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Abstract 

HIV infects target cells via fusion events following surface envelope glycoprotein 

binding to the CD4 receptor and a chemokine co-receptor.  Despite the high sequence 

variability of envelope across and within HIV-1 subtypes, this process requires conserved 

sequences and structures on gp120, which also represent good targets for HIV-1 

neutralizing antibodies.  Few examples of HIV-1 broadly neutralizing antibodies exist, 

but these antibodies may hold the key to a protective HIV-1 vaccine.  One such antibody, 

IgG1 b12 (b12), binds the CD4 binding site on the HIV-1 envelope glycoprotein gp120.  

To date, no vaccine preparations have been able to elicit a b12-like response.  A complete 

understanding of the mechanism of b12 binding to gp120 is essential to successful design 

of an b12-like immune response.   

 

Until now, strategies to map the b12 binding site on gp120 have utilized indirect 

techniques and/or core gp120 and have shown that b12 binds to a site on gp120 that 

overlaps the CD4 binding site.  To more directly map the b12 epitope on intact gp120, 

epitope excision mass spectrometry mapping was carried out in the MALDI QqTOF 

platform.  The putative epitope sequence was confirmed by tandem mass spectrometry 

sequencing.  Epitope mapping revealed a novel binding site for IgG1 b12 at the gp120 

amino terminus called Nterm. b12 bound a synthesized peptide of the epitope and the 

nature of the epitope was explored by ELISA.  Although the Nterm epitope is involved in 

b12-gp120 interactions, ELISAs also show that the epitope does not make up the entire 

binding site on gp120.  Rabbits immunized with a peptide version of the Nterm epitope 
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do express antibodies that bind monomeric gp120, but these antibody responses do not 

neutralize HIV-1 in vitro. 

 

These data indicate that the b12 binding site on gp120 is much more complex than 

previously thought. The b12 binds the Nterm sequence of gp120, perhaps in conjunction 

with the CD4 binding site.  It has been shown that another HIV-1-neutralizing antibody, 

4E10, also binds this novel Nterm epitope, and this may indicate a similar mechanism of 

action utilized by these two different antibodies.  Though not able to elicit neutralizing 

antibodies on its own, this epitope may be an important element of the neutralizing b12 

epitope and an important component of HIV-1 neutralizing antibody responses. 
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 1 

Section 1.0 Introduction 

 

1.1 Human Immunodeficiency Virus 

1.1.1 History of HIV/AIDS and HIV epidemiology 

The Human Immunodeficiency Virus (HIV) is the causative agent of Acquired 

Immunodeficiency Syndrome (AIDS). Worldwide, there are approximately 33.3 million 

people living with HIV/AIDS, 7.5% (2.6 million) of whom were infected in 2009 alone 

(1). Since the Joint United Nations on HIV/AIDS (UNAIDS) World Health Organization 

(WHO) began publishing Global HIV/AIDS reports in 2001 there have been 

approximately 2 million deaths due to HIV infection each year (1-9). Most effected by 

the HIV epidemic are the world’s poorest populations, notably those in Sub-Saharan 

Africa, where two thirds of all infected people reside and where one half of AIDS-related 

deaths occur (1, 2, 9).  While the Canadian statistics are not as bleak as those from many 

African countries, the prevalence of HIV infections in Canada has risen from 50,000 

infections in 2002 to 65,000 in 2008 (10). There are currently 1637 diagnosed HIV-

infected people in Manitoba where there is an overrepresentation of aboriginals who are 

HIV+ and where women are becoming infected at higher rates than ever before (11). 

 

In the early 1980s, a conspicuous number of cases of pneumocystis pneumonia (PCP, 

causative agent Pneumocystis jirovecii – previously termed P. carinii) and Kaposi’s 

Sarcoma were identified in previously healthy young adults males (12). Both illnesses 

typically afflict immunocompromised individuals (13, 14). Epidemiologic risk factors 

included being a bisexual or gay male, a Haitian immigrant, or a haemophiliac (15). The 
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causative agent of the immunodeficiencies was described and confirmed independently 

by two labs as the virus now known as HIV-1 (16-19). 

 

There are two major types of HIV: HIV-type-1 and HIV-type-2 (HIV-1 and HIV-2, 

respectively). HIV-1 is responsible for the majority of the HIV pandemic. The 

progression to AIDS in HIV-2 infection is slower than in HIV-1 and is sometimes absent 

(reviewed in (20)). Based on genetic sequencing and phylogenetic analyses there are 

three groups of HIV-1 – M, N, and O (21-23). Genetic analysis of simian 

immunodeficiency virus (SIV) and HIV suggests that all three HIV groups arose as a 

result of individual viral zoonotic transmission events from chimpanzees to humans in 

west equatorial Africa (24-26), although there is some evidence that group O may have 

been transmitted from gorillas (27).  M (“Main”) HIV is responsible for 90% of the 

pandemic and is thought to have been transmitted to humans in the early 20
th

 century in 

southern Cameroon (28).  HIV N and O each arose from their own separate zoonotic 

transmission events; N (Non-M, Non-O) originated from chimpanzees in southern 

Cameroon, while the origin of O (Outlier) is still undetermined (25).  HIV-1 M is further 

broken down into subtypes, or clades, based on phylogenetic clustering. While HIV is a 

global pandemic, HIV subtypes display distinct geographic distributions (Table 1). The 

most common subtype in North America, Europe, and Australia is clade B. Clade C 

predominates in India and southern Africa, but many more subtypes are found in these 

regions and the rest of Africa and Asia (Table 1, IAVI, 2003).  HIV is capable of genetic 

recombination on superinfection of a single target cell, and many of these recombinants 

are established circulating recombinant forms (CRF; 01_AE and 02_AG in Table 1). 
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Table 1. Prominent HIV-1 subtypes and their global distribution 

Main Clades Main geographic locations 

A Kenya, Rwanda, Burundi, Eastern Europe, Russia 

A1 

AB recombinant 
Eastern Europe, Russia 

B 
North America, South America, Europe, Russia, China, 

Australia, South East Asia 

BF recombinant Eastern South America 

BC recombinant China 

C 
China, India, Eastern and Southern African countries except 

Kenya 

D Uganda, Sudan 

F 

G 

H 

J 

K 

Angola, Congo, D.R. Congo, Gabon 

01_AE Angola, Congo, D.R. Congo, Gabon, South East Asia 

02_AG Western, Central African countries 

A1D Kenya, Tanzania, Uganda, Europe 

 

 

1.1.2 Transmission and prevention 

HIV transmission occurs via the blood or mucosal secretions, primarily through penile-

vaginal and penile-anal sex.  The risk of acquiring HIV through heterosexual sex is low 

(0.182% per sex act, although almost twice as frequent from male to female as female to 

male (29-31)), but sexual transmission accounts for over 3/4 of new HIV infections (32, 

33).  The risk of transmission fluctuates with contraception use (34), antiretroviral (ARV) 

use (35), viral load (30, 35-37), concurrence of sexually transmitted infections (STI) (32, 

38-45), and male circumcision (46).  Socially, condom education and distribution have 

been successful in promoting behavioral changes (47). The drop in HIV infection in 

Uganda from 15% in 1991 to 5% 2001 has been linked to a controversial national 

prevention program known as the ABCs (Abstinence, Be faithful, use Condoms) (48-50). 
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Biomedical approaches to risk reduction have had mixed results, but are gaining favour 

(46, 51-54). Although treatment of STIs has produced mixed results in terms of reduction 

in HIV incidence (55-59), clinical trials have clearly demonstrated that male circumcision 

provides a 60% reduction in incidence of HIV.  For women, heterosexual transmission 

occurs when HIV crosses the vaginal epithelium and infects underlying target cells 

(reviewed in (60)).  Vaginal microbicides are a potentially powerful tool for HIV 

prevention as they give women the ability to protect themselves without their partner’s 

input (61-63).  Early microbicide trials were unsuccessful, as exemplified by nonoxynol-

9, a spermicide ingredient that showed in vitro anti-HIV activity (64, 65), but resulted in 

increased ulcers and HIV incidence in clinical trials (66-69).  Recent studies are more 

encouraging, however, as a gel containing Tenofovir, an anti-HIV-1 drug, reduced 

infections by 54% in adherent subjects when applied to the vaginal tract in a South 

African population (55).   

 

Vertical transmission of HIV from mother to child can occur in utero, during delivery, or 

through breast milk and, like sexual transmission, correlates with transmitter viral load 

(70-74).  A clinical trial of treatment of both mother and child with zidovudine showed 

protection of newborns (75, 76) and a single dose of nevirapine during delivery reduces 

the likelihood of vertical transmission (77). Combination antiretroviral therapy (ART) 

treatment of infected mothers in developed countries has decreased the chance of mother-

to-child transmission to <2% (78, 79).  Unfortunately, such prophylaxis is not available 

to all women, especially those in developing countries and breast milk replacement 

formula is often unavailable, expensive, and unsuitable in some rural areas (74, 80-82).  
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Blood-borne transmission of HIV occurs primarily through intravenous (IV) drug use and 

receipt of contaminated blood products. Needle exchange programs and blood bank 

screening work to reduce transmission, although the former is highly controversial and its 

efficacy is difficult to prove.  Rarely occurring routes of transmission include oral sex, 

dental surgery and occupational exposure such as needle stick injuries (reviewed in (83)). 

 

The development of ARVs that act against HIV is no doubt the most significant HIV-

related discovery to date.  In developed countries, monitoring of disease progression and 

use of ARVs have vastly reduced the burden of HIV infection (35).  Unfortunately, the 

majority of the world’s new HIV infections occur in the poorest areas, which have 

inadequate access to health care or in high risk-taking, stigmatized populations.  Often 

these people are also the hardest to access and have challenges complying with daily anti-

HIV medication. The creation of an effective vaccine that requires few contacts with 

health care and could be implemented on a global scale would have a profound effect on 

infection rates and would help the most susceptible people.   

 

1.1.3 HIV classification, infection, and protection 

HIV belongs to the family Retroviridae in the genus Lentiviridae. It is a single-stranded 

positive sense RNA virus and is a retrovirus owing to its ability to reverse transcribe its 

RNA genome into DNA for integration into the host genome. The HIV genome is 9.2 kb 

in size and encodes three structural proteins (Gag p24, p17 and p55), two envelope 
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glycoproteins (gp120 and gp41), three enzymes (protease, reverse transcriptase, and 

integrase), and six accessory proteins (Vif, Vpr, Vpu, Rev, Tat, and Nef) (Figure 1).  

 

 
Figure 1. Cartoons of the viral protein and genetic arrangements of HIV-1 (reviewed in 

(84, 85)). 

 

HIV entry into target cells is mediated by a trimer of gp120-gp41 dimers (86, 87), 

discussed in greater detail below.  Briefly, the early phase of infection begins when a 

gp120 engages its primary receptor, cluster of differentiation 4 (CD4), on the target cell, 

which are primarily macrophage and T cells (88-92).  Other cell types that can become 

HIV-infected include dendritic cells (DC), Langerhans cells and epithelial cells (93-97). 

Conformational changes in envelope allow gp120 to interact with the co-receptor C-C 

chemokine receptor 5 (CCR5) on macrophage or T cells, or C-X-C chemokine receptor 

type 4 (CXCR4) on T cells (98-103).  Further conformational changes mediate fusion 
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between the HIV membrane gp41 and the cell membrane (104, 105).  As the virus enters 

the cell, it is uncoated.  Reverse transcription is initiated in the cytosol by viral reverse 

transcriptase (RT) with the help of other viral and cellular factors (106).  The wide 

genetic diversity in HIV is due to the notoriously low RT fidelity. The error rate of HIV 

RT is estimated to result in 1 error/viral genome per replication cycle (107) and exhibits 

positive selection for non-synonymous mutations (108).  The newly transcribed DNA 

provirus is shuttled to the cell nucleus in a pre-integration complex where HIV integrase 

integrates its genome into the host genome. The virus can remain latent as an HIV 

reservoir for the life of the cell. 

 

The late phase of cellular infection begins when the integrated viral DNA is transcribed 

into mRNA.  The unspliced mRNA is transported to the cytosol for Gag/Pol  polyprotein 

synthesis (which are later cleaved by viral protease) and spliced mRNA is utilized for 

envelope and accessory protein translation (85).  Envelope is expressed and modified in 

the endoplasmic reticulum (ER) and the Golgi apparatus.   

 

Viral assembly occurs in the cytoplasm.  The envelope trimer is transported to the cell 

membrane where, along with Gag, Pol, two copies of the viral genome, and accessory 

proteins, budding occurs (reviewed in (109, 110)).  HIV can also be transferred between 

cells via syncytium formation (111, 112). HIV counteracts the ability of cell surface CD4 

to capture budded virus through nef-induced internalization and degradation of surface-

expressed CD4 (113, 114).  Viral budding can also be blocked by the host cell protein 

tetherin (115, 116), which is inhibited by viral Vpu and Nef (117).  
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Initial infection is typically via CCR5-tropic virus, as CXCR4-tropic viruses have been 

demonstrated to be largely inadequate at establishing infection, regardless of mode of 

transmission (118, 119).  By assessing the viral quasispecies of acute seroconverters and 

their partners, it was shown that a very small, homogeneous population of HIV caused 

new infections (120).  In fact, studies of mother-to-child perinatal transmission show that 

only a single or very few variants bypass host defenses to establish infection (121-124).  

Defenses range from target cell innate factors to retrovirus restriction mechanisms 

including apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3 

(APOBEC3) and tripartite interaction motif 5 ! (TRIM5!) (125).  APOBEC3G 

deaminates cytidine, leading to CG to AT hypermutation, often causing premature stop 

codon insertion (126).  HIV Vif binds and inactivates APOBEC3G.  TRIM5! prevents 

capsid formation in non-human primates, but does not affect HIV capsidation in humans 

(127), although its function could be mirrored in humans through the design of drugs that 

mimic its action.  Since the natural ligands of CCR5 and CXCR4, RANTES (Regulated 

upon Activation, Normal T-cell Expressed, and Secreted) and macrophage inflammatory 

protein (MIP)-1a block HIV entry into target cells (128-130), chemokines could be 

exploited for the development of novel treatment strategies.  

 

It has also been discovered that some people exhibit a genetic basis for reduced 

susceptibility to infection. Some TRIM5! mutations have been correlated with 

susceptibility to HIV infection (131), and polymorphisms within the IRF-1 gene have 

been linked to reduced susceptibility to HIV-1 infection in a cohort of HIV-exposed 

seronegative (HESN) sex workers in Nairobi, Kenya (132). The CCR5"32 mutation is 
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common in Caucasians and encodes a mutant form of CCR5 that cannot be used by HIV 

as a co-receptor (133-136). There are human leukocyte antigen (HLA) genes that are 

associated with susceptibility to infection (137-139), reduced progression to AIDS (140-

142), and rapid progression to AIDS (142-145). Since HLA are a main component of the 

adaptive immune system, these data suggest that the immune system plays an important 

role in infection and progression to AIDS.  

 

1.1.4 The HIV-1 envelope glycoprotein and mechanism of HIV-1 entry  

1.1.4.1 The envelope trimer 

The envelope glycoprotein spike expressed on the surface of HIV is composed of three 

molecules of gp120 that interact non-covalently with three molecules of gp41, which 

serve to anchor the entire structure into the HIV membrane (146, 147).  gp120 and gp41 

are initially expressed as a gp160 polyprotein and are cleaved in the cell by host furin 

before being shuttled to the membrane (86, 87, 148, 149).  Interestingly, CD4 is also 

expressed in the ER and can bind to gp120 at the ER, which inhibits envelope 

translocation to the cell membrane (150-152).  HIV overcomes this with Vpu, which 

binds to CD4 and signals it for degradation (153, 154).  Both gp120 and gp41 are 

glycosylated, with >50% of the molecular mass of gp120 owing to its outer glycosylation 

coating (155, 156).  The inner domain of gp120 lacks glycosylation, likely to facilitate 

interaction with gp41 (156).  Approximately 14 (ranging from 4 to 35) spikes are 

expressed on the surface of an HIV virion (157) compared to influenza, which is a similar 

size virus and expresses approximately 450 spikes per virus particle (158).  Antibody 

(Ab) binding studies suggest that the positioning of the envelope trimer within the 
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membrane appears to be fairly rigid (159).  Although the molecules are generally 

arranged in trimers (157), gp120 shedding does occur, resulting in monomeric gp120 in 

the circulation and viral spikes consisting of 0, 1, or 2 molecules of gp120 (160).  

 

1.1.4.2 Envelope 

The HIV gp120 molecule consists of 5 variable (V) regions and 5 constant (C) regions 

(147, 161).  Gp120 has been crystallized in conjunction with soluble CD4 and the 17b 

monoclonal Ab (mAb) fragment antigen binding domain (fab) (156, 162), with the 

immunoglobulin (Ig)G1 b12 fab (163), and ligated to F105 and b13 monoclonal Ab fabs 

(164).  The SIV gp120 has been crystallized in an unliganded state (165, 166) (Figure 2). 

In each case, small variants of a “core structure” gp120 was crystallized, which consists 

of approximately 58% of monomeric gp120. Thus, gp120 is drastically altered to 

facilitate crystallization; it is missing the 82 amino-terminal amino acids, the V1/V2 

loops (aa 121-203), the V3 loop (aa 300-328), and the carboxy-terminus (aa 493-511). 

Amino acid substitutions were introduced to restrict core movement and fix its 

conformation (163, 167).  More recently, core HIV has been crystallized with V3 (168) 

and the N and C termini added back (169).  HIV (and SIV) gp120 is comprised of 2 

domains - an inner and an outer domain - that are hypothesized to be relatively flexible 

with respect to one another while gp120 is monomeric, but are somewhat constrained in 

the trimer (170).  The inner domain is located internal to the envelope trimer, is highly 

structurally diverse (171, 172), mediates gp120-gp41 interactions (156, 173-175), and as 

it is buried in the trimer, it is invisible to the immune system (174). The amino- and 

carboxy-termini of gp120 interact with one another (169) and were shown to be involved 
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in gp120-gp41 interactions (169, 176-178).  The gp120 outer domain is accessible to the 

immune system and is thus heavily glycosylated and composed of the gp120 variable 

regions, which mutate at high rates (179).  The variable regions are flanked by cysteines 

that interact and from which the variable loops outcrop (180, 181). 

 

HIV-1 and HIV-2 share 60% sequence similarity, and their gp120 proteins are 

approximately 40% similar (20).  Within a single individual diversity is most evident in 

the gp120 sequence (182-184).  HIV-1 intraclade differences are 20% at the amino acid 

level, with >30% divergence in envelope (185).  HIV envelope sequence diversity is 

greatest at the variable regions (161).  Variable loops act as immunodominant, evolving 

shields for gp120.  This is emphasized in studies showing that the removal of V1 and/or 

V2 loops results in a virus that is still infective but highly susceptible to neutralizing Abs 

(186, 187).  Conversely, along with residues within the bridging sheet, V3 is involved in 

chemokine-receptor binding in the entry process, which means that it is subject to some 

variation constraint (188-190).  

 

Gp41 is anchored to the envelope membrane by its C terminal transmembrane region and 

has an intracellular cytoplasmic tail of >100 amino acids.  The cytoplasmic tail is 

involved in interactions with the HIV matrix and with host proteins (191).  The amino 

terminus of gp41, termed the fusion peptide, is responsible for fusion between HIV and 

the target membrane.  Gp41 also contains two hydrophobic heptad repeats that interact 

with one another to bring the target membrane close in order for fusion to occur (192, 

193). The extracellular domain of gp41 has been resolved in the chemokine receptor-
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bound state, but little is known about its structure on the surface of HIV in interaction 

with gp120 (193, 194). 

 

 

Figure 2. Crystal structures of gp120. Top: gp120 core is co-crystallized with the b12 

fab. Bottom row: structure of unliganded SIV gp120, b12-bound, and CD4/17b-bound 

gp120. The inner domains are in light grey, the outer domains in red, and the bridging 

sheets in blue. Figure is reprinted by permission from Macmillan Publishers Ltd: Nature, 

advanced online publication 15 February 2007 (doi:10.1038/sj.nature05580) (163). 

 

1.1.4.3 Entry 

HIV infection of target T cells and macrophage is a multi-step process.  Gp120 binds 

CD4 through its CD4 binding site (CD4BS).  Initial studies suggested that the CD4BS 

residues were located in C1, C3, C4, and C5 (147, 195-199).  Point mutagenesis studies 
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identified the amino acids on gp120 involved in CD4 binding, namely T257 (of C2), 

D368, K370 (C3), W427, and D457 (C4) (200). CD4 and gp120 have been co-

crystallized (Figure 2) (147, 156, 197, 200-203).  Crystal structure data indicate that the 

CD4BS is at the interface between the gp120 outer and inner domains and the bridging 

sheet of gp120, in a pocket-like structure. They also identified that residues of CD4 

involved in binding lie between amino acids 25-64 with the side chain of phenylalanine at 

position 43 sitting well within the CD4BS pocket of gp120 (F43 accounts for 23% of the 

CD4 interactions with gp120). F43 and R59 of CD4 interact with E368, G370, and W427 

of gp120.  These three amino acids in the CD4BS are conserved among primate 

immunodeficiency viruses and the region 365-371 and 425-430 account for 57% of the 

defined gp120-CD4 interface (200). The overall structure of the second domain of CD4 

(D2) has been shown to be essential to gp120-CD4 interactions as well (204-206).  

 

The gp120-CD4 interaction is characterized by favourable enthalpy and a large, 

unfavourable change in entropy, resulting in a modest affinity (207).  The entropy change 

corresponds to conformational changes in gp120 that promote the secondary interaction 

of gp120 with the seven-transmembrane C-C or C-X-C chemokine receptor (CCR5 or 

CXCR4), which allows membrane fusion to occur (98-103, 189, 208-210).  On 

engagement of the co-receptor, the HIV envelope undergoes further conformational 

changes whereby gp120 and gp41 amino termini form a pre-hairpin intermediate (192, 

211).  Further conformational change in the gp41 hairpin pulls the HIV and the target cell 

membrane together. The gp41 amino terminus inserts its fusion peptide domain into the 

target membrane, allowing for fusion between HIV and the target cell membranes (193, 
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212-217).  At this point, the gp120 amino terminus may interact with the target cell 

membrane as an anchor for virus to the target cell and aid in fusion (218).  

 

HIV envelope interacts with other cell-surface molecules, such as heparin sulphate (219), 

which has been hypothesized to enable CXCR4-type infections (171, 220).  DC-SIGN, a 

c-type lectin, allows the virus to attach to DC via gp120 mannans (221-223).  Attachment 

can lead to viral uptake, degradation, and antigen presentation (224) or transport of HIV 

to the lymph nodes, where DC can facilitate the infection of CD4+ T cells in trans (219, 

225, 226).  Galectin-1, another c-type lectin expressed on numerous cell types including 

DC and activated T and B cells (227), enhances infection by promoting binding of HIV 

envelope to CD4 (228).  Conversely, it has been shown that the c-type lectin langerin on 

Langerhans cells binds gp120 and leads to HIV degradation (229, 230).  The gut homing 

receptor !4#7 binds HIV gp120 at the V2 region (231).  The !4#7 receptor is expressed 

on mucosal CCR5+ CD4+ T cells, and may aid in the selection of R5-tropic viruses early 

in infection (232).  It is thought that this interaction enhances infection and therefore may 

soon become the target of therapeutic design (233).  

 

1.1.5 HIV infection kinetics, clinical manifestations, and treatment 

Infection most often occurs sexually. The cervix and seminal plasma and cells are main 

sources of HIV at the genital tract (44, 234).  Once HIV encounters the genital mucosa, it 

must cross the epithelial barrier. This can be achieved through breaks in the mucosa 

owing to trauma or STI and can be enhanced by c-type lectins such as DC-SIGN (219, 
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225, 226, 235, 236).  Direct transfer across the epithelium via epithelial transcytosis can 

also bring HIV in proximity to target cells in the systemic compartment (237).   

 

In the first few weeks post infection, a febrile illness termed acute seroconversion illness 

occurs. These symptoms coincide with a sharp rise in detectable HIV viral load (virus 

copies per ml) in the blood and a dip in the CD4 counts (CD4+ T cells per ml of blood). 

No HIV-specific neutralizing Abs are seen at this stage of infection (238) and 

transmissibility is high (239, 240). The primary stage of HIV and SIV infection is 

characterized by a massive depletion of CD4+ T cells in the gut mucosa (241-243).  This 

alteration of the gastrointestinal immune system has been proposed to cause an 

irreplaceable void that sets the stage for later systemic depletion of CD4+ T cells and 

immunodeficiency as HIV progresses (244, 245). 

 

The viral load subsequently drops and reaches a set point that can vary widely between 

people (>1000 fold) and can be a predictor of progression (246, 247). This reduction in 

viral load corresponds to the induction of a CD8+ T cell response, which likely 

contributes to the drop (248-250).  The Ab response, although ineffective at this point, is 

initiated (251, 252). This is the beginning of the clinically latent phase of infection, which 

still includes a high level of HIV replication; as many as 10
9
 cells are newly infected 

daily (253).  The majority of nascent virions are non-infectious owing to the large 

number of point mutations that occur in the reverse transcription process (253), while the 

rest can show a large diversity in their amino acid composition (254, 255).  The duration 

of this stage varies widely (often depending on the set point viremia).  An HIV infected 
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subject can remain positive without progression to AIDS and without ART therapy 

(ART) for 2-30 years. Subjects who develop AIDS within the first few years of infection 

are referred to as rapid progressors (RP).  Rare “protective” courses of infection have 

been defined: long-term non-progressors (LTNP), elite controllers (ECs), and viremic 

controllers (VCs).  LTNPs are capable of maintaining low viral loads (usually defined by 

high CD4 count) for more than 7-10 years.  ECs and VCs spontaneously achieve 

undetectable and low viral loads for greater than 1 year follow up, respectively (256).  

 

Over time viral loads slowly rise while CD4 counts decline until a threshold is reached 

and AIDS occurs.  The CDC and WHO defines AIDS illness as occurring at CD4 count 

below 200 and/or the development of opportunistic infections.  This eventually leads to 

the death of the infected individual.  Before a patient’s CD4 count drops below 350 

cells/ml, they should be placed on ARV therapy, although in developing countries where 

resources are limited, this is not always achieved (257).  There are currently 5 main 

classes of HIV ART licensed for use in North America: nucleoside reverse transcriptase 

inhibitors (NRTI; first approved for use in HIV+ patients in 1987) (258, 259), 

nonnucleoside reverse transcriptase inhibitors (NNRTI), protease inhibitors (260), 

integrase inhibitors (261), and entry/fusion inhibitors (192, 262).  Due to the low fidelity 

of the viral replication, drug resistance inevitably develops to ARVs, requiring cocktails 

of drugs to be prescribed together (263).  Unfortunately, although ARV treatment can 

lead to a rebound in CD4+ T cell levels, they rarely return to normal levels (264).  
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Ab tests are typically performed to diagnose HIV-1 infection. Unfortunately, as 

mentioned above, serum Ab levels are not detectable until the clinically latent stage of 

infection. Therefore, highly infectious early acute infections can give negative test 

results.  Medical practitioners will often require patients to return at months 3 and 6 to be 

re-tested.  Research into detection systems that can diagnose HIV infection at these early 

stages, especially in resource-poor settings where HIV infection diagnosis may be 

lacking, is ongoing (265). 

 

1.2 Immune system – general 

1.2.1 Innate immunity 

There are two main arms of the human immune system that a pathogen encounters; these 

are termed innate and adaptive immunity. The hallmarks of innate immunity are that it is 

a quickly mounted response (within hours of exposure), it recognizes basic microbial 

molecular patterns, and it does not generate or maintain memory. Innate immunity 

involves mechanisms that are germ line-encoded and therefore the diversity of responses 

is limited (266).  

 

Antigen presenting cells (APCs) are key players in the innate immune system and can 

secrete cytokines and express co-stimulatory molecules that provide the necessary second 

signal for the activation of adaptive immune cells.  Antigen surveillance and presentation 

can be carried out by DC, monocytes, macrophage, and B cells.  Innate immune cells are 

stimulated through germline-encoded pathogen recognition receptors (PRR) and bind 

certain common molecular motifs on pathogens, pattern-associated molecular patterns 
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(PAMP). There are several families of PRR, including the toll-like receptors (TLR) 

(267), retinoic acid-inducible gene (RIG)-1-like receptors (RLR), nucleotide-binding 

oligomerization domain (NOD)-like receptor family (NLR), and the C-type lectin 

receptors (CLR) (266, 268, 269). Innate immune cells can also express Ab-binding 

receptors. These are termed Fragment Crystallizable Receptor (FcR; Table 1) and on 

antibody binding, signal for phagocytosis or degranulation. The complement cascade is 

initiated when antigen-Ab complexes are recognized and opsonized (270-272).  HIV, 

however, has hijacked this system. It binds complement in either Ab-dependant or -

independent fashions and uses the interaction with surface receptors to infect target cells 

in trans in the lymph node (270, 273).  

 

1.2.2 Adaptive immunity 

Adaptive immunity is defined as being a highly specific adaptable response that develops 

memory so that on re-exposure, the secondary response is swift and effective.  Two main 

cells types mediate adaptive immunity: T and B cells.  

 

1.2.2.1 T cells 

T cells originate in the bone marrow from the same lymphocyte progenitor as B cells and 

natural killer (NK) cells. T cells mature in the thymus into either CD4+ or CD8+ T cells. 

 

CD4+ T cells, or T helper (Th) cells are the major regulators of the adaptive immune 

system.  Once activated, they provide activation signals to both B and CD8+ T cells.  The 

T cell receptor (TCR) binds to the presented peptide antigen in conjunction with HLA-
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Class II on APCs (274).  With co-stimulation from CD28 binding to CD80 or CD86, 

CD40 ligand (CD40L)-CD40 interactions, and a cytokine signal, the CD4+ T cell is 

activated (275, 276).  Activated CD4+ T cells clonally expand, express IL-2, and develop 

into memory or effector cells depending on whether they reside in the lymphoid tissue or 

migrate from the lymph node to non-lymphoid tissues, respectively (277). 

  

There are several subsets of Th cells (278). Initially there were thought to be 2 main 

lineages of Th cells – Th1 and Th2. T helper 1 (Th1) type responses are generated 

towards intracellular pathogens, such as viruses, and are characterized by cell-mediated 

responses, the production of IL-2 and IFN-$, and IgG2 Ab response. T helper 2 (Th2) 

responses are directed at extracellular pathogens and defining characteristic are Ab 

production (IgG1, IgE, IgA) and the secretion of cytokines IL-4, IL-5, IL-10, and IL-13 

(279).  Other subsets of Th cells include: follicular Th that provide IL-4, IL-21, and 

CD40L co-stimulation for germinal centre B cells (280-282), T regulatory cells (Tregs) 

that act to depress, or regulate, the immune response by production of IL-10 or TGF-# 

cytokines (283), and Th 17 cells.  Th17 are pro-inflammatory cells defined by their 

ability to express IL-17 and play a role in maintaining the integrity of the mucosal barrier.  

Th17 aid in protection from microbial pathogens at mucosal surfaces such as the gut by 

stimulating the secretion of chemokines by epithelial cells, which in turn recruit 

neutrophils, monocytes, and other lymphocytes (284-286).  

 

CD8+ T cells, or cytotoxic T lymphocytes (CTL), like CD4+ T cells, require antigen 

recognition for activation. The TCR on CTL bind to antigen and HLA Class I, and if they 
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receive co-stimulation from DC or neighbouring CD4+ T cells, they become activated. 

Activated CTL clonally expand and differentiate to effector and memory phenotypes.  

Effector CTL migrate to the site of infection and carry out their cytolytic function 

(through cytotoxic granule release of perforin and granzymes) and secrete IFN-$, 

lymphotoxin and TNF to activate inflammation and phagocytosis. 

 

1.2.2.2 B cells and antibodies 

B cells are lymphocytes responsible for the Ab-based humoral immune response.  B cells 

largely reside in lymph nodes, secondary lymphoid tissue (such as the spleen), and in the 

bone marrow (287, 288).  The B cell receptor (BCR) consists of membrane-anchored 

immunoglobulin and the Ig! or Ig# immunoglobulin co-receptors. Initially, mature, naïve 

B cells express either membrane-bound IgM or IgD (289, 290).  In the lymph node, 

antigens reach B cells by diffusion and BCR-mediated endocytosis or by display on 

macrophage, DC, or follicular DC (287, 291).  Co-stimulation is provided by the antigen 

presenting cell or Th cells.  B cells then form a germinal centre where they replicate and 

which serves as the site for Ab affinity maturation and memory B cell formation (280, 

292).  Activated B cells differentiate to memory cells or plasmablasts, then to plasma 

cells (289, 293).  Plasma cells are terminally differentiated and secrete Abs into the 

bloodstream.  They can traffic to the bone marrow to become long-lived plasma cells 

(294-296).  Memory B cells are long-lived cells that differentiate into Ab-secreting 

plasma cells on antigen re-exposure (289, 297).  
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Antibodies (Abs) (the IgG Ab is shown in Figure 3) are proteins of the humoral immune 

system produced by B cells that recognize antigen on invading pathogens independently 

or in conjunction with immune cells or other immune molecules.  The site where Abs 

bind toxins and extracellular foreign molecules on pathogens is called an antigenic 

determinant, or epitope.  Abs are capable of binding many types of antigens including 

proteins, carbohydrates and lipids. Antigenicity can be measured by ex vivo binding 

assays such as the enzyme-linked immunosorbant assay (ELISA). However, not all 

antigens are immunogenic.  Immunogenicity is the ability of an antigen to elicit adaptive 

immune responses, for example B cell activation and Ab synthesis. 

 

Figure 3. Structure of the IgG Antibody.  The two antigen binding arms are highlighted 

in green. The Fc receptor/complement binding regions carry out Ab biological functions. 

Heavy and light chains are linked by disulfide bonds. 
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The immunogenicity of an epitope is determined by immunization or vaccination and 

then detection of de novo antigen binding by serum Abs.  

 

Early in their development, B cells undergo a germ-line encoded, antigen-independent 

mechanism known as VDJ recombination, which preliminarily determines the class of Ab 

that is expressed on the surface of the naïve B cell (IgM) and is responsible for some Ab 

diversity (298). Upon antigen stimulation, B cells undergo class switch recombination 

(CSR), which allows the integrity of the antigen binding site to remain intact while 

swapping out the immunoglobulin heavy chain constant region (299) and conferring 

differing biological functions on the resulting Ab.  While Figure 3 shows the general 

structure of IgG, there are 5 classes of immunoglobulin that are based on the isotype of 

the heavy chain: IgG ($ chain), IgM (µ chain), IgD (% chain), IgA (! chain), and IgE (& 

chain), each with specific functions (Table 2).  For example, IgG is preferentially 

expressed to combat smaller pathogens such as viruses and many bacteria by targeting 

them for phagocytosis, while IgA is relatively resistant to acidic environments, making it 

the ideal Ab to act at acidic mucosal surfaces such as the gut or vaginal lumen (300).  The 

Ab variable domain (Fv) contains the antigen-binding domain and consists of both the 

light and heavy chain with 3 hypervariable loops, or complementarity determining 

regions (CDRs), on each chain.  CDR3, especially the CDR3 of the heavy chain, is often 

primarily responsible for antigen binding (301-303). The hallmarks of antigen 

recognition by Abs are specificity, diversity, and affinity maturation. Abs are able to 

distinguish between single amino acid variations within epitopes (specificity). Antibody 

repertoire diversity is illustrated by the estimation that a person may express up to 10
9
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distinct Abs, although this is based on a cross-sectional survey and may not represent the 

unfathomable potential diversity over a lifetime (302, 304, 305). 

Table 2. Antibody types and their cognate Fc receptor and function. Data for this table 

are taken from reviews (306, 307). 

Ig 

Class 

Secreted 

form 
Function Subtype FcR expressers 

IgM 

Pentamer 

with J 

chain, CH4 

Naïve BCR 

(monomer), 

complement 

activation 

- - 

IgD 
Membrane 

only 
Naïve BCR - - 

1 

1 only - Fc$R1 

(CD64) on 

macrophage, 

neutrophils, 

eosinophils, DCs 

2  

3 

3 only - Fc$R1 

(CD64) on 

macrophage, 

neutrophils, 

eosinophils, DCs 

IgG Monomer 

Opsinization, 

complement 

activation, 

ADCC, 

neonatal 

immunity, 

negative B 

cell feedback 

(RIIb) 

4  

all 4 subtypes 

Fc$RIIa/b/c 

(CD32)  on 

monocytes(abc), 

macrophage(abc), 

neutrophils(ac), 

platelets(a), 

Langerhans 

cells(a), B cells(c) 

Fc$RIIIa/b (CD16) 

on macrophage(a), 

NK cells(a), T 

cells(a), 

neutrophils(b), 

eosinophils(b) 

1 

IgA 

Monomer 

(serum), 

Dimer 

with J 

chain 

(mucosa) 

Mucosal 

protection, 

complement 

activation 
2 

FcR!Ia (CD89) on neutrophils, 

monocytes, macrophage, eosinophils, 

Kupffer cells, DCs 

IgE 
Monomer, 

CH4 

Mast cell 

degranulation 

in helminth 

response, 

allergy 

response 

- 

Fc&RI on mast cells, basophils, 

Langerhans cells, monocytes 

Fc&RIIa/b (CD23) on B cells(ab), T 

cells(b), monocytes(b), eosinophils(b), 

macrophage(b) 

 

Affinity maturation is a process by which additional mutations are increased via somatic 

hypermutation and selection such that higher affinity Abs evolve at the V region in the 
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CDRs (308). Both CSR and affinity maturation processes require the expression of 

activation-induced cytidine deaminase and allow the evolution of higher affinity Abs that 

become the dominant Ab response (309, 310). Contributing to the ability of an Ab to 

interact with its cognate antigen is avidity, which is the measurement of the binding 

intensity provided by multiple contact points between binding pairs.  Abs are bivalent, 

and therefore their avidities are greater if both arms bind antigen on the same virus.  

Similarly, dimeric and pentameric Abs (IgA and IgM, respectively) have even greater 

avidity potential.  Abs carry out their function by interacting with antigen either at linear 

sequences (linear epitope) or at multiple points in close proximity due to conformational 

folding of the antigen (conformational epitope).  Abs interact with their cognate antigen 

through a variety of mechanisms, including electrostatic interactions, hydrogen bonds, 

van der Waals forces, and hydrophobic interactions (303).  Typically, the affinity of an 

Ab for its epitope is 10
-7

 to 10
-11

 M (the nature and specificity of Ab-antigen interactions 

are reviewed in (302, 303, 311, 312)).  Together, the affinity and avidity of Ab for its 

particular antigen contribute to its overall binding capacity (313-317). 

 

Abs can block or limit infection by steric neutralization and Ab-dependant cell-mediated 

viral inhibition (ADCVI).  Neutralization blocks infection, sometimes by sterically 

blocking attachment or entry into a target cell.  This direct mechanism of pathogen 

neutralization has been proven only rarely, as a firm quantitative relationship between Ab 

binding and loss of infectivity must be established (318).  Additionally, Abs are also 

responsible for Ab-dependant cell-mediated cytotoxicity (ADCC).  ADCC (a form of 

ADCVI) is a process initiated when infected cells expressing foreign antigen on their 
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surface are bound by circulating Abs.  The FcR on the surface of cytotoxic cells are 

cross-linked by binding the Fc regions and the infected cell is killed by release of 

cytotoxic granules (319-321).  Other Ab antiviral mechanisms include opsinization for 

phagocytosis and complement activation.  Abs secreted into mucosal surfaces (typically 

sIgA) can inhibit transcytosis or the ability of an invading organism to pass through the 

mucosal layer (322-324).   

 

1.3 Immune system – HIV-specific immunity 

1.3.1 T cell responses 

CD4+ T cells are the main target cell of HIV infection.  Their depletion throughout the 

course of HIV disease is a hallmark of progression, and therefore CD4 counts are an 

indicator of the health status of an infected patient (88-91).  There is some evidence that 

CD4+ T cell responses play a role in protection from disease progression. IFN-$ and IL-2 

responses are associated with slower progression (325, 326).  HIV-specific T cells can be 

detected despite the infection of not only activated T cells, but HIV-specific activated 

cells (327, 328). HIV can lead to the depletion of Tregs, which may account for some of 

the rampant and chronic immune activation seen in HIV infection (329).  

 

Although not exclusively, the initial decline in HIV viremia is associated with an increase 

in HIV-reactive CTL (249, 330).  It has been shown that CTL play a crucial role in 

determining the viral set point and viral loads negatively correlate with HIV-reactive 

CTL (331).  In a  macaque model, depletion of CTL lead to a sharp rise in viral titre 

(332).  The current CTL literature focuses on determining what constitutes an effective 
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CTL response.  Epitope mapping studies and the characterization of polyfunctionality in 

CTL are providing further evidence that these responses play an intrinsic role in 

determining HIV progression (333). A CTL-based vaccine that protects from progression, 

even though it may not provide sterilizing immunity, is an important pursuit  (334). 

 

1.3.2 B cells and antibodies 

1.3.2.1 B cells in infection 

Even before the identification of HIV as the causative agent of AIDS (17), aberrant B cell 

activation leading to non-specific Ab production and hypergammaglobulinaemia 

alongside reduced T cell-dependant B cell activation were identified as hallmarks of 

AIDS (325, 335).  These are characterized by increased levels of Abs and autoreactive 

Abs in serum (336) and unchecked B cell proliferation (337-340), coinciding with an 

increased expression of terminal-differentiation plasmablast markers and lowered 

expression of CD20 and CD21 (341-343).  Despite high activation, the number of total B 

cells is reduced (341, 344-347).  On initiation of ART, B cell dysregulation is mostly 

reversed, although the B cell memory compartment remains difficult to detect (348-350). 

