change that may differ between ADCC and infected cell 

phagocytosis.  

What are the Fc-FcR interactions that maximize these Fc-mediated functions? 

We have shown that IgG3 is more potent than IgG1 for phagocytosis, and that IgG1 is 

more potent than IgA for virion phagocytosis (283, 423). The differences between IgG3 

and IgG1 lay in its hinge region – the longer the hinge region, the more potent the 

phagocytosis. Notably, the opposite is true for ADCC – while IgG3 also mediates more 

potent ADCC than IgG1, an IgG3 molecule with a short hinge region is more potent for 

ADCC than an IgG3 with a long hinge region (Tuyishime, Ferrari, personal 

communication). This may be because in the case of ADCC, antibody flexibility for 

antigen (virion) cross-linking and aggregation may be less important, but short 

intercellular distance may be more important, and combined with the increased FcR 

affinity of IgG3 may drive its potency for ADCC. Thus, as with antibody Fv above, the Fc 

requirements differ between ADCC and phagocytosis, and vaccine/passive 

immunotherapy strategy may change depending on which Fc-dependent strategy is 

targeted. 
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While the potency of IgG3 for both phagocytosis and ADCC point to its 

importance– and indeed IgG3 was correlated with reduced risk of infection in RV144 

(198, 253, 254) – it has been difficult to sustain IgG3 titers – the RV144 vaccine regimen 

gave IgG3 titers that fell rapidly (Williams LTD, in prep), contemporaneous with a decline 

in vaccine efficacy (from 60% at 1 year to 31.2% at study endpoint) (424). This did not 

improve with further vaccine boosting: uninfected vaccinees from RV144 were given two 

further vaccine boosts in RV305, but while the first boost was initially capable of raising 

IgG3 titers, these fell by the time of the second boost, being replaced with an increasing 

IgG4 response (which does not efficiently mediate Fc effector functions). Thus, further 

research in vaccine strategies is required to pursue the goal of eliciting a sustainable 

IgG3 response, including understanding the basic biology governing the elicitation of 

each antibody isotype/subclass, as well as developing methods to modulate these via 

adjuvant and vaccine dosing regimens. Alternatively, IgG3 may be delivered via passive 

infusion – if so, such antibodies need to be engineered/dosed with extreme care in order 

to avoid inducing undesired inflammatory responses including cytokine shock.  

How can we test Fc effector functions in preclinical studies? Can the rhesus 

macaque model faithfully recapitulate human antibody Fc effector functions in order to 

test their effects for antiviral activity? We have shown that despite the sequence and 

structural differences between both Fc and FcR of humans and rhesus macaques, the 

two species cross-react functionally for phagocytosis (41-43, 382). Further, given the 

similar binding patterns of antibody Fc mutants to FcγRIIIa (382), which is utilized for 

ADCC, it appears that rhesus macaques may be capable of recapitulating both 

phagocytosis and ADCC responses with human antibodies. These findings suggest that 

the rhesus macaque model may be suitable for testing the effects of passively infused 
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human antibodies. Conversely, since rhesus macaques do not have an IgG with an 

extended hinge region (44), it may be difficult to recapitulate the enhanced IgG3 

phagocytosis activity in the context of rhesus macaque vaccine studies. 

In addition to differences between humans and rhesus macaques, we have also 

demonstrated large variation across individual responses in humans in terms of effector 

cell potency for antibody-mediated phagocytosis. This underscores the importance of 

examining not just antibody but also effector cell phenotype in vaccine studies in order to 

construct a holistic understanding of each vaccinee’s immune responses. This argues 

for the collection and evaluation of autologous effector cells in addition to plasma in 

vaccine studies in order to reliably examine Fc effector function. Alternatively, if a 

reliable correlate of the particular effector cell function were found (e.g. FcR expression 

and allele), then vaccinee Fc effector function could also be accurately interrogated by 

normalizing for those relevant parameters. Such information may be crucial for 

identifying Fc-dependent immune correlates of protection.  

This work is relevant also for other pathogens in addition to HIV-1. The 

mechanistic immune correlates of protection have not been defined for many pathogens, 

with neutralization or binding titers typically sufficing as correlates of risk (425). However, 

it is increasingly clear that antibody Fc-mediated functions play a role in clearance of 

infections. This work utilizes HIV-1 as a model pathogen to probe the interactions 

between antibody and pathogen for antibody-dependent phagocytosis as a potential 

mechanism of antibody action, and the concepts learnt can be translated across 

pathogens. These include: methods to probe phagocytosis and its downstream effects, 

the ability of both neutralizing and non-neutralizing epitopes to mediate phagocytosis, 

differences in antibody Fv between antibody isotypes that may lead to functional 
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differences, the increased phagocytosis potency of IgG3 over IgG1 and IgA, the 

similarities and differences between human and non-human primate phagocytosis 

function, and the differences in antigenic specificity between Fc-mediated effector 

functions of phagocytosis and ADCC. Thus, this work is a stepping stone toward 

identifying mechanistic correlates of protection in other pathogens, which will enable 

more targeted vaccine and passive immunotherapy development.
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