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Abstract 

 An effective vaccine against HIV/AIDS will likely need to induce broadly (b) 

neutralizing (Nt) antibodies (Abs). Such Abs are produced rarely during natural infection, 

take years to develop, and have unusual genetic and reactivity features. The research 

presented here is part of continuing investigations into the origins of Abs bearing these 

features within HIV-infected hosts. 

 First, the reactivity profiles of monoclonal bNt Abs were analyzed and compared 

with those of pathogenic autoAbs. Unlike pathogenic autoAbs, HIV bNt Abs were 

minimally self-reactive and modestly polyreactive only at high concentrations, supporting 

a fundamental distinction between their binding behaviour. Moreover, the polyreactivity 

of HIV bNt Abs, but not of pathogenic autoAbs, was abrogated in assays using complex 

blocking proteins, which more closely reflect in vivo conditions. 

 Second, HIV serum cohorts were assayed for reactivity to envelope glycoproteins 

and self-antigens, and for idiotypic composition. No HIV sera were significantly self-

reactive, but most displayed a novel form of ‘conditional’ non-specific polyreactivity, and 

all contained high titers of IGHV1-69-encoded IgGs. Multiple lines of evidence supported 

a division between the serum Abs of cross-Nt and slow progressor sera, which were 

focused against particular sites on Env and displayed the lowest degree of self-reactivity 

and polyreactivity, and those from recent seroconverters and rapid progressors, which 

were cross-reactive against diverse Env epitopes, mildly self-reactive and highly 

polyreactive. 
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 Finally, novel methods were developed to interrogate expressed VH gene 

repertoires of rare B-cell subsets in HIV+ and healthy individuals. Immunogenetic 

analyses revealed that Ab repertoires of HIV+ individuals accrue somatic mutations 

indiscriminately, primarily in resting memory B-cells but also in other compartments. 

Other genetic features of bNt Abs, including long CDR-H3s and biased VH gene usage, 

were not observed in the overall repertoire, and so presumably emerge via antigen 

selection by HIV Env.  

 Taken together, our data indicate that HIV infection induces fundamental 

changes in the reactivity and immunogenetic features of Abs. In addition to providing a 

plausible genetic and immunological mechanism for the development of highly mutated, 

polyreactive Abs, HIV-associated immunomodulation could significantly enhance 

secondary Ab repertoire diversification, potentially contributing to the development of bNt 

specificities.  

Keywords:  HIV/AIDS; Antibody; Infection; Vaccine; Immunogenetics 
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1. Introduction 

1.1. Thesis format  

This dissertation summarizes ongoing efforts toward a vaccine for human 

immunodeficiency virus type 1 (HIV-1), focusing on the manner in which humoral 

immunity may be modulated in the HIV-infected host. The results are presented in 

“published manuscript” format, with each chapter a self-contained entity containing its 

own introduction, methods, results and discussion. Chapter 2, reprinted from AIDS, 

describes the characterization of unusual reactivity features of the broadly (b) 

neutralizing (Nt) anti-HIV monoclonal (M) antibodies (Abs) 4E10, 2F5 and 2G12. 

Chapter 3 extends this work to the sera of HIV+ individuals at various stages of infection 

and with divergent clinical outcomes, and is currently in preparation for submission to the 

Journal of Clinical Investigation. Chapter 4, in preparation for submission to the Journal 

of Immunological Methods, outlines novel techniques developed in our lab for producing 

and sequencing the expressed Ab repertoires of rare B-cell subsets. Chapters 5 and 6 

both describe immunogenetic features of the Ab repertoires of HIV+ and healthy 

individuals, and are in preparation for submission to Genes and Immunity and the 

Journal of Infectious Diseases, respectively. The data chapters are supplemented by a 

general introduction (Chapter 1) and an overview of the conclusions and implications of 

the work (Chapter 7).   
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1.2. Summary of my contributions to Chapters 2 - 6 

The data presented in this dissertation were not solely the result of my work. I 

was directly involved in the design and execution of only one of the experiments in 

Chapter 2, most of which were by carried out prior to my entry into the PhD program, but 

I played a leading role in the analysis and interpretation of the data, as well as in writing 

the manuscript. Most of the experiments in Chapter 3 were a direct result of my work, 

with the exception of the epitope mapping studies (done by Xin Wang), and the 

microarray experiments, which were conducted in Gregg Silverman’s lab but analyzed 

and interpreted by me. Together with my supervisor, Jamie Scott, I was responsible for 

the conception, execution and interpretation of all the experiments in Chapter 4, 

although the starting materials for each (B cells sorted by phenotype) were provided by 

Armstrong Murira. For the analyses presented in Chapter 5, I capitalized on Ab 

sequence data that were generated in Dimiter Dimitrov’s lab at NIH/NCI. All of the 

experiments in Chapter 6 were conducted by me or under my direct supervision, except 

for the flow cytometry and cell sorting (done by Armstrong Murira and Susan Moir’s lab 

at NIAID/NIH), and bioinformatic analyses of flow cytometry data (done by Armstrong 

Murira, Nima Aghaeepour and Ryan Brinkman). 

1.3. The state of the HIV-1 pandemic in 2013 

As of 2012, approximately 34 million people worldwide were living with HIV, 

some 70% of whom resided in Sub-Saharan Africa, where 5% of the adult population is 

infected (1). Numbers of new infections and acquired immunodeficiency syndrome 

(AIDS)-related deaths continue to decline globally, although some regional epidemics 

are expanding, particularly in South Asia (1, 2). In developed countries, highly active 
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antiretroviral therapy (HAART) has transformed HIV into a chronic, long-term disease, 

with life expectancy up to 70% that of HIV- individuals (3). Early access to HAART can 

also greatly reduce spread of the virus, leading to proposals of “treatment as prevention” 

as a public health strategy (4). However, in high-risk populations and less developed 

countries, HIV remains a major public health concern imposing large morbidity and 

mortality burdens (2, 5), and the development of a safe and effective vaccine represents 

our best hope for halting the pandemic in a timely manner.  

The conventional vaccine paradigm, of mimicking natural infection with a 

microbe, probably does not apply to HIV since protective immune responses, as well as 

viral control and/or clearance, are rarely or never achieved (reviewed in (6, 7)). Thus, 

HIV vaccination represents uncharted scientific territory, and will likely require significant 

improvements on natural immunity. Since the identification of HIV-1 as the aetiological 

agent of AIDS 30 years ago (8, 9), enormous progress has been made in our 

understanding of the immune response against the virus. Unfortunately, the need for a 

preventative vaccine remains even with the advent of HAART, and no vaccine candidate 

has been able to reliably induce protective immunity in human subjects. These setbacks 

have resulted in renewed focus on fundamental questions related to the pathophysiology 

and immunobiology of HIV infection. 

1.4. HIV-1 Vaccine Considerations 

1.4.1. The biology of HIV-1 

HIV-1 is an icosahedral, enveloped, positive strand retrovirus of the genus 

Lentivirus.  The virus is transmitted through sexual activity or by contact with 

contaminated blood products, which occurs frequently for users of injection drugs. 
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During sexual transmission, one or a few viral quasispecies (10) cross the mucosal 

barrier and establish a focus of infection in the CD4+ T cells and macrophages of the 

underlying tissues (11); the virus then disseminates throughout the secondary lymphoid 

tissues, particularly those of the gut. Once inside the cell, DNA copies of the HIV 

genome are produced through error-prone reverse transcription, which are then shuttled 

into the nucleus and integrated into the chromosome. Integrated provirus may remain 

inactive for years, and latent viral reservoirs present a formidable obstacle to the 

eradication of virus from host tissue (reviewed in (12)). Transcription from the HIV 

genome requires both viral and host factors, which depend on the metabolic state of the 

cell. Many HIV gene products are translated as polyproteins, cleaved by viral protease, 

and then assembled at the plasma membrane. Mature viral particles bud as cell-free 

virus, or are transmitted directly to another host cell through the virological synapse (13). 

Progressive infection leads to CD4+ T cell decline, irreversible destruction of gut-

associated lymphoid tissue (GALT) architecture (14), microbial translocation across the 

mucosal barrier (15), systemic immune activation (16) and eventually, to AIDS, 

characterized by onset of cancers and opportunistic infections.  

1.4.2. HIV-1 Env structural biology 

The initial stages of viral attachment to CD4 involve the HIV envelope (Env) 

glycoproteins (gp)120 and gp41, which are arranged as a non-covalently associated 

trimer of dimers that form the Env spike (see section 1.6.2 below). Each gp120 molecule 

consists of an inner domain that is relatively conserved in sequence, a bridging sheet 

from which stems the variable V1/V2 loop, and an exposed and more variable outer 

domain bearing the variable loops V3, V4 and V5 (17). The trimer, and gp120 in 

particular, is highly glycosylated, with about half of its molecular weight contributed by 
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glycan moieties; recent work has shown that these consist almost entirely of 

unprocessed oligomannose sugars due to shielding from Golgi-mediated processing 

(18). The CD4-binding site (CD4bs), formed at the interface of the outer domain with the 

inner domain and bridging sheet, is devoid of glycosylation. In contrast to related simian 

viruses, HIV-1 virions have a very low density of Env trimer, with ~7-10 spikes per virion 

(19-21). 

Binding of gp120 to CD4 results in large conformational changes in the Env 

trimer. Cryoelectron tomography experiments have begun to bridge the gap between 

local structural changes shown by X-ray crystal structures of liganded and unliganded 

monomeric gp120 (22, 23) and the structure of the native trimer (21, 24), showing an 

outward rotation and displacement of each gp120 protomer to form the open quaternary 

Env conformation. These changes result in the exposure of the co-receptor binding site, 

as well as considerable structural rearrangement of the gp41 N-terminus (reviewed in 

(25)), leading ultimately to insertion of the gp41 fusion peptide into the target cell 

membrane and membrane fusion. Thus, the HIV-1 trimer is structurally dynamic and 

represents multiple targets for the immune system. 

1.4.3. A brief history of HIV-1 vaccine trials 

Subsequent to the pioneering efforts of Zagury (26), four large-scale efficacy 

trials have been conducted in human subjects (reviewed in (27)). The first, using 

AIDSVAX® recombinant gp120, was safe and immunogenic, but elicited primarily non-Nt 

Abs (28, 29). Hopes then turned to the possibility that cytotoxic T cell-mediated immunity 

might be harnessed to control early HIV infection; however, when the STEP trial 

evaluated an adenovirus type 5 vector expressing HIV-1 gag, pol and nef, it afforded no 

protection or viral control (30), and may have actually increased the risk of infection in 
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vaccinees with pre-existing anti-adenoviral Abs. More recently, the RV144 Thai trial, 

combining a recombinant ALVAC canarypox vector expressing env, gag and pol plus 

AIDSVAX® gp120 in a prime-boost regimen, afforded a modest 31% protective efficacy 

(31), although this result may not be statistically robust (32). This year, the HVTN 505 

trial, testing vaccination with DNA encoding HIV env, gag, pol, and nef, followed by an 

adenoviral vector encoding gag, pol and env, was stopped when the conditions for futility 

were met. It is not yet clear whether vaccinees were at higher risk for acquiring HIV, and 

whether this relates to pre-existing anti-adenoviral immunity. No vaccine candidate has 

been able to reliably confer protection against HIV infection. 

1.4.4. Challenges for vaccine development 

HIV-1 vaccine development has been fraught with difficulties for many reasons. 

First, the virus is enormously variable and mutable, with the highest genetic diversity 

ever recorded in a pathogen (33, 34). Second, conserved sites on the virus are 

conformationally labile (35, 36), and are sterically occluded by N-linked glycans and 

variable loops (37, 38), preventing Ab access. Third, variable sites targeted by non-Nt 

Abs, particularly on non-functional or shed Env, appear to be more immunogenic than 

conserved sites (39, 40). Although examples exist of HIV+ individuals who produce 

vigorous and effective Nt Abs (see section 1.6 below) or cell-mediated immune 

responses (‘elite controllers’), these represent a minority of infections.  

Although the correlates of immune protection for a prospective HIV vaccine are 

not known, Abs capable of neutralizing a broad genetic spectrum of viral isolates are 

known to confer protection in animal models (bNt Abs; see section 1.6 below). Some 

non-Nt Abs, such as those that activate Ab-dependent cellular cytotoxicity (ADCC), may 

also be protective under some circumstances (41). Induction of innate immune 



 

7 

mechanisms and vigorous cytotoxic T-cell responses are also desirable goals, 

particularly in light of recent work demonstrating the ability of effector memory T cells to 

control or even clear the virus in animal models (42, 43). 

1.5. The biology of the antibody response 

Abs or immunoglobulins (Igs), the secreted glycoprotein form of the B-cell 

receptor, are the central component of the adaptive humoral immune system. Each Ab Is 

generally unique to the B-cell clone producing it. As preformed immune mediators, 

circulating and mucosal Abs represent correlates of immune protection for almost all 

vaccines licensed to date (44). They have a variety of functions within the body, 

including neutralization, opsonisation for subsequent phagocytosis or ADCC, and 

activation of the complement system. 

1.5.1. The igh locus and generation of antibody diversity  

Ab molecules are made up of two identical heavy chains and two identical light 

chains, arranged as a “dimer of heterodimers” (Figure 1). Each chain is composed of 2-

5 immunoglobulin domains, with the variable domains conferring antigen specificity.  

Typically, the variable domain of the heavy chain (VHD) contributes more to antigen 

binding than that of the light chain (45), and the molecular genetic mechanisms 

governing VHD formation are more complex. 
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Figure 1. Schematic representation of an immunoglobulin molecule. 
 Figure used with permission from IMGT®, the international ImMunoGeneTics information 

system, www.imgt.org.  

The VHD is encoded by variable (VH), diversity (D) and joining (JH) genes located 

in the igh locus, which is spread across ~1250 kb of chromosome 14 (Figure 2). In 

humans, the locus contains 38-46 functional VH genes per haploid genome, falling into 

seven families by sequence similarity (46), as well as many more non-functional 

pseudogenes and orphons. The D and JH genes are similarly duplicated, with 23 and 6 

functional members, respectively. High rates of segmental duplication, allelic 

polymorphism and copy number variation suggest that most individuals’ complement of 

VH, D and JH genes may be unique (47, 48).  

Primary diversification of the Ab repertoire occurs during B-cell development 

through recombination-activated gene (RAG)-mediated somatic recombination of V, D 

and J genes (Figure 3) (49-51). The RAG proteins act on recombination signal 

sequences (RSSs) that flank each gene, composed of AT-rich heptamers and nonamers 

separated by a 12 or 23 bp spacer sequence (reviewed in (52)). Single strand nicks are 

introduced near each RSS, leading to nucleophilic attack and hairpin formation on each  
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Figure 2. Organization of the human igh locus. 
 Functional VH genes are shown in green, D genes in blue and JH genes in yellow. 

Antibody constant regions are shown in light blue, with the location of various multigene 
deletions and duplications shown with arrows. Figure used with permission from IMGT®, 
the international ImMunoGeneTics information system, www.imgt.org.  
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coding end, followed by imprecise opening of the hairpins by the DNA nuclease Artemis. 

Before double strand breaks are joined, combinatorial repertoire diversity is further 

increased by exonuclease processing and non-templated nucleotide addition at the 

junctions between V, D and J genes (53), which in the Ab heavy chain lies within the 

third complementarity-determining region (CDR-H3). The CDR-H3 is the most variable 

part of the Ab molecule and typically the most central to binding antigen (54). 

 

Figure 3. V(D)J rearrangement and immunoglobulin synthesis. 
 Figure used with permission from IMGT®, the international ImMunoGeneTics information 

system, www.imgt.org.    

 Subsequent to antigen encounter, secondary diversification of the Ab repertoire 

occurs via somatic hypermutation (SM), whereby point mutations are introduced into the 

genes encoding VHDs, potentially altering their coding sequence. SM is initiated when 

cytidine nucleosides are deaminated by the enzyme activation-induced cytidine 
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deaminase (AID), then the resulting guanidine-uridine DNA lesions are processed by 

DNA replication, base excision repair or mismatch repair (reviewed in (55, 56)).  SMs 

may be beneficial or harmful to the BCR, and preferentially accumulate in CDRs, 

partially because they contain SM hotspot sequences, and partially because framework 

regions (FRs) are less tolerant to amino acid changes (57, 58). AID also mediates class-

switch recombination, in which the Ab heavy chain constant region is replaced with 

another constant region located 3’ on the chromosome, with the intervening region 

looped out (reviewed in (59)). 

 More rarely, processes other than SM may alter the sequences of mature BCRs. 

In association with SM, somatic insertions and deletions are introduced at low frequency 

into Ab molecules through polymerase slippage and misalignment. Some evidence 

exists for VH replacement, the phenomenon by which a VH gene in a fully formed VH-D-JH 

rearrangement is displaced by another invading 5’ VH gene, mediated by cryptic RSSs 

near the 3’ end of most VH genes (60, 61). The frequency of VH replacement is disputed, 

as is whether it occurs in mature or developing B cells (reviewed in (62)). 

1.5.2. B cell development and immunological tolerance 

In most mammals, B cells begin their development in the primary lymphoid tissue 

of the bone marrow, where they first successfully rearrange to produce a functional 

heavy chain, after which the light chain κ and λ genes are rearranged until a functional 

light chain is produced (reviewed in (63)). Because developing B cells divide after 

successful heavy chain gene rearrangement, a single heavy chain may be paired with 

multiple different light chains in different Abs (45). The final BCR is subjected to central 

immunological tolerance (reviewed in (64)), in which Ab specificities with strong reactivity 

for self are purged from the repertoire by apoptosis or receptor editing. Weakly self-
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reactive B cells may also enter an induced state of anergy or unresponsiveness to 

antigen, but continue their development. 

After emerging from the bone marrow, B cells proceed through a series of 

immature transitional stages in blood and secondary lymphoid tissue, particularly the 

spleen, with only a small minority entering the mature naïve B cell pool (65, 66). 

Developmental checkpoints at the transitional stage select against self-reactive or 

polyreactive BCRs, as well as some long CDR-H3 Ab specificities (67).  Upon antigen 

encounter, additional checkpoints exclude self-reactive B cells from entering the 

germinal center (GC) reaction (68), and prevent the expansion of self-reactive or 

polyreactive Ab specificities generated by SM (69, 70). B-cell peripheral tolerance is 

weaker and more plastic than central tolerance (71). 

1.5.3. The cellular basis of the humoral immune response 

B cells exist in the periphery as multiple phenotypically discernable 

subpopulations, each with specialized immune function. Much of the characterization of 

the division of labour among B-cell subsets has been done in the mouse, although in 

most cases human equivalents have now been identified (72, 73). During fetal 

development, the major site of hematopoiesis is the liver, which produces large numbers 

of B-1 cells (so named because of their developmental order) that seed the peritoneal 

and pleural cavities (63); these cells are self-renewing, but may continue to develop 

through adult life from bone marrow-derived stem cells. B-1 cells are primarily innate 

immune cells, which can be activated to secrete polyreactive natural IgM, IgG and IgA 

Abs spontaneously and in response to inflammatory stimuli; they tend to have long CDR-

H3s, few or no non-templated additions or SMs, and use a restricted subset of VH genes 

(63). In neonatal and adult life, B-cell development in the bone marrow gives rise to 
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several B-cell types, possibly dependent on the strength of signals received through the 

BCR (74, 75). These include marginal zone B cells (so named because of their 

anatomical localization in the splenic marginal zone), long-lived cells that respond rapidly 

to blood-borne T cell-independent antigens and secrete low-affinity, generally unmutated 

IgM and IgG Abs; although they are sessile cells in rodents, recirculating IgM memory B 

cells may represent the human equivalents (63, 76). Finally, conventional B-2 cells 

capable of responding to T-cell dependent antigens are constantly replenished from 

bone marrow precursors to recirculate between blood, lymph and the follicles of the 

secondary lymphoid tissues, searching for antigen. 

During a humoral immune response, the first cells to be mobilized (in response to 

non-specific inflammatory stimuli) are B-1 cells, which rapidly relocate from the 

peritoneal cavity to secondary lymphoid tissue and differentiate into mostly short-lived 

Ab-secreting plasmablasts; for this reason, B-1 cells have little or no memory and do not 

take part in recall responses (77). Early induced responses, mediated by marginal zone 

and B-1 cells activated through antigen binding to their BCRs, occur a few days later and 

also have limited immunological memory and proliferative capacity (78). Innate-like and 

early-induced B cell responses are largely thymus-independent, although they may 

participate in the GC reaction under some circumstances (79). Later still, conventional B-

2 cells enter the response, and may differentiate into short-lived extrafollicular 

plasmablasts or, together with cognate T cells, enter the GC reaction within lymphoid 

follicles, where B cells undergo isotype switching, somatic hypermutation and affinity 

maturation (reviewed in (80)). Long-lived memory B cells and plasma cells, typically the 

progeny of B-2 B cells, emerge from the GC and migrate to the bone marrow and sites 

of Ag encounter in the periphery. Thus, at least three types of B cells contribute to 
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circulating serum and mucosal Ab (81). The contribution of each to an Ab response is 

governed by a complex set of factors, including the nature of the antigen and immune-

regulatory mechanisms, and the extent to which they overlap is not well understood. 

1.6. The antibody response during natural HIV-1 infection 

1.6.1. Kinetics of the antibody response against Env 

The earliest Abs against Env are generated within 1-2 weeks of infection, and 

consist of polyreactive gp41-directed IgMs and IgGs that are ineffective in controlling 

viral replication (82, 83). The first Nt Abs against autologous HIV-1 subtype B variants, 

typically directed against the gp120 V3 loop (84, 85) but also to other targets (86-88), 

arise 1-3 months after infection, driving recurring escape mutations in Env (86, 89). In 

contrast, Abs capable of neutralizing a broad genetic spectrum of viral isolates (broadly 

neutralizing Abs; bNt Abs) are produced only in 10-30% of HIV+ patients (90-92) and 

typically after years of chronic infection (93). Development of neutralization breadth is 

gradual, and a subset of heterologous cross-Nt Ab responses mature into much broader 

Nt responses, mediated by one or a few bNt Ab specificities (94-96); these provide little 

benefit to the host and do not delay progression to AIDS (96, 97). The potential 

significance of bNt Abs in vaccine design is demonstrated by their ability to confer 

protection against repeated challenge in animal models of HIV infection, even at very 

low Ab dose (98-100). 

1.6.2. Conserved sites targeted by HIV-1 broadly neutralizing antibodies 

The bNt MAbs against HIV-1 target at least four major sites of vulnerability on 

Env (Figure 4; reviewed in (101)). The earliest target of heterologous cross-Nt  
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Figure 4. The HIV-1 envelope spike and its recognition by neutralizing 
antibodies. 

 The ~20A cryoelectron tomogram of the HIV-1 BaL isolate viral spike (21) is shown in 
gray, fitted with three copies of the HIV-1 gp120 core in the CD4-bound conformation 
(109), with modeled glycans and with modeled sites of Env vulnerability colored red 
(CD4-binding site), green (glycan N160 in V1/V2), blue (glycan N332 at the base of V3), 
and cyan (MPER of gp41). Figure used with permission from reference (101). 

Abs during natural infection by HIV-1 is the gp120 CD4bs (102), a structurally invariant 

depression that is relatively free of glycans, and the largest number of bNt MAbs have 

been isolated against this site (reviewed in (103)). However, the CD4bs is also the target 

of many non-Nt Abs, and structural studies have shown that the Ab binding mode and 

angle of approach must be very precisely targeted to neutralize at this site (35). A 

second site, composed of protein and glycan associated with gp120 N160, is formed 

from quaternary interactions of neighbouring V1V2 loops (104). A third site is formed 

from a conserved glycan cluster on the gp120 outer domain, as well as various residues 

in the V3 loop (105, 106); thus, it is becoming increasingly apparent that the glycan 
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shield, and the glycan at gp120 N332 in particular, is an important target for bNt Abs. 

Lastly, three bNt Abs, as well as at least three heterologous cross-Nt Abs, have been 

isolated against the membrane-proximal external region (MPER) of gp41, a conserved 

hydrophobic sequence that lies near the viral membrane and is critical for viral entry.  

More rarely, other sites are targeted by heterologous cross-Nt Abs against HIV, 

typically with much less breadth than those against the four sites outlined above. These 

include the V3 loop (107), CD4-inducible (CD4i) co-receptor binding sites (108), and 

various quaternary epitopes (93). 

1.6.3. Genetic features of HIV-1 broadly neutralizing antibodies 

Irrespective of their target site, bNt Abs against HIV share a number of 

immunogenetic features (see Table 1). With few exceptions, bNt Abs have 

extraordinarily high levels of SM, sometimes resulting in amino acid changes to 30-40% 

or more of the VH gene. This is especially true of Abs directed against the CD4bs, but 

perhaps less for Abs with more limited breadth, such as the heterologous cross-Nt MAb 

m66 which bears only 12 SMs. Second, many bNt Abs, especially those directed against 

the V1V2 site, bear very long CDR-H3s, sometimes exceeding 30 residues. Exceptions 

to this rule include MAbs 3BNC112 (12 residues), VRC01 (14 residues), 12A12 (15 

residues), VRC- CH31 (15 residues), and 2G12 (16 residues), among others. Third, bNt 

Abs against particular sites may use biased sets of VH genes that are used sparingly in 

the naïve repertoire, such as IGHV1-2 for CD4bs-directed MAbs, various IGHV4 genes 

for the glycan-V3-directed MAbs, and IGHV1-69 for CD4i-directed MAbs (108). In most 

cases, reverting SMs to germline (58) or altering the CDR-H3 sequence (112-114) 

impairs Nt ability. However, since these Abs have been recovered from a relatively small 

number of individuals, it is unclear whether particular sites are preferentially accessed by  
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Table 1. Genetic features of HIV-1 broadly neutralizing antibodies 

Site MAb VH gene CDR-H3 length (aa) No. of VH SMs 
(nucleotide level) 

CD4bs 

b12 IGHV1-3 18 39 

VRC01 IGHV1-2 14 93 

VRC03 IGHV1-2 16 85 

VRC-PG04 IGHV1-2 16 84 

VRC-CH31 IGHV1-2 15 117 

NIH45-46 IGHV1-2 18 96 

12A12 IGHV1-2 15 67 

3BNC117 IGHV1-2 12 83 

1B2530 IGHV1-46 18 80 

8ANC131 IGHV1-46 18 77 

V1V2 site 

PG9/PG16 IGHV3-33 30 41 

PGT145 IGHV1-8 33 48 

CH01-04 IGHV3-20 26 48 

PGT141-144 IGHV1-8 34 47 

Glycan-V3 site 

2G12 IGHV3-21 16 62 

PGT128 IGHV4-39 21 60 

PGT121 IGHV4-59 26 56 

PGT122-123 IGHV4-61 26 56 

PGT125-127 IGHV4-b 21 58 

PGT129-131 IGHV4-39 21 61 

PGT135-137 IGHV4-39 20 54 

gp41 MPER 

10e8 IGHV3-15 22 64 

4E10 IGHV1-69 20 37 

2F5 IGHV2-5 24 40 

z13 IGHV4-59 19 47 

m66/m66.6 IGHV5-51 23 12 

CAP206-CH12 IGHV1-69 17 32 

Average for HIV bNt 
Abs - - 20.7 60.9 

Human Ab average - - 15.2 20.6 

 
*Human average for CDR-H3 length from (110) and for SM level calculated from (111). 
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Abs rearranged from certain germline VH genes, given that VH gene frequency in the 

repertoire is a heritable trait with significant inter-individual variability (115). 

1.6.4. Reactivity features of HIV-1 broadly neutralizing antibodies 

In addition to binding their epitopes on HIV Env, some groups have reported that 

bNt MAbs tend to be non-specifically polyreactive and/or react with self-antigens. MAbs 

4E10, 2F5, b12, 2G12, z13, CH01-04 and m66.6 have all been associated with this 

behaviour to various degrees (116-119), while the PGT MAbs and MAbs 10e8, VRC01 

and PG9/16 appear less polyreactive. A variety of self-antigens have been implicated as 

targets of bNt MAbs, including membrane phospholipids (120), DNA and histone 

proteins (118), cell lysate (121) and most recently, specific enzymes and proteins (122); 

no MAb is consistently associated with binding to any particular antigen, and binding to 

non-specific proteins is rarely tested. It has been suggested that polyreactivity is an 

adaptive feature of bNt Abs against HIV, increasing their apparent affinity for sparse Env 

trimers via heteroligation with other membrane proteins (121). However, the in vivo 

relevance of such polyreactive binding is questionable, given that the assays used to 

measure it typically employ unorthodox conditions involving very high concentrations Ab, 

diluted in buffers containing no blocking proteins or detergent (123). It is unclear whether 

polyreactivity, when present, is important for neutralization, since reversion of SMs to 

germline abolishes Nt ability but has variable effects on reactivity (121).  