 

The memory pool of B cells likely contains valuable information on the progression of 

the Ab response that may provide information on HIV viral evolution. Using flow 

cytometry-based single memory B cell sorting and culture (351), the memory B cell 

repertoires were detailed in the blood of HIV+ donors (352).  It was shown that the 

memory B cells specific for HIV envelope had higher somatic mutation rates than non-

HIV-specific memory B cells.  This is perhaps indicative of a chronic immune response 
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that is constantly evolving to ‘keep up’ with the mutating envelope of the virus (353, 

354).  This study described Ab specificities throughout infection and has indicated a need 

for more archeological Ab studies. 

 

1.3.2.2 HIV-specific antibody responses  

The binding and conformational changes required for entry translate to several 

constraints on gp120 and gp41 sequence and structure, theoretically allowing for the 

development of a neutralizing Ab response.  Despite this, the development of neutralizing 

Abs in infection, especially autologously neutralizing Abs, arises later in infection and 

occurs only in approximately one quarter of infected individuals (355-361).  Perhaps the 

most overwhelming questions currently facing the field concern the definition and value 

of an HIV-1 cross-subtype neutralizing response before and during infection.  

 

Role of Abs in progression: Early dysfunction in B cell responses is due to initial 

destruction of infected Th cells that would normally stimulate an appropriate B cell 

response and/or due to some other as yet undefined mechanism (349).  Several studies 

have shown a protective role for neutralizing Abs in progression to AIDS, although most 

evidence is circumstantial.  Whether neutralization is provided by a mAb or a polyclonal 

subset of cross-reactive Abs is unknown, although a growing body of evidence suggests 

the latter (352, 362).  A study of plasma transfusion from healthy HIV+ patients to 

symptomatic HIV+ patients suggested that Abs may play a role in slowing disease 

progression without preventing it (363).  Long-term survivors with undetectable viral 

load and stable CD4 counts for over 12 years were shown to have both robust CTL and 
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neutralizing Ab responses (364).  While Ab responses, particularly neutralizing ones, take 

a long time to develop in acute infection (range from 4 days to 45 weeks), the sera of 

some LTNP contain autologous neutralizing Abs (238, 365).  Some of the most 

convincing data regarding the role of neutralizing Abs in slower disease progression 

came from a comparison of LTNPs and RP over 8 years.  Near seroconversion, both 

patient groups exhibited a rise in neutralizing Abs followed by a decline.  In LTNP, 

however, 1-4 years after the initial neutralizing Ab titres, neutralizing Abs resurfaced 

while the levels in RPs remained low or undetectable.  The neutralizing Ab response in 

LTNP was associated with elevated CD4 counts and proliferation, but there was no 

indication whether this was a cause or effect of viral suppression (366).  In a subset of 

individuals who were taken off ART, viral rebound preceded a reduction in viremia that 

coincided with an increase in serum neutralizing Abs (367).   

 

The positive association of neutralizing Abs with infection status is not always found.  

Some studies have suggested that Abs play no role in control of viremia in EC 

populations (341, 355, 361, 368, 369).  One such study is a very comprehensive cross-

sectional study analyzing the neutralization breadth of sera from 103 infected individuals 

at varying stages of progression (361).  Neutralizing Abs were able to develop in 

individuals with higher viral load due to prolonged exposure to antigen.  Ab responses 

shape infection, and protective or not, place immune pressure on the infecting virus, as 

some data suggest that Ab responses lead to escape mutations in envelope (182, 370-

379).  HIV-1 is able to quickly mutate and escape neutralization (182, 370-379).  In some 

studies, escape from Ab responses is associated with an increase in the length of the 
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gp120 V regions and in the number of glycosylations sites (376, 380-384).  Both these 

mechanisms likely act to further shield important functional or structural aspects of the 

gp120 (such as the CD4 binding site) from the humoral immune response seemingly 

without affecting viral fitness (383-385).   

 

Neutralizing, and perhaps more importantly, cross-protective neutralizing Abs, are rarely 

measurable or exist at very low titres in the sera of infected individuals, but this does not 

undercut the importance and value of these Abs to instructing vaccine design (356-363, 

379, 386-389).  The Ab synthesis and repertoire of these individuals deserve study and 

are a model for a protective Ab-based vaccine. 

 

Protection from pre-existing Abs: Despite the ambiguous evidence for the role of 

neutralizing Abs in HIV-1 progression, it has been shown that transmitted or founder 

virus and virus from acute infection are more sensitive to neutralizing Abs, indicating that 

pre-existing antibody responses could play a crucial role in protection from infection 

(121).  In some individuals who display natural resistance to infection by HIV (HIV 

exposed seronegative, or HESN), there is controversial evidence of HIV-specific 

neutralizing, transcytosis-inhibiting IgA at the genital mucosa (322, 323, 390-394).  

However, whether or not all exposed, uninfected people express neutralizing Abs may 

not be the right focus of this debate, but rather what the specificity and quality are of Abs 

from those who do. Although it is still debated (324, 395-399), it has largely been 

rejected that Abs alone are sufficient to protect from vertical transmission (400-404).   It 

was shown that the viruses involved in vertical transmission are resistant to neutralization 
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by the mother’s serum Abs while non-transmitting mothers were more likely to have 

autologously-neutralizing serum Abs (122-124, 405, 406).  This suggests that the 

maternal Ab repertoire may impose limitations on viral growth and exert pressure on the 

antigenic sequence of perinatally-transmitted virus.  

 

Vaccine and therapeutic potential: There is a considerable body of evidence that HIV-1-

specific neutralizing Abs can protect from infection (407-409).  In vivo animal studies 

have been useful in showing that sterilizing immunity with passive immunization (PI) of 

neutralizing mAb is achievable, as shown in humanized severe combined 

immunodeficient (SCID) mice with HIV-1 neutralizing mAb IgG1 b12 protection of the 

infused, challenged mice (407, 408) (more discussion on neutralizing mAbs is in section 

1.3.2.3).  Non-human primates are protected from infection by PI of neutralizing mAbs 

(410-419) and lowered viral set point was seen in breakthrough infections (420).  Perhaps 

the most biologically relevant studies of neutralizing mAb PI involve vaginal protection 

from infection, which represent (a) a natural route of transmission and (b) the potential to 

block transmission by vaccine-induced neutralizing Abs or microbicides containing 

neutralizing Abs (411, 415, 416).   

 

Some studies contradict the protective effect of PI, especially in established HIV-1 (or 

SIV) infection.  A study of humanized SCID mice with an established HIV infection 

showed short term or no viral load reduction when neutralizing monoclonal Abs were 

administered, likely due to the developed escape mutants (421).  Rhesus macaques 

progressing to disease were infused with purified Ig from chronically infected macaques, 
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resulting in a three-fold reduction in cell-associated viral load via ADCC, which was 

ultimately not protective for these animals (422).  Perhaps a shortcoming of many 

experiments is the assumption that normal progression in macaques is related solely to 

neutralizing Abs.  A more reasonable hypothesis is that neutralizing Abs are involved in 

viral suppression but they do not act alone, or by a single mechanism.  In two recent 

human trials, infected individuals received PI of 4E10, 2F5, and 2G12, or 2F5 and 2G12 

neutralizing mAbs.  The 2F5/2G12 trial was performed in asymptomatic individuals and 

showed transient reduction in viral load concurrent with a rise in CD4 count and a burst 

of complement activity (423). The trial with the three mAb regimen required patients to 

halt ART while receiving the mAbs (424).  Mirroring the previous trial, there was a delay 

in viral load rebound after ART cessation, suggesting a short-term reduction in viral 

replication.  PI, in these instances, was mostly ineffective and highlights the need for 

more research into PI and the ensuing immune response, the Abs that are suited to this 

method, and mechanisms of escape.   

 

There is a growing body of evidence that non-neutralizing Abs can also contribute to 

protective immunity. Despite an overall lack of protection, the VAX004 recombinant 

gp120 B/B vaccine (425) elicited ADCC responses in a subset of individuals, which 

correlated with a reduction in infections (321).  Similarly, analysis of sera of individuals 

immunized in the ALVAC/AIDSVAX B/E combination trial suggests that Abs raised to 

the vaccine were neutralizing and capable of ADCC (426, 427).  This is consistent with 

two studies of HIV+ subjects where more than half had detectable ADCC responses (428, 

429). The study of protective functions of HIV-specific Abs (including ADCC, 
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phagocytosis, and complement activation) is an emerging field that will add important 

and previously overlooked information of Ab function both in illness and vaccination. 

 

Whether or not non-neutralizing Abs play a role in enhancement of HIV infection is 

controversial.  It has been suggested that Abs and molecules (such as soluble CD4) at low 

concentrations bind the HIV envelope trimer and expose the coreceptor binding site and 

increase infectivity of some HIV strains (430).  The failed gp120 vaccine trials showed 

no overall enhancement of infection (431).  In light of this, there is little evidence that 

Ab-based vaccine design and therapeutics will lead to enhancement of HIV infectivity. 

 

1.3.2.3. HIV-specific monoclonal antibodies 

HIV entry can be blocked at various stages of entry by several mAbs targeting various 

epitopes of gp120 or gp41.  The isolation and measurement of the ability of these mAbs 

to neutralize viral infection in vitro and in vivo in animal models has been described 

extensively ((423, 424), reviewed in (387)).  Neutralizing mAbs are also able to block 

syncytium-based viral spread, a mechanism previously thought to hide virus from the Ab 

response (432, 433).  It is generally accepted that neutralizing mAbs are able to bind to 

the oligomeric trimer on HIV, while non-neutralizing mAbs only bind to gp120 

monomers or defective trimers (434-436).  A recent study suggests that some powerful 

HIV-1 neutralizing mAbs can achieve irreversible neutralization in vitro by inducing 

shedding of gp120 from the viral spike (437).  This renders the spike incapable of fusion 

with the target cell membrane and inactivates the virion.  Infection-neutralizing mAbs 

can bind the glycosylation on gp120 (438), the variable regions on gp120 (107), the CD4-
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binding site (CD4BS) on gp120, intermediate conformations of the envelope after 

binding of gp120 to CD4 (439), a membrane-proximal region on gp41 (440-443), or can 

be quaternary structure dependant and bind only the intact trimer (444).  There is 

potential for mAbs to be potent tools for immune therapies themselves while insight into 

their antigenic specificities and biological functions educate Ab-based vaccine design. 

 

1.3.2.3.1  IgG1 b12 and CD4 binding site monoclonal antibodies 

1.3.2.3.1.i IgG1 b12 activity 

IgG1 b12, or b12, is one of the most studied monoclonal Abs to date and is the focus of 

this thesis.  The Fab heavy and light chain fragments of b12 were initially cloned from 

the Ab repertoire of a long term HIV+ asymptomatic American male by phage display 

and selected by its ability to bind gp120 (445-447).  b12 neutralizes HIV infection by 

binding gp120 at a conserved site overlapping the CD4BS (200) and so it is unsurprising 

that b12 is able to broadly neutralize viral strains across clades in vitro (448) (407, 415, 

416, 448-459).  Although it neutralizes HIV-1 subtype B strains most effectively, there is 

evidence that b12 also neutralizes primary viral isolates from subtypes A, C, D, E, F, AE, 

and BG (448, 460).  b12 has been shown to block HIV-1 infection in vivo. PI of IgG1 b12 

into SCID mice transplanted with human lymphocytes were protected from infection by 

HIV-1 even when b12 was administered six to eight hours after inoculation (407, 453).  

In two macaque studies, most animals administered b12 intravenously or vaginally were 

protected from infection on vaginal challenge with SHIV (415, 416).  b12 also 

contributes to protection from infection in studies whereby animals are administered 

cocktails of neutralizing mAbs (449, 461). 
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It has been suggested that b12-induced irreversible shedding of gp120 contributes to its 

neutralizing potency (437).  Both IgG1 b12 and a human IgA backbone carrying the b12 

antigen-binding regions are able to block transcytosis of HIV-1 across epithelial barrier 

and subsequent infection of underlying cells in vitro (462).  A study of several anti-gp120 

and gp41 mAbs suggests that b12 is the only mAb able to block gp120 interaction with 

DC-SIGN, which suggests an ability to block trans infection of CD4+ T cells via DC-

captured virus (463).  There is some evidence that b12 is able to bind bivalently to the 

surface of HIV by engaging two spikes at the same time, increasing its avidity for HIV-1 

and further contributing to its remarkable neutralization capacity (159).   

 

1.3.2.3.1.ii IgG1 b12 antigen interface 

The epitope recognized by this potent neutralizing mAb has been an important focus for 

the design of an Ab-based vaccine.  Initially, soluble CD4 (sCD4) was shown to block 

b12-gp120 interactions in an ELISA (445, 452) and so b12 was defined as a CD4BS 

mAb. b12 binds gp120 with a high affinity (1.1x10
8
 M

-1
)(452) and induces very little 

change in the overall gp120 structure (163, 170).  Methods used to describe the b12 

epitope include competition assays (445, 446), mutational studies (421, 452, 464-468), 

co-crystallization studies, and a computational docking model (467, 468).  Competition 

assays between b12 and CD4 and b12 and other CD4BS-specific mAbs corroborate the 

CD4BS specificity (436, 445, 452, 469, 470).  While non-neutralizing CD4BS mAbs do 

inhibit b12 binding to monomeric gp120, they are unable to block b12 neutralization of 

HIV infection in vitro, suggesting different abilities to bind the HIV-1 trimer (469).  
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Shortly after being identified, b12 was tested for binding to gp120 versus gp120 point 

mutants in ELISA (452), which further confirm that the b12 epitope lies at and near 

amino acids previously shown to be involved in gp120-CD4 interactions (200). 

Sequencing and mutational studies of b12 neutralization escaped virus identified amino 

acid P369 (part of the CD4BS) and D182 (in the V2 loop) as amino acids crucial to viral 

neutralization by b12 (464).  With the crystallization of b12 came the computer docking 

studies whereby the structures of b12 and gp120 were aligned and potential interacting 

residues were identified (468).  These putative amino acid binding points were validated 

and greatly expanded the size and complexity of the b12 epitope while again suggesting 

that the b12 interacts with the CD4BS.  The V1 was also implicated in the b12 epitope.  

Alanine-scanning mutagenesis of gp120 identified more amino acids important for b12-

gp120 interactions (466).  A sub-study of some of the b12-bound gp120 variants 

suggested that only just under two thirds of the variants had corresponding changes in 

b12 neutralization sensitivity.  This suggests that some binding points may be unavailable 

on gp120 within the intact trimer.  Again in this study, both of the V1/V2 and V3 deletion 

mutant showed reduced b12 binding.  The V1/V2 and V3 loops are proximal to the 

CD4BS and undergo important conformational changes upon CD4 ligation (471-475). 

Mutation of N-linked glycosylation sites on gp120 also altered binding.  Fluctuations in 

the overall structure of gp120 alters b12 access to its epitope.  Together, these studies 

demonstrate that b12 binds the CD4BS (199, 476, 477) at a conformational epitope on 

HIV-1 gp120 (452, 458, 466, 468, 478-483). The gp120-b12 fab co-crystallization studies 

also suggest that b12 binds only to the outer domain of the gp120 structure and only 

through its heavy chains (Figure 1) (163). Conversely, alanine-scanning mutagenesis of 
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b12 suggests that the L1 segment of the b12 mAb is involved in interactions, as well as 

amino acids within the CDR3 of the heavy chain (484). The epitope binding site (or 

paratope) of IgG1 b12 is also unique as it has an extended CDR3 region that allows it to 

insert into the F43 of gp120 (484), and an asymmetrical structure that may allow it to 

contact gp120 from two separate trimers at once (159, 485).  

 

Despite all of the b12 epitope information gathered thus far, crystal studies utilized a 

highly modified gp120 construct and mutational studies could not distinguish between 

epitope sites and structurally important sites that are not part of the epitope.  Therefore, 

epitope mapping studies using native gp120 are needed to gain more information on the 

b12 binding site on gp120. 

 

1.3.2.3.1.iii Other CD4BS mAbs 

B cells isolated from HIV-1 infected individuals allowed the discovery of a new CD4BS 

mAb, HJ16.  The amino acid determinants of the HJ16 epitope appear to be different 

from b12 (486) and it has a broad but unique HIV-1 neutralization profile (487). VRC01 

is a newly discovered broadly neutralizing mAb purified from an HIV+ individual (488). 

VCR01 binds to gp120 at the CD4BS in a configuration reminiscent of CD4.  It binds 

with comparable affinity to b12, but contacts gp120 with both heavy and lights chains, 

unlike b12. This might be a reflection of the fact that VRC01 represents a naturally-

occurring Ab purified from an infected individual, whereas b12 was created by random 

assembly of a heavy and light chain pair that bound gp120 (445-447).  VRC01 competes 
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with b12 for binding to gp120 but is able to neutralize many more primary isolates 

(neutralization of 90% of a panel of circulating viruses versus 40%, respectively) (470).  

Other CD4BS-specific Abs were generated at the same time as b12.  Among them, IgG1 

b6 (b6) has often been assayed alongside b12 as a poorly HIV-1-neutralizing CD4BS 

mAb control, in that it only neutralizes a small range of subtype B viruses that are also 

neutralized by b12 (445, 448, 452, 489). There is evidence that b12 binds the HIV-1 

envelope trimer while b6 does not (490, 491), which may explain why, despite competing 

with one another for gp120 binding, b6 does not inhibit b12 neutralization (492).  

Interestingly, b6 does induce partial shedding of gp120 from the HIV-1 envelope trimer, 

indicating that some weakly neutralizing Abs may also participate in this irreversible 

HIV-inactivating phenomenon (437).  This also suggests some shared b12 and b6 

abilities despite the divergence in neutralization profiles.  Although many do, not all 

amino acid changes in gp120 that affect b12 also affect b6 binding (466, 488, 489).  This 

suggests that despite the epitope overlap between b12 and b6, there are differences in 

their specificity for gp120 and/or the HIV-1 trimer that may account for their differences 

in HIV-1 neutralization. 

 

Anti-CD4 binding site Abs have been found in the serum of many individuals.  A study 

of gp120 antigen-depleted sera from ART naïve HIV+ individuals showed that the two 

most broadly neutralizing sera were defined by high levels of CD4BS-specific Abs (493).  

 

1.3.2.3.2  HIV-1 monoclonal antibodies of other specificities 
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IgG1 2G12 is one of the more potently neutralizing mAbs identified to date.  It 

recognizes mannose-dependant glycosylations of the gp120 C2, C3, C4 and V4 regions 

(438, 494-496).  In  phase 1 clinical trials, PI of 2G12 into HIV+ subjects was well 

tolerated (497), and in 2005 the 2G12, 2F5, and 4E10 mAbs were administered to HIV+ 

patients undergoing structured treatment interruption.  mAb PI delayed but did not 

prevent viral rebound.  The rebounding virus had mutated and was no longer susceptible 

to 2G12 neutralization, suggesting that 2G12 was responsible for the delay and that the 

virus was capable of 2G12 escape (424). Attempts to elicit 2G12-like Abs in animals 

have not yielded 2G12-like Ab responses (498, 499).  The structure of 2G12 is unlike any 

described Abs to date in that its variable heavy (VH) domains are swapped between 

antigen binding arms. This renders the antigen binding sites rigid with respect to one 

another and allows the mAb to recognize the large glycans with greater avidity. This 

structure is unique to 2G12 and may therefore be essential for its specificity and powerful 

neutralizing function (500, 501). 

 

gp41-specific neutralizing mAbs 2F5 (440-442, 502) and 4E10 (443) have been studied 

extensively for their mechanism of action and epitope specificity.  Both Abs induce 

irreversible shedding of gp120 from the viral spike, which likely plays a large role in 

their neutralization potency (437).  2F5, when pre-infused into chimpanzees, was not 

protective of subsequent intravenous HIV-1 challenge, but this neutralizing mAb, despite 

not providing infection protection, affected positively the onset of acute infection and 

subsequent viremia (418).  HIV+ patients infused with 2F5, 4E10, and 2G12 showed 

delayed viral rebound on antiviral cessation, but this was likely owing to the 2G12, since 
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after rebound, the circulating viruses displayed continued neutralization sensitivity to 2F5 

and 4E10, but escaped 2G12 (424).  Both mAbs bind within the 30 amino acid-long gp41 

membrane proximal external region (MPER) (503).  It has been suggested that both 

mAbs bind phospholipid in order to gain access the MPER, and it is still debated whether 

binding to the HIV-1 membrane contributes to their neutralizing capacity (218, 504-509).  

The 2F5 MPER epitope was confirmed by mass spectrometry (510) and 4E10 epitope 

mapping was performed using a similar mass spectrometry technique as was used in this 

study (218).  Mass spectrometry mapping studies expanded the 4E10 epitope map to 

include sequences outside the MPER, which will be discussed in greater detail in the 

Discussion section 6.2.2.  4E10 has been crystallized in conjunction with the MPER, 

although the epitope required some sequence/structure alterations to improve 

crystallization (511).  A third moderately neutralizing gp41 mAb, Z13e1, was shown to 

bind a sequence overlapping the 2F5 and 4E10 epitopes (512). Although they share 

similar binding affinities, what moderates the differences in the three gp41 mAbs’ 

abilities to neutralize HIV-1 is unclear and may involve as yet undescribed epitope 

determinants or mAb structure differences.  gp41 Abs have been difficult to detect in 

infected sera (513); it was not until recently that MPER-specific Abs were identified in 

sera of a small number of infected individuals (389, 514, 515).  This difficulty may be 

related to controversial reports in the HIV mAb field with regards to autoreactivity.  In 

addition to phospholipid, it has been suggested that 2F5 and 4E10 are unsuitable targets 

for vaccine design because they bind to cardiolipin (516, 517).  It has been hypothesized 

that autoreactivity explains why Abs with certain specificities are largely absent from 
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infected sera (516), although it may be because the MPER is sterically inaccessible on the 

intact trimer (159, 424, 518).  

 

CD4 induced co-receptor binding site (CD4i) Abs neutralize HIV-1 by binding the gp120 

co-receptor binding site. A well-studied CD4i mAb, 17b, and a newer mAb, E51, were 

shown to neutralize various HIV-1 strains only to a moderate degree (439, 519).  This site 

is occluded on the unliganded HIV-1 trimer, and mAb activity is therefore optimal after 

engagement of CD4 with gp120.  The gp120-CD4 interaction is quite stable and 

theoretically the CD4i epitope could be exposed for enough time to mount an Ab 

response (101).  However, when gp120 binds CD4 on the surface of a cell, steric 

hindrance does not allow full-sized Ab to interact with the CD4i epitope (520).  This can 

be overcome by fragment antigen-binding (fab) or a single chain Ab (scFv) or by 

temporary dissociation of the gp120-CD4 connection (520-522).  It is therefore 

hypothesized that the function of such Abs is to block the evolution of CD4-independant 

virus (523).  In several studies, the majority of infected study subjects tested had CD4i-

specific Abs in their sera (352, 362, 523), but another study that putatively identified 

CD4i Abs from HIV+ sera found them to be non-neutralizing (513). 

 

While the majority of broadly neutralizing mAbs identified to date bind both the trimer 

and the gp120 or gp41 monomer, recent advances have allowed the isolation of trimer-

specific quaternary structure-dependant mAbs (444, 524).   2909 is a highly type specific 

mAb that neutralizes few HIV-1 isolates potently (524).  Although it is an interesting 

case study, the lack of broad neutralization limits its use in vaccine design.  A study of 
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HIV+ individuals with broadly cross-reactive neutralizing sera generated PG9 and PG16 

mAbs (444). Both mAbs are trimer-specific, potently neutralize across HIV subtypes 

(525), and provide further evidence that HIV+ individuals do express Abs to quaternary 

epitopes (526).  The complexity of their epitopes makes quaternary structure binding sites 

a difficult target for vaccine design. 

 

The gp120 V regions mutate at a high rate, most likely to escape the Ab response (171).  

The V regions are also immunodominant, in that they elicit the majority of the strain-

specific Ab responses.  Therefore, although mAbs to the variable regions can neutralize 

individual strains of HIV, they generally do not neutralize HIV-1 across clades (527, 

528).  There is some evidence that V3-specific Abs can provide some measure of 

protection (529, 530), although it has been suggested that V3-specific Abs in infected 

individuals are less cross-reactive than, for example, CD4 binding site-specific Abs 

(379).  For instance, the mAb 447-52D targets a conserved sequence at the V3 and its 

neutralization is restricted to clade B strains (448, 529, 531).  There are efforts to 

generate Ab responses to the V3 region as it has some sequence constraints to maintain 

its structural integrity for chemokine receptor binding (190, 531).  

 

To date, there exist a number of broadly neutralizing mAbs specific for many regions of 

the HIV-1 envelope and that affect different steps of HIV entry. These Abs, their 

epitopes, and their mechanisms of action are an important source of clues in the search 

for a protective HIV-1 vaccine. 
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1.3.2.4  HIV-1 evasion of antibody responses 

There are three main features of gp120 that make it a poor target for robust neutralizing 

Ab responses: sequence diversity, glycosylation shielding, and gp120 conformational 

masking and shedding (107, 532).  As discussed earlier, the HIV RT is error-prone and 

gp120 can accept a large number of mutations, especially in the V regions, while 

maintaining function (171).  The V regions form loops and V1-V4 are exposed on the 

envelope surface (179), occluding the constant regions from the immune system, even on 

monomeric gp120 (171, 474).  High mutation rates (>5% within an individual/year) occur 

especially along sequences of gp120 that are exposed to Ab binding (375, 533, 534).  

Thus, Ab responses are constantly being evaded (354, 370-378).  Even so, cross-reactive 

Abs are a promising tool for Ab-based vaccine design. 

 

The second main feature of gp120 is its heavy glycosylation. Glycans are added to the 

spike proteins gp120 and gp41 by the host cell machinery. They create a shield as the 

immune system generally sees glycans as self molecules (371).  Ab responses to sugar 

moieties are often weak or absent, and these Ab responses are not maintained by immune 

memory.  Glycosylation patterns can also alter intracellular epitope processing for 

antigen presentation to Th cells (535).  Importantly, resistance to the glycosylation-

binding mAb 2G12 arose quickly in PI HIV+ subjects, suggesting carbohydrate-based Ab 

responses are easily evaded by HIV-1 (424). More research is required to fully 

understand how the immune response can overcome the HIV-1 gp120 glycan shield. 
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The third Ab-evasive feature of gp120 is its conformational masking and shedding, which 

leads to an accumulation of free monomeric gp120.  Gp120 is highly flexible and there 

are thought to be many conforms of gp120 in existence at one time, both within the 

trimer and shed from the HIV surface, resulting in a variability in the accessibility of 

antigens (170, 536, 537).  Shedding leads to a decrease in functional trimeric spikes on 

the surface of HIV.  Shed gp120 may bind neutralizing Abs and render them inactive 

against the virus (538) and monomeric gp120 displays to the immune system a surface 

that is normally buried within the HIV surface trimer, eliciting Ab responses to non-

neutralizing, otherwise inaccessible epitopes (171, 474).  Circulating monomeric gp120 

may also contribute to the activation of bystander T cells by interacting with CD4 or by 

other mechanisms, creating an undesired milieu of immune activation and rendering local 

CD4+ T cells more susceptible to productive infection (539).  Conformational plasticity, 

shedding, high mutation rates of the HIV envelope, and the dense coverage of the 

trimeric surface by mannose oligosaccharides make the HIV envelope a poor, ever 

shifting, target for the development of a successful Ab response. 

 

1.4 HIV vaccines – trials and tribulations 

1.4.1 HIV vaccine design 

While the mechanism of action of some vaccines is still undefined (pertussis, typhoid, 

and live-attenuated influenza), to date, many effective vaccines function by eliciting 

neutralizing Abs in the human host (polio, rabies, and inactivated influenza) (540, 541).  

A study of the effect of the smallpox vaccine showed that while no doubt T cells play a 

role in protection, the neutralizing Ab response was crucial for protection (542).  Studies 
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of the immune response generated by the yellow fever vaccine, the Human Papilloma 

Virus (HPV) vaccine, and the Hepatitis B Virus (HBV) vaccine show that all rely on 

neutralizing Abs for protection (543-546).  Ab-based vaccine design has until now been 

quite successful, and this focus should continue on to HIV-1 vaccine design. 

 

The immune mechanisms of protection from HIV-1 are still being defined and debated. 

The first ever HIV-1 vaccine phase III trial (AIDSVAX; VAX003 and VAX004) 

consisting of monomeric gp120 immunizations generated neutralizing Ab responses 

(547), but overall the vaccine proved to be ineffective with a 6% protective effect (425, 

548-550).  Vaccinees with low levels of gp120-specific responses had a moderately 

higher relative risk of infection compared to placebo recipients.  There may therefore be a 

threshold level of protection that must be reached by a vaccine below which 

susceptibility to infection is increased.  It was shown recently that Abs to gp160 persisted 

in more than 80% of vaccinees 8 years later (551).  This injects hope that a vaccine can 

induce long lasting neutralizing Abs.  A phase I trial (DP6-001) showed that a gp120 

DNA prime, multivalent gp120 protein boost generated stronger cross-clade neutralizing 

Ab responses than previous vaccine attempts (552, 553).  The design of an HIV-1 vaccine 

capable of eliciting neutralizing Abs able to block infection will require a more in depth 

study of the mechanisms of Ab-virus interactions and more trials with different types of 

HIV-1 envelope immunogens. 

 

For many years much effort was put into developing vaccines to induce CTL responses to 

HIV-1.  The recent T cell-based phase IIB trial in humans tested the efficacy of a 
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Adenovirus 5 vector expressing Gag, Pol, and Nef (MRKAd5 HIV-1 gag/pol/nef) was 

halted prematurely, as the vaccinated group were not protected from HIV-1 infection, and 

in fact may have been at higher risk than the placebo group (554).  

 

One of the most effective vaccines to date, the yellow fever vaccine, has recently been 

shown to induce a multi-parameter-type immune response (555-557).  The most recent 

HIV-1 vaccine phase III trial data is from the RV144 trial.  The trial was the first of its 

kind – it was intended to elicit both T and B cell responses.  The vaccine combined the 

ALVAC canarypox vector consisting of HIV-1 subtype AE gp41 and B gp120, Gag, and 

protease prime and an AIDSVAX B/E gp120 boost.  The vaccine provided just over 31% 

protective effect (558).  Many hailed this trial as a major advance as it is the most 

effective vaccine to date and indicates that the field is inching nearer to a fully protective 

vaccine and that a vaccine that elicits protective CTL and Th responses in conjunction 

with Ab responses is a realistic goal.  

 

1.4.2 Antibody-based vaccine design and epitope mapping 

With the failure of Ab-based vaccines to date, a more rational design of Ab-inducing 

vaccines is required (548).  Attempts to design better gp120, gp41, and trimer antigen 

constructs have provided a wealth of information about the nature of HIV Ab responses.  

Trimeric envelope antigens are being designed and tested for their ability to elicit 

neutralizing Abs that can bind the intact trimer (559, 560).  gp120 engineering has 

attempted to alter the structure of monomeric gp120 in order to elicit certain neutralizing 

Ab specificities.  Immunofocusing may be a useful tool for eliciting responses that echo 
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the broadly neutralizing mAbs that have been described to date.  A molecule is thus 

engineered such that only the ideal target Ab recognizes it.  This new form of the antigen 

can be tested for immunogenicity in order to see if it induces an Ab response with a 

similar potency as the mAb of interest.  Many attempts have been made to engineer 

gp120 to bind solely to the potent neutralizing mAb b12 (478, 479, 481, 561), but to date, 

none of these antigens have elicited b12-like responses in animals (562).  

 

Initial epitope mapping can performed by competition assays as was the case with b12, 

gp120 and CD4.  CD4 inhibited b12 binding to gp120, and so b12 was defined as a 

CD4BS mAb.  Studies on HIV-specific monoclonal panels that were cross-competed for 

binding have yielded much information about antigen specificity of both neutralizing and 

non-neutralizing Abs (436, 448).  Deletions or mutations of portions of the antigen and 

subsequent binding assays can also lend information on the epitope (466).  A method has 

been described for general Ab characterization of a mixed pool of Abs (such as in serum) 

whereby carrier beads are coated with antigen and the Ab-specificities of choice can be 

depleted/purified (388).  Another method with similar tactics is the purification and 

description of HIV-specific memory B cells (351, 352).  An advantage of these methods 

is that the subjects from whom samples are taken can be pre-screened for clinical 

parameters, such as disease progression, in an attempt to purify and describe clinically 

protective Ab responses.  Epitope mapping is an ever-expanding field that allows for 

better rational design of Ab-based vaccines for HIV. 
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The gold standard for more specific epitope mapping is mutational studies.  Antigen point 

mutations allow for identification of precise amino acid residues involved in Ab-epitope 

interactions.  Alanine-scanning mutagenesis is an elegant form of this technique, and has 

been applied to b12 mapping (466).  The shortcoming of these assays is that they identify 

amino acids that participate in the epitope as well as amino acids that can lie far outside 

the epitope that are important for the structural integrity of the epitope (489).  Co-

crystallization allows delineation of the Ab-antigen interface with each molecule in its 

tertiary structure.  The pitfall of this method, particularly with the b12 fab-gp120 co-

crystallization, is that the assay involved a highly altered antigen.  The gp120 that is used 

for crystallization is a highly modified core structure, lacking portions of the variable and 

constant regions and containing extra disulfide bonds that modify the structure and lock it 

in a “CD4-bound” state and restrict movements between the inner and outer domains 

(163, 563).  Phage and yeast display of antigens (or cloned Abs) to pan out antigen-

specific Abs have also successfully generated new insights into Ab repertoires (564-566). 

Peptide epitope libraries can also be screened this way, or by more conventional binding 

formats such as ELISA, but binding assays involving overlapping peptides of the antigen 

may garner information about linear epitopes only (379, 567).  For all the epitope 

mapping experiments that have been applied to b12, none have identified an epitope that 

elicits neutralizing Abs in animal models, suggesting that more information, perhaps 

using newer methods of epitope mapping of the b12 epitope, is required. 

 

The use of mass spectrometry in Ab epitope mapping is a relatively recent concept (385, 

568-572).  Mass spectrometry has been useful in determining the precise amino acid 
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sequence recognized by the HIV-1 IIIB p26-specific murine mAb 13-102-100 (572), 

4E10 (218), and 2F5 (510, 570).  In fact, the paper by Parker et al. further refined the 2F5 

MPER epitope NEQELLELDKWASLWN to its core epitope, ELDKWA (510).  Unlike 

other epitope mapping techniques, mass spectrometry epitope mapping is the most direct 

method of defining Ab specificity on an intact antigen.  Therefore, it is important to 

examine the b12 gp120-binding region to gain precise information about the epitope that 

may guide vaccine design.  In this study, matrix-assisted laser desorption/ionization 

(MALDI) quadrupole-time of flight (QqTOF) mass spectrometry (MS) epitope mapping 

was performed.  A solid surface (plate) is coated with an immobilized Ab-antigen 

complex and is inserted into the mass spectrometer.  A laser excites the sample; the 

small, non-covalently linked antigen is ejected from the plate and the Ab, is singly 

charged, and is directed into the machine.  The time of flight of the charged epitope to the 

detector is directly proportional to its size and the readout is expressed as mass/charge 

ratio, where charge = 1.  There are two forms of MS epitope mapping: epitope excision 

and epitope extraction. Epitope extraction works best when mapping linear epitopes; the 

antigen is pre-digested before incubation with the immobilized Ab and the resulting 

peptide fragments that bind the Ab encapsulate the epitope.  Epitope excision is suited for 

conformational epitope identification, but can also identify linear epitopes (573).  Epitope 

excision allows for the incubation of the native antigen with the Ab before digestion with 

proteolytic enzymes.  The epitope is protected from digestion and can be detected by the 

mass spectrometer. The studies reported in this thesis employed epitope excision to map 

the epitope of the well-described mAb IgG1 b12 to gain information on its 

conformational CD4BS epitope on HIV-1 gp120. 
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Once identified, the epitope underwent confirmation studies and sequence analysis to 

determines its relevance to a globally relevant vaccine.  The epitope was tested for its 

ability to elicit Abs in mammalian models, as is the standard for novel epitope discovery. 

The induced Abs were tested for in vitro neutralization of HIV.  If these steps lead to the 

discovery of an epitope that can elicit Abs that neutralize HIV-1, then that antigen can go 

on to studies in larger animal models, primates, and eventually humans for safety and 

efficacy trials.  
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Section 2.0 Hypotheses 

 

With the failure of gp120 immunogen-based vaccine trials, there has been a shift in focus 

in Ab studies to identify specific antigens of potently neutralizing Abs. The IgG1 b12 

epitope has been studied extensively, but no immunogen constructs have been able to 

elicit b12-like Abs in animal studies. This is likely in part due to the conformational 

structure of the b12 epitope, and in part due to the hidden nature of the CD4 binding site 

within the gp120 trimer structure. The majority of b12 epitope mapping studies 

identifying epitope-binding sites employed either the core gp120, which lacks major 

portions of the entire molecule, or were indirect mutational studies that only truly 

identified amino acids important to the structure and accessibility of the b12 epitope. It is 

for these reasons that the IgG1 b12 epitope is the focus of highly specific and sensitive 

mass spectrometry epitope mapping studies reported herein. The general hypotheses for 

this study are as follows: 

 

i. Epitope mapping of IgG1 b12 will identify contacts points between b12 and 

HIV-1 gp120.  

 

ii. Antigenicity of the regions of HIV-1 gp120 identified as part of the b12 

epitope will be confirmed using traditional immunologic assays. 

 

iii. Sequence variation of the b12 epitope in viral strains will correlate with 

sensitivity to b12 neutralization, supporting its role in b12 neutralization of 
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viruses. Since b12 neutralizes across HIV-1 clades, the epitope will be well-

conserved. 

 

iv. Immunogenicity of the b12 epitope will be demonstrated in animal 

immunizations.  The epitope will elicit a b12-like neutralizing Ab response. 
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Section 3.0 Specific Objectives 

 

With the above hypotheses in mind, we developed the following specific objectives: 

 

i. map the epitope of IgG1 b12 by mass spectrometry epitope excision and 

confirm with tandem mass spectrometry sequencing 

 

ii. with a peptide of the putative epitope, confirm the mapping results in b12 

ELISA binding assays to determine that the epitope is truly recognized by b12 

 

iii. analyze the available sequence information for the epitope and compare the 

variation within the described epitope with published neutralization data and 

determine the suitability of the epitope for cross-clade immunogenic potential 

 

iv. test the immunogenicity of the epitope in multiple animal models and measure 

the ability of immunized animal sera to neutralize HIV-1 in vitro. 
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Section 4.0 Materials and Methods 

 

4.1 General materials 

4.1.1 Solutions 

4.1.1.1 Mass spectrometry  

Coupling Buffer 

“Buffer A” 0.1 M NaHCO3, 0.5 M NaCl 

33.616 g NaHCO3, 116.88 g NaCl, 4 L ddH2O 

“Buffer B” 0.1 M Na2CO3, 0.5 M NaCl 

10.599 g Na2CO3, 29.22 g NaCl, 1 L ddH2O 

Use Buffer B to adjust the pH of Buffer A to between 8.32 and 8.45 

 

HCl 

HCl concentrated, 1 mM 

43.1 µl of 11.6N HCl, 500ml ddH2O  

 

Acetate Buffer 

0.1 M NaOAc, 0.5 M NaCl, pH 4.0 

6.8g NaOAc 3H2O, 14.61g NaCl, Add 400ml H2O, adjust pH with acetic acid to 4.0 

(very slowly).  Total volume to 500ml with water. 

 

Ethanolamine 

1 M Ethanolamine 
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To 70 ml water add 6.2344 ml stock ethanolamine (16.04 M).  Adjust pH with 

concentrated HCl to 8.0.  Final volume to 100 ml with water. 

