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ABSTRACT 

Human Immunodeficiency Virus (HIV) is a T-lymphotrophic retrovirus that is 

the causative agent of Acquired Immunodeficiency Syndrome and is estimated to 

currently infect approximately 40 million people worldwide. Life-extending therapies 

are credited for the precipitous drop in HIV-related mortality in developed countries, 

but their high costs prevent widespread distribution in developing countries. To date, 

all attempts to produce a vaccine capable of preventing or controlling an HIV infection 

have failed, but a comprehensive explanation for these failures has yet to emerge from 

the available data. In this thesis the first chapter provides an overview of the 

pandemic, the antigenic properties of gp120 and gp41, which are the two 

glycoproteins that comprise the outer envelope spike of the virus, and the broadly 

neutralizing antibodies that have been isolated against them. The second and third 

chapters discuss biophysical characterizations of these monoclonal antibodies and 

newly designed molecules derived from them. Based on a comparison of these data 

with pre-existing research, a novel hypothesis called the “island effect” was developed 

and is presented as a possible explanation for the consistent failure of the human 

immune system to respond to infection or vaccination with an effective humoral 

response. The final chapter summarizes ongoing investigations in the capacities of 

broadly neutralizing monoclonal antibodies to recruit antibody-dependent cellular 

cytotoxicity, a mechanism by which antibodies can trigger the lysis of HIV-infected 

cells by the innate immune system. 
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The discovery of Human Immunodeficiency Virus 

On July 3, 1981, the New York Times published an article detailing the diagnosis 

of a rare form of cancer called Kaposi’s Sarcoma among 41 homosexual men primarily in 

New York City and the San Francisco Bay Area over a period of 30 months (1). Until 

that time, the nationwide incidence of this disease was one case in every 1.5 million 

people as reported by the Centers for Disease Control (CDC). Two years later, with 1,350 

reported cases, viral DNA from a human T-lymphotrophic retrovirus was isolated from 

the T cells of several patients exhibiting symptoms common to what is now called 

Acquired Immune Deficiency Syndrome (AIDS) (2). The enveloped virus was named 

Human Immunodeficiency Virus (HIV), and its discovery earned Drs. Françoise Barré-

Sinoussi and Luc Montagnier the Nobel Prize in Physiology or Medicine in 2008. It was 

classified as belonging to genus Lentivirus in the Retroviridae family, which encode 

positive sense single-stranded RNA genomes. The lentiviral classification denotes the 

protracted period of latency which, in the case of HIV, can exceed seven years before the 

emergence of opportunistic infections that are collectively referred to as AIDS (3). 

Today, HIV is a global pandemic. It is estimated that HIV/AIDS has claimed the 

lives of 25 million people with an estimated 33 million people living with the disease in 

2007 (4). Although the development of life-extending highly active antiretroviral therapy 

(HAART) in 1996 is credited for the precipitous drop in AIDS-related morbidity and 

mortality in developed countries such as the United States (5), the costs associated with 

HAART and the lack of robust health care infrastructures has hindered their widespread 

use in most developing countries. For example, it was reported that by the end of 2007, 

the number of people receiving HAART in developing countries had finally reached the 



 3 

target goal of 3 million – roughly 10% of those in need – two years after the 2005 

deadline that WHO/UNAIDS had set in the “3 by 5” initiative proposed in 2003 (4). The 

combination of economic, logistical, and political barriers to treatment is particularly 

alarming given that nearly 95% of all HIV-infected people live in developing regions of 

the world such as sub-Saharan Africa and Asia (6). Education and sexually transmitted 

disease control programs have proven to be effective strategies for reducing the spread of 

HIV (7), but the need to develop an inexpensive vaccine capable of preventing or 

controlling an infection remains one of the most important challenges in combating the 

pandemic. 

The modular nature of antibodies renders them amenable to the construction of 

antibody-like molecules with architectures that cannot be produced by the natural human 

immune system. Among others, these architectures include single-chain constructs 

encoding the variable heavy (VH) and variable light (VL) chains joined by short 

polypeptide linkers (scFv) (8), bispecific antibodies in which the two combining sites 

bear different specificities (9), and tetravalent bispecific molecules (10). In some cases, 

these formats have been shown to provide certain advantages over standard antibodies 

such as increased tissue penetration and more rapid pharmokinetics (11, 12), 

multispecificity, enhanced ability to recruit effector cells (13), and increased avidity (10).  

The work described here was conducted over a five-year period in the laboratory 

of Pamela J. Björkman in collaboration with the laboratory of David Baltimore. The 

primary objective of this work was to utilize existing alternative antibodies architectures 

and design new ones to uncover principles underlying the mechanisms of HIV 

neutralization. For example, experiments were conducted to investigate whether cross-
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linking epitopes is possible and/or important during neutralization and if other attributes 

of an antibody, such as size and flexibility, might influence neutralization potency. 

Attention was also given to the role of antibody-dependent cellular cytotoxicity  (ADCC), 

an issue that has gained greater attention in recent years. Hopefully, the results described 

here will help guide future work towards the development of new therapeutics and/or 

vaccines, either in the form of a classical vaccine or an alternative approach such as gene 

therapy.  

Support for this work was provided by grants from the Bill and Melinda Gates 

Foundation through the Grand Challenges in Global Health Initiative, Collaboration for 

AIDS Vaccine Discovery Center, and Howard Hughes Medical Institute. 

 

Origin and phylogeny of HIV  

When compared to non-human primates (NHPs), the consensus sequence of HIV 

type 1 (HIV-1) appears to be most closely related to a strain of Simian Immunodeficiency 

Virus (SIV) that is endemic to Pan troglodytes troglodytes (Ptt), a sub-species of 

chimpanzee (14). In the application of various methods of molecular clock analyses that 

utilize known mutation rates of HIV-1 to the comparison of sequences of RNA extracted 

from preserved human tissue samples dating between 1959 and 1960, current best 

estimates for the transfer of HIV-1 into the human population have converged on an 

initial date of approximately 1910 (15). The simplest and most widely accepted 

explanation for the crossover from Ptt to Homo sapiens is the “Hunter Theory”, wherein 

a period of rapid population growth in sub-Saharan Africa in the early 20th century led to 

increased contact with and consumption of NHPs (16). The origin of the less virulent and 
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relatively rare HIV type 2 (HIV-2) is thought to share a similar history with respect to 

entry into the human population (17). More recently, the evaluation of blood samples 

collected in 2005 from hunters of NHPs in West Africa have identified new human T-

lymphotropic retroviruses similar to HIV-1, suggesting that novel cross-species infection 

events are ongoing (18). Consequently, measures to reduce the hunting and/or 

consumption of NHPs may be critical to preventing the crossover of novel retroviruses 

into the human population. 

 Because HIV-1 currently accounts for nearly all HIV infections, the term HIV 

will be used to refer specifically to HIV-1 from this point forward. Among the three 

recognized phylogenetic branches of the virus, the main branch, group M, accounts for 

more then 99% of all infections worldwide (19). Distinct lineages within this branch are 

further subdivided into clades A though K on the basis of sequence diversity (20). 

Although diversity is found throughout the HIV genome, it is concentrated in the 

envelope (Env) gene, which encodes the gp160 precursor that is subsequently cleaved 

into gp120 and gp41, the two surface glycoproteins responsible for binding to target cells 

and catalyzing fusion.  

The maximum level of sequence diversity observed between clades is 

approximately 35% when the HIV branch M-infected population is regarded as a whole, 

but sequence diversity may reach between 10% and 20% within one chronically infected 

individual (21, 22). This factor no doubt bears heavily on the ongoing failure to develop a 

prophylactic or therapeutic vaccine. Further diversity arises from epidemic circulating 

recombinant forms (CRFs) in which multiple clades are represented within a single 

isolate (23), presumably arising from recombination events following super-infections of  
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individuals who are already infected (24).  

 The global distribution of HIV clades is another factor that may prove critical to 

the design of a successful vaccine or therapy. Notwithstanding the impact that 

intercontinental travel has on the spread of HIV clades beyond their geographic origins, 

specific clades currently tend to be concentrated in well-defined regions. The most 

common clade today is C, which is primarily found in South Africa, China, and India; 

clade B is common to the Americas, Europe, Australia, and China; clade E, which is now 

formally classified a CRF of A and E, is found primarily in Southeast Asia; clades A and 

D are mostly found in East Africa, and nearly all clades circulate in West and Central 

Africa including the clades of the other two branches (24-26). 

Though classification of HIV isolates by clade is based on general sequence 

diversity without specific attention to differences in epitopes thought to confer 

susceptibility to neutralization, at least one study suggests that the cross-reactivity of a 

particular antibody can be highly clade-specific.  Using a small panel of monoclonal anti-

HIV IgG subclass 1 antibodies, whose variable regions were derived from the B cells of 

clade B infected donors, researchers were able to show a statistically relevant clustering 

between branch M clades A through F on the basis of neutralization (19). 

 

Natural history of HIV infection 

In order to infect cells, HIV requires the presence of two receptors on the 

membranes of target cells: CD4, to which gp120 binds with low nanomolar affinity (27),  

and one of perhaps as many as a dozen G-protein-coupled receptors (GPCRs) (28, 29). 

Though CCR5, a principal HIV binding target, is expressed on multiple cell types 
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including T cells and the epithelial cells of the intestinal tract (30), early methods of 

characterizing HIV isolates based on the ability to infect different cell lines led 

researchers to divide them into two groups: R5 virus isolates, which preferentially bind 

CCR5 and infect activated CD4+ memory T cells and macrophages (31, 32), and X4 

isolates, which preferentially bind CXCR4 and infect naïve CD4+ T cells (32, 33). In 

addition to CD4 and the dendritic cell (DC) C-type lectin receptors DC-SIGN and DC-

SIGNR, these two co-receptors define the tropism of nearly all strains of HIV. 

Consequently, the primary cellular targets include dendritic cells, macrophages, and 

naïve, effector, and memory CD4+ T cells (28). The microglial cells of the central 

nervous system expressing the CCR3 GPCR in addition to CCR5 constitute another 

target as their infection is thought to be an important step leading to the development of 

AIDS-related dementia by inducing the release of neurotoxins (34, 35).  

When initially infected, the majority of people manifest flu-like symptoms and a 

high viral titer followed by activation of a cytotoxic T lymphocyte (CTL) response and, 

later, seroconversion (28). Following the early period of acute viremia, the concentration 

of virus drops to a lower so-called “set point,” a leading prognostic indicator referring to 

the relatively stable viral titer observed after the early stage of acute viremia, and may 

remain relatively unchanged for many years without HAART (28). However, the 

peripheral CD4+ T cell count will continue to decay throughout the period of clinical 

latency and, after dropping below approximately 500 cells/µL (28), viral concentration 

increases as AIDS-defining opportunistic infections emerge, ultimately resulting in death.  

With the development of biological models for studying infection such as an in 

vivo model that pairs an HIV/SIV chimera (SHIV) challenge with rhesus macaques, 
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recent data are converging on the order and nature of early events that occur during 

mucosal transmission across the vaginal epithelium, the most common mode of HIV 

infection (reviewed in (36)). Following initial exposure, HIV is believed to penetrate 

several microns into the stratified squamous epithelium, probably by simple diffusion 

(37). In this tissue the virus encounters Langerhan cells, a type of DC that migrates 

within the epithelium and, because of the heavy glycosylation found on gp120, the virus 

binds to its receptors, DC-SIGN and DC-SIGNR (38-40). Following uptake of the virus, 

DCs have been observed in vitro to form filopodia in response to upregulation of Rho 

GTPase Cdc42, which then serve to efficiently transfer virus to CD4+ T cells via an 

“infectious synapse” and initiate infection (41). Current evidence suggests that the 

preceding events probably occur within the first few hours of exposure (36).  

After the first few days of infection, the rhesus macaque model revealed that a 

massive depletion of CD4+ memory T cells surrounding the gut-associated lymphoid 

tissue (GALT) occurs concurrently with a rapid progression to peak viremia (42). The 

loss of CD4+ T cells surrounding the GALT appears to persist in humans even after 

recovery of the circulating CD4+ T cell population observed with HAART (36).  

 With the development of HAART, it has become possible to derive quantitative 

information about various steps in the natural history of infection. For example, upon 

administration of a protease inhibitor called Ritonavir (43) and a high-resolution time 

course of monitoring virus concentrations and CD4+ T cell concentrations among HIV-

infected patients, researchers were able to calculate that the average lifetime of a virus 

particle is ~7 hours, the average life-span of a productively-infected CD4+ T cell is ~2 

days, and up to ~10 billion new virus particles can be produced per day (44). With such 
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rapid turnover, the low fidelity of reverse transcriptase (45), and the prevalence of 

recombination (46), it is not surprising that resistance to individual inhibitors can 

sometimes be measured in days (47). 

Interestingly, despite the sequence variation found in chronically infected 

individuals, the initial infection can almost always be traced back to a single founder 

virus whose sequence remains relatively unchanged throughout the initial infection 

period (48), and for unknown reasons, the co-receptor specificity of these founder viruses 

is usually for CCR5 rather than CXCR4. Selective pressure from the subsequent 

cytotoxic T lymphocyte (CTL) response then appears to induce the emergence of 

divergent virus populations (48).  

Unfortunately, the development of potent autologously neutralizing antibodies 

(NAbs) remains conspicuously absent from the humoral immune responses of most 

individuals (49, 50). These observations and NHP studies in which depletion of CTLs 

(i.e., CD8+ T cells) led to uncontrolled SIV replication and accelerated death suggest that 

the early but temporary containment of viral replication that precedes the latency period 

is largely a function of the CTL response (49, 51, 52). The critical role that the CTL 

response plays in suppressing viral titer has fueled interest in the development of a CTL-

based vaccine that targets conserved MHC class I epitopes but suffers from the fact that it 

does not address the putative requirement to neutralize cell-free virus particles, which is 

likely to prove critical to blocking the initial infection. Vaccine candidates have been 

tested in NHP challenge models (52-56), and the data support the contention that a pre-

primed CTL response leads to better viral control (53), but a promising human CTL-

based vaccine candidate has yet to emerge.  
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In contrast to the inherent limitation of a CTL vaccine, passively administered 

broadly cross-reactive monoclonal NAbs against HIV have been shown to enable NHPs 

to resist viral challenge as well as suppress viral rebound in humans following 

interruption of HAART (57-59). These results suggest that a properly designed 

immunogen capable of eliciting a potent NAb response or efforts to engineer more potent 

NAbs and antibody-like molecules could prevent an infection and possibly help control 

an established infection. 