1.6.5. Hypotheses for the rarity of broadly neutralizing antibodies during 
natural HIV-1 infection 

Several hypotheses have been put forward to explain the rarity and delayed 

appearance of bNt Abs during natural infection with HIV-1. First, it has been suggested 

that immunological tolerance may restrict the emergence of bNt Abs, particularly those 
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directed against the gp41 MPER (124, 125); thus, the minority of HIV-infected individuals 

who produce bNt Ab responses may differ fundamentally from those who do not, 

although this would not explain the delayed development of bNt Abs. The evidence for 

this hypothesis is derived mostly from in vitro binding assays (see section 1.6.4 above), 

as well as mouse igh knock-in experiments using the 2F5 and 4E10 VHDs (126, 127), 

which suffer from methodological problems associated with subjecting somatically 

matured human Abs to murine tolerance mechanisms. A second hypothesis is that 

germline BCRs are unable to bind HIV Env, which has evolved to exploit this “hole” in 

the naïve Ab repertoire (128); thus, B cells would first be selected against an unrelated 

antigen, then later, by chance, develop Env reactivity and be recruited into the Ab 

response against HIV. The evidence for this hypothesis is mostly derived from binding 

studies of germline-reverted bNt Abs (128, 129), which suffer from methodological 

problems arising from the inability to revert non-templated Ab sequences in CDR-H3, 

resulting in partially reverted Abs whose binding may be impaired by epistatic effects; 

furthermore, a recent longitudinal study of the evolution of a bNt Ab lineage showed 

strong binding of the lineage’s inferred unmutated ancestor to transmitted/founder Env 

(130). Finally, bNt Abs may be selected stochastically from Ab repertoires during chronic 

HIV infection, after multiple rounds of neutralization and escape at “strain-specific” sites 

(131, 132). Under this hypothesis, the emergence of bNt Ab specificities is a chance 

event, whose probability may depend on the virological and immunological milieu of 

infection, which might favour Abs bearing long CDR-H3s, high levels of SM and/or using 

particular VH genes. 



 

20 

1.7. Immunological perturbations associated with chronic 
HIV-1 infection 

Chronic HIV infection is associated with multiple alterations in humoral immunity, 

some resulting from direct effects of viremia on B cells, and some arising as a secondary 

consequence of systemic immune activation. Various phenotypic changes have been 

described in HIV-infected individuals, including increases in activated B cells and short-

lived plasmablasts, decreases in resting memory and naïve B cells, and the emergence 

of tissue-like “exhausted” memory B cells (reviewed in (133)). Systemic B-cell activation 

and increased numbers of Ab-secreting plasmablasts result in serum 

hypergammaglobulinemia; serological changes also occur at the level of serum isotypic 

and idiotypic composition in some individuals, with increased IgG1 and IgG3 levels, 

decreased IgG2 and IgG4 levels (134, 135), and expansion of the 9G4 (136) and IF7 

(137) idiotypes, encoded by IGHV4-34 and multiple VH genes, respectively. 

Immunogenetic perturbations have been described in anti-Env Abs, including longer 

than average CDR-H3s (111), high levels of SM (111), increased use of IGHV1-69 and 

IGHV5-51 in Abs against particular sites (108, 111, 138), biased use of distal VH genes 

(111), and increased use of VH3-family genes with concomitant decreased use of VH1-

family genes (139). The lattermost change was described in early studies of cloned Abs 

with respect to the entire Ab repertoire in HIV+ individuals (140-142), possibly as a result 

of gp120 binding to B cells expressing VH3-family genes (143). Polyreactivity, although 

not a general feature of bNt MAbs, also occurs in some non-Nt MAbs against Env (144).  

In summary, many idiosyncrasies are associated with humoral immunity during 

HIV infection, at the level of bNt Abs, anti-Env Abs, and possibly entire functional 

compartments of the Ab repertoire. It is unclear at which of these levels changes occur, 
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since it is difficult to divorce antigen selection from more systemic effects, or whether 

they represent separate, independent perturbations or interconnected phenomena.  

1.8. Objectives of this work 

The work presented here was motivated by the fundamental question of whether 

the Ab repertoire of the HIV-infected host differs in any respect from that of a healthy 

individual. More specifically, my research was intended to classify previously described 

reactivity and immunogenetic features of bNt and anti-Env Abs as: (i) specific to HIV bNt 

Abs or all HIV Env-specific Abs; (ii) associated with particular B-cell functional 

compartments in HIV+ individuals; or (iii) globally true of Ab repertoires (comprising both 

HIV-specific Abs and Abs that are not specific for HIV) in HIV+ individuals. It should be 

noted that since anti-Env B cells and Abs represent a minority of all B cells and 

circulating Abs (145), their features may not be observable in bulk Ab repertoires. 

Identifying the source of Abs bearing such features may point to the immunological 

mechanisms underlying the development of broad neutralization, and help in identifying 

B-cell subsets from which bNt Abs may arise. A better understanding of HIV-associated 

changes in humoral immunity, and the molecular correlates of bNt Abs, may be critical 

for the development of a successful HIV-1 vaccine. 

Chapter 2 begins by evaluating the self-reactivity and polyreactivity of the HIV 

bNt MAbs 2F5, 4E10 and 2G12 and comparing them to those of pathogenic autoAbs 

derived from patients with systemic lupus erythematosus (SLE) and anti-phospholipid 

syndrome (APS); the results showed that HIV bNt MAbs were not self-reactive, and that 

their modest polyreactivity was highly assay-dependent. Chapter 3 extends this work to 

the autoreactivity and polyreactivity features of HIV+ sera under different clinical courses, 
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and describes a novel form of ‘conditional’ non-specific polyreactivity associated with 

most HIV sera, particularly those derived from a setting of high inflammation during 

uncontrolled viremia; HIV+ sera also contained uniformly elevated levels of IGHV1-69-

encoded Abs compared to SLE or healthy control sera, regardless of clinical course, and 

that first appeared shortly after seroconversion. Chapters 4-6 describe next-generation 

sequencing and immunogenetic analyses of expressed VH repertoires in HIV+ and 

healthy individuals, and revealed increased overall SM levels in various B-cell functional 

compartments in association with HIV infection, but similar CDR-H3 lengths and VH gene 

usage in the Ab repertoires of HIV+ and HIV- individuals. These results also suggest that 

HIV Env selects Abs bearing long CDR-H3s and/or encoded by particular VH genes.  

Synthesizing these results, an overall picture emerges in which two general 

features of bNt Abs against HIV-1 (high SM levels and Ab polyreactivity) also develop 

independently as part of overall changes to the general repertoire early during HIV 

infection, and thus may be functionally related. However, since heterologous cross-Nt Ab 

responses (the precursors of bNt responses) were associated with ‘focused’ Ab 

responses against Env and lower overall polyreactivity, the ontogeny of bNt Abs 

probably also involves multiple rounds of GC selection focused on conserved Env sites, 

possibly in a setting of low inflammation. Other features of bNt Abs, such as long CDR-

H3s and biased VH gene usage, are presumably selected by HIV Env from Ab 

repertoires whose diversity may be expanded by SM. It remains to be seen whether the 

immunological milieu of HIV infection is necessary for the development of bNt Abs, or 

how one could recapitulate it with a vaccine. 
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2.1. Abstract 

Objective: Broadly neutralizing antibodies (bNt Abs) against HIV-1 are rarely produced 

during natural infection, and efforts to induce such Abs by vaccination have been 

unsuccessful. Thus, elucidating the nature and cellular origins of bNt Abs is a high 

priority for vaccine research. As the bNt monoclonal Abs (MAbs) 2F5, 4E10 and 2G12 

have been reported to bind select autoantigens, we investigated whether these MAbs 

display a broader range of autoreactivity and how their autoreactivity compares with that 

of pathogenic autoAbs. 
 

Methods: An autoantigen microarray comprising 106 connective tissue disease-related 

autoantigens and control antigens was developed and used, in combination with 

ELISAs, to compare the reactivity profiles of MAbs 4E10, 2F5 and 2G12 to those of four 

pathogenic autoAbs derived from patients with antiphospholipid-syndrome (APS), and to 

serum from a patient with systemic lupus erythematosus (SLE). 
 

Results: The APS MAbs and SLE serum reacted strongly with multiple autoantigens on 

the microarray, whereas anti-HIV-1 MAb reactivity was limited mainly to HIV-1-related 

antigens. The APS autoAbs reacted strongly with cardiolipin, yet only 4E10 bound 

cardiolipin at high concentrations; both 2F5 and 4E10 bound their HIV-1 epitopes with a 

2–3-log higher apparent affinity than cardiolipin. Moreover, the polyreactivity of 4E10, but 

not CL15, could be blocked with dried milk. 
 

Conclusion: The reactivity profiles of bNt anti-HIV-1 MAbs are fundamentally distinct 

from those of pathogenic autoAbs that arise from dysregulated tolerance mechanisms. 

This suggests that the limited polyreactivity observed for the bNt MAbs, and for HIV-1- 

Nt Abs in general, may arise through alternative mechanisms, such as extensive somatic 

mutation due to persistent antigen selection during chronic infection. 
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2.2. Introduction 

Induction of rare broadly neutralizing (bNt) antibodies (Abs) able to block cellular 

infection by a variety of human immunodeficiency virus type 1 (HIV-1) isolates remains 

the elusive goal of vaccine design.  Currently, passive transfer with bNt Abs is the only 

means of conferring protection against viral challenge in animal models (98, 99, 146, 

147). Six of the eight bNt monoclonal (M)Abs identified to date have unusually long third 

complementarity-determining regions of the heavy chain (CDR-H3s) (b12, 2F5, 4E10, 

447-52D, PG9/16 and HJ16 (111); D. Corti, Bellinzona, Switzerland, personal 

communication), and all are highly mutated, prompting the question of whether these 

features are necessary for broad neutralization. MAbs 2F5 and 4E10 recognize adjacent 

linear epitopes in the membrane-proximal external region of gp41 (MPER; reviewed in 

(25)). Structural studies of these Abs in complex with peptides have revealed that their 

CDR-H3s make marginal contact, if any, with their epitopes (148, 149); yet, mutational 

studies have shown the hydrophobic tips of their CDR-H3s are required for viral 

neutralization (112, 150-153).  

In addition to their MPER epitopes, MAbs 2F5 and 4E10 have been reported to 

bind self antigens, including cardiolipin and other membrane lipids (118, 120, 150, 154-

156). It has been proposed that 2F5 and 4E10 are polyreactive autoAbs, produced by 

plasma cells whose autoreactive precursors emerged due to a loss of tolerance 

checkpoints during development of the naïve B cell repertoire (124, 125). Evidence 

supporting this hypothesis includes the reactivity of 2F5 and 4E10 with self-antigens 

(118, 120, 124, 154-156); 4E10’s weak lupus anticoagulant activity (118, 157); the long 

CDR-H3s of these Abs, given that tolerance checkpoints may play a role in restricting 

CDR-H3 length (67); and (iv) the disruption of B cell development in IgH knock-in mice 
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bearing the 2F5 variable region (126).  More recently, it has been shown that the 

hydrophobic tip of 2F5’s and 4E10’s CDR-H3 is required for weak interaction with lipid 

(112, 150-153), and that residues of synthetic MPER peptides that are critical for 

interaction with MAbs 2F5 and 4E10 face into detergent micelles and lipid bilayers (158, 

159), leading to a proposed binding mechanism in which membrane surfaces are 

‘scanned’ for MPER residues, which are then extracted from the viral membrane (154, 

159-161).  Based on these studies, it has been suggested that polyreactive, lipid-binding 

Abs are initially selected from the naïve repertoire, and later recruited into the anti-HIV-1 

response by viral antigens (162).  Furthermore, one study has shown that serum anti-

cardiolipin Ab titers are strongly correlated in chronically infected patients with anti-

MPER Ab titers and neutralization breadth (163). The proposal that HIV-1-Nt Abs arise 

from polyreactive and/or autoreactive precursors that are normally absent in the naïve 

repertoire has fueled speculation that conventional vaccination strategies are unlikely to 

elicit bNt Abs, as selection for polyreactive Abs (162) or disruption of immunological 

tolerance (125) would be required for their development. 

Serum reactivity in clinical anti-cardiolipin assays is associated with anti-

phospholipid syndrome (APS), an autoimmune, thrombogenic condition and systemic 

lupus erythematosus (SLE) (164). In contrast, the clinical significance of reactivity with 

cardiolipin and other phospholipids that is commonly observed for serum Abs produced 

during HIV-1 infection is unclear (164, 165).  The anti-phospholipid Abs that develop 

during infection by HIV-1 and other pathogens (166) differ in several respects from those 

arising in APS and SLE: they are often transient (165, 166), do not cross-react with β2-

glycoprotein I (164, 165) and are not associated with lupus anticoagulant activity or 

thrombosis (165). Despite their putative cardiolipin reactivity, sustained passive infusion 
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of MAbs 2F5 and 4E10 is well tolerated, with no incidents of adverse effects or 

thrombotic complications (157, 167), and an alternate hypothesis to explain the 

mechanism of lipid reactivity of 2F5 has been described (151, 168). Thus, to further 

clarify the polyreactive and autoimmune nature of bNt anti-HIV-1 MAbs, we compared 

their reactivity profiles on an extensive panel of autoantigens with those of autoreactive, 

thrombogenic MAbs and serum produced by a patient with active SLE. 

2.3. Methods 

2.3.1. Materials 

The NIH AIDS Research and Reference Reagent Program provided 15-mer 

synthetic peptides derived from the lab-adapted HIV-1 strain, MN (>80% purity; 

sequences available online). Synthetic 2F5 peptide (NH3
+-

EQELLELDKWASLWSGK(Biotin)GC-CONH2) and E4.6 peptide (NH3+-

LHEESMDKWSNLMQCCTAEGK(Biotin)-CONH2) were from NeoMPS (San Diego, 

California, USA), synthetic 4E10 peptide (NH3
+- SLWNWFDITNWLWYISGK(biotin)GC-

CONH2) was from the University of British Columbia’s NAPS Unit Peptide Synthesis 

Laboratory (Vancouver, Canada) and synthetic H3N6 peptide (NH3
+-

AEPAENNWFMLTYFLAAEGC-CONH2) was from EZBiolab Inc. (Westfield, Indiana, 

USA); all were more than 95% pure. MAbs CL1, CL15, IS2 and IS4 were provided by P. 

Chen (UCLA), and MAbs 2F5, 4E10 and 2G12 by R. Kunert and H. Katinger (University 

of Agricultural Sciences, Vienna). Recombinant gp41 and gp120 envelope proteins (MN 

strain) were from ImmunoDiagnostics (Woburn, Massachusetts, USA). Cardiolipin, 

bovine serum albumin (BSA), ovalbumin (OVA), p-nitrophenyl phosphate (pNPP) and 2, 

2’-azino-bis 3-ethylbenzthiazoline-6-sulfonic acid (ABTS) were from Sigma-Aldrich (St. 
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Louis, Missouri, USA), non-fat dried milk (DM) from Bio-Rad (Hercules, California, USA), 

and Tween-20 from GE Healthcare (Piscataway, New Jersey, USA). Sources of 

microarray antigens are listed in Appendix A, Supplementary Table S1. 

2.3.2. Titration ELISA  

Protocols were adapted from an optimized procedure (118) (B.F. Haynes, Duke 

University, personal communication). Wells of 96-well microtiter plates (Corning Inc., 

Corning, New York, USA) were coated with 400 ng MN peptide in 50 µl phosphate-

buffered saline (PBS), pH 7.4, and dried at 55°C for 4 h; 2 μg cardiolipin in 50 μl 

methanol, and dried at 55°C for 45 min; and protein [50 ng gp41 in 50 μl PBS, or 50 μl 

PBS containing 2% (w/v) BSA, DM, or OVA] with overnight incubation at 4°C. Wells 

were blocked at 37°C for 2 h with 50 μM carbonate-bicarbonate buffer, pH 9.6, 

containing 3% BSA, then washed 3× with PBS containing 0.05% (v/v) Tween-20 

(PBST). Serial dilutions of 4E10, 2F5 and CL15 IgGs were prepared in PBSTBF [PBST 

containing 3% BSA and 2% (v/v) fetal calf serum (FCS)]; 50-μl aliquots were incubated 

in each well for 1 h at room temperature (RT). Wells were washed four times with PBST, 

then 50 μl alkaline phosphatase-conjugated goat antihuman IgG (Fab-specific; Pierce, 

Rockford, Illinois, USA), diluted 1:1000 in PBSTBF, was added for 1 h at RT. Wells were 

washed four times and developed using a pNPP tablet dissolved at 1 mg/ml in 100 μl 50 

μM carbonate-bicarbonate buffer containing 2 mM MgCl2. After 45 min, absorbance at 

405 nm was measured using a VersaMax Microplate Reader (Molecular Devices, 

Sunnyvale, California, USA). 
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2.3.3. Direct ELISA 

Direct ELISAs were performed as described (169) with the following 

modifications. Wells were coated with 4E10, H3N6 or MN peptides (400 ng), 

autoantigens (1 µg), double-stranded DNA (2 µg) or cardiolipin (2 µg in 35 µl methanol) 

and dried at 55°C for 1 h and then other wells were coated overnight at 4oC with 50 ng 

gp41 or 2% BSA, DM or OVA. MAbs were diluted in tris-buffered saline (TBS), pH 7.2, 

containing 0.1% Tween-20 and either 5% BSA; 5% DM; 50% FCS or 5% FCS as 

indicated.  

2.3.4. Autoantigen microarrays 

Purified autoantigens (0.2 mg/ml in PBS) were deposited in triplicate on 

nitrocellulose-coated FAST slides (Whatman, Florham Park, New Jersey, USA) using a 

VersArray ChipWriter Pro Robotic Arrayer (Bio-Rad). Arrays were blocked in dilution 

buffer (PBS, 5% FCS, 0.1% Tween-20) overnight at 4°C.  Serum samples were diluted 

1:300 in dilution buffer; MAbs were diluted to 35 ug/ml, 7 ug/ml and 1.5 ug/ml 

(representing 50, 10 and 2% of total serum IgG, given a typical serum IgG concentration 

of 21 mg/ml) then diluted 1:300; diluted Ab samples were incubated on slides for 1 h at 

4°C. Arrays were washed twice in dilution buffer and then probed with a 1:2000 dilution 

of Cy-3-conjugated goat antihuman IgG/IgM (Jackson ImmunoResearch, West Grove, 

Pennsylvania, USA) for 1 h at 4°C. After two washes in dilution buffer, followed by one in 

PBS and then in water, arrays were spun dry and imaged using a GenePix 4000B 

microarray scanner (Molecular Devices). Protocols are available at 

http://utzlab.stanford.edu/protocols/. 
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2.3.5. Data analysis and heat map generation 

Scanned array images were analyzed using Axon GenePix Pro 6.0 software 

(Molecular Devices). Median fluorescence intensity (MFI) values of less than 10 digital 

fluorescence units (DFUs) were set to 10 DFUs exactly. MFI values minus background 

from three replicate spots were averaged for each antigen. Heat maps were generated 

in TMEV Multiple Experiment Viewer v4.5.1 software by setting the highest intensity 

value for a given Ab-antigen interaction as 1.0 and normalizing the intensity of other Abs 

to this value, generating a percentage scale.  

2.3.6. Significance analysis of microarrays  

 Significance analysis of microarrays (SAM) was performed in TMEV Multiple 

Experiment Viewer v4.5.1 software to identify significant differences in array reactivities 

(170). Raw MFI values were log2 transformed and two-class unpaired analyses were 

performed to compare each HIV-1 MAb to the APS MAb CL15 across all three dilutions 

tested. For each comparison, 20 permutations were calculated and threshold 

parameters were selected such that the false discovery rate was less than 0.05. 

Antigens revealed by SAM to be bound significantly differently were selected for cluster 

analysis. A hierarchical clustering algorithm using a Euclidian distance metric and 

complete linkage method was applied to order array features into clusters based on 

similarities in Ab-antigen reactivities. 

2.4. Results 

We first compared the cardolipin reactivity of MAbs 2F5 and 4E10 with that of the 

pathogenic APS MAb, CL15 (171) using published ELISA conditions (118) (Fig. 1). In 

agreement with other work (157, 172), cardiolipin binding by MAb 2F5 was undetectable, 
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whereas binding by 4E10 occurred only at high concentrations; in this assay, 4E10 IgG 

bound cardiolipin and OVA approximately equally. There was more than a 2-log 

difference in the concentration of 4E10 MAb required to produce a given signal on 4E10 

peptide (or gp41) and that required to produce the same signal on cardiolipin. In 

contrast, CL15 saturated all antigens tested, with the exception of BSA. Although MAbs 

4E10 and CL15 bound the 4E10 peptide at similar half-maximal concentrations, only 

4E10 neutralized HIV-1 strain HxB2 (Appendix A, Supplementary Fig. S1; provided by 

M.B. Zwick, The Scripps Research Institute). These data demonstrate that MAbs 2F5 

and 4E10 prefer their cognate gp41 epitopes to cardiollipin by orders of magnitude, 

compared to the pathogenic and highly polyreactive autoAb CL15.  

To further test the specificity of these MAbs, their binding was studied in ELISA 

to a panel of overlapping 15-mer peptides derived from HIV-1 envelope protein isolate 

MN (Fig. 2). When diluted in 5% BSA, MAb 2F5 bound specifically to peptides bearing 

its cognate HIV-1 epitope, and MAb 4E10 bound its cognate epitope better than the 

multiple peptides with which it weakly crossreacted. In contrast, the APS autoAb CL15 

bound promiscuously to more than half the assayed peptides and to OVA and DM. 

Dilution in 5% FCS or 5% DM abolished non-specific binding of 4E10 but not of CL15. 

Linear regression analysis revealed that CL15 binding, but not 4E10 binding, was 

associated with a net negative charge on the peptides (Appendix A, Supplementary 

Fig. S2). These results are consistent with our previous studies, in which both MAbs 2F5 

and 4E10 selected peptides from phage-displayed libraries that share a core consensus 

sequence with their gp41 epitopes (173, 174), whereas MAb CL15 selected peptides 

bearing completely unrelated sequences (175).  
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Figure 1. Comparison of autoreactivity and polyreactivity of MAbs 2F5, 4E10 
and CL15 and dependence on Ab concentration.  

 MAbs 2F5, 4E10 and CL15 were titrated at the concentrations indicated in a direct ELISA 
against wells containing immobilized peptides bearing the 2F5 or 4E10 epitopes (400 ng 
each), recombinant gp41 (50 ng), cardiolipin (CL; 2 μg) or a nonspecific antigen, BSA, 
dried milk (DM) or ovalbumin (OVA) (2%). Data are representative of three independent 
experiments. MAb 2F5 does not bind CL or any nonspecific antigen significantly, whereas 
MAb 4E10 binds CL and OVA with apparent affinities that are at least two orders of 
magnitude smaller than that for gp41. MAb CL15 binds many antigens with high apparent 
affinity. 
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Figure 2.  Effects of complexity of Ab diluent on reactivity profiles of MAbs 
2F5, 4E10 and CL15. 

 MAbs 2F5, 4E10 or CL15 (10 nmol/l or 66.7 μg/ml IgG) were diluted in 5% BSA, 50% 
fetal calf serum (FCS) or 5% dried milk (DM) and assayed on wells containing 
immobilized overlapping HIV-1 MN peptides (400 ng), 4E10 peptide (400 ng), H3N6 
peptide (400 ng), recombinant gp41 (50 ng), cardiolipin (CL; 2 μg) or BSA, DM or 
ovalbumin (OVA) (2%). Each MAb was also tested at a 0.5 nmol/l concentration against 
positive control antigens to verify that binding remained unaffected by choice of diluent. 
Low-level polyreactivity of MAb 2F5 was abrogated in FCS or DM, and that of MAb 4E10 
was reduced in FCS and abrogated in DM; in contrast, MAb CL15 retained apromiscuous 
binding pattern even in DM. 
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To compare the autoreactivity profiles of bNt anti-HIV-1 MAbs to those of 

pathogenic APS MAbs and SLE serum, we developed and validated an autoantigen 

microarray containing clinically relevant autoantigens targeted by Abs from patients with 

systemic autoimmune diseases (176), HIV-1 antigens and control antigens. For 

comparison, we analyzed the anti-MPER MAbs, 2F5 and 4E10, the anti-gp120 MAb 

2G12 and four MAbs derived from APS patients: CL15, CL1 (171), IS2 (177), and IS4 

(171). In a previous study, cross-reactivity of MAbs 2F5, 4E10, and 2G12 against a 

panel of 400 mainly non-self, recombinant proteins was minimal (172). However, we 

wanted to more comprehensively assess potential autoreactivity of these MAbs using a 

microarray that had been previously validated with pathogenic autoantisera (178-184). 

Figure 3a shows the reactivity profiles of MAbs 2F5, 4E10 and 2G12 against positive 

and negative control antigens, including synthetic peptides bearing the 2F5 and 4E10 

epitopes, recombinant gp120 and gp41, overlapping MN peptides covering the gp41 

MPER (MPER1-MPER6), cell lysates bearing gp41 fragments covering the MPER 

tethered to the cell surface by the gp41 transmembrane region (185), cell lysates 

bearing this gp41 fragment containing single Ala substitutions in the MPER sequence 

(mutants 3-5 and 11-13), and cell lysates alone. As expected, MAbs 2F5 and 4E10 each 

bound their cognate peptide epitopes (173, 174), and 2G12 bound strongly to its 

carbohydrate epitope on gp120. As seen in Fig. 3a, MAb 2F5 reacted only with 

overlapping MPER peptides (MPER2 and MPER3) containing its core ELDKWA epitope 

(shown in bold). Similarly, MAb 4E10 bound only to peptide MPER5 containing its core 

NWF(D/N)IT epitope (shown in bold italics); no binding was observed to peptide MPER4, 

which contains the 4E10 core epitope but little additional C-terminal sequence, 

consistent with mapping studies (186). In addition, both MAbs 2F5 and 4E10 bound to 

lysates of COS-7 cells transiently transfected with plasmids expressing MPER-TM1, a 
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gp41 fragment covering part of the C-heptad repeat, the MPER, the transmembrane 

region, and part of the cytoplasmic domain of HIV-1 JRCSF (185). Binding was epitope-

specific, as substitution of residues in either the 2F5 or 4E10 core epitope with Ala 

abrogated binding of the respective MAb (Fig. 3a). Thus, the specific binding patterns of 

anti-HIV-1 MAbs to their epitopes validated the sensitivity and specificity of the array 

platform.  

As seen in Fig. 3b, the bNt MAbs 2F5, 4E10 and 2G12 bound their cognate HIV-

1 epitopes but had limited reactivity with all autoantigens tested (shown in alphabetical 

order), whereas the APS autoAbs and SLE serum IgGs displayed extreme polyreactivity. 

Consistent with the ELISA results, binding of MAbs 2F5 and 4E10 to cardiolipin was 

minimal, and 4E10 reacted significantly with cardiolipin and other autoantigens only at 

the highest concentration tested (35 µg IgG/ml). In contrast, most APS MAbs tested 

(CL1, CL15 and IS4) displayed strong binding to cardiolipin even at lower 

concentrations. The cardiolipin reactivity of MAb 4E10 was not associated with binding 

to β2-glycoprotein I (a well-characterized APS autoantigen), whereas two APS MAbs 

(CL1 and CL15) reacted with both antigens. Binding of MAb 2F5 to centromere protein B 

(CENP-B), whole histones or histone subunits was undetectable, conflicting with 

previous reports (118); MAb CL15, however, was particularly histone-reactive, and MAbs 

CL15 and IS4 bound CENP-B. MAbs 2F5 and 2G12 bound lysozyme at lower 

concentrations but not at higher ones, casting doubt upon this result. Together, these 

data provide further evidence that the bNt anti-HIV-1 MAbs 2F5 and 2G12 are not 

especially autoreactive or polyreactive, whereas MAb 4E10 exhibits modest 

polyreactivity at concentrations reflecting high levels of serum Ab (the equivalent of 50% 

of the average serum concentration of total IgG in healthy individuals). 
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Figure 3. Autoantigen microarray analysis of reactivity profiles of bNt anti-
HIV-1 MAbs, APS MAbs and SLE serum. 

 The HIV-1 bNt MAbs 2F5, 4E10 and 2G12, APS MAbs IS2, IS4, CL1 and CL15 (at 
indicated concentrations) and an SLE serum were used to probe slides. (a) Validation of 
the microarray platform using a panel of HIV-1 antigens and array control antigens. 
Positive control Abs include antihuman IgG (as all MAbs tested are isotype IgG) and 
human IgG (bound by the secondary Ab), whereas antihuman IgM and antimouse 
IgG/IgM are negative controls. The bNt anti-HIV-1 MAbs 2F5, 4E10 and 2G12 bind their 
cognate epitopes in the microarray but not to closely related HIV-1 antigens. Sequences 
of peptides and constructs are shown, with the core 2F5 and 4E10 epitopes in bold and 
bold italics, respectively; Ala substitutions in these epitopes are underlined. Cardiolipin is 
included as a control antigen because of conflicting reports of binding by MAbs 2F5 and 
4E10; here only MAb 4E10 bound cardiolipin, and only at high concentration (35 μg/ml). 
(b) Full heat-map representation of binding patterns of all MAbs and sera to all array 
antigens,including the control antigens in part (a) for comparison. All data are 
representative of three independent experiments. Color versions of both figures are 
included in Appendix A, Supplementary Fig. S7a and b and raw log2-transformed MFI 
values are presented in Supplementary Fig. S8. 
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We used SAM, a well-validated algorithm (170) that we and others have used in 

comparing serum autoAb reactivities (178-184), to identify differences in the reactivity 

profiles of MAbs 2F5, 4E10, 2G12 and CL15.  Table 1 lists antigens bound significantly 

differently (q < 0.05) by a given pair of MAbs. MAb CL15 bound significantly better than 

anti-HIV-1 MAbs to a variety of autoantigens such as cardiolipin, CENP-B and double-

stranded DNA as well as control antigens such as OVA and BSA, and in some cases, 

even HIV-1 antigens.  Importantly, the only antigens to which MAbs 2F5, 4E10 and 

2G12 bound significantly better than CL15 were antigens bearing their cognate HIV-1 

epitopes; the same was true for pairwise SAM comparisons between each HIV-1 MAb 

and the least polyreactive APS MAb, IS2 (data not shown). Furthermore, statistical 

comparison of MAbs 2F5 and 4E10 confirmed that the only antigens shown to be bound 

differently by these MAbs bore their respective cognate epitopes (Table 1). MAbs were 

also arranged by hierarchical clustering based on reactivity similarities (187).  In each 

case, MAbs 2F5, 4E10 and 2G12 belonged to a distinct clade from MAb CL15 and SLE 

serum (Appendix A, Supplementary Figs. 3-6); the same overall trend was observed 

when hierarchical clustering was conducted using all antigens (data not shown). Thus, 

the behavior of MAbs 2F5, 4E10 and 2G12 is unlike that of pathogenic APS autoAbs 

and polyclonal SLE sera, as demonstrated by their minimal reactivity with self antigens. 
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Table 1. List of antigens shown by significance analysis of microarrays to be 
bound differently by indicated monoclonal antibodies. 