 

10% Sodium Azide Stock Solution 

10 mg NaN3,100 µl ddH20 

 

Phosphate-buffered saline (PBS) 

48.5 g PBS powder (contains 137.93 mM NaCl, 2.67 mM KCl, 8.1 mM Na2HPO4, 1.47 

mM KH2PO4) (Invitrogen, Burlington, Ontario) per 1 litre ddH2O 

 

Tris Buffered Saline (incubation and wash buffer) 

25 mM Tris, 150 mM NaCl,  pH 7.5 

1.25 ml 1 M Tris pH 7.5, 2.5 ml 3 M NaCl, 46.25 ml H2O to 50 ml final volume 

  

Mass Spectrometry Digestion Buffer 

100 mM NH4HCO3 

0.8 g NH4HCO3, 100 ml ddH20 

 

Mass Spectrometry Wash Buffer 

100 mM NH4HCO3, 10 mM n-Octyl-beta-D-glucopyranoside (BOG) detergent 

0.145 g BOG, 50 ml Digestion Buffer 

 

Dihydroxy Benzoate (DHB) matrix solution 
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0.08 g DHB, 250 µl Acetonitrile, 250 µl ddH20 

 

4.1.1.2 Gel electrophoresis  

SDS PAGE Gel (7.5%) 

Separating gel 

2.5 ml 1.5 M Tris pH 8.0, 0.1 ml 10% SDS, 2.5 ml acrylamide, 0.005 ml TEMED, 0.5 ml 

Ammonium persulphate, 4.4 ml ddH2O 

Stacking Gel 

1.25 ml 1.5 M Tris pH 8.0, 0.05 ml 10% SDS, 0.65 ml acrylamide, 0.005 ml Temed, 0.25 

ml Ammonium persulphate, 3.05 ml ddH2O 

 

Running buffer  

30.3 g Tris base, 144 g Glycine, 10 g SDS, make to 1L with ddH2O 

 

Loading buffer 3X stock 

1M Tris pH 6.8 2.4 ml, 3 ml 20% SDS, 3 ml Glycerol (100%), 1.6 ml B-

mercaptoethanol, 0.006g Bromophenol blue  

 

Stains 

Coomasie Blue Brilliant R-250 staining solution (Bio-Rad, Hercules, CA) 

Destain - 5% Acetic Acid in ddH20 

Bio-Rad Silver Stain Kit (Bio-Rad, Hercules, CA) 
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4.1.1.3 Enzyme-Linked Immonosorbant Assay (ELISA)  

Coating buffer  

1.59 g Na2CO3, 2.93 g NaHCO3, 1 L ddH2O, pH 9.6 

 

P24 ELISAs only Coating buffer 

5.3 g Na2CO3, 4.3 g NaHCO3, 1 L ddH2O, pH 9.6 

 

Blocking buffer 

PBS, 10% Bovine Serum Albumin 

10 g BSA in 100 µl PBS 

 

Glycine Buffer 

1 M glycine buffer in ddH2O, pH 2.5 with HCl 

 

P24 ELISAs only Blocking/Dilution buffer 

PBS, 2% Goat Serum, 0.01% polyoxyethylene sorbitan monolaurate (Tween 20) 

Add 20 ml goat serum and 100 µl Tween 20 to 1 litre PBS 

 

Dilution buffer 

PBS, 1% Bovine Serum Albumin, 0.05% Tween 20 

10 g BSA and 500 µl Tween 20 in 1 L PBS 

 

Wash Buffer (all ELISAs) 
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PBS, 0.05% Tween 20 

500 µl Tween 20 in 1 L PBS 

 

DEA (all ELISAs) 

0.101 g MgCl2•6H2O, dissolve in ddH2O, 97 ml Diethanolamine (Fisher Scientific, 

Ottawa, Ontario), up to 1 L ddH2O, pH 9.8 with HCl 

1 Sigma 104 substrate Tablet (Sigma, Oakville, Ontario) per 5ml DEA buffer 

 

ABTS (all ELISAs) (see 4.1.3) 

ABTS buffer (Roche, Mississauga, Ontario) 

Add 1 Tablet per 5 ml ABTS buffer (Roche Diagnostics, Canada, Laval, Quebec) 

 

4.1.1.4 Western blot 

PBS 0.05% T20 (PBST) 

To 1 L PBS add 500µl tween 20 

 

Blocking buffer 

Dissolve 10% Skim milk powder (Sigma, Oakville, Ontario) in PBST 

 

4.1.1.5 Serum antibody purification 

Tris Glycine buffer 

1M glycine in ddH2O 

pH 3.3 with HCl  
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Neutralizing buffer 

1.5 M Tris in ddH20 

pH 8.8 with 

 

4.1.1.6 Cell separations/infections 

PBS 

PBS, 2% fetal calf serum (FCS; Invitrogen, Burlington, Ontario) 

 

Media 

Culture media - RPMI 1640 10% FCS 1% penicillin/streptomycin/fungizone (P/S/F) 

Hybridoma media - RPMI 1640 2% depleted FCS 1% P/S/F 

FCS is depleted by running over a Protein-G Sepharose column (Amersham Bioscience, 

Piscataway, NJ). 

Supplemented media – RPMI 1640, 10% FCS, 1% penicillin/streptomycin (P/S), 10 u/ml 

recombinant IL-2, and 2 µg/ml polybrene 

Complete media – RPMI 1640, 10% FCS, 20 u/ml IL-2, 1% P/S/F 

Complete Growth Media (GM) - D-MEM 10% FBS, 25 mM HEPES (Gibco, Carslbad, 

USA) and 50 µg/ml gentamicin (Sigma, Oakville, Ontario) 

(unless otherwise stated, all reagents from Invitrogen, Burlington, Ontario) 

 

10% Triton-X 

10 ml Triton-X (Invitrogen, Burlington, Ontario) was added to 90 ml PBS 
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Britelite Reagent   

Lyophilized Britelite Substrate Solution (PerkinElmer Life Sciences, Massachusetts, 

USA) was reconstituted in 250 ml of Britelite Substrate Buffer Solution and stored at        

-70°C for up to 1 month. Aliquots were thawed in a water bath in the dark immediately 

prior to use. The solution was gently vortexed and used within 60 minutes of thawing. 

 

4.1.2 Antibodies and antigens 

IgG1 b12, IgG1 KZ52, and IgG1 b6  

All three mAbs were kindly donated by C. Barbas III and D.R. Burton, and are 

extensively described elsewhere (445-447, 452, 574).  The b12 and b6 mAb variable 

regions were cloned from the Ab repertoire of a long term HIV+ asymptomatic American 

male by phage display and selected for their ability to bind gp120 and compete with 

soluble CD4 for binding to gp120.  b12 is a broadlyHIV-1-neutralizing mAb, while b6 

only weakly neutralizes a small number of HIV-1 strains.  IgG1 KZ52 is a neutralizing 

mAb specific to the Ebola spike glycoprotein consisting of the same IgG1 backbone as 

b12 (575, 576).  

 

Other mAb and pAb reagents 

mAb reagents obtained from the National Institutes of Health AIDS Research and 

Reference Reagent Program (ARRRP) are the following (catalogue number in 

parentheses): IgG1 39F anti-gp120 V3 region (11437), IgG 19b anti-gp120 V3 region 

(11436), IgG1 670-30D anti-gp120 C terminus (7370), IgG1 Chessie 6 anti-gp120 C1 
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region (810), IgG1 697-30D anti-gp120 C1/C2 region (7371), IgG1' 17b anti-gp120 

(4091), IgG1' F105 anti-gp120 CD4bs (857) (577), IgG1' 2G12 anti-gp120 

glycosylations (1476), IgG1' 4E10 anti-gp41 (10091), IgG1' 2F5 anti-gp41 (1475), 

IgG1 91-5 anti-p24 (1238),  

 

P24 detection ELISA reagents were mouse IgG1 anti-p24 for coating ELISA plates 183-

H12-5C (NIH ARRRP; 1513), rabbit polyclonal anti-p24 (ABI, Carlsbad, USA), biotin 

anti-rabbit IgG (Sigma, Oakville, Ontario), Streptavidin-Alkphosphatase (Jackson 

ImmunoResearch Laboratories, Inc. West Grove, PA.). Secondary mAbs for detection of 

human and animal Abs were sheep anti-human IgG peroxidase (The Binding Site, San 

Diego, USA), goat anti-mouse HRP, goat anti-guinea pig HRP, goat anti-rabbit HRP 

(Southern Biotech, Birmingham, USA). 

 

Gp120 

Recombinant HIV-1 gp120 IIIB and MN strains were purchased from 

Immunodiagnostics, Inc. (Woburn, MA). "NmCHO, or DNmCHO, an engineered gp120 

molecule that has been truncated up to E52 (481), was also donated by D.R. Burton.  

 

Antigens 

Peptides 

Nterm peptide - dBiotin-LWVTVYYGVPVWKEATTTLFCASDAK-COOH, and 

Scrambled peptide - dBiotin-VWCAPLVYWTSTGELAVDKFVTATYK-COOH (United 
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Biochemical Research, Inc., Seattle, WA.).  Both were resuspended in 5% formic acid 

(Sigma, Oakville, ON), then diluted in the described buffers for experimentation. 

 

Avidin/Streptavidin 

Avidin acted as a carrier molecule in immunizations and streptavidin was used to 

measure background Ab levels for animal immunization.  Streptavidin was used to coat 

ELISA plates for anti-streptavidin Ab testing (both from Zymed Laboratories, Inc., San 

Francisco, CA) 

 

Freund’s Adjuvant 

Complete Freund’s adjuvant was administered on the 1
st
 immunization, followed by 

incomplete Freund’s adjuvant on subsequent injections (Fisher Scientific, Ottawa, ON) 

 

4.1.3 Animals 

Specific pathogen-free animals were ordered from Charles River Canada in Quebec and 

were received by the Veterinary Technical Services technicians.  Mice and guinea pigs 

were group housed in filtered cages with a 12 hour light/darkness cycle.  Rabbits were 

housed singly.  The animals were allowed to acclimatize a minimum of 5 days before 

being used in the project.  Other housing conditions such as room and cage temperature, 

relative humidity, light hours and number of animals per cage occurred according to the 

Animal Care facility guidelines at the National Microbiology Laboratory, Public Health 

Agency of Canada. 
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Table 3. Animal characteristics 

Species Strain Age or Weight Sex Total number immunized 

mouse Balb/c 5-7 weeks Female 40 (10 in each of 4 groups) 

guinea pig Hartley 300-350g Female 20 (5 in each of 4 groups) 

rabbit 
New Zealand 

White 
2-2.5kg Female 8 (2 in each of 4 groups) 

 

 

All three animal species were chosen for their abilities to produce consistently good 

amounts of Ab on peptide or protein immunization (578-583).  

 

4.1.4 Human Samples 

Blood samples were obtained from Winnipeg donors.  They were healthy adults of a 

variety of age ranges.  Their samples were obtained expressly for use of the peripheral 

blood mononuclear cells (PBMC) in HIV infection assays.  Human sera tested for gp120 

and truncated gp120 binding was obtained from HIV+ women attending the Pumwani 

sex-worker clinic co-sponsored by the University of Manitoba and the University of 

Nairobi in the Pumwani district of Nairobi, Kenya. All Subjects gave informed consent 

and ethics approval was provided by both the University of Manitoba and University of 

Nairobi Ethics Boards. 

 

4.1.5 Pseudovirus neutralization assay reagents 

Cells 

TZM-bl cells were infected (NIH ARRRP, Bethesda, MD). TZM-Bl cells are HeLa cells 

engineered to express CD4, CXCR4, CCR5, and a tat-responsive firefly luciferase 

reporter gene that is under control of the HIV LTR (long terminal repeat) (584-586). 
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Pseudoviruses 

The pseudovirus pSG3"Env HIV-1 backbone vector consists of the HIV genome less the 

envelope gene. The envelope genes from the HIV strains that were tested were chosen 

based on the triage three tier virus panel system and were cloned into the backbone virus 

(587, 588).  This triage system was devised to standardize neutralization testing across 

serum screening for vaccine trials.  Briefly, the tier 1 tests the homologous virus strain 

and heterologous strains that are broadly sensitive to neutralization.  If serum shows 

neutralization, the tier 2 expands the testing to other pre-selected strains within the clade 

of interest and tier 3 examines neutralization across subtypes.  In this study, a panel of 

clade B that spanned tiers was tested. Of note, b12 neutralizes SF162 and QH0692.42, 

but not PVO.4.  

Table 4. Pseudovirus strains used for neutralizations  

Strain Clade Tested animal Tier (587) 

IIIB B Guinea pig and Rabbit 1 

SF162.LS B Guinea pig and Rabbit 1 

6535.3 B Rabbit 1b 

QH0692.42 B Rabbit 2 

SC422661.9 B Rabbit 2 

RHPA4259.7 B Rabbit 2 

THRO4156.18 B Rabbit 2 

PVO.4 B Rabbit 3 

SVA-MLV n/a Rabbit control 

 

PBMC neutralization viruses 

HIV-1 IIIB and Bal isolates were obtained through the NIH ARRRP (Bethesda, MD). 
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4.1.6 Other consumables 

Table 5. Consumable labware used in experiments 

Consumable Source 

Sterile Culture Ware 

25 cm
2
 T flask Corning 

75 cm
2
 T flask Corning 

96 well U bottom plates with lids Costar 

15 ml sterile conical tube BD Falcon 

50 ml sterile conical tube BD Falcon 

Tips and Pipettes 

10, 200, 1000 µl pipette tips Fisherbrand 

5, 10, 25 ml pipettes BD Falcon 

Sterile Filters 

0.45 nm bottle-top filters BD Falcon 

0.22 nm syringe-top filters and 3c.c. syringes BD Falcon 

Chemicals  

Trypan Blue Sigma (Oakville, Ontario) 

PHA Sigma (Oakville, Ontario) 

Pen/Strep/fungizone Gibco 

Miscellaneous Disposables  

Bottletop Filters Nalgene 

Reservoirs Costar 

Transfer pipettes Samco 

 

 

4.2 General methods 

4.2.1 SDS Page gel electrophoresis 

Protein gels were poured in a BioRad (Mississauga, Ontario) MiniGel apparatus. The 

7.5% SDS-PAGE separating gel was poured, allowed to set with a layer of isopropanol 

(Sigma, Oakville, Ontario) on top, rinsed with distilled tap water, and then the staking gel 

was poured on top with the 10-well comb insert. 

 

Protein samples were boiled with equal volume loading buffer for 7 minutes. Samples 

were loaded into wells at 10 ul (1-2 µg protein) per well. One well of 5 ul protein ladder 

(1kb, or kaleidescope for Western blot gels, BioRad, Mississauga, Ontario) was run per 



 65 

gel for size determination. Samples were run on the gel for 1 hour at 200 Volts. Gels 

were removed from the apparatus and immediately placed in either staining solution 

(Coomasie or Silver Stain Buffer 1) or transfer buffer for Western blot. 

 

4.2.2 Coomasie stain 

Gels were placed in 20 ml Coomassie Blue stain for 30 minutes on a rocker. After 30 

minutes, gels were placed in destain solution for up to 1 hour, or until bands became 

distinguishable. 

 

4.2.3 Silver Stain  

As per the silver staining kit (Pierce Protein Research Products, Rockford, USA), the 

protein gel was removed from the running apparatus and placed in solution 1 for 1.5 

hours. The gel was transferred to solution 2 (sodium carbonate buffer) for 1.5 hours, then 

was placed in the silver stain until colour developed. The gel was placed in 5% acetic 

acid stop solution and dried between sheets of acetate. 

 

4.2.4 Mass spectrometry column preparation 

Abs were dialyzed in coupling buffer at room temperature for 4 hours before they were 

coated on beads. Before dialysis, 5 µg Ab were removed to a separate tube and labeled 

BD (before dialysis). Dialysis occurred in 1L coupling buffer 4 hours; buffer was 

changed every hour except in last 2 hours.  
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Cyanogen bromide-activated Sepharose 4B beads (Sigma-Aldrich, Oakville, Ontario) 

were used for coupling. One ml beads were coated per 1 mg mAb (25µl per sample). 285 

mg of dried beads were weighed into Eppendorf tubes and 1ml HCl buffer was added and 

incubated at room temperature for 30 minutes. 

 

Beads were microcentrifuged for 30 seconds at 420xg.  They were allowed to settle for 1-

2 minutes.  The HCl buffer was aspirated with extreme care using a 23 ga needle with 

gentle suction.  Beads were washed 3 times with 2-3 times bead volume coupling buffer 

to activate them (with same spinning and supernatant removal conditions as above).  A 

small amount of buffer was left above beads after the last wash. 

 

Five µl of dialyzed Ab were removed from dialysis tube, transferred to new tube, labeled 

AD (after dialysis) and stored at 4°C.  The remaining dialyzed Ab was transferred to the 

beads and coupled to beads for 2-4 hours at room temperature on a rocker. The mixture 

was microcentrifuged for 5 minutes at 100xg.  The supernatant was removed and 

transferred to a tube labeled AC (after coupling) and stored at 4°C.  The beads were 

washed twice with coupling buffer. 2-3 times bead volume ethanolamine was added to 

beads.  Beads were blocked with 2 times bead volume at 4°C overnight on rotator. 

 

On day 2, the column was spun down (30 seconds, 420xg) and washed with 1 ml 

coupling buffer 3 times. Following the wash with coupling buffer, the column was 

washed 3 times with 1 ml of acetate buffer.  This 3 times wash was repeated 2 times (18 

washes total - 9 of each buffer). The column was washed 3 more times with coupling 
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buffer, then once with ice-cold PBS.  After the PBS wash, PBS (2 times bead volume) 

and sodium azide (to 0.05%) were added to the beads to prevent bacterial growth. 

Coupled beads were stored at 4°C.  To check for proper dialysis and coupling, a 7.5% 

SDS PAGE gel was run with the samples BD, AD, and AC. Gel was silver stained 

according to a kit (Pierce Protein Research Products Rockford, USA).   

   

4.2.5 Matrix-assisted laser desorption/ionization mass spectrometry 

4.2.5.1 Epitope excision  

Ab-bound beads were gently resuspended with a pipette tip and 15 µl beads mixture was 

removed (approximately 7.5 µl solid beads) to new tubes. Beads were washed with 400 

µl tris-buffered saline (TBS) to dilute out sodium azide. Washes were repeated twice for 

a total of 3 washes. Microcentrifuge spinning for washes were at room temperature, at 

960xg for 3 minutes, or in a Tomy microcentrifuge for 20 seconds.  Supernatant was 

removed carefully using a 200 µl pipette so as not to lose any beads.  After the last wash 

approximately 15 µl supernatant was left on top of beads. 

 

Twenty-five µg recombinant gp120 IIIB or MN (Immunodiagnostics, Inc. Woburn, MA) 

was added to each tube of Ab-coupled beads; control tube received 25 µl TBS. Ab-

antigen mixtures were incubated on ice for 2 hours with gentle vortexing every 10 

minutes. Beads were centrifuged and washed 2 times with 400 µl TBS. Tubes were 

washed with 400 µl Digestion buffer.  Supernatant was removed from beads. 
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Trypsin (500 ng, lysine/arginine sites, Calbiochem-Novabiochem Corporation, San 

Diego, CA) or Glu-C endopeptidase (500 ng, glutamate cut site, Roche Diagnostics 

Canada. Laval, Quebec) were incubated with beads at 37°C for 1 hour. Tubes were 

vortexed gently and incubated at 37°C for another hour. Unbound fragments were 

washed away 3 times with TBS, and then beads were washed with MS Wash Buffer 

containing BOG detergent. The final mixture was at a beads:wash buffer ratio of 1:1. 

Tubes were stored at 4°C until mass spectrometry run.  

 

One µl of the bead mixture was pipetted onto a gold-plated target plate, allowed to air-

dry, and then spotted again. One µl dihydroxy benzoate (DHB) matrix solution was 

spotted on top of dried bead spot. The samples were analyzed using the Manitoba/SCIEX 

prototype hybrid quadrupole-time of flight mass spectrometer (QqTOF) coupled to a 

matrix-assisted laser desorption/ionization (MALDI) source as previously described (589, 

590). The charge transferred to the binding epitopes by MALDI MS is typically +1, the 

resulting mass of each peak is the m/z value, in Daltons (Da). The MALDI system is not 

quantitative.  All MS experiments were repeated 2-4 times.  

 

4.2.5.2 Tandem mass spectrometry (MS/MS) 

Tandem mass spectrometry (MS/MS) sequencing was performed on the same instrument 

and data were analyzed using BioMultiview (MDS Sciex) software.  1ug of soluble MN 

gp120 was digested with 20 ng either trypsin or Glu-C. The mixture was analyzed on the 

MALDI QqTOF. Peaks 1356 and 1608 of the trypsin-gp120 mixture and peaks 1806, 

1866, and 2096 of the Glu-C-gp120 mixture were selected for MS/MS.  These fragment 
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peaks generated from the parent ion were compared to a list of theoretical ions for each 

peak (a, b and y ions were analyzed). 

 

4.2.6 Peptide concentration calculations 

Lyophilized peptides obtained from United Biochemical Research, Inc. (Seattle, WA.) 

were reconstituted in 5% formic acid. Peptides were diluted in ddH2O and absorbance 

was measured on the Spectramax Plus (Molecular Devices, Sunnyvale, CA) at an optical 

density of 280 nm. The concentration of each peptide was calculated as follows: 

 

Concentration of Peptide = Abs280 x dilution factor x molecular weight / extinction coefficient 

 

Where the molecular weight of the Nterm and Scrambled peptides is 2949.4 g/mol and 

the molecular weight of biotin is 244.3 g/mol (therefore Nterm + Biotin = 3193.7 g/mol). 

The extinction coefficient is 13980 as calculated by the ProtoParam software 

(http://ca.expasy.org/tools/protparam.html). 

 

4.2.7 ELISA 

Unless otherwise stated, all ELISAs were performed at a volume of 100 µl/well and all 

samples were tested in triplicate. All incubations occurred in a wet box consisting of a 

plastic container lined with wetted paper towels. Statistical differences in binding were 

calculated by unpaired student’s t test. 

 

4.2.7.1 Antibody capture of peptide antigen 
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Ninety-six-well microtiter plates (NUNC, Mississauga, ON) were coated overnight at 

4°C with a 2.5 µg/ml dilution of Ab in carbonate buffer.  The next day, plates were 

blocked with 110 µl/well blocking buffer at 37°C for 2 hours. Plates were washed twice 

with distilled water. Biotinylated peptides were serially diluted in dilution buffer. One 

hundred µl of antigen dilution were added to wells and incubated at 37°C for 1 hour. 

Plates were washed 10 times on a Wellwash 384 washer (Thermo Labsystems, Franklin, 

MA). Streptavidin alkaline phosphatase (Jackson ImmunoResearch Laboratories, Inc. 

West Grove, PA.) in dilution buffer was added to each well. Plates were incubated at 

room temperature for 30 minutes, washed 10 times with 1X wash buffer, rinsed twice 

with distilled water, and developed for colour at room temperature using MgCl2 

diethanolamine substrate buffer plus para-nitrophenylphosphate (pNPP). All ELISA plate 

readings were performed at times 15, 30, and 60 minutes at an optical density of 405 nm 

on a Spectramax Plus (Molecular Devices, Sunnyvale, CA) using Softmax Pro software 

(Molecular Devices, Sunnyvale, CA). 

 

4.2.7.2 Sandwich ELISA for truncated gp120 binding 

Microtiter plates were coated with 2.5 µg/ml capture Ab D7342 (sheep anti-gp120; Aalto 

BioReagents, Dublin, Ireland) or with gp120 DNmCHO or IIIB at 250 ng/well in Sodium 

Carbonate Buffer. After blocking, plates were incubated with 5 µg/ml gp120 DNmCHO 

or IIIB in dilution buffer for 1 hour at 37°C. Plates were washed and serial dilutions of 

IgG1 b12 or patient sera in dilution buffer (starting at 5 µg/ml and 1/100, respectively, 

doubling dilutions) were incubated on the plate for 1 hour at 37°C. Plates were washed 

and sheep anti-human IgG linked to horseradish peroxidase (HRP; The Binding Site, San 
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Diego, CA) was added to the plate at 1:2000 in dilution buffer. Plates were incubated 1 

hour at 37°C, washed, and plates were incubated with ABTS (Roche Diagnostics Canada, 

Laval, Quebec, Canada) at room temperature. Colour change was measured as above. 

 

4.2.7.3 Competition assay 

To test for competitive binding between gp120 and Nterm by IgG1 b12 Ab, microtiter 

plates were coated with 2.5 µg/ml D7342, blocked (as above), and incubated with 1 

µg/ml IIIB gp120 for 1 hour at 37°C. In separate tubes, 0.25 µg/ml IgG1b12 and serial 

dilutions of Nterm or Scrambled peptides were incubated together for 1 hour at 37°C. 

The microtiter plates were washed and tube contents were transferred to the plates for 

another 1 hour incubation at 37°C. Conjugated goat anti-human IgG-HRP was incubated 

on plates and binding was detected as above. This competition assay measured the ability 

of the Nterm peptide to block b12 binding to gp120.  

 

Alternatively, 96 well plates were coated with 2.5 µg/ml IgG1 b12 Ab. After blocking, 

doubling gp120 IIIB dilutions starting at 24 µg/ml and a fixed peptide concentration of 

0.625 µg/ml were added to wells at the same time. The antigens were incubated on the 

plate together for 1 hour at 37°C. Plates were detected for binding of biotinylated peptide 

on addition of varying amounts of gp120 to wells. This assay measured the ability of 

gp120 to block IgG1 b12 binding to Nterm.  

 

4.2.7.4 gp120-binding antibody detection in animal sera 
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Microtiter plates were coated with 2.5 µg/ml HIV IIIB gp120, blocked, washed, and 

incubated with doubling serial dilutions of animal sera for 1 hour at 37°C. Plates were 

washed and incubated with HRP labeled goat anti-animal (mouse, guinea pig, or rabbit) 

Ab for 1 hour at 37°C. After washing, the plates were developed with ABTS (Roche, 

Laval, QC. 

 

4.2.7.5 p24 detection 

Anti-p24 for coating ELISA plate 

The 183-H12-5C hybridoma cells were initially grown up in 7 ml of culture media in T-

25 cm flasks at 37°C, 50% humidity, 5% CO2.  Five ml of media were removed from 

each flask and transferred to 15 ml conical tubes for centrifugation (10 minutes, 600xg). 

Supernatants were removed and discarded and pellets were resuspended in 25 ml 

hybridoma media and transferred to T-75 flasks. Cells were cultured for 5 days and the 

supernatant was collected and filtered at 0.45u. The supernatant was neutralized with 

NaOH. The Protein-G column was cleaned with 10 ml of 0.1 M glycine buffer and 

equilibrated with 25 ml PBS. The supernatant was passed through the column at 2 ml per 

minute, and then PBS was used to wash unbound protein, as monitored on the BIO-RAD 

UV Monitor. The Ab was eluted (i.e. the peak was collected as indicated on the UV 

monitor) with the glycine pH 2.5 buffer. The eluted Ab was dialyzed against 2 changes of 

4 L of PBS. The OD280 of the sample was taken and the concentration determined using 

the extinction coefficient of 1.2 OD units equals 1 mg/ml. Aliquots were stored at -70°C. 

 

p24 ELISA 
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Microtiter plates were incubated overnight at 4°C with 100 µl of 2 µg/ml recombinant 

mouse IgG1 anti-p24. Coated plates were tested for efficiency of coating using the assay 

below and the standard recombinant p24.  Anti-p24-coated ELISA plates were blocked 

for 2 hours at 37°C with 110 µl PBS 2% goat serum, 0.05% Tween20. After rinsing the 

plate twice with distilled tap water, 100 µl of Triton X-treated samples were thawed and 

added to the ELISA plates. A p24 standard curve was run on every plate. The plates were 

incubated at 4°C overnight. 

 

The next day, the plates were washed and rabbit polyclonal anti-p24 was added at a final 

dilution of 1:10,000.  The plates were incubated for 90 minutes at 37°C, washed, and a 

1:10,000 dilution of biotinylated anti-rabbit mAb was incubated on the plate for 90 

minutes at 37°C.  Plates were washed and streptavidin alkaline phosphatase in dilution 

buffer was incubated on the plates at room temperature for 30 minutes.  Plates were 

washed developed for colour at room temperature using DEA substrate buffer plus 

alkaline phosphatase yellow (pNPP). 

 

4.2.8 Animal immunizations 

4.2.8.1 Ethics 

Ethics approval was obtained for animal immunizations from the Animal Care 

Committee under the Canadian Council on Animal Care (CCAC) guidelines at the 

National Microbiology Laboratory under the Public Health Agency of Canada.  

 

4.2.8.2 Antigen preparation 
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Biotinylated peptides were linked to avidin carrier molecule so as to increase the size of 

the antigen that was injected into the animals.  In order to maximize the amount of 

antigen an animal received, an excess of biotinylated peptide (both Nterm and Scrambled 

peptides) was incubated with avidin.  Peptide and avidin were diluted in sterile PBS and 

mixed together at a 1:1 weight ratio.  This mixture was incubated for 45 minutes at 37°C 

(example: 5 µg peptide was incubated with 50 µg avidin).  HIV-1 IIIB gp120 was diluted 

appropriately in sterile PBS. Mock immunized received sterile PBS. 

 

The antigens were mixed with the Freund’s adjuvant with a 22 ga needle immediately 

prior to subcutaneous injection in animals.  The initial immunizations contained sterile 

Complete Freund’s adjuvant.  The subsequent immunizations contained sterile 

Incomplete Freund’s Adjuvant (containing no Mycobacterial cell wall components). 

 

4.2.8.3 Immunization protocol 

Immunizations and bleeds were carried out by the technical staff at Animal Care facility 

at the National Microbiology Laboratory, Public Health Agency of Canada. Each mouse 

received injections of 100 µl (50 µl antigen, 50 µl adjuvant) consisting of 10 µg of 

protein (gp120 or peptide plus avidin).  Guinea pigs received 200 µl (100 µl antigen, 100 

µl adjuvant) consisting of 20 µg of protein.  Rabbits received 200 µl injections, 

consisting of 25 µg protein.  The peptide immunizations were carried out for all 4 

boosters, while the gp120 and PBS immunizations were halted after the 3
rd

 booster, as 

anti-gp120 serum Ab levels were high enough to proceed.  
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Briefly, 4 groups of each animal species were immunized.  The first group received mock 

immunizations of straight phosphate buffered saline and Freund’s adjuvant.  The second 

group was immunized with whole recombinant gp120 (strain IIIB) in PBS plus adjuvant.  

The third group of animals received immunizations of avidin-linked biotinylated Nterm 

peptide in PBS plus adjuvant.  The fourth group received immunizations of avidin-linked 

biotinylated Scrambled peptide plus adjuvant.  When immunized, animals were washed 

with disinfectant at the site of injection, swabbed with alcohol, and then injected 

subcutaneously.  The immunization timeline was as shown in Table 6 below. 

Table 6. Animal immunization timeline for all three species. 

Day Immunization Sample collection 

0  Pre-bleed for baseline 

1 1
st
 immunization  

21 1
st
 booster  

28  Trial bleed 

35 2
nd

 booster  

42  Trial bleed 

49 3
rd

 booster  

56  Trial bleed 

63 4
th

 booster  

70  Exsanguinations 

 

 

4.2.8.4 Sample collection 

The Day 0 bleed consisted of the collection of a small volume of blood for baseline 

serum Ab levels.  Trial bleed sera were collected in BD Microtainer Tubes( (gold top, 

containing clot activators and gel for serum separation, BD, Franklin Lakes, NJ) and Ab 

levels were measured by gp120 ELISAs to determine whether or not the subsequent 

immunizations were required.  Area-numbing EMLA cream was applied to ear 20-30 

minutes prior to bleeding via ear artery (rabbits).  The mice and guinea pigs were bled via 

the saphenous vein (no anesthetics were required).  
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The terminal bleed took place at day 70 for peptide-immunized animals, and at day 58 for 

PBS and gp120-immunized animals (as determined by Day 58 trial bleed gp120 ELISA 

results).  The final sample-taking was an exsanguination by cardiac puncture while 

animals were unconscious under general anesthetic (Isofluorane 2.5-5% with oxygen as 

carrier gas at 0.3-0.5 L/ml). 

 

Once collected, the sera were filtered through a 220 nm sized filter and analyzed via 

ELISA to test Ab levels and gp120 binding (Section 4.2.6.iv) and in infection 

neutralization assays (Sections 4.2.14 and 4.2.15).  Both pseudovirus neutralizations and 

PBMC neutralizations were tested, as these two assays do not always give the same 

results (591). 

 

4.2.8.5 Serum inactivation  

Animal sera were heat inactivated by incubating at 56°C for 1 hour. 

 

4.2.8.6 Serum IgG purification 

The animal serum IgG was purified on a 1ml Pierce HyTrap protein G column.  The 

column was washed with 10 times the column volume (10 ml) PBS.  Three ml of sample 

was added to the column.  The column was washed with 5 ml of PBS, and then sample 

was eluted from the column using Glycine buffer, pH 3.3.  The samples were neutralized 

with 1.5 M Tris HCl and were immediately desalted on columns (Pierce, Rockford, USA) 

and quantified. 
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Measuring concentration of IgG  

The IgG was quantified using a BCA Protein Assay Kit quantification kit (Novagen, 

Germany), as directed. 

 

4.2.8.7 Serum adsorption 

The rabbit sera were adsorbed against the same PBMC that were used in the infection 

studies.  The sera were added at a 500µl volume to 500,000 PBMC at a concentration of 

2x10
6
 cells/ml in complete media and the mixture was incubated for 45 minutes at 37°C 

and 5.0 CO2.  Cells were spun down and the serum supernatant was recovered. 

 

4.2.9 Pseudovirus infection/neutralization assays 

All pseudovirus assays were carried out at the Laboratory of Immune Measurements at 

the Duke Human Vaccines Institute of Duke University in collaboration with and under 

the supervision of David C. Montefiori.  The Laboratory of Immune Measurements is the 

premiere lab in the world for performing the pseudovirus neutralization assay from past 

and current clinical vaccine trials (588).  

 

4.2.9.1 Cell and pseudovirus preparations 

Cells 

Infectivity with Env-pseudotyped viruses was measured by luciferase reporter gene 

expression in TZM-bl cells. TZM-bl are adherent cells, and were maintained in T-75 

culture flasks in Complete Growth Media (GM).  For cell-splitting and preparation for 
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infection, monolayers were disrupted using Trypsin-EDTA (Invitrogen, Burlington, 

Ontario).  Briefly, media was removed from cell layer, and monolayer was rinsed 3 times 

with sterile PBS.  Each flask received 2.5 ml of 0.25% Trypsin EDTA and was incubated 

at room temperature for 30-45 seconds.  The trypsin was decanted, and the flask was 

incubated for another 4 minutes at 37°C.  Ten ml of GM was used to resuspend cells, 

which were counted by trypan blue exclusion.  Cells were used to seed a new T-75 flask 

at 10
6
 cells in 15 ml complete growth media.  The flasks were incubated at 37°C in 5% 

CO2/95% air. Splitting was performed every 3 days.  

  

Viruses 

Pseudoviruses were grown up in 293T/17 cells.  Supernatants were obtained for stocks by 

low-speed centrifugation and filtration (0.45 micron).  Stocks were stored at -80°C in GM 

with 20% FBS.  

 

Pseudovirus TCID50 

A 2.5-times background relative light unit (RLU) was employed when determining 

positive infection in TCID50 assays.  The standard inoculum utilized in order to curtail 

any virus-induced cytopathicity was 200 TCID50.  This inoculum still allowed for a 

detection of a 2 fold reduction in infectivity. 

 

4.2.9.2 Pseudovirus neutralization assay 

Unless otherwise noted, all incubations occurred at 37°C with 5% CO2.  This assay 

measures neutralization Ab titers in the range of 1:20 to 1:43,740. 
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Infections were carried out on 96-well flat-bottom culture plates (Costar, Nepean, ON). 

One column on each plate was used for cell-only control, one column for cells + virus 

only.  The first dilution of inhibitor (11 µl of animal serum) was added in duplicate across 

row H on the plate to wells containing 140 µl of GM.  Fifty µl was removed from row H 

and transferred to row G (a 3-fold dilution).  The dilutions were carried out up to row A. 

Pre-immune sera was used as a negative control and IgG1 b12 was used as a positive 

control.  The virus was thawed in a waterbath at ambient room temperature then diluted 

in GM to a concentration of 4,000 TCID50/ml.  Each well receives 50 µl virus.  TZM-bl 

cells were trypsinized and resuspended in GM containing 37.5 µg/ml DEAE dextran 

(Sigma, Oakville, Ontario) at a density of 1x10
5
 cells/ml.  Each well received 100 µl of 

cell suspension so that the final concentration of DEAE dextran is 15 µg/ml.  Plates were 

covered and incubated for 2 days. 

 

After 48 hours, 150 µl of culture medium was removed from each well, leaving 100 µl. 

Britelite Reagent was added at 100 µl to each well.  Plates were incubated at room 

temperature for 2 minutes to allow cell lysis and mixed by pipetting up and down twice 

and transfer 150 µl to a corresponding 96-well black plate (Costar, Nepean, Ontario).  

Plates were read immediately in a Model Victor2 Luminometer (PerkinElmer Life 

Sciences, Waltham, MS).  Percent neutralization was determined by calculating the 

difference in average RLU between test wells (cells + animal serum sample + virus) and 

cell only control wells divided by the difference in average RLU between virus control 

(cell + virus) and cells only control, subtracting from 1 and multiplying by 100.  
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1 – (test wells–cells only wells) / (cells plus virus wells–cells only wells) x 100 = % Neutralization 

  

Neutralizing Ab titers were tabulated as the reciprocal of the serum dilution required to 

reduce RLU by 50%. 

 

4.2.10 PBMC-based neutralization assay 

4.2.10.1 Ficoll separation of PBMC from whole blood 

Peripheral blood mononuclear cell infection assay samples were collected from donors in 

Winnipeg.  Blood was collected by venipuncture into vacutainers containing anti-

coagulant. Tubes were centrifuged for 7 minutes at 514xg and serum layer was removed. 

Blood was diluted with PBS to 2 times starting volume.  In 50 ml tubes, 12 ml ficoll 

(Invitrogen, Burlington, Ontario) was added and up to 25 ml diluted blood was carefully 

layered on top.  Tubes were centrifuged with the brakes off at 400xg for 25 minutes to 

separate lymph cells.  White cell layer was carefully collected with transfer pipettes into 

fresh 50 ml tube, and diluted to 40 ml with sterile PBS/2% FCS.  Lymphocytes were 

centrifuged at 600xg for 10 minutes.  Supernatant was poured off and cell pellet was 

resuspended and washed with 25 ml R-10 culture media.  Cells were centrifuged at 400xg 

for 10 minutes and were resuspended in culture media to 5x10
6
 cells/ml.  Cell counts 

were done using a haemocytometer and trypan blue exclusion.  

 

4.2.10.2 Phytohemagglutanin (PHA) stimulation of PBMC 

PBMC were spun down (10 minutes, 400xg) and resuspended at 2x10
6
 cells/ml in culture 

media with 5 µg/ml PHA (Sigma, Oakville, Ontario).  Cells were cultured for 72 hours in 
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37°C incubator (50% humidity, 5% CO2) in vented T-75 or T-25 flasks (Costar, Nepean, 

Ontario). 

 

4.2.10.3 Generation of viral stocks for PBMC assay 

PBMC were isolated from Winnipeg donors using the ficoll procedure.  Cells were PHA 

stimulated in T-75 flask for 72 hours with 5 µg/ml PHA.  PBMC were washed twice with 

culture media, counted and return to flask at 2x10
7
 cells/ml in supplemented media 

containing 10u/ml recombinant IL-2 and polybrene.  Cells were taken to the Level 3 

laboratory. 

 

In the Level 3 laboratory, day 14 viral stock preparations were used to give an MOI of at 

least 2 and cells plus virus were incubated for 2 hr at 37°C.  Supplemented media was 

added to dilute the cells to 4x10
6
 cells/ml.  Flasks were incubated overnight at 37°C, then 

without disturbing cells, ! of the media was removed and replaced with fresh complete 

media to 2x10
6
 cells/ml.  A 1 ml aliquot was removed for p24 ELISAs.  The culture was 

incubated for 3 days at 37°C. 

 

On day 7 the supernatants were collected and centrifuged at 514xg for 10 minutes and 

separated into 1 ml aliquots.  Aliquots of supernatant were frozen at –80°C. 

Supplemented media was added back to cells and they were cultured for another 7 days. 

Supernatants were collected and stored in 1ml aliquots for re-infection.  Stocks were 

titered by p24 ELISA after they were frozen for 24 hours. 
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4.2.10.4 Tissue culture infectious dose (TCID50) assay 

Level 2 Laboratory 

Local donor PBMC were isolated and stimulated with 5 µg/ml PHA.  At the end of three 

days, cells were spun down at 400xg for 10 minutes, washed once with 40 ml complete 

media (re-spin at 400xg, 10 minutes), and viable cells were enumerated by 

haemocytometer and trypan blue exclusion.  Only cell cultures that maintained 80% 

viability from date of isolation were used for TCID50 infection assays.  Cells were 

brought up to 2x10
6
 cells/ml in complete media.  

 

On a 96-well microtiter plate (12 columns, 8 rows), 150 µl complete media was added to 

all columns (less rows 1 and 2 – p24 standard) except for column 2 and virus only control 

wells.  Column 2 received 135 µl complete media (less rows 1 and 2).  Plates were 

transferred to the level 3 Laboratory for virus dilutions and addition of PBMC. 

 

Level 3 Laboratory 

Viral stocks were thawed and 65 µl virus was added to column 2 wells (less rows 1 and 

2).  Wells were mixed by pipetting and 50 µl was transferred to column 3 (a 1:4 dilution).  

Dilutions were continued across the plates (1:4, 1:16, 1:64, 1:256 and so on to 

1:419,430).  Each dilution was therefore done in sextuplicates. Fifty µl of virus was 

added to virus alone control wells (1:4 dilution).  Cells were added to the entire 96-well 

microtiter plate, minus the wells that were used as virus only control wells, the p24 

standard curve wells, and the blank wells.  Cells were added at 100,000 cells per well in 
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50 µl complete media.  Only one viral stock and one donor PBMC were tested on a single 

plate. Plates were incubated at 37°C for 4 hours. 

 

4 hours later, plates were wrapped in parafilm and centrifuged at 330xg for 5 minutes. 

Supernatants were removed (150 µl), discarded, and replaced with complete media. 

Plates were resealed and spun again at 330xg for 5 minutes.  One hundred and fifty ul of 

supernatant was removed and replaced with complete media.  Plates were incubated at 

37°C for 3 days. 

 

On day 3, 100 µl of supernatants were removed and transferred to non-sterile 96-well 

plates containing 10% Triton-X.  One hundred µl complete media was added back and 

culture plates were incubated for another 3 days.  The plates containing the supernatants 

plus Triton-X were sealed and frozen at -70°C for at least 2 hours, until removal for p24 

ELISA testing. 