 

Structure of the HIV envelope spike and its mechanism of fusion 

The Env gene encodes the glycoprotein gp160, which is cleaved into gp120 and 

gp41 by the cellular protease furin after passing through the Golgi complex (60). A high-

resolution X-ray crystal structure of the entire trimeric gp120/gp41 assembly or the 

heterodimer has yet to be solved. However, sedimentation equilibrium analysis has 

shown that the mature fusion-competent viral spike present on the virion surface is a 442 

kDa assembly of three copies of gp120 non-covalently associated with three copies of 

gp41 (61), and recent tomographic reconstructions of cryo-preserved HIV and SIV 

particles derived by electron microscopy have confirmed the three-fold symmetry of the 

spike (62-64). In addition, high resolution X-ray crystal structures of individual gp120 

monomers in different conformational states and a portion of the six-helical bundle of 

gp41 representing its fusogenic conformation combined with extensive biochemical 

studies have contributed to the current model for fusion (65, 66). 

Two of the high-resolution X-ray crystal structures of monomeric gp120 that are 

currently available provide substantial clarification to the question of why the human 
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immune system generally fails to develop potent NAbs against gp120 protein. The first 

crystal structure, solved in 1998 to 2.5 Å, is of a ternary complex of the hydrophobic core 

of gp120 derived from strain HxBc2 (also known as IIIB), a soluble form of CD4 

composed of the first two domains (sCD4), and a Fab fragment of the modestly effective 

NAb 17b (67) (Fig. 1). In this ternary complex, nearly all glycosylation has been 

removed by mutation from gp120, which also carries single GlyAlaGly substitutions for 

67 residues of the V1/V2 loops and 37 residues of the V3 loop, and is truncated at the N 

and C termini. The ability of this altered form of gp120 to still bind a panel of NAbs was 

confirmed (68).  

The authors’ analysis of the gp120 interface involved in binding CD4 revealed 

that the particularly recessed nature of the binding pocket may contribute to its ability to 

evade the humoral immune response as proposed in the “canyon hypothesis”: a conserved 

binding site is hidden in a pocket that is sterically inaccessible to an antibody combining 

site while amino acid residues at the surface of the pocket are allowed to mutate with 

relative freedom (69). It was also observed that many of the contacts with CD4 are 

mediated by main chain instead of side chain atoms, leaving these residues relatively free 

to mutate under the selective pressure of the adaptive immune response.  

Additional analysis of the interface with Nab 17b, which is known to overlap with 

the binding site for the chemokine coreceptor, revealed a “bridging sheet” composed of 

four anti-parallel β-strands, a result that was predicted from the conformational change 

associated with binding CD4 (27). This prediction appeared to have been validated when 

the structure of an uncomplexed, nearly fully glycosylated gp120 core from SIV was 

solved to 4 Å resolution (70) (Fig. 1).    When comparing both gp120 crystal structures, it   
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A B C 

 
 
 
 
Figure 1. X-ray crystal structures of envelope spike proteins. (A) X-ray crystal structure 

of unliganded monomeric gp120 (60). (B) X-ray crystal structure of liganded monomeric 

gp120 bound to CD4 (domains 1 and 2), and mAb 17b (showing the VH and VL 

domains), which overlaps the co-receptor binding site (57). (C) X-ray crystal structure of 

N-peptides and C-peptides derived from gp41 in the six-helical bundle fusogenic state 

(71). 
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can be seen that in the unliganded structure the two β-strands belonging to the V1-V2 

region are separated from the other two β-strands of the bridging sheet, β20 and β21, by 

nearly 20 Å, with most of the gap occupied by the amphipathic α1 helix. Packed against 

the β20/β21 portion of the bridging sheet is the now malformed CD4 binding loop. 

Consequently, the CD4 and co-receptor binding interfaces are nearly unrecognizable in 

this unliganded conformation. These observations are consistent with biochemical data 

supporting the notion that, concomitant with large enthalpic and entropic shifts derived 

from isothermal calorimetry measurements (27), gp120 undergoes an extensive 

conformational rearrangement in response to binding CD4, permitting assembly of the 

co-receptor binding site (27, 72-76).  

Sequence analysis has shown that the gp120 subunit may be separated into five 

constant regions (C), which form the protein’s core and participate in ligand-binding 

interactions, and five variable regions (V) responsible for shielding the core from 

immune detection, although studies have shown that V3 is a critical structural component 

of the chemokine coreceptor binding interface (77). Both gp120 and gp41 have conserved 

N-linked glycosylation sites; however, gp120 displays an especially high number of 

glycans, with carbohydrate contributing nearly half of its molecular weight – a feature 

that is believed to serve as a mechanism to reduce its antigenicity by shielding conserved 

protein epitopes and epitopes that are subject to selective pressure (78). 

The mechanism of fusion is a multi-step process lasting between 15 and 30 

minutes (79) for which many reagents exist that specifically target each of the various 

steps (Fig. 2). In the first step, gp120 engages the CD4 receptor, inducing a 

conformational change to expose the co-receptor binding site (27), a process that can be 
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blocked by reagents that target the CD4 binding site including small molecules, 

antibodies, and soluble forms of CD4 (80, 81). Following CD4 engagement, gp120 binds 

the co-receptor to form a stable attachment to the target cell, a step that can be blocked by 

small antibody fragments that can diffuse into the limited volume that separates the virus 

from the target cell (74).  

After attachment, a fusion peptide at the N-terminus of gp41 is inserted into the 

target cell membrane to form what is called the pre-hairpin intermediate state (82), which 

can be targeted by peptides derived from the C-terminal heptad repeat region (HR2) of 

gp41 and by antibodies reactive to the N-terminal heptad repeat region (HR1) or the 

membrane proximal external region (MPER) (83-86). At some point during this process, 

the ability of gp120 to “shed” from the envelope spike is required for fusion to proceed 

(87). However, the precise point at which shedding takes place and whether this might 

present a rate-limiting step in the mechanism is not yet clear. 

 In the final step of the fusion mechanism, the three monomers of the C-terminal 

HR2 individually bind in a parallel orientation to the three grooves formed by the trimeric 

N-terminal HR1, forming a six-helical bundle or “hairpin” composed of both the N- and C-

terminal portions of gp41 (65). This fusogenic conformation is comparable to observations 

made in structural studies of the envelope spikes of influenza type A and Moloney murine 

leukemia virus (88). It has further been demonstrated that peptides derived from the HR2 

region exhibit a limited ability to partition into lipid environments (89, 90). Consequently, 

whether formation of the six-helical bundle creates the driving force for membrane fusion 

or simply represents the final conformation of the envelope spike following lipid mixing 

induced by these hydrophobic sequences is still debated (91, 92).  
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 (1) CD4 binding (2) Co-receptor binding site exposure 
 

 
 (3) Insertion of fusion peptide (4) Release of gp120 
 
 

 
 (5) Hairpin formation (6) Post-fusion 
 
Figure 2. Schematic model of the HIV envelope spike fusion mechanism in 6 steps.  
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Isolation and characterization of broadly neutralizing monoclonal antibodies 

 The envelope spike comprises the antigenic target on the virus and infected cells 

against which neutralizing antibodies are directed (Fig. 3). A limited group of anti-HIV 

human monoclonal NAbs that have been extensively characterized including 2G12, 

4E10, and 2F5 were isolated from relatively healthy HIV infected patients in the early to 

mid 1990s (75, 93, 94). Three other NAbs belonging to this extensively characterized 

group are b12 and X5, which were selected by phage display libraries derived from the 

bone marrow of HIV-infected patients (95, 96). The epitopes recognized by these NAbs 

have been mapped to either gp120 or gp41 and can be classified as belonging to one of 

five distinct groups: (1) the MPER of the gp41 ectodomain (e.g., 4E10, 2F5, and Z13); 

(2) the CD4-binding site (CDbs) of gp120 (e.g., b12); (3) the CD4-induced (CD4i) 

coreceptor binding site of gp120 (e.g., 17b and X5); (4) the heavily glycosylated and 

immunologically “silent” face of gp120 (e.g., 2G12); (5) the V3 loop of gp120 (e.g., 447-

52D). Although initial experiments indicated that these antibodies bound their epitopes 

with low nanomolar (nM) affinities when tested against antigens derived from various 

CCR5- and CXCR4-specific laboratory-adapted HIV strains (74, 75, 96-102), subsequent 

characterization in pseudovirus neutralization assays demonstrated enormous variation in 

potency against an extensive panel of primary isolates (19). This finding highlighted the 

need to carefully examine the in vitro cross-reactivity of any potential therapeutic 

candidates. 

Given that each of these broadly NAbs was isolated from a patient infected with 

a virus strain belonging to clade B, it is not surprising that these antibodies were found 

to effectively neutralize many if not most representatives of that clade  (19).  However,  
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Figure 3. Models of the HIV envelope spike bound to CD4 and monoclonal antibodies. 

(A) CD4 (domains 1 and 2) and the CD4-induced mAb 17b (67), (B) the CD4-binding 

site mAb b12 (103), (C) the anti-carbohydrate antibody 2G12 (approximation of binding 

location) (104), (D) the anti-MPER antibody 4E10 (approximation of binding location) 

(105), and (E) the anti-MPER antibody 2F5 (approximation of binding location) (106). 

Trimeric gp120 and a schematic representation of gp41 are shown in blue. 
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unlike the anti-gp120 NAbs, which showed marked restrictions in clade-specific 

neutralization, the anti-gp41 NAbs, 4E10 and 2F5, were able to neutralize representatives 

from most clades with the exception of C and D for 2F5. The NAb X5 was exclusively 

restricted to clade B, 2G12 was primarily restricted to clades A and B, and b12 was 

primarily restricted to clades B, C, and D (19). The observation that anti-gp41 antibodies 

are by far the most cross-reactive may not be unexpected given that gp41 lacks the 

variable loops regions and the extensive glycosylation of gp120. 

 In spite of the limited success in identifying a small group of broadly reactive 

neutralizing antibodies (bNAbs), no one has yet been able to demonstrate a method to 

elicit them by vaccination, clear or effectively suppress a viral infection by their passive 

administration, or show that they can prevent infection using in vivo NHP models 

challenged with anything other than strains that are unusually sensitive to these 

antibodies.  The following chapters include data that address the failure of these bNAbs 

to effectively suppress infection in humans and prevent infection in primates at 

realistically achievable concentrations. Findings related to steric occlusion of conserved 

binding sites and the impacts of antibody size and valency are presented in Chapter 2, 

limitations to epitope cross-linking are presented as a novel hypothesis called the “island 

effect” in Chapter 3, and deficiencies in the capacity of these bNAbs to trigger antibody-

dependent cellular cytotoxicity (ADCC) are presented in Chapter 4.  
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CHAPTER 2 

Examination of the contributions of size and avidity to the  

neutralization mechanisms of the anti-HIV antibodies b12 and 4E10 
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CHAPTER 3 

Assessing the impact of HIV spike arrangement  

on antibody avidity 

 

 

  

 

This chapter presents a hypothesis called the “island effect” that may explain the poor 

efficacy of existing broadly neutralizing anti-HIV antibodies and the ongoing failure to 

develop a vaccine capable of eliciting any substantial neutralizing antibody response, and 

data are presented on the development of antibody hinge extension technologies that 

could eventually lead to novel antibody architectures capable of overcoming this effect. 

This work was completed with the assistance of Priyanthi Gnanapragasm, Rachel 

Galimidi, Chris Foglesong, and Maria Suzuki. 
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Introduction 

It is estimated that since 1990, there have been more than 50 million HIV 

infections (1). Yet despite a well-developed global network of treatment and monitoring 

facilities, to date, the only documented case in which an established infection was 

apparently cleared was after complete ablation of the hematopoietic stem cells (HSCs) of 

an HIV+ patient undergoing treatment for leukemia followed by replacement with donor 

HSCs bearing a homozygous deletion of CCR5 (2). Even after HAART-mediated long-

term suppression of virus replication to undetectable levels, viral loads eventually 

rebound after treatment interruption (3), suggesting that it is not possible for a human 

immune system that has been pre-primed with an infection to enforce HAART-equivalent 

suppression. 

Rapid mutation is a hallmark of HIV infection (4) and is logically invoked as an 

important factor fueling successful immune evasion that, coupled with the structural 

features of the envelope trimer, helps explain the paucity of evidence to suggest that the 

antibody response significantly contributes to the relatively low viral set point observed 

after the acute viremia phase of infection. Nevertheless, as discussed in previous 

chapters, conserved epitopes within the envelope trimer have been identified along with 

broadly neutralizing antibodies (bNAbs) that recognize them. One might predict that 

passively immunizing an HIV patient by injecting one or more of these bNAbs could lead 

to indefinite suppression of an infection and/or prevent infection in viral challenge 

models. Indeed, clinical trials using a cocktail of three bNAbs (2G12, 4E10, and 2F5) 

demonstrated a partial ability to suppress viral rebound among patients who underwent 

interruptions in HAART (5). However, the relatively brief delays in viral rebound that 
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were observed required serum concentrations for the bNAbs totaling ~2 mg/mL. 

Considering that the volume of blood in a human adult is ~5 liters and that the serum 

half-lives of most antibodies are at best several weeks, one would need to inject 

unrealistic quantities of antibodies to achieve even the partial protection seen in this 

study, where researchers had to inject 1 to 1.3 grams of each antibody weekly (6). The 

short-lived delay in viral rebound was particularly surprising given the fact that the 

serum concentrations of each of the individual antibodies ranged up to two orders of 

magnitude higher than the in vitro IC90 values for the patients’ autologous viruses. 

 Another study that highlighted the poor performance of bNAbs examined the 

concentrations required to protect rhesus macaques from infection using chimeric 

SIV/HIV (SHIVSF162P3) derived from strain SF162, which is exceptionally sensitive to 

the antibody b12 (7), exhibiting an in vitro IC50 of less than 0.1 µg/mL. Complete 

protection for these animals from infection by the chimeric virus was observed for 

dosages at 25 mg/kg, which yielded serum concentrations of approximately 0.7 mg/mL. 