Comparison: 
2F5 vs. CL15 

Comparison: 
4E10 vs. CL15 

Comparison: 
2G12 vs. CL15 

Comparison: 
2F5 vs. 4E10 

CL15 > 2F5 CL15 > 4E10 CL15 > 2G12 4E10 > 2F5 

Antigen q-value Antigen q-value Antigen q-value Antigen q-value 

Goat α-mouse IgG & IgM 
H3N6 peptide 
gp120 
HIV-1 V3 loop (1/2) 
COS-7 lysate 
Actin 
Aggrecan 
Alpha-actinin 
α-ketoglutarate  
dehydrogenase 
β-2-glycoprotein I 
CBir1 flagellin (duplicate) 
Cardiolipin C0563 
CENP-A 
CENP-A (duplicate) 
CENP-B 
Collagen type II 
Collagen type VI 
Collagen type VIII 
Collagen type IX 
dsDNA (plasmid) 
dsDNA (genomic) 
Fibrinogen type I-S 
Fibrinogen type IV 
GBM antigen dissociated 
Grp78 
H. bilis flagellin 
HbV Core Antigen  
(HBcAg) 
Histone 2a 
Histone 2b 
Histone 1 
Histones 
HSP90 
Jo-1 
Ku (p70/p80) 
LC 1 antigen 
Mi-2 
Myeloperoxidase  
(duplicate) 
nR2A peptide 
PCNA 
PDH (duplicate) 
PL-12 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
<0.001 

Donkey α -mouse IgM 
MPER1 
MPER4 
gp120 
HIV-1 V3 loop (1/2) 
COS-7 lysate 
Mutant 11 
Actin 
Aggrecan 
α-ketoglutarate  
dehydrogenase 
β-2-glycoprotein I 
CBir1 flagellin (duplicate) 
CENP-A 
CENP-A (duplicate) 
CENP-B 
Collagen type II 
Collagen type VI 
Collagen type VIII 
Collagen type IX 
dsDNA (plasmid) 
dsDNA (genomic) 
Fibrinogen type I-S 
GBM antigen dissociated 
HbV Core Antigen  
(HBcAg) 
Histone 2a 
Histone 2b 
Histone 1 
Histones 
HSP47 (Colligin) 
Ku (p70/p80) 
LC 1 antigen 
Lysozyme 
Mi-2 
Myeloperoxidase 
Myeloperoxidase  
(duplicate) 
Ovalbumin 
PCNA 
PDH (duplicate) 
PM/Scl-100 
PM/Scl-100 (duplicate) 
PR3-Aro 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

Goat α-mouse IgG & IgM 
E4.6 peptide 
H3N6 peptide 
MPER4 
gp41 
HIV-1 V3 loop (1/2) 
COS-7 lysate 
MPER-TM1 
Mutant 12 
Mutant 13 
Actin 
Aggrecan 
Alpha-actinin 
α-ketoglutarate  
dehydrogenase 
CBir1 flagellin (duplicate) 
Cardiolipin C0563 
CENP-B 
Collagen type II 
Collagen type VI 
Collagen type VIII 
Collagen type IX 
dsDNA (plasmid) 
dsDNA (genomic) 
Fibrinogen type I-S 
Fibrinogen type IV 
GBM antigen dissociated 
HbV Core Antigen  
(HBcAg) 
Histone 2a 
Histone 2b 
Histone 1 
Histones 
HSP47 (Colligin) 
HSP90 
Jo-1 
Ku (p70/p80) 
LC 1 antigen 
Mi-2 
Myeloperoxidase  
(duplicate) 
nR2A peptide 
PCNA 
PDH (duplicate) 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

4E10 peptide 
H3N6 peptide 
MPER5 
Mutant3 
Mutant4 
Mutant5 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

(continued on next page) 
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PL-7 
PM/Scl-100 
PM/Scl-100 (duplicate) 
Ribo P 
Scl-70 truncated 
SRC-3000 
ssDNA 
TPO 
TPO (duplicate) 
U1-snRNP-A 
U1-snRNP-A (duplicate) 
U1-snRNP-C 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

Scl-70 truncated 
SRC-3000 
ssDNA 
TPO 
TPO (duplicate) 
U1-snRNP-A 
U1-snRNP-A (duplicate) 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

PL-12 
PL-7 
PM/Scl-100 
PM/Scl-100 (duplicate) 
Scl-70 truncated 
SRC-3000 
ssDNA 
TPO 
TPO (duplicate) 
U1-snRNP-A 
U1-snRNP-A (duplicate) 
U1-snRNP-C 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

 

2F5 > CL15 4E10 > CL15 2G12 > CL15 2F5 > 4E10 

Antigen q-value Antigen q-value Antigen q-value Antigen q-value 

2F5 peptide 
E4.6 peptide 
MPER2 
MPER3 

<0.001 
<0.001 
<0.001 
<0.001 

4E10 peptide 
MPER5 

<0.001 
<0.001 

  2F5 peptide 
E4.6 peptide 
MPER2 
MPER3 
MPER4 
Mutant 11 
Mutant 12 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

 

To validate reactivity patterns to selected autoantigens observed in the 

microarray, ELISAs were performed using antigens revealed by SAM to be bound 

differently by anti-HIV-1 MAbs and APS MAbs. Without exception, all differences 

between anti-HIV-1 and APS Abs observed by ELISA (Fig. 4a) were reflected in the 

microarray analysis (Fig. 4b), although the magnitudes of these differences were not 

always accurately replicated. In particular, two of the APS autoAbs, CL1 and IS4, 

appeared far more autoreactive in the ELISA compared to the microarray. However, 

overall binding trends indicated concordance of reactivity patterns, with the autoantigen 

microarray being more sensitive than ELISA in detecting differences in binding to a 

particular antigen. 

Several ELISA experiments designed to gauge polyreactivity and autoreactivity 

of bNt anti-HIV-1 MAbs have been performed using very high concentrations of Ab and 
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no detergent (67, 118, 120, 121, 123, 155, 156, 188). Here, we tested several ELISA 

protocols to understand the effect of different assay conditions on the reactivity profiles 

of MAbs 2F5, 4E10 and CL15. We found that the modest polyreactivity of MAb 4E10 

was markedly reduced or ablated by replacing BSA with FCS, and especially DM, in the 

Ab diluent; yet, this did not significantly affect binding to its cognate gp41 epitope (Fig. 

2). This suggests that there may exist an Ab subspecies, perhaps in partially denatured 

form, whose activity is saturated in the presence of complex proteins and/or lipids 

existing in DM and serum. In contrast, dilution of MAb CL15 in FCS or DM only slightly 

reduced its polyreactivity. Since their polyreactivity vanishes in assays that more closely 

approximate physiological conditions, we surmise that the polyreactivity of MAbs 2F5 

and 4E10 is not biologically significant in vivo; this is supported by their lack of 

pathogenicity after passive infusion (157, 167). 

2.5. Discussion 

Our data indicate that reactivity of MAbs 2F5 and 4E10 with cardiolipin is 

biologically insignificant compared with reactivity with their HIV-1 epitopes or with the 

cardiolipin reactivity of the pathogenic APS MAb, CL15. Moreover, the global reactivity 

patterns of MAbs 2F5, 4E10 and 2G12 with an extensive panel of clinically relevant 

autoantigens reveal that these Abs are not polyreactive autoAbs in the same sense as 

pathogenic APS or SLE autoAbs. These results support and extend those of Scherer et 

al. (172), who showed that MAbs 2F5 and 4E10 have very limited polyreactivity on a 

panel of antigens. The microarray data from these two experiments, assaying hundreds 

of autoantigens and unrelated proteins, have allowed us to draw strong conclusions 

regarding the polyreactivity and autoreactivity of bNt anti-HIV-1 MAbs. However, antigen 
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microarray techniques have limitations in that a control antigen (gp120) was recognized 

by only one of its “cognate” MAbs (2G12, but not b12) when printed on nitrocellulose 

slides; thus b12, but not 2G12, was excluded from this analysis. 

 

Figure 4. Validation of the autoantigen microarray for detecting differences 
between HIV-1 bNt Abs and APS autoAbs. 

 Side-by-side comparison of ELISA and microarray results for antigens that were bound 
significantly differently by anti-HIV-1 MAbs vs. APS MAbs. (a) MAbs 2F5, 4E10, 2G12, 
IS4, CL1 and CL15 (100nmol/l) were diluted in 5% (v/v) fetal calf serum (FCS) and 
assayed against 1–2 μg of the indicated autoantigens immobilized in microplate wells. (b) 
Relative microarray binding of MAbs 2F5, 4E10, 2G12, IS4, CL1 and CL15 to selected 
autoantigens. For each antigen, the median fluorescence intensity (minus background) 
from the highest binding Ab in the microarray was set to 1.0, and all other Abs normalized 
to generate a scale based on the best-binding MAb. 
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It is possible that the weak polyreactivity of bNt anti-HIV-1 Abs, in particular MAb 

4E10, with self antigens and non-self antigens (118, 154, 157) is not evidence of a 

polyreactive or autoreactive origin, but rather reflects normal, low level self-reactivity of 

Abs from the memory B-cell and plasma-cell repertoires (188).  Such reactivity could 

increase with chronic infection as a result of prolonged somatic mutation, and a lack of 

post-germinal center checkpoints for deleting weakly self-reactive or polyreactive clones. 

Recently, Mouquet et al. showed that somatic mutations and polyreactivity are high in 

anti-gp140 Abs cloned from the memory B cells of HIV+ individuals, as compared with 

their non-gp140-binding Abs, and with Abs from healthy controls (121). Although the in 

vivo relevance of this polyreactivity - as measured by in vitro assays in which Abs were 

diluted in PBS lacking blocking proteins or detergent (123) - is unclear, the increased 

polyreactivity of the anti-gp140 Abs is striking. Moreover, in only a few cases did 

reversion of somatic mutations to germline reduce polyreactivity, leading the authors to 

conclude that polyreactive precursors of these clones must have been present in the 

naïve B-cell repertoire. However, since somatic mutations in CDR3, particularly CDR-

H3, are not easily identified, their contributions to polyreactivity may have been 

overlooked (N.B., this issue has been circumvented using TdT knockout mice, with the 

result that all Ab autoreactivity was abolished upon reversion to germline (70)). Similarly, 

the dysregulation of B-cell development observed when using highly mutated VH genes 

(such as MAb 2F5’s (126)) for knock-in experiments can be attributed to disruption of the 

pre-B-cell receptor, and thus is not necessarily good proof of tolerance induction (189). 

We propose that the polyreactivity and self-reactivity observed among anti-HIV-1 

MAbs and sera are generated during chronic viral infection, which drives both repeated 

rounds of somatic mutation and persistent antigen selection. In this scenario, extensive 
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mutation, including insertions that lengthen CDR-H3, would broaden the reactivity 

profiles of clones that continue to retain affinity for antigen, and therefore to be recruited 

into the Ab response.  Consistent with this hypothesis, breadth of serum neutralization is 

significantly correlated with viral load (90, 97), reflecting antigen persistence, and where 

anti-MPER Nt Abs have been observed, with cardiolipin polyreactivity (163). Although 

the possibility that low-level polyreactivity may be a general feature of highly mutated 

Abs against viral pathogens in persistent or repeated infection (190) awaits further 

investigation, it is certainly conceivable, given the shared genetic features of these Abs 

(111) and the role of somatic hypermutation in generating polyreactive and self-reactive 

specificities (70, 188). 

Regardless of their origins, our results support a fundamental distinction between 

bNt anti-HIV-1 MAbs and pathogenic autoAbs that arise in autoimmune states like APS 

or SLE. The majority of the bNt anti-HIV-1 MAbs isolated to date have atypically long 

CDR-H3s and extensive somatic mutations, but so do anti-HIV-1 Abs and antiviral Abs 

produced during chronic infection in general (111). Elucidating the conditions under 

which bNt Abs arise will require a better understanding of the Abs comprising the naïve 

and memory B-cell repertoires and mechanisms for selecting Ab-secreting plasma cells 

during chronic HIV-1 infection. 
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3.1. Abstract 

A major goal in HIV/AIDS research is to elicit protective broadly neutralizing (bNt) 

antibody (Ab) responses and/or therapeutic immune responses, but the immunological 

mechanisms eliciting them remain poorly understood.  Here, we investigated whether 

HIV disease progression or neutralization breadth is associated with serum cross-

reactivity against Env epitopes or binding to autoantigens and non-specific antigens. 

Sera from rapid progressors manifested the broadest cross-reactivity against Env, as 

well as the highest degree of self-reactivity among HIV sera, though this was 

insignificant compared to the sera from patients with the autoimmune disease systemic 

lupus serythematosus (SLE). In contrast, heterologous cross-neutralizing (HxNt) sera 

contained highly focused Abs against particular Env epitopes and did not bind self 

antigens. Intriguingly, most HIV sera displayed high levels of polyreactive binding to 

multiple antigens, but only when assays were conducted with no blocking agent. 

Furthermore, all HIV sera, but not SLE or healthy-control sera, contained high levels of 

Abs bearing an IGHV1-69 51p1-encoded idiotype. We conclude that (i) cross-reactive 

Abs to Env are most evident in rapid progressor sera, whereas HxNt individuals 

produced a very focused Ab response to a restricted set of Env epitopes, (ii) most serum 

Ab responses during HIV infection, and especially HxNt responses, are characterized by 

low self reactivity, (iii) many HIV sera display a previously uncharacterized form of 

polyreactivity that is manifested only under particular assay conditions, and is much less 

apparent in HxNt and slow progressor sera, and (iv) high levels of IGHV1-69-encoded 

Abs are present in all HIV sera. These serological features may reflect global changes in 

the Ab repertoire induced by viral infection, which have differential effects in early and 

late infection. 
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3.2. Introduction 

Induction of broadly neutralizing (bNt) antibody (Ab) responses that protect 

against human immunodeficiency virus type 1 (HIV) infection is seen by many as the 

“holy grail” of vaccine design. However, it is becoming increasingly apparent that this 

task may be difficult or impossible without a better understanding of how such responses 

arise during natural infection. The best vaccine-lead immunogens to date have elicited 

high-titer Abs against the envelope glycoprotein (Env), but these have either been non-

Nt or weakly Nt (31, 191, 192). It remains unclear whether this failure results from 

difficulties in recapitulating the structure of Nt epitopes (in the absence of 

immunodominant diversionary epitopes), overly brief immunization regimes, limitations 

of the uninfected host’s Ab repertoire, or other host or environmental factors (reviewed in 

(193, 194)). Thus, defining immune correlates for the elicitation of bNt anti-HIV Ab 

responses is a high priority. 

The earliest detectable Ab response against HIV Env occurs within 1-2 weeks of 

infection, and consists of non-Nt IgM and IgG directed against gp41 (83); these Abs are 

polyreactive (82), have no impact on viral replication and do not exert immune selection 

pressure on the virus. Anti-gp120 Abs, primarily directed against the V3 loop (84, 85) as 

well as other targets (86-88), arise approximately one month post-infection and begin to 

neutralize the infecting virus shortly thereafter, driving recurrent rounds of escape (38, 

86, 89). Abs against the CD4 binding site (CD4bs), a major target for Nt Abs, begin to 

appear 4-16 weeks after infection (102). Notably, while some of the earliest Nt Abs may 

be broadly reactive with multiple isolates, they neutralize in a strain-specific manner (i.e., 
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they neutralize autologous virus(84, 195)). Heterologous cross-Nt (HxNt) Ab responses 

effective against multiple isolates develop in 10-30% of infections (90-92) but only after 

~2.5 years (93), and are initially targeted to the CD4bs and quaternary Env epitopes 

(93). A subset of these will mature into potent bNt Abs responses effective against 90-

95% of viral isolates, mediated by a limited number of specificities in each individual (94-

96) and directed against a more diverse set of epitopes including the CD4bs (91, 163, 

196-201), CD4-inducible (CD4i) epitopes (163, 199), the glycan shield (96, 197, 200), 

and the gp41 membrane-proximal external region (MPER) (91, 163, 196, 199, 201-203). 

The development of serum neutralization breadth has been associated with elevated 

viral load (90, 97, 201, 204), particularly during acute infection (205), the avidity of anti-

Env Abs (201), greater Env diversity in early infection (97), the presence of anti-MPER 

Abs (136, 163), time elapsed since infection (201), low CD4+ T cell count (205), 

expanded numbers of CD4+PD1+ T cells (93), and Ab polyreactivity (136, 163), but is not 

associated with a delay in progression to AIDS (97, 206).  

Concerns have been raised about the feasibility of eliciting bNt Abs due to their 

rarity in natural infection and their purportedly unusual features, including long CDR-H3 

loops, high levels of somatic mutation and varying degrees of polyreactivity (118, 126, 

207). However, recent technological advances have enabled the isolation of dozens of 

new monoclonal (M) bNt Abs (208-210) directed against four major sites of Env 

vulnerability (reviewed in (101)): these are (i) the CD4bs, targeted by MAbs VRC01, 

NIH45–46, 12A12, 3BNC117, VRC-PG04 and VRC-CH31, among others; (ii) a 

quaternary site formed from V1V2 loops and glycan associated with N160 on adjacent 

gp120 monomers, targeted by MAbs PG9/PG16, PGT145, CH01–04 and PGT141–144; 

(iii) the glycan shield (particularly associated with N332) and residues at the base of the 
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V3 loop, targeted by MAbs PGT121, PGT128, 2G12, PGT122–123, PGT125–127, 

PGT129–131, and PGT135–137; and (iv) the gp41 MPER, targeted by MAbs 2F5, 4E10, 

Z13, 10E8 and m66. Thus, bNt Abs may not be as rare as previously thought, and their 

genetic, structural and binding features may not be unusual when seen in the context of 

chronic viral infection (111, 172, 211). Moreover, several studies, including the RV144 

Thai trial (31, 192, 212-217), have implicated autologous Nt Abs and non-Nt Abs, 

particularly those that can activate Ab-dependent cellular cytotoxicity (ADCC), in 

protection from infection and/or disease progression. Thus, there is renewed promise 

that different types of Abs may be effective against HIV, if only we understood how to 

reliably elicit them with a vaccine 

Given these findings, we decided to focus our investigation on three critical 

aspects of the Ab response against HIV. The first is the relationship between serum 

cross-reactivity to Env, neutralization breadth and disease progression: although it is 

well established that breadth increases over time, it is less well understood whether this 

results from targeting of multiple sites on Env or focusing of Ab responses against a 

restricted set of sites. Secondly, given concerns regarding the role of immunological 

tolerance in restricting the production of Nt Abs, we investigated possible relationships 

between serum autoreactivity/polyreactivity, neutralization breadth and disease 

progression. Finally, given the biased use of IGHV1-69 in Abs against Env and the CD4i 

site in particular (108, 111), we determined serum levels of an IGHV1-69-encoded 

idiotype.  

We found that cross-reactivity with overlapping Env peptides was more focused 

on a few epitopes in HIV+ individuals who were slow progressors or who produced HxNt 

Abs, as compared with rapid progressors and individuals in the early stages of HIV 
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infection.  Sera from the former individuals also had comparatively low polyreactivity with 

autoantigens and with unrelated antigens. This indicates that viremia associated with 

early infection and rapid progression is associated with higher levels of poly- and self-

reactivity than in slower progressors in whom the Ab response is more focused against 

selected Env epitopes, and less poly- and self-reactive. In contrast, the sera of all HIV+ 

individuals contained high levels of Abs bearing an idiotype encoded by the IGHV1-69 

gene, whereas neither sera from SLE patients nor healthy controls bore this idiotype. 

Thus, it is likely that HIV-1 infection selectively recruits Abs encoded by IGHV1-69 early 

on, and maintains it regardless of clinical course. 

Together, the results point to a set of serological features that distinguish Ab 

repertoires during chronic HIV infection, some shared among all HIV+ individuals and 

some that may contribute to the development of neutralization breadth. We suggest that 

these features reflect the development of an altered immunological milieu from which Nt 

Abs may be selected stochastically. 

3.3. Materials and methods 

3.3.1. Serum samples  

Serial HIV+ sera, grouped by clinical course as slow progressors (SP; spanning 

15 years or more after initial diagnosis of HIV infection), rapid progressor (RP; spanning 

1-5 years), and normal progressors (NP; spanning 8-10 years), were provided by L. 

Kingsley and C. Rinaldo (University of Pittsburgh) through the Multicenter AIDS Cohort 

Study Program. Sera from seroconverters (SC; mostly drawn within one year of 

presentation with primary infection) and HxNt sera #1-11 (89) were provided by D. 

Richman and S. Little (UCSD), HxNt serum #12 (218) was from J. Mascola (Vaccine 
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Research Centre, NIH), and sera from the patient FDA-2 (219) were from G. Quinnan 

and H. Alter (Uniformed Services University of the Health Sciences and NIH). Between 

three and eleven serum samples were taken at different times during the course of 

infection from each of the SP, RP, NP and SC individuals, but HxNt sera were available 

from only one time point. Note that sera from the SC individuals later developed 

neutralization breadth (89); thus, sera SC1-5 and HxNt1-5 are from the same individual. 

The last sample from both RP and NP groups was drawn shortly before patient death, 

whereas patients from the SP group had not developed symptoms of AIDS by the time 

the last samples were taken. All patients were antiretroviral drug-naïve at the time of 

serum collection. All sera were inactivated by heating at 56ºC for 30 minutes followed by 

addition of 0.01% (v/v) Empigen detergent (Sigma-Aldrich, St. Louis, MO). Details of 

serum draw dates can be found in Appendix B, Supplementary Table S1. Systemic 

lupus erythematosus (SLE) sera and healthy control sera were collected through the 

practices of G. Silverman (UCSD) for Figure 2, or J.A. Avina-Zubieta (University of 

British Columbia and St. Paul’s Hospital, Vancouver, BC) for Figures 7 and 8. Healthy 

control sera were collected at Simon Fraser University. All sera were drawn following 

informed consent with institutional approvals. 

3.3.2. Serum IgG content and IGHV1-69 capture ELISA 

 Wells of microtiter plates (Corning Inc., Corning, NY) were coated overnight at 

4°C with 1 μg protein G (Sigma-Aldrich) or 150 ng MAb G6 (220) in 35 μL tris-buffered 

saline (TBS), pH 7.2, blocked with 200 μL TBS containing 2% (w/v) bovine serum 

albumin (BSA) (Sigma-Aldrich) at 37°C for 1 hour, then washed three times with TBS 

containing 0.1% (v/v) Tween-20 (TBST; GE Healthcare, Piscataway, NJ). Serum 

samples or purified human IgG (Sigma-Aldrich), diluted in 35 μL of TBST containing 1% 
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BSA (TBSTB), were added to wells and incubated at room temperature for 2 hours. 

After six washes with TBST, wells were incubated at room temperature for 45 minutes 

with either horseradish peroxidase (HRP)-conjugated protein A/G (for IgG content 

ELISAs; Pierce, Rockford, IL) or HRP-conjugated goat anti-human IgG (for IGHV1-69 

capture ELISAs; Fc-specific, Pierce) diluted 1:1,500 in TBSTB, then developed with 35 

μL of 400 μg/mL 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; Sigma-

Aldrich) solution containing 0.03% (v/v) H2O2 in citrate/phosphate buffer. After 30 

minutes, absorbances at 405 and 490 nm were measured using a VersaMax Tunable 

Microplate Reader (Molecular Devices, Sunnyvale, CA) and reported as OD405-490. 

Serum IgG content was calculated by comparing signals from serum samples to a 

human IgG standard curve; for each serum sample, three separate dilutions were used 

to obtain an average IgG content.  Each serum sample was adjusted to a final IgG 

concentration of 200 nM in TBSTB for HIV Env serum ELISAs. 

3.3.3. HIV Env serum ELISA  

Wells of microtiter plates were coated with overlapping synthetic 15-mer peptides 

(400 ng in 35 μl TBS) derived from HIVMN Env protein (>80% purity; NIH AIDS Research 

and Reference Reagent Program, sequences available online) and dried at 37ºC for 6 

hours, then other wells were coated overnight at 4ºC with either HIVMN gp120 or gp41 

(50 ng in 35 μl TBS; ImmunoDiagnostics, Woburn, MA), protein G (50 ng in 35 μL TBS; 

Sigma-Aldrich), or 35 μL TBS containing 2% (w/v) ovalbumin (OVA; Sigma-Aldrich), 2% 

(w/v) non-fat dried milk (NFDM) or 2% BSA. Plates were blocked with 200 μL TBS 

containing 2% BSA at 37ºC for 1 hour, then washed 3 times with TBST. Serum samples 

(diluted to 200 nM IgG in 35 μL TBSTB) were incubated in wells at room temperature for 

2 hours; wells were then washed 6 times with TBST, and 35 μL alkaline phosphatase 
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(AP)-conjugated rabbit anti-human IgG (Fc-specific; Pierce), diluted 1:1,000 in TBSTB, 

was added and incubated for 1 hour at room temperature. Plates were developed using 

1 mg/mL p-nitrophenyl phosphate (pNPP) (Sigma-Aldrich) in 35 μL of 50 mM carbonate-

bicarbonate buffer containing 2 mM MgCl2, and absorbance at 405 nm was measured 

after 45 minutes using a VersaMax Tunable Microplate Reader. 

3.3.4. Serum polyreactivity ELISA  

Assays for serum polyreactivity were performed as previously described for 

MAbs (211) with the following modifications. Wells of microtiter plates containing dsDNA 

(2 μg in 35 μL TBS) or cardiolipin (2 μg in 35 μL methanol) were dried for 1 hour at 55ºC, 

then other wells were coated overnight at 4ºC with gp120 (50 ng), gp41 (50 ng), 2F5 MN 

peptide (200 ng), 4E10 MN peptide (200 ng), Escherichia coli lipopolysaccharide (LPS; 1 

μg; Fluka, Buchs, Switzerland), OVA (1 μg), hen egg lysozyme (HEL; 1 μg; Sigma-

Aldrich), 293T cell lysate (5 μL, equivalent to ~10 μg total protein), 5% NFDM or 5% 

BSA, all diluted in TBS. Except for the special case outlined below (“no blocker”), wells 

were blocked with 200 μL TBS containing 2% BSA at 37ºC for 1 hour. Sera were diluted 

1:250 in one of: (i) TBS alone; (ii) TBSTB; (iii) 5% v/v fetal calf serum (FCS; Life 

Technologies, Carlsbad, CA) in TBST; or (iv) 5% NFDM in TBST. Where sera were 

diluted in TBS alone (denoted “no blocker”), a special ELISA protocol was used, similar 

to published assays that have been used to evaluate autoreactivity of HIV MAbs (188). 

Briefly, after overnight incubation with antigens, wells were washed three times with 

water, blocked for 1 hour at room temperature with 200 μL TBS containing 2 mM EDTA 

and 0.05% Tween-20 (TBSTE) but no BSA, washed again three times with water, then 

incubated with sera diluted in TBS for 2 hours at room temperature. Wells were washed 

three times with water, incubated with secondary Ab diluted in TBSTE, then washed 
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three times with water, once with TBSTE, three times again with water, and developed 

as described. 

3.3.5. Autoantigen microarrays 

 Purified antigens (200 μg/mL in phosphate-buffered saline (PBS), pH 7.4) were 

deposited in six replicates on nitrocellulose-coated FAST slides (Whatman, Florham 

Park, NJ) with a QSoft QArray Mini, using QSoft microarray software (Genetix USA, 

Boston, MA). Antigens were printed in an alternating pattern with buffer alone to 

minimize carry-over. Slides were blocked with Protein Array Blocking Buffer (Whatman) 

for 2 hours at room temperature with slow shaking, rinsed with PBS, then incubated for 2 

hours at room temperature with sera diluted 1:200 in PBS. After rinsing with PBS, slides 

were washed for 20 minutes with PBS containing 0.05% Tween-20 and with PBS alone 

for 10 minutes, rinsed again with PBS, then probed with Cy5-conjugated goat anti-

human IgG and Cy3-conjugated goat anti-human IgM (diluted 1:600 in PBS; Jackson 

ImmunoResearch, West Grove, PA) for 1.5 hours at room temperature. Slides were 

washed with PBS containing 0.05% Tween-20 for 20 minutes, with PBS alone for 10 

minutes, with water for 5 minutes, then laid flat to dry overnight in the dark. Arrays were 

imaged the next day using a Genepix 4000B scanner and Genepix Pro software version 

6.0 (Molecular Devices). 