 

On days 6, 10, and 14, the methods were repeated as on day 3, but on day 14 the cultures 

were discarded in 50% bleach. 

 

4.2.10.5 Virus calculations 

The amount of virus used for subsequent PBMC neutralizations was calculated by the 

TCID50 experiments. The TCID50 was calculated by assessing the number of positive 

replicates at each dilution. Then “h” is calculated, where h is the interpolated log10 value 
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of a dilution step. The h value is added to the dilution value at the step above 50% growth 

(by number of positive replicates), where  

 

h =                 (% infected wells at dilution above 50% infected) – 50%  

       (% infected wells at dilution above 50%)-(% infected wells at dilution below 50%) 

 

 

The multiplicity of infection (MOI) for subsequent infections was calculated by 

multiplying the desired MOI by the TCID50 and dividing by the number of target cells 

per well.  This gives the volume of virus required for each well. 

 

4.2.10.6 PBMC infection/neutralization assay 

4.2.10.6.1 Cell viability with treatment 

Cell viability to infection and treatment was done to assess the toxicity of the rabbit 

serum against PBMC in conjunction with 12 day in vitro HIV infection.  As below in 

4.2.15.ii, PBMC to be infected were incubated with serially diluted (1:4 dilutions) heat-

inactivated, sterile-filtered, pre-adsorbed, or IgG-purified serum at 37°C for 1 hour before 

addition of IIIB test virus.  These assays were set up in triplicate.  After 12 days of 

infection and three harvest points on Days 3, 7, and 12, the leftover cells for each test 

were combined and diluted 1:2 with trypan blue.  The cells were applied to a 

haemocytometer and counted under 40X magnification.  Dead blue cells were counted as 

well as viable clear cells in one entire 5x5 grid on the haemocytometer.  Viability was 

measured as 100 – (dead cells) / (total cells in field) x 100 = % viability.  All cell viability 

determination was performed in the level 3 laboratory. 
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4.2.10.6.2 Infections and neutralizations 

Infection/neutralization assays were carried out in PHA-stimulated PBMC on 96-well 

culture plates in a level 3 laboratory at the University of Manitoba.  Final volumes in 

each well were 100 µl virus, 50 µl PBMC, and 50 µl test material (200 µl total).  Control 

wells contained virus alone, cells alone, or cells plus virus without inhibitor; the rest of 

the volume was made up with complete media.  Stimulated cells were harvested from 

flasks and spun down at 400xg for 5 minutes.  Supernatants were poured off and cells 

were reconstituted in complete media and counted.  Donor cells were brought up to 2x10
6
 

cells/ml. 

 

Test samples were added to appropriate wells of a 96-well dilution plate (BD Falcon, 

Franklin Lakes, NJ).  Animal serum concentrations tested were 1/200, 1/800 and 1/3200. 

IgG1 b12 concentrations were 4, 1, and 0.25 µg/ml. Infections were performed in 

triplicate.  Once inhibitors were diluted, the plates were taken into the Level 3 lab for 

addition of virus.  Virus was added at 100 µl/well in complete media and the inhibitors 

plus virus were incubated for 30 minutes at 37°C.  After 30 minutes, 100,000 cells were 

added per well and plates were incubated for 4 hours at 37°C.  

 

The PBMC were then washed by spinning down the plates at 330xg for 5 minutes, 

pipetting out 150 µl of complete media, replacing it, spinning down the plates at 330xg 

for another 5 minutes, then removing 150 µl media and replacing it again. 
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Cultures were incubated for 3 days.  New 96-well non-sterile plates were labeled and 15 

µl of 10% Triton X-100 was added to each well.  One hundred µl of supernatant was 

harvested from each plate into Triton-X and plates were frozen at -70°C before being 

removed to the level 2 laboratory for p24 ELISA. 

 

Fresh complete media (100 µl) was added back to each well and plates were incubated at 

37°C for another 3 days.  Day 6 culture supernatants were collected and frozen in Triton-

X as above for p24 ELISAs.  Supernatant harvesting was repeated at days 10 and 14, and 

at the latter cultures were discarded in 50% bleach. P24 assays to detect viral growth 

were performed as described. 

 

4.3 Data analyses 

Mass spectrometry 

Visualization/analysis of Spectra 

All spectra generated were viewed, labeled, and analyzed on m/z software (Genomic 

Solutions, http://bioinformatics.genomicsolutions.com/MoverZDL.html).  

 

Prediction of enzyme digestion patterns 

Theoretical digestion patterns of gp120 MN and IIIB by trypsin and Glu-C 

endopeptidases were generated using PeptideCutter software at 

http://www.expasy.org/tools/peptidecutter/. 

 

Sonar MS/MS 
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Sonar MS/MS was employed in order to match the ion spectra obtained from MS/MS to 

the NCBI protein database.  The Sonar MS/MS search engine was utilized, as it matches 

individual peptides sequenced to full-length proteins (592). 

 

ELISA analysis 

All ELISA plates were read, and p24 standard curves and p24 values were calculated on 

Softmax Pro software (Molecular Devices, Sunnyvale, CA).  ELISA data were imported 

into Microsoft Excel for data manipulation and analysis, but most data analysis and figure 

generation occurred in GraphPad Prism (GraphPad Software, Inc., San Diego, CA). 

 

Nterm sequence analysis 

In order to determine the sequence and biochemical properties of the Nterm sequences, 

two website were utilized: The Los Alamos Sequence and Immunology database tools 

(http://www.hiv.lanl.gov/content/index), and the ExPASy site (http://br.expasy.org/).  

The biochemical properties of Nterm were determined using the ProtParam tool.  The 

secondary structure of the Nterm peptide was generated using the Protein Structure 

Prediction Server (PSIPRED, http://bioinf.cs.ucl.ac.uk/psipred/).  The hydrophobicity 

plot of the Nterm variants were generated using the ProtScale 

(http://br.expasy.org/tools/protscale.html) Kyte & Doolittle scale (593) and the polarity 

plot using the Grantham scale (594), both using a window size of 3 amino acids. 

 

Where sequence data correlated to neutralization data in the literature, sequence data 

were obtained from the Los Alamos HIV Sequence database.  The sequences were 
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selected from Binley et al, 2004 for neutralization by IgG1 b12 (448).  The neutralization 

data were gathered entirely from the Binley et al. paper.  All data were entered into Excel 

and analysis was performed on GraphPad Prism software. 

 

Neutralization analyses 

Both Pseudovirus Luminometer and p24 ELISA data were collected and manipulated in 

Excel. 
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Section 5.0 Results 

 

5.1 Identification of a binding site for IgG1 b12 on HIV-1 gp120 by MALDI QqTOF 

mass spectrometry epitope excision mapping 

5.1.1 Rationale 

IgG1 b12 is one of the best-studied mAbs.  The b12 epitope has been delineated 

previously by several means.  Originally, b12 was characterized as a CD4-binding site-

specific mAb through ELISA blocking experiments (452).  Alanine-scanning 

mutagenesis follow-up studies further suggested that amino acids 

surrounding/overlapping those involved in CD4-gp120 interactions were involved in b12-

gp120 interactions.  Utilizing the x-ray crystallography-generated structures of both the 

IgG1 b12 and gp120 core molecules, a computer 3D protein modeling program, further 

mutagenesis studies (468), and co-crystallizaion of b12 with gp120 confirmed earlier 

results (163).  While all methods previously employed to define the b12 epitope are valid, 

the epitope excision method of epitope mapping is a more direct method of characterizing 

binding interfaces.  Thus, epitope excision was performed on b12, KZ52 (an IgG1 control 

mAb), and b6, a CD4 binding site-specific non-neutralizing mAb cloned from the same 

individual as b12, in an attempt to further our understanding of the composition of the 

neutralizing b12 epitope. 

 

5.1.2 Hypothesis 

Direct epitope mapping of IgG1 b12 to gp120 will reveal a binding site at the CD4-

binding site and may reveal new specificities proximal to the CD4BS. 



 90 

5.1.3 Objectives 

i. To determine the epitope for b12 on HIV-1 B clade recombinant gp120 using a 

relatively new technique, epitope excision mass spectrometry. 

ii. To confirm the discovered epitope by tandem mass spectrometry sequencing. 

iii. To compare the epitope mapping results of b12 to the non-neutralizing mAb b6, 

which has similar origins but different biological functions from IgG1 b12. 

 

5.1.4 Study Outline 

For initial mapping experiments, IgG1 b12, b6, and KZ52 mAbs were covalently linked 

to carrier beads and incubated with whole, recombinant IIIB and/or MN gp120. 

Endopeptidases digested the unprotected (i.e. unbound) sites on gp120, which were 

removed via washing.  The remaining epitope/Ab-bound beads were subjected to MALDI 

mass spectrometry.  Putative epitope sequences were identified from the resulting peaks.  

Sequencing was performed by incubating monomeric gp120 with trypsin and selecting 

the previously identified peak sizes for MS/MS sequencing.  

 

5.1.5 Epitope excision mass spectrometry of IgG1 b12 identifies specific binding 

sequences of gp120 

It has been previously demonstrated that IgG1 b12 binds to the CD4 binding-site on HIV-

1 gp120.  The goal was to confirm previous findings via mass spectrometry (MS) epitope 

mapping, and perhaps identify new binding determinants.  MS had not yet been used to 

epitope map IgG1 b12.  The technique used was epitope excision, or a protection assay, 

as the fragments bound to Abs are protected from digestion and subsequent washing 
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steps.  Being highly glycosylated, the mAbs are relatively resistant to endopeptidases and 

remain intact and linked to the Sepharose beads during the digests.  An entire list of the 

MS experiments is represented in Table 7.  All x axes terminate near 2400 m/z, as there 

were no usable data generated beyond that point, and to facilitate data visulalization.  

 

The b12 epitope excision assay using soluble IIIB gp120 and Glu-C endopeptidase 

identified three specific peptic fragment peaks that represent peptides bound by b12 at 

mass-to-charge (m/z) ratios of 1806, 1866 and 2096 (Figure 4a; peak m/z are rounded off 

for results and discussion).  The same three peaks were observed when the experiment 

was repeated with b12 and MN gp120 (Figure 4c; 1806, 1866, and 2096).  As expected, 

the negative control mAb IgG1 KZ52 experiment, when incubated with MN gp120 and 

digested with Glu-C, generated no peaks at all (Figure 4e). These data show that b12 

bound 3 peptide fragments of 1806, 1866, and 2096 Da. 

 

When b12 was incubated with IIIB gp120 and digested with trypsin endopeptidase, a 

peak appeared at 1608 Da (Figure 4b).  When incubated with MN gp120, b12 pulled out 

two fragments represented by peaks at 1356 Da and 1608 Da (Figure 4d).  Figure 4f 

shows the results of KZ52 incubation with MN followed by trypsin digest.  No peaks 

were observed in the KZ52 experiment.  
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Table 7. MS tests performed, their results, and corresponding figures. 

Ab IgG1 
Gp120 

antigen 
Enzyme Test Resulting peaks Figure 

Glu-C 1806, 1866, 2096 4a 
IIIB 

Trypsin 1608 4b 

Glu-C 1806, 1866, 2096 4c 
MN 

Trypsin 1356, 1608 4d 

Glu-C No specific peaks 5a 

b12 

- 
Trypsin No specific peaks 5b 

Glu-C 1806, 1866, 2096 13a 
MN 

Trypsin 1356, 1608 13b 

Glu-C No specific peaks 13c 
b6 

- 
Trypsin No specific peaks 13d 

Glu-C No specific peaks 4e 
MN 

Trypsin No specific peaks 4f 

Glu-C No specific peaks 5c 
KZ52 

- 
Trypsin 

MS 

No specific peaks 5d 

Trypsin  
a/b/y ion spectra of 1806, 1866, 

and 2096 
9 

IIIB 

Glu-C 

MS/MS 
a/b/y ion spectra of 1356 and 

1608 
9, 10, 11 

Glu-C Autodigest peaks (background) 6a 

- 

- 
Trypsin 

MS 
Autodigest peaks (background) 6b 
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Figure 4. IgG1 b12 and KZ52 MALDI mass spectrometry epitope mapping spectra. b12 

and KZ52 control were linked to sepharose beads and gp120 antigen was incubated with 

Ab-bound beads. Mixtures were digested and unbound fragments were washed away. 

Spectra a and b represent the gp120 IIIB antigen plus b12, spectra c and d represent 

gp120 MN with b12 and spectra e and f represent the mapping of gp120 MN to KZ52. 

The spectra on the left (a, c, and e) represent mixtures digested with Glu-C endopeptidase 

and the spectra on the right (b, d, and f) represent mixtures digested with trypsin. Specific 

peaks are labelled in Daltons. m/z is the mass-to-charge ratio and the y axes indicate the 

signal intensity of detectable ions. These data are single analyses represenatative of 3 

independent experiments. 
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To show that the mAb alone was not responsible for the peaks observed by antigen+Ab 

mixture, antigen-free bead-linked b12 and KZ52 were digested with endopeptidases in 

the absence of antigen.  No peaks matching the gp120 epitope data were observed when 

b12 was digested with Glu-C (Figure 5a) or trypsin (Figure 5b).  KZ52 digestion also 

gave no gp120 specific peaks (Glu-C Figure 5c; trypsin Figure 5d). 

 

Endopeptidase autodigestion peaks were also measured.  The enzyme was incubated at 

37°C in incubation buffer and spotted directly on the MALDI platform. Auto-digested 

Glu-C spectra had no peaks matching the epitope mapping experiments (Figure 6a).  The 

trypsin auto-digest also gave no peaks corresponding to those generated in the epitope 

mapping experiments (Figure 6b). 

 

The IgG1 b12 epitope was mapped by mass spectrometry in both MN and IIIB gp120 and 

using both trypsin and Glu-C endopeptidases.  Each mapping experiment generated the 

same sized gp120 epitope fragments regardless of the gp120 strain that was tested.  The 

identified fragments subsequently underwent analysis to be identified. 

 

5.1.6 Putative amino acid identity of the IgG1 b12 gp120 epitopes identified by MS  

In order to initially determine the identity of mass spectrometry-generated peaks, 

PeptideCutter software was employed to generate theoretical digests of each gp120 IIIB 

and MN with each Glu-C and trypsin.  Based on the in silico digests, the putative epitope 

sequences are shown in Table 8.  Notably, all of the sequences overlap two regions on 

gp120.  
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Figure 5. mAb digestion control spectra.  Ab-bound Sepharose beads were incubated 

with endopeptidase without antigen in order to determine background spectral peaks.  

Figures a and b represent experiments with b12 and Figures c and d represent 

experiments with KZ52.  Spectra on the left (a and c) represent the experiments with Glu-

C endopeptidase; spectra on the right (b and d) are those performed with trypsin. m/z is 

the mass-to-charge ratio and the y axes indicate the signal intensity of detectable ions. 

These data are single analyses represenatative of 2 independent experiments. 
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Figure 6. Endopeptidase autodigestion background spectra. Figure a shows the self-

digestion spectrum of Glu-C.  Figure b shows the self-digestion spectrum of trypsin. Peak 

labels are expressed in Daltons. m/z is the mass-to-charge ratio and the y axes indicate 

the signal intensity of detectable ions. These data are single analyses represenatative of 2 

independent experiments. 
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Table 8.  Putative gp120 sequence identity of the peaks identified by MS using 

theoretical digests.  Matching light and dark grey colours indicate overlapping sequences. 

Ab/Ag endopeptidase peaks sequence 
1806 ATTTLFCASDAKAYDTE 

1866 KLWVTVYYGVPVWKE Glu-C 

2096 TEKLWVTVYYGVPVWKE 
b12/IIIB 

Trp 1608 LWVTVYYGVPVWK 

1806 ATTTLFCASDAKAYDTE 

1866 KLWVTVYYGVPVWKE Glu-C 

2096 TEKLWVTVYYGVPVWKE 

1356 EATTTLFACSDAK 

b12/MN 

Trp 
1608 LWVTVYYGVPVWK 
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The putative epitope is located at the gp120 amino terminus (Figure 7a).  The first 29 

amino acids shown in the gp120 IIIB sequence (Figure 7a; and the first 30 amino acids in 

MN, not shown) are a leader signal sequence, are removed during processing, and are not 

in the final gp120 protein product.  Amino acids previously shown to be involved in b12-

gp120 interactions are highlighted in colour and/or italics (421, 452, 464, 466, 468).  The 

entire putative IgG1 b12 epitope sequence with its enzyme cut sites, 

TEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE, is shown in Figure 7b.  The 

minimal putative epitope, whereby each segment of the epitope was able to maintain 

interaction with b12 upon digestion, consists of the 26 amino acid-long sequence 

LWVTVYYGVPVWKEATTTLFCASDAK, and henceforth is referred to as “Nterm”. 

 

 

5.1.7 Tandem mass spectrometry (MS/MS) identification of the gp120 peptides 

involved in b12 interactions  

The same recombinant gp120 IIIB antigen was digested and examined using the MALDI 

QqTOF platform and the peaks that were previously identified by epitope mapping were 

selected for sequencing by tandem mass spectrometry (MS/MS). We believe this to be 

ideal because (1) there was insufficient material from initial digests to sequence, and (2) 

other gp120 digest-generated differ from our peaks of interest by at least 8 Da.  In 

MS/MS sequencing, the parent ion amino acid backbone can be split into different ion 

fragment types, including a, b, and y, which are utilized for sequence identification with 

the Sonar MS/MS search engine (Figure 8).  The a fragment is generated when a 

sequence is severed between the two carbons of the peptide backbone.  The b fragment is 

generated when the carbon amino terminal to the nitrogen is severed.  The y fragment is 
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Figure 7. The Nterm epitope sequence within the gp120 sequence.  Figure a 

demonstrates the maximal (single underline) and minimal (double underline) epitope 

sequence as identified by MS in the IIIB gp120 sequence (NCBI accession # 

AAK49977).  The coloured and/or italicized amino acids are previously identified 

binding residues for b12 (421, 452, 464, 466, 467).  Figure b delineates the epitope with 

the theoretical endopeptidase cut sites. 
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Figure 8. Fragmentations that can occur along a protein or peptide backbone during 

ionizing MS/MS sequencing experiments. Fragmentation generates a, b, c, x, y, and z 

ions. 
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generated when the carbon proximal to the carboxy terminus from the nitrogen is 

severed.  Therefore, for each individual amino acid, there can be gleened three data 

points of three slightly different sizes.  

 

The spectrum of whole gp120 IIIB digestion with trypsin is shown in Figure 9a. The Glu-

C digestion of gp120 did not give as many detectable peptide fragments, nor were they as 

abundant (Figure 9b).  The trypic peaks at m/z 1356 and 1608 were selected for MS/MS 

sequencing. Figure 10a shows sequence-matched a, b, and y fragments of the 1356 parent 

ion, which are plotted on the 1356 MS/MS spectrum (Figure 10b).  Figure 11a shows the 

ion spectrum and sequence-matched a, b, and y fragments of the 1608 parent ion, which 

are plotted on the 1608 MS/MS spectrum (Figure 11b).  Sequencing of the gp120 

confirmed the tryptic Nterm epitope fragments 1356 and 1608 to the sequence 

LWVTVYYGVPVWKEATTTLFCASDAK.   

 

The MS/MS spectral peak lists and intensities from M/Z were inputed to the Sonar 

MS/MS tool and matching sequences were identified by searching the National Center 

for Biotechnology Information (NCBI) virus-specific database.  The Sonar MS/MS 

search engine matches both parent ions and digested amino acid sequences to published 

protein sequences to identify the protein used for sequencing and the sequence of the 

query.  The 1356 parent ion most significantly matched to the amino acid sequence 

EATTTLFCASDAK, which confirms the sequence predicted by the theoretical digests 

(Table 9). The top match represents 1214 different HIV-1 gp120 sequences in the NCBI 

database, all of which contain the putative epitope sequence.  The other top 4 full 
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Figure 9. Spectra of monomeric gp120 digestion. IIIB gp120 was incubated with the 

trypsin (a) or Glu-C (b) endopeptidase. The final mixture was run on the MALDI QqTOF 

mass spectrometer and resultant peaks were autolabelled using the m/z software. These 

digests were subsequently used for MS/MS tests. Peak labels are expressed in Daltons. 

These data are single analyses represenatative of 2 independent experiments. 
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Figure 10. MS/MS sequencing spectra of the tryptic peak 1356. Monomeric gp120 was 

incubated with trypsin, spotted on the gold plate with DHB, and run on the mass 

spectrometer. Peak 1356 sequenced and the Sonar MS/MS tool identified the gp120 

sequence based on matched a, b, and y ions (in boxes)(a). The matching a, b, and y ions 

are identified on the 1356 MS/MS sequencing spectrum. 

 



 104 

 
Figure 11. MS/MS sequencing spectra of tryptic peak 1608. Monomeric gp120 was 

incubated with trypsin, spotted on the gold plate with DHB, and run on the mass 

spectrometer. Peak 1608 sequenced and the Sonar MS/MS tool identified the gp120 

sequence based on matched a, b, and y ions (in boxes)(a). The matching a, b, and y ions 

are identified on the 1608 MS/MS sequencing spectrum. 
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Table 9. Sonar MS/MS sequence matches for the 1356 MS/MS spectrum 

 

1. The significance value refers to the expect value. This describes the number of chance 

sequences matches one can expect in the current search. All values below 1 are 

considered significant matches, closer to zero is more significant. 

2. The identity of each protein gives the accession numbers, as well as the name. 
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protein identities were to HIV-1 gp120 sequence variants.  The  MS/MS sequencing 

analysis of the 1608 parent ion with the Sonar MS/MS tool identified the gp120 amino 

acid sequence LWVTVYYGVPVWK (Table 10), matching the in silico-identified 

sequence.  Unlike the 1356 parent ion, other non-HIV sequences in the NCBI virus 

database were matched to the 1608 parent ion by Sonar MS/MS, although their 

significance scores were much closer to zero (less likely to occur by chance) than that of 

the gp120 sequence (1.7x10
-7

 vs. >0.19). These secondary matches belong to proteins not 

tested in this system (Yosoke Virus, Middleburg Virus, etc.).  This, in conjunction with 

the low match scores, suggests that they are not the sequence of interest.  

 

5.1.8 Mass spectrometry epitope mapping of IgG1 b6 

When the IgG1 b12 antigen-binding domain (Fab) was originally purified, other gp120-

binding Ab Fabs, including b6, were cloned from the same individual (445, 447).  b6 

binds the CD4BS on gp120 with comparable affinity to b12, but is weakly neutralizing 

(445, 446, 574).  To investigate if the b6 and b12 antigen binding regions have sequence 

identity, the heavy and light chain sequence alignments of b6 and b12 variable regions 

(Fvs) were determined (Figure 12).  The Kalign software alignment shows high similarity 

between the light chains (approximately 78.2% identity) and more diversity at the heavy 

chains (approximately 38.8% identity). Within the antigen-binding complementarity 

determining regions (CDR), the light chain sequences match at 16/28 amino acids 

(57.1%) while the heavy chains match at only 3/45 amino acids (6.7%). Therefore, while 

the lights chains show some homology, the heavy chains are very different, which may 

account for epitope specificity or neutralization differences. One would therefore expect 
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Table 10. Sonar MS/MS sequence matches for the 1608 MS/MS spectrum 

 

1. The significance value refers to the expect value. This describes the number of chance 

sequences matches one can expect in the current search. All values below 1 are 

considered significant matches, closer to zero is more significant. 

2. The identity of each protein gives the accession numbers, as well as the name. 
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Kalign (2.0) alignment in ClustalW format 

Heavy Chains 
 

b6       1     2 
---LEESGGGLVKPGGSLRLSCVGSGFTFSSAWMAWVRQAPGRGLEWVGLIKSKADGETT 
b12 
QVQLVQSGAEVKKPGASVKVSCQASGYRFSNFVIHWVRQAPGQRFEWMGWINPYNGNK-- 
 
 
b6             3 
DYATPVKGRFSISRNNLEDTVYLQMDSLRADDTAVYYCATQKPRYFD-LLSGQYRRVAGA 
b12 
EFSAKFQDRVTFTADTSANTAYMELRSLRSADTAVYYCARVGPYSWDDSPQDNYY----- 
 
 
b6 
FDVWGHGTTVTVSP 
b12 
MDVWGKGTTVIVSS 

 
 

Kalign (2.0) alignment in ClustalW format 
Light Chains 

 
b6         1       2 
E--LTQSPGTLSLSPGERATLSCRAGQSISSNYLAWYQQKPGQAPRLLIYGASNRATGIP 
b12 
EIVLTQSPGTLSLSPGERATFSCRSSHSIRSRRVAWYQHKPGQAPRLVIHGVSNRASGIS 

 
 

b6          3 
DRFSGSGSGTDFTLSISRLEPEDFAVYYCQQYGTSPYTFGQGTQLDIKRT 
b12  
DRFSGSGSGTDFTLTITRVEPEDFALYYCQVYGASSYTFGQGTKLERKRT 

 

Figure 12. Amino acid alignment of IgG1 b6 and b12 light and heavy chain variable 

regions (Fvs). Alignments were performed with the multiple alignment freeware Kalign 

on the EMBL-EBI website (http://www.ebi.ac.uk/ ; freeware 

http://www.ebi.ac.uk/Tools/kalign/index.html). The bolded, numbered sequences are the 

3 antigen-binding complementarity determining regions (CDR) and the unbolded 

sequences are the framework regions (FR) according to (595). 
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that the Nterm sequence would not be recognized by the b6 mAb.   

 

The IgG1 b6 mAb epitope was determined by mass spectrometry epitope mapping.  b6 

was incubated with gp120 MN and digested with either Glu-C or trypsin endopeptidases.  

MS Analysis of the digestion of IgG1 b6-bound gp120 identified the same peaks at m/z 

1806, 1866, and 2096 (Figure 13a) as with the b12 Glu- C assays (Figure 4c).  The 

trypsin digest identified peaks at m/z 1356 and 1608 (Figure 13b), as did the b12 spectra 

with trypsin (Figure 4d).  The epitope mapping of IgG1 b6 by MALDI QqTOF mass 

spectrometry epitope excision demonstrated that b6 binds to the same site on gp120 as 

IgG1 b12, at the amino terminus.  

 

Sequence analysis of the two mAbs shows the differences that exist in their antigen-

binding domains, which may in turn explain their different neutralization capabilities.  

The mass spectrometry results suggest that IgG1 b12 and b6 are both able to bind the 

Nterm sequence of gp120.  This may mean that the Nterm sequence is not involved in 

b12 neutralization of HIV-1.  Further inspection of the binding of both these mAbs to the 

Nterm sequence by ELISA should lend more information to the role that Nterm may play 

in neutralization of HIV-1 by b12.  

 

5.1.9 Summary 

The application of mass spectrometry in epitope mapping is an extremely sensitive and 

useful tool in biologic research.  We employed epitope excision mapping to determine 

aspects of the conformational epitope for IgG1 b12 on HIV-1 gp120.  The results 
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Figure 13. MALDI QqTOF MS epitope excision mapping of IgG1 b6. Figure a shows 

the spectrum from IgG1 b6 incubated with MN gp120 and digested with Glu-C. Figure b 

shows the spectra of the Ab/antigen complex digested with trypsin. IgG1 b6 plus Glu-C 

(c) and trypsin (d) without antigen are also represented. Specific peaks are labelled in 

Daltons. These data represents 2 independent experiments. 
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obtained using 2 strains of HIV-1 gp120 and 2 different endopeptidases confirmed that 

the b12 epitope sequence is LWVTVYYGVPVWKEATTTLFCASDAK at the amino 

terminus of HIV-1 gp120.  The sequence was confirmed by MS/MS.  A novel IgG1 b12 

epitope determinant, Nterm, has been identified. 

 

5.2 Confirmation of the antigenic specificity of IgG1 b12 for the Nterm sequence of 

HIV-1 gp120. 

5.2.1 Rationale 

Mass spectrometry epitope mapping has revealed a binding site for IgG1 b12 at the 

gp120 amino terminus.  This novel finding warrants confirmation by other methods.  One 

caveat to mass spectrometry epitope mapping is that identified epitope sequences cannot 

necessarily be confirmed in other systems, as was the case of the 4E10 MS epitope 

mapping, whereby a synthetic peptide of the identified epitope did not bind 4E10 in 

ELISA (218).  b12 binding to Nterm was confirmed by measuring direct binding to a 

synthetic Nterm peptide by ELISA.  This determined that b12 bound the epitope 

sequence in a peptide format.  Other binding assays were performed to ascertain if the 

b12 binding site on gp120 involves the amino terminus of gp120.  The ability of b6 to 

bind to the Nterm peptide was also determine the specificity of b6 for the same region on 

gp120 as b12. 

 

5.2.2 Hypotheses 

Confirmatory binding assays will confirm the novel amino-terminal binding site for b12 

on gp120.  In other words, that the Nterm epitope peptide based on the MS studies is 
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antigenic.  If the Nterm is involved in b12 neutralization of HIV-1, deletion of the Nterm 

from gp120 should eliminate b12 binding.  B6 will bind Nterm peptide, reflecting its 

weak ability to neutralize HIV-1. 

 

5.2.3 Objectives 

The objective of these assays is to confirm the binding of the Nterm peptide by IgG1 b12. 

ELISA binding assays will also determine the ability of IgG1 KZ52, b6, and other HIV-

specific mAb binding to Nterm.  Competition ELISAs and binding assays with mutant 

gp120 lacking its amino terminus will elucidate the role of the Nterm binding site in b12-

gp120 interactions. 

 

5.2.4 Study Outline 

In order to confirm that the Nterm sequence is a part of the b12 epitope, the 26 amino 

acid-long sequence and a Scrambled control peptide were tested in ELISA binding 

experiments.  Additional ELISA experiments were conducted to examine the binding of 

Nterm peptide by b6 and other described HIV-1-specific mAbs.  b12 was tested for its 

ability to bind HIV-1 gp120 lacking its amino terminus as well and competition ELISAs 

were done to measured the role of Nterm in b12 binding to gp120.  

 

5.2.5. IgG1 b12 binds to the synthetic Nterm peptide 

The Nterm peptide, of the sequence LWVTVYYGVPVWKEATTTLFCASDAK, was 

synthesized with a biotin molecule attached to its amino terminus.  A biotinylated amino 

acid-scrambled version (termed “Scrambled” peptide) with the sequence 
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VWCAPLVYWTSTGELAVDKFVTATYK, was tested in tandem.  Attempts to coat the 

ELISA plates with peptide, then detect for b12 binding, were negative (data not shown), 

so the biotinylated peptides were assayed in a capture ELISA.  Ninety-six-well microtiter 

ELISA plates were coated with b12 or KZ52 and incubated with titrated biotinylated 

peptides.  Figure 14 is representative of two separate experiments performed in triplicate. 

mAb binding to peptide was detected by measuring the biotinylated peptides remaining 

bound to b12 in each well after washing.  b12 bound to the synthetic Nterm peptide 

(Figure 14a).  Peak binding of b12 to Nterm was seen at 1 µg/ml peptide and this binding 

titrated out to 0.031 µg/ml.  The immobilized KZ52 mAb did not bind the Nterm peptide 

in a titratable manner.  These data confirm that the Nterm peptide specifically binds to the 

antigen binding domain on b12.  When b12 binding to Scrambled peptide was tested in 

this same system, no titratable binding was observed (Figure 14b).  Notably, b12 only 

interacted with Nterm peptide at high concentrations of the peptide which may reflect 

low affinity to the peptide epitope.  This is likely reflective of the fact that the Nterm 

sequence is not the only binding region of b12 on gp120; the overall affinity for the intact 

epitope is greater than the affinity for one of its parts.  The negative control mAb did not 

bind the Nterm peptide and b12 did not bind the negative control peptide appreciably 

compared to the Nterm peptide.  This is the first description of b12 binding to the gp120 

Nterm sequence. 

 

To further delineate the manner in which IgG1 b12 interacts with the Nterm sequence, 

the 2 biotinylated peptide halves were constructed.  The halves reflect the two different 

peptides halves identified by MS epitope mapping.  The first half peptide is the sequence 
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Figure 14. Binding confirmation of the Nterm peptide. A synthetic peptide version of the 

Nterm epitope binds to IgG1 b12 and not to KZ52  by indirect ELISA (a).  IgG1 b12 does 

not bind a Scrambled version of the peptide (b) and interacts most strongly with the 

carboxy terminal end of the peptide, when the Nterm epitope peptide expressed as two 

halves (c). Error bars indicated variance about the mean and asterisks identify significant 

binding differences at each dilution of peptide (unpaired T test). Each experiment was 

performed in triplicate and figures represent 2 independent experiments. 
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Biotin-EKLWVTVYYGVPVWKE. Glutamic acid and lysine were added at the 

beginning of the sequence.  It occurs naturally at that site, and was added to the sequence 

to increase the overall solubility of the peptide to facilitate dissolution.  Nonetheless, the 

E-E peptide was still hydrophobic (Grand average of hydropathicity = -0.081, according 

to the Kyte and Doolittle Scale; calculation available at 

http://www.expasy.ch/tools/protparam.html) and both peptides were dissolved in the 

same 5% formic acid solution.  The second half of the epitope is the sequence dBiotin- 

EATTTLFCASDAK.  Both halves were tested for binding by b12 in the same ELISA 

protocol as the whole biotinylated peptides.  b12 bound the second half of the epitope 

sequence much better, and in a dose-dependant manner, compared to the amino-terminal 

half (Figure 14c).  The first half of the sequence, in fact, did not bind b12 at all. 

Interestingly, these results are not in accordance with the initial mass spectrometry results 

where both halves of the gp120 Nterm sequence are bound by IgG1 b12.  

 

To assess if the Nterm peptide structure may affect b12 binding, the Protein Structure 

Prediction Server (PSIPRED, http://bioinf.cs.ucl.ac.uk/psipred/) was used to predict the 

structure of the Nterm peptide and was compared to the Nterm structure determined by 

previous crystallographic studies (169) (Figure 15).  When expressed as a peptide, the 

secondary structure that make up the strands are predicted to be different from the crystal 

structure. 

 

Other gp120-, gp41-specific mAbs were tested for binding to the Nterm peptide.  Again, 

titrated peptide were added to ELISA wells coated with mAbs, and the ability of the mAb 
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Figure 15. Potential Nterm secondary structure based on PSIPRED prediction and crystal 

structure studies (169).  Both structures ascribe coil and strand structures to the Nterm 

sequence. 
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to capture the Nterm peptide compared to b12 capture was determined.  Due to mAb 

availability, Figure 16 represents an experiment performed in triplicate.  The mAb 17b, a 

CD4i Ab that binds and neutralizes HIV-1 upon gp120 ligation to CD4 (439), was unable 

to bind Nterm peptide (Figure 16a).  697-30D, a gp120 V2 loop-binding mAb (529), was 

unable to capture Nterm (Figure 16b).  Compared to binding by b12, 670-30D, an IgG 

mAb specific for the C terminus of gp120 (182, 183, 596), was unable to bind Nterm 

peptide (Figure 16c).  The IgG 4E10 mAb is a gp41 neutralizing mAb that binds to the 

membrane-proximal external region of gp41 (218, 597) and was previously shown to 

bind a sequence overlapping Nterm by MS mapping, but did not bind a peptide similar to 

the one tested here (218).  4E10 also showed no appreciable Nterm peptide binding in 

this system (Figure 16d).  The 19b mAb, a gp120 V3-specific IgG mAb (598) also failed 

to bind to Nterm peptide, although it did show higher background binding at the highest 

concentration of peptide compared to the other tested mAbs (2 µg/ml; Figure 16e).  

While some mAbs had higher background binding to Nterm peptide compared to others, 

none bound to Nterm as well and in a dose-dependant manner as did b12, indicating other 

mAbs are non-specific or interact with Nterm peptide only weakly.  There is therefore a 

specific interaction between b12 and the Nterm peptide. 

 

5.2.6 Confirmation of a role of the Nterm sequence in IgG1 b12–gp120 interactions 

ELISAs were performed to test competitive binding between gp120 and Nterm peptide 

by b12.  ELISA plates were coated with IIIB gp120 and b12 plus Nterm or Scrambled 

peptide were added to the wells.  b12 and gp120 coating concentrations were constant  
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Figure 16. Other HIV-specific mAbs do not bind Nterm peptide compared to IgG1 b12. 

Triplicate ELISA binding assays show mAbs 17b (a), 697-30D (b), 670-30D (c), 4E10 

(d), and 19b (e) binding to Nterm peptide (black lines) compared to b12 binding (grey 

lines). Error bars indicated variance about the mean and asterisks identify significant 

binding differences at each dilution of peptide (unpaired T test). Each experiment was 

performed in triplicate. 
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and the amount of peptide was titrated out from 1 µg/ml.  The Nterm peptide did not 

notably reduce b12 binding to gp120 (Figure 17a).  There was a small decrease in the b12 

binding to gp120 at the higher concentrations of Nterm (1 µg/ml peptide) but this did not 

dilute out as the peptide was diluted.  The Scrambled peptide demonstrated some non-

specific inhibition at the highest dilutions (1 and 0.5 µg/ml peptide).  Both adding the 

peptide plus mAb at the same time and pre-incubating the mAb/peptide together gave the 

same results.  These experiments were performed in triplicate, twice.  This experiment 

shows that b12 binding to Nterm does not inhibit gp120 binding, which either indicates 

that the Nterm is not part of the b12 epitope on gp120, or, more likely, that the binding of 

b12 to its intact conformational epitope gp120 out-competes its interaction with the 

Nterm portion of its epitope alone. 

 

To test the ability of gp120 to block Nterm peptide binding to b12, ELISA plates were 

coated with b12, and constant concentrations of biotinylated Nterm peptide (0.625 µg/ml) 

and titrated gp120 starting at 48 µg/ml were added to the wells at the same time.  Figure 

17b shows that the whole, monomeric gp120 blocks b12 binding to Nterm peptide in a 

dose-dependant manner starting at 48 µg/ml.  This concentration of gp120 reduces Nterm 

binding by b12 to levels (from 0.6 OD to 0.2 OD units) almost as low Scrambled peptide 

background.  At 48 µg/ml, the molecular ratio of gp120:Nterm is over 1:1 (1:1 is at 23.4 

µg/ml gp120).  As gp120 is diluted out, just under 50% reduction in b12 binding to 
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Figure 17. Competition ELISA between gp120 and Nterm peptide for binding by b12.  In 

Figure a, the wells were coated with a gp120. Peptide and IgG1 b12 were added to wells 

together and IgG binding to gp120 was measured. The no peptide bar indicated baseline 

gp120 binding (0.25µg/ml gp120). In Figure b, wells were coated with IgG1 b12 and 

biotinylated peptide was added with gp120. The first set of bars indicates the baseline 

peptide binding levels.  Biotinylated peptide binding was measured.  In both assays, the 

lighter coloured bars indicate Nterm peptide and the darker bars indicate Scrambled 

peptide assays. Error bars indicated variance about the mean and asterisks indicate 

significant inhibition; figures represent results from 2 independent experiments. 
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Nterm is still seen at a 0.1:1 ratio (at 2.34 µg/ml gp120).  The complete inability of gp120 

to inhibit Scrambled peptide binding to b12 suggests that Scrambled peptide background 

binding to b12 is truly non-specific for the b12 antigen-binding domain.  These data 

indicate that gp120 and Nterm bind to the same location on IgG1 b12, in other words, 

they have overlapping paratopes, such that gp120 binding occludes the Nterm binding 

site on b12.  Together, these competition assays show that b12 can interact with gp120 in 

the presence of the Nterm peptide.  It suggests that the binding site on b12 for Nterm is 

blocked by gp120 binding, either through specific or non-specific steric hindrance.  

 

To further elucidate the importance of the Nterm region in b12-gp120 interactions, b12 

binding to gp120 lacking the amino terminus was tested.  DNmCHO gp120 (also referred 

to as "NmCHO, or DeltaNmCHO), a construct of JR-FL gp120 with the amino terminal 

52 amino acids deleted (481), was used to confirm that the gp120 amino terminus is 

involved in the b12 epitope. This was performed with ELISA plates directly coated with 

DNMmCHO or IIIB and with plates coated with anti-gp120 Ab D7342 then the 

DNmCHO or IIIB was captured on the plate.  b12 or KZ52 was titrated on the plate and 

IgG1 binding was detected.  Figure 18a shows that b12 had a reduced ability to bind to 

DNmCHO as compared to IIIB.  While the OD of b12 binding to IIIB reached above 2.0 

units, the binding of DNmCHO by b12 did not reach higher than 0.3 OD.  There was a 

small amount of measurable b12 binding to DNmCHO that was not reflected with the 

KZ52 negative control Ab (0.25 compared to 0.08), but this did not dilute out. The KZ52 

bound neither gp120.  These data indicate that an intact amino terminus on gp120 is 

important for b12 binding to gp120. 
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Figure 18. IgG1 b12 binds poorly to gp120 lacking its amino terminus. ELISA plates 

were coated with DNmCHO or IIIB gp120 and binding by b12 compared to the negative 

control mAb KZ52 was detected (a). b12 binding to DNmCHO and IIIB gp120 was also 

compared to binding by positive control HIV+ human sera to DNmCHO (b). In b, the 2 

µg/ml IgG1 b12 is equivalent to a 1:100 dilution of HIV+ sera (doubling dilutions were 

performed). Error bars are based on experiments done in triplicate; figures represent 

results from 2 independent experiments. 
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To demonstrate that HIV-1 envelope-specific Abs other than b12 were able to bind the 

DNmCHO gp120, despite lacking its amino terminus, DNmCHO was captured on ELISA 

plates by sheep anti-gp120 D7342.  Both lots of DNmCHO are included in the figure (04 

and 05).  Pooled HIV+ sera were incubated on the plates and binding was detected by 

labeled anti-human Ab.  Figure 18b shows that HIV+ sera bound DNmCHO gp120 at 

levels comparable to b12 binding to IIIB.  The lowered ability of b12 to bind DNmCHO 

therefore supports the notion that the amino terminal sequence of gp120 is involved in 

IgG1 b12 recognition of gp120.  