The concentration of IgG in humans is ~10 mg/mL (8); thus, ~7 % of the total serum 

IgG would need to be composed of b12 in order to achieve protection against a variant 

of HIV that was shown to be 50 times more sensitive than the median to b12 among a 

panel of 19 strains (Fig. 1). These results suggest that if one were to select a typical 

strain of HIV for the infection challenge, it would probably be necessary to inject 

enough b12 to more than double the total concentration of IgG in order to achieve 

protection.  
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Figure 1. IC50 values for the neutralization of various strains of HIV from clades B and C 

using b12 including SF162, second bar from the right (Klein JS, Gnanapragasm PNP, 

Björkman PJ, unpublished).  
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The biophysics of antibody-antigen interactions 

The mediocre antibody performance observed in both the human and NHP studies 

against strains of virus that are unusually sensitive to them suggest that an alternative 

explanation to rapid mutation may be undermining the capacity of these antibodies to 

neutralize HIV. To explore this possibility, it is worthwhile to review the structural and 

biophysical aspects of antibody-antigen interactions. 

 Intrinsic (i.e., monovalent) antibody-antigen binding mechanisms can often be 

described using a simple one-step binding model. Consider the interaction between an 

anti-gp120 Fab and monomeric gp120. In this interaction the Fab, A, binds to gp120, B, 

to form a reversible complex, AB, which can be described with single rate constants for 

the forward and reverse reactions, k1 and k-1: 

 
 

A + B!
k!1

k1

AB  (1) 

The rate equations that describe the chemical equations can be easily derived from the 

law of mass action, which states that the rate of any reaction is proportional to the 

product of the concentration(s) of the reactant(s). Therefore, the instantaneous rates for 

the formation of B and AB can be written as:  

 !
d[B]

dt
=
d[AB]

dt
= k

1
[A][B]! k

!1
[AB]  (2) 

where [A], [B], and [AB] denote the molar concentrations of the Fab, gp120, and the 

complex, respectively. This model can be used to derive the intrinsic equilibrium 

dissociation constant, kD, which can be calculated from either the ratio of the 

concentrations of reactants to products when the system is at equilibrium (Eq. 3), or as 

the ratio of the reverse reaction rate to the forward reaction rate (Eq. 4): 
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In the more complex scenario of binding between one intact bivalent antibody and 

one stationary envelope spike where intra-spike cross-linking cannot occur (as discussed 

in Chapter 2), an intrinsic binding model does not account for the effect of having 

multiple pathways to the formation of the complex, AB. Here, binding can occur between 

the spike and either Fab. Therefore, two equivalent pathways lead to the formation of AB 

and one pathway leads to the formation of B, yielding the potential for a two-fold 

increase in the apparent (i.e., observed) affinity, KD: 

 K
D
=

k
!1

k
1
+ k

1

=
k
D

2
 (6) 

The upper limits of diffusion that have been measured for both Fabs and IgGs, 

which have been shown to be reduced at distances of up to ~100 nm from planar surfaces 

and spherical membranes relative to their rates in bulk solution, is between 105 and 106 

M-1s-1 (9). Consistent with these findings and the results presented in Chapter 2, values of 

k1 for high-affinity antibody-antigen interactions are generally reported to be within the 

bounds of this upper limit (10-14) despite attempts to develop mutants with enhanced 

association rates (15). Consequently, in order to achieve mid- to low-picomolar intrinsic 

affinities, it is necessary for k-1 to be ≤ 10-4 s-1 even with the statistical increase in the 

apparent forward reaction rate that may be observed with the presence of two relatively 

unconstrained Fab arms.  

While antibodies with intrinsic affinities in the nanomolar range are reasonably 

common, there are few reports of antibodies with intrinsic affinities in the sub-nanomolar 
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range. However, when both Fab arms are able to engage two binding sites that are fixed 

in space relative to each other (such as may be observed on the surface of a SPR sensor 

chip or a pathogen), the resulting increase in apparent affinity can lead to nearly 

irreversible binding even though the intrinsic affinity may be significantly higher than 1 

nM (e.g., see Fig. 2C in Chapter 2). This property, called avidity, arises from the 

relatively low probability that both Fab arms will both occupy a dissociated state for a 

long enough period of time to allow complete dissociation of the complex. Avidity can be 

modeled as a two-step binding interaction between a bivalent analyte (the antibody, or A) 

and an immobilized ligand (the antigen, or B), which can form the complexes AB and 

AB2: 

 
 

A + B!
k!1

k1

AB  (7) 
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Thus, a system of non-linear differential equations describe the instantaneous rates for the 

formation of B, AB, and AB2: 
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Modeling the rate of formation of B from AB using Eq. 2 for monovalent binding (Fab) 

and from AB2 using Eqs. 9-11 for bivalent binding (IgG) by numerical analysis 

demonstrates the slow apparent dissociation rate that arises from perfectly efficient cross-

linking (Fig. 2 and Table 1).  
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Figure 2. Modeling the dissociation to B from AB (Fab) and AB2 (IgG). In both panels, 

dissociation phases are calculated for 85 minutes. Intrinsic association rates were fixed at 

105 M-1s-1 and models were generated using a range of values for intrinsic dissociation 

rates of 10-1 s-1 to 10-4 s-1, yielding intrinsic equilibrium dissociation constants of 1 µM 

(•), 100 nM (•), 10 nM (•), and 1 nM (•). Simulated curves of bivalent binding with 

intrinsic affinities of 100 nM, 10 nM, and 1 nM were nearly identical such that the curves 

appear indistinguishable.   

 
Table 1. Half-life values (t1/2) of antibody-antigen complexes calculated from models 

presented in Fig. 2. Values for dissociation involving a monovalent interaction (Fab) 

were calculated using the equation t1/2 = ln(2)/(60k-1). Half-life values for dissociation 

involving a bivalent interaction (IgG) were derived by inspection or by approximation 

using the equation for first-order exponential decay. 

  t1/2 (min) 
k-1 (s-1)  kD (nM)   Fab IgG 

10-1   1000 nM  0.12         27 
10-2 100 nM 1.2       ~3,000 
10-3   10 nM 12   ~200,000 
10-4     1 nM 120  > 200,000 
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The importance of avidity to virus neutralization was elegantly demonstrated in a 

study of poliovirus, a non-enveloped icosahedral virus containing 30 two-fold symmetric 

axes. The authors were able to demonstrate that antibody binding saturates near the 

expected value of 30 bivalent antibodies per virus particle and that cleaving the 

antibodies such that the Fab arms became unlinked led to a substantial increase in the 

molar concentration required to inhibit infection (16). Thus, the bivalent nature of IgG 

antibodies facilitates binding to and neutralization of viruses. 

   

Evidence for avidity enhancement in the neutralization of enveloped viruses 

In the absence of bivalent binding (i.e., cross-linking) or confounding factors such 

as an increase in the potency of an IgG relative to one of its component Fabs arising 

simply from its larger size, the maximum difference in neutralization potency between 

these architectures should be two-fold for the reasons stated previously. Thus, the direct 

comparison of neutralization potencies for Fabs and IgGs against different viruses can be 

used as a semi-quantitative assay for cross-linking efficiency.  

If cross-linking is necessary for antibody-mediated neutralization at concentrations 

that are therapeutically relevant, then it should be possible to isolate antibodies that exhibit 

efficient cross-linking from individuals that have successfully cleared pathogens or been 

effectively vaccinated against them. Vaccines have been developed for hepatitis B, 

measles, and influenza type A, all of which are enveloped viruses like HIV. In addition, 

passively administered antibody therapies exist for both hepatitis B and respiratory 

syncytial virus (RSV) – another enveloped virus. In stark contrast to what has been 

observed for HIV, comparisons of IgG antibodies and their Fab fragments reactive to RSV 
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and influenza type A have demonstrated molar differences in neutralization that are in 

excess of 1000-fold (Fig. 3). The demonstration that some of these viruses are permissive 

to highly efficient cross-linking is indicative of the possibility that such viruses share 

structural features absent from HIV. 

Given that avidity primarily derives its effect by limiting the rate of dissociation, a 

prediction for the difference in potency between an IgG and a Fab as a function of k-1 

would be that as the value for k-1 decreases so should the difference in potencies between 

the two architectures. For example, one group of researchers created a library of mutants 

of the antibody Palivizumab, which neutralizes RSV and is used as a prophylaxis (15). 

Consistent with this prediction, the authors found that as they decreased the intrinsic k-1, 

thereby increasing the neutralization potency of the Fab, the neutralization potency of the 

IgG remained relatively unchanged (15) (Fig. 4). In this sense, one may think of avidity as 

acting as a buffer to de-optimization of the antibody-antigen interface (e.g., a pathogen 

that evades antibody binding by mutation), further underscoring the role that avidity 

could be playing in antibody-mediated neutralization. 

In asking the question of how the topology of spikes might differ between HIV and 

other enveloped viruses in such a way as to make them more permissive to efficient cross-

linking by antibodies, it is helpful to examine the available data from studies by electron 

microscopy. Cryo-preserved virus samples can be imaged at low-nanometer resolutions such 

that individual proteins may be resolved on the surfaces of the viruses and reconstructed in 

three-dimensional space by tomography. Tomographic reconstructions of whole HIV 

particles have only recently become available (17-19), but they are consistent with older 

biochemical data that showed a relatively low abundance of spikes on the viral surface (20). 
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Figure 3. Comparison of IC50 neutralization values for antibodies as Fabs and intact 

IgGs. Molar ratios were calculated as the molar IC50 value for the Fab divided by the 

molar IC50 value for the IgG (RSV, respiratory syncytial virus (15); IA, influenza type A 

(21)). 

 
 
 

 

Figure 4. Comparison of neutralization potencies for Palivizumab and affinity-improved 

mutants with slower intrinsic dissociation constants (reported in (15)). IC50 values were 

determined for the antibodies as Fabs and as intact IgGs. 
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The Island Effect 

Enveloped viruses contain a cell-derived membrane in which viral antigens are 

acquired during budding from the host cell. An examination of electron micrographs of 

enveloped viruses for which antibody-mediated neutralization is known to be critical to 

the control and/or elimination of infection (22-24) reveals a high density of viral spikes 

on the surfaces of these viruses (Fig. 5). For example, influenza type A virus contains 

~450 spikes, which are spaced at intervals ≤ 10 nm (Fig. 5B). Similarly, the spikes on 

measles and hepatitis B virus are closely spaced (Fig. 5A and 5C). However, biochemical 

studies and three-dimensional electron microscopic reconstructions revealed that HIV 

appears to have only 14 ± 7 spikes per virus particle (17, 18, 20, 25) (Fig. 5D), probably 

arising tandem endocytosis motifs that limit the concentration of spikes on the cell 

surface and the labile nature of the non-covalent gp120-gp41 complex (26, 27). 

An analysis of nearest neighbor distances between individual spikes on HIV 

particles revealed that most of the spikes are separated by distances that far exceed the 

12-15 nm reach of the two Fab arms of an IgG (Fig. 5E) (17). Given evidence of 

interactions between gp41 and the viral matrix protein of HIV (28, 29) as well as 

restricted spike mobility and the inability to cross-link epitopes within a spike (see 

Chapter 2), these large inter-spike separations may represent an insurmountable barrier to 

efficient cross-linking by naturally produced anti-HIV antibodies. This model predicts 

that the only exceptions to the poor efficacy of a monoclonal anti-HIV antibody should 

be for the condition where the intrinsic affinity of the Fab for a particular strain of HIV is 

strong enough to be comparable to the avidity-enhanced affinity that would be observed 

under conditions of efficient cross-linking.  
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        Nearest Neighbor Distance (nm) 

Figure 5. Available structures of enveloped viruses showing spike densities derived by 

electron microscopy. (A) Measles virus (adapted from (30)). (B) Influenza type A. Black 

triangles denote individual spikes in the lower panel (adapted from (31)). (C) Hepatitis B 

virus (adapted from (32)). (D) HIV (adapted from (17)). (E) Bar graph of the distribution 

of nearest neighbor distances between HIV envelope spikes (adapted from (17)). 
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 An exception to the island effect: anti-carbohydrate antibodies 

Approximately 25 N-linked glycosylation sites are conserved on gp120 (33), 

although the locations of the sites may vary between strains, such that approximately half 

of its molecular weight is composed of carbohydrate (34). This feature likely presents 

anti-carbohydrate antibodies an opportunity to cross-link antigen within a single viral 

spike. Although antibodies that recognize viral carbohydrates are rare because they are 

made by host enzymes and therefore expected to be non-immunogenic, one potent bNAb 

against HIV, 2G12, does recognize a constellation of viral carbohydrates within a single 

gp120 subunit (35). This unexpected antigenicity is probably related to the mannose 

content arising from inefficient processing of sterically occluded high-mannose N-linked 

glycans (36).  

Carbohydrate recognition by 2G12 is accomplished using an unusual domain-

swapped structure in which the two Fabs create a single antigen recognition region with 

two rigidly arranged binding sites separated by ~3.5 nm (37). We recently isolated and 

characterized a naturally occurring dimeric form of 2G12 containing four Fabs instead of 

two, and the dimeric form exhibited ~50-fold increased neutralization potency across a 

range of clade B HIV strains compared to monomeric 2G12 (Appendix F). Although it 

has been shown that gp120 can easily mutate to change its carbohydrate topology (33), 

which may explain why 2G12 does not show broad cross-reactivity across known strains 

of HIV (38), the apparent ability of 2G12 to efficiently cross-link antigen makes anti-

carbohydrate antibodies with specificities similar to 2G12 a potential source of potent 

(though perhaps clade-specific) antibodies. 
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Circumventing the island effect 

If the island effect hypothesis is correct, it predicts that attempts to raise NAbs 

against HIV by injection of purified antigens or attenuated or killed viruses are predestined 

to fail because too few of the elicited antibodies will bind with high enough intrinsic 

affinities to the virus to be of practical use. Even if such antibodies were elicited, exposure 

to strains of HIV whose relevant epitopes do not adequately match those of the strain used 

for vaccination, a likely scenario, are likely to substantially limit their prophylactic value 

because they will lack the buffering effect of avidity against natural variation. However, 

novel antibody architectures may provide a path to negating the island effect, as it may be 

possible to construct a bivalent antibody in which both of its Fabs are capable of 

simultaneously binding to epitopes within a single virus spike, eliminating the challenge of 

accommodating the wide range of nearest neighbor distances between spikes.  