3.3.6. Microarray data analysis, heat map generation and hierarchical 
clustering 

 Median fluorescence intensity (MFI) values of less than 10 digital fluorescence 

units (DFUs) were set to 10 DFUs exactly. Background MFI values were subtracted from 

foreground signals, then six replicate spots were averaged for each antigen. Heat maps 

were generated in TMEV Multiple Experiment Viewer v4.5.1 software by setting the 
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highest intensity value for a given serum–antigen interaction as 1.0 and normalizing the 

intensity of other antigens to this value, generating a percentage scale. For hierarchical 

clustering and significance analysis of microarrays (SAM), percentages were log2-

transformed and a standard quantile normalization was applied. Ward hierarchical 

clustering was conducted using a Euclidean distance metric in the “pvclust” package 

(221) in R version 2.15.2. 

3.3.7. Statistical analyses 

Student’s t tests and simple linear regression were performed in MS Excel. Two-

class unpaired SAM (170) was performed to compare each group of HIV or SLE sera to 

healthy control sera; For each comparison, the maximum number of permutations was 

calculated, and threshold parameters were selected such that the false discovery rate 

was less than 0.05. For cluster analysis in pvclust, bootstrap probability (BP) values 

were calculated by bootstrap resampling, and approximately unbiased (AU) p-values 

were calculated using multiscale bootstrap resampling and 100,000 bootstraps. 

3.4. Results  

3.4.1. The overall Ab response against HIV Env 

Although the dynamics of increasing neutralization breadth over the course of 

infection are well-established, the kinetics of the overall Ab response to Env are less well 

understood, as is the association between Ab cross-reactivity at particular Env epitopes 

and neutralization breadth and/or progression to AIDS. Thus, we first characterized the 

evolution of the anti-HIV IgG Ab response during natural infection by screening a large 

panel of sera (138 samples from 28 HIV+ individuals) against gp120 and gp41, as well 

as overlapping peptides derived from various regions of Env, including known Nt linear 
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epitopes in the V3 loop and MPER. The HIV sera analyzed in this study fall into five 

main groups, defined by either the individual’s clinical disease progression or 

neutralization breadth: (i) HIV slow progressors (SPs), defined by lack of progression to 

AIDS over >15 years of infection; (ii) HIV normal progressors (NPs), defined by 

progression to AIDS and death within 8-10 years from the time of initial diagnosis; (iii) 

HIV rapid progressors (RPs), defined by progression to AIDS and death within five years 

or less from the time of initial diagnosis; (iv) HIV seroconverters (SCs), mostly drawn 

over the first year of infection; and (v) sera from individuals producing HxNt Ab 

responses, defined by their ability to neutralize a modest number of heterologous Envs 

(D.R. Richman, UCSD, personal communication). HxNt serum #13 is from patient FDA-

2, and has been shown to be stably HxNt over many years by several groups (222). We 

confirmed the presence of Nt Abs in NP, SP and HxNt compared to SC and RP sera, 

where Nt Abs were low or absent (Appendix B, Supplementary Figure S1); however, 

the relative breadths of the former three groups are unknown. Peptides were chosen to 

encompass a spectrum of epitopes, some of which are expected to be bound strongly by 

multiple sera (e.g., the gp120 V3 loop, gp41 cluster I) with others being bound only by 

select or polyreactive sera (see Appendix B, Supplementary Figure S2). Note that this 

assay measures Abs that are cross-reactive (although not necessarily cross-Nt) with a 

heterologous viral Env sequence, HIVMN, and only Abs that bind linear epitopes, which 

are a minor subset of all Abs.   

In agreement with previous studies (83), SC sera developed reactivity to gp41 

before gp120 (average time to develop OD405 ≥ 1.5, 117.4 days for gp120 and 27.4 days 

for gp41, p = 0.012, student’s one-tailed t test), although almost all sera bound to both 

gp41 and gp120 to some extent. As seen in Figure 1A, reactivity with gp120 first 
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appeared in SC sera starting around 4-5 weeks, although this was delayed to ~12 weeks 

in patient SC5. Anti-gp120 Ab responses increased in intensity at a variable rate, 

reaching their maxima in SC sera by 1-2 years. Interestingly, the earliest anti-gp120 Abs 

were not directed against the V3 loop, as V3-specific Abs only contributed significantly to 

gp120 binding in the two patients (SC4 and SC5) who were followed out to 3-4 years. 

With few exceptions, sera from RP, NP and SP patients were gp120-reactive at the 

earliest time points, although those that were not (RP4, RP6, SP3) still bound to 

peptides encompassing the V3, C4 and C5 regions, indicating that Abs against 

conformational gp120 epitopes may be delayed, at least in a subset of infections.  

Taking into account all sera over the entire course of each infection, V3 loop 

binding was correlated with gp120 binding to a much greater extent in RP and NP sera 

compared to HxNt and SP sera (Figure 1B), suggesting that a relative dearth of 

heterologous Abs against V3 or other immunodominant sites may be associated with 

neutralization breadth and/or slower progression to AIDS. RP and SP sera displayed the 

strongest binding to gp120, whereas NP sera had more modest gp120 reactivity and 

HxNt sera had heterogeneous levels of binding. In general, patterns of serum binding to 

gp120 and overlapping peptides were stable over time, with a slight decrease evident in 

most sera at later time points (Appendix B, Supplementary Figure S3). RPs were the 

only group to develop strong and broad reactivity to a variety of gp120 epitopes, 

including the C1, C4 and C5 regions; to a lesser extent, SC sera were characterized by 

low and transient binding to the C4 region. In contrast, NP, SP and HxNt sera had very 

restricted reactivity. Taken together, these data show that Ab reactivity to gp120 

develops in distinctive patterns in each group, and that these patterns are stable, with 

strong V3 binding and reactivity with multiple peptides being associated with faster 
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progression to AIDS, and that the breadth of Nt activity in sera is not related to the 

breadth of the anti-gp120 Ab response. 

 

Figure 1. Mapping of serum antibody responses against HIV gp120 by ELISA. 
 (A) Heat map representation of serum IgG binding to recombinant gp120 and selected 

gp120 peptides. Scale: White (0), OD<0.1; Gray (1), 0.1<OD<0.5; Green (2), 0.5<OD<1; 
Yellow (3), 1<OD<1.5; Orange (4), 1.5<OD<2; Maroon (5), 2<OD<2.5; Red (6), OD>2.5. 
Serial serum draws from the same donor are arranged vertically (e.g., #1-11 for SC sera), 
except for HxNt sera, where only one sample was available from each individual. All data 
are representative of at least two independent experiments. 

HxNt 
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 (B) Linear regression of Ab titers against V3 loop peptides 6284 and 6285 on Ab titers 

against recombinant gp120. 
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As with gp120, the earliest Abs against gp41 in most SC sera could not be 

mapped to any peptides (Figure 2A), potentially reflecting the presence of Abs directed 

against conformational epitopes, as has been speculated by other groups (86).  Four of 

five SC sera had detectable binding to gp41 at the very first serum draw, but significant 

reactivity with cluster I was typically not observed until the second or third draw, several 

weeks later, at which time gp41 binding had reached its maximum. Several SC sera 

bound weakly to epitopes within the N-terminal heptad repeat (NHR; residues 561-575), 

the MPER (residues 657-671 and 665-679), and cytoplasmic regions, but in most cases 

reactivity diminished or was lost over time. Sera from all groups reacted with 

immunodominant cluster I epitopes, and also bound unexpectedly to the fusion peptide 

proximal region (FPPR; residues 533-547); in fact, in some SC sera these Abs, though 

of low affinity, appeared alongside those against gp41. None of the sera bound the 

Kennedy epitope (residues 735-752; (223)). In general, RP, SC and HxNt sera had the 

strongest reactivity with gp41, whereas NP sera had intermediate reactivity and SP sera 

had quite low gp41 reactivity, contrasting with their very high gp120 binding. As was the 

case with gp120, there was a significant correlation between reactivity of gp41 Abs and 

cluster I Abs in RP sera, but only a poor association in SP sera and none at all in HxNt 

sera (Figure 2B). Unlike gp120, anti-gp41 Abs tended not to decrease at later time 

points, although cluster I reactivity was lower in later serum draws (Appendix B, 

Supplementary Figure S3). RP sera again had the strongest and broadest reactivity 

profiles, developing appreciable binding to the FPPR, various MPER epitopes including 

those of MAbs 2F5 and 4E10, cytoplasmic regions, as well as NFDM and OVA; 

intriguingly, the serum with the highest reactivity to NFDM and OVA (RP5) was also the 

highest MPER binder. Some NP and SP sera bound NFDM and OVA to a lesser extent; 

however, SC and HxNt sera were very clean. In fact, as a group, HxNt sera did not bind 
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significantly to any of the gp41 peptides except for the FPPR and cluster I (with the 

exception of serum HxNt13/FDA-2, which bound to the MPER as expected (224)), and 

were distinguished from RP, NP and SP sera by low reactivity to the NHR. Overall, our 

data show that serum Ab reactivity to gp41 develops earlier than to gp120, and shares 

some features that are common to all groups (e.g., FPPR and V3 loop reactivity), as well 

as some distinctive patterns between groups, with broad epitope specificity and serum 

polyreactivity to irrelevant antigens being associated with rapid disease progression, and 

poor correlation between the strength of gp41 and cluster I reactivity being associated 

with slow disease progression and/or increased neutralization breadth. 

In summary, after a relatively brief broadening period in SC sera, IgG Ab 

responses against Env were surprisingly stable over time within each group. In 

agreement with animal and human studies (40, 225, 226), serum Abs in all groups 

converged on immunodominant epitopes such as the V3 loop, cluster I and the FPPR, 

regardless of clinical outcome or neutralization breadth. However, we identified some 

general associations between the epitope specificity of HIV+ sera, disease progression 

and Nt breadth, which are summarized in Table 1. Most importantly, we found that the 

reactivity profiles of HxNt sera were very restricted, supporting the idea that HxNt Ab 

responses are mediated by high titer oligoclonal Nt Abs, and that surprisingly, those of 

RP and SC sera were broader, suggesting that high viremia contributes to the reactivity 

breadth of serum Ab responses even in the setting of acute infection, and that reactivity 

breadth and neutralization breadth in HIV infection are uncoupled processes.  
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Figure 2. Mapping of serum antibody responses against HIV gp41 by ELISA. 
 (A) Heat map representation of serum IgG binding to recombinant gp41, selected gp41 

peptides, non-fat dried milk (DM), ovalbumin (OVA) and bovine serum albumin (BSA). 
Scale: White (0), OD<0.1; Gray (1), 0.1<OD<0.5; Green (2), 0.5<OD<1; Yellow (3), 
1<OD<1.5; Orange (4), 1.5<OD<2; Maroon (5), 2<OD<2.5; Red (6), OD>2.5. Serial 
serum draws from the same donor are arranged vertically (e.g., #1-11 for SC sera), 
except for HxNt sera, where only one sample was available from each individual. All data 
are representative of at least two independent experiments. 

(continued on next page) 
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 (B) Linear regression of Ab titers against Cluster I peptides 6357 and 6358 on Ab titers 

against recombinant gp41. 
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Table 1. Summary of anti-Env Ab responses by serum group. 

 gp120 

Strength gp120:V3 Correlation Peptide Epitopes Bound 

Se
ru

m
 G

ro
up

 

SC strong, slow to develop weak V3, C4 

RP strong strong V3, C1, C4, C5 

NP moderate strong V3 

SP strong moderate V3 

HxNt heterogeneous weak V3 

 

 gp41 

Strength gp41:Cluster I Correlation Peptide Epitopes Bound 

Se
ru

m
 G

ro
up

 

SC strong, quick to develop moderate Cluster I, FPPR, (MPER?) 

RP strong strong Cluster I, FPPR, NHR, 
MPER, cytoplasmic 

NP moderate moderate Cluster I, FPPR, NHR 

SP weak moderate Cluster I, FPPR, NHR 

HxNt strong none Cluster I, FPPR 

 

3.4.2. Microarray analyses to detect serum autoAbs in HIV infection 

To test the hypothesis that bNt Ab responses against HIV develop when 

immunological tolerance mechanisms are broken or dysregulated, we reasoned that it is 

unlikely that tolerance would act specifically on the B-cell lineages that produce Nt Abs, 

and more likely that alterations in tolerance would produce global changes in the Ab 

repertoire that would be reflected in serum Ab reactivity. Much work has been done on 

the putative autoreactivity and/or polyreactivity of bNt anti-HIV MAbs, particularly 4E10 

and 2F5 (118, 122, 126, 211), but much less is known about the properties of HxNt sera, 

or HIV+ sera in general. Thus, a protein microarray bearing clinically relevant 

autoantigens was used to assay the HIV serum panel, expanded to include several 

additional HxNt sera, alongside SLE and healthy control sera. Where multiple samples 

from the same individual were available, we chose the serum draw with the highest 
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reactivity to the V3 loop for microarray analysis, reasoning that sera from the peak of the 

Ab response would be most likely to display self-reactivity. For SC sera that had no 

detectable V3 loop reactivity, the serum draw from latest in infection was selected. 

As shown in Figure 3A, serum IgG Ab responses against most autoantigens 

were generally weak and rare. SLE sera and purified SLE IgG bound strongly to 

chromatin and dsDNA, antigens that are hallmarks of lupus, as well as to LPS, ssDNA, 

small nuclear ribonucleoproteins (snRNPs), and Ro/SSA antigens. The antigens to 

which HIV sera bound most regularly were LPS, extracellular matrix (ECM), ssDNA and 

phosphatidylcholine-BSA complex (PC-BSA); reactivity was observed most commonly 

from NP, RP and SP sera but only rarely from SC and HxNt sera, following the same 

trend we observed for binding to irrelevant antigens in ELISA (Fig. 2A). Serum from at 

least one healthy donor bound to PC-BSA and ECM as well, and none of the sera bound 

significantly to cardiolipin, histones or other autoantigens that have been implicated in 

HIV. Individual sera bound to various other autoantigens (e.g., RP1/enolase; 

NP5/collagen IV, SSA-52, U1-snRNP 60; SP1/laminin, SSA-52; SP4/BSA, lipoprotein 

lipase; HxNt13/ribosomal P antigen); there was no consistent pattern among or between 

groups. Thus, these data show that serum IgG Ab responses in HIV infection are 

generally not autoreactive or polyreactive, targeting only a few antigens that are 

unrelated to those targeted in SLE, and that SP and HxNt serum IgG responses are 

nearly devoid of self-reactivity. 
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Figure 3. Autoantigen microarray analysis of serum IgG and IgM Abs in HIV, 
SLE and healthy sera. 

 (A) Heat map representation of serum IgG binding to autoantigens. All data are 
representative of at least two independent experiments. 

(continued on next page) 
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 (B) Heat map representation of serum IgM binding to autoantigens. Note that the IgM 

heat map has been adjusted to better display weak binding signals, by using a dynamic 
range of 0 – 0.5, or half the maximum value of 1.0. All data are representative of at least 
two independent experiments. 

As shown in Figure 3B, serum IgM Ab responses against autoantigens were 

even less dramatic; in fact, this heat map was adjusted to better depict weak binding, 
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since no strong binding was observed except to control antigens. Purified SLE IgM Abs 

were not reactive to any antigens, whereas SLE serum IgM again bound to chromatin 

and dsDNA weakly, and to ssDNA more strongly. HIV serum IgMs from many groups 

bound to ssDNA, LPS and PC-BSA, but unlike IgG Abs, did not bind to ECM. Low-level 

IgM Abs were detected in some sera to tubulin (SC and RP sera), lipoprotein lipase (RP 

sera), SSA-52 (NP, SP and HxNt sera), as well as a few examples of higher affinity 

binding that were unique to particular serum samples (RP1/ribosomal P antigen; 

HxNt2/high density lipoprotein (HDL)). Overall, the data show that serum IgM Abs in HIV 

infection target many of the same antigens as serum IgG Abs, albeit much more weakly, 

and do not target SLE-associated autoantigens (e.g., dsDNA) or putative HIV-associated 

autoantigens (e.g., cardiolipin). 

Hierarchical clustering analyses were performed to compare the global reactivity 

profiles of HIV sera to autoantigens, and to identify sera that are are most similar to one 

another. As seen in Figure 4, serum IgG responses fell into three major clades. The 

first, leftmost clade contained all of the purified SLE Abs and all of the SLE sera, as well 

as 7 RP sera, 5 NP sera, 5 SC sera and 2 healthy control sera (Table 2). The second, 

central clade contained 10 HxNt sera, 5 SP sera, as well as 2 NP, 2 RP and 1 SC sera. 

The third, rightmost clade was made up almost exclusively of HxNt sera (19 samples), 

as well as 1 SP serum, 1 SC serum and 1 healthy control serum (Table 2). Importantly, 

since 11 HIV sera were assayed in duplicate, cluster analysis allowed us to assess the 

reproducibility of this array system. The results showed that in 10/11 cases, replicates of 

IgG arrays were very closely related in the dendrogram (Fig. 4). Reproducibility of the 

samples on IgM arrays was worse (data not shown), likely due to the lack of strong 

binding signals to distinguish sera from background binding. These data provide further 
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evidence for a fundamental distinction between HxNt serum IgG Ab responses and IgG 

responses in all other HIV sera tested, based on their lack of reactivity with self antigens, 

and show that within this dataset, the closest relatives of SLE serum IgGs are those from 

RP and possibly SC sera.  

 
 

(continued on next page) 

HxNt 16 

HxNt 10 (draw 2) 



 

72 

Figure 4. Hierarchical clustering dendrogram of IgG autoantigen microarray 
data. 

 Each serum is labeled as a branch tip, with branch lengths (height) proportion to pairwise 
dissimilarity, and a height of 0 implying identity and height of 100 implying diametric 
opposition. At each node, approximately-unbiased (AU) p-values are shown in red and 
bootstrap probability (BP) values are shown in green; AU p values are a better indication 
of statistical support. 
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Table 2. Numbers of sera by patient group within each clade of Figure 4.  

Clade 

1 (Left) 2 (Centre) 3 (Right) 

Purified SLE Abs 
SLE (4 sera) 
RP (7 sera) 
NP (5 sera) 
SC (5 sera) 
Healthy (2 sera) 

HxNt (10 sera) 
SP (5 sera) 
NP (2 sera) 
RP (2 sera) 
SC (1 serum) 

HxNt (19 sera) 
SP (1 serum) 
SC (1 serum) 
Healthy (1 serum) 

 

In summary, serum IgG and IgM Abs in HIV infection reacted poorly with 

autoantigens, regardless of clinical outcome or Nt breadth, and generally targeted a 

separate set of antigens than SLE sera. Cluster analysis showed that the nearest 

relatives of pathogenic SLE IgG responses were IgG Abs from RP sera and possibly SC 

sera, whereas the most distant relatives of SLE IgG Abs were those from HxNt and SP 

sera. In conclusion, HxNt serum IgG and IgM Ab responses against HIV do not appear 

to be particularly autoreactive, and in fact, non-Nt Abs in the setting of high viremia, 

particularly in RP sera, are most reactive with self-antigens. 

3.4.3. Identification of diagnostic antigens of disease progression and Nt 
breadth  

Although the heat maps and dendrogram presented in Figures 3 and 4 

disproved the presence of significant autoreactivity in HIV+ sera, it remained possible 

that weaker binding signals that are not visually apparent could discriminate HIV sera 

from healthy control and/or SLE sera. Even if such Abs were not biologically relevant 

regarding their binding in vivo, they could provide evidence of underlying immunological 

processes, including tolerance dysregulation, which could contribute to Nt breadth 

and/or disease progression. To address this concern, we used SAM, a well-validated 
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algorithm for protein microarrays (170), to search for antigens that might be statistically 

bound to a greater or lesser extent by IgG and IgM Abs in any group of sera. 

 Figure 5 shows the antigens to which serum IgG Abs bound significantly better 

(Figure 5A) or worse (Figure 5B) in each group of SLE or HIV sera, compared to 

healthy control sera (q < 0.05); a full list with associated q-values can be found in 

Appendix B, Supplementary Table S2. As seen in Figure 5A, SLE sera as a group 

had significantly higher levels of IgG against chromatin, dsDNA, ribosomal P antigen and 

ssDNA, as well as to collagen II; the latter trait was shared with SC, RP and NP sera. RP 

sera had increased IgG against HDL, and NP and SP sera both had increased IgG 

against C1q and tissue transglutaminase. SP sera alone had increased IgG against 

fibrinogen and LPS, and shared with HxNt sera increased IgG against unmodified 

fibrinogen. As shown in Figure 5B, serum IgG from all groups except SPs bound the M2 

antigen complex to a significantly lesser extent than healthy controls. SLE sera were 

further characterized by lower levels of IgG against ECM, PC-BSA, and IgM, and shared 

with RP and SC sera lower levels of IgG to laminin, with RP and NP sera having 

reduced IgG against citrinullated fibrinogen, and with RP sera alone having reduced IgG 

binding to human serum albumin. RP sera had low IgG against centromere protein B 

(CENP-B) and SSA-60, NP sera had low IgG against SCL-70 antigen, and HxNt sera 

had low IgG against cardiolipin, β2-glycoprotein I and snRNP A. Thus, SAM confirmed 

that patterns of serum IgG binding to self antigens are fundamentally distinct in SLE 

versus HIV, and revealed that subtler differences in IgG binding exist within each group 

of HIV sera, with the HxNt serum IgG displaying significantly lower binding to cardiolipin 

and β2-glycoprotein I than healthy controls. 
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Figure 5. Pictorial depiction of autoantigens targeted by IgG Abs in each 
serum group. 

 Antigens listed were bound significantly better (A) or worse (B) by IgG Abs in the 
indicated serum group (SC, HIV seroconverter; RP, HIV rapid progressor; NP, HIV 
normal progressor; SP, HIV slow progressor; HxNt, HIV heterologous cross-neutralizing; 
SLE, systemic lupus erythematosus) compared to healthy control sera, as identified by 
SAM. Empty circles denote serum groups where no antigens were bound significantly 
differently than in healthy control individuals. 
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Figure 6 shows the antigens to which serum IgM Abs bound significantly better 

(Figure 6A) or worse (Figure 6B) in each group of SLE or HIV sera, compared to 

healthy control sera (q < 0.05); note that these are relative differences, and none of the 

serum IgM reactivities for autoantigens were strong. As seen in Figure 6A, SLE sera 

had significantly increased levels of IgM to aggrecan, chromatin and dsDNA, thus 

distinguishing them from all other sera. NP, SP and HxNt sera were all defined by higher 

IgM to C1q, while NP and SP shared higher IgM against laminin. NP sera were uniquely 

characterized by elevated levels of IgM to the Ku antigen and malondialdehyde-modified 

low density lipoprotein (MDA-LDL), SP sera by elevated IgM to unmodified fibrinogen, 

and HxNt sera by elevated IgM to nucleolar extract and glycoprotein IIb/IIIa. As shown in 

Figure 6B, SLE sera had lower levels of IgM to human serum albumin, LPS, PC-BSA 

and Pneumovax. NP, SP and HxNt sera were all characterized by decreased IgM to β2-

glycoprotein I, and interestingly, lower levels of IgM capture by the LJ-26 Ab (227), 

specific for Abs encoded by VH3-family genes. SP and HxNt shared decreased IgM to 

cardiolipin, whereas NP and RP sera shared decreased IgM binding to the M2 antigen 

complex. RP sera were uniquely defined by decreased IgM to CENP-B and SSA-52, 

whereas SC sera were uniquely defined by decreased IgM against thyroglobulin. Thus, 

these data show that, similar to serum IgG, serum IgM Ab responses target completely 

separate groups of self-antigens in SLE vs. HIV, with HxNt IgM responses being defined 

by elevated levels of IgM to nucleolar extract and glycoprotein IIb/IIIa, and decreased 

levels of IgM against cardiolipin and β2-glycoprotein I.  
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Figure 6. Pictorial depiction of autoantigens targeted by IgM Abs in each 
serum group. 

 Antigens listed were bound significantly better (A) or worse (B) by IgM Abs in the 
indicated serum group (SC, HIV seroconverter; RP, HIV rapid progressor; NP, HIV 
normal progressor; SP, HIV slow progressor; HxNt, HIV heterologous cross-neutralizing; 
SLE, systemic lupus erythematosus) compared to healthy control sera, as identified by 
SAM. Empty circles denote serum groups where no antigens were bound significantly 
differently than in healthy control individuals. 
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In summary, these data provide statistical support for a distinction between 

serum IgG and IgM responses in HIV infection versus a setting of systemic autoimmunity 

like SLE. SAM also revealed subtle autoantigen binding signatures in each group of HIV 

sera, which, taken together, indicate that the only Ab responses that share any binding 

characteristics with SLE are those from RP, NP and SC sera, whereas HxNt and SP 

sera share some features between their reactivity profiles. 

3.4.4. Characterization of serum Ab polyreactivity in HIV infection 

To further investigate the phenomenon of non-specific or polyreactive IgG Abs in 

HIV sera, the serum panel was analyzed in various types of ELISAs against HIV 

antigens, self-antigens and “non-specific” antigens (i.e., irrelevant proteins that are 

indicators of polyreactivity). In previous work, we showed that the purported 

autoreactivity and/or polyreactivity of HIV bNt MAbs, but not pathogenic autoAbs in SLE, 

was heavily dependent on assay conditions (particularly the blocking step, as well as 

presence of protein and detergent in the Ab diluent; (211)). Here, we wished to 

determine if the same was true of HIV+ sera compared to SLE and healthy control sera, 

and whether serum IgG polyreactivity was related to Nt breadth and/or disease 

progression. 

As shown in Figure 7, under ELISA conditions using no blocker (188), many sera 

displayed polyreactivity to multiple antigens, with no apparent preference for self-

antigens as opposed to irrelevant antigens. Strikingly, under these permissive 

conditions, certain groups of HIV+ sera (SC, RP and NP sera), as well as SLE sera to a 

lesser extent, displayed strong polyreactivity to every antigen tested, whereas HxNt and 

SP sera did not, behaving similarly to healthy control sera. This effect was context-

dependent, since the addition of blocking proteins and detergent ablated the 
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polyreactivity of HIV sera, with little to no effect on their binding to HIV antigens; 

similarly, SLE sera retained binding to the autoantigens, dsDNA and cell lysate, even in 

the presence of complex serum diluents. Using more conventional ELISA protocols, 

there was no trend toward increasing or decreasing polyreactivity where multiple time 

points were available (Appendix B, Supplementary Figure S4), and HxNt sera 

displayed no greater polyreactivity than healthy control sera, even at 1:50 dilution 

(Appendix B, Supplementary Figure S5). These results were not attributable to 

differences in total serum IgG content, which were similar in all groups, nor to serum 

age, since sera from another recently collected HIV cohort behaved similarly (data not 

shown). Taken together, these data show that many HIV sera, as well as SLE sera, 

display a type of ‘conditional’ polyreactivity that is dependent on assay conditions, and 

which was almost entirely absent in HxNt and SP sera. This conditional polyreactivity is 

unrelated to the unconditional reactivity to autoantigens observed in SLE sera, and to 

HIV antigens observed in HIV sera.  

3.4.5. Relative levels of IGHV1-69 51p1 serum Abs 

Many studies have reported decreased usage of IGHV3 family genes in HIV-

specific B cells or cloned MAbs, with concomitant increases in IGHV1 family genes 

(139). The IGHV1-69 gene in particular is overused in Abs against the CD4i site (108) as 

well as in Abs against HIV in general (111), and is used by the HxNt MAb 4E10. Thus, 

we investigated whether increased levels of IGHV1-69-encoded Abs are detectable in 

HIV sera, and if so, whether these levels would be associated with Nt breadth and/or 

clinical status.  
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Figure 7. Effect of assay conditions on polyreactivity of serum IgG responses 
in HIV, SLE and healthy control individuals. 

 Each panel represents ELISA against a single self-antigen or non-specific antigen. For 
each serum group, assays were conducted using different conditions and diluents as 
indicated (see methods). All data are representative of at least two independent 
experiments. 
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We performed ELISAs to capture VH1-69-encoded Abs out of sera using the 

anti-idiotypic MAb G6 (220), which is specific for Abs encoded by 51p1-related alleles of 

IGHV1-69 (Figure 8). As seen in Figure 8A, levels of this idiotype were uniformly higher 

in HIV+ sera compared to SLE or healthy control sera, but were not associated with Nt 

breadth or disease progression, and were more heterogeneous in SC and HxNt sera 

compared to other groups. As shown in Figure 8B, increased IGHV1-69 51p1 Abs were 

observed at the earliest SC serum draws, taken within days to weeks of infection, and 

then became stable. G6 reactivity was also stable over the course of infection in RP, NP 

and SP sera (Appendix B, Supplementary Figure S6). These results were not 

attributable to differences in total serum IgG content, which were similar in all groups, 

nor to serum age, since sera from a recently collected HIV cohort behaved similarly 

(data not shown). Thus, these data provide evidence for a serological shift in the 

composition of the Ab repertoire, possibly underlain by immunogenetic changes in 

response to selection by HIV antigens, that is induced by HIV infection.  
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Figure 8. Levels of an IGHV1-69 51p1-encoded idiotype defined by MAb G6 in 
HIV, SLE and healthy control sera. 