 

The competition assays suggest that b12 binds to Nterm peptide through a region of its 

antigen-binding domain that overlaps its binding surface for whole gp120.  b12 

interaction with the Nterm peptide, however, is not sufficient enough to block b12 

binding to intact gp120.  b12 does display a great reduction in binding to a gp120 

construct that lacks its amino terminal 52 amino acids.  This indicates that there may be a 

role for this region of gp120 in b12-gp120 interactions.  A caveat to these studies is that 

no information is gleaned about the contribution of the Nterm sequence to b12 

neutralization of HIV by binding on the intact envelope trimer. 

 

The data in this section show that b12 is able to bind to a synthetic Nterm peptide 

compared to a Scrambled version of the epitope.  Negative control mAbs did not bind 

Nterm.  Whole, monomeric gp120 blocks Nterm peptide binding by b12, although Nterm 

peptide does not block b12 binding to gp120.  Finally, b12 binds poorly to a gp120 

construct lacking the amino terminus.  Taken together, the data in this section support the 
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hypothesis that the gp120 Nterm sequence is, at least partly, involved in IgG1 b12-gp120 

interactions.  Much of the data of the previous 2 sections of Results are reported in the 

patent CA 2562385. 

 

5.2.7 The IgG1 b6 monoclonal Ab binding to the Nterm peptide 

The result of the IgG1 b6 mass spectrometry epitope mapping experiments showed that 

b6 bound the same epitope as b12, therefore b6 was also tested for binding to biotinylated 

Nterm peptide.  The ELISAs were performed twice in triplicate as in section 5.2.6. 

Briefly, plates were coated with b6 and biotinylated peptides were incubated on the plate 

and detected for capture by b6. The b6 results can be compared to the b12 and KZ52 

results from Figure 14, as these experiments were performed at the same time, on the 

same ELISA plate.  The results are in Figure 19; the grey b12 and KZ52 lines in the 

graph are the same data represented in Figure 14a.  Although b6 bound Nterm peptide 

appreciably better than KZ52, and binding was dose-dependant, the b6 mAb bound 

Nterm peptide at a much lower level compared to b12.  b6 binding to Nterm reached a 

maximum of OD 0.74 units at 1 µg/ml Nterm, compared to the maximum b12 OD >1.75 

units at the same Nterm concentration.  Similar to Figure 14b, b6 was tested for binding 

to the Scrambled peptide (Figure 19, open squares).  b6 does not bind to Scrambled 

peptide compared to the albeit low-level b6 binding to Nterm peptide (0.2 versus 0.74 

maximum OD units, respectively).  ELISA b6-Nterm peptide binding studies suggest that 

IgG1 b6 displays reduced binding to the Nterm peptide when compared to IgG1 b12. 
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Figure 19. IgG1 b6 binds poorly to the Nterm epitope. The binding of IgG1 b6 to 

biotinylated Nterm peptide (closed squares) was measured compared to IgG1 b12 (grey 

triangles) and KZ52 (black Xs) by ELISA. IgG1 b6 binding to Nterm peptide was also 

compared to its binding to the Scrambled peptide (open squares). In both graphs the b12 

and KZ52 results that were displayed earlier in Figure 14 are represented with grey lines. 

All wells were coated with Ab at the same concentration. Error bars indicated variance 

about the mean; this figure represents results from 2 independent experiments. 
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ELISAs were employed to test b6 binding to the amino terminally-truncated gp120 

DNmCHO as described, whereby the DNmCHO was captured in ELISA wells by D7342 

Ab, b6 was added, and binding was measured.  b6 had reduced binding to gp120 lacking 

the amino terminus compared to intact IIIB gp120 (Figure 20a).  As in the case of b12 

binding to DNmCHO (Figure 18a), the binding curve did not dilute out well across the 

mAb dilutions.  This reduction in binding of b6 to DNmCHO compared to IIIB was not 

as drastic as the reduction in b12 binding to DNmCHO, but the binding differences 

between b6 and b12 on DNmCHO, despite being significant, were only 0.1 OD at most 

dilutions (Figure 20b).  These data, together with the data shown in Figure 19, suggest at 

most low level binding of IgG1 b6 to the amino terminus of gp120. 

 

5.2.8. Summary 

The mapping experiments revealed the gp120 amino terminus Nterm sequence is 

involved in b12-gp120 interactions.  To confirm this, b12 binding to biotinylated Nterm 

peptide was tested by ELISA.  b12 bound Nterm peptide compared to a negative control 

mAbs and did not bind a Scrambled peptide, and, when expressed as 2 separated 

peptides, interacted with the carboxy half of Nterm.  Competitive ELISAs showed that 

the Nterm peptide did not interfere with the b12-gp120 binding, but gp120 inhibited 

Nterm binding, indicating a shared binding site on b12.   Further supporting the role for 

Nterm in b12 binding to gp120, b12 bound poorly to truncated gp120 lacking its amino 

terminus.  
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Figure 20. Binding of IgG1 b6 to gp120 lacking the amino terminus. IgG1 b6 binding to 

gp120 DNmCHO, which lacks the amino terminal 52 amino acids of the C1 region. b6 

binding to IIIB and DNmCHO gp120 are plotted with IgG1 KZ52 binding (a). The 

binding of IgG1 b12, b6, and KZ52 to truncated gp120 are compared with an expanded 

x-axis to appreciate the differences in binding to DNmCHO (b). Asterisks indicate 

significant binding differences between b6 and b12 based on paired t tests.  Error bars are 

based on experiments done in triplicate; figures represent results from 3 independent 

experiments.  
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Nterm was also identified by mass spectrometry as the b6 epitope.  Both b6 and b12 are 

CD4BS-specific mAbs, but b6 only weakly neutralizes HIV-1 in vitro (448).  b6 bound 

Nterm peptide weakly compared to b12, suggesting a potential affinity difference 

between the two mAbs for the Nterm peptide.  The two mAbs share some homology in 

their light chain CDR, which may account for some of the specificity overlap.  Like b12, 

but to a lesser degree, b6 had a reduced ability to bind to DNmCHO gp120. Therefore, 

the Nterm binding site on gp120 may play a role in b6 interactions with gp120, but role 

that the Nterm sequence has in their dissimilar neutralization profiles has yet to be 

determined. 

 

This section confirms that IgG1 b12 binds to the Nterm sequence of gp120, thus proving its 

antigenicity.  As b12 is one of the most broadly neutralizing HIV-1 Abs described to date, it 

is important to determine whether or not this Nterm amino acid sequence or peptide could 

make a suitable vaccine candidate by comparing existing data on HIV-1 gp120 sequence 

variations within the Nterm sequence in the context of b12 neutralization profiles.  

 

5.3 Analysis of the Nterm sequence – variation and vaccine suitability. 

5.3.1 Rationale 

Through mass spectrometry and ELISA studies a 26 amino acid-long sequence at the 

amino terminus of gp120 has been identified as being involved in IgG1 b12 binding.  If 

the Nterm sequence is truly involved in b12 neutralization of HIV, it follows that the 

neutralization titres required by b12 to inhibit in vitro infection will correlate with 

sequence variation of Nterm of that tested HIV strain.  For a vaccine candidate to be 
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worthy of study, not only must the epitope be immunogenic (see immunogenicity studies 

in section 5.4), but the sequence should elicit an Ab response that will act against 

evolving gp120 sequences across multiple subtypes and strains found all over the world.  

Therefore, the epitope should be well conserved with respect to its sequence and the 

biochemistry of variants. With a large source of envelope sequence information available 

in the Los Alamos HIV sequence database and a wealth of in vitro b12 neutralization 

studies, these types of analyses are feasible. 

 

5.3.2 Hypotheses 

The in vitro neutralization of various HIV strains by b12 will correlate with the sequence 

variation within the Nterm epitope.  Since b12 is a broadly neutralizing mAb, the 

biochemical properties of Nterm sequence variants will be relatively conserved.           

 

5.3.3 Objectives 

i. To demonstrate through analysis of existing HIV-1 gp120 sequence data and IgG1 b12 

neutralization data that variation in the Nterm sequence correlates with the resistance of 

that HIV-1 strain to b12 neutralization.  

ii. To define the Nterm sequence conservation and variation and subsequent biochemical 

changes that are affected by Nterm variation. 

iii. To investigate if the Nterm sequence would be a suitable candidate for a cross-clade 

protective vaccine (i.e. is well conserved across HIV-1 subtypes). 

 

5.3.4 Study Outline 
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To determine if the HIV gp120 Nterm sequence variation correlates with b12 

neutralization capacity and the nature and number of Nterm sequence variants that exist, 

available Nterm sequences and b12 neutralization data were co-analyzed.  The HIV-1 

sequences were obtained from the Los Alamos HIV Sequence Database or the NCBI 

protein database.  Viruses for which b12 neutralization capacity was tested in the J. 

Binley et al. paper published in the Journal of Virology in December of 2004 were 

selected for the analysis in sections 5.3.5, 5.4.6 and 5.3.7, (448).  This paper detailed the 

neutralization titres of several neutralizing and non-neutralizing mAbs, including b12, 

against multiple subtypes and strains of HIV-1.  This is the largest, most comprehensive 

study of mAb neutralizations to date (in some experiments, >90 HIV strains were tested). 

Analysis was conducted with all clades and was also performed against the subset of 

clade B viruses.  The biochemical properties of the Nterm amino acid sequence and its 

variants were analyzed to determine their chemical nature.  Both the sequence variation at 

Nterm and previously identified b12 binding specificities were studied. For section 5.3.8, 

the analysis was conducted for the entire HIV-1 envelope protein database.  

 

5.3.5 Correlation of the amino acid variation at the Nterm epitope sequence with the 

neutralization titre of IgG1 b12  

The IgG1 b12 mAb has been tested for neutralization of in vitro infection by various 

methods and in various labs.  It has been tested in both PBMC and in cell lines infections, 

in lab-adapted HIV-1 strains as well as primary isolates ((318, 445, 448, 460, 464, 574), 

to list a few).  In order to analyze the wealth of neutralization data for b12 and compare 

them to available sequence data, it is most advantageous to use neutralization data 
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generated by a single laboratory in a single study. Such a study exists.  In 2004, the 

Burton laboratory (Scripps Research Institute, La Jolla, California) published a paper in 

Journal of Virology whereby many (>90) strains of HIV from multiple clades and from 

various origins were tested in a pseudovirus assay (448).  This study represents the most 

comprehensive data set to date.  I therefore compared the Burton sets of analyses to 

determine if sequence variations at the Nterm sequence correlate with neutralization 

sensitivity of a given virus.  Both the b12 titre required to neutralize 50% and 90% of 

viral growth were examined and compared with the number of amino acid variations 

from the Nterm consensus.  Taking into account b12 neutralization titre, the variation at 

the Nterm sequence from the Los Alamos HIV-1 sequence database consensus correlates 

with the 50% neutralization titre (rs=0.04437, p=0.01842; Figure 21a) and with 90% 

neutralization titre (rs=0.3534, p=0.000211; Figure 21b).  This suggests that, especially at 

more stringent neutralization titres, the variation at the Nterm, regardless of subtype, may 

affect the ability of b12 to neutralize that HIV-1 strain. 

 

While b12 does neutralize HIV-1 across clades, it preferentially neutralizes clade B virus.  

Inter-clade amino acid variability is greater than intra-clade amino acid variation (599).  

Taking these two concepts into account, it seems only natural that, across all subtypes, 

variation away from the consensus Nterm sequence, which matches the clade B sequence, 

should correlate with a reduced sensitivity to b12 neutralization.  For this reason, the 

same analysis as above was done for the clade B sequences only.  Table 11 shows the 

50% and 90% neutralization titres in Binley et al. and the sequences of the tested clade B 

viruses.  The table is arranged with the most sensitive viruses at the top.  Only viruses  
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Figure 21. Correlation of IgG1 b12 neutralization with amino acid variation at the Nterm 

sequence for the tested strains across multiple clades (448). Figure a represents the 50% 

neutralization titres (N=41), figure b represents the 90% neutralization data (N=31) 

versus numbers of amino acid variations in Nterm from the consensus. All sequences 

were gathered from the Los Alamos Sequence Database. The rs and p values are 

calculated via Spearman’s rank correlation. 
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Table 11. b12 neutralization concentration and expanded Nterm sequences of all Clade B 

viruses tested against b12 for neutralization in (448). Amino acid variations in the Nterm 

sequence are highlighted in red. 

Seq. 

name  

50% 

conc.
1
 

90% 

conc.
 1
 

Amino acid sequence 

MN 0.003 0.02 TEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

SF162 0.03 0.08 VEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

JRFL 0.09 0.17 VEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

BaL 0.19 0.25 TEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

NL43 0.06 0.28 TEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

IIIB 0.04 0.35 TEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

HT92594 0.17 0.35 VEQLWVTVYYGVPVWKEATTTLFCASDAKAYDRE 

TTQZ458 0.08 0.68 TEQLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

USJRCSF 0.16 1.17 VEKLWVTVYYGVPVWKETTTTLFCASDAKAYDTE 

TT692 0.24 1.56 AENLWVTVYYGVPVWKEATTTLFCASDAKAYETE 

HT92593 0.23 2.81 AENLWVTVYYGVPVWKEATTTLFCASDAKAYETE 

US93073 0.5 5.71 AEKMWVTVYYGVPVWKEATTTLFCASDAKATDTE 

US91056 0.49 6.24 AEQSWVTVYYGVPVWREATTTLFCASDAKAYDTE 

TT515 0.69 6.54 TEQLWVTVYYGVPVWKEATTTLFCASDAKAYDVE 

US44 1.34 7.81 VEQTWVTVYYGVPVWKEANTTLFCASDAKAYNTE 

US5768 1.3 10 ADKLWVTVYYGVPVWKETTTTLFCASDAKAYDTE 

TH93305 1.23 10.75 VEDLWVTVYYGVPVWKAANTTLFCASDAKAYDTE 

FRBX08 0.35 19.47 ADQLWVTVYYGVPVWKDATTTLFCASDAKAYDKE 

BR92021 2.18 21.41 EDKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

US1196 2.69 24.13 EDNLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

US92712 9.22 37.2 AEESWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

BRVLGC2 6.75 50 TENLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

BR92020 27.5 50 KDNLWVTVYYGVPVWKEATTTLFCASDAKAYKAE 

1. Neutralization concentration (µg/ml) of b12 to achieve 50% or 90% neutralization 

of the tested pseudovirus 
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with complete Nterm sequence data and measurable titres (i.e. <50µg/ml neutralization 

titre) are included.  The number of amino acid variations were analyzed for their 

correlation to b12 neutralization titre (Figure 22).  Both the 50% (rs=0.5334, p=0.005289; 

Figure 22a) and 90% neutralization titres (rs=0.2208, p=0.0316; Figure 22b) significantly 

correlated with amino acid variation within the Nterm sequence. 

 

Amino acid variations can impose different modification changes depending on the 

amino acid change.  To help determine the consequences of amino acid variation 

analysis, amino acid physical properties were tabulated (Table 12).  The properties were 

obtained from the ExPASy website (www.expasy.ch/).  The residues are referred to by 

their individual letter abbreviations in column 2. Size, charge, hydrophobicity, and 

polarity of a protein or peptide can all be affected by amino acid variation.  A score based 

on the charge, polarity, hydrophobicity, and size was attributed to amino acid variations 

in order to give weight to the biochemical change associated with amino acid variation. 

The difference between the consensus amino acid and the new amino acid was given a 

score based on a shift in these properties.  Each property was arbitrarily assigned a score 

of 1, meaning a change from a polar amino acid to a non-polar amino acid was given the 

same score as a shift of a small side chain to a bulky one.  Conversely, the change of a 

side chain from one size to an only slightly smaller size was a given score of zero.  Each 

variation was assessed a score.  When the variation score was correlated with the 50% 

and 90% neutralization titres, there was significant correlation in both cases (Figure 23a; 

r
2
=0.1734 and p=0.0481 for 50% neutralization, and 22b r

2
=0.2250 and p=0.0298 for  



 135 

 

Figure 22. Correlation of IgG1 b12 neutralization concentration to clade B HIV strains 

with the number of amino acid variations of the Nterm sequence of that same viral strain. 

Fifty percent neutralization titres are correlated in (a) and ninety percent neutralization 

titre correlations are shown in (b). The data points shown here correspond to the 

sequences represented in Table 11. Only sequences with complete Nterm data and 

measurable neutralization titres (i.e. <50ug/ml) are included. The rs and p values are 

calculated via Spearman’s rank correlation. 
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Table 12. Amino acid characteristics. The information tabulated here was used to 

calculate the nature of amino acid changes along the studied sequences  

Amino 

acid/abbrev 
Group Charge Polarity Hydrophobicity

1
 Size 

Glycine G Aliphatic n/a Nonpolar +/- - 

Alanine A Aliphatic n/a Nonpolar ++ + 

Cysteine C Sulfur-containing n/a Nonpolar +++ + 

Isoleucine I Aliphatic n/a Nonpolar ++++ ++ 

Leucine L Aliphatic n/a Nonpolar ++++ ++ 

Valine V Aliphatic n/a Nonpolar ++++ ++ 

Proline P Cyclic Bend Nonpolar -- +++ 

Methionine M Sulfur-containing n/a Nonpolar ++ +++ 

Phenylalanine F Aromatic n/a Nonpolar +++ ++++ 

Tryptophan W Aromatic n/a Nonpolar -- +++++ 

Tyrosine Y Aromatic/hydroxyl n/a Non/Polar - ++++ 

Serine S Hydroxyl n/a Polar - + 

Threonine T Hydroxyl n/a Polar - + 

Aspartic acid D Acid - Polar --- ++ 

Arginine R Basic + Polar ---- ++ 

Lysine K Basic + Polar ---- ++ 

Glutamic acid E Acid - Polar --- +++ 

Histidine H Basic n/a Polar --- +++ 

Asparagine N Amide n/a Polar --- +++ 

Glutamine Q Amide n/a Polar --- +++ 

1. hydrophobicity was determined from the Kyte and Doolittle scale (593) 
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Figure 23. Correlation of IgG1 b12 neutralization concentration to clade B HIV strains 

with the number of amino acid variations and their score of the Nterm sequence of that 

same viral strain. 50% neutralization titres are correlated in (a) and 90% neutralization 

titre correlations are shown in (b). Only sequences with complete Nterm data and 

measurable neutralization titres (i.e. <50ug/ml) are included. The rs and p values are 

calculated via Spearman rank correlation. 
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90% neutralization).  These data show that amino acid varitaion and the type of variation 

away from the Nterm consensus sequence correlates with the capacity of b12 to 

neutralize that strain.  This indirectly supports the suggestion that the Nterm sequence 

might be involved in the neutralizing epitope of IgG1 b12. 

 

5.3.6 Correlation of amino acid variation at the CD4BS with the neutralization titre 

of IgG1 b12  

In previous epitope mapping studies, the b12 binding site on gp120 was mapped to 

residues overlapping the CD4BS (163, 447, 466).  The sequence variation in the b12 

epitope at the CD4BS, if it is indeed involved in HIV neutralization should, like Nterm, 

correlate with b12 neutralization capacity.  Similar to section 5.3.5., the sensitivity of 

viral strains to neutralization by b12 was correlated to variation at previously identified 

b12 binding sites on gp120 (163, 199, 200, 466).  Unlike the Nterm sequence, the 

previously identified b12 epitope is conformational, therefore two sequence fragments 

with three binding sites total were analyzed for sequence variation (first region – amino 

acids 363-375, the second at amino acids 461-474, according to HxB2 alignment). Their 

location in the gp120 sequence can be seen in Figure 7.  The subtype B strains, sequence 

fragments, and variants are shown in Table 13. The bolded yellow amino acids were 

previously shown to be involved in b12 recognition of gp120 (163, 199, 200, 466).  The 

flanking amino acids to each previously identified amino acid were included in the 

analysis.  The total number of amino acid changes both within the b12 binding sites and 

flanking regions are shown along with the neutralization sensitivity of each viral strain.  
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Table 13. Amino acid sequences implicated in b12-gp120 interactions of subtype B viral 

strains tested for b12 neutralization sensitivity. The amino acids implicated in b12-gp120 

interactions are bolded in yellow. Underlined amino acids are involved in the CD4BS. 

The variations away from the subtype B consensus are indicated in red. 

Strain  50%
1
 90%

1
 

Sequence vs. 

consensus
2
              

QSSGGDPEIVMHS3 

Sequence vs. 

consensus
2
        

DTNDTEIFRPGGGD3 

MN 0.003 0.02 QSSGGDPEIVMHS DTNDTEIFRPGGGD 

SF162 0.03 0.08 QSSGGDPEIVMHS ISNTTEIFRPGGGD 

JRFL 0.09 0.17 HSSGGDPEIVMHS NENGTEIFRPGGGD 

BaL 0.19 0.25 HSSGGDPEIVTHS EDNKTEVFRPGGGD 

NL43 0.06 0.28 QSSGGDPEIVTHS NNNGSEIFRPGGGD 

IIIB 0.04 0.35 QSSGGDPEIVTHS NNNGSEIFRPGGGD 

HT92594 0.17 0.35 QPSGGDPEIVLHS ENNETETFRPGGGD 

TTQZ458 0.08 0.68 QSSGGDPEIVMHS GXNGTEIFRPGGGD 

USJRCSF 0.16 1.17 HSSGGDPEIVMHS NESEIEIFRPGGGD 

TT692 0.24 1.56 QSSGGDPEIVMHS VNGTRETFRPGGGD 

HT92593 0.23 2.81 PSSGGDPEIVMHS XTNGTEIFRPGGGD  

US93073 0.5 5.71 HSSGGDPEIVMHS NDNDTEIFRPGGGD 

US91056 0.49 6.24 QSSGGDPEIVMHS NTNGTEIFRPGGGD 

TT515 0.69 6.54 QSSGGDVEIVMHS GTNETETFRPGGGN 

US44 1.34 7.81 NSSGGDPEIVMHT NDNQTEIFRPVGGD 

US5768 1.3 10 QSSGGDPEIEMHS SNTSEEVFRPGGGN 

TH93305 1.23 10.75 QSSGGDPEIVMHS NGTANETFRPGGGD 

FRBX08 0.35 19.47 QSSGGDPEIVMHS SSSGKEIFRPGGGD 

BR92021 2.18 21.41 HSSGGDPEIVMHS NNSTXETFRPGGGD 

US1196 2.69 24.13 RSSGGDPEIVTHS XXTXTEIFRPGGGD 

US92712 9.22 37.2 QSSGGDPEIMTLM SENETEIFRPGGGD 

BR92020 27.5 50 PPSGGDPEIVFHS EMNTTEIFRPGGGD 

1. Neutralization concentration (µg/ml) of b12 from Binley, et al (448) 

2. Consensus for subtype B according to the Los Alamos HIV Sequence Database 

3. Underlined amino acids in CD4 binding (156) 

 



 140 

Statistical analysis shows that the 90% (but not the 50%) titres correlate with amino acid 

variation at the previously described b12 binding site.  The SGGDPEIVM sequence 

shows a high level of conservation, while RPGGGD has only a single amino acid change 

in one variant – a glycine to a valine in the strain US44.  Proline 369, which was mapped 

to the b12 binding site in multiple studies also varied in one strain only (TT515).  This 

proline to valine change represents a change from an amino acid that can introduce a 

structural bend to a smaller, highly hydrophobic molecule.  Neither of these single 

changes result in the strain being particularly more or less sensitive to b12 neutralization, 

according to their neutralization titres and placement in the table.  The centre epitope 

sequence, 462TND, has many possible variants across all analyzed sequences, and 

therefore this region may not play as strong a role in neutralization as other binding 

points. 

 

5.3.7 Characterization of the Nterm amino acid sequence and variation in IgG1 b12 

neutralization-tested virus 

To assess if the Nterm sequence or peptide may make a suitable vaccine, analysis of the 

sequence with respect to its crossreactivity to human proteins and physical characteristics 

if variants on a global scale were analyzed.   

 

It has been suggested that so few broadly neutralizing Abs can be found in infected 

patients because they are cross-reactive to self proteins and are eliminated from the 

antibody repertoire.  The cross-reactivity of some HIV-1-neutralizing mAbs has also been 

proposed (516, 517, 600, 601).  Therefore, the Nterm sequence was examined for identity  
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Figure 24. Liner regression correlation of concentration for IgG1 b12 neutralization of 

clade B HIV strains with the number of amino acid variations at the b12 binding site 

sequence. 50% neutralization titres (a; N=21) and 90% neutralization titre (b; N=22) 

correlations were calculated by Spearman’s rank correlation. Only sequences with 

complete b12 binding site sequence data and measurable neutralization titres (i.e. 

<50ug/ml) are included.   
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to human protein sequences by a set of Blast searches through ExPASy (Table 14). In 

order to analyze such a short sequence against the human protein databases Swiss-prot, 

UniProtKB, and TrEMBL, the Expected Value Threshold was raised from the baseline 10 

to 100 (allowing more random matches to occur in the search).  The sequence 

LWVTVYYGVPVWKEATTTLFCASDAK matched only at the sequence 46KEATTTL 

to an intracellular nucleus membrane protein.  Next, the sequence was broken down into 

pentamer motifs, which is the shortest amino acid motif that has been observed while 

maintaining antigenicity, and hence Ab interactions (602).  Because the sequences tested 

are only five amino acids in length, any matches are considered “low similarity” matches 

(603).  Of the twenty-two 5-mers overlapping by one amino acid, six matched human 

protein sequences.  The E values for all the matches were high (>1 is high), but these 

magnitudes reflect a poor match in combination with the short length of the queried 

sequence.  When the analysis was repeated with adjustments for short sequence queries 

(Expect threshold 20,000, word size 2, PAM30 matrix), the Nterm sequence showed only 

low level identity to the highly mutable human Ab variable regions (data not shown). The 

consensus Nterm sequence has no noteworthy cross-reactivity to human proteins. 

 

To assess the global types of amino acid variations seen at the Nterm sequence across all 

HIV-1 clades, Nterm sequences were gathered from the Los Alamos website.  Though 

there are nearly 1000 Nterm sequences in the Los Alamos HIV Sequence Database, a 

subset of 93 sequences (from the Binley et al. 2005 publication) were chosen to facilitate 

analysis. The types of change were determined by the four criteria in Table 12.  The 

substitutions seen in the analyzed Nterm sequences were conservative in nature: 48.8% of 
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Table 14. Blast search results of the Nterm peptide against human proteins. 

Epitope/epitope fragment sequence Top hit E Value
1
 and Blast match  

LWVTVYYGVPVWKEATTTLFCASDAK 26, RRP12-like protein; Weakly 

expressed nucleus membrane protein 

LWVTV No hits found 

WVTVY No hits found 

VTVYY No hits found 

TVYYG No hits found 

VYYGV No hits found 

YYGVP 89, Pumilio homolog 2; RNA-binding 

protein, regulates translation and mRNA 

stability by binding the 3'-UTR of mRNA 

targets 

YGVPV No hits found 

GVPVW 76, cDNA FLJ55508; nuclear envelope 

protein 

VPVWK 62, WDR59; interacts with ligase 

complexes 

PVWKE 64, Rab11 family-interacting protein 2; 

acting in the regulation of the transport of 

vesicles from the endosomal recycling 

compartment to the plasma membrane 

VWKEA No hits found 

WKEAT No hits found 

KEATT No hits found 

EATTT No hits found 

ATTTL No hits found 

TTTLF No hits found 

TTLFC 82, Tumor necrosis factor ligand 

superfamily member 2
2
; Cytokine that 

binds to TNFRSF1A/TNFR1 and 

TNFRSF1B/TNFBR 

TLFCA No hits found 

LFCAS No hits found 

FCASD No hits found 

CASDA No hits found 

ASDAK No hits found 
1
Expect Value Threshold of 100 

2
The sequence match is located within the signal peptide and is not found in the mature 

protein 
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changes were given a score of 0; 41.9% were given a score of 1 compared to 1.2% with a 

score of 3 and 8.1% with a score of 2 (Table 15).  Therefore, variation in the Nterm 

sequence tends toward conservation of the biochemical properties of the individual amino 

acids. 

 

The biochemical properties over the length of the Nterm peptide sequences were 

determined using software from the Expasy website (www.expasy.ch; 

http://www.expasy.ch/tools/protscale.html).  Subtype B only was graphed for ease of 

analysis.  Hydrophobicity was determined using the Kyte & Doolittle scale (Figure 25a) 

(593).  A window of 3 amino acids was used to calculate the hydrophobicity at each 

amino acid to assess the hydrophobicity trends along the epitope, which also means that 

the amino and carboxy termini hydrophobicity values take into account neighbouring 

amino acids outside the minimal expitope, but still within the larger sequence originally 

identified by MS.  Each coloured line indicates a different amino acid sequence.  The 

consensus sequence is in grey in the forefront of all other data lines.  Except for the very 

amino terminus of the sequence, the sequences are hydrophobic in the first third of the 

sequence, then the second third is relatively hydrophilic, and the final third is 

hydrophobic but for the carboxy terminus.  Most of the sequences fall under or near the 

same plotted line as the consensus, especially around the end of the first third and at the 

last third of the sequence.  The variation occurs mainly in the amino terminus and in the 

centre of the sequence.   
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Table 15. Types of amino acid variations in the published Nterm sequences that have 

been tested for neutralization against IgG1 b12 (N = 93; includes all subtypes). 

aa 

changes
1
 

# of times change 

occurs
2
 

type of change
3
 Score

4
 total 

E-D 26 conserved (slightly smaller) 0 

K-R 14 conserved 0 

T-S 1 conserved 0 

V-I 1 conserved 0 

42 

T-D 13 conserved (neg to OH) 1 

T-K 10 conserved (smaller, OH to +) 1 

T-E 7 conserved (larger, to -) 1 

T-N 3 conserved (larger) 1 

L-M 2 conserved (slightly larger) 1 

K-T 1 conserved (neg to OH) 1 

36 

L-S 3 nonp-pol, hydrophob-phil 2 

A-T 2 nonp-pol, hydrophob-phil 2 

E-A 1 pol-nonp, hydrophil-phob, 

smaller 

2 

L-T 1 nonp-pol, hydrophob-phil 2 

7 

L-K 1 Neut-+, nonp-pol, hydrophil-phob 3 1 

1. aa subs = amino acid changes that occur within the Nterm sequences available at the 

Los Alamos 

2. number of times each amino acid change occurs within the available sequences 

3. the amino acid changes can be referred back to Table 11 earlier in this section: neg = 

negative, OH = hydroxy group, nonp = nonpolar, pol = polar, hydrophob and phob = 

hydrophobic, hydrophil and phil = hydrophilic, neut = neutral. + = positively charged, - = 

negatively charged 

4. the score is based upon the number of amino acid characteristics that are altered upon 

the amino acid change, based on Table 12 
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Figure 25. Biochemical properties of the Clade B Nterm sequence and sequence variants 

that have been tested for neutralization against IgG1 b12. Plotted are the hydrophobicity 

(a), polarity (b), and charge (c) of the amino acids along the Nterm sequence. (a) and (b) 

were analysed using a window of 3 amino acids. All tests were performed at the ExPASy 

website. Where necessary, the flanking amino acids were included in the analysis. The 

consensus sequence is in grey. 
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The polarity along the Nterm Clade B sequences was plotted using the Zimmerman scale, 

and the sliding 3 amino acid window (Figure 25b) (604).  Like the hydrophobicity plot, 

the majority of sequences follow at or near the polarity pattern of the consensus 

sequence.  Not surprising, since non-polar molecules tend to be hydrophobic (Table 12), 

the shape of the polarity graph is nearly a mirror image of the hydrophobicity plot.  As 

with the hydrophobicity plot, only a small amount of variation exists at the amino 

terminus and the middle of the Nterm sequence. 

 

The least variant of the three biochemical properties along the subtype B sequences is the 

charge (Figure 25c).  The charge is invariant but for the sequence TH93305. TH93305 

has a glutamic acid to alanine substitution at the center of the sequence (the sequence can 

be seen in Table 11).  This substitution also accounts for the hydrophobicity and polarity 

skewing of that sequence from the consensus visible in Figures 25a and b. Thus, the 

subtype B Nterm sequence is well conserved, both by amino acid sequence, and also by 

the biochemical properties of the variants. 

 

5.3.8 Amino acid sequence conservation at the Nterm in available HIV-1 sequences 

Our hypothesis is that the Nterm region is involved in IgG1 b12 binding to gp120 and 

may contribute to the potent cross-clade neutralization exhibited by b12.  If this region is 

to be considered as a globally relevant vaccine candidate, the Nterm epitope sequence 

should be represented across all the major HIV-1 subtypes with very few amino acid 

variations.  Thus, to examine this, analysis of all available gp120 Nterm sequences at the 
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Los Alamos HIV Sequence Database (http://hiv-web.lanl.gov/content/index) was 

performed.  

 

Variation at each amino acid position along the Nterm epitope sequence of all Nterm 

sequences at Los Alamos shows the static nature of most of the sequence (Figure 26a).  

Compared to the entire C1 at approximately 84%, the amino acid conservation at Nterm 

was 92.4%.  Across the 26 amino acids examined, only 5 residues occured at less than 

90% frequency in the 977 sequences tested.  The three residues with the lowest 

conservation were K46 (68.7%), E47 (65.0%) and T49 (36.0%).  Overall, the variation in 

the Nterm was 8%, which is drastically lower than the average intraclade gp120 variation 

of 30% (185).  The 26 amino acids surrounding a sequence of amino acids in the gp120 

C3 region shown to be involved in both CD4 binding and b12 binding (Q368 to Q393, 

Table 13 and Figure 7) were more variant (18.1%; Figure 26b).  Twelve of the 26 CD4BS 

epitope amino acids were less than 90% conserved (versus 5/26 Nterm).  The overall 

conservation of this CD4BS region was 81.9%.  While still higher than the average gp120 

conservation of 70% across HIV-1 clades, the Nterm sequence showed a higher level of 

conservation. 

 

To target an antigenic region of a variable protein across multiple clades may require the 

inclusion of peptides reflecting the sequences of more than one clade.  Therefore, the 

most common Nterm sequence amino acids variants across clades were determined.  The 

fewer the variants, the better coverage of HIV-1 sequences would be acheived.  The 

Nterm sequence, while 92% conserved across clades, does have some amino acids that  
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Figure 26. Conservation of amino acid sequences in gp120 Nterm (amino acid positions 

34-62) and the b12 binding site/CD4BS (amino acid positions 368-93). (a) Amino acid 

variation at each position in the Nterm sequence away from the consensus sequence. (b) 

Amino acid variation along a sequence overlapping CD4BS contact residues. Sequence 

data were obtained from the Los Alamos Sequence Database 

(http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html/). N = 977 for Nterm, N 

= 1765 for CD4BS. 
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are highly variable.  The most common single amino acid variation is E to D at position 

47.  In more than 30% of sequences, the second most common amino acid at this point is 

aspartic acid (Table 16).  This substitution is conservative, although a vaccine containing 

both variants would cover nearly 100% of known sequences at that point.  Similarly, the 

lysine of K46 is replaced very often with arginine.  The T49 amino acid shows the lowest 

conservation, at 36%.  Three more amino acids can be toggled into that position (lysine, 

glutamic acid, aspartic acid) to cover most of the rest of sequences at that point.  

Therefore, good sequence coverage of the Nterm epitope sequence can be achieved by 

few variants. 

 

It is also well documented that HIV clades exist in geographically distinct regions, and it 

is important to understand what the sequences of the most common circulating strains by 

region are.  Table 17 shows the most common sequences and the consensus at the Nterm 

sequence for the most common HIV-1 subtypes, including two circulating recombinant 

forms.  The number of sequences used to determine the overall consensus (1765) exceeds 

the summed numbers for the tabulated subtypes (1344) because the subtypes that were 

not well represented in the database (incomplete data or fewer than 20 sequences) were 

omitted. Except for these two subtypes, the sequences from the Nterm regions in the 

other clades are, for the majority, made up of the consensus plus one or two amino acid 

substitutions.  The Nterm sequence identified by mass spectrometry with gp120 is also 

the most common sequence in clades B and D (52% and 57.4% frequency, respectively).  

The same intact Nterm epitope sequence is also seen at low levels in clade C and A1D 

sequences (1.1% and 15.4%, respectively).  Perhaps more interesting is that 71% over all  
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Table 16. Frequency of and amino acid changes that occur at more than 1% in all of the 

available Nterm sequences in the Los Alamos HIV Sequence Database. N = 977. 

Amino 

acid 

frequency 

>30% >20% >10% 5-10% 5-1% 
% 

conserved 

L     M S 90.3 

W    Y  94.0 

V    A  93.8 

T      99.6 

V     I 98.0 

Y      99.1 

Y      98.1 

G      100 

V      99.7 

P      100 

V     A 98.4 

W      99.4 

K  R  E  68.7 

E D     65.0 

A     T 98.8 

T  K E D N A E S 39.0 

T    P A 88.7 

T     V I P 90.6 

L      99.7 

F      99.7 

C      99.5 

A      99.5 

S      99.6 

D     N 96.5 

A     V 97.4 

K    R N 91.2 
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Table 17. Most represented and variations from consensus of Nterm sequences among 

HIV-1 subtypes in the Los Alamos Sequence Database. The bottom row represents data 

from the entire set of sequences. 

Clade (total 

number of 

sequences) 

Most represented Nterm sequence 

Percent 

most 

represented 

sequence 

Percent 0 

variant 

amino 

acids
1
 

Percent 

0-2 

variant 

amino 

acids
1
 

A (38) LWVTVYYGVPVWKDAETTLFCASDAK 52.6 0 71.1 

A1 (59) LWVTVYYGVPVWKDAETTLFCASDAK 39.6 0 52.8 

B (529) LWVTVYYGVPVWKEATTTLFCASDAK 52 52 95.2 

C (469) LWVTVYYGVPVWKEAKTTLFCASDAK 34.5 1.1 73.2 

D (61) LWVTVYYGVPVWKEATTTLFCASDAK 57.4 57.4 93.7 

G (30) LWVTVYYGVPVWEDADTPLFCASDAK 20 0 0 

01_AE (71) LWVTVYYGVPVWRDADTTLFCASDAK 52.1 0 19.7 

02_AG (61) LWVTVYYGVPVWRDAETTLFCASDAK 32.8 0 34.2 

A1D (26) LWVTVYYGVPVWKDAETTLFCASDAK 26.9 15.4 72.9 

Consensus 

(1765) 
LWVTVYYGVPVWKEATTTLFCASDAK 22.6 22.6 71.0 

1. variation from the consensus sequence 
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sequences is composed of the Nterm sequence with 2 or fewer variations.  Taken 

together, the amino acid sequence analyses suggest that the Nterm sequence and/or few 

variants thereof would be suitable cross-clade immunogens. 

 

 5.3.9 Summary 

The main analysis in this section examines the sequences of HIV-1 strains that have been 

previously tested for neutralization sensitivity in a single comprehensive study (448).  

The amino acid variation within the Nterm sequence is expected to correlate with b12 

neutralization sensitivity. Variation does correlate significantly, especially at 90% 

reduction in infectivity.  The Nterm sequence lies within the C1 region of gp120, and so 

it would be expected that amino acid changes in this region would be conserved.  This is 

the case based on the biochemical properties of each amino acid change of variants.  The 

potential for cross-clade coverage by vaccination with Nterm was investigated.  The 

Nterm sequence is much more conserved than the gp120 overall, more conserved than 

gp120 C regions, and more conserved than another part of the b12 epitope.  The main 

sequence variations in this region are few and predictable and with little amino acid 

toggling, many HIV-1 sequences could be encompassed using Nterm as a cross-clade 

vaccinogen. 
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5.4 Immunogenicity of the Nterm epitope peptide in animal models and 

neutralization inhibition. 

5.4.1 Rationale 

Epitope mapping and ELISA binding experiments confirmed that the Nterm sequence of 

gp120 is involved in IgG1 b12-gp120 interactions.  Sequence analysis of the Nterm 

region showed that variation in this region in HIV-1 correlates with b12 neutralization 

sensitivity and that the Nterm region is highly conserved across many clades and thus 

may be a desirable target for vaccine design.  The 26-mer was assessed for its ability to 

elicit Abs in animal models.  The sera of immunized animals were then tested for HIV-1 

infection neutralization in two in vitro systems.  From these studies, it will be determined 

if the Nterm peptide has promise for inclusion in a human-targeted vaccine. 

 

5.4.2 Hypotheses 

The Nterm epitope peptide is immunogenic in animals.  Abs from immunized animals 

will bind gp120.  Neutralization assays will show that the Nterm-specific antibodies are 

neutralizing across multiple HIV-1 strains. 

 

5.4.3 Objectives 

i. To determine whether or not the Nterm peptide is immunogenic in mice, guinea pigs, 

and rabbits by immunization with peptide linked to an avidin carrier. 

ii. To determine whether or not the Nterm peptide elicits a neutralizing Ab response in 

immunized animals. 
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5.4.4 Study Outline 

Groups of mice (4 per group), guinea pigs (5 per group), and rabbits (2 per group) (Table 

18) were immunized with avidin-linked Nterm peptide, avidin-linked Scrambled peptide, 

gp120, or PBS only over 56 days.  Animals were exsanguinated and the sera and IgG-

purified samples were tested for binding to IIIB gp120 by ELISA.  The guinea pig sera, 

rabbit sera, and the rabbit IgG samples were tested for neutralization of many HIV strains 

in pseudovirus neutralization assays.  The rabbit sera and IgG-purified samples were 

tested for PBMC infection neutralization in an in-house assay using two donor PBMC 

and two viral strains. 