The following results summarize ongoing efforts to develop such architectures. 

Thus far, two different strategies have been examined as candidates for a new hinge 

extension technology: random coil extension (RCE), and protein fusion extension (PFE). 

The RCEs were encoded using the (Gly4Ser)x sequence (39). Candidates for the PFEs 

were derived using well-characterized proteins for which high resolution X-ray crystal 

structures exist, showing that they adopt extended conformations – such candidate 

proteins included CD4 (40), invasin and a truncation thereof (41), a sequence composed 

of immunoglobulin domains 168-170 from titin (42), and a tandem repeat of two 

fibronectin type III domains from neogenin (Yang F, Björkman PJ, unpublished results) 

(Fig. 6).  
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Figure 6. Protein fusion linker candidates and models. (A) Candidates for protein fusion 

linkers differing in length and flexibility (i.e., the hinge domain of CD4 or the two 

identical neogenin fragments linked by a GlySer sequence versus the relatively rigid 

structure of invasin and a truncated form, invasin1-3). (B) These top view models are 

examples of protein fusion extensions (PFE) and are based on the trimeric spike model 

presented in Chapter 2 using the coordinates from high-resolution X-ray crystal structures of 

gp120 docked to available tomographic reconstructions of intact spikes on cryo-preserved 

virus particles (gp120, green; PFE, gold; Fab, blue and yellow; Fc, blue). 
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Results 

Characterization of IgGs with RCEs 

 IgG forms of b12, 2G12, 4E10, and 2F5 were expressed with RCEs 1, 3, 5, and 7 

repeats of a Gly4Ser sequence inserted into the hinge region separating the CH1 domain 

from the CH2 domain in an IgG1 architecture N-terminal to the naturally occurring 

DKTHT hinge sequence. All proteins were purified by Protein A affinity chromatography 

followed by SEC. When analyzed by reduced SDS PAGE, slight increases in the 

molecular weights of the heavy chains with increasing hinge length were observed (Fig. 

7B).  

 Protein expression decreased as a function of increased linker length for 

constructs with 1, 3, and 5 Gly4Ser repeats, and little to no expression was observed for 

constructs with 7 repeats for some IgGs (Table 2). This sharp decline in expression was 

observed for all antibodies tested, suggesting that RCEs of this length introduce a general 

limit to the folding of IgG sequences or might inhibit dimerization either between the 

heavy chains or between the heavy chains and light chains. In addition, reduced amounts 

of 2G12 dimer were recovered from the RCE expressions with more than one Gly4Ser 

insertion, indicating that extended hinge sequences prevent the intermolecular domain 

swapping observed for the wild type architecture of this antibody (Appendix F). 

Although the sequences were codon optimized, more recent advances in codon 

optimization algorithms may provide an opportunity to offset the losses in protein yield 

(43, 44).  
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Figure 7. (A) Schematic of the structure of a human IgG antibody of subclass 1 with 

RCEs. Pink coloring denotes the locations of antigen recognition sites (adapted from U.S. 

National Library of Medicine). (B) Reduced SDS PAGE results for IgG b12 with Gly4Ser 

RCEs of increasing length. (C) Gel filtration profile of Fab 2G12 (blue), IgG 2G12 

(G4S)1 after purification (green) and after one month of storage in TBS at 4 °C (red).

 
 
 
Table 2. Protein yields for 1 L expressions of each of the RCE constructs. 
 

 Total yield (mg/L) and percentage of wild type yield 
Antibody wt (Gly4Ser)1 (Gly4Ser)3 (Gly4Ser)5 (Gly4Ser)7 

b12 6  6 (100%) 6 (100%) 5 (83%) 0.5 (8%) 
2G12 20  15 (75%) 5 (25%) 4 (20%) 2 (10%) 
4E10 7  4 (57%) 3 (43%) 2 (28%) 0  
2F5 4  2 (50%) 1.5 (38%) 1 (25%) 0  
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It was also observed that precipitation or degradation into Fab and Fc fragments 

occurred following storage for periods of  > 1 month at 4 °C in TBS (Fig. 7C), yet neither 

the IgGs nor the scFvs described in Chapter 2 exhibited degradation after storage for 

similar lengths of time.  Interestingly, these effects were not observed for several of the 

 (Gly4Ser)5 RCEs that had been stored as Protein A eluates (a citrate buffer neutralized 

with Tris) and purified by SEC in TBS only after long-term storage. Thus, it might be 

possible to inhibit the apparent instability of RCEs with alternative buffer conditions. 

 In theory, the ability of an IgG to bind with avidity will be reduced as the hinge 

length increases because it reduces the effective concentration of the Fab arms (45). To 

examine whether the RCE antibodies exhibited this predicted effect, wild type IgG, RCEs 

with the (Gly4Ser)5 extension (the longest one that expressed efficiently) and monomeric 

Fab forms were injected over a CM5 surface displaying 500 RU of either monomeric 

gp120 or gp41. Half-life times (t1/2) were then calculated from their apparent dissociation 

rate constants by approximation with a model for first-order exponential decay  (Fig. 8 

and Table 3). No significant differences in t1/2 values were observed between the wild 

type and RCE antibodies, demonstrating that the ability to bind with avidity remained 

intact. As expected, the t1/2 values for all of the Fabs were significantly faster with the 

exception of 2G12. The similar rate of dissociation for the 2G12 Fab as compared to the 

bivalent constructs is likely due to the domain swapped structure remaining intact. 

To examine whether RCEs exhibited an avidity enhancement during 

neutralization, which would be reflected as a decrease in the IC50 values relative to 

the wild type IgG, the potency of each of the antibodies were compared in an in vitro  
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Figure 8. SPR dissociation curves for Fab, IgG, and IgG (G4S)5 constructs bound to 

immobilized monomeric gp120 (b12 and 2G12) or immobilized gp41 (4E10 and 2F5).  

 

Table 3. Half-life times (t1/2) calculated from dissociation curves in Fig. 8. 
 

 t1/2 (min) 
Antibody Fab IgG wt IgG (G4S)5 

b12 28 200 200 
2G12 77 160 96 
4E10 25 1000 1300 
2F5 55 800 1300 
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Figure 9. Results of the in vitro neutralization assay comparing wild type IgG constructs 

with RCEs. Values were calculated as the ratio of the molar IC50 determined for the RCE 

divided by the molar IC50 determined for the parental IgG. The IgG 2G12 (Gly4Ser)3 

construct was non-neutralizing for strain QH0692.42. 
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neutralization assay. Each of the antibody constructs was tested against virus strains 

from clade B (Fig. 9).  

When comparing the molar IC50 values for the RCEs with the values determined 

for the wild type IgGs, nearly all were within a few fold of each other. One significant 

exception was observed for 2G12 versus strain QH0692.42. Whereas wild type IgG 

2G12 neutralized this strain with an IC50 of 59 nM, the 2G12 RCE with a single Gly4Ser 

repeat was 6-fold less potent (IC50 value of 360 nM) and the RCE with three Gly4Ser 

repeats was completely non-neutralizing. It was also observed that Fab 2G12 is also non-

neutralizing against this strain. 

 

Characterization of IgGs with PFEs 

Expression tests were completed for all of the protein fusion extensions (PFEs). 

Each construct was purified by protein A affinity chromatography followed by SEC. 

While some of the 4E10 and 2G12 PFEs and one for 2F5 yielded between 0.5 and 1 mg/L 

(Figs. 10 and 11), none of the b12 constructs yielded measurable quantities of purified 

protein. The b12 constructs were of most interest because it was the Fab b12 structure 

bound to the trimeric spike that was used for the rational design of the PFEs (Fig. 6B). 

This indicates that for future studies it may be necessary to start with simpler designs that 

express well and then build on those. Thus, a set of small single domain candidates to 

serve as protein fusions are currently in development, which, provided they express well, 

will be used in multi-domain PFEs, each separated by short flexible linkers.  

The PFEs that did express were evaluated for their abilities to bind immobilized 

antigen by SPR and for their abilities to neutralize HIV in vitro (Fig. 12 and Table 4). For 
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both 4E10 and 2F5, the PFEs that did express at levels sufficient to test (invasin and 

invasin1-3 for 4E10 and invasin1-3 for 2F5), sensograms for binding to immobilized gp41 

were comparable to their respective wild type IgGs (Table 4). However, whereas the 

kinetics for dissociation of IgG 2G12 with an invasin1-3 PFE were observed to be 

comparable relative to wild type IgG, the rate of dissociation for the 2G12 neogenin PFE 

was observed to be significantly slower (t1/2 of 1200 min versus 160 min, Tables 3 and 4). 

Interestingly, dimeric IgG 2G12, which was also examined by SPR (Fig. 12 and Table 3), 

showed a slightly faster rate of dissociation than its monomeric form (t1/2 of 65 min). 

Thus, in spite of its ~50-fold greater potency in neutralization (Appendix F), there 

appears to be no evidence of an avidity enhancement for dimeric IgG 2G12 when binding 

monomeric gp120 immobilized on a CM5 surface, suggesting that the enhanced potency 

of dimeric 2G12 derives from an ability to bind glycans on multiple gp120 monomers. 

When examined for their respective abilities to neutralize HIV (strain 6535.3), the 

PFEs were considerably less potent than their respective wild type IgGs (Fig. 13). These 

results support the findings presented in Chapter 2 of steric occlusion for the 4E10 

epitope in that the short linkage between the Fab and the PFE (-GGSGGSA-) may further 

inhibit access to its epitope. However, these data represent the first evidence of a similar 

effect for 2F5, whose epitope is immediately N-terminal to the 4E10 epitope, indicating 

that the MPER as a whole may be sterically occluded.  
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Figure 10. Reduced SDS PAGE analysis of 

IgGs that were successfully expressed with 

PFEs after purification by SEC.

 2F5 



 73  

 
 b12 2G12 

 
 4E10 2F5 

 
 

 

 

Figure 11. Gel filtrations profiles for IgGs with protein fusion extensions. 

Chromatograms for wt IgGs were normalized to peak heights of 200 mAU (~1 mg). The 

chromatograms for the hinge extended IgGs are shown untransformed such that 

differences in peak heights reflect differences in yield from 1 L of supernatant. The void 

peak is at 8.5 mL. 

 

1-3 CD4 
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Figure 12. Dissociation curves for PFE constructs and 2G12 dimer bound to immobilized 

monomeric gp120 (2G12) or immobilized gp41 (4E10 and 2F5). 

 

Table 4. Half-life times (t1/2) calculated from the dissociation curves of dimeric IgG 

2G12 and PFEs in Fig. 11. 

 Antibody  t1/2 (min)  t1/2 wt IgG : t1/2 PFE 
2G12 dimer       65  2.5 
2G12 neogenin  1,200  0.14 
2G12 invasin1-3       43  3.8 
4E10 invasin     920  1.1 
4E10 neogenin     770  1.3 
4E10 invasin1-3   1,200  0.83 
2F5 invasin1-3      500  1.6 
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Figure 13. Comparison of neutralization activities for PFEs versus wild type IgGs (HIV 
strain 6535.3). 

IC50 = 3.2 ± 1.1 nM 

IC50 = 100 ± 1 nM 

IC50 = 16 ± 1 nM 

IC50 = 200 ± 1 nM 

IC50 = 25 ± 1 nM 

IC50 = 74 ± 2 nM 
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With respect to the 2G12 PFEs, no evidence was observed for increased 

neutralization potency. Given the increased size of the 2G12 PFEs and assuming that the 

domain swapped architecture of the 2G12 binding site is intact for these constructs, these 

results support the likelihood that the increased potency of dimeric IgG 2G12 derives from 

the presence of two adjoining domain swapped Fab dimers rather than the alternative 

possibility that the presence of two Fc domains increases its ability to sterically block the 

virus from binding to target cells. Thus, the reason for the lack of neutralization potency for 

purified 2G12 Fab and the precise mechanism by which this anti-carbohydrate antibody 

blocks infection remains unresolved. 

The behavior of 2G12 with a tandem neogenin PFE was unexpected in that it could 

neutralize the virus at low concentrations with similar if not better potency as compared to 

monomeric IgG 2G12 (Fig. 13). However, above concentrations of ~20 nM, neutralization 

rapidly decreased to zero. Repeating this experiment yielded exactly the same result (data 

not shown). Additionally, injections of this construct over immobilized monomeric gp120 

indicated an unexpectedly high maximum response (Rmax) relative to monomeric IgG 2G12 

that cannot be accounted for by its increased molecular weight (Rmax = Cligand * S * 

MWanalyte / MWligand where Rmax is the maximum response, Cligand is the amount of 

immobilized ligand, and S is the stoichiometry of the interaction) (Fig. 12). Moreover, the 

calculated half-life for binding was ~7-fold slower than monomeric IgG 2G12 (1,200 min 

versus 160 min, Tables 3 and 4). A possible explanation for this behavior would be the 

presence of some affinity between neogenin and the 2G12 combining site such that as the 

neogenin PFE bound to gp120 on the chip surface, more binding sites were introduced, 

thereby permitting increased binding. Likewise, high concentrations in the neutralization 
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assay would enable the construct to act as a competitive inhibitor, rationalizing the drop in 

neutralization potency with increasing concentration of the inhibitor. 

 

Discussion 

The neutralization data for the RCEs indicate that extending the hinge region of 

an IgG using unstructured Gly4Ser repeats does not enhance neutralization potency 

despite the observation in the binding analysis that the potential for avidity remains intact 

for all hinge extension lengths tested. There are at least three possible explanations for 

this observation:  

(i) despite the low density of spikes on the surface of HIV, spikes can diffuse 

throughout the lipid bilayer at a rate that is not limiting to bivalent binding 

regardless of the distance between antibody combining sites;  

(ii) the spikes are diffusion limited but the assumption that an unstructured 

linker enables the Fabs to efficiently sample extended conformations is 

false;  

(iii) the spikes are diffusion limited and all spikes must be bound for 

neutralization to occur, but the set of nearest neighbor distances that 

describes the distribution of spikes for most virions leaves a significant 

portion of the spikes outside the reach of the antibodies with RCEs 

examined here. 