 (A) Box plot of IGHV1-69 51p1-encoded IgG Abs in each serum group. Boxes show the 
interquartile range, whiskers indicate the range of the data, and horizontal lines indicate 
the median value. Circles represent outliers, defined as more than 1.5 times the 
interquartile range from the top or bottom of the box. (B) Temporal emergence of IGHV1-
69 51p1-encoded IgG Abs upon seroconversion. 
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3.5. Discussion 

Despite years of intensive work, the research community has failed to reach a 

consensus on why bNt Ab responses should be produced in one HIV+ individual but not 

another, or even on the proportion of infections in which bNt or HxNt Abs are generated. 

Furthermore, although broad neutralization appears to be mediated by one or a few Ab 

specificities in most individuals, it is not understood whether this results from a focused 

Ab response specifically against a selected site of neutralization versus exploration of 

heterologous Ab cross-reactivity with many Env epitopes. Thus, there is a need to 

identify molecular correlates of bNt and HxNt Ab responses, and other protective or 

therapeutic immune responses. These might not represent functional correlates of broad 

neutralization per se, but rather of bNt potential (228), given that HxNt Abs are likely 

selected by stochastic mechanisms out of a particular immunological milieu. 

Our serum mapping data clearly show that HxNt serum Abs cross-react with 

fewer Env epitopes than non-Nt Ab responses, and react with immunodominant epitopes 

more weakly than other sera; therefore, serum reactivity breadth and neutralization 

breadth appear to be unrelated phenomena (84, 195). To a lesser extent this was also 

true of SP serum Abs, in stark contrast to RP serum Abs, which had the strongest and 

broadest anti-Env reactivity. Thus, in this study, the only reliable correlate of broad 

neutralization and/or slow progression was a focused Ab response to whole gp120 or 

gp41, in the absence of strong binding to immunodominant epitopes. It is tempting to 

speculate that preservation of a functional Ab response to a few conserved sites, with 

circumscribed responses to diversionary epitopes on denatured or shed gp120, may 

contribute to positive outcomes - especially as SPs, having been infected longest and 

being the most able to control their infections, are more likely to develop HxNt Abs (229) 
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- while promiscuous Ab responses to multiple epitopes may be ineffectual or worse, 

functionally impair other immune responses (230).  

Although our results regarding reactivity with particular epitopes or antigens 

should be interpreted with caution, since the number of sera studied is relatively small, 

many similarities were evident between the reactivity profiles of HxNt and SP sera. This 

implies that the overall Ab response to Env, irrespective of what occurs in the few B-cell 

lineages producing Nt Abs, differs systematically in these individuals, possibly since they 

occur later in the course of the infection. However, opposite binding patterns to whole 

Env proteins were observed in HxNt sera (gp41 >> gp120) versus SP sera (gp120 >> 

gp41), which had very weak gp41 responses overall. While we did not replicate 

previously reported patterns of RP sera binding to gp120 C1/C3 or SP sera binding to 

C3/C4/C5 (231), we did identify the FPPR, typically not considered not very 

immunogenic (25), as being a novel target of serum Abs in most HIV infections; 

however, Ab responses against it were generally weak, except in RP sera, which also 

targeted the gp120 C1, C4 and C5 regions. There was nothing obviously distinctive 

about the development of Ab reactivity to Env in SC patients who later developed 

neutralization breadth (HxNt #1-5), except for some transient MPER reactivity that was 

likely unrelated, since later serum HxNt Abs since did not target the MPER. 

In addition to targeting the broadest range of Env epitopes, RP sera had the 

highest reactivity to NFDM and OVA in ELISA, bound the widest range of microarray 

autoantigens, and shared the most similarities with SLE sera in their reactivity profiles, 

as identified by hierarchical clustering and SAM. SP and HxNt sera, on the other hand, 

were closely related and defined by lack of reactivity against most antigens. Generally, 

the microarray antigens bound by HIV sera were not autoantigens; Abs against LPS and 
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PC-BSA may arise as a consequence of microbial translocation into the bloodstream 

from the gut, driving inflammatory responses (232-235), whereas Abs against ECM 

could be elicited due to its incorporation in viral particles (236) or represent a 

generalized marker of inflammation (237). Anti-ssDNA Abs are produced in variety of 

non-autoimmune states, including infection (238, 239), and are thus of low diagnostic 

value. We note that the set of autoantigens identified by SAM as targeted by SC, RP and 

NP sera (collagen II, HDL, oxidized LDL, Ku) may be associated with atherosclerotic, 

fibrotic and hypertensive complications associated with untreated HIV infections (240-

242); similarly, autoantigens targeted by SP and HxNt sera (C1q, tissue 

transglutaminase, fibrinogen, gpIb:IIa, laminin) are nearly all hemostasis-related, are 

targeted in multiple chronic infections (243, 244), do not result in thromboembolytic 

disease (245), and like HIV-associated anti-cardiolipin Abs, do not cross-react with β2-

glycoprotein I (164). Intriguingly, SP and HxNt sera had significantly low levels of Abs 

against cardiolipin and β2-glycoprotein I, potentially reflecting lower inflammatory 

responses in these individuals, which may be associated with a more focused Ab 

response against Env. 

The novel form of conditional, context-dependent polyreactivity identified in this 

study was much more apparent in SC, RP and NP sera compared to SP and HxNt sera. 

One possible interpretation of this result is that conditional polyreactivity is generated via 

somatic hypermutation of Abs as a by-product of secondary diversification of the 

repertoire (70), which are then recruited into the anti-HIV response as a result of 

infection-induced modulation of germinal center checkpoints and T follicular helper cell 

dysregulation (246). In support of this, recent work has shown that high-level somatic 

mutation, even in immunoglobulin framework regions, may be necessary to achieve bNt 
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Abs (58); somatic mutation may also occur in antigen non-specific B cells in HIV+ 

individuals (our unpublished data). Ab sequence analyses have suggested that although 

germline VH genes may have evolved to resist somatic mutation-induced polyreactivity, 

Abs with long CDR-H3s (which bear numerous junctional N-additions) are not subject to 

this constraint (228). Thus, the disparity in polyreactivity observed here between 

SP/HxNt and other HIV+ sera may result from differential regulation of anti-Env versus 

antigen-non-specific responses, for instance if checkpoints for contributing to secreted 

Abs are more rigorous in these individuals; this would also potentially explain the 

focused nature of their Ab response to Env. This is supported by studies of cloned Abs 

from bNt individuals, in which anti-gp140 Abs were observed to be more polyreactive 

than non-gp140-specific Abs (121). Alternatively, the antiviral Ab response may reach a 

maximum level of mutation-induced polyreactivity which then declines, meaning that a 

time-sensitive window for developing breadth could exist. Future work with larger serum 

cohorts should investigate the timing of the emergence of polyreactivity after infection, 

and whether it is incremental in relation to somatic mutation levels. 

Our finding of globally increased levels of IGHV1-69 51p1 Abs in HIV sera point 

to another HIV-induced alteration in host Ab repertoires that could also be linked to 

changes in B-cell developmental checkpoints, or recruitment of particular B-cell subsets 

into the immune response. Since elevated levels of IGHV1-69 Abs were observed very 

early after infection, and in all HIV sera regardless of neutralization breadth or disease 

progression, it is unlikely that this is related to Ab polyreactivity. However, IGHV1-69, 

and potentially other VH genes (111), could be more tolerant to the accumulation of 

somatic mutations in framework regions, and thus play an important role in Nt Ab 

responses against HIV by surviving mutational attrition. Such Abs would have the 
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potential to retain reactivity for HIV antigens even after prolonged germinal center 

responses, and may undergo a slow process of altering their footprint across the Env 

epitope through a protracted process of somatic mutation.  Moreover, as a distal VH 

gene, IGHV1-69 may be under different regulatory control from more proximal VH genes. 

It is possible that vaccine conditions that promote usage of distal VH genes, or otherwise 

expand the Ab repertoire for selection by HIV Env (247), could also help to promote Abs 

bearing the features of bNt Abs. 

We report here evidence from multiple independent lines of investigation that 

serum Ab responses in HIV infection differ in fundamental respects from those in healthy 

individuals, and from those in a setting of pathogenic autoimmunity. These differences 

are observable at the level of Ab self-reactivity and Ab polyreactivity, and the idiotypic 

composition of the Ab repertoire. Furthermore, the data support a distinction between Ab 

responses in SP and HxNt sera, which are focused against particular sites on Env and 

are not polyreactive, and those in SC, RP and SP sera, which cross-react with many Env 

epitopes and are polyreactive with irrelevant antigens. It will be important to determine 

the cellular origins of Abs bearing these features, as well as whether they represent 

functional correlates of neutralization, and if so, how they might be generated in the 

uninfected host.  
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4.1. Abstract 

 Immunogenetic analyses of expressed antibody repertoires are becoming 

increasingly important to our understanding of autoimmunity, ageing, and the immune 

responses to infection, vaccination and cancer. Next-generation sequencing 

technologies have now made it possible to interrogate immune repertoires to 

unprecedented depths, but generation of the requisite libraries is usually restricted to 

samples from which large amounts of input cells are available. In many cases, however, 

it may be desirable to sequence libraries derived from multiple smaller B-cell 

populations, or to obtain shallow coverage from many samples at once. Here, we 

describe simple, fast and reliable methods for producing and sequencing multiplex PCR 

amplicon libraries derived from expressed VH genes. The libraries are diverse and 

representative, even using as few as 102-103 B cells, and their construction is relatively 

inexpensive, requiring no special equipment and only a limited set of PCR primers. 

These methods are versatile, compatible with both 454 and Illumina platforms, and can 

be adapted for use with non-VH amplicons with little additional modification. 
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4.2. Introduction 

Antibodies (Abs) produced by B lymphocytes are critical to host immunity, 

representing correlates of protection for almost all licensed vaccines (44). Ab molecules 

are secreted glycoproteins made up of two identical heavy and two identical light chains 

arranged as a “dimer of heterodimers,” with the variable domain of the heavy chain 

(VHD) typically contributing more to antigen binding than the light chain (45). The DNA 

sequence encoding the VHD of each heavy chain is generated by somatic recombination 

of VH, D and JH gene segments during B-cell development; exonuclease processing and 

incorporation of non-templated nucleotides at the VH-D and the D-JH junctions means 

that each Ab is generally unique at the DNA sequence level (53). High rates of 

segmental duplication, allelic diversity and copy number variation at the igh locus may 

result in each individual’s complement of VH genes being somewhat unique (47, 48). 

After B-cell maturation, Ab repertoires are further diversified upon encounter with antigen 

through somatic hypermutation and affinity maturation, particularly in hypervariable 

regions of the VHD encoding complementarity-determining regions (CDRs). The biology 

of B cells and Abs (VHD gene formation via double-strand DNA breaks; somatic 

diversification and selection by antigen) carries with it some risk of cancer and 

autoimmunity (248, 249).  

All of these characteristics of the gene regions encoding Ab VHDs (multiple PCR 

targets with no conserved 5’ sequence in VH; high clonal diversity; potential for somatic 

mutation) make them problematic templates for next-generation sequencing.  Many 

approaches for expressed VHD gene library construction and sequencing have been 

developed, some of them uncritically, and most relying on large amounts of input 
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material (e.g., whole peripheral blood mononuclear cells (PBMCs) (115); high-frequency 

B-cell subsets obtained from large blood samples (250); bulk antigen-specific B cells 

(130); phage-displayed libraries (251)). For some applications, however, it may be 

necessary to generate Ab libraries from relatively small populations of B cells – for 

example, when examining rare B-cell subsets, when blood sample amounts are limiting 

(e.g., 50-100 mL), and/or when the research question involves relationships between 

multiple types of responding B cells, all derived from the same blood sample. In such 

situations, the amount of RNA and cDNA obtained may fall below the limit of detection of 

even sensitive fluorometric assays (252), analogous to the situation with single B 

lymphocytes. Thus, the purpose of this work was to develop methods for producing high-

quality VHD gene amplicon libraries for next-generation sequencing from small B-cell 

populations obtained by flow cytometry (FCM). Out of necessity, the approach outlined 

here is simple, inexpensive and requires only standard molecular biology skills and 

equipment, available in most labs. 

4.3. Materials and methods 

4.3.1. B-cell preparation, labeling and isolation by FCM 

Whole blood samples of approximately 60 mL were collected from healthy 

donors at Simon Fraser University with institutional informed consent. PBMC were 

isolated by HistoPaque 1077 (Sigma-Aldrich, St. Louis, MO) gradient centrifugation 

following the manufacturer’s instructions, and cryopreserved in 1-mL aliquots at a 

density of 5×106 cells/mL in pre-chilled Nunc Cryobank vials (Thermo-Fisher Scientific, 

Pittsburgh, PA) containing 90% (v/v) fetal bovine serum (FBS; Life Technologies, 

Carlsbad, CA) and 10% (v/v) tissue-culture grade dimethylsulfoxide (Sigma-Aldrich) by 
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slow freezing at -80°C overnight in a Nalgene® Mr. Frosty container (Thermo-Fisher 

Scientific). The next day, cells were kept on dry ice and moved to liquid nitrogen dewars 

for long-term storage. For thawing, cryopreserved cells were gently agitated in a 37°C 

water bath until no ice remained, then moved to a 15 mL conical tube (BD Biosciences, 

San Diego, CA).  Five mL of 37°C RPMI media (Sigma-Aldrich) containing 10% FBS, 

100 U/mL penicillin (Sigma-Aldrich) and 100 ug/ml streptomycin (Sigma-Aldrich) was 

added to each tube drop-wise, then cells were incubated at room temperature for 15 

minutes, pelleted at 300g for 5 minutes, and resuspended in 1 mL of Hank’s Balanced 

Salt Solution (Life Technologies). B cells were enriched from PBMCs using EasySep 

Human Pan B-Cell Enrichment cocktail (StemCell Technologies, Vancouver, BC, 

Canada) according to the manufacturer’s instructions prior to staining. For each sample-

stain, 150 μL of cells was labeled with Ab-fluorophore conjugate (Panel 1, all from BD: 

IgG-FITC (15 μL), IgM-FITC (15 μL), IgD-PE (15 μL), CD38-PE (15 μL), CD19-PerCP-

Cy5.5 (15 μL), CD3-PE-Cy7 (3.5 μL), CD27-APC (3.5 μL), CD20-APC-H7 (3.5 μL); 

Panel 2: CD21-FITC (2 μL; Beckman-Coulter, Pasadena, CA), IgG-PE (2 μL; BD), 

CD19-PerCP-Cy5.5 (1 μL; eBioscience, San Diego, CA), CD27-PE-Cy7 (2.5 μL; 

eBioscience), CD10-APC (2 μL; BD), CD20-APC-H7 (3 μL; BD)) at 4°C for 30 minutes, 

then sorted by phenotype using either a FACSAria or FACSAria II cell sorter (BD). 

Phenotypes of B cells sorted using panels 1 and 2 are shown in Table 1. 

4.3.2. RNA extraction and cDNA synthesis 

Sorted B cells were either immediately used for nucleic acid extraction, or stored 

overnight at 4°C in 1 mL of RNAlater solution (Ambion), or lysed and stored at -80°C in 

in 350 μL RLT buffer (QIAGEN, Carlsbad, CA) containing 1% (v/v) 2-mercaptoethanol 

(Bioshop Canada, Burlington, ON, Canada). Total cellular RNA was extracted using 



 

96 

RNEasy Mini Kits (QIAGEN) following the manufacturer’s instructions, eluted in 30 μL 

RNase-free TE buffer (Ambion, Austin, TX), and stored at -80°C. First-strand cDNA 

libraries were reverse transcribed from 16 μL RNA at 42°C for 45 minutes with a 

combination of random hexamer and oligo(dT) primers using QScript CDNA supermix 

(Quanta Biosciences, Gaithersburg, MD), then stored at -20°C.  

Table 1. Phenotypes of B cells sorted in this study. 

Pa
ne

l 1
 

Cell Subset Phenotype 

Naive CD3-CD19+IgM+IgD+CD20+CD27- 

IgM+ Memory CD3-CD19+IgM+CD38+CD20+CD27+ 

IgG+ Memory CD3-CD19+IgG+IgD-CD20+CD27+ 

Plasmablast CD3-CD19+IgG-CD38+CD20-CD27+ 

 

Pa
ne

l 2
 

Cell Subset Phenotype 

IgG- Naive CD21+IgG-CD19+CD27-CD10-CD20+ 

IgG+ Naive CD21+IgG+CD19+CD27-CD10-CD20+ 

Resting Memory CD21+IgG+CD19+CD27+CD10-CD20+ 

Activated Memory CD21-IgG+CD19+CD27+CD10-CD20+ 

Tissue-Like Memory CD21-IgG+CD19+CD27-CD10-CD20+ 

Plasmablast CD21-CD19+CD27+CD10-CD20- 

* Panel 2 markers and immunophenotypes are defined in (253) 

4.3.3. PCR and library purification 

Reverse transcription was verified by nested PCR of housekeeping genes (β-

actin; glyceraldehyde 3-phosphate dehydrogrenase (GAPDH); hypoxanthine-guanine 

phosphoribosyltransferase (HPRT)) using published primers and conditions (254-256). 

VHDs were amplified by PCR using the BIOMED-2 primers (257), either fused directly to 

454 or MiSeq adaptors, or containing universal tags for subsequent priming in a second 

round of PCR. All primers are listed in Appendix C, Supplementary Table S1. First 

round BIOMED-2 PCRs were conducted in 25-μL reaction volumes containing 1x ABI 
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Buffer II (Applied Biosystems, Foster City, CA), 1.5 mM MgCl2 (Applied Biosystems), 200 

μM each dNTP (Fermentas), 5 pmol each primer (Integrated DNA Technologies, 

Coralville, IA), 1 U AmpliTaq Gold DNA polymerase (Applied Biosystems), and 1 μL 

cDNA template, and cycled as follows on a GeneAmp 9700 thermal cycler (Applied 

Biosystems): 95°C for 7 minutes; 40 cycles of (94°C for 30 seconds, 58°C for 45 

seconds, and 72°C for 2 minutes); 72°C for 10 minutes. Second round “tagging” PCRs 

were conducted in 25-μL reaction volumes containing 1x Phusion HF Buffer containing 

1.5 mM MgCl2 (Thermo-Fisher), 200 μM each dNTP (Fermentas), 10 pmol of each 

primer (Integrated DNA Technologies), 0.25 U Phusion High-Fidelity DNA polymerase 

(Thermo-Fisher), and 5 μL first-round PCR as template, and cycled as follows on a 

GeneAmp 9700 thermal cycler: 98°C for 30 seconds; 20 cycles of (98°C for 10 seconds, 

65°C for 30 seconds, and 72°C for 30 seconds); 72°C for 5 minutes. Primers for second 

round PCRs were purified commercially by high-performance liquid chromatography or 

in-house by denaturing polyacrylamide gel electrophoresis (258). Nested PCRs with 

primers developed for phage-display libraries or single B-cell cloning were conducted as 

described (259, 260) using 1 uL cDNA template. Quality control PCRs to assess library 

purity, using 454 A/B adaptors or Illumina P5/P7 adaptors as primers, were conducted in 

50-μL reaction volumes containing 1x PCR Buffer comprising 2 mM MgCl2 (Roche 

Applied Science, Branford, CT), 400 μM each dNTP (Fermentas), 10 pmol each primer 

(Integrated DNA Technologies), 5 U FastStart Taq DNA Polymerase (Roche Applied 

Science), and 1 μL VHD library (2×108 molecules/μL) and cycled as follows on a 

GeneAmp 9700 thermal cycler: 94°C for 11 minutes; 20 cycles of (94°C for 1 minute, 

60°C for 1 minute, 72°C for 1 minute); 72°C for 10 minutes. Quality control PCRs were 

treated with 10 U Exonuclease 1 (New England Biolabs, Ipswich, MA) at 37°C for 30 

minutes prior to analysis by agarose gel electrophoresis. First round and second round 
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VHD libraries were purified using either PureLink PCR Purification Kits (Life 

Technologies) with a 300-bp cutoff, and/or gel extraction (Bio Basic, Markham, ON, 

Canada), and/or Agencourt AMPure XP beads (Beckman-Coulter), in various 

combinations as described in results. Purification was assessed by agarose gel 

electrophoresis or Bioanalyzer DNA 1000 Assay (Agilent, Santa Clara, CA). 

4.3.4. Cloning and Sanger sequencing  

Purified VHD amplicons were blunt-end ligated into the pJET1.2 vector at a molar 

ratio of 3:1 using the CloneJet PCR Cloning Kit (Fermentas, Burlington, ON, Canada). 

Ligations were incubated at room temperature for 30 minutes, and then extracted with 1 

volume of chloroform:isoamyl alcohol 24:1 (Sigma-Aldrich) prior to transformation of 

Escherichia coli MC1061 cells by electroporation using a Bio-Rad Gene Pulser (261). 

Single colonies were isolated from LB agar plates containing 100 μg/mL of ampicillin 

(Sigma-Aldrich), then plasmid DNA was isolated from 2 mL LB/ampicillin overnight 

cultures using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich) and sequenced 

commercially by Eurofins MWG Operon (Huntsville, AB) on an ABI 3730XL DNA 

Analyzer (Applied Biosystems).  

4.3.5. 454 pyrosequencing 

Libraries were quantitated using Quant-iT PicoGreen dsDNA Reagent (Life 

Technologies), amplified in emulsion PCR (emPCR) using the GS FLX Titanium Rapid 

MV emPCR Kit (either Lib-A or Lib-L; Roche Applied Science), and sequenced on a 

Roche GS Junior instrument (BC Centre for Excellence in HIV/AIDS, St. Paul’s Hospital, 

Vancouver, BC) using Titanium chemistry. Quality filtering was performed using the 

shotgun data processing pipeline. 
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4.3.6. Illumina MiSeq sequencing 

Libraries were quantitated using a dsDNA broad range assay on the Qubit 2.0 

fluorometer (Life Technologies), and sequenced using a 500-cycle reagent kit on a 

MiSeq instrument (Illumina, San Diego, CA), thus generating 250 bp paired end reads.  

4.3.7. Data analysis 

Full-length VHD reads passing quality filtering were analyzed using IMGT/V-

QUEST (262) or IMGT/HighV-QUEST (263). For analyses of VH gene usage, CDR-H3 

length, somatic mutation level, and clonotype diversity, tabular IMGT output was parsed 

using custom in-house R and Perl scripts, available from the authors by request. 

Clonotypes were defined as VHD sequences bearing unique VH-D-JH junctions at the 

amino acid level (Cys104 – Trp118). 

4.4. Results and discussion 

The methods described in this report were born out of necessity, as the starting 

point of our investigation was the desire to sequence expressed Ab VHD repertoires on a 

fairly modest budget from a variety of B-cell subsets (264), isolated from various 

amounts of peripheral blood, obtained from patients in different disease states. This 

represented a technical and pragmatic challenge since (i) the sequences of interest 

consisted of complex heterogeneous mixtures of mRNAs, with limited conservation of 5’ 

sequence and a theoretical diversity of unique targets up to the number of input B cells 

(sometimes 105-106), (ii) amounts of starting material were variable and sometimes 

limiting, and (iii) library construction was a multi-stage “black box” process, with no 

straightforward way of verifying each step. Initially, we found that 5’ rapid amplification of 

cDNA ends (5’-RACE; (265)), which should offer a more unbiased view of VHD mRNAs 
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due to the absence of primer bias, was reliable for use with samples derived from large 

numbers of PBMCs (e.g., > 105 cells), but much less so with small numbers of sorted B 

cells. Thus, we began by testing the diversity of VHD amplicon libraries using different 

PCR conditions and primer sets (see Figure 1 for an experimental flow chart). 

 

Figure 1. Experimental flow chart outlining potential strategies for producing 
and sequencing VHD amplicon libraries. 

 Green checkmarks signify successful strategies, and unsuccessful strategies are marked 
with a red X. 

PCR approaches for amplicon library generation often display a tradeoff between 

their sensitivity/limit of detection and the quality of the final libraries produced (266). The 

BIOMED-2 FR1 primers (257) were originally developed to analyze clonal lineages in 

lymphoproliferative cancer. As seen in Figure 2A, Sanger sequencing of cloned 

amplicons showed that VHD libraries produced in a single round of PCR using these 

primers were of far higher diversity than libraries produced using traditional nested PCR 

primer sets developed for phage-displayed Ab library production or cloning expressed 
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VHD genes from single B cells (259, 260). This may relate to inherent differences in 

primer selectivity, or additional attrition brought about by the nesting step; in some 

cases, even when starting from >105 naïve B cells (which should not be oligoclonal), 

libraries produced by nested PCR were of low complexity, as shown by their perturbed 

CDR-H3 spectratypes (Figure 2B). A single round of PCR with BIOMED-2 primers had 

a reliable limit of detection in the lowest range of starting material likely to be used for 

library construction (103-104 B cells for framework region (FR) 1 primers and 102-103 B 

cells for FR2 primers; data not shown). Even when no PCR product was apparent, these 

libraries could still be used in subsequent PCR rounds using universal tags (see below). 

Thus, under these conditions, a single round of PCR using randomly primed cDNA as 

template displayed acceptable sensitivity and produced libraries of high diversity. 

Next, we adapted the BIOMED-2 primer sets for 454 and Illumina sequencing. 

We and others have found that a single round of PCR using the BIOMED-2 FR1 primers, 

fused 3’ to the 454 A and B adaptors, results in greatly reduced yields compared to PCR 

with the VHD-specific primers alone (personal communication, B. Briney, The Scripps 

Research Institute); thus, a universal-tag PCR strategy was necessary (see Figure 1). 

However, no matter which tag sequence was used, we found that the resulting 

amplicons often incorporated only one or the other A or B adaptor (Figure 3A), and thus 

would presumably not be sequenced; moreover, this approach resulted in a high 

frequency of primer multimer formation (Figure 3B), some proportion of which remained 

after purification and was preferentially expanded in emulsion PCR, producing many 

short sequencing reads (Figure 3C). Since the BIOMED-2 Framework Region 2 (FR2) 

primers could be fused directly to 454 A and B adaptors (either Lib-A or Lib-L versions), 

we opted to use this strategy instead, which had a lower limit of detection but sacrificed 
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sequence data covering FR1 and the first complementarity-determining region of the 

heavy chain VHD (CDR-H1).  

 

Figure 2. Comparison of expressed Ab VHD libraries produced in a single 
round of PCR using untagged BIOMED-2 FR1 primers or traditional 
nested PCR. 

 (A) Rarefaction curves of VHD amplicon library diversity, produced by cloning and Sanger 
sequencing of 50-100 VHD sequences using both strategies. Libraries were produced 
from approximately 5×102 - 5×103 activated memory B cells (data point 1), 2.5×104 
plasmablasts (data point 2), 6-7×104 naïve B cells (data point 3), or 1-3×105 resting 
memory B cells (data point 4). (B) Example of CDR-H3 length distribution of a 454 
amplicon library produced from approximately 105 naïve B cells using traditional nested 
PCR. 
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Figure 3. Comparison of universal-tag PCR using BIOMED-2 FR1 primers with 
single round PCR using BIOMED-2 FR2 primers for construction of 
454 VHD libraries. 

 (A) Relative proportions of VHD library molecules containing both 454 A and B adaptors 
(sequenceable) vs. one or the other adaptor (not sequenceable). (B) Frequency of primer 
multimer formation, evaluated by Sanger sequencing of clones derived from a PCR spin-
column-purified VHD amplicon library produced from ~104 CD19+ B cells, as described in 
Materials and Methods. 50-100 sequences were analyzed from each PCR strategy. (C) 
Read length distribution of 454 GS Junior sequencing data from VHD amplicon libraries 
produced by universal-tag PCR with BIOMED-2 FR1 primers and 454 Lib-A adaptors, 
and purified by gel extraction. For each library 500-3,000 sequences were analyzed 
(shown in parentheses). 
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The same universal-tag PCR strategy proved less problematic for Illumina 

sequencing (see Figure 1), presumably since there is no amplification step prior to 

attachment of the library to the flow cell, and thus primer multimer contamination is less 

of a hindrance. The Illumina adaptor sequences could also be fused directly to the 

BIOMED-2 FR1 primers without compromising yield (see Figure 1), but universal-tag 

PCR had several benefits, including reduced costs for oligonucleotide synthesis, and 

increased limit of detection (down to ~102-103 input B cells; data not shown), making it 

roughly comparable to the BIOMED-2 FR2 strategy for 454 sequencing, and with the 

added advantage of producing full VHD gene sequences. Thus, the BIOMED-2 primer 

sets can be adapted for reliable production of next-generation sequencing libraries from 

rare B cell subsets, but limitations are associated with use of 454 pyrosequencing, in 

that full-length VHDs starting from FR1 cannot be recovered.  

Since multiplex PCR of high diversity targets is susceptible to many forms of 

bias, including discrepancies in template-to-product ratios based on template abundance 

(266, 267), primer selectivity (268), and the development of artefactual chimeric 

sequences (269), we investigated whether these would result in severe deviations from 

the starting population of VHD mRNAs. Biases are inherent to metatranscriptomics 

studies, some of which may be difficult to measure, but here we simply wanted to verify 

that the data provide a representative “snapshot” of the overarching characteristics of 

the Ab repertoire. We first doped monoclonal VHD-containing plasmids into cDNA pools 

derived from CD19+ B cells at defined ratios (calculated assuming 300 copies of Ab 

transcript per B cell (270)), then amplified VHD 454 libraries from each mixture using 

either universal-tag PCR using BIOMED-2 FR1 primers or a single round of PCR using 

BIOMED-2 FR2 primers. As seen in Figure 4A, Cloning and sequencing of the final 
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libraries showed that plasmid-derived VHD sequences were recovered from the mixtures 

at a frequency roughly proportional (within an order of magnitude) to their presence in 

the original mixture. Moreover, although subtle primer biases cannot be ruled out, 

Illumina libraries produced by universal-tag PCR from different B-cell subpopulations 

showed VH gene usage that was highly diverse (Figure 4B), and whose composition 

was stable when using either JH or constant region reverse primers (Appendix C, 

Supplementary Table S1; data not shown). Chimeric sequences in the same Illumina 

libraries, as measured by the proxy measure of lengthy runs of consecutive somatic 

mutations in the VHD, were nearly undetectable (Figure 4C); note that this is not a 

measure of the overall somatic mutation rate in the VHD, which was lower in naïve B 

cells compared to memory B cells. Thus, we can only assume that in the absence of 

severe biases, VHD libraries produced using these methods are largely representative of 

the initial mRNA pools. 