 

Table 18. Animal serum naming system. Animals and their serum samples were labeled 

based on the immunogen and animal number. 

Immunization group Animal 

PBS gp120 Nterm Scrambled 

Mouse 

(pooled) 

MuPBS Mu120 MuNt MuScr 

Guinea pig GpPBS #1-5 Gp120 #6-10
1
 GpNt #11-15 GpScr #16-20 

Rabbit RPBS #1, 2 R120 #3, 4 RNt #5, 6 RScr #7, 8 

1. The guinea pig 10 (Gp120 10) fell ill and had to be euthanized and so is omitted from 

analysis. 

 

 

5.4.5 Immunized animal sera antigen binding 

Having established the antigenicity of Nterm for IgG1 b12, the sera of animals 

immunized with Nterm were tested for binding to the native gp120.  This would confirm 

that the epitope is immunogenic.  

 

The exsanguinated animal sera were heat-inactivated, filtered, and tested for gp120 

binding by ELISA.  Microtitre plates were coated with gp120 and bound animal IgG was 
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measured using an animal-specific secondary Ab.  The gp120-immunized rabbit sera 

bound gp120 with the greatest intensity, with maximal binding stretching beyond the 

dilutions of this experiment (Figure 27c, red line).  The gp120-immunized mouse and 

guinea pig sera also bound to gp120 (Figure 27a and b, respectively, red lines).  Thus, 

gp120 was immunogenic in all three animal species.  Both the mouse and guinea pig 

animal sera were pooled for each group to conserve samples.  The Nterm peptide-

immunized mouse and guinea pig sera did not bind to gp120 above background (Figure 

27 a and b, respectively, green lines versus blue and black lines).  This indicates that the 

Nterm peptide is likely not immunogenic in these two animal species, or if it is, the 

resulting antibodies do not bind the Nterm sequence on gp120.  The Nterm peptide-

immunized rabbit RNt #5 serum did bind gp120 moderately over the background (Figure 

27c, dark green line).  The Nterm peptide was thus immunogenic in this rabbit. 

 

To demonstrate that the animals were capable of producing Ab responses to injected 

antigen, the animal sera binding to streptavidin was measured. Despite only 33% 

sequence identity, there is significant chemical and structural homology between avidin 

and streptavidin (605), which may explain the cross-reactivity.  Avidin was used as a 

carrier, linking four peptides (Nterm or Scrambled) together in order to increase the 

immunogenicity of the peptide. The animals that were immunized with peptide (Nterm or 

Scrambled) developed Abs that cross-reacted with streptavidin. The pooled mouse sera 

from the Nterm and Scrambled peptide-immunized animals bound to streptavidin 

compared to the gp120- and PBS-immunized pools (Figure 28a).  The same was seen for 

the peptide-immunized guinea pigs and rabbits (Figure 28b and c, respectively).   
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Figure 27. Immunized animal sera binding to IIIB gp120 by ELISA. Mice (a), guinea 

pigs (b), and rabbits (c) were immunized with sterilized PBS (black lines), HIV-1 gp120 

IIIB in PBS (red lines), Nterm peptide linked to avidin in PBS (green lines), or 

Scrambled peptide linked to avidin in PBS (blue lines). Assays were performed in 

triplicate (error bars are included) and these data are representative of 2 experiments. 
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Figure 28. Immunized animal sera binding to streptavidin by ELISA. Figure a shows the 

murine specificity; Figure b shows the guinea pig results; Figure c shows the rabbit 

binding. Animals immunized without avidin carriers (PBS and gp120-immunized animals 

– GpPBS #4, RPBS #1 and Gp120 #7, R120 #3, respectively) are shown with grey lines. 

The animals that were immunized with Nterm linked to avidin (GpNt #1-5 and RNt #5,6) 

are shown in yellow and black, and the animals immunized with Scrambled peptide 

linked to avidin are shown in colour (GpScr #16-19, RScr #7,8). Samples were run in 

triplicates and error bars indication the variation about the mean are included. 
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5.4.6 IgG purification of rabbit sera and antigenicity tests 

Purified IgG was tested to ensure that no serum components were inhibiting the Ab 

responses in the ELISA and neutralization assays.  The sera of immunized rabbits were 

IgG purified for side-by-side comparisons of the gp120 binding and neutralization profile 

of whole sera versus the IgG fraction.  IgG was purified from all rabbits at a 

concentration ranging 1.12 mg/ml to 3.42 mg/ml (Figure 29). 

 

Purified rabbit IgG was tested for gp120 specificity to ensure the Nterm peptide-

immunized rabbit Ab responses were not inhibited by other serum components.  The 

ELISA gp120-binding assay compared native serum, serum depleted of IgG, and IgG-add 

back serum from all four immunized groups (Figure 30).  As expected, none of the IgG 

samples from PBS-immunized RPBS #1 and RPBS #2 and Scrambled peptide-

immunized RScr #7 and RScr #8 bound to gp120 (Figures 30a and b panels and g and h 

panels, respectively, red lines).  Purified IgG from both gp120-immunized R120 #3 and 

R120 #4, bound gp120 (Figures 30c and d, red lines).  This suggests that the IgG fraction 

contained the gp120-binding Abs.  IgG from both Nterm peptide-immunized rabbits RNt 

#5 and RNt #6 bound to gp120 (Figures 30e and f, red lines).  In the gp120 and Nterm 

peptide-immunized serum, the IgG binding to gp120 closely followed the intact serum 

binding (red and black lines, respectively). This shows that the negative immunogenicity 

profiles of these animals are not due to inhibitory factors in their serum.  The depleted 

sera (blue lines), in all gp120 and Nterm peptide-immunized animals, were unable to bind 

gp120, indicating that the IgG fractionation efficiently extracted all detectable gp120-

binding Ab responses. 
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Figure 29. Purified IgG from immunized rabbits. Rabbit serum was run over a Protein G 

column, neutralized and desalted. IgG concentration was measured using a BCA kit. 
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Figure 30. Binding of rabbit sera (black), IgG-purified fraction (red), IgG-depleted sera 

(blue), and IgG add-back sera (purple) to IIIB gp120 in ELISA. The title indicates the 

rabbit. The x-axis shows the serum dilutions. This figure includes error bars and 

represents the experiment performed in triplicate. 
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When IgG was added back to the depleted sera, the gp120 binding was restored in the 

gp120 and Nterm peptide-immunized samples (purple lines).  

 

IgG was purified from all eight rabbits.  The IgG fractions from both the gp120-

immunized and Nterm peptide-immunized animals recognized gp120 in an ELISA 

format.  This binding reflected the binding by intact sera, indicating that there were no 

factors in the sera that affected gp120 binding by ELISA.  The IgG fraction of rabbit 

serum is responsible for the gp120 binding as was shown with depletion studies.  In 

rabbits, the Nterm antigen successfully elicited an IgG Ab to gp120. 

 

5.4.7 Pseudovirus neutralization assays 

Having established gp120-specificity of the animal sera, and since not all Abs that bind 

HIV envelope can neutralize virus (182, 435, 469, 491), the samples were tested for HIV-

1 neutralization in vitro.  The tested viruses were all subtype B (Table 4), but not all 

shared the same Nterm sequence (Appendix C).  Pseudovirus assays were performed in 

collaboration with The Collaboration for AIDS Vaccine Discovery Network by technical 

staff at the Immune Monitoring Core Laboratory at Duke University.  Guinea pig and 

rabbit sera and rabbit IgG were tested using their pseudovirus system.  Infections were 

performed in TZM-bl cell lines and the pseudovirus consisted of a pSG3"Env HIV-1 

backbone.  TZM-bl contained a luciferase reporter gene under the control of the HIV 

LTR that allowed for detection of successful infection (606).  50% inhibitory dose (ID50) 

indicates the amount of sample required to reduce by half measurable luciferase activity 
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infection cultures.  Wherever possible, both pre-bleed and exsanguination samples were 

tested.  

 

Due to limited sample quantities, the guinea pig sera of 2 animals in each group were 

tested against two HIV-1 strains: IIIB and SF162 (Table 19).  Sera from both gp120-

immunized guinea pigs Gp120 #7 and Gp120 #10 neutralized the IIIB pseudovirus (ID50 

2115 and 1936, respectively) and less so the SF162 virus (ID50 133 and 29, 

respectively).  Serum from the Nterm peptide-immunized GpNT #2 exsanguination 

sample inhibited IIIB (ID50 pre-bleed 45, exsanguination 67) and SF162 (ID50 pre-bleed 

53, exsanguination 127) only slightly compared to the pre-bleed samples.  This small 

difference in neutralization post-immunization was not seen in the GpNt #3 serum (IIIB 

pre- bleed 75 ID50, exanguination 24 ID50; SF162 pre-bleed 102 ID50, exsanguination 

<20 ID50, indicating that there is no inhibition of viral growth above background by 

either guinea pig.  Scrambled peptide-immunized sera ID50s were at background levels 

(ID50 ranging from <20 to 39), as were the PBS-immunized serum ID50s (ranging from 

<20 to 28 ID50).  The control sera of the Scrambled peptide and PBS-immunized animals 

were non-neutralizing (<20 ID50).  These data suggest that the sera from gp120-

immunized guinea pigs display some protection from infection at a 50% neutralization 

titre, but that the Nterm peptide-immunized guinea pig sera do not.  Therefore, the Nterm 

peptide did not induce the production of HIV-neutralizing Abs in guinea pigs.  

 

Nterm peptide-immunized rabbits were the only animals whose serum and Abs bound to 

gp120 (Figures 28 and 30).  Therefore, we were hopeful that these serum Abs would have  
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Table 19. Guinea pig sera neutralizations of pseudotyped pSG3"Env grown in TZM-bl 

cells.  Viruses were pseudotyped with IIIB and SF162. Infections were performed in 

triplicate. Pseudovirus assays were performed by technical staff at Laboratory of Immune 

Measurements at the Duke Human Vaccines Institute of Duke University. 

ID50
1
 

Animal Sample 
IIIB SF162 

Pre-bleed 45 53 
GpNt #12 

Exsanguination 67 127 

Pre-bleed 75 102 
GpNt #13 

Exsanguination 24 <20 

Pre-bleed 29 21 
GpScr #16 

Exsanguination 39 27 

Pre-bleed <20 <20 
GpScr #19 

Exsanguination 32 35 

GpPBS #2 Exsanguination 28 <20 

GpPBS #4 Exsanguination 28 <20 

Gp120 #7 Exsanguination 2115 133 

Gp120 #10 Exsanguination 1936 29 

positive control --- 443 346 

negative control --- <20 <20 

1. 50% Inhibitory dose values are the reciprocal dilution at which the relative 

luminescence units (RLU) were reduced by 50% compared to untreated control wells. 
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some neutralizing properties.  Unfortunately, the rabbit serum pseudovirus neutralization 

assays gave similar results to the guinea pig sera (Table 20).  The gp120-immunized 

R120 #3 serum neutralized infection of TZM-bl cells by IIIB virus (1921 ID50 compared 

to pre-bleed <20 ID50) and inhibited SF162 at a low-level (66 ID50 compared to pre-

bleed <20 ID50).  The gp120-immunized R120 #4 serum neutralized IIIB virus infection 

only (43740 ID50 compared to pre-bleed <20 ID50). The Nterm peptide-immunized 

samples RNt #5 and #6 both did not inhibit IIIB and SF162 (all <20 ID50) and so 

neutralization testing was not extented to the entire panel of viruses.  RPBS #1 and #2 

and RScr #7 and #8 all gave <20 ID50.  While the gp120 antigen was able to elicit a 

narrow neutralizing Ab response, Nterm was unable to elicit HIV-1 neutralizing Abs. To 

determine if animal serum components could be blocking Ab function in this system, 

purified rabbit IgG was tested for infection neutralization.  The purified IgG and the 

depleted sera were also tested for neutralization (Table 21).  The results showed that the 

IgG-purified samples of both the gp120-immunized animals neutralized viral infection, 

mirroring the native serum neutralizations.  R120 #3 serum was again able to neutralize 

IIIB (3205 ID50), as was the R120 #3 purified IgG (507 ID50, compared to depleted 

serum <20 ID50).  To a lesser extent R120 #3 also neutralized SF162 (ID50 51), as in 

Table 19, but the purified IgG fraction did not.  The lack of neutralization by purified IgG 

may be because some Ab is lost in the purifiction process.  R120 #4 serum and the IgG 

fraction inhibited IIIB only (ID50 >43,740 and 33,722, respectively).  Neither Nterm 

peptide-immunized sera, nor their purified IgG neutralized the tested pseudoviruses (all 

ID50 <20). 
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Table 20. Rabbit sera neutralizations of pseudotyped pSG3"Env grown in TZM-bl cells. 

Pre-bleeds and exansguination samples were tested. All samples but R120 #3 and #4 

were tested against IIIB and SF162 pseudotypes only. #3 and #4 were tested for ID50 

against an expanded clade B panel. Infections were performed in triplicate. Pseudovirus 

assays were performed by technical staff at Laboratory of Immune Measurements at the 

Duke Human Vaccines Institute of Duke University. 

ID50
1
 

Animal Sample 

IIIB
 

S
F

1
6

2
 

6
5

3
5

.3
 

Q
H

0
6

9
2

 

S
C

4
2

2
6

6
1

.9
 

P
V

O
.4

 

R
H

P
A

4
2

5
9

.7
 

T
H

R
O

4
1

5
6

.1
8

 

S
V

A
-M

L
V

 

Pre-

bleed 
<20 <20 nd nd nd nd nd nd Nd RPBS  

#1 
Exsang <20 <20 nd nd nd nd nd nd Nd 

Pre-

bleed 
<20 <20 nd nd nd nd nd nd Nd RPBS  

#2 
Exsang <20 <20 nd nd nd nd nd nd Nd 

Pre-

bleed 
<20 <20 <20 <20 <20 <20 <20 <20 <20 R120 

#3 
Exsang 1921 66 25 <20 <20 <20 <20 <20 <20 

Pre-

bleed 
<20 <20 <20 <20 <20 <20 <20 <20 <20 R120 

#4 
Exsang 43740 <20 <20 <20 <20 <20 <20 <20 <20 

Pre-

bleed 
<20 <20 nd nd nd nd nd nd Nd RNt 

#5 
Exsang <20 <20 nd nd nd nd nd nd Nd 

Pre-

bleed 
<20 <20 nd nd nd nd nd nd Nd RNt 

#6 
Exsang <20 <20 nd nd nd nd nd nd Nd 

Pre-

bleed 
<20 <20 nd nd nd nd nd nd Nd RScr 

#7 
Exsang <20 <20 nd nd nd nd nd nd Nd 

Pre-

bleed 
<20 <20 nd nd nd nd nd nd Nd RScr  

#8 
Exsang <20 <20 nd nd nd nd nd nd Nd 

1. Values are the reciprocal dilution at which the relative luminescence units (RUL) were 

reduced by 50% compared to untreated control wells. 

2. Scr = Scrambled peptide 



 167 

Table 21. Rabbit IgG and sera neutralizations of pseudotyoped pSG3"Env grown in 

TZM-bl. All samples were tested against a panel of clade B viruses. Infections were 

performed in triplicate. Pseudovirus assays were performed by technical staff at 

Laboratory of Immune Measurements at the Duke Human Vaccines Institute of Duke 

University. 

ID50
1
 

Animal Sample 

IIIB
 

S
F

1
6

2
 

6
5

3
5

.3
 

Q
H

0
6

9
2

 

S
C

4
2

2
6

6
1

.9
 

P
V

O
.4

 

R
H

P
A

4
2

5
9

.7
 

T
H

R
O

4
1

5
6

.1
8

 

S
V

A
-M

L
V

 

IgG <20 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
RPBS  

#1 
Exsang <20 <20 <20 <20 <20 <20 <20 <20 <20 

IgG <20 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
RPBS  

#2 
Exsang <20 <20 <20 <20 <20 <20 <20 <20 <20 

IgG 507 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
R120  

#3 
Exsang 3,205 51 <20 <20 <20 <20 <20 <20 <20 

IgG 33,722 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
R120  

#4 
Exsang >43,740 <20 <20 <20 <20 <20 <20 <20 <20 

IgG <20 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
RNt 

#5  
Exsang <20 <20 <20 <20 <20 <20 <20 <20 <20 

IgG <20 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
RNt 

#6 
Exsang <20 <20 <20 <20 <20 <20 <20 <20 <20 

IgG <20 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
RScr 

#7 
Exsang <20 <20 <20 <20 <20 <20 <20 <20 <20 

IgG <20 <20 <20 <20 <20 <20 <20 <20 <20 

Depleted <20 <20 <20 <20 <20 <20 <20 <20 <20 
RScr  

#8 
Exsang <20 <20 <20 <20 <20 <20 <20 <20 <20 

PBS <20 <20 <20 <20 <20 <20 <20 <20 <20 

gp120 <20 <20 <20 21 <20 <20 <20 <20 <20 

Nterm 26 <20 <20 24 <20 <20 <20 <20 <20 

Scra 

Pooled 

Pre-bleed 

28 <20 <20 35 24 24 <20 <20 <20 
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The RPBS #1 and #2 and the RScr #7 and #8 were non-neutralizating (all ID50<20) and 

the pre-bleeds in all cases were low-to-undetectable (ID50 from <20 to 35).  Both the sera 

and IgG fraction of gp120-immunized animals were neutralizing to only one or two viral 

strains, and Nterm peptide-immunized animals do not express HIV-1 pseudotyped virus-

neutralizing Abs. 

 

The pseudovirus neutralization assays demonstrate that, while gp120-immunized animals 

raised a narrow HIV-neutralizing Abs, the Nterm peptide-immunized animals did not.  

The pseudovirus assay is an efficient, sensitive and high-throughput means to test for 

neutralization, but the caveat to this system is its relative artificiality.  Infections are 

performed on a uniform cell line by pseudoviruses.  Thus, we also tested serum 

neutralizations in PBMC culture with intact virus – a system that arguably mimics natural 

infection slightly better than the pseudovirus system, especially as PBMC are a 

heterologous mixture of cell types found in the blood.   

 

5.4.8. PBMC-based HIV-1 infection neutralization assays 

The ability of animal sera to neutralize HIV-1 was tested in a PBMC-based infection 

system.  While the pseudovirus-based system gave negative results for neutralization by 

Nterm peptide-immunized animals, these two systems are not always in agreement and 

should both be employed (607).  

 

Animal sera neutralizations were tested against two viral strains in two donor PBMC. 

PBMC were separated from blood by density-gradient centrifugation and stimulated with 
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the mitogen PHA before the addition of virus and inhibitors (sera or IgG).  After 

incubation, the virus and the inhibitor were washed from the cells and, unless neutralized, 

the virus that infected the target cells in the incubation period grows and spreads to other 

cells.  HIV p24 production and secretion by infected cells was measured and quantified 

by p24 ELISA.  Not all HIV grows at the same rate in all cells, so neutralizations were 

performed on PBMC from two human donors (D074 and D039).  TCID50s for four 

viruses, IIIB, Bal, SF162, and THA were performed on both donors to determine the best 

viruses to use.  The Bal and IIIB viruses grew better in both donors (Tables 22 and 23) 

compared to SF162 and THA viruses, thus they were chosen for these studies. 

 

In order to determine if the rabbit sera, IgG, or any forms of sera inactivation treatments 

were more or less toxic to PBMC, the viability of PBMC after incubation with heat-

inactivated serum, heat-inactivated and sterile-filtered serum, filtered and PMBC 

adsorbed serum, and filtered, purified IgG was measured.  Both D074 (Figure 31a) and 

D039 (Figure 31b) viability were similar across each treatment group compared to each 

other and to virus-infected controls.  Thus, any effects of the animal samples on HIV 

replication are more likely due to the Ab present in the samples and not altered viability 

of the PBMC. 

 

Infections were therefore carried out for both D074 and D039 with the viruses IIIB and 

Bal at MOI 0.1 and using the heat-inactivated, filtered serum samples.  Pre-bleeds were 

pooled due to limited sample volume.  The viruses were pre-incubated with the animal 

sera for 1 hour before the entire mixture was added to the cells. Supernatants of infections 
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Table 22. Data for TCID50 calculations for 4 viruses tested against donor D074. Day 7 

TCID50 were used to calculate subsequent MOIs. Infections were performed in 

sextuplicate. 

Number of wells
1 
with detectable p24 production at each dilution 

Virus 

strain 
Day 

1
:4

 

1
:1

6
 

1
:6

4
 

1
:2

5
6

 

1
:1

0
2

4
 

1
:4

0
9

6
 

1
:1

6
,3

8
4

 

1
:6

5
,5

3
6

 

1
:2

6
2

,1
4

4
 

1
:1

,0
4

8
,5

7
6

 

1
:4

,1
9

4
,3

0
4

 

Bal 6 6 6 6 3 2 0 0 0 0 0 

IIIB 6 6 6 0 0 0 0 0 0 0 0 

SF162 6 6 0 0 0 0 0 0 0 0 0 

THA 

3 

2 0 0 0 0 0 0 0 0 0 0 

Bal 6 6 6 6 6 6 6 6 5 2 1 

IIIB 6 6 6 6 6 6 6 3 1 1 2 

SF162 6 6 6 6 5 2 0 0 0 0 0 

THA 

7 

6 3 1 1 0 0 0 0 0 0 0 

Bal 6 6 6 6 6 6 6 6 4 3 5 

IIIB 6 6 6 6 6 6 6 6 3 2 3 

SF162 6 6 6 6 6 4 0 2 1 0 0 

THA 

12 

6 6 3 2 2 1 0 1 0 0 0 

1. out of 6 wells total 
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Table 23. Data for TCID50 calculations for 4 viruses tested against donor D039. Day 7 

TCID50 were used to calculate subsequent MOIs. Infections were performed in 

sextuplicate. From these data, Bal and IIIB were selected for future studies. 

Number of wells
1 
with growth at each dilution 

Virus 

strain 
Day 

1
:4

 

1
:1

6
 

1
:6

4
 

1
:2

5
6

 

1
:1

0
2

4
 

1
:4

0
9

6
 

1
:1

6
,3

8
4

 

1
:6

5
,5

3
6

 

1
:2

6
2

,1
4

4
 

1
:1

,0
4

8
,5

7
6

 

1
:4

,1
9

4
,3

0
4

 

Bal 6 6 6 6 3 2 0 0 0 0 0 

IIIB 6 6 0 0 0 0 0 0 0 0 0 

SF162 0 0 0 0 0 0 0 0 0 0 0 

THA 

3 

0 0 0 0 0 0 0 0 0 0 0 

Bal 6 6 6 6 6 6 6 6 4 5 1 

IIIB 6 6 6 6 6 6 4 2 1 3 0 

SF162 6 6 5 1 0 1 0 0 0 0 0 

THA 

7 

1 1 0 0 0 0 0 0 0 0 0 

Bal 6 6 6 6 6 6 6 6 6 5 4 

IIIB 6 6 6 6 6 6 6 5 3 4 0 

SF162 6 6 6 4 0 5 0 0 1 0 0 

THA 

12 

5 4 2 0 0 1 0 0 0 0 0 

1. out of 6 wells total 
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Figure 31. Cell viability assays for donor D074 (a) and D039 (b) with IIIB virus.  A 

direct comparison of the cell viability to determine the of effect different treatments of 

rabbit sera on cell viability with the addition of HIV IIIB. Viability was determined on 

day 12 of infection by trypan blue exclusion enumeration. The cells alone were 

uninfected PBMC; the virus only were PBMC infected without any addition of rabbit 

sera at the MOIs of 0.1 and 1 virus/cell. Sera were treated by heat inactivation, IgG 

purification, 220 nm pore filtration or pre-adsorption to autologous PBMC.  
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were harvested at days 3, 7, and 12 and were tested for p24 levels by ELISA.  AZT was 

used as a positive control for inhibition of growth and was demonstrably able to inhibit 

IIIB infection (Figure 32).  

 

The panel of rabbit sera and purified IgG were tested for HIV IIIB neutralization in 

Donor 074. ELISA OD405 of p24 concentration from harvestes of day 7 infection of 

D074 by IIIB are shown in Figure 33.  Data are grouped by sample and the shading of the 

bars corresponds to the sample dilution.  The sera were diluted 1:4 as were IgG samples 

(starting at 10 µg/ml). The dashed horizontal lines indicate untreated virus growth.  The 

serum at 1:400 from the gp120-immunized animal R120 #3 inhibited viral growth (OD 

values drop below the dashed line, Figure 33b, blue shaded grouping), indicating modest 

inhibition, while serum from R120 #4 showed higher neutralization (greater than 50%) 

down 1:1600 dilution (Figure 33c, blue shaded grouping). 

 

Purified IgG from R120 #3 showed variable HIV neutralization across the dilutions that 

may reflect variations in PBMC infections (Figure 33b, fourth grouping).  Purified IgG 

from R120 #4, however, again neutralizated virus down to the 1:1600 dilution (Figure 

33c, yellow shaded grouping). The pooled gp120 pre-bleed had widely varying effects on 

viral growth that do not follow the dilution pattern and therefore are not indicative of 

specific neutralization events.  The gp120-immunized sera and IgG data confirm the 

results seen with the pseudovirus assay, where there was neutralization observed by both 

samples, which were stronger in R120 #4 than R120 #3, and the IgG neutralizations were 

weaker than the serum neutralizations. 
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Figure 32. AZT inhibition of each viral strain IIIB (a) and Bal (b) in PBMC from D074. 

The data are expressed as concentration of p24 calculated from a standard curve, were 

performed in triplcate, and represent 2 independent experiments. 
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Figure 33. Viral growth for Day 7 harvests of IIIB-infected D074 PBMC. Both rabbit 

sera and IgG purifications were tested for each animal, samples are listed on the x-axis. 

Five or six dilutions (depending on space and sample availability) of each test sample 

were tested. Dashed lines indicate viral growth without inhibitor. Blue and yellow shaded 

bars indicate neutralizations that echo the pseudovirus neutralizations. All infections were 

performed in triplicate. Error bars are shown. 
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The Nterm peptide-immunized RNt #5 serum inhibited viral growth at only lower 

concentrations, indication that these are likely artefacts and not real neutralizations 

(Figure 33c, third grouping).  This is re-enforced by the inability of RNt #6 serum to 

neutralize HIV IIIB (Figure 33d, second grouping).  All the PBS-immunized samples did 

not neutralize HIV (Figure 33a and b).  The Scrambled peptide group pre-bleed samples 

non-specifically neutralized HIV, while the Scrambled peptide-immunized samples did 

not neutralize although the RScr IgG #7 IgG, RScr #8 serum, and RSc #8 IgG did seem 

to enhance viral growth independant of sample dilution (Figure 33e). 

 

Table 24 summarizes the results of all of the infection studies in the PBMC assay.  A 

more comprehensive dataset is available in the Appendix D, Tables D1-D4.  50% 

neutralizing serum dilutions were tabulated as they corresponded to IgG concentration.  

Superscript numbers indicate observed non-specific neutralization due to lack of 

association between the OD values and the calculated p24 values based on the p24 

standard curve (data not shown) and to a lack of titratable neutralization.  These 

neutralizing events also were not observed in the neutralizations in the other donor and/or 

the other virus, further suggesting that they are artefacts of the PBMC infections.  Indeed, 

the PBMC assay was more variable than the pseudovirus assay, likely owing to the use of 

PBMC instead of cell lines and viral strains instead of pseudotyped virus.  Nonetheless, 

echoing Figure 33 and the pseudovirus assays, only gp120-immunized animals produced 

sera and IgG capable of neutralizing HIV-1 IIIB.  The serum and IgG from R120 #4 gave 

a more consistent neutralization profile in both IIIB and Bal and in both D074 and D039.  

In PBMC from both donors, IIIB virus was more readily neutralized.  No other sera or 
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IgG fractions were able to appreciably neutralize by 50% either IIIB or Bal in either 

donor.  Abs in RNt #5 or RNt #6 were not neutralizing, indicating again that the Nterm, 

in this antigenic state, does not elicit an HIV-1 neutralizing response. 

 

The PBMC assays served to confirm the general conclusions that were taken from the 

pseudovirus neutralization assays.  IIIB gp120 was able to elicit autologous IIIB HIV 

neutralization and milder heterologous neutralization of SF162 and Bal viruses.  Purified 

IgG neutralized IIIB, but serum samples tended to neutralize more potently.  Although 

Nterm was able to elicit Abs that recognize IIIB HIV gp120, this specificity did not 

translate to neutralization of Bal or IIIB viruses in the PBMC system. 

 

5.4.9. Summary 

Immunization of mice, guinea pigs and rabbits with Nterm gave rise to gp120-specific 

Abs in the rabbits only, indicating that Nterm is immunogenic in rabbits.  Each animal 

was capable of generating an Ab response to streptavidin, a form of the peptide carrier 

used for immunization, indicating that the peptide preparations were immunogenic and 

Ab-production abilities were intact.  The rabbit serum IgG was purified, and the resulting 

IgG from the gp120- and Nterm peptide-immunized sera maintained gp120 binding and 

were the source of gp120 binding, as depleted sera did not bind gp120.  Despite the 

ability to bind whole, soluble gp120, the sera and IgG of Nterm immunized animals were 

incapable of neutralizing HIV-1 in a pseudovirus assay.  Gp120-immunized animal sera 

and IgG showed neutralization activity against few, but not all viral strains studied.  Once 

having established that the animal sera and IgG were not toxic to PBMC, they were 
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Table 24. Summary of the PBMC-based neutralization assays.  This table reflects the 

results from all of the p24 ELISA results for all three time points, D3, D7, D12, and all 

tested dilutions of sera and IgG. 

Donor HIV strain rabbit 
50% neutralization (serum reciprocal 

dilution) 

PBS #1  no 

PBS #2 no 

gp120 #3 yes (400) 

gp120 #4  yes (1600) 

Nt #5 no 

Nt #6 no 

Scr #7  no 

IIIB 

Scr #8 no 

PBS #1 no
1
 

PBS #2 no 

gp120 #3 no 

gp120 #4 yes (100) 

Nt #5 no
2
 

Nt #6 no 

Scr #7 no 

D074 

Bal 

Scr #8 no 

PBS #1  no 

PBS #2 no 

gp120 #3 yes (6400) 

gp120 #4  yes (100) 

Nt #5 no 

Nt #6 no 

Scr #7  no 

IIIB 

Scr #8 no 

PBS #1 no 

PBS #2 no 

gp120 #3 no 

gp120 #4 no 

Nt #5 no 

Nt #6 no
2
 

Scr #7 no
2
 

D039 

Bal 

Scr #8 no 

1. observed OD405 and p24 values do not agree and neutralizations do not titrate out 

2. observed neutralization titres do not titrate out 
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tested for neutralizations in a PBMC infection assay. Nterm samples were negative for 

neutralization, while gp120 samples showed moderate protection to IIIB, but less so to 

Bal virus.  Together, these data suggest that the Nterm epitope, while immunogenic, does 

not elicit HIV-1-neutralizing Abs in rabbits. 

 

5.5 General Results Summary 

The data herein show that the HIV-neutralizing mAb IgG1 b12 binds to the amino 

terminus of HIV gp120, a previously undefined point of contact.  b12 specifically bound 

a synthetic Nterm peptide, but this interaction did not block b12-gp120 interactions, 

indicating that the Nterm sequence may not be the sole b12 point of contact on gp120.  

The Nterm peptide and gp120 share a binding site at the b12 antigen bindong domain.  In 

tandem to these studies, the IgG1 b6 epitope on gp120 was mapped to the Nterm as well.  

The weakly neutralizing CD4BS b6 mAb bound Nterm peptide poorly in ELISA, which 

supports that the Nterm may be a part of the b12 neutralizing epitope.  The Nterm 

sequence variations in the Los Alamos HIV Sequence Database correlate with b12 

neutralization and the highly conserved nature of the Nterm across subtypes make it an 

ideal candidate for vaccination.  Animals immunized with the Nterm peptide express 

gp120-specific Abs that are unable to neutralize HIV.  This suggests that Nterm, or at 

least the Nterm peptide construct on its own, does not represent an HIV-neutralization-

inducing immunogen. 
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6.0 Discussion 

HIV vaccine efforts need to better understand how to elicit neutralizing Ab responses, as 

epitope mapping and immunization studies based on neutralizing antibodies have thus far 

been unsuccessful.  Efforts focused on harnessing the putative IgG1 b12 CD4BS epitope 

for a preventative vaccine have been fruitless, and a novel approach, such as the highly 

sensitive technique of mass spectrometry epitope mapping, is required (568).  

 

The hypotheses addressed in this thesis are that epitope mapping of IgG1 b12 will 

identify contacts points between b12 and gp120, and that the antigenicity of the gp120 

regions identified will be confirmed by ELISA.  The sequence variation of the b12 

epitope in viral strains will correlate with b12 sensitivity to neutralization and the epitope 

will be well conserved across clades.  Finally, the immunogenicity of the b12 epitope will 

be demonstrated in animal immunizations and the epitope will elicit a b12-like 

neutralizing Ab response. 

 

These studies are the first to identify a binding site for IgG1 b12 on gp120 by mass 

spectrometry.  This is the first time the b12 epitope has been expanded to include a region 

in gp120 C1. The Nterm epitope was analyzed for sequence suitability for a vaccine and 

the results were favourable; Nterm is a highly conserved sequence of gp120 that would 

require few modifications to generate a polyvalent vaccine.  The Nterm peptide elicited 

Abs in rabbits, mainly IgG, that bound to gp120, and variation in gp120 binding between 

the animals highlights that not all species reacted to immunogens in the same way.  These 

Abs, however, did not neutralize HIV-1 in vitro.  The Nterm sequence is a part of the b12 
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epitope but Abs to the Nterm peptide do not mirror the ability of b12 to potently 

neutralize HIV.  The Nterm epitope is nonetheless a part of the intact b12 epitope on 

gp120 and should be considered in future vaccine design endeavors. 

 

6.1. Identification of a binding site for IgG1 b12 on HIV-1 gp120 by MALDI 

QqTOF mass spectrometry epitope excision mapping 

6.1.1 MS mapping and putative sequence of the b12 epitope 

This is the first report of epitope mapping of IgG1 b12 by epitope excision mass 

spectrometry, a very sensitive system that identifies the binding interface between two 

proteins and sequences amino acid residues.  As the b12 epitope is conformation-

dependant (445), epitope excision was chosen because this approach allows the detection 

of conformational epitopes using whole monomeric gp120 (573).  Epitope excision 

should therefore identify amino acids involved in the binding of intact gp120 to IgG1 b12 

by directly dissecting the Ab-antigen interface.  MS was expected to identify binding 

sequences encompassing the CD4BS.  Based on in silico digests, no CD4BS sequences 

were identified by MS epitope mapping.  Instead, a putative amino-terminal epitope, 

Nterm, was identified (Table 8, Figure 7).  This binding site was confirmed in two gp120 

strains and using two different endopeptidases.  

 

The amino acids shown previously to be involved in b12-gp120 interactions were 

identified by mutational studies, neutralization escape studies, computational docking of 

the crystal structures, and co-crystallization studies (Figure 7) (421, 452, 464, 466, 468).  

The putative sequence identity of each MS peak did not overlap amino acids previously 
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indicated to be involved in gp120-b12 interactions.  The identified epitope is one linear 

sequence located in the 1
st
 constant region (C1) at the amino terminus of the gp120 

sequence – LWVTVYYGVPVWKEATTTLFCASDAK (“NTerm”).  This is the first 

report of the involvement of C1, and more specifically, the amino terminus of gp120, in 

the IgG1 b12 epitope on HIV-1 gp120. 

 

6.1.2 MS/MS sequence identification confirms the putative b12 epitope 

Using monomeric IIIB gp120, MS/MS confirmed the putative sequence of the Nterm 

epitope.  The gp120 tryptic peak at m/z 1356 was matched to the HIV-1 gp120 sequence 

EATTTLFCASDAK (Figure 10).  Notably, the other matched sequences in the Sonar 

MS/MS analysis are variants of the same HIV gp120 sequence (Table 9).  The Sonar 

MS/MS tool matched the gp120 tryptic peak at m/z 1608 to the epitope sequence 

LWVTVYYGVPVW (Figure 11, Table 10). The gp120 epitope of b12, as measured by 

MALDI QqTOF MS and MS/MS, is LWVTVYYGVPVWKEATTTLFCASDAK. 

 

The Glu-C endopeptidase-based resultant peaks intensities were lower than the trypsin 

endopeptidase and required longer incubation periods to sufficiently digest gp120.  This 

resulted in lower intensities of available parent ions for sequencing. This may indicate a 

lower activity of the enzyme relative to trypsin.  While Glu-C was acceptable as a reagent 

for epitope identification, it was not utilized for sequencing purposes. 

 

The data generated in these experiments did not implicate the CD4BS in the b12 epitope.  

The CD4BS was encompassed within the detectable peak size range for each strain and 
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peptidase (<2400m/z), so these regions theoretically could have been detected.  The lack 

of CD4BS data could be explained in several ways including lack of protection from 

endopeptidase digestion, or weak interactions between amino acids that did not survive 

the washing step.  Additionally, a consequence of the non-quantitative nature of the 

MALDI QqTOF platform is the eclipsing of one spectral species by another, due to 

differences in signal intensity of the detectable ions.  b12 may also have a high affinity 

for the collective CD4BS epitope, but on protein fragmentation b12 may not maintain 

individual contact points with as high apparent affinity as the Nterm sequence.  

Therefore, the results of this study do not preclude other b12 contact points on gp120.  

Since KZ52 did not bind any gp120 fragments, it is likely that Nterm is a part of the b12 

epitope,. 

 

The Nterm sequence is a newly defined epitope for b12.  This is the first study to map the 

b12 epitope using intact gp120.  In the crystallization-based mapping studies of b12 and 

gp120, heavily deglycosylated and truncated gp120 core was used (156). The core 

structure is modified to mimic the gp120 conformation upon sCD4 ligation, and its ability 

to bind sCD4 is preserved (156, 608).  While the structure at the CD4BS itself is similar 

to unliganded gp120, the overall conformation is different from unliganded gp120 (163).  

The use of this drastically altered core gp120 may, in part, explain why interaction of b12 

with the C1 region, specifically at the Nterm, of gp120 was not identified (165, 166, 168).   

 

The exact location of the gp120 amino terminus and the Nterm sequence in the natural 

gp120 and trimer structure is still unknown. A publication of the crystal structure of 
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gp120 core with the N and C termini added back partially solved the location of both 

termini on gp120 (169).  The sequence from the Nterm epitope VWKE is a #-strand 

(Figure 15) and interacts with other #-strands to form the conformationally invariant “7-

stranded #-sandwich”, off of which emanates the structurally flexible gp120 inner 

domain in 3 “layers”, and that interacts with gp41.  The carboxy terminal end of the Ntem 

epitope (ATTTLFCASDAK) sits within “layer 1”, but this layer 1 structure only exists in 

the CD4-bound conformation of gp120.  The amino terminus of the Nterm sequence 

(LWVTVYYGVP) interacted with the gp120 carboxy terminus, although their interaction 

with gp41 within the trimer did not fit with previous cryoelectron tomography studies of 

the shape of the HIV-1 trimer (209).  Therefore, there is not enough information to model 

the Nterm structure on gp120 in conjunction with b12 binding and in the trimer at this 

time. The direct epitope mapping by mass spectrometry may therefore add information 

on the epitope of IgG1 b12 and to the structure of the Nterm on gp120. 

 

The b12 epitope has been mapped by several other methods (385, 436, 445, 452, 466, 

468, 478-481, 483, 609-612).  Soluble CD4 (sCD4) binding and point mutation studies 

showed that amino acids previously implicated in gp120-sCD4 binding participate in b12 

binding (200, 445, 452), and the b12 epitope was subsequently expanded by using a 

crystal structure docking model and alanine scanning mutagenesis studies (452, 466, 468) 

(Figure 7a).  In 2 assays, amino acids V36, Y40, and W45 (all located in the Nterm) were 

also tested by site-directed mutagenesis.  Only the W45S mutation affected b12 binding 

by reducing binding by one third.  The gp120 core protein crystallized in conjunction 

with b12 Fab demonstrated that the interaction occurs only through CDR3 of the b12 
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heavy chain (163).  The authors suggest that the binding interface is expansive enough to 

be considered a complete Ab-antigen interface (613), confirming data describing the light 

chain promiscuity of this and other CD4BS Abs (447, 595).  b12 mutational studies, 

however, suggest both its heavy and light chains are involved in gp120 interactions (484) 

and that there are undefined contact points between b12 and gp120.  The data 

surrounding the nature of the b12 interaction with gp120 at the CD4BS are strong and 

inarguable.  Therefore, it is not the goal of this discussion to dispute the established 

points of contact between b12 and gp120, but to suggest new ones and to question 

whether or not they are involved in HIV-1 neutralization.  