 The first explanation is not supported by the current results in which it was shown 

that a scBvFv architecture that has a maximum distance between the two combining sites 

of 11 nm is less potent than an IgG architecture where the maximum distance between 
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combining sites is approximately 15 nm (Chapter 2). For example, in the case of 4E10 it 

was observed that a scBvFv was equally potent to a monomeric single chain Fv, 

indicating a complete absence of cross-linking for the scBvFv even though evidence was 

observed of cross-linking for the IgG. Similarly, increased neutralization potency was 

observed for IgG b12 over the scBvFv architecture. Together, these data suggest that the 

distance between combining sites does influence neutralization potency and, 

consequently, the spikes on the surface of HIV are diffusion limited relative to the 

kinetics of bivalent binding. 

 An answer to the second explanation may be derived from a recent paper that 

compared the fluorescence resonance energy transfer (FRET) efficiency between GFP 

and YFP as a function of the number of repeats of a (Gly2Ser)2 linker connecting them 

(46). Here it was shown that the decrease in FRET efficiency as the linker length 

increased was consistent with a distribution function that shows a marked broadening in 

the range of distances sampled and that as each additional repeat of 6 amino acids was 

inserted, the average distance sampled increased by a decreasing fraction of the ~2 nm 

that 6 additional residues could theoretically span if fully extended. Consequently, rather 

than adding 15 nm, the (Gly4Ser)5 linker of the bivalent IgG (similar in length to CLY9 

construct examined in the FRET investigation) probably added on average 4 to 5 nm to 

the 15 nm reach of the IgGs. An inability of the unstructured Gly4Ser linkers used in this 

study to allow the Fabs to efficiently sample extended conformations could explain the 

lack of increased potency as a function of the number of linker repeats inserted into the 

hinge region. 



 79  

 The third explanation gives consideration to the stoichiometric requirements for 

neutralization and the nearest neighbor distribution reported for a set of 40 virions 

analyzed by electron microscopy (17). In a recent paper, researchers observed that 

influenza requires 8 to 9 functional spikes to mediate viral entry into a target cell but HIV 

and two other retroviruses tested required only a single functional spike to mediate 

successful entry (47). If this model is correct, then all or nearly all spikes must be bound 

for a single virus particle to be effectively neutralized if one assumes a high number of 

interactions between the virus particle and a target cell over the course of its lifetime. A 

counter to this argument was presented in another report in which HIV particles that 

appeared to be bound to target cells all exhibited what the researchers termed an “entry 

claw”, in which ~5 spikes were involved in coordinating attachment (18). While this does 

not disprove the one-spike fusion hypothesis, it suggests that multiple spikes with intact 

CD4 and/or co-receptor binding sites (but not necessarily fusion-competent) are required 

to create a stable attachment prior to the fusion that may be catalyzed by a single spike. 

 Given the indications that (i) all or nearly all spikes must be bound either to 

prevent fusion or prevent a stable attachment, (ii) spikes are diffusion limited, (iii) RCEs 

are ineffective for expanding the reach of an IgG in this setting, and (iv) many HIV spike 

pairs are separated by distances that make them unrealistic targets for cross-linking, the 

design of an IgG capable of intra-spike cross-linking probably represents a more tractable 

goal. Because the distance between identical binding sites on a single spike is probably 

static, the effectiveness of this architecture would not be limited by potentially 

confounding factors such as spike mobility and nearest neighbor distribution.  
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If one considers how evolution appears to have selected for molecules with 

extended conformations, the linear arrangement of immunoglobulin (Ig) domains (e.g., 

CD4, VEGF, PDGF) and fibronectin type III (FnIII) domains (e.g., cell adhesion 

molecules) appear to be common themes compared to the evolution of unstructured 

linkers (e.g., CD8). For example, a recent crystal structure of domains 168-170 from titin 

composed of two Ig domains and one FnIII domain revealed an extended conformation of 

~12 nm (42), sufficient for the length requirement of b12. Unfortunately, measurable 

quantities of protein were not isolated for PFEs involving b12, the structure that was used 

to model and design the hinge extensions. Clearly, alternative approaches to developing 

structured linkers are required. Other approaches that may prove worthwhile include 

covalent modifications to couple Fabs in vitro using DNA molecules of different lengths 

or less complex PFEs such as small single domain proteins that are known for high yields 

and excellent stability. 

 The successful design of antibodies capable of intra-spike cross-linking could 

represent a significant advance in human health by providing the first realistic option for 

prophylaxis by gene therapy for HIV, or as in the case of chemical modification, 

applicability in a therapeutic setting. Moreover, perfection of a hinge extension 

technology developed to counteract the island effect that may be thwarting HIV 

neutralization by conventional antibodies might also be applied to other diseases or 

pathogens in which binding is avidity-limited. 

 

Materials and Methods 

Sequences for RCEs and PFEs were codon optimized and generated by DNA 
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synthesis. In the case of PFEs, a (Gly2Ser)2 linker was included at the N-terminus and C-

terminus. All PFEs (invasin, invasin1-3, CD4, titin168-170, and a tandem repeat of 

neogenin5-6) were further analyzed for predicted N-linked glycosylation sites that were 

subsequently removed with conservative AsnAsp mutations or in a few cases, 

Ser/ThrAla mutations.  

Full-length heavy chain (IgG1 subclass) and light chain (κ) genes were initially 

subcloned separately into pTT5. The RCEs and PFEs were then cloned immediately 5’ to 

the natural IgG1 hinge sequence and 3’ to the codon encoding the Cys residue that 

participates in the disulfide bond with light chain using the restriction sites NgoM IV and 

Nhe I previously introduced by PCR.  

Methods describing expression, purification, binding assays, molecular modeling, 

and neutralization assays can be found in Chapter 2. 
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CHAPTER 4 

Potent neutralization of HIV is not a predictor of the ability  

to trigger antibody-dependent cellular cytotoxicity 

 

 

 

 

This work was completed in collaboration with my colleague, Alexandre Webster, with 

assistance from Priyanthi Gnanapragasm and Jost Vielmetter. Using a panel of anti-HIV 

antibodies, it was observed that their respective abilities to trigger antibody dependent 

cellular cytotoxicity varied from highly effective to completely ineffective despite the 

fact that each of the antibodies exhibited potent neutralization of a virus of the same 

strain as used for the cytotoxicity assay. 
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 Introduction 

Certain classes of immunoglobulins can prevent or contribute to the elimination 

of a viral infection by other mechanisms in addition to neutralization (i.e., binding 

directly to virus particles to prevent entry into target cells). These additional mechanisms 

include antibody-dependent cellular cytotoxicity (ADCC), phagocytosis, and activation 

of the “classical” pathway of complement. With respect to the humoral immune response, 

the cell-mediated responses of ADCC and/or phagocytosis can be triggered by the 

interaction of antibody bound to antigen on an infected cell and Fc receptors expressed on 

the surfaces of various types of innate immune effector cells including natural killer (NK) 

cells, macrophages, neutrophils, and subsets of γδ T cells (1, 2). Complement activation 

is triggered by the binding of soluble factors in the plasma to antibody-antigen 

complexes, beginning with the fixation of C1q, which activates a cascade of reactions 

that culminate in the formation of pores resulting in lysis of infected cells as well as 

direct viral inactivation (1, 3). Each of these mechanisms has been shown to play 

significant roles in controlling and/or eliminating various pathogens (4), but relative to 

the CTL response and neutralization, the contributions of these responses to the control of 

HIV replication or their potential value to the prevention of infection remains largely 

uncharacterized. 

 

Mechanism of ADCC 

Of the four subclasses of IgG, only subclasses 1 and 3 are able to trigger ADCC 

activity in humans (1), which occurs via cross-linking CD16 (FcγRIII), a low micromolar 

affinity activating Fc receptor (5). CD16, which is a 50-80 kDa highly glycosylated 
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protein, is expressed as two isoforms: a transmembrane anchored form with a 

cytoplasmic domain (CD16a) and a glycophosphatidylinositol (GPI) linked form 

(CD16b) (6). Whereas the precise role of CD16b is not yet fully understood, the function 

of CD16a on NK cells and macrophages in mediating ADCC is well established (2, 6, 7). 

Cross-linking of CD16a by antibodies serves to increase the concentrations of the 

intracellular immunoreceptor tyrosine-based activations motifs (ITAMs) of heterodimers 

and/or homodimers that belong to the CD16a-associated signaling chains, FcεRIγ and 

CD3ζ (8), and the resulting protein tyrosine kinase cascade leads to granule exocytosis.  

Apoptosis, or programmed cell death, is induced during ADCC following a 

similar series of steps that describe the mechanism of CTL attack: cytotoxic granules are 

released from the cytosol of effector cells containing perforin, granzymes, and granulysin 

(1). Perforin acts in a similar manner to the C9 component of the complement cascade in 

that it creates pores in the cytoplasmic membrane of the target cell, and granzymes, 

which then gain entry to the cytosol of the target cell, activate the caspase cascade, 

culminating in apoptosis (1). However, whereas individual CTLs are specific for 

individual peptide-MHC class I complexes presented on the surfaces of cells, effector 

cells that mediate ADCC recognize the Fc domains of bound IgG1 or IgG3 and are 

therefore competent to attack any infected cell that is expressing a recognized antigen on 

its surface.  

 

Evidence for a contribution of ADCC to HIV control 

Given the lack of evidence that neutralizing antibodies significantly contribute to 

the control of viral replication during the natural course of infection, researchers are 
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turning their attention to the role that the humoral immune response might play in 

recruiting Fc receptor-dependent mechanisms of eliminating infected cells (3, 9-12). This 

interest has been at least partly fueled by the observations that some antibodies that 

cannot neutralize virus can still recruit these mechanisms and that these antibodies may 

appear well before the development of neutralizing antibodies (3). In addition, it has been 

reported that the ADCC activity titer of sera collected from SIV challenged NHPs 

vaccinated against SIV is inversely correlated with viral titer and directly correlated with 

CD4+
 T-cell concentrations (10).  

Further underscoring the need to carefully examine the contributions of these 

mechanisms to the control of HIV, ADCC was recently shown to be critical to the ability 

of IgG1 b12 to protect NHPs from viral challenge (12). When this study was first carried 

out with the observation that a dosage of 25 mg/kg was necessary to completely protect 

animals challenged with SHIVSF162P3 (13), the conclusion was understood at the time to 

be that b12 had fully neutralized the virus at this dosage. However, when researchers 

repeated the study six years later but instead made two different mutants of b12, one that 

could not fix complement and another than could not bind CD16, the dosage of 25 mg/kg 

was no longer sufficient for the non-CD16-binding mutant to protect the animals (12). 

Thus, even when more than 5% of the total IgG in the blood is composed of a 

monoclonal antibody to which the challenge virus is unusually sensitive, it can still not be 

enough to fully protect from viral challenge. Further elucidation of the potential 

contribution of antibodies to viral control by mechanisms other than neutralization may 

eventually alter the currently accepted view that the humoral immune response is 

negligible relative to the CTL response in controlling the natural course of infection. 
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The results presented here are directed towards asking (i) if the ability to potently 

neutralize HIV necessarily implies the ability to efficiently recruit ADCC and (ii) if 

antibodies directed against one region of the envelope spike versus another might result 

in differing abilities to trigger this mechanism. If ADCC is a critical component to 

protection, then the possibility that various epitope classes might differ with respect to the 

ability of antibodies that are directed against them to recruit ADCC should be examined. 

For example, anti-CD4 binding site (anti-CD4bs) antibodies might be better able to 

recruit ADCC than antibodies that bind the MPER as a result of greater accessibility to 

the Fc domain by CD16a. Towards this end, an in vitro ADCC assay was developed in 

which 35S-labeled target cells stably expressing envelope spikes are incubated with 

antibody and peripheral blood mononuclear cells (PBMCs) and then examined for the 

release of 35S into the media. The abilities of a panel of bNAbs to neutralize HIV and 

trigger ADCC were compared, and the implications of these results on vaccine design are 

discussed. 

 

Results 

Selection of a gp160-positive cell line. Three different cell lines that were putatively 

positive for stable expression of gp160 were obtained from the NIH AIDS Research and 

Reference Reagent Program (CHO-gp160 (14), HeLa 69T1RevEnv (15), and Jurkat 7/3-

STOP (16)), and a fourth was kindly provided by Dr. Pin Wang (USC). Flow cytometry 

analysis of each of the cell lines stained with  FITC-conjugated polyclonal goat anti-

gp120 antibody revealed only one cell line to be uniformly expressing gp160: CHO- 

gp160 (Fig. 1).  This cell line was then selected as the basis for the development of the  
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Figure 1. Four cell lines examined for stable surface expression of gp160. Cells were 

stained with 1 µg/mL FITC-conjugated polyclonal goat anti-gp120 antibody and 

examined by flow cytometry analysis (grey, unstained; clear, stained). 
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ADCC assay. A panel of broadly neutralizing IgG1 antibodies including 2G12 monomer, 

2G12 dimer, b12, 447-52D, 4E10, and 2F5 were then evaluated for their abilities to 

neutralize strain HxBc2 (also called IIIB), a T-cell line adapted clade B strain of HIV that 

is particularly sensitive to each of these antibodies. The antibodies were then evaluated 

for their abilities to trigger ADCC against CHO-gp160.  

Conditions for the ADCC assay included a 30-minute pre-incubation period of 

antibody with target cells on ice followed by the addition of human PBMCs and 

incubation for 4 hours at 37 °C at an effector-to-target cell ratio of 50:1. The addition of a 

monoclonal anti-CD20 isotype control antibody, Rituxan, did not result in non-specific 

lysis (Fig. 2). In all cases where ADCC activity was observed, the percentage of specific 

lysis either began to level off or decrease at concentrations above ~10 µg/mL (Fig. 2), 

probably reflecting increased competition for CD16a between bound and unbound IgG1. 