 

(continued on next page) 
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Figure 4. Evaluation of the effects of bias on VHD amplicon library 
construction. 

 (A) Titrated doping of VHD-containing plasmids into cDNA pools derived from CD19+ B 
cells. Plasmid DNA (a VH3 gene-encoded clone for FR1 primers, and a VH1 gene-
encoded clone for FR2 primers) was added to cDNA produced from ~104 CD19+ B cells 
at the indicated molar ratios (assuming 300 copies of Ab mRNA per B cell), then VHD 
libraries were amplified, cloned and Sanger sequenced as described in Materials and 
Methods. For each ratio, 10-20 sequences were analyzed.  (B) Examples of VHD libraries 
produced from indicated B cell subsets (sorted by phenotype as in Table 1) using 
universal-tag PCR with BIOMED-2 FR1 primers and sequenced on the Illumina MiSeq; 
the libraries have widely different compositions, indicating that all six forward primers can 
amplify their targets efficiently. Data are representative of 20,000-100,000 sequences per 
library. (C) Quantitation of potentially chimeric PCR products in Illumina VHD libraries 
produced from indicated B cell subsets by universal-tag PCR using BIOMED-2 FR1 
primers. In all cases, sequences bearing five or more consecutive somatic mutations in 
the VHD make up less than 0.1% of the total repertoire. Data are representative of 
20,000-100,000 full-length VHD sequences per library. 

Finally, given the difficulties we experienced with short 454 reads arising from 

contamination with primer multimers, we compared various library purification schemes. 

In our hands, purification was generally more difficult for universal-tag PCRs than single-

round PCRs, and purification between rounds of universal-tag PCRs drastically 

increased the success of 2nd round PCRs (data not shown).  For purification of 454 

libraries produced using BIOMED-2 FR2 primers, we found that both gel extraction and 
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AMPure XP Bead purification methods, although appearing successful when assessed 

by agarose gel electrophoresis or Bioanalyzer, actually left residual primer multimers 

that could be amplified in quality control PCRs (Figure 5A); simple PCR spin columns 

were surprisingly effective in removing these contaminants.  Purification was more 

difficult for libraries produced from fewer B cells, presumably since more primer remains 

after PCR. Our group’s standard operating procedure now involves PCR spin-column 

purification between rounds of universal-tag PCR (for Illumina libraries), and a final 

cleanup using the same PCR spin columns followed by AMPure XP Beads, which we 

have found leaves almost no detectable residual primer (Figure 5B).   

Our protocol for VHD library constructions differs from many published methods in 

that it employs an untargeted cDNA synthesis step using high concentrations of random 

hexamer and oligo(dT) primers. Although one-step RT-PCR protocols using gene-

specific reverse primers may be more specific and technically simpler (271), these may 

result in lower diversity libraries since they produce less cDNA (272) and introduce 

selection bias (273). Even so, it is always good practice to perform all reverse 

transcription and PCR reactions in duplicate or triplicate. Although we routinely achieve 

a >95% success rate, we recommend using a suitable reverse transcription control (e.g., 

>105 sorted B cells and/or commercial CD19+ RNA) and carrying it through all 

subsequent steps of library construction; plasmid DNA containing cloned VHD genes is 

also useful for this purpose. Of the routinely used housekeeping genes, we have found 

that HPRT correlates best with VHD amplification.  
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Figure 5. VHD library purification strategies. 
 (A) Comparison of gel extraction, PCR spin columns and AMPure XP Beads for 

purification of VH-REGION libraries produced in a single round of PCR using BIOMED-2 
FR2 primers. After purification, libraries were subjected to quality control PCR using 454 
A and B adaptors as primers as described in Materials and Methods. DNA was separated 
by agarose gel electrophoresis, stained with ethidium bromide, and relative intensities of 
library DNA (350 bp) vs. short-length DNA (< 400 bp) were quantified by pixel density 
analysis using ImageJ (274). The results are expressed as the ratio of library DNA 
intensity to short-length DNA pixel intensity. (B) Agilent bioanalyzer DNA 1000 trace of a 
VHD library produced in a single round of PCR using BIOMED-2 FR2 primers from 103 
CD19+ B cells, purified using PCR spin columns followed by AMPure XP Beads. The 
library DNA length is approximately 350 bp. 

Our results, showing that universal-tag PCR is problematic for producing 454 

VHD libraries from small numbers of B cells, are puzzling in several respects. The 

presence of primer dimers is less surprising than the absence of 454 A or B adaptors in 

the full-length library. This could potentially result from artefacts of the cloning process, 

which involves blunting of PCR products, but this does not explain the observed 

difference between amplicons produced using BIOMED-2 FR1 and FR2 primers (Figure 
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3B). Amplicons missing A or B also arise from a single primer binding followed by linear 

amplification of DNA strands; this could occur if (i) the PCR Tm was suboptimal for either 

the forward or reverse primer (in which case we would observe products containing 

either A or B, but not a heterogeneous mixture of both), or if (ii) the 454 A and B 

adaptors are predisposed to multimer or secondary structure formation, dependent on 

their flanking sequences, thus making the second round of universal-tag PCR inefficient. 

It is possible that by modifying PCR conditions, universal-tag sequences and purification 

strategies, this strategy could be adapted for producing 454 VHD libraries, although it 

may be constrained to large samples by generally poor yields associated with the use of 

454 adaptor sequences as primers. 

Although we have ruled out many forms of bias, as with any PCR method, results 

should be interpreted with caution, especially for comparisons with data produced using 

other methods. For large samples, we expect that other, less biased methods, such as 5’ 

RACE and semi-quantitative PCR (275), would be more appropriate; although 5’ RACE 

has reportedly been used even with single B cells (276), we found it unreliable, and it 

might be expected to be susceptible to the same selection biases as one-step RT-PCR 

library production. Conclusions that can be corroborated using other methods (e.g., Ab 

cloning from single B cells) should be given greater weight. 

In summary, we have described in this report simple and inexpensive methods 

for producing VHD libraries for 454 and Illumina sequencing from sorted B-cell 

subpopulations. We expect that the techniques described here would be most useful for 

those wishing to capture a general overview of Ab repertoires derived from many small 

B-cell subsets simultaneously, and/or as a starting point for those beginning 

investigations of VHD sequencing on a limited budget.  It is important to note that any 
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amplicon that can be generated containing the universal tags in Appendix C, 

Supplementary Table S1 can be subsequently tagged in the 2nd round of universal-tag 

PCR and sequenced on the MiSeq, thus making these methods generally amenable to 

other amplicon sequencing experimental designs. 
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5.1. Abstract 

 Antibodies (Abs) with significant neutralization breadth against HIV-1 develop 

only in a subset of individuals, and typically years after infection. Rare broadly 

neutralizing (bNt) Abs are typically characterized by high levels of somatic mutation, 

long CDR-H3 loops, and possibly biased usage of particular VH genes.  One potential 

explanation for the delayed production of such Abs is that they are more likely to arise 

during a state of chronic viral infection, which leads to an altered immunological milieu 

promoting Ab features similar to those of bNt Abs. Here, we present next-generation 

sequencing analyses of Ab repertoires derived from an acutely-infected HIV+ individual, 

the HIV+ individual producing the cross-neutralizing Ab, m66, and healthy controls, and 

show that the IgG and IgM Ab repertoires of HIV+ individuals are characterized by (i) 

globally increased somatic mutation levels, (ii) overall VH gene usage similar to healthy 

individuals, but over-representation of IGHV1-69 in somatically mutated IgG Abs, and 

(iii) normal CDR-H3 length distributions, with concentrated clonal diversity in Abs bearing 

long CDR-H3s. Thus, Ab repertoires in the setting of chronic HIV infection are generally 

similar to those of the uninfected host, indicating that selection of rare Ab specificities by 

HIV antigens, some of which bear long CDR-H3s, may be responsible for the 

development of breadth. Somatic mutation of non-HIV-specific B cells may be a part of 

HIV-associated immune dysregulation, but may also represent an adaptive mechanism 

of repertoire diversification from which highly mutated Nt Abs arise. Thus, induction of a 

mutation-prone milieu may be important for successful vaccine strategies. 
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5.2. Introduction 

More than 30 years after the identification of HIV-1 as the aetiological agent of 

AIDS, a vaccine remains a distant prospect. Recurring failures of large-scale vaccine 

trials, most recently those incorporating infection-enhancing adenoviral vectors (277), 

have cast a pall over the field, and although the results of the RV144 ‘Thai’ trial are 

promising, they are not statistically robust (32) and the vaccine is unlikely to elicit 

durable protection. Eliciting broadly (b) neutralizing (Nt) antibodies (Abs) is still our best 

hope for a vaccine, as their ability to confer sterilizing immunity in animal models (98-

100) makes them the nearest thing available to correlates of immune protection. Such 

Abs are relatively rare (119, 278), tend to be produced late in infection (93) and most 

display unusual features, including very high levels of somatic mutation (SM), long third 

complementarity-determining regions of the heavy chain (CDR-H3s), and biased use of 

particular VH genes (111). 

Several hypotheses have been proposed to explain difficulties in eliciting bNt Ab 

responses by immunization, including: (i) restriction of bNt specificities by host tolerance 

mechanisms (122, 126); (ii) absence of binding of ‘germline-reverted’ B-cell receptors to 

HIV envelope (Env) (128); (iii) incorrect presentation of Nt Env epitopes in vaccine 

formulations (279); and (iv) failure to recapitulate stochastic immune-virus co-

evolutionary processes (130). While elements of each may have validity, all represent 

hypotheses regarding proximal causes, focusing on the mechanisms by which HIV-Nt 

Abs might be selected within vaccinees or the chronically infected host. However, in 

recent years, increasing effort has gone into characterizing the underlying effects of 

chronic infection on the immune system, such as exhaustion of HIV-specific B cells 

(264), changes in cytokine microenvironments (247) and expansion of T follicular helper 
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cell subsets (280). We reasoned that these effects could have a global impact on the Ab 

repertoire, which may therefore differ fundamentally between HIV-infected and 

uninfected hosts. 

Thus, the goal of this work was to characterize and compare global IgM and IgG 

Ab repertoires from an acutely infected HIV individual at ~40 days and ~8 months post-

infection, a chronically infected HIV individual producing a heterologous cross-Nt Ab 

response, and various healthy controls (see Table 1). Specifically, we aimed to address 

the question of whether the features of rare bNt Abs against HIV and/or HIV Env-specific 

Abs (long CDR-H3s, high levels of SM, biased VH gene usage) are elicited in the 

systemic Ab repertoire during HIV infection; on the absence of an increased frequency of 

Abs bearing some of all of these features, we would conclude that they must be 

associated with the HIV-specific Ab response only. We found that while the global level 

of SM was elevated in the IgM, and possibly the IgG repertoires of HIV+ patients as 

compared to healthy adults, there was little evidence of increased frequencies of Abs 

bearing long CDR-H3s or increased usage of particular VH genes. Thus, we conclude 

that the process of HIV infection elicits globally elevated levels of SM in the repertoire, 

whereas Abs using certain VH genes and bearing long CDR-H3s are likely directly 

selected by HIV-related antigens. 
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Table 1. Expressed VH libraries analyzed in this study. 

Individual/Source Tissue Isotype No. of Sequences 

Baby 132 Cord Blood IgM 13,386 

Baby 133 Cord Blood IgM 27,153 

10 healthy adults Peripheral Blood  IgM 44,237 

59 healthy adults Peripheral Blood, Lymph Node and Spleen  IgM 67,660 

Acutely-infected HIV+ 
individual 

Bone marrow (Draw 1, ~40 days post-
infection) 

IgM 2,048 

IgG 2,032 

Bone marrow (Draw 2, ~8 months post-
infection) 

IgM 1,113 

IgG 1,608 

Peripheral Blood (Draw 1, ~40 days post-
infection) 

IgM 2,111 

IgG 2,019 

Peripheral Blood (Draw 2, ~8 months post-
infection) 

IgM 1,908 

IgG 1,886 

HIV+ individual 
producing the Nt Ab 
m66 

Peripheral Blood 
 

IgM 12,762 

IgG 58,464 

 

5.3. Results  

5.3.1. Somatic mutation levels of the total IgM and IgG Ab repertoires are 
increased in HIV infection. 

A hallmark of anti-Env Abs and bNt Abs in particular is their very high levels of 

SM (111), sometimes resulting in changes to 40% or more of the VH gene, accumulating 

in Ab framework regions (FRs) as well as in the CDRs (58). It has generally been 

assumed that high levels of SM would be restricted to HIV-specific, class-switched B 

cells, due to recurrent rounds of antigen selection in germinal center reactions (58). 

However, as seen in Figure 1A and B, VH SM levels were globally higher in IgM 

repertoires (comprising both HIV-specific and HIV-non-specific Abs) derived from from 

an acutely-infected HIV+ individual (overall median for all IgM libraries = 10 SMs per VH 

gene) and the HIV-infected individual producing the cross-Nt Ab m66 (median= 6 SMs 
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per VH gene; (116)), compared to healthy adult and cord blood IgM repertoires (medians 

= 2 and 1 SM per VH gene, respectively; SM level distributions for each repertoire are 

presented separately in Appendix D, Supplementary Figure S1). Bulk IgG repertoires 

from HIV+ individuals had even higher VH SM levels (medians = 20 and 15 SMs per VH 

gene for acutely-infected HIV+ individual and m66 individual, respectively), with almost 

no germline sequences evident (Figure 1C); since HIV-specific B cells comprise a 

minority of the repertoire (145), it is unlikely that they significantly affect global levels of 

SM. Interestingly, populations of unmutated IgM and IgG Abs were evident among 

circulating peripheral blood mononuclear cells (PBMCs) in the first draw from the 

acutely-infected HIV+ individual, compared to the second draw and to bone marrow (BM) 

B cells at both time points (Figure 1B and C), suggesting that elevated SM levels of the 

overall repertoire may arise in a time-dependent manner over the course of infection. 

SMs were distributed roughly evenly across the VH gene, and resulted in amino-acid 

changes in both FRs and CDRs (Figure 1D). When the data were stratified by SM rate, 

no association was observed in any repertoire between SM level and CDR-H3 length 

(Appendix D, Supplementary Figure S2). Thus, SM is likely not driven directly by HIV 

antigens in peripheral and BM IgM+ and IgG+ B cells in HIV+ individuals. This may 

significantly alter the Ab repertoire from which HIV-specific B-cell responses arise. 
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Figure 1. VH somatic mutation rates are globally increased in HIV+ IgM and IgG 
Ab repertoires. 

 (A) Distribution of the number of SMs per VH gene in cord blood IgM repertoires, healthy 
adult IgM repertoires and the IgM repertoire of the HIV+ individual producing the Nt Ab 
m66. (B) Distribution of the number of SMs per VH gene in healthy adult IgM repertoires 
and the IgM repertoire of an acutely-infected HIV+ individual. Draw 1 and Draw 2 were 
taken approximately seven months apart (see Methods). (C) Distribution of the number of 
SMs per VH gene in IgG repertoires of an acutely-infected HIV+ individual and the HIV-
infected individual producing the Nt Ab m66. (D) Location of silent and replacement SMs 
within the VH gene in IgM and IgG repertoires of the HIV+ individual producing the Nt Ab 
m66. SMs are only considered within the VH-encoded 5’ region of CDR-H3. 
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5.3.2. VH gene usage is generally normal in HIV+ individuals, with particular VH 
genes over-represented in the mutated IgM and IgG fractions. 

Various perturbations in VH gene usage among anti-Env Abs have been reported, 

including increased use of IGHV1-family genes, particularly IGHV1-69 against the CD4i 

site (108, 111, 139, 281), decreased use of IGHV3-family genes (139, 141), and 

increased use of IGHV5-51 in Abs against the V3 loop (138). However, few studies have 

examined whether HIV infection may alter VH gene usage by the global Ab repertoire, 

which comprises a majority of Abs that are not specific for HIV antigens, and a minority 

of HIV-specific Abs. Here, we found no compelling evidence of large-scale changes in 

VH gene usage in HIV+ individuals compared to healthy controls. As seen in Figure 2A, 

the “hallmark” immunogenetic perturbation of HIV infection (decreased use of IGHV3-

family genes with a concomitant increased use of IGHV1-family genes) was potentially a 

feature of the IgG Ab repertoire in acute HIV infection; in contrast, the IgM repertoire, as 

well as both IgM or IgG repertoires of the HIV+ individual producing the cross-Nt Ab m66, 

were characterized by high IGHV3-family usage. Since both healthy adult IgM and cord 

blood IgM repertoires also displayed unusually low IGHV3-family and high IGHV1-family 

usage, this result should be interpreted with caution.  

Compared to healthy adult and cord blood IgM repertoires, several IgM and IgG 

repertoires of HIV+ individuals, and especially those of the individual producing m66, 

appeared slightly skewed towards use of VH genes located distally within the igh locus 

(Appendix D, Supplementary Figure S3 and Supplementary Table S1). This resulted 

from infrequent use of the most proximal VH genes, lying within ~300 kb of IGHV6-1, with 

accompanying increased use of various medial and distal VH genes (Appendix D, 

Supplementary Figure S4 and Supplementary Table S1). Distal VH gene usage was 

most evident in unmutated VH-D-JH rearrangements (Figure 2B and Appendix D, 
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Supplementary Table S2), suggesting that HIV-associated changes in VH gene usage, 

if they exist, are independent of antigen selection and may occur at the level of the naïve 

repertoire.  

 

Figure 2. VH gene usage in HIV+ and healthy control Ab repertoires.  
 (A) VH gene family usage of each Ab repertoire. (B) Chromosomal location within the igh 

locus of unmutated VH sequences (red) vs. mutated VH sequences (green), defined by 
distance in kb from IGHV6-1. Asterisk denotes repertoires with too few germline 
sequences to be informative.  

Much of the trend toward distal VH usage in germline Abs was mediated by very 

high use of IGHV1-69 in HIV acute IgM repertoires and IGHV5-51 in Nt m66-like IgM 

and IgG repertoires (Figure 3 and Appendix D, Supplementary Table S2). Intriguingly, 

IGHV1-69-encoded IgM and IgG Abs almost exclusively used 51p1-related alleles of 
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IGHV1-69 in all draws from the acutely-infected HIV+ individual, but not from the HIV-

infected individual producing the Nt Ab, m66 (Appendix D, Supplementary Figure S5). 

Moreover, IgG Abs encoded by IGHV1-69 were highly represented in the somatically 

mutated compartment of the repertoire in HIV+ individuals, whereas the opposite was 

true of IGHV1-69-encoded IgM Abs, which existed almost entirely in unmutated form 

(Figure 3). In contrast, IGHV5-51-encoded Abs had uniformly low SM levels in all 

repertoires, and usage of IGHV4-34 and IGHV3-23 genes did not have clear trends in 

their SM levels. IGHV4-34 usage was highest in the IgM repertoire of the HIV+ individual 

producing the Nt Ab m66 (Figure 3). Thus, although no deviations in overall VH gene 

usage were consistently associated with HIV infection, use of particular VH genes, 

including IGHV1-69, was highly dependent on level of SM. 

5.3.3. HIV+ Ab repertoires have normal CDR-H3 length distributions, with 
concentrated clonal diversity in long-CDR-H3 Abs 

The fact that HIV-specific Abs (111), and antiviral Abs in general (282), tend to 

bear longer than average CDR-H3 loops has led to concern over the feasibility of 

eliciting these types of Abs by vaccination, especially given the role of central tolerance 

in restricting some long-CDR-H3 Ab specificities (67).  We found no difference in the 

CDR-H3 length distributions of HIV+ versus healthy control Ab repertoires (Appendix D, 

Supplementary Figure S6), and no dependence of VH gene usage or SM levels on 

CDR-H3 length (data not shown). Thus, lower SM levels, but not perturbations in CDR-

H3 length or VH gene usage, was the major factor differentiating the general Ab 

repertoire in healthy and HIV+ individuals from the features of bNt Abs (Appendix D, 

Supplementary Figure S7); a possible exception can be made for Abs bearing CDR-

H3s ≥ 30 residues, which were very rare in all repertoires, but may be required for some 

bNt specificities.  
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Figure 3. Use of IGHV1-69 and other VH genes varies by somatic mutation 
level. 

 For each of the VH genes, IGHV1-69, IGHV4-34, IGHV5-51 and IGHV3-23, the 
percentage frequency in the indicated repertoire is shown at various levels of somatic 
mutation. 
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In agreement with recent work (283), we found that the mechanisms contributing 

to long-CDR-H3 Abs were the same in HIV+ and healthy control repertoires (Figure 4A), 

relying heavily on use of long D and JH genes, as well as increased N-nucleotide 

addition, which on its own resulted in an average increase of ~3.3 residues in Abs of 

CDR-H3 length ≥ 20 residues.  Since long-CDR-H3 Abs appeared to result from 

processes that operate during V(D)J rearrangement, we investigated the distribution of 

primary repertoire diversity (defined as the number of independent VH-D-JH 

rearrangements)  by CDR-H3 length, using the number of clonal clusters (defined by use 

of identical VH and JH genes and identical CDR-H3 lengths), as a marker of the diversity 

of B-cell clones. As shown in Figure 4B, all repertoires showed roughly similar 

distributions of clonal superclusters, which were skewed toward longer CDR-H3 lengths 

compared to CDR-H3 length distributions of the overall repertoire. Thus, the clonal 

diversity of the primary repertoire generated by VH-D-JH rearrangement is concentrated 

in Abs with longer than average CDR-H3 length in both HIV and healthy control 

repertoires. 
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Figure 4. Origins of Abs bearing long CDR-H3s in HIV+ and healthy 
individuals. 

 (A) Contribution of various mechanisms to the formation of long-CDR-H3 Abs in HIV+ and 
healthy control Ab repertoires. For each mechanism, Abs of all CDR-H3 lengths and 
those with CDR-H3s > 20 residues were compared for the proportion of sequences using 
long VH (IGHV2-5, IGHV2-26, IGHV2-70, IGHV3-9, IGHV3-38, IGHV3-43), D (IGHD2 and 
IGHD3) or JH (IGHJ6) genes, the proportion of sequences using short D (IGHD1 and 
IGHD4) or JH (IGHJ4) genes, and the average number of nucleotides added by N or P 
additions, or removed by exonuclease processing. 
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 (B) Distribution of Ab repertoire clonal diversity by CDR-H3 length. For each repertoire, 

sequences were either stratified by CDR-H3 length (red), or divided into clonal clusters 
(defined by sharing the same VH gene, JH gene and CDR-H3 length) and presented as 
the proportion of all clonal clusters at a given CDR-H3 length (blue). Arrows indicate the 
mean for each distribution. 



 

125 

5.3.4. The clonal cluster containing the Nt Ab m66 includes multiple 
independent B-cell lineages with shared mutational history 

To gain insight into the evolution of the B-cell lineage producing the Nt Ab m66, 

we examined its clonal cluster (defined by use of IGHV5-51 and IGHJ6 genes and a 

CDR-H3 length of 23 residues). When the nucleotide sequences of all VH-D-JH junctions 

of the m66 clonal cluster were aligned, they fell into five lineages (Figure 5A). One of 

these lineages, containing only seven sequences, was obviously related by descent to 

m66, while the junctions of the remaining four lineages were very dissimilar, reflecting 

independent VH-D-JH rearrangement. Surprisingly, however, the remaining four lineages 

were independently selected in many of the some positions in VH as m66, often with 

identical or conservative amino acid substitutions occurring (Figure 5B). Thus, although 

there was little peripheral expansion of B-cells producing m66 or clonally related Abs, 

evolutionarily unrelated Abs with similar features to m66 were evident in this individual’s 

repertoire. 

5.4. Discussion 

In this preliminary report, we describe perturbations in two HIV+ Ab repertoires, 

several of which “shift” the repertoire closer to the known genetic characteristics of bNt 

Abs. If this were confirmed, it would mean that a vaccine may need to recapitulate 

heretofore unanticipated features of viral infection that modulate the host Ab response. 
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Figure 5. Characterization of B-cell lineages encoding m66-like Abs. 
 (A) Alignment of V(D)J junctional nucleotide sequences of the clonal cluster containing 

m66 (defined by use of IGHV5-51, IGHJ6 and a CDR-H3 length of 23 residues). The 
aligned sequence encodes the CDR-H3 loop, from Cys104 to Trp118.  

(continued on next page) 
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 (B) Location and effect of VH replacement amino acid-changes in lineages of the m66-like 
clonal cluster. VH replacement changes due over all five m66-like lineages (bottom) are 
shown with a logo plot; the height of the symbol for each residue represents its level of 
conservation. Arrows denote locations of amino-acid substitutions from the IGHV5-51 
germline sequence in m66 sequence. 

(B) 
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The most conspicuous difference in the Ab repertoires of both HIV+ individuals 

studied here compared to healthy controls was their globally elevated SM levels (Figure 

1). Although 454 pyrosequencing results in a relatively high error rate, with artefactual 

SMs expected to be present in up to 40-50% of VH sequences (284), we assume that the 

error rates are approximately equal in all libraries, and that comparisons between them 

are meaningful; artefactual SMs may also be introduced during PCR or phage library 

amplication. Thus, the low level of SM observed in cord blood libraries (median = 1 SM 

per VH gene) likely represents the background level of mutation that is shared by all 

libraries. Incorporation of SMs, traditionally seen as the hallmark of antigen selection, 

into a large proportion of the IgG and particularly the IgM repertoire in HIV+ individuals is 

perplexing. Since it is unlikely that the entire repertoire would be involved in responding 

to antigens, HIV-associated or otherwise, this phenomenon may be related to systemic 

immune activation, hypergammaglobulinemia, and/or antigen-independent class 

switching (133, 285). Note that although HIV-specific B cells appear to represent a 

minority of circulating B-cells (145), this may not necessarily be true of the IgG fraction of 

the repertoire, which could be dominated by HIV-specific plasmablasts. 

 It is unclear at this point whether particular high-frequency B-cell subsets, or all B 

cells, accrue SMs in HIV+ individuals. A previous study of cloned Abs from the IgG+ 

memory B-cell compartment of individuals producing bNt Ab responses showed that 

gp140-specific Abs had higher levels of SM than Abs from the same individuals that did 

not bind gp140 (281), but found no difference between SM levels in HIV+ versus HIV- 

individuals. However, the relatively small number of Abs studied, derived from a single 

functional compartment (IgG+ memory B cells), may have made differences in SM levels 

difficult to detect. Since the majority of circulating B cells have a naïve or resting memory 



 

129 

phenotype (133), either or both of these subsets could be responsible for this effect, as 

could expanded plasmablast populations in HIV+ individuals, owing to their high RNA 

content. Studies in mice suggest that SM may occur at low frequency in developing B 

cells (286), and that the enzymatic machinery of SM seems to be negatively regulated in 

B cells (287); thus, the milieu of viral infection, and particularly acute infection, which 

includes high levels of inflammatory and pro-survival cytokines (133), could result in 

‘leakiness’ of SM regulatory systems. This could represent a powerful generator of Ab 

repertoire diversity, and might not be subject to central tolerance, potentially explaining 

both the higher SM levels and apparent polyreactivity of HIV Abs ((121, 211) and 

Chapter 3).  

Biased VH gene usage has primarily been described with respect to anti-Env Abs 

(108, 111, 138), although early work suggested that decreased use of VH3-family genes 

and increased use of VH1-family genes might be a general feature of the Ab repertoire 

in HIV+ individuals (140-142). In this study, high VH1-family usage with decreased VH3-

family usage was observed in one HIV+ individual but not another (Figure 2); similarly, 

biased use of distal VH genes in unmutated Abs was observed in several, but not all, 

repertoires in the setting of HIV infection. Thus, neither of these features appears to be 

consistently associated with the overall Ab repertoire, and since these data were derived 

from only two HIV+ individuals, differences in VH gene usage could also arise via 

genetically controlled regulatory processes (115) or inter-individual variation in the 

genomic complement of IGHV genes (288) and/or their regulation. Notably, the HIV+ 

individual producing the Nt Ab m66 is almost certainly positive for an igh copy number 

variant in which IGHV1-8 and IGHV3-9 are deleted and replaced with an extra copy of 

IGHV3-64, as well as the IGHV5-a gene (personal communication, C. Watson, Mt. Sinai 
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School of Medicine). Alternatively, perturbations in VH gene usage could indicate 

recruitment of different B-cell subsets in the setting of HIV infection, including IgM 

memory or marginal zone-like B cells (133). As noted above for SM levels, VH gene 

usage may also be biased by PCR and phage library amplication, particularly if carrying 

certain VH genes affects phage clonal growth.  