 

6.1.3 MS mapping of the CD4BS mAb IgG1 b6  

Another CD4BS Ab, IgG1 b6, underwent epitope mapping by mass spectrometry in the 

experiments described in this thesis.  The mapping experiments showed that b6, like b12, 

binds to the Nterm sequence of gp120. This is perhaps not surprising, since b6 and b12 

were cloned from the same individual and they share sequence homology at their light 

chain Fv, similar affinity for monomeric gp120, and similar binding footprints (163, 452, 

464, 466, 468, 491, 614, 615).  b12 is potently and broadly HIV neutralizing while b6 is 

only weakly neutralizing for clade B strains.  This may reflect their different abilities to 

bind the intact HIV-1 envelope trimer or the existence of b6 antigenic determinants 

peripheral to those available only in intact trimer (448).   b12 is able to bind to any form 

of the HIV-1 trimer, while b6 may only interact with inactivated, partially gp120-shed 

trimers on the surface of HIV-1 (490, 492).  This observation is supported by studies in 

which b12 effectively inhibited b6 virus capture, while b6 only slightly inhibited b12 
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virus capture (490, 616).   That both b6 and b12 bind to the Nterm epitope might also 

suggest that the Nterm sequence is not involved in the more potent neutralization activity 

of b12 versus b6, although this idea ignores the possibility that the mAbs may have 

different abilities to bind to the Nterm sequence.  MALDI QqTOF MS is not quantitative 

and cannot address this issue, but ELISA binding assays can.   

 

 

6.2. Confirmation of the antigenic specificity of IgG1 b12 for the Nterm sequence on 

HIV-1 gp120. 

6.2.1 b12 specifically binds the Nterm peptide 

While MS epitope mapping suggested a new specificity of b12 on gp120, the antigenicity 

of that sequence needed to be confirmed, as MS mapping has not always been confirmed 

by ELISA (218).  ELISA binding assays were performed with synthetic, biotinylated 

peptide representing Nterm and a negative control.  A scrambled version of Nterm was 

used as a negative control (“Scrambled”). b12 bound to the Nterm peptide (Biotin-

LWVTVYYGVPVWKEATTTLFCASDAK).  The negative control Ebola-specific KZ52 

Ab did not (Figure 14a), nor do other anti-HIV mAbs (Figure 16), showing that b12 

binding to the Nterm peptide is antigen-specific and not mediated by the heavy chain Fc.  

b12 did not bind the Scrambled peptide, demonstrating Nterm specificity (Figure 14b).  

The small detectable background binding of b12 for the Scrambled peptide at the highest 

concentration likely represents background binding due to similar chemical 

characteristics such as the hydrophobic nature of the peptide.  b12 binding to Nterm  

peptide occured only at high Nterm concentrations, suggesting that although Nterm 
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peptide can be bound independently of gp120, b12 has a reduced ability to bind the 

peptide than the epitope intact on monomeric gp120. 

 

To further investigate the nature of the Nterm binding by b12, the epitope was expressed 

in two halves (determined by the two epitope halves identified by MS epitope mapping) 

and were tested for binding by b12 in ELISA. This experiment suggests that b12 bound 

the second half of the epitope (EATTTLFCASDAK) much better than the first half 

(EKLWVTVYYGVPVWKE; Figure 14c). The presence of both sequence halves in MS 

mapping suggested that the Nterm sequence within gp120 may be presented differently. 

It is not uncommon that epitope fragments have conformation-dependence in some 

binding determinants and not others (218), and the predicted secondary structure of the 

Nterm peptide was somewhat different from the structure reported by Pancera, et al 

(Figure 15), indicating removing Nterm from its setting within gp120 may have altered 

its structure. Together with the previous ELISA data, this study indicates that the 

structure of the Nterm peptide may not be identical to the structure of this sequence on 

gp120, which may affect immunogenic studies with this peptide immunogen.  The b12 

ELISA experiment set does, however, corroborate the MS sequencing result that b12 

binds to gp120 Nterm in a specific manner. 

 

6.2.2 The role for Nterm in b12 binding to gp120 

To determine the role of the Nterm sequence in b12 binding to monomeric gp120, 

competition assays between gp120 and Nterm peptide were performed.  Monomeric  IIIB 

gp120 blocked b12 binding to the Nterm peptide but not Scrambled peptide (Figure 17b). 
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At a ratio of 10 molecules Nterm peptide to 1 molecule of gp120, the Nterm peptide 

binding was reduced by approximately 50%, suggesting the overall affinity of b12 for 

gp120 is higher than for the Nterm peptide.  These data further suggest that gp120 blocks 

the paratope of Nterm on b12, either specifically or sterically.  Conversely, Nterm peptide 

did not inhibit b12 binding to gp120 (Figure 17a).  At the highest Scrambled and Nterm 

peptide concentrations, a steep drop in binding was observed, most likely reflecting the 

system being non-specifically overwhelmed with peptide. These results strongly suggest 

that the Nterm region is not the sole binding point on gp120 for b12 and raise the 

possibility that both the previously-identified CD4BS epitope and the Nterm are both 

involved in b12-gp120 interactions.  Another explanation for the lack of competition of 

Nterm peptide for gp120 binding is that gp120 sterically occludes the Nterm binding site 

on b12 without occupying it.  The phenomenon of an Ab having multiple specificities is 

only recently being investigated in HIV infection (617).  Unfortunately, the current 

understanding of the b12-gp120 contact points described by crystallization studies 

involve only the gp120 core and molecule and cannot resolve this point (163).  

 

To delineate the role of the Nterm sequence and its surrounding region in the b12 epitope, 

we obtained a JR-FL strain-derived monomeric gp120 construct, "NmCHO, which lacks 

the amino terminal 52 amino acids (481).  b12 bound "NmCHO poorly (Figure 18a) 

compared to wild-type IIIB gp120.  While these gp120 constructs are from different HIV-

1 strains, b12 previously has been shown to bind wild type JR-FL gp120 at nearly 

identical levels as IIIB gp120 (538), and so IIIB serves well as a positive control. These 
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data suggest that the amino terminal 52 amino acids of gp120 are involved in  successful 

binding by b12, owing in part or in full to the Nterm sequence. 

 

The results of the b12 epitope mapping and ELISA experiments are striking when 

considered in context with a recent epitope mapping study of the neutralizing mAb 4E10 

(218).  4E10 was already known to bind the gp41 MPER sequence NWFN/DIT (443, 

618).  Epitope excision and epitope extraction mass spectrometry mapping identified 

additional epitope determinants at the amino-terminal regions of both gp120 (amino acids 

LWVTVYYGVPV) and gp41 as being involved in 4E10 binding.  Further MS mapping 

showed that 4E10 bound the Nterm sequence even in the absence of gp41.  Neither 

gp120, nor these regions have been previously shown to bind 4E10.  This may help 

explain why some HIV strains with the NWFN/DIT MPER sequence are resistant to 

neutralization by 4E10 (448, 619, 620).  It was suggested that the amino terminal gp41 

epitope (in the “fusogenic” region) may not have been previously described because 

commercially available gp41 constructs generally lack that region.  Notably, the 4E10 

epitope at the gp120 amino terminus overlaps the Nterm epitope sequence described in 

this thesis. 4E10 did not bind a synthetic peptide of this sequence, nor several variants 

thereof, suggesting conformational requirement for 4E10 binding.  Conversely, our data 

suggest that the Nterm peptide binding may not require overall conformational stability.  

Interestingly, the first half of the Nterm peptide that did not bind b12 in ELISA is the 

identified 4E10 epitope that was not bound by 4E10 in ELISA.  This further highlights 

the importance of the native antigen and structural context for Ab-epitope interactions.  
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The authors suggest that the highly conserved nature of this Nterm sequence may explain 

the potent cross-clade neutralization displayed by 4E10 (218).   

 

6.2.3  IgG1 b6 binds Nterm peptide weakly 

Why does this Nterm sequence appear to be involved in the binding of b12, b6, and 

4E10? Each experiment used a mild detergent to reduce non-specific background results, 

so the results are not likely an artifact of the experimental system (621, 622).  This begs 

the question: if the Nterm sequence is involved in b12 and 4E10 neutralization of HIV-1 

across clades, what does it mean that the poorly neutralizing mAb b6 binds the Nterm 

sequence?   If the Nterm sequence is involved in b12 neutralization, then the ability of 

b12 and b6 to bind Nterm peptide might be different.  ELISAs showed that b6 binds to 

Nterm at levels only slightly above the KZ52 background mAb and well below b12 

(Figure 19).  This suggests that Nterm could conceivably play a role in the b12 

neutralizing epitope. b6 also exhibited slightly higher binding to "NmCHO gp120 than 

the b12 and KZ52 mAbs, although none of the binding levels drop off substantially 

enough to be considered dose-dependent binding.  Given that "NmCHO was constructed 

in an attempt to induce an Ab response to the CD4BS, and that b12 was previously 

reported to bind to the construct (481), it is difficult to explain the lack of b6 and b12 

binding to "NmCHO observed in this study. Although these two mAbs do not bind, 

HIV+ sera bound "NmCHO and confirmed that it retains gp120 antigenic characteristics.  

Therefore, the only conclusion that could be drawn from this experiment, in our hands, is 

that b12 and b6 showed no to extremely low level binding to "NmCHO.  From these 

studies, it is apparent that, by ELISA, the Nterm peptide may represent only a weak 
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determinant of the entire conformational b6 epitope on HIV-1 gp120.  These studies do 

not contradict the potential role for the Nterm in b12 binding and subsequent 

neutralization of HIV-1. 

 

If Nterm plays a role in neutralization, perhaps amino acid variation in this sequence 

correlates with viral b12 neutralization sensitivity.  In that case, this sequence may be 

suitable for a cross-clade neutralizing Ab-based HIV vaccine. This possibility can be 

addressed in two fashions: sequence analysis and animal immunizations. 

 

6.3 Analyses of the Nterm sequence – variation and vaccine suitability. 

6.3.1  Nterm sequence variation correlates with b12 neutralization sensitivity 

Defining an HIV epitope that is able to elicit a broadly neutralizing antibody response has 

been elusive to date.  HIV displays phenomenal sequence diversity globally and within a 

single infected individual, posing a unique problem for vaccine design.  Therefore, a 

major focus of HIV vaccine design is to determine antigens that are both immunogenic, 

creating a neutralizing immune response in the host, and conservative, such that the 

targeted sequence is constrained and can vary little or very predictably over clades and 

strains.  IgG1 b12 potently neutralizes HIV-1 across clades and therefore its epitope is 

likely well conserved. 

 

The Nterm sequence variation among published sequences was correlated to the ability of 

b12 to neutralize that strain.  A multitude of studies have measured b12 neutralization 

against many strains of HIV (inexhaustive list: (159, 318, 436, 445, 448, 452, 460, 464, 
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466, 468, 469, 481, 492, 562, 574, 595, 623, 624)) but this study focused on the most 

comprehensive data set from a single publication (448).  The Los Alamos HIV Sequence 

Database Nterm consensus sequence, which is identical to the IIIB and MN sequence 

identified by MS analysis, was used to assess amino acid variation.  Nterm sequence 

variation correlated significantly with b12 neutralization titres (Figure 21).  The 50% 

neutralization did not correlate as well with Nterm amino acid variation, but this may be 

because these data are less stringent than the 90% neutralization.  These data support the 

possibility that the Nterm sequence may be involved in b12 neutralization. Given the 

potential bias for b12 to neutralize clade B viruses (445-447, 625), a similar analysis was 

performed with only subtype B sequences (Table 11). The clade B Nterm sequence 

variations correlated with neutralization sensitivity, although this analysis did not take 

into account the type of amino acid change.  Therefore, charge, polarity, hydrophobicity, 

and size traits were used to attribute scores to amino acids variations within the studied 

gp120 sequences.  For the purposes of this study, each characteristic was assigned equal 

value.  In the variations + score data, both 50% and 90% graphs show significant 

correlation between sequence and neutralization titre (Figure 23).  Overall, the Nterm 

sequence shows low levels of fairly conserved variation that is reflected in the chemical 

properties of the variants, and this variation correlates with b12 neutralization titres. 

 

6.3.2 The gp120 CD4BS variation correlates with b12 sensitivity 

Variation at three parts of the previously-described conformational CD4BS epitope was 

also compared to b12 neutralization sensitivity (156, 421, 464, 466, 468) (Table 13).  The 

sequence  462TND is the most variable of the three epitope sequences studied, despite 
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the fact that mutations at the amino acids at 462 or 463 reduced b12 binding to 

monomeric gp120 by >50% (466, 468).  The other two b12 binding regions appear to be 

much more conserved, which may also reflect their roles in CD4 binding.  At 90% 

neutralization, there is a correlation between neutralization and sequence variation around 

the CD4BS epitope.  These data reflect the Nterm sequence correlations.  Therefore, 

these data do lend credence to the suggestion that the Nterm region may be involved with 

the b12 neutralizing epitope, perhaps in conjunction with the CD4BS, and highlight the 

conserved nature of the Nterm epitope. 

 

6.3.3 Sequence and chemical characteristic of Nterm and its variants 

Overall gp120 sequence conservation is approximately 70%, whereas variable region 

conservation is only about 20-30% (626).  The Nterm sequence is much more conserved 

than C1 in general than the analysed CD4BS sequence (Figure 26).  Using the score 

described in 6.3.1, the most common clade B Nterm sequence variations scored a zero, 

meaning that they are highly conserved.  90.7% of changes scored <2 and only 9.3% 

scored >2, suggesting that the amino acid changes that do occur in the Nterm sequence 

are conservative.  The hydrophobicity pattern of each variant peptide was also similar 

(Figure 25a).  Similar to hydrophobicity, the polarity and charge of each residue shows 

consistent patterns among the analyzed sequences (Figure 25b and c).  Overall, the 

middle of the Nterm sequence has the most variation, suggesting some chemical 

flexibility in this region may not affect the role of the Nterm sequence in infection 

(Figure 26).  Together, the chemical data show that the Nterm sequence is remarkably 

consistent, and that variants tend to exhibit nearly uniform biochemical properties with 
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the consensus sequence.  This is likely because the Nterm sequence is important for 

gp120 function, and makes the Nterm sequence a stronger candidate as a vaccine antigen.  

Both the Nterm and CD4BS are highly conserved regions indicating that, in the right 

vaccine preparation, they may elicit neutralizing Abs to functionally or structurally 

constrained sequences.  Such Abs are the ultimate goal of vaccine design. 

 

Nonetheless, taking into account HIV’s ability to vary its gp120 sequence, even Nterm 

sequence-based vaccination may require multiple variant epitopes where a small number 

of amino acids are toggled with two or more variant amino acids.  To further determine 

variation in the amino acids comprising the available Nterm sequences, the frequencies of 

amino acids at each point along the sequence were compiled and tabulated (Table 17).  

The majority of amino acid variations along the Nterm sequence exist in fewer than five 

percent of reported Nterm sequences.  To assess the most common Nterm variants across 

HIV subtypes, a consensus Nterm sequence for each subtype was generated (Table 18).  

The overall consensus sequence matches the subtypes B and D consensuses, while 

consensuses of the other subtypes vary within the 46KEATT50 region.  A vaccine 

consisting of the consensus sequences of the subtypes B, C, and D (2 variants) would 

cover 36.2% of the strains represented in the database.  The top six variant consensus 

sequences cover 50.3% of the sequences database.  This highlights how difficult it is to 

get total coverage for a sequence in HIV, even within a highly conserved region.  

Therefore, it may be more sensible to create subtype-specific variant-containing vaccines 

and immunize individuals with cocktails based on the predominant subtypes of their 

geographical location. Polyvalent vaccines are an important area of research and have 
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been shown effective in other diseases, such as pneumococcus (627) and human 

papilloma virus (HPV) (628). 

 

6.3.4 The role of gp120 amino terminal region in HIV-1 infection 

Within the Nterm epitope, the amino acid regions 35W-45W and 54L-60A in C1 have 

been described previously as “nearly invariant sequences” that would be suitable HIV 

vaccine candidates (629). In separate studies, deletion of the amino terminal 32 amino 

acids of gp120, insertion of amino acids at the amino terminus, or mutation of the amino 

acids 36V, 40Y, 45W, V44, and F53 reduced associations between gp120 and gp41 (147, 

176, 177).  The slightly hydrophobic nature of the sequence corresponds with the 

hypothesized role of the Nterm involvement in gp41 interactions near the viral surface 

(147, 176, 177, 630, 631).  Mutagenesis showed that amino acids W35, V38, Y39, Y40, 

G41, V42, and L52 are involved in normal envelope processing and P43 and W45 are 

important for gp120 processing and incorporation into the virion (630)(Figure 34).   

 

Figure 34. Nterm sequence and the functions of individual amino acids based on alanine-

scanning mutagenesis and binding studies (169, 177, 630).  
 

The direct or indirect involvement of gp120 sequences at or near the C1 amino terminal 

region in binding to the CD4 molecule is controversial (198, 199, 632, 633).  Some 
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evidence suggests that C1 lies in a conformation that allows for CD4 access to gp120, but 

when altered by mutagenesis, a structural change blocks CD4 contact (632, 634).  Also 

supporting the importance of C1 in gp120-CD4 interactions, structural or otherwise, is 

the existence of C1-specific Abs that block gp120 binding to CD4 and HIV binding to 

CD4+T cells (479, 635-637). The important role of the Nterm sequence in HIV-1 

pathogenicity is evidenced by the biochemically conserved nature of its variants, 

therefore the prevalence of these variants across clades and the ability of this sequence to 

elicit cross-reactive neutralizing Ab responses deserves further investigation. 

 

6.3.5 Nterm epitope cross-reactivity 

Some research suggests that broadly neutralizing Abs to HIV are difficult to isolate 

because they are cross-reactive with human proteins, as in the case of 2F5 with 

cardiolipin (516).  The B cells that express autoreactive Abs, should they arise, would 

therefore be removed during B cell development (517, 600, 601, 638).  To determine if 

the Nterm sequence can be used as a non-self immunogen in humans, the Nterm 

sequence was subjected to a blast sequence alignment against known human proteins 

(Table 15). Of relevance to Ab development, all but one matching protein are 

intracellular, and therefore unlikely to be exposed to B cell responses.  The sequence 

50TTLFC matched to tumour necrosis factor ligand factor 2, more commonly known as 

TNF-! signal sequence that is intracellularly cleaved from the mature, secreted protein.  

Thus, it is unlikely that any B cell Ab responses to this epitope will raise any self Abs or 

be deleted or rendered anergic due to similarities to host proteins. 
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6.4 Nterm peptide elicitation of antibody responses and their neutralization profiles  

While some human HIV vaccine trials contained constructs including Nterm sequences, 

none of these trials have reported especially high levels of neutralizing Ab production, 

and none have released any detailed information of Ab specificities beyond binding to 

envelope monomers and trimers (547).  There is therefore still much value to be gained in 

dissecting the immunogenicity of the Nterm sequence in mice, guinea pigs, and rabbits. 

 

6.4.1 Nterm peptide immunogenicity in animals  

Animal sera were used for all tests in section 5.5.  Animal serum is preferred over plasma 

for neutralization assays since heparin sulphate and other anti-coagulants can affect viral 

growth (639). The animal sera were heat-inactivated to negate any anti-viral effects of 

complement, which may lead to viral lysis and inactivation.  

 

The gp120-immunized animals showed varying abilities to produce gp120-specific Abs 

(Figure 27).  At all tested dilutions, the rabbit sera bound gp120 strongly.  Guinea pig 

sera bound well with a titratable effect.  The mouse sera binding was the lowest.  Of all 

Nterm peptide-immunized animals, only the rabbits developed Abs that bound gp120.  

Therefore, species-specific differences exist with respect to the abilities of each animal to 

produce Abs to the Nterm peptide immunogen.  The implications of this are important; if 

a putative epitope is poorly immunogenic in one species, this does not imply that the 

epitope is not immunogenic in another species, as demonstrated by HIV vaccines that are 

protective in one animal model and not in another (558, 640, 641).  
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In order to better define the IgG responses in rabbits, IgG was purified from sera (Figure 

29).  The depleted sera were negative for gp120 binding, indicating that serum IgG is 

mainly responsible for gp120 binding.  IgG did not bind gp120 better than sera; it is thus 

unlikely that there are non-specific components in the serum that interfere with the IgG 

binding to gp120.  It is therefore reasonable to use either IgG or animal sera for 

neutralization assays. 

 

6.4.2 Animal serum and IgG pseudovirus-based neutralizations 

The ability of animal sera to neutralize HIV was tested by a pseudovirus inhibition assay. 

This assay is the current gold standard for testing vaccine responsiveness for several 

reasons including high reproducibility by use of clonal cell lines and a consistent HIV-1 

pSG3"Env backbone virus.  All tested viruses were subtype B, but they did not all share 

the same Nterm sequence as the consensus and the immunogen, allowing us to test 

animal sera against Nterm variants (Appendix C). 

 

Murine sera were not tested for pseudovirus neutralizations since gp120 binding was 

absent in the Nterm peptide-immunized animals and because this system is not ideal for 

testing mouse sera (D. Montefiori, personal communication).  The guinea pig sera 

samples were tested with two pseudotyped viruses, IIIB and SF162 (Table 21).  Both 

strains are clade B tier 1 viruses and easily neutralized.  The gp120-immunized guinea 

pigs sera easily neutralized the homologous IIIB and the heterologous SF162 to a lesser 

degree.  Nterm immunized sera did not neutralize virus above the background levels from 

the pre-immunization samples, mirroring the ELISA gp120 binding assays.  The lack of 
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neutralization in guinea pig samples indicates that, in this system, the Nterm epitope is 

not effective at eliciting neutralizing Abs. 

 

The rabbit sera were also tested for neutralization against an extended panel of 

pseudoviruses (Table 22).  Three viruses (6535.3, RHPA4259.7, and THRO4156.18) had 

variant amino acids in the Nterm sequence.  The 6535.3 isolate is a tier 1B virus, while 

the other two are tier 2 viruses, indicating that they are slightly more resistant to 

neutralization.  RHPA also has an amino acid substitution, T49N, which introduces an N-

linked glycosylation site to the Nterm sequence.  This may affect its susceptibility to 

neutralization.  Much like the guinea pig neutralizations, the rabbit sera from the gp120 

immunized animals inhibited IIIB, and at high concentrations, inhibited SF162 growth.  

Virus 6535.3 was inhibited only barely above background, while the rest of the tested 

viruses were resistant to neutralization by the gp120-immunized sera.  The Nterm 

peptide-immunized rabbit sera showed no neutralizing ability against the tier 1 viruses, so 

experiments were not extended to the other viruses.  In these rabbit immunizations, the 

Nterm epitope was immunogenic, but did not elicit Abs capable of neutralizing HIV-1.  

The pseudovirus inhibition assay with rabbit sera was repeated with purified IgG (Table 

23).  The SF162 neutralization was nearly absent, which may indicate that either another 

Ab isotype was responsible for that neutralization, or that the specific Abs were at low 

levels so as to be undetectable once the sample underwent the rigors of purification.  The 

Nterm peptide-immunized IgG fractions were unable to neutralize any tested viruses, 

indicating that the Nterm-specific rabbit IgG were not HIV-1 neutralizing.  
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6.4.3 Rabbit serum and IgG PBMC-based neutralizations  

The pseudovirus-based neutralization system gave negative results for Nterm for both 

rabbits and guinea pigs, but while good for screening a large number of samples against a 

large number of viral strains, this system is somewhat artificial in its employment of cell 

lines and pseudoviruses and it is not always to be in accordance with the PBMC-based 

neutralization system (607).  PBMC consist of immune cells of the blood and closer 

reflect in vivo HIV-1 infection than cell lines.  Therefore, the animal samples were tested 

by PBMC neutralizations of IIIB and Bal.  Only the gp120- but not the Nterm peptide-

immunized rabbits were able to neutralize HIV IIIB. These results correspond to the 

earlier pseudovirus assays; gp120 can elicit neutralizing Abs in rabbits while the Nterm 

peptide cannot.  

 

The overall results of all PBMC infections are tabulated in Table 24.  The IIIB infections 

demonstrate that gp120-immunized animal sera and IgG neutralize IIIB virus. The Bal 

infections of D074 gave similar results but had higher background (Appendix D2).  These 

experiments highlight a shortcoming of the PBMC assay versus the pseudovirus assay. 

Although the pseudovirus system is more artificial than the PBMC studies, it is more 

controlled and is not affected by human-to-human and day-to-day variations in blood 

cells.  Therefore, a valid approach to studying responses to a new antigen is to use both 

protocols in tandem (469, 492, 607).  In this study there were some detectable Nterm 

peptide-immunized sample neutralizations, but they were not corroborated in other 

donor/viruses and the neutralization capacity of the pre-bleed samples were also 

somewhat high, indicating that these responses are not specifically neutralizing. Similar 
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results were obtained from donor 039. 

 

The gp120-specific Abs may have been unable to neutralize as well as b12 partly due to 

the nature of the elicited paratope on the serum Abs.  Although the overall structure of an 

Ab antigen-binding site is convex, it has been suggested that the precise paratope 

structures correspond with their epitope.  Peptide-specific paratopes are slightly grooved 

(311), while protein-specific Abs tend to have a relatively flat paratope, and in the case of 

intact virus-linked epitopes, the length of the CDR H3 loop averages four amino acids 

longer than for any other antigen source (301).  b12 has an unusually long, portruding 

CDR H3 of eighteen amino acids, which may aid in its remarkable neutralization ability 

(468).  Therefore, a peptide immunogen may limit the structure of the elicited Ab 

paratope, which may alter function or access to the epitope within its native protein, and 

this should be taken into consideration in future mAb-based and b12-based vaccine 

design. 

 

The Nterm peptide, although antigenic and immunogenic, was unable to elicit HIV-1 

neutralizing Abs.  It is, however, likely a part of a larger, more complex conformational 

epitope, and was not successful as a lone, linear epitope.  The immunization system 

employed was the homologous prime-boost system.  In this scheme, the animal 

immunogen preparations were the same at each time point, save for the adjuvant.  There 

is some evidence, however, that heterologous boosting (example: monomeric gp120 

booster) may enhance a vaccine immune response (642).  The use of an immunogen  in 

its native protein would theoretically instruct the maturing immune response to recognize 
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the peptide within its protein environment and structure and enhance the response to the 

Nterm peptide.  

6.5 Experimental limitations 

6.5.1. Mass spectrometry epitope mapping, epitope identification 

The mass spectrometry epitope mapping is a newer method that is highly sensitive, but it 

does have its drawbacks. In this system, the CD4BS regions that were previously 

identified as b12 binding sites were not identified, likely for reasons previously 

discussed. Notwithstanding, the identification of the Nterm epitope was a solid, 

repeatable outcome.  The stringency of the washes was increased in attempt to lower the 

Nterm abundance and detect the CD4BS, but the opposite experiments were not 

performed with decrease of stringency.  These washes were optimized to reduce 

backgrounds, so reducing their stringency may not have been a suitable alternative. 

Another alternative may have been to use a gp140 (gp120 + gp41 membrane external 

region) molecule or the gp120 core molecule to map the b12 epitope, but at the time this 

experiment was performed, gp120 core was unavailable and gp140 preparations were not 

standardized.  Instead of using the gp120 epitope fragments from the b12 MS mapping 

experiments for sequencing, a separate experiment with digested gp120 was used for 

epitope mapping.  Attempts to sequence b12-captured fragments were hindered by low 

yields of epitope fragments and so the specific tryptic peaks generated by gp120 

digestion were used instead.   

 

6.5.2. ELISA confirmation of Nterm epitope antigenicity 
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The Nterm epitope is hydrophobic, and therefore did not dissolve in water, which is the 

standard practice for epitope binding assays. Five percent formic acid successfully 

solubilized the peptides and allowed the ELISAs to be performed.  A shortcoming of the 

ELISA system itself was that the b12 was unable to bind Nterm peptide-coated wells.  

This may have been because Nterm peptide was not coating the wells at a high enough 

concentration or because the Nterm peptide was not accessible or in the correct 

orientation for b12 binding.  This drawback of being unable to control the conformation 

of the epitope recurs in the experimental limitations of the fourth section.  We were 

therefore unable to measure dilutions of b12 binding to peptide, and unable to test 

competition by gp120 for b12 binding to Nterm by coating plates with Nterm, as was 

done with gp120.  A final limitation of this section is that some high backgrounds were 

recorded with the Scrambled peptide.  The Nterm binding was, however, significantly 

higher than the Scrambled peptide and reflected a real biochemical interaction. 

 

The affinity of b12 for the Nterm peptide was not determined.  Surface plasmon 

resonance experiments were performed on a Biacore 2000 machine, but there were high 

background affinities for the Scrambled peptide and the Nterm experiments were not 

reproducible (data not shown).  In the absence of functioning surface plasmon resonance 

experiments, the apparent affinity of b12 for Nterm using an inhibitor could not be tested, 

as Nterm peptide did not inhibit b12-gp120 interactions.  An alternative was direct 

competition between biotinylated Nterm and unbiotinylated Nterm.  Unbiotinylated 

Nterm was synthesized, but this reagent was either unable to remain in solution or 
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degraded quickly, as the concentration of the peptide dropped quickly over time (data not 

shown).  It was therefore not utilized in experiments. 

 

6.5.3. Nterm sequence analysis 

The data in this section supported but did not prove the claim that the Nterm is involved 

in the neutralizing activity of b12.  Another drawback in the analysis was subtype B bias 

in the Los Alamos HIV sequence database.  Therefore, much of this section focused only 

on clade B sequences.  This reduced the N but increased the assurance that the data were 

obtained in an unbiased fashion.  These analyses also did not take into account the effect 

of mutations associated with CTL-mediated selection pressure, although the overall low 

rate of mutations in the Nterm epitope sequence suggests low pressure.  

 

6.5.4. Animal studies 

The animals that were sacrificed for this experiment were highly inbred, and therefore it 

would be expected that their responses to antigen would be the same within groups. 

While the trends matched, purified IgG levels were not the same across all animals.  The 

neutralization data was also inconsistent within groups. Some of the sera seemed to 

enhance the viral growth above background.  Replicates and sample numbers were too 

low to determine if this is a true phenomenon or an artifact of human error.  Infection 

enhancement is a concern for Ab-based vaccine design, although the enhancement seen 

here seems to be independent of the vaccinogen.  Perhaps the most important note to 

make for all of the observed inconsistencies is the group number. There were only two 
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rabbits per immunization group, which magnifies any small differences in the care of the 

animals, the handling of the immunizations, and the handling of the samples. 

 

6.6 General Discussion 

6.6.1 The gp120 amino terminus as an antigen 

The Nterm sequence was able to elicit Abs that bound IIIB gp120, though these Abs were 

unable to block IIIB infection.  There is a possibility that the Nterm epitope is hidden 

within the envelope trimer, as it is hypothesized to be involved in C5/gp41 interactions 

(169, 176).  A seminal study performed in 1995 showed a disparity between monomeric 

gp120 binding and neutralization (538).  The authors showed that the tested viruses did 

contain the epitopes in question, but concluded that these epitopes must exist on the 

immunologically silent face of the HIV trimer.  When gp120 is shed, its underbelly is 

exposed to the immune response and Abs can be made to the biologically irrelevant, 

typically silent epitopes (160, 171, 643).  This does not explain why b12 would have 

access to the Nterm region, unless the composition of the b12 epitope on gp120 is 

different from on the intact trimer, or the Nterm position in the trimer is more available to 

the immune system than previously thought.  There are 3 mAbs that have been described 

that bind within the Nterm epitope region described here: 7E2/4, M85, and 4D4#85 (474, 

636, 644).  7E2/4 and M85 are reported to bind within the amino acids 31-51 and both 

bind monomeric gp120.  All three mAbs bind linear conformation-dependent epitopes at 

the amino terminus and 7E2/4 and M85 bind weakly to oligomeric gp120 (474).   

 

6.6.2 Antibody-based vaccine design 
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Perhaps some of the most important HIV vaccine-related questions concern the definition 

of a neutralizing Ab response.  Is a neutralizing response that acts against many different 

strains and subtypes of HIV possible?  Will such broadly neutralizing responses require a 

monoclonal or a polyclonal-type response?  Finally, specific to this thesis, what role 

could the Nterm epitope play in neutralizing Ab-based vaccine design? 

 

Initially, the HBV-style of vaccination was attempted – injecting individuals with HIV-1 

gp120 – in the AIDSVAX trial.  Although a predictable failure due to the highly variant 

immunodominant regions and immune shielding glycosylation (645), this trial, in this 

author’s opinion, paved the way for current trials (646).  There are no examples of studies 

of pre-exposure mAb prophylaxis in humans, but there has been some research into post-

exposure passive immunization (PI). Although protective in rhesus macaques (647, 648), 

intravenously administered mAbs were unable to protect infected individuals from viral 

rebound on cessation of ART (424).  Despite the failure of this human trial, the 

overwhelming success of prophylactic PI in animal studies strengthens the resolve that a 

vaccine based on broadly neutralizing mAbs such as IgG1 b12, 2G12, 4E10, and 2F5 

may be protective. 

 

Perhaps such ideas as insertion into scaffolding or immunofocusing will help to present 

the Nterm epitope structure properly or to enhance b12-inspired vaccine design.  gp140 

consists of gp120 expressed with gp41 and a stop codon inserted just upstream of the 

gp41 transmembrane region.  It is capable of oligomerization, and has been developed for 

use as a trimer.  gp140 alone could not elicit neutralizing or protective Abs in humans or 
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animals (649-652), but it was shown that the majority of neutralizing Abs generated to 

gp140 were V1-specific. Therefore, a new strategy was employed: insert V1 from diverse 

HIV strains into the gp140 scaffold and generate cross clade responses (560).  Another 

approach to HIV envelope-based research is gp120 engineering.  The goal of this 

research is to introduce modifications such as glycosylations and deletions that will focus 

the immune response on certain areas of gp120 (478, 481, 653).  As of yet, envelope 

engineering has failed to generate a product that induces neutralizing Abs.  Attempts have 

also been made to turn the core gp120 molecule and other envelope constructs into more 

potent immunogens (654).  HIV-1 primary isolates tend to be more resistant to 

neutralization than lab-adapted strains (434, 538, 655, 656) and may also represent a 

more appropriate antigen for eliciting in vivo neutralizing Ab responses (657).  

 

It has been shown that some infected HIV-individuals have a CTL response to the Nterm 

epitope (658).  Although the authors did not correlate such a response with infection 

progression, this may be a starting point for a vaccine that includes the Nterm sequence 

that elicits both Ab and CTL responses (659, 660).  A vaccine that relies not only on the 

induction of a neutralizing Ab response, but also induces robust Th and CTL responses, is 

a much more promising focus for vaccine design.  The RV144 vaccine is an example of 

such an endeavor, and also happens to be the only HIV vaccine to date that has shown 

moderate protection from infection in a phase III trial (558).   

 

6.6.3 IgG1 b12-like antibody elicitation 
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There have been many attempts to generate the b12 epitope and elicit b12-like Abs in 

immunization.  Immunofocusing has attempted to produce an antigen that displays only 

CD4BS to the immune system.  gp120 was mutated to be hyperglycosylated and lacking 

amino acids 473-476, a mutation that was shown to reduce non-neutralizing CD4BS mAb 

binding (such as b6) while b12 retained its ability to bind this gp120 construct.  The 

immunofocussed gp120 was unable to elicit a neutralizing Ab response better than wild 

type gp120 (478, 562).  The same alterations were made to trimeric gp140, but it too did 

not elicit a better neutralizing Abs response (661). 

 

Technologically advanced studies, such as the use of MS in Ab epitope mapping, may be 

the key to new means of redefining and re-interpreting old mAbs and their specificities.  

Several groups are also taking macromolecular approaches to design b12-like epitopes. 

These methods are often used to design and alter drugs such as antibiotics and involve 

processes such as structural constraining and/or protein modification, designing 

miniproteins that duplicate the functional or epitope region of choice, and creation of 

small molecule mimetopes that structurally and chemically mimic the region of choice 

(662).  Mimetics are typically used to ameliorate drug specificities and functions and to 

overcome resistances and negative reactions. A mimetope binds the Ab at a site 

overlapping the paratope (antigenic sequence), but is not the same sequence as the 

epitope.  A phage-display peptide library was tested and a mimetope for b12 was 

identified - B2.1 (484, 663).  Unfortunately, the mimetope, when expressed as a peptide, 

showed much reduced affinity for b12, and the crystallization characterization of the 

mimetope-b12 interaction suggests the mimetope binds to b12 inappropriately at its 
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paratope (664).  The design of a b12-based vaccine has been elusive, but the combination 

of new techniques with long-standing knowledge makes this a more attainable goal. 

 

6.7 Model of IgG1 b12 binding to the Nterm Epitope  

To develop a model of b12 binding to the Nterm sequence on gp120, it may be helpful to 

consider a similar scenario that has been described for a gp41 MPER epitope determinant 

for mAbs 2F5, 4E10, and Z13e1 (511, 512, 665).  Interestingly, although these mAbs 

bind gp41 with comparable affinity, they do not neutralize with the same strength; the 

hierarchy of neutralization potency is 2F5>4E10>Z13e1.  The basis for the different 

abilities is unclear.  There may be other contact points on envelope that differ between 

the three mAbs.  Alternately, the observed differences may be a result of the structure of 

the mAbs and their ability to engage the MPER while gp41 is in the viral envelope spike, 

akin to b6 versus b12 binding to the intact spike.  The MPER, like its name suggests, lies 

close to the viral membrane at the base of the trimer and steric hindrance may partially or 

fully block access to these epitopes.  Some of the obstacles to the complete understanding 

of the MPER mAb specificities for what may be a partially or fully hidden linear 

determinant may be applied to b12 binding to the Nterm sequence.   

 

As mentioned in the Introduction, upon interaction of gp120 with the target cell CD4 and 

co-receptor molecules, the envelope pre-hairpin intermediate is formed.  At this point, the 

hydrophobic gp120 amino terminus interacts with the hydrophobic gp41 amino terminus 

to form part of the fusion machinery.  The gp41 sequence inserts into the target 

membrane, while the gp120 Nterm may interact with the target cell membrane (666-668).  
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This gp120 amino terminal conformational change emphasizes the flexible nature of 

Nterm.  This entry process invites the question: at what point in this process could b12 

bind to Nterm and/or neutralize infection?  

 

The gp120 amino terminus is thought to interact with C5 and gp41 at a point on the 

trimer that may be hidden from the immune response (436, 669, 670), which may explain 

why Abs to the Nterm are not neutralizing.  The flexibility of gp120 that would be 

required for the interaction of b12 with the CD4BS and Nterm at a single Fab could be 

high.  There is a study that has been largely overlooked that tests the kinetics of b12 

neutralization (318).  In this study, b12 neutralization occurred after HIV-1 attached to 

the target cell.  More specifically, 80% of b12-coated virus was still able to bind to target 

cells, while 20% was neutralized before receptor engagement.  This indicates that, 

although b12 binds the CD4BS, this binding either does not necessarily inhibit CD4 

binding, or is out competed by CD4. Another directly conflicting paper published at 

nearly the same time showed that b12 neutralized mostly at pre-CD4 attachment (458).  

Both studies used T cell line-adapted (TCLA) strains of HIV.  A more recent study 

showed that b12 neutralized HIV-1 primary isolate JR-FL pre- and post-CD4 attachment, 

but was unable to block infection post-CD4/CCR5 attachment (513).  TCLA virus is 

more sensitive to neutralization than primary isolates, and therefore the results from this 

third study may better reflect the in vivo b12 neutralization activity (434, 538, 655, 656, 

671).  This study confirms not only that b12 neutralizes post-CD4 attachment, but also 

that b12 can neutralize HIV at multiple steps in entry, perhaps by multiple mechanisms.  

The Nterm sequence may be hidden on the trimer; perhaps conformational change after 
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CD4 ligation to trimeric gp120 exposes the amino terminus to b12.  Therefore, the Nterm 

sequence may in truth be a contributor in the post-CD4 attachment b12 neutralization.  

The identification of the Nterm epitope alone on mass spectrometry may be a result of the 

fact that b12 does not bind the Nterm epitope and the CD4BS at the same time when 

gp120 is in its CD4-unliganded state and off the spike.  This explains why Abs that are 

specific only for the Nterm are not neutralizing and do not behave like b12.  The ability 

of the b6 mAb to bind Nterm but not to neutralize viral infection may, in part, be a case 

of differing affinities for the Nterm, as suggested in the ELISA.  A similar model has 

been suggested for 4E10 binding to Nterm, where the Nterm is engaged in the pre-hairpin 

intermediate following both CD4 and CCR5 engagement (211), resulting in a “molecular 

trap” where fusion is frozen.  For b12, the mAb is brought into proximity of the fusion 

mechanism by interaction with the CD4BS.  For 4E10, 2F5, and Z13e1, there is a 

dilemma with understanding how these mAbs can access the MPER and neutralize.  One 

suggestion is that these Abs bind the phospholipid of the viral membrane to access the 

Nterm and the MPER epitopes (507, 509).  Together, the b12 and 4E10 datasets may 

present a new mechanism of post-receptor engagement Ab neutralization. 

 

6.8 Future Directions 

Several avenues can be explored to enhance or carry on the IgG1 b12 epitope mapping 

research presented here. Below are some examples of both.  Currently, the Nterm 

sequence is being tested for binding to IgG1 b12 by nuclear magnetic resonance (NMR) 

spectroscopy.  Initial studies support the data presented in this thesis; b12 binds Nterm.  