 

Evaluation of anti-gp120 monoclonal antibodies. Monomeric 2G12 was observed to be 

effective at recruiting ADCC in vitro with a half maximal effective dose (ED50) of 1.1 

µg/mL, which was comparable to its 50% inhibitory concentration (IC50) for the in vitro 

neutralization assay of 0.36 µg/mL (Table 1). In agreement with previous results 

(Appendix F), dimeric IgG1 2G12 was observed to be more potent than the monomer, 

with ED50 and IC50 values of 0.32 µg/mL and 0.032 µg/mL, respectively. The 

performance of these anti-carbohydrate antibodies are unlikely to have arisen from non-

specific reactivity as no significant specific lysis was observed when tested against the 

untransfected parental cell line, CHO K1 (Fig. 3).  
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The anti-CD4bs antibody b12 exhibited potent ED50 and IC50 values of 0.058 

µg/mL and 0.033 µg/mL, respectively (although the low Hill coefficient of the curve 

precluded an accurate determination of the ED50 value) (Table 1 and Fig. 2). However, 

the maximal lysis observed for b12 was only 23%, significantly lower than that observed 

for monomeric 2G12 or dimeric 2G12 (75% and 63%, respectively). It is unlikely that 

this weak maximal lysis was due to antibody-induced shedding of gp120 as almost no 

detectable shedding was observed in the presence of b12 and other CD4bs antibodies 

from the surface of HIV-infected cells in a previous study whereas soluble CD4 (sCD4) 

was shown to induce the release of over 5 µg of gp120 in 2 hours under identical 

conditions (17). 

The anti-V3-loop antibody, 447-52D, exhibited ED50 and IC50 values of 0.20 

µg/mL and 0.083 µg/mL, respectively. As compared to b12, a similar result was observed 

in the ADCC assay for 447-52D, with a low maximal lysis value (22%). However, unlike 

the case for anti-CD4bs antibodies, anti-V3 loop antibodies have been shown to 

efficiently induce gp120 shedding at rates that are nearly comparable to sCD4 for T-cell 

line adapted strains of HIV (17), rationalizing its poor performance in the ADCC assay. 

 

The anti-MPER antibodies 4E10 and 2F5 do not exhibit ADCC activity. By contrast to 

the anti-gp120 antibodies, 4E10 and 2F5 were unable to elicit detectable ADCC activity 

at any of the concentrations tested even though both were extremely potent in virus 

neutralization (Fig. 2), yielding IC50 values of 0.064 µg/mL and 0.026 µg/mL, respectively. 
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Figure 2. Summary of curves for the in vitro neutralization data () and in vitro ADCC 

data (). 
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Figure 3. Summary of curves from the in vitro ADCC data for control tests of IgG1 

2G12 monomer and dimer versus untransfected CHO cells (). 

 

Table 1. Summary of calculated 50% effective doses (ED50) for specific lysis in the in 

vitro ADCC assay and 50% inhibitory concentrations (IC50) for the in vitro neutralization 

assay (n.d., not done). 

    ADCC  Neutralization 
Antibody  EC50 (µg/mL) Max lysis  IC50 (µg/mL) 
Rituxan  

(IgG1 isotype 
control) 

 
                    No activity  n.d. 

IgG1 2G12 
(monomer) 

 
1.1 ± 0.2 75%  0.36 ± 0.11 

IgG1 2G12 
(dimer) 

 
0.32 ± 0.05 63%  0.032 ± 0.007 

IgG1 b12 
 

0.058 ± 0.125 * 23%  0.033 ± 0.014 

IgG1 447-52D 
 

0.083 ± 2.6  * 22%  0.20 ± 0.04 

IgG1 4E10 
 

                    No activity  0.064 ± 0.017 

IgG1 4E10  
+ sCD4 

 
                    No activity  n.d. 

IgG1 2F5 
 

                    No activity  0.026 ± 0.010 

* The weak ADCC activity demonstrated in these curves prevented an accurate 
determination of their ED50 values. 
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 Some data suggest that the addition of sCD4 may potentiate access to the 4E10 epitope 

(18), but when sCD4 was added at an equimolar concentration to 4E10, no significant  

increase in activity was observed (Fig. 2), indicating that anti-MPER antibodies in 

general may be unable to trigger ADCC.  

 

Discussion 

In this investigation, the performance of a panel of bNAbs was compared using an 

in vitro neutralization assay and a newly developed in vitro ADCC assay. All of the 

antibodies were potent neutralizers of the strain of virus used (HXBc2), with each one 

able to neutralize ~100% of the virus at concentrations at or below ~10 µg/mL. However, 

the antibodies exhibited wide variation in their abilities to recruit ADCC activity.  

Monomeric and dimeric IgG1 2G12 were particularly effective at recruiting 

ADCC, yielding typical sigmoidal dose-response curves and maximal specific lysis 

values of 75% and 63%, respectively. Importantly, these data confirmed that the Fc 

domains of dimeric IgG1 2G12 can bind CD16 and efficiently recruit ADCC with 

enhanced potency over monomeric IgG1 2G12. By contrast, IgG1 b12 and IgG1 447-52D 

exhibited only modest abilities to recruit ADCC. However, perhaps most striking was the 

absence of any detectable ADCC activity upon the addition of IgG1 4E10 or 2F5, which 

target adjacent epitopes of the MPER at the base of the stalk of the trimeric envelope 

spike. Even with the addition of sCD4, which has been shown to potentiate neutralization 

by 4E10 (19), presumably by promoting access to its epitope or expanding the time 

period during which it is available for binding, no detectable ADCC activity was 

observed.  
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One explanation that may help to rationalize the observed differences in ADCC 

activity is the requirement for access by CD16a, a single pass transmembrane protein 

composed of two immunoglobulin domains that adopt a U-shaped conformation (20, 21). 

An atomic resolution X-ray crystal structure of the extracellular portion of CD16a in 

complex with human Fc shows that the CD16a binding site is located on the upper 

portion of the CH2 domain (20), which likely places constraints on the rotational freedom 

of the Fabs (Fig. 4). But perhaps more importantly, the C-terminal sequence that links the 

second domain of CD16a to the transmembrane sequence is 16 residues long (2). Thus, in 

the unlikely event of adopting a fully extended conformation, the base of the second 

domain of CD16a is limited to a separation distance from the effector cell’s membrane of 

~6.5 nm (Fig. 5).  

Given that the trimeric envelope spike extends ~12 nm from the membrane and 

the lobes created by the gp120 moieties extend several nanometers from the stalk (22), 

binding to different epitopes may impose demands on CD16a accessibility that cannot be 

met in some cases (Fig. 5). For example, whereas 2G12 may be binding one or more 

glycans on the upper portion of spike (23), and b12 binds roughly parallel to the spike 

(24), anti-MPER antibodies such as 4E10 and 2F5 bind near the base (25, 26). Models of 

these binding modes indicate that even a fully extended CD16a receptor might have 

difficulty extending far enough to reach an Fc domain when the antibody is targeting the 

stalk portion of the envelope spike (Fig. 5), particularly in the presence membrane 

proteins that extend out from the surface of a typical cell  (Fig. 5D). Consistent with this 

hypothesis, in the original paper where 4E10 and 2F5 were first characterized (along with 

many other antibodies), only 4E10 and 2F5 were reported to derive from IgG3 subtypes (27). 
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Figure 4. Model structure of IgG-CD16 complex. (A) Ribbon diagram for the X-ray 

crystal structure of CD16 extracellular domain in complex with human Fc (not shown) 

(PDB ID code 1E4K (20)). (B) X-ray crystal structure of IgG1 b12 (PDB ID code 1HZH 

(28)) docked to CD16. The Fc domains from the two PDB files were used for alignment. 

(C) Same as figure B but rotated 90°, showing simultaneous occupancy of space between 

the Fabs and CD16 when the structures are unaltered. (D) Same as figure C but the Fabs 

have been rotated to eliminate clashes between CD16 and the antibody, demonstrating 

that CD16 binding may impose constraints on Fab flexibility. 
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Figure 5. Conceptual model of the distance requirements for simultaneous binding of 

IgG1 with CD16 and the HIV envelope spike with the assumption that the 16-residue 

unstructured linker connecting the extracellular domains of CD16 to the membrane is 

adopting a fully extended state. The height for the envelope spike was based on reports of 

tomographic reconstructions of intact spikes (22). Schematics for antibody binding to (A) 

glycan clusters or the V3 loop region near the top of the spike, (B) the CD4 binding site, 

and (C) the MPER. (D) An illustration of the potential steric effects imposed by the 

presence of other membrane-bound proteins. 
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 The architecture of IgG3 differs significantly from IgG1 in that it has an unusually long 

hinge region that serves to increase the distance between the Fc domain and the Fabs. 

Thus, it may be that the Fc domains of anti-gp120 antibodies are inherently more 

accessible to CD16a binding as compared to anti-MPER antibodies.  

An additional explanation for the exceptional performance of the 2G12 antibodies 

in the ADCC assay relative to the antibodies that bind protein epitopes may be that 

multiple 2G12 antibodies are binding to each trimeric spike with avidity as a result of its 

high glycan content (see Chapter 3), thereby inducing localized high concentrations of 

bound CD16a on effector cells and amplifying the ADCC activation signal. For protein 

epitopes, there can exist no more than three binding sites per envelope spike, which 

cannot be cross-linked by a single antibody due to geometric constraints (see Fig. S3, 

Chapter 2). Consequently, the endocytosis signals in the cytoplasmic tail of gp41 that 

serve to limit the concentration of spikes on the surface of a cell (29, 30) may present a 

limit to highly avid binding by these antibodies and limit their capacity to cross-link 

CD16a. 

The finding that CD16-binding was critical to the ability of IgG1 b12 to protect 

NHPs in the SHIV challenge model (12) highlights the possibility that future 

advancements in optimizing the therapeutic efficacy of anti-HIV antibodies may depend 

on their abilities to trigger ADCC. The clinical trials discussed in Chapter 3 where a 

cocktail composed of 2G12, 4E10, and 2F5 suppressed viral rebound among patients who 

underwent interruptions in HAART also demonstrated that escape mutations were found 

only for 2G12 and not 4E10 or 2F5 (31). Thus, it is tempting to speculate that the 
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selective pressure of 2G12 might have derived, at least in part, from an enhanced ability 

to trigger ADCC against infected cells.  

Given the nearly universal failure to elicit potent neutralizing antibodies against 

HIV, one possible approach to increasing the effectiveness of the humoral immune 

response would be to develop a method to introduce engineered variants of anti-HIV 

antibodies with increased abilities to trigger ADCC by gene therapy.  For example, Fc 

mutations have been identified that increase the affinity of the Fc for CD16a by greater 

than 2 orders of magnitude (32), resulting in a similar increase in ADCC activity in vitro 

as well as increased potency in vivo. As an additional approach, we are currently 

examining whether the RCEs described in Chapter 3 might exhibit increased ADCC 

activity as a result of increasing the hinge length.  

 

Methods 

Untransfected CHO-K1 cells were obtained from the American Type Culture 

Collection (ATCC) and maintained in R-10 media (RPMI-1640 supplemented with 10% 

fetal calf serum (FCS), 1% L-glutamine, 1% 5000 U/mL Pen/Strep, 1% NEAA, and 1% 

Na-pyruvate). The HxBc2 gp160+
 CHO cell line, derived from CHO-K1 cells and named 

CHO-WT (referred to as GHO-gp160 in this text) was obtained through the AIDS 

Research and Reference Reagent Program, Division of AIDS, NIAID, NIH from C. 

Weiss and J. White (14). These cells were maintained in G-MEM with no glutamine and 

supplemented with 10% dialyzed FCS, 3.7% NaHCO3 at 75 mg/mL, 1% Pen/Strep at 

5000 U/mL, 1% 100x non-essential amino acids, 1% 100x Na-pyruvate, 1% 100x 

glutamate/asparagine (each at 6 mg/mL), 2% 50x Nucleosides (3.5 mg/mL of cytidine, 
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uridine, guanosine, and adenosine; 1.2 mg/mL of thymidine), and 0.4% methionine 

sulfoximine (MSX) at 18 mg/mL (selection for glutamine synthetase transfectants). 

PBMCs were purified from a lymphapheresis pack supplied by a single donor 

(Hemacare) as described in the manual (Ficoll Paque Plus User Manual, GE Healthcare). 

Briefly, donor blood was combined 1:1 with RPMI-1640 and 30 mL aliquots were 

layered onto 15 mL aliquots of Ficoll-Paque Plus in 50 mL conical tubes and centrifuged 

at 300 x g for 30 minutes at 4 °C. Buffy coats were then washed three times with RPMI 

1640 and re-suspended in FCS to a concentration of 200 million cells per mL. 100 

million cells were then combined 1:1 with freezing medium (20% DMSO, 80% FCS), 

frozen at -80 ºC, and stored in liquid nitrogen. PBMCs were reconstituted in R-10 media 

24 to 48 hours prior to use in the assay. 

 Each antibody reagent was tested in triplicate. One million target cells were 

seeded into a six well plate and allowed to adhere overnight. The growth media were then 

replaced with identical media but lacking Glu/Met/Cys and supplemented with S35-Met to 

0.25 mCi. After incubation overnight at 37ºC, the cells were then detached with 2 mM 

EDTA in PBS, washed three times with R-10, and resuspended to a concentration of 

200,000 cells per mL in R-10. Ten thousand target cells were then dispensed per well, to 

which 50 µL of antibody diluted into R-10 were added and incubated for 30 minutes on 

ice. PBMCs were washed once in R-10 and added to the appropriate wells to a final 

volume of 200 µL per well (100 µL/well for the maximum lysis condition). Plates were 

incubated for 4 hours at 37 ºC. Fifteen minutes prior to the end of the incubation period, 

100 µL of 1 M NaOH was added to wells for the maximum lysis condition containing 

only labeled target cells. Plates were then centrifuged at 300 x g for 5 minutes and 50 µL 
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of each sample was transferred to white-bottomed Optiplate-96 reader plates already 

containing 200 µL of Microscint 40 scintillation fluid (PerkinElmer). Plates were then 

wrapped in foil and allowed to sit overnight at room temperature. Samples were read in a 

Wallac 1450 Microbeta TriLux. Specific lysis was calculated as [(α − β)/(γ − β)] x 100%, 

where α is target cells with PBMCs and antibody, β is maximum lysis, and γ is target 

cells with PBMCs alone. The curves were fit with a four-parameter logistic equation 

(Prism 4 for Macintosh, GraphPad Software, Inc.). 

The FITC-conjugated polyclonal goat anti-gp120 antibody was obtained from 

Abcam. Methods describing expression, purification, binding assays, neutralization assays, 

and molecular modeling can be found in Chapter 2. Rituxan was generously provided by 

Dr. Sanjeev Nandakumaran (Kaiser Permanente Southern California Medical Group). 
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This appendix contains the software code written for two programs, VictorExtract and 

GraphExtract for use in Microsoft Excel 2004 with Visual Basic for Applications. The 

former was written to process the raw data output of a Victor3 luminometer (Perkin 

Elmer) for the neutralization assay and fit the data to a one-site dose-response model with 

fixed minima and maxima of 0 and 100% by minimization of the residual sum of squares. 