Although VH gene usage was not different in any consistent manner in HIV+ 

individuals, we noted that the contribution of individual VH genes to the repertoire 

depended on SM level. IGHV1-69-encoded IgG Abs in HIV+ individuals were barely 

present in unmutated form, but were a major component of the highly mutated Ab 

repertoire; the converse was true of IGHV1-69-encoded IgM Abs (Figure 3). This 

suggests that antigen selection is responsible for biased VH usage in Env-specific Abs, 

or that some VH genes, including IGHV1-69, may be more tolerant to high-level SM, 

particularly in FRs; it is also consistent with studies of cloned anti-gp140 Abs, which 

were highly mutated and showed over-use of VH1-family genes, particularly IGHV1-69 

(111, 281). We also found that the acutely-infected HIV+ individual studied here, but not 

the HIV+ individual producing the m66 Ab, used 51p1-related alleles of IGHV1-69 almost 

exclusively in the repertoire; this is consistent with serological studies showing uniformly 

elevated levels of a 51p1 idiotype in HIV+ sera, but more heterogeneity in individuals 

producing cross-Nt Abs (Chapter 3). Notably, IGHV5-51-encoded IgG and IgM Abs were 

not significantly mutated in any repertoire, suggesting one possible reason why the m66 

Ab bears relatively few SMs. IGHV4-34 usage was elevated in the mutated IgM 

repertoire of the HIV+ individual producing m66, suggesting a potential role for IgM 

memory B-cell subsets. Increased levels of Abs of an IGHV4-34-encoded idiotype have 

previously been reported to be elevated in HIV infection, and possibly associated with 
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development of neutralization breadth (136). 

As others have observed (283), we found nothing obviously different about the 

mechanisms producing CDR-H3 Abs in HIV+ versus healthy individuals, and no 

association between CDR-H3 length and SM. Continuing identification of extremely 

broad and potent “second generation” bNt Abs against HIV, a few of which have very 

modest CDR-H3 lengths, implies that long CDR-H3s may not be required for 

neutralization in all cases. However, since long-CDR-H3 Abs rely heavily on non-

templated additions for their length (Figure 4A), concentration of primary repertoire 

diversity in these Abs (Figure 4B), resulting in diverse and complex junctional 

sequences, may partially compensate for their rarity in the naïve repertoire. It should be 

noted that this conclusion rests on the assumption that the minimum number of B-cell 

lineages, defined by a unique VH-D-JH rearrangement event, can be roughly estimated 

using the number of clonal clusters. The data in Figure 5A suggests that the  

“clonal cluster” designation underestimates the number of VH-D-JH rearrangements, and 

the true number of B-cell lineages is likely even higher than the number of unique VH-D-

JH rearrangements due to pairing of different light chains to the same heavy chain (45). 

However, relative differences in the numbers of clonal clusters may still reflect true 

differences in the diversity of B-cell lineages. 

 Perhaps surprisingly, there was little peripheral expansion of the B-cell 

lineage producing the Nt Ab m66. However, the existence of multiple independent B-cell 

lineages with similar characteristics to the Nt Ab m66, with shared patterns of SM (Table 

2), suggests that they may be targeted to the same region of Env. These may represent 

Nt Abs themselves, or may reflect ongoing selection by HIV antigens occurring in the 

presence of the Nt Ab m66; as with patient FDA-2 producing the bNt Ab z13 (224), m66 
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may be stably secreted by BM plasma cells for many years. Thus, it appears that the 

m66 Nt Ab was selected out of a context that includes presumably non-Nt Abs with 

similar features. Alternatively, it is possible that the SMs shared across lineages reveal 

SM hotspots within IGHV5-51, or sites that are tolerant to amino-acid change. Future 

work could establish whether antigen-independent SM results in antigen-independent 

clonal expansion, and if so, whether and how selection acts on B cells.  

In summary, we have provided a preliminary description of the immunogenetic 

milieu of Ab repertoires in HIV+ individuals. This milieu includes globally elevated SM 

levels that are increased in a setting of chronic infection, which may partially explain the 

delayed emergence of bNt Abs in natural infection, and difficulties eliciting similar types 

of Abs by vaccination. We surmise that the other unusual features of bNt Abs against 

HIV, including long CDR-H3s and biased VH gene usage, are most likely related to HIV 

antigen selection. Future studies could describe this milieu in higher resolution by 

investigating the B-cell compartments contributing to the overall repertoire. 

5.5. Subjects, materials and methods 

5.5.1. Patients and samples 

Umbilical cord blood from two healthy newborns (Baby 132: African-American 

female; Baby 133: Caucasian male) was from the National Disease Research 

Interchange (Philadelphia, PA). Care was taken not to contaminate cord blood with 

maternal blood. Pooled peripheral blood from 10 healthy adult individuals was collected 

under the Research Donor Program of Frederick National Laboratory for Cancer 

Research. Commercial CD19+ mRNA from peripheral blood, spleen and lymph nodes of 

59 healthy individuals were from BD Biosciences (San Jose, CA). Cryopreserved 
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PBMCs and BM mononuclear cells from an acutely-infected HIV+ individual (draw 1, ~40 

days post-infection; draw 2, ~8 months post-infection) are described in (251). 

Cryopreserved PBMCs from patient SC44 (202), the antiretroviral drug-naïve female 

individual who produced the Nt Ab m66 (116), were archived at 12 months after 

enrollment into the Trinidad Seroconverter Cohort (289). All samples were collected in 

accordance with the ethical standards of concerned institutional policies and the 

Research Donor Program of Frederick National Laboratory. 

5.5.2. Construction of phage-displayed Fab libraries 

Lymphocytes were isolated from whole blood where required using Ficoll-Paque 

Plus (GE Healthcare, Piscataway, NJ), then total cellular RNA was extracted using 

RNeasy mini kits (Qiagen, Valencia, CA) and reverse transcribed with SuperScript III 

First-Strand Synthesis System (Life Technologies, Carlsbad, CA) using oligo(dT) and 

random hexamer primers as described (290). Expressed Ab VH and VL genes were 

amplified by semi-nested PCR, fused using overlap PCR, cloned into pComb3x or 

pZYD-N1 phagemids, and amplified in Escherichia coli TG1 cells as described (291, 

292). 

5.5.3. VH amplicon library preparation and 454 pyrosequencing 

Amplicon libraries for 454 pyrosequencing were PCR amplified from phagemid 

DNA using 454 fusion primers annealing in flanking vector sequences as described 

(293). Amplicons were purified and prepared for sequencing using the standard Roche 

454 GS Titanium shotgun library protocol, as found in Roche sequencing technical 

bulletins. Barcoded libraries were pooled and sequenced on a 454 GS FLX Titanium 

instrument (Roche Applied Science, Branford, CT). 
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5.5.4. Sequence analyses 

All sequences ≥ 350 bp were analyzed using IMGT/HighV-QUEST (263). 

Manipulations of IMGT/HighV-QUEST output files (stored in .csv format) were performed 

using custom R and Perl scripts. For calculations of SM levels, the VH FR1 was ignored 

to discount SMs due to spurious PCR primer annealing. Amino acid sequences Ab VH-D-

JH regions were aligned using ClustalW2 (294) and sequence logos produced using 

WebLogo (295). Nucleotide sequences of Ab VH-D-JH junctions (defined as the 

nucleotide sequencing encoding CVH104 – WJH118) were aligned using Mafft (296). All 

figures were produced in R, JMP 10 or MS Excel. 
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6.1. Abstract 

Background. Chronic HIV-1 infection is associated with various B-cell phenotypic, 

immunogenetic and serological perturbations, which may be related to the delayed 

development of antibodies (Abs) with neutralization breadth. Understanding these 

changes is critical for vaccines meant to elicit neutralizing Abs. 

Methods. Flow cytometry of peripheral B lymphocytes with subsequent unsupervised 

cluster analysis; next-generation sequencing of expressed VH genes from various B-cell 

functional compartments; and ELISA for serum levels of IGHV1-69-encoded Abs. 

Results. HIV infection was associated with phenotypic perturbations in memory B cells, 

naïve B cells and immature transitional B cells. Ab repertoires in all B-cell subsets had 

broadly similar CDR-H3 distributions and VH gene usage. However, HIV+ individuals had 

globally increased somatic mutation levels in memory and plasmablast repertoires, as 

well as possibly higher usage of IGHV4-34 and IGHV1-69 in naïve repertoires. This was 

accompanied by high levels of IGHV1-69-encoded Abs in HIV+ sera. 

Conclusions. These data provide evidence for an altered phenotypic, immunogenetic 

and serological milieu during chronic HIV infection, that modulates humoral immunity 

and may contribute to neutralization breadth. 

 

 



 

137 

6.2. Introduction 

Humoral immune responses generated during natural HIV-1 infection are largely 

ineffective, due to a combination of latent infection and recurrent viral escape from 

strain-specific neutralizing (Nt) antibodies (Abs) (89). However, a minority of infections 

result in highly potent broadly Nt (bNt) Abs (93, 205), that are capable of conferring 

sterilizing protection in animal models (98-100). BNt Ab responses are required for an 

effective vaccine, but have never been documented earlier than ~1 year post-infection 

(93, 205). 

Accumulating evidence suggests that humoral immunity in chronically infected 

HIV+ individuals differs from the uninfected host in several important respects. Many 

studies have reported that HIV infection results in impaired Ab responses against 

influenza (297, 298), tetanus toxoid (299), pneumococcus (300), and other antigens. 

Various HIV-associated phenotypic and functional aberrations of peripheral B cells have 

been described, including: (i) decreased mature naïve B cells (301);  (ii) increased 

immature transitional B cells (302); (iii) decreased resting memory B cells (301); (iv) 

increased activated memory B cells and short-lived plasmablasts (301, 303), possibly in 

association with polyclonal B-cell activation, hypergammaglobulinemia and antigen-

independent class-switching (133, 285); and (v) increased tissue-like memory B cells 

(264) that are enriched for HIV-specific cells and refractory to antigen stimulation. Some 

of these changes may result from direct effects of HIV viremia, while others represent 

secondary consequences of immunomodulation, including altered B-cell cytokine profiles 

(247) and T-cell help (280, 304). 

Progressive HIV infection is also associated with a shift in epitopes targeted by 

the Ab response (132), changes in Ab idiotypic composition (136, 137), and conditional 
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serum Ab polyreactivity (121, 211) (see Chapter 3). This is accompanied by 

immunogenetic changes in the Ab repertoire, including increased length of the third 

complementarity-determining region of the heavy chain (CDR-H3), overuse of particular 

germline VH genes and high somatic mutation (SM) levels.  Although all of these features 

have been reported with respect to HIV antigen-specific Abs, it is possible that they 

could represent general features of the Ab repertoire in HIV+ individuals, creating a 

milieu out of which heterologous cross-Nt and bNt Abs may emerge with continual 

antigenic stimulation by HIV-1.   It is unclear which of these phenotypic, functional, 

serological and genetic perturbations represent immune dysfunction versus adaptive 

host responses to chronic infection, or which may be associated with or required for 

development of bNt Abs. Thus, any prospective vaccine may need to recapitulate some 

or all of these features of HIV infection, in addition to the antigenic structure of bNt 

epitopes. 

The goal of this study was to use high-throughput analyses to investigate 

phenotypic, immunogenetic and serological differences between HIV+ versus uninfected 

individuals. More specifically, we aimed to clarify the contribution of various B-cell 

functional compartments to previously described perturbations in humoral immunity, and 

use this information to provide insight into the immunological mechanisms governing the 

production of bNt Abs. 

6.3. Subjects, materials and methods 

6.3.1. Subjects and samples 

Thirteen antiretroviral drug-naïve, chronically infected HIV+ individuals (nine men 

and four women between the ages of 22 and 51; mean viral load = 9,542 RNA 
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copies/mL) were recruited as part of ongoing studies at NIAID/NIH. Ten HIV- healthy 

individuals (all men between the ages of 19 and 55) were enrolled in this study at Simon 

Fraser University. Leukapheresis (500 mL whole blood equivalent; for HIV+ individuals) 

and blood draw products (80-100 mL; for healthy controls) were obtained from study 

subjects and used in all downstream analyses, except for flow cytometric analyses, in 

which phenotyping data from a separate group of 30 HIV+ and 30 HIV- individuals, 

recruited to a previous study (305), were used (see Results). All samples were collected 

with written informed consent with institutional oversight, in accordance with national and 

international standards of ethical conduct for research involving humans. 

6.3.2. Isolation of B cells and flow cytometry 

Peripheral blood mononuclear cells (PBMCs) were isolated from leukapheresis 

and blood draw products by density-gradient centrifugation, and B lymphocytes enriched 

from PBMCs by negative magnetic bead-based selection as described in Chapter 4. If 

necessary, PBMCs were cryopreserved in liquid N2 as described in Chapter 4 for up to 

three years. B cells were stained using a six-marker panel (fluorescein isothiocyanate 

(FITC) anti-CD21, Beckman-Coulter, Pasadena, CA; phycoerythrin (PE) anti-IgG, BD 

Biosciences, San Diego, CA; peridinin-chlorophyll protein-cyanine 5.5 (PerCP-Cy5.5) 

anti-CD19, eBioscience; PE-Cy7 anti-CD27 (eBioscience); allophycocyanin (APC) anti-

CD10, BD; APC-H7 anti-CD20, BD), and multicolor flow cytometry was performed on 

FacsAria II instruments (BD) either at NIAID/NIH or the University of British Columbia 

(Vancouver, BC). FCS files from the two sites were pre-processed separately, then 

combined for downstream analyses. B cells were sorted by phenotype using (see Table 

1), and immediately used for RNA extraction. 
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Table 1. Phenotypes of B cells sorted and analyzed in this study. 

Cell Subset Phenotype 

IgG- Naive CD21+IgG-CD19+CD27-CD10-CD20+ 

IgG+ Naive CD21+IgG+CD19+CD27-CD10-CD20+ 

Resting Memory CD21+IgG+CD19+CD27+CD10-CD20+ 

Activated Memory CD21-IgG+CD19+CD27+CD10-CD20+ 

Tissue-Like Memory CD21-IgG+CD19+CD27-CD10-CD20+ 

Plasmablast CD21-CD19+CD27+CD10-CD20- 

 

6.3.3. Flow cytometry cluster analysis 

Flow cytometry data from study subjects (13 HIV+ and 10 HIV- individuals), as 

well as 30 HIV+ and 30 HIV- individuals recruited to a previous study, were analyzed 

using the R package flowType (306). Briefly, FCS files were subjected to automated 

gating using unsupervised k-means clustering. For each phenotype, a receiver operating 

characteristic (ROC) curve of sensitivity versus 1-sensitivity was established, and the 

area under the curve (AUC) calculated. An AUC score of 1 indicates perfect predictive 

ability for HIV+ or HIV- status, whereas a score of 0.5 reflects a random prediction. 

6.3.4. Construction of VH amplicon libraries and Illumina sequencing 

Total cellular RNA was extracted from sorted B cells and reverse transcribed into 

cDNA using oligo(dT) and random hexamer primers as previously described in Chapter 

4. Expressed VH genes were amplified by universal tag PCR as described in Chapter 4, 

pooled and purified, and sequenced on a MiSeq instrument (Illumina, San Diego, CA. 

Clusters were quality filtered using default chastity filtering (307). 



 

141 

6.3.5. VH sequence analyses 

Full-length VH reads passing quality filtering were analyzed using IMGT/HighV-

QUEST (263). IMGT output was analyzed using custom in-house R and Perl scripts, 

available from the authors by request. 

6.3.6. Serum IGHV1-69 capture ELISA 

Serum levels of IGHV1-69 51p1 IgG Abs were measured by capture ELISA using 

the monoclonal Ab G6 (220) as described in Chapter 3. 

6.3.7. Statistical analyses 

Differences in B-cell subpopulation counts were evaluated using the Mann-

Whitney U test. Differences in immunogenetic features between groups were evaluated 

using the two sample Welch’s t test. Differences in the distribution of VH gene family 

usage within groups were evaluated using Pearson’s χ-squared test for goodness of fit 

with Yates’ correction for continuity. VH gene families with frequencies less than five 

were set to five exactly. All statistical analyses were performed in R version 3.0.1. 

6.4. Results 

6.4.1. Unsupervised cluster analyses of flow cytometry data. 

A variety of phenotypic perturbations of peripheral B cells have been reported in 

HIV+ individuals, including increased immature transitional B cells and activated B cells 

(301-303), decreased mature naïve and resting memory B cells (301), and expansion of 

tissue-like memory B cells (264). To assess the strength of evidence for each, and to 

describe potentially novel perturbations, we used flowType (306) to conduct 

unsupervised clustering analyses with the goal of identifying phenotypes with high 
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predictive validity for HIV+ or HIV- status. Only complete phenotypes incorporating all six 

markers were included in the analysis to make phenotype interpretation tractable; 

however, it should be noted that since no functional assays were conducted, the 

phenotypes assigned here are speculative and provisionary. As shown in Table 2, the 

most significant differences between HIV+ and HIV- individuals were in the IgG+ and IgG- 

resting memory and IgG- naïve B-cell pools, which were contracted in HIV, and the 

tissue-like memory B-cell pool, which was expanded in HIV+ individuals. The fact that 

both IgG- and IgG+ resting memory and tissue-like memory B cells were similarly 

affected suggests that these perturbations are independent of isotype. Interestingly, 

several phenotypes bearing CD10 were either elevated or decreased in HIV+ individuals, 

possibly indicating modulation of transitional immature B cell subsets. There was a trend 

toward expansion of activated memory B cells and plasmablasts in HIV+ individuals, but 

this was not statistically significant, except for IgG+ plasmablasts. Thus, HIV infection 

systematically alters peripheral B-cell populations, with the largest changes occurring in 

memory and naïve B cells. Analysis of phenotyping data from the 13 HIV+ and 10 HIV- 

individuals whose B-cell subsets were sorted and whose expressed VH gene repertoires 

were analyzed yielded similar trends to Table 2; however, due to the lower number of 

subjects, differences between healthy and HIV+ subjects were not as clearly 

distinguishable. 

6.4.2. CDR-H3 length distributions are conserved across B-cell subsets in 
HIV+ and healthy control individuals.  

To investigate potential immunogenetic perturbations in HIV+ individuals, we 

sorted B cells from various functional compartments and interrogated their expressed VH 

repertoires using next-generation sequencing (Table 1 and Appendix E, 

Supplementary Table S1). An average of 177,668 and 37,582 full-length reads were 
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analyzed from each B-cell subset in HIV+ and healthy individuals, respectively, reflecting 

the lower number of cells obtained from healthy controls (on average 1-2 orders of 

magnitude lower; Appendix E, Supplementary Table S1). We first compared each 

repertoire’s CDR-H3 length distribution, since many HIV-specific Abs, including bNt Abs, 

bear long CDR-H3s (111), but previous studies have shown no difference in the CDR-H3 

distributions of PBMCs or naïve B cells in HIV+ individuals ((283) and Chapter 5). 

Repertoires from all B-cell subsets, irrespective of HIV status, had remarkably similar 

CDR-H3 length distributions, all approximately normally distributed around the human 

average length of ~14-15 amino acids (Figure 1; (110)), with no significant differences in 

mean CDR-H3 length between HIV+ and healthy individuals (p>0.1 for each B-cell 

subset, Welch’s t test). Thus, CDR-H3 length appears to be a conserved attribute of 

mature B cells, with comparable variation in all functional compartments. 

Table 2. HIV-associated phenotypic perturbations of B cells. 

Cell Subset Phenotype Higher in AUC Score p-value 

IgG- Resting Memory CD21+IgG-CD19+CD27+CD10-CD20+ Healthy 0.88 <0.001 

Unknown Phenotype A CD21+IgG-CD19+CD27+CD10+CD20+ Healthy 0.87 <0.001 

IgG+ Tissue-Like Memory CD21-IgG+CD19+CD27-CD10-CD20+ HIV 0.87 <0.001 

IgG- Naive CD21+IgG-CD19+CD27-CD10-CD20+ Healthy 0.87 <0.001 

Unknown Phenotype B CD21-IgG+CD19+CD27-CD10+CD20+ HIV 0.87 <0.001 

IgG+ Resting Memory CD21+IgG+CD19+CD27+CD10-CD20+ Healthy 0.84 <0.001 

Unknown Phenotype C CD21+IgG+CD19+CD27+CD10+CD20+ Healthy 0.83 <0.001 

Unknown Phenotype D CD21+IgG-CD19+CD27-CD10+CD20+ Healthy 0.79 <0.001 

IgG- Tissue-Like Memory CD21-IgG-CD19+CD27-CD10-CD20+ HIV 0.73 0.002 

Unknown Phenotype E CD21-IgG-CD19+CD27-CD10+CD20+ HIV 0.72 0.003 

IgG+ Plasmablasts CD21-IgG+CD19+CD27+CD10-CD20- HIV 0.68 0.02 

IgG- Activated Memory CD21-IgG+CD19+CD27+CD10-CD20+ - 0.62 0.13 

IgG- Plasmablasts CD21-IgG-CD19+CD27+CD10-CD20- - 0.60 0.20 

IgG+ Activated Memory CD21-IgG+CD19+CD27+CD10-CD20+ - 0.56 0.40 

IgG+ Naive CD21+IgG+CD19+CD27-CD10-CD20+ - 0.54 0.64 
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Figure 1. CDR-H3 length distributions of B-cell functional compartments in 
HIV+ and healthy individuals. 

 For each cell type, sequences from all subjects were pooled to produce red and blue 
violin plots. Each individual’s repertoire was also considered separately: white lines 
represent each repertoire’s mean CDR-H3 length, black lines represent the mean CDR-
H3 length of the B-cell subset, and the dotted line represents the overall mean CDR-H3 
length for all repertoires. 

6.4.3. Somatic mutation levels are globally increased in the memory and 
plasmablast repertoires of HIV+ individuals. 

HIV bNt Abs are characterized by extremely high SM levels, leading to amino 

acid changes in both CDR and framework regions (FRs) (58, 111). Furthermore, bulk 

IgM and IgG repertoires derived from PBMCs of HIV+ individuals (comprising a minority 

of HIV-specific B cells, and most likely a majority of B cells that do not recognize HIV 

antigens) have globally increased SM levels (see Chapter 5). We found that SM levels 

varied widely between B-cell subsets, with memory and plasmablast repertoires having 
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the highest levels, as expected (Figure 2 and Table 3). Activated memory, resting 

memory and plasmablast repertoires in HIV+ individuals had significantly increased 

mean SM levels compared to controls (p<0.001, Welch’s t test), whereas IgG- naïve B 

cells, IgG+ naïve B cells and tissue-like memory B cells had similar SM levels in HIV+ 

and HIV- individuals (p>0.1, Welch’s t test). In healthy individuals, memory B-cell subsets 

accumulated SMs with reversed frequency (tissue-like memory > activated memory > 

resting memory) compared to HIV+ individuals (activated memory > resting memory > 

tissue-like memory). Thus, SM is fundamentally skewed in HIV+ individuals, both in 

terms of the frequency at which SMs accumulate in memory B cells and plasmablasts, 

as well as the relative priority in which expressed VH genes are mutated in the memory 

B-cell subsets. 

 

Figure 2. Distribution of somatic mutation levels of B-cell functional 
compartments in HIV+ and healthy individuals. 

 For each cell type, sequences from all subjects were pooled to produce red and blue 
violin plots. Each individual’s repertoire was also considered separately: white lines 
represent each repertoire’s mean somatic mutation rate, black lines represent the mean 
somatic mutation rate of the B-cell subset, and the dotted line represents the overall 
mean somatic mutation rate for all repertoires. Asterisks denote statistically significant 
differences in means (p<0.001). 
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Table 3. Median number of somatic mutations per VH gene in each repertoire 

Cell Subset HIV+ Healthy 

IgG- Naive 6 7 

IgG+ Naive 11 9 

Resting Memory 17 5 

Activated Memory 18 9 

Tissue-Like Memory 13 14 

Plasmablast 21 12 

 

6.4.4. VH gene family usage is similar in B-cell subsets of HIV+ versus healthy 
individuals, with increased use of IGHV1-69 and IGHV4-34 in naïve and 
memory repertoires. 

Various hypotheses have been put forward regarding biased VH gene usage in 

HIV infection, including: (i) reduced VH3-family usage with concomitant increased VH1-

family usage (139), (ii) increased use of VH genes located distally on the chromosome 

(111), and (iii) biased use of individual VH genes including IGHV1-69, IGHV5-51 and 

IGHV4-34 (108, 111, 136, 138). With the possible exception of (i) above, these 

perturbations have been described with respect to HIV Env-specific Abs, but it is unclear 

whether they reflect global changes in the repertoire. As seen in Figure 3A, no major 

differences in VH gene family usage were evident in any B-cell subset in HIV+ vs. healthy 

individuals. There was significant inter-individual heterogeneity in the distribution of VH 

gene families in both HIV+ and healthy individuals (p<0.001 for all B-cell subsets, χ -

squared test), but the proportion of VH1, VH3 and VH4 family genes in each subset was 

not different in HIV+ versus healthy individuals, except in the IgG+ naïve repertoire, 

where VH3-family genes were used to a significantly lesser extent in healthy individuals 

(p<0.001, Welch’s t test). There were no significant differences in VH chromosomal 

localization between HIV+ and healthy individuals (p>0.1 for all B-cell subsets, Welch’s t 

test; Figure 3B). When specific individual VH genes were considered, HIV+ individuals 
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appeared to use IGHV1-69 at higher frequency in IgG- naïve and IgG+ naïve repertoires 

(p<0.01, Welch’s t test), and IGHV4-34 at higher frequency in the IgG- naïve, IgG+ naïve, 

plasmablast repertoires (p<0.05, Welch’s t test; Figure 3C). IGHV5-51 seemed to be 

used approximately equally in HIV+ and healthy individuals, except possibly in the naïve 

repertoire, where it was rarely used in healthy individuals. There were no differences in 

any B-cell subset between HIV+ and healthy individuals in usage of 51p1-related alleles 

of IGHV1-69 (Appendix E, Supplementary Figure S1). Thus, there was no large-scale 

perturbation of VH gene usage across subsets in HIV+ individuals, but key VH genes 

show differential expression in the naïve B-cell repertoire. 
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Figure 3. VH gene usage in HIV+ and healthy control Ab repertoires. 
 (A) VH gene family usage of each individual’s repertoire, presented as the percentage of 

all sequences in the repertoire. (B) Chromosomal location within the igh locus of VH 
genes used in each repertoire, defined by distance in kb from IGHV6-1. For each cell 
type, sequences from all subjects were pooled to produce red and blue violin plots. Each 
individual’s repertoire was also considered separately: white lines represent each 
repertoire’s mean distance to IGHV6-1, black lines represent the mean distance to 
IGHV6-1 of the B-cell subset, and the dotted line represents the overall mean distance to 
IGHV6-1 for all repertoires. 

(continued on next page) 
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  (C) Frequency of Abs encoded by IGHV1-69, IGHV5-51 and IGHV4-34 in HIV+ and 

healthy individuals. Asterisks denote statistically significant differences in means (single 
asterisk, 0.01<p<0.05; double asterisk, p<0.01). 

6.4.5. Plasmablasts in HIV+ individuals secrete highly mutated IgA Abs. 

Although interrogations of naïve and memory B-cell repertoires are informative in 

many respects, most of these cells do not participate in the Ab response. In contrast, Ab-

secreting plasmablasts, which may be short-lived or may mature into long-lived plasma 

cells in the bone marrow, represent the nearest peripheral correlate of functional serum 

Ab. As shown in Figure 4A, plasmablasts in HIV+ individuals secreted IgG and IgA Abs 
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at roughly equal frequency, with a minor subpopulation secreting unswitched IgM Abs. 

This was in contrast to the plasmablasts of healthy controls, which almost exclusively 

secreted IgG Abs. As expected, class-switched plasmablasts accumulated SMs at 

higher levels than IgM plasmablasts (p<0.001, Welch’s t test), but interestingly, 

plasmablasts secreting IgA Abs had significantly higher SM levels than those secreting 

IgG Abs (Figure 4B; p<0.001, Welch’s t test). The CDR-H3 lengths of IgM-, IgG- and 

IgA-secreting plasmablasts were similar and not elevated (Appendix E, Supplementary 

Figure S2). Thus, peripheral blood plasmablasts in HIV+ individuals likely secrete 

significant levels of IgA, and concentrate SMs in the IgA repertoire. 

6.4.6. HIV+ individuals have high levels of IGHV1-69 51p1-encoded circulating 
Abs. 

Given that IGHV1-69 may be overused in HIV-specific Abs (108, 111), as well as 

in the naïve repertoire of HIV+ individuals, we investigated whether this would affect the 

levels of IGHV1-69 Abs in sera. We used MAb G6 (220), which is specific for an IGHV1-

69 51p1-encoded idiotype, to capture IGHV1-69-encoded IgGs from HIV and healthy 

control sera. Compared with healthy controls, HIV+ individuals had universally increased 

levels of an IGHV1-69 51p1-encoded idiotype in circulating serum IgG Abs (Figure 5). 

Thus, immunogenetic changes in the composition of the B-cell repertoire are reflected in 

the idiotypic composition of serum Ab, at least for IGHV1-69. 
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Figure 4. Characteristics of Ab-secreting plasmablasts in HIV+ and healthy 
individuals. 