Further mass spectrometry assays employing gp120 core and oligomeric envelope may 
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lend information as to when b12 binds the Nterm and not the CD4BS.  Also, since large 

amounts of sCD4 are required to measurably reduce b12 binding to gp120 (672), it may 

be feasible to pre-incubate gp120 or gp140 oligomers with sCD4, then map b12 binding 

to gp120.  Another future direction is to define the amino acids involved in b12 binding 

to Nterm by testing overlapping peptides by both MS and ELISA.  b12 epitope mapping 

using purified HIV-1 would yield information on the b12 epitope on the intact trimer, 

which may identify new epitopes, confirm old ones, or substantiate the epitope described 

here.  Another avenue would be to perform MS epitope mapping on CD4BS mAbs with 

different HIV-1 neutralization profiles from b12 and b6, such as b13 and VRC01.  b13 

was isolated alongside b12 and b6, is weakly neutralizing, and has also been co-

crystallized with gp120 core (164, 445-447).  The information from VRC01 may be more 

biologically relevant as it is a naturally-occurring Ab (488), whereas b12 was cloned and 

selected from heavy and light chain libraries. 

 

Determining the exact differences in the specificities of b12 and b6 and how they affect 

the neutralization profiles of each mAb will provide the key to what makes a neutralizing 

CD4BS Ab.  In these studies, both b6 and b12 bind the Nterm sequence, but it appears 

that b12 binds better to the Nterm peptide, and confirmation of this by surface plasmon 

resonance or other methodologies will lend more credence to this observation.  As the 

field of crystallization and co-crystallization advance, it will be interesting to see a 

comparison of the binding of two such mAbs with gp120 with the intact termini.  
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Determining the role of the Nterm in b12 binding on the trimer could be more 

problematic.  Mutation at amino acids within the Nterm, or deletion of the Nterm from 

gp120 substantially reduces the ability of gp120 to interact with gp41 (177), which may 

reduce virus production and infectivity.  One possible way of getting past this may be to 

use the SOS-Env pseudovirus.  The SOS envelope contains a disulfide link between 

gp120 S505 and gp41 S605.  This holds the gp120-gp41 structure together so that, once 

CD4 and CCR5 bind gp120, conformational changes that allow fusion are blocked.  

Without apparent detriment to the infection system, addition of dithiothreitol (DTT) 

reduces the gp120-gp41 bond and infection ensues (673, 674).  This construct may be 

able to maintain the interactions between gp120 and gp41 for the examination of the 

effects of Nterm sequence mutation on b12 capture and neutralization. 

 

As mentioned, a heterologous immunization strategy, whereby Nterm peptide is the 

priming immunogen and gp120 or gp140 with intact Nterm is the boost, may enhance 

responses to Nterm in its native environment.  To determine the potential use of the 

Nterm peptide as an immunogen, the animal sera could be further characterized for 

binding to HIV trimer with gp140 or cells expressing the HIV trimer.  Also, the animal 

sera could be tested for non-neutralization functions such as ADCC, complement 

activation, and transcytosis inhibition. The immunogenicity of the Nterm peptide may be 

tested in other mammalian species. Also, alternative ways of expressing epitopes 

(example: circularizing, embedding in a protein scaffold, or creating a multiple chain 

peptide (675, 676)) may constrain the peptide flexibility while maintaining antigenicity 

and perhaps elicit better Ab responses (511).  
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Screening the sera of infected individuals for Nterm sequence-specific Abs would 

indicate if this epitope has any clinical relevance.  Also, testing other neutralizing Abs 

isolated from infected individuals and for Nterm epitope specificity would lend further 

support to the proposed role for Nterm sequences in neutralization by both b12 and 4E10. 

 

On a more fundamental level, the entire binding interface between gp120 and b12 has yet 

to be described in one set of experiments.  Additionally, once the epitope is defined, it 

must be translated into an immunogen that elicits neutralizing Abs in humans.  Once 

these studies are achieved for b12 and/or other HIV-1 neutralizing Abs, the goal to curb 

the pandemic spread of HIV can become a reality. 

 

6.9 Summary 

The work detailed in this thesis has employed the MS epitope excision platform to define 

the epitope of a well-studied mAb, IgG1 b12.  Previously, b12 has been shown to bind 

the HIV gp120 CD4 binding site.  MS unveiled a new interaction site for b12 at the 

amino terminal sequence of gp120.  In this experiment, the first hypothesis of this thesis, 

that MS will identify the CD4BS as the b12 epitope, was disproved.  The b12 binding 

Nterm epitope was validated in ELISA with the Nterm peptide, confirming the 

antigenicity of the epitope.  The sequence variation of Nterm in the Los Alamos HIV 

Sequence Database correlates with the potency of b12 neutralization.  Supporting the 

third hypothesis, Nterm was determined to be a highly conserved sequence that should 

make a suitable global vaccine candidate.  Animals were immunized with Nterm peptide 
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and although the rabbits expressed gp120-binding Abs, these Abs could not neutralize 

infection in vitro.  This proves the first half of the final hypothesis, that the Nterm peptide 

is immunogenic, but disproves the second half of the hypothesis, that b12-like 

neutralizing Abs will be generated.  Nevertheless, this is the first description of the Nterm 

as a binding site for b12 and one of the first studies to suggest that the gp120 Nterm 

sequence plays a role in cross-clade HIV-1 neutralizating Ab responses.  In conjunction 

with the findings that the broadly neutralizing mAb 4E10 binds to a sequence within the 

b12 Nterm epitope, the data in this thesis emphasize the importance of characterizing 

broadly neutralizing antibody responses on their native antigen and the potential value of 

such findings to future Ab-based vaccine design.  
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Section 8.0 Appendices 

 

Appendix A  List of Abbreviations 

 

aa Amino acids 

Ab Antibody 

ABTS 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) 

AC After coupling 

AD After dialysis 

Ad5hr Adenovirus type 5 host range mutant 

ADCC Antibody-dependent cellular cytotoxicity 

ADCVI Antibody-dependent cell-mediated viral inhibition 

AIDS Acquired Immunodeficiency Syndrome 

APC Antigen presenting cell 

APOBEC apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 

ARRRP NIH AIDS Research and Reference Reagent Program 

ART Antiretroviral 

AZT Azidothymidine 

BCA Bicinchoninic acid 

BCR B cell receptor 

BD Before dialysis 

BNAbs Broadly neutralizing monoclonal antibodies 

BOG n-Octyl-beta-D-glucopyranoside 

BSA Bovine serum albumin 

C region Constant region of gp120 

C terminus Carboxy terminus 

C3 Complement protein 3 

CAVD The Collaboration for AIDS Vaccine Discovery 

CCAC Canadian Council on Animal Care 

CCR or CXCR Chemokine receptor 

CD Cluster of differentiation 

CD40L CD40 ligand 

CD4BS CD4 binding site 

CD4i CD4-induced epitope overlapping the co-receptor binding site 

CDC US Centre for Disease Control and Prevention 

CDR Complementarity determining region 

CLR C-type lectin receptors 

CRF Circulating recombinant form 

CSR Class switch recombination 

CTL Cytotoxic T lymphocytes 

D Domain of CD4 
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D# Donor # 

Da Daltons 

DC Dendritic cells 

DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-grabbing 

non-integrin 

ddH20 double distilled water 

DDM n-dodecyl-D-maltoside 

DEA Diethanolamine 

DEAE Diethylaminoethyl  

DHB Dihydroxy benzoate 

DNA Deoxyribonucleic acid 

EC Elite controller 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbant assay 

EMLA Eutectic mixture of Local Anesthetic 

Env Envelope 

ER Endoplasmic reticulum 

fab Fragment antigen-binding domain (antibody) 

Fc Fragment Crystallizable 

FcR Fragment Crystallizable Receptor 

FCS Fetal calf serum 

FDC Follicular dendritic cell 

Fv Antibody variable domain 

ga Gauge 

Gag Group-specific antigen gene 

GM Complete growth media 

gp Glycoprotein 

Gp Guinea pig 

H Heavy chain (antibody) 

HBV Hepatitis B Virus 

HCl Hydrochloric acid 

HESN HIV-exposed seronegative 

HIV Human Immunodeficiency Virus 

HIV+ HIV-1 positive, or HIV-1 infected 

HIV-1 or HIV-2 HIV type 1 or HIV type 2 

HLA Human leukocyte antigen 

HPV Human Papilloma Virus 

HRP Horseraddish peroxidase 

HSV-2 Herpes Simplex Virus type 2 

IC Immune comples 

IC Inhibitory concentration 
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ID50 Infectious dose 50% 

IFN-g Interferon-g 

Ig Immunoglobulin 

IL Interleukin 

IRF Interferon regulatory factor 

L Light chain (antibody) 

LTNP Long-term non-progressor 

LTR Long terminal repeat 

m/z Mass-to-charge ratio 

mAb monoclonal antibody 

mac Macaque 

MALDI Matrix-assisted laser desorption/ionization 

MHC Major histocompatability complex 

MIP macrophage inflammatory protein 

MOI Multiplicity of infection 

MPER, MPR membrane-proximal region 

MS Mass spectrometry 

MS/MS Tandem mass spectrometry sequencing 

Mu Murine, or mouse 

N terminus Amino terminus 

NCBI National Center for Biotechnology Information 

Nef Negative factor 

NK Natural killer cell 

NHP Non-human primate 

NLR NOD-like receptor 

NMR Nuclear magnetic resonance 

NNRTI Non-nucleoside reverse transcriptase inhibitor 

NOD Nucleotide-binding oligomerization domain 

NRTI Nucleoside reverse transcriptase inhibitor 

Nt Nterm epitope peptide/immunogen 

Nterm gp120 amino terminal epitope identified by mass spectrometry 

OD Optical density 

p value Probability value 

pAb polyclonal antibody 

PAGE Polyacrylamide gel electrophoresis 

PAMPS Pattern-associated molecular patterns 

PBMC peripheral blood mononuclear cell 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PHA Phytohaemagglutinin 

pNPP Alkaline phosphatase yellow 
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Pol HIV polymerase protein 

PRR Pattern recognition receptor 

QqTOF Manitoba/SCIEX prototype hybrid quadrupole-time of flight mass 

spectrometer 

R Rabbit 

RANTES Regulated upon Activation, Normal T-cell Expressed, and Secreted 

Rev Regulator of virion 

RIG Retinoic acid-inducible gene 

RLR RIG-1-like receptor 

RLU Relative light unit 

RNA Ribonucleic acid 

RPMI Roswell Park Memorial Institute media 

RT Reverse transcriptase 

SAMT S-acyl-2-mercaptobenzamide thioester 

sCD4 Soluble CD4 

scFv Single chain antibody 

SCID Severe compromised immunodeficiency 

Scr Scrambled peptide/immunogen 

SDS Sodium dodecyl sulphate 

SHIV Simian/Human Immunodeficiency Virus 

SIV Simian Immunodeficiency Virus 

STI Sexually transmitted infection 

Tat Transactivator of transcription 

TBS Tris-buffered saline 

TCID50 Tissue culture infectious dose 50% 

TCLA T cell line-adapted 

TCR T cell receptor 

TGF-b Transforming growth factor-b 

Th T helper cell 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

Treg Regulatory T cell 

TRIM5a tripartite interaction motif 5 a 

UNAIDS United Nations on HIV/AIDS 

V region Variable region of gp120 

VC Viremic controller 

Vif Virion infectivity factor 

Vpr Viral protein R 

Vpu Viral protein U 

WHO World Health Organization 

ZDV 3’-azido-3’-deoxythymidine 



 273 

 

 

Appendix B  Amino acids 

 

 

G Gly Glycine 

A Ala Alanine 

C Cys Cysteine 

I Ile Isoleucine 

L Leu Leucine 

V Val Valine 

P Pro Proline 

M Met Methionine 

F Phe Phenylalanine 

W Trp Tryptophan 

Y Tyr Tyrosine 

S Ser Serine 

T Thr Threonine 

D Asp Aspartic acid 

R Arg Arginine 

K Lys Lysine 

E Glu Glutamic acid 

H His Histidine 

N Asp Asparagine 

Q Gln Glutamine 
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Appendix C  Nterm amino acid sequences for neutralization-tested viruses 

 

Strain Sequence at Nterm
1
 

IIIB TEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

SF162 VEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

6535.3 TEKLWVTVYYGVPVWKEATTTLFCASEAKAYDTE 

QH0692 AENLWVTVYYGVPVWKEATTTLFCASDAKAYETE 

SC422661.9 TEKLWVTVYYGVPVWKEATTTLFCASDAKAYETE 

PVO.4 EEKLWVTVYYGVPVWKEATTTLFCASDAKAYNTE 

RHPA4259.7 ADQLWVTVYYGVPVWKEANTTLFCASDAKAYDTE 

THRO4156.18 TDKLWVTVYYGVPVWKEAVTTLFCASDAKAYDTE 

SVA-MLV -murine retroviral envelope- 

Bal TEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTE 

1. Red bolded amino acids are those that vary from the consensus Nterm sequence; blue 

bolded indicates the presence of a putative N-linked glycosylation site; bold indicates the 

immunogen sequence. 
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Appendix D  Animal serum and IgG neutralization data 

 

 

Table D1. PBMC neutralizations with HIV IIIB and D074. HIV-1 IIIB was pre-

incubated with sample and a MOI of 0.1 was tested for growth on D074 PBMC. 

Neutralization-positive results are bolded. 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or IgG 

concentration
*
 (p24)

a
 

Maximum % 

inhibition
*,b

 (p24)
c
 

Neutralization
d
 

D3 <100 (<100) 0 (0) n (n) 

D7 <100 (6400) 31.0 (51.4) n (y) 

PBS      

pre-

bleed 

Serum 

D12 <100 (nd) 7.5 (nd)
e
 n (nd) 

D3 <100 (<100) 22.9 (0) n (n) 

D7 <100 (<100) 20.6 (43.1) n (n) Serum 

D12 <100 (nd) 15.8 (nd) n (nd) 

D3 10 (>10) 63.4 (0) y (n) 

D7 >10 (>10) 0 (0) n (n) 

RPBS 

#1 

IgG 

D12 >10 (nd) 20.9 (nd) n (nd) 

D3 <100 (<100) 0 (7.9) n (n) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (nd) 22.7 (nd) n (nd) 

D3 >10 (bdl)
f
 24.8 (bdl) n (n/a) 

D7 >10 (>10) 0 (0) n (n) 

RPBS 

#2 

IgG 

D12 >10 (nd) 9.8 (nd) n (nd) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or IgG 

concentration (p24) 

Maximum % 

inhibition (p24) 
Neutralization 

D3 <100 (bdl) 9.0 (bdl) n (n) 

D7 <100 (<100) 16.1 (43.4) n (n) 

Gp120 

pre-

bleed 

Serum 

D12 <100 (nd) 44.3 (nd) n (nd) 

D3 <100 (bdl) 10.5 (bdl) n (n) 

D7 <100 (400) 40.0 (59.1) n (y) Serum 

D12 <100 (nd) 31.2 (nd) n (nd) 

D3 >10 (bdl) 39.2 (bdl) n (n) 

D7 >10 (0.15625) 42.4 (58.5) n (y) 

R120 

#3 

IgG 

D12 >10 (nd) 40.9 (nd) n (nd) 

D3 6 400 (bdl) 83.4 (bdl) y (n/a) 

D7 1 600 (1 600) 91.9 (90.8) y (y) Serum 

D12 400 (nd) 66.24 (nd) y (nd) 

D3 >10 (bdl) 0 (bdl) n (n) 

D7 2.5 (2.5) 54.8 (bdl-19.5)
g
 y (n) 

R120 

#4 

IgG 

D12 10 (nd) 88.6 (nd) y (nd) 
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Table D1 (continued). 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or IgG 

concentration (p24) 

Maximum % 

inhibition (p24) 
Neutralization 

D3 25 600 (bdl) 54.2 (bdl) y (n) 

D7 <100 (<100) 28.1 (40.4) n (n) 

Nterm 

pre-

bleed 

Serum 

D12 <100 (nd) 44.1 (nd) n (nd) 

D3 1 600 (bdl) 44.1 (bdl) n (n) 

D7 6 400 (<100) 60.5 (0) y (n) Serum 

D12 <100 (nd) 33.8 (nd) n (nd) 

D3 >10 (bdl) 0 (bdl) n (n) 

D7 >10 (>10) 0 (0) n (n) 

RNt #5 

IgG 

D12 >10 (nd) 25.1 (nd) n (nd) 

D3 <100 (bdl) 0 (bdl) n (n) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (nd) 5.9 (nd) n (nd) 

D3 0.0098 (bdl) 72.0 (bdl) y (n) 

D7 >10 (>10) 0 (10.3) n (n) 

RNt #6 

IgG 

D12 >10 (nd) 19.5 (nd) n (nd) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

Maximum % 

inhibition (p24) 
Neutralization 

D3 <100 (bdl) 0 (bdl) n (n) 

D7 <100 (<100) 26.2 (42.1) n (n) 
Scrambled 

pre-bleed 
Serum 

D12 <100 (nd) 0 (nd) n (nd) 

D3 <100 (<100) 0 (bdl) n (n) 

D7 <100 (bdl) 5.1 (0) n (n) Serum 

D12 <100 (nd) 14.2 (nd) n (nd) 

D3 >10 (bdl) 0 (bdl) n (n) 

D7 >10 (>10) 0 (0) n (n) 

RScr #7 

IgG 

D12 >10 (nd) 0 (nd) n (nd) 

D3 <100 (bdl) 0 (bdl) n (n) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (nd) 0 (nd) n (nd) 

D3 0.039 (bdl) 62.9 (bdl) y (n) 

D7 >10 (>10) 0 (0) n (n) 

RScr #8 

IgG 

D12 >10 (nd) 0 (nd) n (nd) 
* Are based on OD405 values where <100=no detectable inhibition below highest dilution (1/100) 

a. IgG neutralizing concentration based on concentration of detectable p24, derived from standard curve 

where >10=no detectable neutralization below highest concentration (10 µg/ml) 

b. at last neutralizing titre or highest % neutralization ever reached across tested dilutions 

c. % inhibition by p24 concentration 

d. 50% neutralization y=yes n=no 

e. nd = not done 

f. bdl = below detection levels 

g. down to 0.25ug/ml R120 2 IgG inhibited p24 growth to below the level of detection and the first value 

above the level of detection indicated a 19% inhibition (at 0.625ug/ml IgG) 
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The dataset for the infection of D074 PBMC with IIIB HIV is shown in Table D1.  The 

different immunization groups are separated.  The 3
rd

 column shows the 50% inhibition 

concentration of each sample.  For the serum samples, the 50% inhibition number 

indicates the reciprocal dilution, while for the IgG, the 50% inhibition number indicates 

the IgG concentration to neutralize by 50% in µg/ml.  Any values that represent 50% 

neutralization minimum are bolded.  Although the infection protocol was optimized to a 

7-day incubation period, HIV p24 supernatants were collected on three days (days 3, 7, 

and 12) to ensure that neutralization of viral growth is captured.  The 4
th

 column on the 

table shows the inhibition attained by the lowest neutralizing titre, and, if non-

neutralizing at 50%, the highest achieved % of neutralization ever.  The first block of 

Table D1 shows the neutralization profile for the PBS-immunized serum and purified 

IgG.  In only one sample at one time point tested positive for neutralization – RPBS 1 on 

day three at the lowest dilution (0.1).  This likely represents a background blip and not 

actual specific neutralization of HIV by specific antibodies.  The second block from 

Table D1 shows the neutralization profile of the gp120-immunized serum and IgG.  Here 

there are some more substantial neutralizations seen in R120 #3 serum on day three (at 

2.5x10
-3

 dilution) accompanied by R120 #3 IgG neutralization on the same day (at 0.16 

µg/ml IgG). R120 #4 serum showed neutralization titres on all three harvest days (day 

three at 1.6x10
-4

 dilution, day seven at 6.3x10
-4

 dilution, day twelve at 2.5x10
-3

).  The 

R120 #4 serum neutralization reached over 90%.  Purified IgG from R120 #4 showed 

some neutralization of IIIB at both days 7 (at 2.5 µg/ml) and 12 (at 10 µg/ml), but no IgG 

dilution was able to neutralize >90%.  This reflects the pseudovirus assays whereby sera 

samples neutralize better than purified IgG, and whereby R120 #4 neutralized IIIB virus 
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better than R120 #3.  Block three of Table D1 shows the Nterm peptide-immunized sera 

neutralization profile.  All samples, pre-bleed, RNt #5, and RNt #6, show one positive 

neutralization result over the study (pre-bleed serum day three a 3.9x10
-5

, RNt #5 serum 

day 7 at 1.6x10
-4

, and RNt #6 IgG day 3 at 9.8x10
-3

 µg/ml).  The inconsistent 

neutralizations between the two tested animals, the serum and IgG tests, the three days of 

sampling, the dose-independence of the neutralizations (Figure 33), and the lack of 

responses that exceed the pre-bleed neutralization levels suggest these positive results are 

not specific.  The fourth block of Table D1 shows the results of Scrambled peptide-

immunized samples.  The only result positive for neutralization, RScr #8 day three IgG at 

0.039 µg/ml, suggests that this result, too is an aberrant non-specific result.  Together, 

these data match the pseudovirus study; gp120 immunization elicits autologous 

neutralizing antibody responses against IIIB gp120. 
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Table D2. PBMC neutralizations with HIV Bal and D074. HIV-1 Bal was pre-incubated 

with sample and a MOI of 0.1 was tested for growth on D074 PBMC. Neutralization-

positive results are bolded. 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24)
a
 

% inhibition
b
 

(p24)
c
 

Neutralization 

D3 <100 (bdl
d
) 24.5 (bdl) n (n/a) 

D7 <100 (<100) 36.6 (44.4) n (n) 

PBS      

pre-

bleed 

Serum 

D12 <100 (6400) 7.7 (56.9) n (y) 

D3 <100 (bdl) 35.4 (bdl) n (n/a) 

D7 <100 (6400) 49.1 (53.2) n (y) Serum 

D12 <100 (6400) 36.4 (70.3) n (y) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 >10 (0.625) 46.7 (52.1) n (y) 

RPBS 

#1 

IgG 

D12 >10 (0.15625) 27.0 (67.1) n (y) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 <100 (<100) 27.2 (35.3) n (n) Serum 

D12 <100 (1600) 19.7 (59.5) n (y) 

D3 >10 (bdl) 0 (bdl) n (n/a) 

D7 >10 (0.15625
**

) 28.6 (52.2) n (y) 

RPBS 

#2 

IgG 

D12 >10 (0.039
**

) 21.5 (52.0) n (y) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition (p24) Neutralization 

D3 100 (bdl) 58.3 (bdl) y (n/a) 

D7 <100 (<100) 23.5 (38.0) n (n) 

Gp120 

pre-

bleed 

Serum 

D12 <100 (400) 12.6 (54.5) n (y) 

D3 <100 (bdl) 38.3 (bdl) n (n/a) 

D7 <100 (<100) 25.9 (48.3) n (n) Serum 

D12 <100 (25600) 14.0 (52.7) n (y) 

D3 >10 (bdl) 0 (bdl) n (n/a) 

D7 >10 (2.5) 33.4 (54.1) n (y) 

R120 

#3 

IgG 

D12 <100 (0.0098) 0 (56.7) n (y) 

D3 400 (bdl) 69.84 (bdl) y (n/a) 

D7 100 (100) 53.2 (53.8) y (y) Serum 

D12 <100 (25600) 0 (50.6) n (y) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 0.0098  (0.0098) 57.0 (57.4) y (y) 

R120 

#4 

IgG 

D12 >10 (>10) 13.3 (45.6) n (n) 
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Table D2. continued 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition (p24) Neutralization 

D3 400 (bdl) 53.2 (bdl) y (n/a) 

D7 <100 (6400) 42.5 (60.4) n (y) 

Nterm 

pre-

bleed 

Serum 

D12 <100 (1600) 8.0 (58.4) n (y) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 102400 (102400) 60.9 (60.9) y (y) Serum 

D12 <100 (6400) 19.4 (55.9) n (y) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 0.0098  (0.0098) 73.7 (67.4) y (y) 

RNt #5 

IgG 

D12 >10 (>10) 22.4 (47.6) n (n) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 <100 (<100) 20.9 (45.0) n (n) Serum 

D12 <100 (400) 0 (54.8) n (y) 

D3 2.5 (bdl) 65.7 (bdl) y (n/a) 

D7 >10 (>10) 0 (0) n (n) 

RNt #6 

IgG 

D12 >10 (0.625) 5.9 (58.4) n (y) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition 

(p24) 
Neutralization 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 <100 (<100) 0 (0) n (n) 
Scrambled 

pre-bleed 
Serum 

D12 <100 (<100) 9.0 (0) n (n) 

D3 <100 (dbl) 39.0 (bdl) n (n/a) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (102400
**

) 13.3 (60.1) n (y) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 >10 (>10) 0 (0) n (n) 

RScr #7 

IgG 

D12 >10 (>10) 34.8 (48.0) n (n) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (<100) 34.0 (46.9) n (n) 

D3 bdl (bdl) bdl (bdl) n/a (n/a) 

D7 >10 (>10) 0 (0) n (n) 

RScr #8 

IgG 

D12 >10 (>10) 27.6 (40.6) n (n) 
* are based on OD405 values, ** did not dilute out 

a. based on concentration of p24, derived from standard curve, in µg/ml IgG 

b. at lowest neutralizing titre or highest % neutralization ever reached across tested dilutions 

c. % inhibition by p24 concentration 

d. bdl = below detection levels 
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In the same donor, 074, the rabbit samples were tested for neutralization of Bal HIV.  The 

first block of Table D2 shows the neutralizations by the PBS-immunized samples.  There 

appears to be higher levels of non-specific neutralization by these samples.  The pre-

bleed day twelve, RPBS 1 serum and IgG days seven and twelve and RPBS #2 serum day 

12 and IgG days 7 and twelve are all positive for >50% neutralization, although the is 

only reflected in the calculated p24 concentrations and not the OD values.  Since these 

animals were not introduced to HIV antigens, this neutralization panel indicates that HIV 

Bal neutralizations have a high background, with spontaneous neutralizations from 52-

70% reduction in growth, when represented as concentration of p24 detected.  The 

second block of Table D2 shows the neutralization of HIV Bal in D074 by gp120-

immunized samples.  Again, there is some background neutralization of virus by the pre-

bleed serum samples at days three and twelve (at dilutions  of 0.1 and 2.5x10
-3

, 

respectively). R120 #3 serum shows neutralization responses at day 12 at a dilution of 

3.9x10
-5

.   The R120 #3 IgG neutralization on day twelve reflects this with >50% 

neutralization seen at 0.0098 µg/ml of antibody.  There was also some IgG day seven 

neutralization at 2.5 µg/m.  While these neutralizations must be taken with a grain of salt 

considering the background neutralization level, it is noteworthy that the serum 

neutralization is seen at a dilution 2 logs lower than the background neutralization level.  

The R120 #4 serum samples show neutralization at all three harvest days (day three at 

2.5x10
-3

, day seven at 0.1, and day twelve at 3.9x10
-5

).  The R120 #4 IgG was positive 

only at day seven, also following the trend that the serum neutralizations are more potent 

than the IgG neutralizations.  Block three of Table D2 show the neutralization profile of 

Nterm peptide-immunized samples.  As with the PBS neutralization profile, there is some 
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seemingly some random neutralization events across all samples.  All three harvest days 

of pre-bleed samples exerted some non-specific neutralization (day three at 2.5x10
-3

 

dilution, day seven at 1.6x10
-4

 dilution, and day twelve at 6.3x10
-4

 dilution).  Day seven 

of RNt #5 serum neutralized at 9.8x10
-6

.  This is very strong neutralization and is 

reflected in the IgG day seven sample neutralization at 9.8x10
-3

 µg/ml.  This result, 

neutralization on day seven by RNt #5 serum and IgG, was also seen in the D074 IIIB 

infections RNt #5 serum sample.  Together, these data do not confirm that the Nterm 

epitope elicited neutralizing antibodies, but does suggest that there may be some level of 

protection afforded.  This is why the rabbit samples need to be tested for neutralization 

with the same viruses, in another donor.  Some inhibition by RNt #6 serum (day twelve at 

2.5x10
-3

 dilution) and IgG (days three at 2.5 µg/ml and twelve at 0.6 µg/ml) but none of 

these neutralizations are very potent and only the day three IgG neutralization was 

reflected in the IIIB D074 test.  Block four of Table D2 shows the neutralization profile 

of the Scrambled peptide-immunized samples.  In this panel, there is one measurable 

instance of non-specific neutralization on day twelve by RSc #7 (at 9.8x10
-6

).  This 

second study of the neutralization of Bal virus in donor 074 PBMC had more background 

inhibition, but nonetheless re-enforced that gp120 was able to induce neutralizing 

antibodies in rabbits.  Also, these data hint that there may be some neutralization by RNt 

#5 in for both IIIB and Bal. 
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Table D3. PBMC neutralizations with HIV IIIB and D039. HIV-1 IIIB was pre-

incubated with sample and a MOI of 0.1 was tested for growth on D039 PBMC. 

Neutralization-positive results are bolded. 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24)
a
 

% inhibition
b
 

(p24)
c
 

Neutralization 

D3 >10 (>10) 35.6 (17.8) n (n) 

D7 >10 (adl
d
) 0 (adl) n (n/a) 

RPBS 

#1 
IgG 

D12 >10 (adl) 0 (adl) n (n/a) 

D3 <100 (25600) 38.9 (54.7) n (y) 

D7 <100 (<100) 2.1 (0) n (n) Serum 

D12 <100 (<100) 0 (0) n (n) 

D3 >10 (>10) 0 (36.0) n (n) 

D7 >10 (>10) 5.6 (44.65) n (n) 

RPBS 

#2 

IgG 

D12 >10 (>10) 0 (0) n (n) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition 

(p24) 
Neutralization 

D3 <100 (<100) 29.8 (39.1) n (n) 

D7 <100 (adl) 18.8 (adl) n (n/a) 

Gp120 

pre-

bleed 

Serum 

D12 1600 (1600) 68.2 (88.2) y (y) 

D3 102400 (102400) 59.7 (64.0) y (y) 

D7 <100 (adl) 4.0 (adl) n (n/a) Serum 

D12 6400 (6400) 89.5 (83.5) y (y) 

D3 0.0098 (0.0098) 91.6 (53.8) y (y) 

D7 >10 (adl) 0 (adl) n (n/a) 

R120 #3 

IgG 

D12 0.15625 (0.0391) 61.6 (80.8) y (y) 

D3 102400 (102400) 71.8 (74.7) y (y) 

D7 <100 (adl) 42.0 (adl) n (n/a) Serum 

D12 100 (100) 69.4 (60.7) y (y) 

D3 0.15625 (0.039) 62.6 (64.4) y (y) 

D7 >10 (adl) 38.6 (adl) n (n/a) 

R120 #4 

IgG 

D12 >10 (>10) 14.4 (25.1) n (n) 
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Table D3. continued 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition 

(p24) 
Neutralization 

D3 <100 (<100) 37.9 (45.8) n (n) 

D7 <100 (adl) 21.3 (adl) n (n/a) 
Nterm 

pre-bleed 
Serum 

D12 <100 (adl) 0 (adl) n (n/a) 

D3 <100 (<100) 26.2 (37.7) n (n) 

D7 <100 (adl) 29.5 (adl) n (n/a) Serum 

D12 <100 (adl) 0 (adl) n (n/a) 

D3 >10 (>10) 0 (0) n (n) 

D7 >10 (adl) 26.0 (adl) n (n/a) 

RNt #5 

IgG 

D12 >10 (adl) 0 (adl) n (n/a) 

D3 102400 (<100) 52.6 (31.6) y (n) 

D7 <100 (adl) 0 (adl) n (n/a) Serum 

D12 <100 (adl) 0 (adl) n (n/a) 

D3 0.0098 (>10) 61.1 (44.4) y (n) 

D7 >10 (adl) 0 (adl) n (n/a) 

RNt #6 

IgG 

D12 >10 (adl) 0 (adl) n (n/a) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition 

(p24) 
Neutralization 

D3 25600 (25600) 69.8 (56.4) y (y) 

D7 <100 (adl) 0 (adl) n (n/a) 
Scrambled 

pre-bleed 
Serum 

D12 <100 (adl) 0 (adl) n (n/a) 

D3 6400 (<100) 51.1 (24.0) y (n) 

D7 <100 (adl) 0 (adl) n (n/a) Serum 

D12 <100 (adl 0 (adl) n (n/a) 

D3 0.625 (>10) 61.1 (42.7) y (n) 

D7 >10 (adl) 0 (adl) n (n/a) 

RScr #7 

IgG 

D12 >10 (adl) 0 (adl) n (n/a) 

D3 25600 (<100) 55.8 (36.4) y (n) 

D7 <100 (adl) 0 (adl) n (n/a) Serum 

D12 < (adl) 0 (adl) n (n/a) 

D3 0.0098 (>10) 62.6 (44.9) y (n) 

D7 >10 (adl) 12.7 (adl) n (n/a) 

RScr #8 

IgG 

D12 >10 (adl) 0 (adl) n (n/a) 
* are based on OD405 values 

a. are based on concentration of p24, derived from standard curve, in µg/ml IgG 

b. at lowest neutralizing titre or highest % neutralization ever reached across tested dilutions 

c. % inhibition by p24 concentration 

d. adl = above detection limit 
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The IIIB and Bal viruses were then tested for neutralization in different donor PBMC, 

D039. Table D3 shows the results from IIIB infections.  The first block of Table D3 

shows the neutralization profile of PBS-immunized sera and IgG.  There was only one 

measurable instance of neutralization >50% in any sample, RPBS #1 on day three (at 

3.9x10
-6

 dilution), which my be a non-specific background blip.  The second block of 

Table D3 shows the neutralization profile of gp120-immunized samples.  There is some 

appreciable background neutralization by the pre-bleed serum, but only at day twelve (at  

3.9x10
-6

 dilution).  Both sera and IgG samples from R120 #3 showed neutralization titres 

at multiple days (serum – day three at 9.8x10
-6

 and day twelve at 1.6x10
-4

 dilutions; IgG - 

day three at 9.8x10
-3

 µg/ml and day twelve at between 0.04 and 0.16µg/ml). Both sera 

and IgG from R120 #4 were also IIIB-neutralizing (serum – day three at 9.8x10
-6

 and day 

twelve at 0.01 dilutions; IgG – day three at between 0.16 and 0.039 µg/ml). Each 

neutralization by the gp120-immunized sera are seen at multiple harvests, are positive by 

both OD and concentration p24, and are also seen in the IIIB D074 and are therefore 

representative of true gp120-specific neutralization.  Block three of Table D3 shows the 

neutralizations by Nterm peptide-immunized samples.  No other pre-bleed samples 

showed neutralization of IIIB. Unlike the D074 experiments, RNt #5 serum and IgG were 

unable to neutralize HIV, suggesting that the Nterm may not elicit neutralizing responses.  

There were small amounts of inhibition in serum and IgG (30% and 26% reduction in 

growth, respectively), but these levels did not reach higher than the small amounts of 

inhibition by Nterm the pre-bleed serum.  Block four of Table D3 shows the Bal 

neutralizations by Scrambled peptide-immunized samples.  In this assay there was a 

consistent level of neutralization by all samples (pre-bleed serum, RScr #7 serum and 
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IgG, and RScr #8 serum and IgG, between 51-70% inhibition), indicating that this 

neutralization may be an artifact of the day 3 collection point and not represent true 

neutralization.  The donor 039 IIIB neutralization studies support the findings that gp120-

immunized rabbits express autologous neutralizing antibody but do not confirm a 

neutralizing role for Nterm-specific antibodies. 
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Table D4. PBMC neutralizations with HIV Bal and D039. HIV-1 Bal was pre-incubated 

with sample and a MOI of 0.1 was tested for growth on D039 PBMC. Neutralization-

positive results are bolded. 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24)
a
 

% inhibition
b
 

(p24)
c
 

Neutralization 

D3 Bdl
d
 (bdl) Bdl (bdl) n/a (n/a) 

D7 >10 (>10) 0 (0) n (n/a) 
RPBS 

#1 
IgG 

D12 >10 (adl
e
) 9.2 (adl) n (n/a) 

D3 <100 (<100) 0 (0) n (n) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (<100) 0 (0) n (n) 

D3 >10 (>10) 0 (0) n (n) 

D7 >10 (10) 20.6 (61.0) n (y) 

RPBS 

#2 

IgG 

D12 >10 (>10) 34.0 (20.3) n (n) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition 

(p24) 
Neutralization 

D3 Bdl (<100) Bdl (5.3) n/a (n) 

D7 <100 (<100) 0 (0) n (n) 

Gp120 

pre-

bleed 

Serum 

D12 <100 (<100) 0 (0) n (n) 

D3 Bdl (400) Bdl (53.3) n/a (y) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (<100) 0 (0) n (n) 

D3 Bdl (>10) Bdl (49.3) n/a (n) 

D7 >10 (>10) 0 (0) n (n) 

R120 #3 

IgG 

D12 >10 (>10) 0 (0) n (n) 

D3 Bdl (100) Bdl (76.0) n/a (y) 

D7 <100 (<100) 26.7 (27.6) n (n) Serum 

D12 <100 (<100) 0 (31.4) n (n) 

D3 Bdl (bdl) Bdl (bdl) n/a (n/a) 

D7 >10 (>10) 0 (39.3) n (n) 

R120 #4 

IgG 

D12 >10 (>10) 12.2 (0) n (n) 
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Table D4. continued 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition 

(p24) 
Neutralization 

D3 Bdl (bdl) Bdl (bdl) n/a (n/a) 

D7 <100 (<100) 19.4 (45.8) n (n) 
Nterm pre-

bleed 
Serum 

D12 <100 (<100) 0 (0) n (n) 

D3 Bdl (bdl) Bdl (bdl) n/a (n/a) 

D7 <100 (<100) 13.3 (33.2) n (n) Serum 

D12 <100 (<100) 0 (0) n (n) 

D3 Bdl (bdl) Bdl (bdl) n/a (n/a) 

D7 >10 (>10) 22.4 (36.7) n (n) 

RNt #5 

IgG 

D12 >10 (>10) 0 (0) n (n) 

D3 <100 (bdl) 0 (bdl) n (n/a) 

D7 400 (400) 76.6 (52.3) y (y) Serum 

D12 <100 (<100) 0 (9.2) n (n) 

D3 >10 (bdl) 0 (bdl) n (n/a) 

D7 2.5 (2.5) 86.5 (64.4) y (y) 

RNt #6 

IgG 

D12 >10 (>10) 8.9 (28.0) n (n) 

 

Rabbit 

sample 

Sample 

type 

Sample 

day (D) 

IC50 dilution
-1

 or 

IgG concentration 

(p24) 

% inhibition 

(p24) 
Neutralization 

D3 Bdl (>10) Bdl (0) n/a (n) 

D7 <100 (<100) 0 (0) n (n) 
Scrambled 

pre-bleed 
Serum 

D12 <100 (adl) 0 (adl) n (n/a) 

D3 Bdl (bdl) Bdl (bdl) n/a (n/a) 

D7 100 (100) 71.5 (56.8) y (y) Serum 

D12 <100 (100) 35.9 (50.9) n (y) 

D3 Bdl (bdl) Bdl (bdl) n/a (n/a) 

D7 0.0098 (0.0098) 91.3 (70.3) y (y) 

RScr #7 

IgG 

D12 >10 (>10) 20.5 (15.6) n (n) 

D3 Bdl (bdl) Bdl (bdl) n/a (n/a) 

D7 <100 (<100) 0 (0) n (n) Serum 

D12 <100 (adl) 0 (adl) n (n/a) 

D3 Bdl (>10) Bdl (0) n/a (n) 

D7 >10 (>10) 22.1 (0) n (n) 

RScr #8 

IgG 

D12 >10 (adl) 0 (adl) n (n/a) 
* are based on OD405 values 

a. are based on concentration of p24, derived from standard curve, in µg/ml IgG 

b. at lowest neutralizing titre or highest % neutralization ever reached across tested dilutions 

c. % inhibition by p24 concentration 

d. bdl = below detection levels 

e. adl = above detection limit 
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Bal virus was then tested for neutralization by rabbit sera and IgG in donor 039 PBMC 

(Table D2).  In this experiment, a sampling error limited the amount of samples that 

could be tested for neutralization and so the RPBS pre-bleeds and RPBS #1 sera were not 

tested.  Therefore, block one of Table D4 shows the neutralization panel of RPBS #1 IgG 

and RPBS #2 serum and IgG.  Only one background level neutralization >50% was seen 

on day seven by RPBS #2 IgG at the highest dilution, 10 µg/ml. Block two of Table D4 

shows the neutralization panel of gp120-immunized samples.  This is the first instance 

where there is almost no appreciable neutralizations.  Both R120 #3 and R120 34 day 

three sera showed some neutralization at higher dilutions (2.5x10
-4

 and 0.1 dilutions, 

respectively).  This was not reflected in the IgG compartment, but was also not seen in 

the pre-bleed sera samples, and therefore may represent true moderate neutralizations.  

Thus, some heterologous neutralization of Bal by IIIB gp120-immunized rabbit sera was 

detected.  The third block of Table D4 shows the neutralization profile for Bal of Nterm 

peptide-immunized samples.  In this experiment, only RNt #6 showed some 

neutralization of Bal on day seven.  This was reflected in both the serum (at 0.1 dilution) 

and IgG (at 9.8x10
-3

 µg/ml), but the inability of these samples to neutralization HIV 

consistently in the other assays suggest that this may not indicate that Nterm elicited a 

specific neutralizing response in this animal.  Block four of Table D4 shows the 

neutralization profile of the Scrambled peptide-immunized samples.  Very little inhibition 

of viral growth was seen in this grouping, but there was some detectable background 

neutralization >50% by RScr #7 on day seven in both the serum (at 0.1 dilution) and IgG 

(at 9.8x10
-3

 µg/ml). These neutralizations were not replicated in RScr #8 and were not 

seen in the other assay, and therefore do not represent specific neutralization of HIV. 