The later program processes the output from VictorExtract and arranges it in a format for 

creating figures using graphical software programs such as KaleidaGraph and Prism. 
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' Joshua S. Klein, California Institute of Technology, Copyright 2006 
 
Option Explicit 
Public filePath, infoArray(10, 14), resultsArray() As Variant 
Public fileList, fileName, alphaStr, rssqStr As String 
Public x, y, z, a, b, c, e, zz, yy, xx, aa, bb As Integer 
Public plateArray(8, 12), d, neutValue, jacobianValue, totneutValue, 
avgneutValue, rssqValue, chireducedValue As Double 
 
Sub VictorExtract() 
    UserForm1.Show 
End Sub 
Sub extractData() 
Dim jacobianArray(1, 8) 
UserForm1.Hide 
'Read userform entries 
For x = 1 To 10 
    infoArray(x, 1) = UserForm1.Controls(x - 1).Value 
    infoArray(x, 2) = UserForm1.Controls(x + 16).Value 
    infoArray(x, 3) = UserForm1.Controls(x + 138).Value 
    infoArray(x, 4) = UserForm1.Controls(x + 28).Value 
    infoArray(x, 5) = UserForm1.Controls(x + 39).Value 
    infoArray(x, 6) = UserForm1.Controls(x + 50).Value 
    infoArray(x, 7) = UserForm1.Controls(x + 61).Value 
    infoArray(x, 8) = UserForm1.Controls(x + 72).Value 
    infoArray(x, 9) = UserForm1.Controls(x + 83).Value 
    infoArray(x, 10) = UserForm1.Controls(x + 94).Value 
    infoArray(x, 11) = UserForm1.Controls(x + 105).Value 
    infoArray(x, 12) = UserForm1.Controls(x + 116).Value 
    infoArray(x, 13) = UserForm1.Controls(x + 127).Value 
Next x 
'Assign plate columns per antibody 
For x = 1 To 10 
    If Trim(infoArray(x, 1)) <> "" Then 
        For y = 4 To 13 
            If infoArray(x, y) = "True" Then infoArray(x, 14) = 
infoArray(x, 14) & Str(y - 1) 
        Next y 
    End If 
Next x 
'Select and open source data file 
filePath = Application.GetOpenFilename() 
MsgBox (filePath) 
Application.Workbooks.Open (filePath) 
x = 1 
y = Len(filePath) 
While x > 0 
    If Mid(filePath, y, 1) <> ":" Then 
        y = y - 1 
        Else: x = 0 
    End If 
Wend 
'Assign contents of Plate worksheet to array and close source data file 
fileName = Right(filePath, Len(filePath) - y) 
Application.Workbooks(fileName).Activate 
Application.Worksheets("Plate").Activate 
For x = 1 To 12 
    For y = 1 To 8 
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        plateArray(y, x) = ActiveSheet.Cells(y + 6, x).Value 
    Next y 
Next x 
Application.Workbooks(fileName).Close 
'Create new data workbook 
Application.Workbooks.Add 
Application.ActiveSheet.Name = fileName 
Application.ActiveSheet.Cells(1, 1).Value = "Date" 
Application.ActiveSheet.Cells(1, 2).Value = "Antibody" 
Application.ActiveSheet.Cells(1, 3).Value = "Isolate" 
Application.ActiveSheet.Cells(1, 4).Value = "IC50 (nM)" 
Application.ActiveSheet.Cells(1, 5).Value = "IC50 Err (nM)" 
Application.ActiveSheet.Cells(1, 6).Value = "IC50 (ug/mL)" 
Application.ActiveSheet.Cells(1, 7).Value = "IC50 Err (ug/mL)" 
Application.ActiveSheet.Cells(1, 8).Value = "RSSQ" 
Application.ActiveSheet.Cells(1, 9).Value = "Row A (nM)" 
Application.ActiveSheet.Cells(1, 10).Value = "Row B (nM)" 
Application.ActiveSheet.Cells(1, 11).Value = "Row C (nM)" 
Application.ActiveSheet.Cells(1, 12).Value = "Row D (nM)" 
Application.ActiveSheet.Cells(1, 13).Value = "Row E (nM)" 
Application.ActiveSheet.Cells(1, 14).Value = "Row F (nM)" 
Application.ActiveSheet.Cells(1, 15).Value = "Row G (nM)" 
Application.ActiveSheet.Cells(1, 16).Value = "Row H (nM)" 
Application.ActiveSheet.Cells(1, 17).Value = "GM1" 
Application.ActiveSheet.Cells(1, 18).Value = "GM2" 
Application.ActiveSheet.Cells(1, 19).Value = "GM3" 
Application.ActiveSheet.Cells(1, 20).Value = "GM4" 
Application.ActiveSheet.Cells(1, 21).Value = "GM5" 
Application.ActiveSheet.Cells(1, 22).Value = "GM6" 
Application.ActiveSheet.Cells(1, 23).Value = "GM7" 
Application.ActiveSheet.Cells(1, 24).Value = "GM8" 
Application.ActiveSheet.Cells(1, 25).Value = "Avg GM" 
Application.ActiveSheet.Cells(1, 26).Value = "VC1" 
Application.ActiveSheet.Cells(1, 27).Value = "VC2" 
Application.ActiveSheet.Cells(1, 28).Value = "VC3" 
Application.ActiveSheet.Cells(1, 29).Value = "VC4" 
Application.ActiveSheet.Cells(1, 30).Value = "VC5" 
Application.ActiveSheet.Cells(1, 31).Value = "VC6" 
Application.ActiveSheet.Cells(1, 32).Value = "VC7" 
Application.ActiveSheet.Cells(1, 33).Value = "VC8" 
Application.ActiveSheet.Cells(1, 34).Value = "Avg VC" 
alphaStr = "ABCDEFGHIJKLMNOPQRSTUVWXYZ" 
b = 1 
For y = 1 To 10 
    xx = 0 
    rssqStr = "" 
    a = Len(infoArray(y, 14)) 
    c = 0 
    For x = 1 To a 
        If Trim(Mid(infoArray(y, 14), x, 1)) <> "" Then 
            If Val(Mid(infoArray(y, 14), x, 2)) > 2 Then 
                c = (Val(Mid(infoArray(y, 14), x, 2))) 
                'MsgBox (c) 
                Application.ActiveSheet.Cells(b + 1, 1).Value = 
UserForm1.TextBox12.Value 
                Application.ActiveSheet.Cells(b + 1, 2).Value = 
infoArray(y, 1) 
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                Application.ActiveSheet.Cells(b + 1, 3).Value = 
UserForm1.TextBox11.Value 
                If Val(infoArray(y, 2)) > 0 Then 
                    d = Val(infoArray(y, 2)) 
                    Else: d = 0 
                End If 
                For z = 9 To 16 
                    Application.ActiveSheet.Cells(b + 1, z).Value = d 
                    d = d / 3 
                Next z 
                'Set initial IC50 value to median concentration 
                Application.ActiveSheet.Cells(b + 1, 4).Value = 
Application.ActiveSheet.Cells(b + 1, 12).Value 
                'Calculate average GM and average VC 
                Application.ActiveSheet.Cells(b + 1, 25).Value = 
"=average(Q" & b + 1 & ":X" & b + 1 & ")" 
                Application.ActiveSheet.Cells(b + 1, 34).Value = 
"=average(Z" & b + 1 & ":AG" & b + 1 & ")" 
                'Enter RL values 
                For z = 1 To 8 
                    yy = 0 
                    Application.ActiveSheet.Cells(b + 1, z + 16).Value 
= plateArray(z, 1) 
                    Application.ActiveSheet.Cells(b + 1, z + 25).Value 
= plateArray(z, 2) 
                    While yy < 1000 
                        If Application.ActiveSheet.Cells(b + 1, z * 4 + 
31 + yy).Value = "" Then 
                            Application.ActiveSheet.Cells(b + 1, z * 4 
+ 31 + yy).Value = plateArray(z, c) 
                            yy = 1000 
                            Else: yy = yy + 16 
                        End If 
                    Wend 
                Next z 
                'Calculate % neutralization and fitted values 
                For z = 1 To 8 
                    yy = 0 
                    While Application.ActiveSheet.Cells(b + 1, z * 4 + 
31 + yy).Value <> "" 
                        If LCase(Application.ActiveSheet.Cells(b + 1, z 
* 4 + 31 + yy).Value) <> "x" Then 
                                'Application.ActiveSheet.Cells(b + 1, z 
* 4 + 31 + yy + 1).Value = (1 - ((Application.ActiveSheet.Cells(b + 1, 
z * 4 + 31 + yy).Value - _ 
                                    Application.ActiveSheet.Cells(b + 
1, 25).Value) / (Application.ActiveSheet.Cells(b + 1, 34).Value - _ 
                                    Application.ActiveSheet.Cells(b + 
1, 25).Value))) * 100 
                                'Calculate obs % neutralization 
                                Application.ActiveSheet.Cells(b + 1, z 
* 4 + 31 + yy + 1).Value = "=(1 - (" & Application.ActiveSheet.Cells(b 
+ 1, z * 4 + 31 + yy).Address(RowAbsolute:=False) & " - " & _ 
                                    Application.ActiveSheet.Cells(b + 
1, 25).Address(RowAbsolute:=False) & ")/(" & 
Application.ActiveSheet.Cells(b + 1, 34).Address(RowAbsolute:=False) & 
" - " & _ 
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                                    Application.ActiveSheet.Cells(b + 
1, 25).Address(RowAbsolute:=False) & ")) * 100" 
                                'Calculate expected % neutralization 
                                Application.ActiveSheet.Cells(b + 1, z 
* 4 + 31 + yy + 2).Value = "=100/(1+D" & b + 1 & "/" & Mid(alphaStr, 17 
- z, 1) & b + 1 & ")" 
                                'Calculate residual 
                                Application.ActiveSheet.Cells(b + 1, z 
* 4 + 31 + yy + 3).Value = "=(" & Mid(Application.ActiveSheet.Cells(b + 
1, z * 4 + 31 + yy _ 
                                    + 1).Address(RowAbsolute:=False), 
2) & "-" & Mid(Application.ActiveSheet.Cells(b + 1, z * 4 + 31 + yy + 
2).Address(RowAbsolute:=False), 2) & ")^2" 
                            End If 
                            yy = yy + 16 
                            xx = xx + 1 
                    Wend 
                Next z 
            End If 
        c = 0 
        End If 
    Next x 
    'Calculate RSSQ = sum(y_obs - y_fit)^2, n = 1 to i 
    If xx > 0 Then 
        Application.ActiveSheet.Cells(b + 1, ((yy - 16) / 32 + 1) * 32 
+ 35).Value = "end" 
        For z = 1 To 8 
            rssqStr = rssqStr & "(" & 
Mid(Application.ActiveSheet.Cells(b + 1, z * 4 + 
33).Address(RowAbsolute:=False), 2) & " - average(" 
            For x = 1 To xx / 16 
                'Ignore cells with values of "x" (assumes manual 
deletion) 
                If LCase(Application.ActiveSheet.Cells(b + 1, z * 4 + 
31 + x * 32 - 32).Value) <> "x" Then 
                    rssqStr = rssqStr & 
Mid(Application.ActiveSheet.Cells(b + 1, z * 4 + 32 + x * 32 - 
32).Address(RowAbsolute:=False), 2) & "," 
                End If 
            Next x 
            rssqStr = Left(rssqStr, Len(rssqStr) - 1) & "))^2," 
        Next z 
        ActiveSheet.Cells(b + 1, 8).Value = "=sum(" & Left(rssqStr, 
Len(rssqStr) - 1) & ")" 
    End If 
    b = b + 1 
Next y 
'Minimize RSSQ using built-in solver function 
For x = 1 To 10 
    If Application.ActiveSheet.Cells(x + 1, 8).Value > 0 Then 
        SolverReset 
        SolverOK 
setCell:=Application.ActiveSheet.Cells.Range(ActiveSheet.Cells(x + 1, 
8), ActiveSheet.Cells(x + 1, 8)), _ 
        maxMinVal:=2, _ 
        