 (A) Relative distribution of plasmablast isotypes, presented as the percentage of all 
sequences in individual plasmablast repertoires. (B) Distribution of somatic mutation 
rates by isotype in plasmablasts from HIV+ individuals. Sequences from all subjects were 
pooled to produce violin plots. Each individual’s repertoire was also considered 
separately: white lines represent each repertoire’s mean somatic mutation rate, black 
lines represent the mean somatic mutation rate of that isotype, and the dotted line 
represents the overall mean somatic mutation rate for all plasmablast repertoires. 
Asterisks denote statistically significant differences (p<0.001). 
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Figure 5. Levels of an IGHV1-69 51p1-encoded idiotype defined by MAb G6 in 
HIV+ and healthy control sera. 

 Black lines indicate median values, box outlines indicate the interquartile range, and 
whiskers denote the range of observations. Data are representative of three independent 
experiments. 

6.5. Discussion 

In this report, we describe shared and divergent features of the Ab repertoire in 

HIV+ and healthy individuals. The data suggest that HIV infection results in significant 

changes to the features of the Ab repertoire, at the phenotypic, immunogenetic and 

serological level, which may have profound effects on humoral immunity. 

Unsupervised cluster analyses of flow cytometry data confirmed many previously 

described HIV-associated perturbations, including expansion of tissue-like memory B 

cells and contraction of the resting memory and naïve B cell populations. Differences 

between HIV+ and healthy individuals in their activated memory and plasmablast 
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populations were not detected, possibly due to our consideration of stringent six-marker 

phenotypes instead of more inclusive ones (305). This analysis also revealed that HIV-

associated changes occur in both IgG+ and IgG- memory B-cell populations, potentially 

reflecting recruitment of non-conventional memory subsets, including IgM memory B 

cells, into the immune response (308); this may be related to widespread destruction of 

mucosal lymphoid architecture, particularly in the gut, that occurs early in infection (14).  

This analysis also identified several divergent phenotypes between HIV+ and 

healthy individuals that did not correspond to well-characterized B-cell subsets; many of 

these bore CD10, often used in conjunction with other markers to identify immature 

transitional B cells. Under this hypothesis, CD21-/T1 immature transitional B cells 

(Unknown Phenotype E), recent emigrants from the bone marrow harboring polyreactive 

B-cell receptors (65, 66), may be increased in HIV+ individuals, possibly in conjunction 

with CD4+ T-cell lymphopenia and elevated levels of B-cell activating factor (247, 305), 

whereas CD21+/T2 transitional B cells (Unknown Phenotype D) may be reduced in 

number. Other phenotypes (Unknown Phenotypes A, B and C) bore CD10 and either 

IgG and/or CD27, usually used as markers for class-switched and memory B cells; thus, 

these may represent class-switched transitional immature cells (309) or, potentially, 

germinal center-derived cells. Note that although B cells bearing a germinal center 

phenotype appear to circulate in the peripheral blood of healthy individuals (310), the 

fact that both CD27 and CD10 expression may be dysregulated in the context of 

systemic immune activation during HIV infection (302) makes their interpretation 

tentative in the absence of functional assays. Alterations to immature transitional B-cell 

subsets have the potential to significantly affect the composition of the naïve repertoire 

and subsequent stages of the B-cell response. 
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Our previous work showed that the bulk IgM repertoires of HIV+ individuals are 

associated with increased SM levels compared to healthy controls, and that in the 

absence of a healthy control comparison, SM levels of the IgG repertoire increase over 

time during early HIV infection (Chapter 5). This phenomenon is likely related to the 

majority of B cells that are not HIV-specific compared to the minority of HIV-specific B 

cells, particularly in the IgM repertoire (145). While VH gene repertoires of IgG- memory 

B-cell populations were not analyzed in this study, the fact that SM levels in the IgG- 

naive B cell population were not different between HIV+ and healthy individuals suggests 

that the elevated IgM SM levels observed in Chapter 5 are due to increased SM levels in 

the memory IgM population, and not the naive IgM subset. Here, we have localized the 

elevated SM levels observed in bulk IgG repertoires in Chapter 5 to the plasmablast, 

activated memory and resting memory B-cell subsets, which together make up ~50% of 

circulating peripheral B lymphocytes (301, 305, 311). Note that we do not expect that the 

absolute values of SM levels are meaningful (e.g., 6-7 SMs per VH gene in the IgG- 

naïve repertoire; Table 3) due to sequencing errors and primer-induced SMs in FR1; 

however, we expect that since the background level of SM should be equal in all groups, 

large differences between groups are biologically significant. 

The mechanism by which memory B-cell pools accumulate SMs non-specifically 

is unclear, but may relate to bystander effects or HIV-associated systemic immune 

activation, hypergammaglobulinemia, and/or antigen-independent class switching (285, 

305). Consistent with this, IgG+ B cells with a naïve phenotype had higher SM rates than 

IgG- naïve cells (Figure 2) Antigen-independent SM may be a significant source of 

secondary repertoire diversification, and may contribute to serum Ab polyreactivity in 

HIV+ individuals ((121) and Chapter 3). The fact that tissue-like memory B cells, a 
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relatively highly mutated subset in healthy individuals, were excluded from the SM 

process in HIV+ individuals provides further evidence for their functional impairment in 

HIV. Higher levels of SM in IgA compared to IgG plasmablasts suggests that mucosal 

inflammation and immunity may be related to increased SM levels (312). 

There was scant evidence in our dataset for any large-scale changes in CDR-H3 

lengths, VH gene family composition or VH chromosomal localization in any B-cell subset 

in HIV+ individuals. This may mean that such changes are antigen-specific in nature 

(111, 139), or that previous reports have been hampered by small sample sizes 

(Chapter 5). While it is difficult to rule out the effects of primer biases (Chapter 4), we 

assume that these would be roughly equal in all repertoires and that comparisons 

between repertoires are thus valid; however, comparing results between HIV+ and 

healthy controls is also problematic due to the low numbers of B cells obtained from the 

latter individuals, which may have resulted in an incomplete picture of the expressed VH 

repertoires of some B-cell subsets. Usage of IGHV1-69 and IGHV4-34 VH genes was 

increased in naïve B cells and plasmablasts (for IGHV4-34) in HIV+ individuals; this 

change appears to be generally accompanied by increased levels of IGHV1-69- and 

IGHV4-34-encoded Abs in HIV+ sera ((136) and Chapter 3). These idiotypes may 

preferentially encode HIV envelope-binding Abs, or may be more tolerant of non-specific 

SM of FRs, leading to their expansion through attrition. It should be noted that although 

both of these idiotypes have been associated with autoimmunity and rheumatoid-factor 

Abs, their presence in HIV is not accompanied by other indicators of dysregulated 

tolerance, such as elevated autoreactivity or polyreactivity (136, 313). 

One limitation of the data presented here is that whole blood samples obtained 

from healthy individuals were much smaller than samples obtained from HIV+ individuals 
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by leukapheresis (see Appendix E, Supplementary Table S1). Thus, we chose to use 

flow cytometry data from a separate, larger cohort in which all individuals were 

leukapheresed for our phenotypic analyses, as we found that comparisons of rare B-cell 

subsets (made rarer by small blood draw volumes) were susceptible to the play of 

chance. For the same reasons, Ab VH repertoires were probed to much greater depth in 

HIV+ individuals compared to healthy controls. Since the sequence analyses presented 

here describe over-arching features of the repertoire, these are not likely to be affected 

by this discrepancy. However, analyses of clonality and selection within evolving B-cell 

lineages, which may be important in understanding the emergence of Abs bearing long 

CDR-H3s and/or using particular VH genes, would depend heavily on sequencing depth. 

Tools are currently being developed for this type of analysis. 

In summary, our data indicate that the humoral immune system is altered 

fundamentally during HIV infection through accumulation of SMs within the overall 

populations of memory B-cells, plasmablasts and possibly other subsets.  HIV-

associated changes also occur at the level of B-cell phenotypes and the overall 

composition of serum Ab. Other features of HIV-specific Abs, such as long CDR-H3s 

and use of particular or distal VH genes, appear to develop through antigen selection. It 

remains to be seen whether SM that is unrelated to HIV antigens can be reversed by 

antiretroviral therapy, as can many phenotypic perturbations (301). The larger question, 

of whether these changes support or obstruct the development of bNt Abs, could be 

addressed by studies similar to this one of HIV+ individuals producing bNt and non-bNt 

responses. 
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7. Conclusions and future directions 

This dissertation has described and explored several facets of the biology and 

natural history underlying the Ab response during HIV-1 infection. These investigations 

have allowed us to generate hypotheses about the origins of Abs bearing features 

similar to those of HIV bNt Abs (high SM levels, long CDR-H3s and biased VH gene 

usage), which will need to be tested in larger studies. These are but the first steps in a 

continuing effort, and it is likely that development of a successful vaccine will require a 

much deeper knowledge of the Ab response during natural HIV infection. 

In Chapter 2, we describe the reactivity profiles of the anti-HIV bNt MAbs 2F5, 

4E10 and 2G12 in comparison with true autoAbs derived from a setting of pathogenic 

autoimmunity. Using microarray technology and a diverse set of clinically relevant 

autoantigens (176), we show that HIV bNt MAbs cannot be said to be self-reactive in the 

same sense as pathogenic autoAbs or sera, and using ELISA, we show that their 

polyreactivity is greatly diminished in the presence of complex media. This is strong 

evidence against the hypothesis that such Abs emerge only in a setting of broken central 

tolerance, as some have speculated (124), although more subtle infection-induced 

changes in B-cell development homeostasis cannot be ruled out (314, 315). The data 

support a distinction between the reactivity behaviour of MAb 4E10, which was 

polyreactive when diluted in BSA but not when diluted in dried milk or serum, and MAbs 

2F5 and 2G12, which did not bind non-HIV antigens, even at relatively high 

concentrations. The weak self- and polyreactivity of MAb 4E10 is unlikely to be relevant 
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in vivo, since passive high-dose infusion of MAb 4E10 is well-tolerated and results in 

stable serum 4E10 levels (157).  MAbs 4E10 and 2F5, both directed against the gp41 

MPER, are the two HIV bNt MAbs most commonly cited as self-reactive (122), possibly 

owing to the location of their epitopes very near or within the lipid bilayer. It has been 

suggested that extraction of the 4E10 epitope from lipid bilayer may require some 

degree of polyreactivity (154, 316); however, absence of this behaviour in MAb 10e8 

(which targets a region of the MPER almost identical to that of MAb 4E10 (317)) 

suggests that polyreactivity is not a general feature of Abs directed against this site. The 

possibility that the distinctive in vitro behaviour of MAb 4E10, unique among HIV MAbs, 

represents a technical artifact cannot be ruled out (e.g., due to the presence of a 

denatured Ab subspecies).  

 Chapter 3 characterizes the reactivity profiles of serum Abs from several HIV 

cohorts, with respect to Env, self-antigens and “non-specific” antigens (derived neither 

from infectious agents nor self-antigens). This work confirmed, using Abs from primary 

human samples, that circulating serum Abs in HIV+ individuals were not self-reactive, 

and that those of individuals producing HxNt serum Abs and serum Abs from slow 

progressors were the least self-reactive of all. Again, this suggests that the same 

tolerance mechanisms that remove strongly self-reactive B-cells (318) probably do not 

restrict bNt Ab specificities. Instead, we identified a novel form of context-dependent 

‘conditional’ polyreactivity in serum Abs from HIV+ individuals, which was not associated 

with binding to self-antigens versus irrelevant exogenous proteins. The fact that 

conditional polyreactivity was less evident in individuals producing bNt Ab responses 

and in slow progressors suggests the tantalizing possibility that it may be subject to 

differential regulation at different stages of infection. Moreover, individuals producing bNt 
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Ab responses and HIV slow progressors also tended to have very focused Ab responses 

against Env, whereas highly polyreactive serum Abs from HIV rapid progressors were 

cross-reactive with multiple Env peptides. This association suggests that serum Ab 

polyreactivity may be related to inflammatory processes during HIV infection, which drive 

both antigen-independent repertoire diversification and terminal B-cell differentiation 

(133), as well as expansion of multiple Env-reactive Ab specificities. Later in infection, or 

in a setting of viral control and low inflammation (e.g., in slow progressors (319)), B-cell 

clonal recruitment may be more restricted, resulting in focused, non-polyreactive Abs. 

Notably, our study included several individuals whose serum Abs manifested 

polyreactivity during seroconversion, then later developed breadth and lost much of this 

polyreactivity; this indicates that polyreactive Ab responses are not highly durable, and 

thus do not involve long-lived plasma cell responses. 

We believe that “conditional polyreactivity” represents the same phenomenon 

that has previously been described as “polyreactivity/autoreactivity” with respect to HIV 

bNt Abs (118, 121, 123), since neither appears to be restricted to a specific antigen or 

set of antigens, and both are manifested under permissive assay conditions using no 

blocking proteins or detergent during incubations with primary Ab. Although we did not 

formally investigate whether conditional polyreactivity was a feature unique to HIV-

specific Abs or shared with the overall repertoire in HIV+ individuals, several factors 

argue that it may be a general feature of the repertoire (i.e., involving B-cell responses 

beyond those directly elicited by HIV antigens). First, HIV-specific Abs represent a 

minority of all circulating Abs (320), and second, serum Abs from HIV+ individuals with 

weak Env reactivity still display polyreactivity. Future work could verify this hypothesis, 

as well as investigate whether polyreactivity depends on length of infection, 
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neutralization breadth or other clinical factors. Many types of serum Abs are likely 

produced under inflammatory conditions, possibly secreted from innate-like and early-

induced B-cells, as opposed to antigen-specific B-2 cells driven in T-cell dependent 

reponses. 

 Chapters 4, 5 and 6 describe the overall immunogenetic features of expressed 

VH repertoires in HIV+ individuals compared to healthy controls. First, novel PCR 

methods were developed to amplify and sequence expressed VH genes from rare B-cell 

subsets, a significant technical and pragmatic challenge. As laid out in Chapter 4, VH 

amplicon library diversity was highly dependent on PCR conditions, and the BIOMED-2 

primer sets (257) yielded generally good results even from very small amounts of 

starting material. We also found success in library production to vary by sequencing 

technology: in our hands, 454 VH libraries were more difficult to produce and purify 

compared to Illumina libraries, possibly due to an increased propensity of 454 adaptor 

sequences to form primer multimers and possibly due to selective expansion of primer 

multimers in the 454 emulsion PCR. However, the challenge of producing large Ab 

sequencing datasets has now been eclipsed by the challenges involved in analyzing 

them. As explained in Chapter 4, the biology of expressed VH gene repertoires, which 

are composed of enormously diverse but highly homologous sequences, makes their 

analysis problematic, and the field is faced with a need for improved analytical tools, 

particularly for defining B-cell lineages and examining selection within them, as well as 

for distinguishing true SMs and/or indels from PCR-induced or sequencing errors (284, 

321). 

VH sequence data produced from bulk PBMCs (Chapter 5) and from sorted B-cell 

subsets (Chapter 6) both showed increased SM levels in the Ab repertoires of HIV+ 
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individuals; in Chapter 6, this effect was localized mainly to memory B cells (including 

resting memory B cells) and plasmablasts, but could also extend to other B-cell subsets. 

Generalized SM of the repertoire provides an explanation and plausible mechanism for 

the ‘conditional’ polyreactivity observed in the serum Abs of HIV+ individuals, since SM is 

an acknowledged generator of polyreactivity (70, 322); however, serum polyreactivity 

could arise via other sources, including systemic activation of innate-like B cell subsets.  

It is unclear whether post-mutational tolerance checkpoints are altered in HIV+ 

individuals, but it is likely that they remain generally in place since HIV+ individuals do 

not develop high-titer Abs against DNA or other autoantigens, as do individuals with SLE 

(70). Since the regulation of SM is incompletely understood in healthy individuals, it 

remains to be seen how it might be altered in HIV infection; however, in some lupus-

prone mouse models, AID can be expressed ubiquitously in B cells (323), and since AID 

levels are negatively regulated at the post-transcriptional level (287, 324), this could 

conceivably be reversed. The fact that HIV+ individuals have a significant population of 

peripheral IgA-secreting plasmablasts bearing high levels of SM suggests that 

inflammatory signals, particularly in mucosa-associated lymphoid tissue, may also have 

a role in driving generalized SM.  Future work could define which mediators of systemic 

immune activation, such as microbial translocation across the mucosal barrier (15) or 

activation of endogenous retroviruses (325), are associated with this phenomenon.  

Other features of HIV bNt Abs and anti-Env Abs in general, such as long CDR-

H3 loops (111), were not observed in the overall repertoire, and thus we presume Abs 

with these features are selected by HIV antigens, particularly Env. To date, there has 

been no convincing structural rationale for a general requirement for long CDR-H3s in 

Abs against HIV Env or anti-viral Abs in general (111, 282). While it is possible that long 
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CDR-H3s may be necessary to access some Env epitopes (e.g., the V3-glycan site 

(101)), other sites could presumably be targeted by Abs with shorter CDR-H3s. As 

shown by previous work (283) and confirmed here, non-templated junctional sequences 

contribute significantly to long-CDR-H3 Abs, and in this sense, it may be true that the 

naive B-cell repertoire is ill-equipped to bind HIV Env (128) since Abs bearing long CDR-

H3s are relatively rare. Thus, rare Abs with long, non-templated CDR-H3s and/or 

generalized SM may represent complementary solutions to the immunological problem 

of binding to highly mutable pathogens, which may require a flexible Ab binding site. 

Long-CDR-H3 Abs may also be more prone to develop polyreactivity, since unlike 

germline VH genes, non-templated regions cannot be censored for the potential to 

develop polyreactivity via SM (228). 

Likewise, previous reports of biased VH gene usage in HIV-specific Abs (108, 

111, 138, 139) appear to be related to selection by HIV antigens, as this was not a 

general feature of the overall expressed VH gene repertoire in HIV+ individuals. While the 

frequency of IGHV1-69- and IGHV4-34-encoded Abs appeared to be higher in the 

mutated compartment of the repertoire (Chapter 5) and in some B-cell subsets (Chapter 

6) in HIV+ individuals, the absolute differences observed were not very large. Given that 

newly formed B cells emerge from the bone marrow at the rate of ~107 cells/day, even 

rarely used VH genes will be represented in the repertoire, and indeed HIV bNt Ab 

specificities can be formed from most VH gene families (see Introduction, Table 1). It is 

possible that some VH genes have evolved to better tolerate high SM rates, and/or long 

CDR-H3s, and thus may contribute more to serum Ab in HIV+ individuals; this would 

explain high levels of IGHV1-69 and IGHV4-34 encoded idiotypes observed in HIV (136, 

137). Future studies could investigate whether B-cell lineages bearing long CDR-H3s or 
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using particular VH genes are selectively clonally expanded in HIV+ individuals, although 

this will be difficult to determine if HIV-non-specific clonal expansion occurs concurrently 

with HIV-non-specific SM. 

In summary, this work suggests that two general features of bNt Abs against HIV 

– SM and Ab polyreactivity – are shared to some extent with the overall repertoire in 

HIV+ individuals, but not in healthy individuals. Future work should clarify any potential 

link between modest levels of SM in the overall repertoire and development of serum Ab 

polyreactivity, and establish whether these features are related or unrelated to the high-

level SM and varied levels of polyreactivity observed in bNt Abs. It is tempting to 

speculate that generalized SM represents an adaptive mechanism of Ab repertoire 

diversification in response to chronic infection by highly variable viral pathogens; 

however, key questions remain, including whether antiretroviral therapy can reverse 

elevated SM levels, and whether generalized SM supports the development of 

neutralization breadth. We surmise that generalized SM of the overall repertoire may be 

“necessary, but not sufficient” for the development of Nt Abs, and that given the focused, 

non-polyreactive responses of individuals producing cross-Nt Abs, multiple rounds of 

effective GC selection may be necessary to target conserved sites of neutralization on 

Env and to allow ‘epitope spreading’ focused on these regions. If SM of the overall 

repertoire, occurring over years of chronic HIV infection, were necessary for 

development of bNt Abs, this would have significant ramifications for vaccine design. We 

do not know how to simulate this process with a vaccine or adjuvant, or even whether 

we would want to, as it may have deleterious effects on the host. 
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Appendix A Supplementary material to Chapter 2 

 
Supplementary Figure S1. Neutralization of HIV-1 strain HxB2 by MAbs 2F5, 4E10 and CL15. 
Recombinant HIV-1HxB2 virions, competent for a single round of infection, were generated using 
the luciferase reporter plasmid pNL4-3.Luc.R-E-, as described previously [2, 8]. The pseudotyped 
virus was assayed for neutralization using U87.CD4.CCCR4 target cells. MAbs were diluted and 
added (1:1 by volume) to HIV-1, and pre-incubated for 1 hour at 37°C. The mixture of MAb and 
HIV-1 was then added (1:1 by volume) to the target cells, and the assay was developed using 
luciferase reagent (Promega) following a 72 hour Incubation at 37°C. The degree of virus 
neutralization was determined as a percentage reduction of viral infectivity against an antibody-
free control. The experiment was performed in triplicate. 
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Supplementary Figure S2. Linear regression analysis of ELISA reactivity of MAbs 4E10 and 
CL15 with HIV-1 MN Env peptides (Chapter 2 Fig. 2) vs. peptide net charge (left) and 
hydrophobic amino acids (right). In 5% bovine serum albumin (BSA) and 50% fetal calf serum 
(FCS), MAb CL15 binding (but not MAb 4E10 binding) was associated with peptide net negative 
charge; in 5% dried milk (DM) there was no such association. For the purposes of this figure, the 
set of hydrophobic amino acids includes C, F, I, L, M, V and W. Only peptides bound by each 
MAb with OD > 0.1 were included in the analysis. 
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Supplementary Figure S3. Hierarchical clustering of the reactivity of all MAbs with only those 
antigens bound significantly differently by MAbs CL15 and 2F5. (A) CL15 > 2F5 significant 
antigens. (B) 2F5 > CL15 significant antigens. The order of antigens is based on overall reactivity 
similarities across all MAbs. 
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Supplementary Figure S4. Hierarchical clustering of the reactivity of all MAbs with only those 
antigens bound significantly differently by MAbs CL15 and 4E10. (A) CL15 > 4E10 significant 
antigens. (B) 4E10 > CL15 significant antigens. The order of antigens is based on overall 
reactivity similarities across all MAbs. 
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Supplementary Figure S5. Hierarchical clustering of the reactivity of all MAbs with only those 
antigens bound significantly better by MAb CL15 in comparison with MAb 2G12. The order of 
antigens is based on overall reactivity similarities across all MAbs. 



 

200 

 
Supplementary Figure S6. Hierarchical clustering of the reactivity of all MAbs with only those 
antigens bound significantly differently by MAbs 2F5 and 4E10. (A) 2F5 > 4E10 significant 
antigens. (B) 4E10 > 2F5 significant antigens. The order of antigens is based on overall reactivity 
similarities across all MAbs. 
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Supplementary Figure S7A. Colour version of Chapter 2 Fig. 3A. 
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Supplementary Figure S7B. Colour version of Chapter 2 Fig. 3B. 
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Supplementary Figure S8. Raw log2-transformed median antigen fluorescence intensities. 
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Supplementary Figure S1. Neutralization of HIV-1 peudoviruses by sera used in this study.  

(continued on next page) 
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Neutralization was measured using a luciferase-based assay in TZM-bl cells as described 
previously [1]. Briefly, sera were diluted three-fold in DMEM supplemented with DEAE-Dextran 
(25 µg/mL; Sigma-Aldrich) in duplicate in 96-well round-bottom plates in a total volume of 100 
µL/well. Single-round infectious HIV-1 pseudoviral stocks were produced by co-transfecting 293T 
cells (2.5 x 106 cells seeded overnight in a 10 cm2 plate) with 6 µg of a HIV-1 env expression 
plasmid (SF162.LS, SS1196.1, Bal.26) and 12 µg of an env-deficient HIV-1 backbone plasmid 
(pNL4-3.Luc.R-.E-) using polyethylenimine (25,000 MW; Polysciences, Warrington, PA). Control 
pseudoviral stocks expressing VSV-G were produced in a similar fashion using pVSV-G and the 
HIV-1 backbone plasmid (pNL4-3.Luc.R-.E-). Pseudoviruses were added to appropriate wells at a 
concentration of 200 TCID50 in a 50 µL volume and incubated for 1 hour at 37°C. Post-incubation, 
volumes in sample wells were transferred to 96-well flat-bottom plates containing 10, 000 TZM-bl 
cells seeded overnight. Assay controls included replicate wells of TZM-bl cells only (cell control; 
CC), and TZM-bl cells with PsV only (virus control; VC). After a 72-hour incubation, media was 
removed from wells and 50 µL of Glo Lysis buffer (Promega) was added to each well and lysis 
was allowed to proceed at room temperature with gentle rocking for five minutes. Subsequent to 
lysis, 50 µL of One-Glo luciferase substrate (Promega) was added to wells and further incubated 
for five minutes at room temperature with gentle rocking. Fifty µL from sample wells were 
transferred to 96-well white solid plates (Thermo Scientific) and luciferase activity was measured 
using a Tecan Infinite M200 Pro multi-mode plate reader. All values were reported as RLUs, and 
neutralization was calculated with respect to virus control wells using the following formula: 1 - 
[(RLUsample − RLUCC)/( RLUVC − RLUCC)] x 100. ID50 and ID90 titers were calculated as the serum 
dilution that caused a 50% or 90% reduction in RLU compared to the level in the virus control 
wells after subtraction of cell control RLU. 

 

 
Supplementary Figure S2. Pictorial depiction of HIV MN gp120 and gp41 peptides used in this 
study. Sequences are available online from the NIH AIDS Reagent Program. 
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Supplementary Figure S3. Time course of serum IgG Ab responses against HIV gp120, V3 
loop, gp41 and Cluster I. 
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Supplementary Figure S4. Detection of serum IgG Abs against HIV antigens, non-specific 
antigens and cardiolipin (CL) by ELISA. Sera were diluted 1/250 and assayed using published 
ELISA conditions [1]. In each serum group, samples are ordered left to right (e.g., patient 1, draw 
1; patient 1, draw 2, etc.). 
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Supplementary Figure S5. Detection of serum IgG Abs against HIV antigens, non-specific 
antigens and cardiolipin (CL) by ELISA in HIV+ HxNt sera vs HIV- healthy control sera. Sera were 
diluted 1/50 and assayed using published ELISA conditions [2]. 
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Supplementary Figure S6. Levels of IGHV1-69 51p1-encoded Abs over the course of infection 
in HIV+ RP, NP and SP sera measured using capture ELISA with MAb G6. 
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Supplementary Table S1. Draw dates for sera used in this study. 
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Supplementary Table S2. Significance analysis of microarrays (SAM) q-values. 
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Appendix C Supplementary Material to Chapter 4 
Supplementary Table S1.PCR primers used in this study. 
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Appendix D Supplementary Material to Chapter 5 

 
Supplementary Figure S1. Distribution of somatic mutation rates in each antibody repertoire.  

(continued on next page) 



 

221 
 



 

222 

 
Supplementary Figure S2. CDR-H3 length distributions for each antibody repertoire, stratified by 
level of somatic mutation. 
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Supplementary Figure S3. Chromosomal location within the igh locus of all VH genes used in 
each repertoire, defined by distance in kb from IGHV6-1. 
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Supplementary Figure S4. Cumulative frequency distribution of VH gene usage in each 
repertoire, plotted by their location within the locus from most distal (left) to most proximal (right). 
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Supplementary Figure S5. Usage of 51p1-related alleles of IGHV1-69 in each repertoire. For 
each repertoire, all IGHV1-69 sequences (see Supplementary Table S1) were separated into 
51p1-related alleles, bearing a distinctive sequence motif in CDR-H2 including a phenylalanine at 
position 63(alleles *01, *03, *05, *06, *07, *12, *13 and *14) and those that are not 51p1-related 
(alleles *02, *04, *08, *09, *10 and *11). 
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Supplementary Figure S6. CDR-H3 length distributions for each repertoire. The average is 
shown with a red line. 
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Supplementary Figure S7. Mapping of antibody repertoires in 3D “antibody-feature space.” VH 
genes are plotted in their order on the chromosome, from most distal (left) to most proximal 
(right). Each VH sequence occupies a point in 3D space, defined by its VH gene, CDR-H3 length 
and number of SMs. Non-parametric density contours have been added that approximately 
encompass 50% of the data (red), 75% of the data (green) and 90% of the data (blue). 
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Supplementary Table S1. VH gene usage of all sequences in each repertoire, presented from 
most distal (top) to most proximal (bottom). 
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Supplementary Table S2. VH gene usage of unmutated sequences only in each repertoire, 
presented from most distal (top) to most proximal (bottom). 
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Appendix E Supplementary Material to Chapter 6 

 
Supplementary Figure S1. Proportion of IGHV1-69 sequences encoded by 51p1-related alleles, 
bearing a distinctive sequence motif in CDR-H2 including a phenylalanine at position 63 (alleles 
*01, *03, *05, *06, *07, *12, *13 and *14). Alleles that are not 51p1-related are alleles *02, *04, 
*08, *09, *10 and *11. Only repertoires containing more than one hundred total IGHV1-69 
sequences were considered. For each subset, differences between HIV+ and healthy individuals 
were not statistically significant (p>0.05, Welch’s t test). 

 

 
Supplementary Figure S2. Mean CDR-H3 lengths of plasmablasts secreting IgM, IgG and IgA 
Abs in HIV+ individuals. Differences in means were not statistically significant (p>0.05, Welch’s t 
test). 
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Supplementary Table S1. Number of B cells and number of full-length reads analyzed for each 
Illumina library. 
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