byChange:=Application.ActiveSheet.Cells.Range(ActiveSheet.Cells(x + 1, 
4), ActiveSheet.Cells(x + 1, 4)) 
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        SolverSolve UserFinish:=True 
        'Calculate error 
        xx = 1 
        While LCase(ActiveSheet.Cells(x + 1, xx + 34).Value) <> "end" 
            xx = xx + 1 
        Wend 
        xx = (xx - 1) / 32 
        'Calculate asymptotic standard error 
        jacobianValue = 0 
        totneutValue = 0 
        avgneutValue = 0 
        rssqValue = 0 
        chireducedValue = 0 
        For aa = 1 To 8 
            'Jacobian = d(% neut)/d(IC50) 
            jacobianValue = jacobianValue + (((-100 / 
ActiveSheet.Cells(x + 1, aa + 8).Value) / (1 + ActiveSheet.Cells(x + 1, 
4).Value / _ 
                ActiveSheet.Cells(x + 1, aa + 8).Value) ^ 2)) ^ 2 
        Next aa 
        'For aa = 1 To 8 
        '    If xx > 0 Then 
        '        For bb = 1 To xx 
        '            'Ignore deleted values 
        '            If LCase(ActiveSheet.Cells(x + 1, bb * 32 + aa * 4 
- 4).Value) <> "x" Then 
        '                totneutValue = totneutValue + 
ActiveSheet.Cells(x + 1, bb * 32 + aa * 4).Value 
        '            End If 
        '       Next bb 
        '        avgneutValue = totneutValue / xx 
        '        Else: 
        '            If LCase(ActiveSheet.Cells(x + 1, bb * 32 + aa * 4 
- 4).Value) <> "x" Then 
        '                avgneutValue = ActiveSheet.Cells(x + 1, bb * 
32 + aa * 4).Value 
        '            End If 
        '    End If 
        '    If avgneutValue <> 0 Then 
        '        rssqValue = rssqValue + (avgneutValue - 
ActiveSheet.Cells(x + 1, aa * 4 + 37 - 4).Value) ^ 2 
        '    End If 
        '    totneutValue = 0 
        'Next aa 
        ActiveSheet.Cells(x + 1, 5).Value = (jacobianValue ^ -0.5) * 
((Application.ActiveSheet.Cells(x + 1, 8).Value / 7) ^ 0.5) 
        If Application.ActiveSheet.Cells(x + 1, 4).Value > 0 Then 
            'Calculate IC50  and error in ug/mL 
            If Val(infoArray(x, 3)) > 0 Then 
                Application.ActiveSheet.Cells(x + 1, 6).Value = 
Application.ActiveSheet.Cells(x + 1, 4).Value * (10 ^ -9) * 
infoArray(x, 3) * (10 ^ 3) 
                Application.ActiveSheet.Cells(x + 1, 7).Value = 
Application.ActiveSheet.Cells(x + 1, 5).Value * (10 ^ -9) * 
infoArray(x, 3) * (10 ^ 3) 
            End If 
        End If 
    End If 
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Next x 
'Format results 
Rows("1:1").Select 
Selection.Font.Bold = True 
Rows("1:10").Select 
Selection.Columns.AutoFit 
Selection.Columns.HorizontalAlignment = xlCenter 
End Sub 
 Sub GraphExtract() 
    UserForm2.Show 
 End Sub 
 Sub getCurves() 
    UserForm2.Hide 
    alphaStr = "ABCDEFGHIJKLMNOPQRSTUVWXYZ" 
    xx = 1 
    While LCase(ActiveSheet.Cells((UserForm2.TextBox1.Value), xx + 
34).Value) <> "end" 
        xx = xx + 1 
    Wend 
    xx = (xx - 1) / 32 
    ReDim resultsArray(3, 8 + xx, 8) As Variant 
    resultsArray(1, 1, 1) = "Date" 
    resultsArray(1, 2, 1) = "Antibody" 
    resultsArray(1, 3, 1) = "Isolate" 
    resultsArray(1, 4, 1) = "GM" 
    resultsArray(1, 5, 1) = "VC" 
    resultsArray(1, 6, 1) = "Conc (nM)" 
    resultsArray(1, 7, 1) = "Avg % neut" 
    resultsArray(1, 8, 1) = "Err % neut" 
    resultsArray(2, 1, 1) = 
Application.ActiveSheet.Cells((UserForm2.TextBox1.Value), 1).Value 
    resultsArray(2, 2, 1) = 
Application.ActiveSheet.Cells((UserForm2.TextBox1.Value), 2).Value 
    resultsArray(2, 3, 1) = 
Application.ActiveSheet.Cells((UserForm2.TextBox1.Value), 3).Value 
    For x = 1 To 8 
        resultsArray(2, 4, x) = 
Application.ActiveSheet.Cells((UserForm2.TextBox1.Value), x + 16).Value 
        resultsArray(2, 5, x) = 
Application.ActiveSheet.Cells((UserForm2.TextBox1.Value), x + 25).Value 
        resultsArray(2, 6, x) = 
Application.ActiveSheet.Cells((UserForm2.TextBox1.Value), 17 - x).Value 
    Next x 
    For aa = 1 To 8 
        'Get neutralization values for each replicate 
        For bb = 1 To xx 
            resultsArray(1, 8 + bb, 1) = "Exp " & bb 
            If Val(ActiveSheet.Cells((UserForm2.TextBox1.Value), bb * 
32 + aa * 4 - 1).Value) <> 0 Then 
                resultsArray(2, 8 + bb, aa) = 
ActiveSheet.Cells((UserForm2.TextBox1.Value), bb * 32 + aa * 4).Value 
                resultsArray(2, 7, aa) = resultsArray(2, 7, aa) + 
resultsArray(2, 8 + bb, aa) 
                Else: resultsArray(2, 8 + bb, aa) = "x" 
            End If 
        Next bb 
        'Calculate avg and stdev neut 
        If xx > 1 Then 
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            resultsArray(2, 7, aa) = "=average(I" & aa + 1 & ":" & 
Mid(alphaStr, xx + 8, 1) & aa + 1 & ")" 
            resultsArray(2, 8, aa) = "=stdev(I" & aa + 1 & ":" & 
Mid(alphaStr, xx + 8, 1) & aa + 1 & ")" 
        End If 
    Next aa 
    Application.Workbooks.Add 
    For a = 1 To UBound(resultsArray, 2) 
        Application.ActiveSheet.Cells(1, a).Value = resultsArray(1, a, 
1) 
        For x = 1 To 8 
            Application.ActiveSheet.Cells(x + 1, a).Value = 
resultsArray(2, a, x) 
        Next x 
    Next a 
    Application.ActiveSheet.Cells(10, 3).Value = "Average" 
    Application.ActiveSheet.Cells(11, 3).Value = "St dev" 
    Application.ActiveSheet.Cells(10, 4).Value = "=average(D2:D9)" 
    Application.ActiveSheet.Cells(10, 5).Value = "=average(E2:E9)" 
    Application.ActiveSheet.Cells(11, 4).Value = "=stdev(D2:D9)" 
    Application.ActiveSheet.Cells(11, 5).Value = "=stdev(E2:E9)" 
    'Format results 
    Rows("1:1").Select 
    Selection.Font.Bold = True 
    Rows("10:11").Select 
    Selection.Font.Bold = True 
    Rows("1:11").Select 
    Selection.Columns.AutoFit 
    Selection.Columns.HorizontalAlignment = xlCenter 
End Sub 
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This appendix lists the 93 different alternative antibody architecture and Fc mutant 

constructs that were cloned, expressed, and tested for neutralization where expression 

was successful (N.D., not done). 
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 Name Notes Cloned Expresses Neutralizes 

1 (CD4-GCN4)3 Trimeric GCN4 design √ X  

2 (CD4-GCN4)4  Tetrametic GCN4 design √ X  
3 (CD4-GCN4)6 Hexameric GCN4 design √ X  
4 (CD4-scFvE51)3 Trimeric GCN4 design √ X  
5 (CD4-scFvE51)4 Tetrametic GCN4 design √ X  

6 
(dsFvb12-GCN4)3-
VLG44C/VHQ105C Trimeric GCN4 design/disulfide Fv √ X  

7 
(dsFvb12-GCN4)4-
VLG44C/VHQ105C Tetrametic GCN4 design/disulfide Fv √ X  

8 (Fab 2G12-GCN4)4 Tetrametic GCN4 design √ X  
9 (Fab 2G12-GCN4)6 Hexameric GCN4 design √ X  

10 (Fab b12-GCN4)3 Trimeric GCN4 design √ X  
11 (Fab b12-GCN4)4 Tetrametic GCN4 design √ X  
12 Bs(scFv)2-Fab 4E10-2F5 √ X  
13 Bs(scFv)4-IgG 4E10-2F5 √ X  

14 diabody 2F5-4E10 √ √ √ 
15 diabody 4E10-4E10 √ √ √ 
16 diabody b12-4E10 √ √ √ 
17 diabody b12-b12  √ √ √ 
18 IgG 2F5 (G4S)1 Random coil extension √ √ √ 
19 IgG 2F5 (G4S)2 Random coil extension √ N.D.  

20 IgG 2F5 (G4S)3 Random coil extension √ √ √ 
21 IgG 2F5 (G4S)4 Random coil extension √ N.D.  
22 IgG 2F5 (G4S)5 Random coil extension √ √ √ 
23 IgG 2F5 (G4S)6 Random coil extension √ N.D.  
24 IgG 2F5 (G4S)7 Random coil extension √ X  
25 IgG 2F5 CD4 Protein fusion extension √ X  

26 IgG 2F5 invasin Protein fusion extension √ X  
27 IgG 2F5 invasin1-3 Protein fusion extension √ √ √ 
28 IgG 2F5 neogenin Protein fusion extension √ X  
29 IgG 2F5 S239D ADCC enhancement  √ √ N.D. 
30 IgG 2F5 S239D/I332E ADCC enhancement  √ √ N.D. 
31 IgG 2F5 titin168-170 Protein fusion extension √ X  

32 IgG 2G12 (G4S)1 Random coil extension √ √ √ 
33 IgG 2G12 (G4S)3 Random coil extension √ √ √ 
34 IgG 2G12 (G4S)5 Random coil extension √ √ √ 
35 IgG 2G12 (G4S)7 Random coil extension √ √ √ 
36 IgG 2G12 CD4 Protein fusion extension √ X  
37 IgG 2G12 invasin Protein fusion extension √ √ √ 

38 IgG 2G12 invasin1-3 Protein fusion extension √ √ √ 
39 IgG 2G12 neogenin Protein fusion extension √ √ √ 
40 IgG 2G12 S239D ADCC enhancement  √ √ N.D. 
41 IgG 2G12 S239D/I332E ADCC enhancement  √ √ N.D. 
42 IgG 2G12 titin168-170 Protein fusion extension √ X  
43 IgG 4E10 (G4S)1 Random coil extension √ √ √ 

44 IgG 4E10 (G4S)3 Random coil extension √ √ √ 
45 IgG 4E10 (G4S)5 Random coil extension √ √ √ 
46 IgG 4E10 (G4S)7 Random coil extension √ X  
47 IgG 4E10 CD4 Protein fusion extension √ X  
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48 IgG 4E10 invasin Protein fusion extension √ X  
49 IgG 4E10 invasin1-3 Protein fusion extension √ √ √ 
50 IgG 4E10 neogenin Protein fusion extension √ √ √ 

51 IgG 4E10 S239D ADCC enhancement  √ √ N.D. 
52 IgG 4E10 S239D/I332E ADCC enhancement  √ √ N.D. 
53 IgG scFv4E10  scFv fusion instead of Fab √ √ √ 
54 IgG 4E10 titin 168-170 Protein fusion extension √ X  
55 IgG b12 (G4S)1 Random coil extension √ √ √ 
56 IgG b12 (G4S)2 Random coil extension √ N.D.  

57 IgG b12 (G4S)3 Random coil extension √ √ √ 
58 IgG b12 (G4S)4 Random coil extension √ N.D.  
59 IgG b12 (G4S)5 Random coil extension √ √ √ 
60 IgG b12 (G4S)6 Random coil extension √ N.D.  
61 IgG b12 (G4S)7 Random coil extension √ X  
62 IgG b12 CD4 Protein fusion extension √ X  

63 IgG b12 invasin Protein fusion extension √ X  
64 IgG b12 invasin1-3 Protein fusion extension √ √ √ 
65 IgG b12 neogenin Protein fusion extension √ X  
66 IgG b12 S239D ADCC enhancement  √ √ N.D. 
67 IgG b12 S239D/I332E ADCC enhancement  √ √ N.D. 
68 IgG b12 scFv scFv fusion instead of Fab √ √ √ 

69 IgG b12 titin168-170 Protein fusion extension √ X  

70 
IgG dsFv4E10-(G4S)2-
VLG44C/VHQ105C disulfide Fv fusion √ √ √ 

71 
IgG dsFv4E10-(G4S)7-
VLG44C/VHQ105C disulfide Fv fusion √ √ √ 

72 
IgG dsFvb12-(G4S)2-
VLG44C/VHQ105C disulfide Fv fusion √ N.D.  

73 
IgG dsFvb12-(G4S)2-
VLG44C/VHQ105C disulfide Fv fusion √ N.D.  

74 IgG GFP To make heterodimers √ √ X 
75 IgG sCD4-17b  √ √ √ 

76 IgG T1249 C-peptide √ √ √ 
77 IgG T20 C-peptide √ √ √ 
78 IgG T2635 C-peptide √ √ √ 
79 IgG T651 C-peptide √ √ √ 
80 scBvFv 2F5-4E10 √ √ √ 
81 scBvFv 4E10-4E10 √ √ √ 

82 scBvFv b12-4E10 √ √ √ 
83 scBvFv b12-b12  √ √ √ 
84 sCD4  √ √ √ 
85 sCD4-17b  √ √ √ 
86 scFv 2F5  √ √ √ 
87 scFv 2G12  √ N.D.  

88 scFv 4E10  √ √ √ 
89 scFv b12  √ √ √ 
90 scFv4E10-TACE-Fc-scFvb12 Random coil extension √ √ √ 
91 scFv4E10-TACE-Fc-scFvb12 Random coil extension √ √ √ 
92 Tet(scFv)4 4E10-2F5-b12-17b √ X  
93 Tri(scFv)6 4E10-2F5-b12 √ X  
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Published as Halbrooks PJ, Giannetti AM, Klein JS, Björkman PJ, Larouche JR, Smith 

VC, MacGillivray RT, Everse SJ, Mason AB (2005) Composition of pH-sensitive triad in 

C-lobe of human serum transferrin. Comparison to sequences of ovotransferrin and 

lactoferrin provides insight into functional differences in iron release. Biochemistry. 44: 

15451-60. My contribution to this work was in the characterization of the binding 

properties of non-glycosylated human transferrin mutants to the soluble extracellular 

portion of human transferrin receptor by surface plasmon resonance. 
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Published as Byrne SL, Leverence R, Klein JS, Giannetti AM, Smith VC, MacGillivray 

RT, Kaltashov IA, Mason AB (2006) Effect of glycosylation on the function of a soluble, 

recombinant form of the transferrin receptor. Biochemistry. 45: 6663-73. My contribution 

to this work was in the characterization of the binding properties of variants of human 

transferrin with N-linked glycosylation site mutations to the soluble extracellular portion 

of human transferrin receptor by surface plasmon resonance. 
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Published as Win MN, Klein JS, Smolke CD (2006) Codeine-binding RNA aptamers and 

rapid determination of their binding constants using a direct coupling surface plasmon 

resonance assay. Nucleic Acids Res. 34: 5670-82. My contribution to this work was in 

assisting with the development of a novel method for analyzing the binding properties of 

RNA aptamers to small-molecules by surface plasmon resonance. 
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Published as West AP, Galimidi RP, Foglesong CP, Gnanapragasam PNP, Klein JS, 

Suzuki M, Tiangco NE, Bjorkman PJ (2009) Design and Expression of a Dimeric Form 

of the Human Immunodeficiency Virus Type 1 Antibody 2G12 with Increased 

Neutralization Potency. J. Virology. 83:98-104. My contribution to this work was during 

initial phase of our interest in working with 2G12 including cloning, expression 

characterization, and data analysis. 
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